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Abstract
The methods and strategies used to screen for syp
hilis and to confirm initially reactive results can vary 
significantly across clinical laboratories. While the 
performance characteristics of these different appro
aches have been evaluated by multiple studies, there 
is not, as of yet, a single, universally recommended 

algorithm for syphilis testing. To clarify the currently 
available options for syphilis testing, this update will 
summarize the clinical challenges to diagnosis, review 
the specific performance characteristics of treponemal 
and non-treponemal tests, and finally, summarize select 
studies published over the past decade which have 
evaluated these approaches. Specifically, this review will 
discuss the traditional and reverse sequence syphilis 
screening algorithms commonly used in the United 
States, alongside a discussion of the European Centre 
for Disease Prevention and Control syphilis algorithm. 
Ultimately, in the United States, the decision of which 
algorithm to use is largely dependent on laboratory 
resources, the local incidence of syphilis and patient 
demographics. 

Key words: Syphilis; Treponemal infection; Immuno
assay; Reverse sequence screening; Rapid plasma 
regain; Treponema pallidum particle agglutination test; 
Automation; Algorithm; Primary infection; Late latent 
infection

© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Many laboratories have adapted automated 
immunoassay methods for syphilis screening in the past 
decade. Since measurement of antibodies to Treponema 
pallidum (treponemal) antigens cannot readily distin
guish current from past infection, additional tests, 
including traditional non-treponemal tests, are required 
to further clarify the disease state. As the incidence of 
syphilis and population demographics influence test 
performance, and due to local differences in the way 
clinical follow-up is offered, there is no single approach 
to syphilis testing that is universally applicable. 
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INTRODUCTION
Over the past decade, the strategies and algorithms 
used by clinical laboratories to screen for and confirm 
syphilis have changed significantly. Among the three 
algorithms currently used for syphilis testing, there is 
not one that is universally recommended by medical or 
public health agencies. Two of these approaches, the 
traditional and reverse syphilis screening algorithms, 
were detailed in a point/counterpoint commentary in a 
recent issue of the Journal of Clinical Microbiology[1]. 

Readers lacking familiarity with syphilis testing 
might be surprised to learn that assays with suboptimal 
sensitivity and specificity are used to confirm consi­
derably more sensitive and specific tests. These readers 
might also be surprised to hear that for the reverse 
screening algorithm, initial syphilis screening assays are 
often fully automated, whereas confirmatory tests are 
performed manually and can be subjective to interpret. 
To understand the options available for syphilis testing 
today, this update will summarize the clinical challenges 
to diagnosis and the specific performance characteristics 
of treponemal and non-treponemal tests. Additionally, 
select studies evaluating the various approaches 
to syphilis screening over the past decade will be 
summarized. 

CLINICAL CHARACTERISTICS OF 
SYPHILIS INFECTION
Primary syphilis infections, caused by the spirochete 
Treponema pallidum (T. pallidum), can be identified 
visually by the presence of a characteristic sore with 
a raised boarder, referred to as a chancre, typically 
observed on the genitalia. While lacking in sensitivity 
due to the painless nature of the lesion, visual diagnosis 
offers good specificity. This is particularly true in 
resource poor nations where syphilis continues to 
be commonly encountered and readily recognizable 
by local physicians, with reported prevalence rates 
approaching 10% in some countries[2,3]. In industrialized 
nations, widespread treatment with potent antibiotics 
has had a dramatic effect on the prevalence of syphilis, 
as have safe sex initiatives and the availability of barrier 
protection methods. At one time there was hope that 
syphilis would be completely eliminated in industrialized 
countries, however, the opposite has occurred and 
syphilis has been on the rise for the past two decades, 
particularly among men having sex with men[4]. Primary 
syphilis is uncommonly encountered by physicians 
who practice in resource rich nations, and therefore 
the infection may not be included in the differential 
diagnosis for genital lesions or other, more chronic 
disease manifestations. 

Without treatment of primary syphilitic infections, 
patients may progress to secondary syphilis, which can 
manifest with a wide range of systemic symptoms, 
including maculopapular rash, characteristically affecting 

the palms and soles in addition to the torso and 
extremities, fever, malaise and diffuse lymphadenopathy. 
Notably, these symptoms are significantly more severe 
among immunocompromised individuals, particularly 
human immunodeficiency virus (HIV) positive patients[5]. 
Due to the low prevalence of syphilis in some regions, 
and the lack of medical care in others, secondary syphilis 
infections may be misdiagnosed or not diagnosed at all, 
in both cases leading to a lack of curative treatment.

Following secondary syphilis (several months to a 
year after infection), patients enter a latent stage of 
infection that is often entirely asymptomatic. Many years 
later, 15%-40% of infected individuals may develop late 
or tertiary syphilis[3], which can present with a variety 
of serious health problems, including central nervous 
system, cardiovascular or ocular involvement. 

PERFORMANCE OF TREPONEMAL 
AND NON-TREPONEMAL ASSAYS FOR 
DETECTION OF SYPHILIS
Currently, two different types of serologic tests are 
available to screen for syphilis and both approaches 
measure antibodies in serum or plasma. Non-trepo­
nemal assays, including the rapid plasma reagin 
(RPR) and Venereal Disease Research Laboratories 
(VDRL) tests, measure antibodies to lipoidal products 
(i.e., cardiolipin), which are released from host cell 
membranes following injury or infection with T. pallidum. 
These assays have been used for over a century for 
syphilis screening[2,3,6]. Since the 1960’s, methods that 
measure antibodies specific to T. pallidum proteins (e.g., 
R17, R15, R44.5 and R47), referred to as treponemal 
tests, have been available and are increasingly used as 
laboratories migrate from microscopic testing methods 
to fully automated immunoassay systems[7]. 

Over the past decade multiple new treponemal tests 
have been developed. These methods incorporate highly 
purified, recombinant T. pallidum protein antigens, as 
well as polyvalent conjugates able to detect both IgM- 
and IgG-class antibodies to syphilis and are marketed 
as “total syphilis antibody” assays. Comparison studies 
between these methods, when used for screening, 
generally demonstrate very high concordance and 
excellent specificity (generally > 99%)[8-12].

Both non-treponemal and treponemal methods 
will fail to detect some cases of primary syphilis, since 
the antibody response to infection is not immediate[13]. 
Humoral antibodies generally appear and become 
detectable within 4 wk following chancre formation[2]. 
There is some evidence that treponemal assays are 
more sensitive in cases of primary syphilis. In a large 
study, 9137 patients who were initially positive by an 
enzyme immunoassay (EIA) and RPR negative were 
recalled 8 wk after initial screening; 0.59% of these 
patients seroconverted to RPR positive at the second 
draw date, consistent with a diagnosis of primary 
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syphilis[14].
Another challenge to detection of early syphilis, 

regardless of the method, is the host’s immunostatus. 
Immunosuppressed individuals, whether due to 
infection (e.g., HIV) or immunomodulatory therapy 
can have a delayed or suppressed serological 
response[15]. In general, the sensitivity of the common 
non-treponemal tests (e.g., RPR and VDRL) during 
primary syphilis infections ranges from 74% to 100%, 
depending on the time of sample collection compared 
to the initial exposure. A similar sensitivity, ranging 
between 70% and 100%, has been documented for 
the traditional treponemal assays, including the T. 
pallidum particle agglutination test (TPPA) and the T. 
pallidum microhemagglutination assay[2]. Importantly, 
the sensitivity of both treponemal and non-treponemal 
assays improves to nearly 100% during secondary and 
latent infection. However, while treponemal assays will 
remain highly reactive during tertiary manifestation of 
disease, non-treponemal assays loose some sensitivity 
during this stage (range 71% to 73%).

Multiple factors can influence the specificity of 
both treponemal and non-treponemal tests. While 
false positive results are generally less common with 
treponemal assays, certain host conditions have been 
associated with inaccurate results, including systemic 
lupus erythematosus, the presence of high levels 
of heterophile antibody in patients with infectious 
mononucleosis and in some individuals with leprosy, 
collagen disease and drug addiction[16]. Regarding non-
treponemal assays, the most common cause of non-
specific reactions is due to biological interference. The 
lipoidal products released during syphilis infection 
are also produced in many other infectious and non-
infectious conditions, including Epstein-Barr, hepatitis, 
varicella, measles, tuberculosis, malaria, lymphoma and 
certain autoimmune diseases[7]. Notably, none of these 
diseases produce false positive results by treponemal 
methods, thus making treponemal assays significantly 
more specific for syphilis. Additionally, infections caused 
by other Treponema species, including T. pertenue 
the causative agent of yaws, can lead to false positive 
results by either method[17]. Finally, due to an increase 
in immunological activity and maternal antibody pro­
duction, pregnancy can lead to inaccurate results by 
either method, posing an interpretive challenge to 
syphilis testing results. 

Patients tested by non-treponemal methods may 
sometimes yield falsely negative results when extremely 
high levels of antibody are present, a result of the 
“prozone effect”. Best practice requires that patient sera 
are analyzed at two distinct dilutions to identify this 
potentially confounding reaction. The sensitivity of non-
treponemal tests is also suboptimal in latent disease, 
as the destructive activity of the bacteria at this stage 
is minimal leading to the absence of circulating lipoidal 
antigens. In contrast, treponemal antibodies continue to 

circulate and are detectable for decades. Furthermore 
sera from patients who are successfully treated for 
syphilis will demonstrate decreased non-treponemal 
antibody titers, and 12-24 mo post-infection may be 
negative by these assays, while treponemal antibodies 
will continue to be positive[2,6]. Patients who are re-
infected with syphilis, years after successful treatment 
for their initial infection, will seroconvert from RPR 
negative to RPR positive status[18].

Separate testing for IgM and IgG antibodies to T. 
pallidum using treponemal assays, is currently per­
formed in many countries. IgM assays are considered 
less specific than IgG tests and concordance between the 
different available IgM tests is low, however a positive 
IgM result may be useful to provide supplemental 
information when an IgG screening assay is reactive[11]. 
In the United States, tests detecting only IgM-class 
antibodies to syphilis are not routinely available and no 
assay supporting separate measurement of IgM has 
been FDA-cleared in the last twenty years. 

THE SYPHILIS TESTING ALGORITHMS 
AND ASSOCIATED CLINICAL DILEMMAS
The traditional and reverse sequence syphilis screening 
algorithms
The reverse sequence syphilis screening (RSSS) algori­
thm first uses a treponemal assay as a screen, followed 
by confirmatory testing of reactive samples with a non-
treponemal test. The term “reverse” is appropriate, 
because for many decades the traditional syphilis 
screening algorithm involved initial screening using 
a non-treponemal test, followed by confirmation of 
reactive results using a treponemal test. A distinct 
advantage of the RSSS is that initial screening with a 
fully automated, treponemal test solves the workflow 
challenge faced by hospital and reference laboratories 
performing thousands of tests every month. However, 
as with any assay, when a treponemal test is used as 
the screen in an environment where the prevalence of 
syphilis is low, many of the reactive results will be false. 
The advantage of the RSSS for laboratories however, 
is that the number of required manual confirmatory 
tests will be significantly decreased, particularly in 
industrialized countries where reactive rates of trepo­
nemal assays range from 1%-3%.

Since non-treponemal tests generally become non-
reactive 12-24 mo after treatment of early disease, 
a negative non-treponemal confirmatory test does 
not definitively indicate that the original treponemal 
result was falsely reactive. A treponemal reactive/non-
treponemal non-reactive result suggests that the 
patient is unlikely to have active disease, however this 
result does not rule out acute infection or late/latent 
disease. To conclusively determine whether the initial 
treponemal result was falsely reactive, the RSSS 
algorithm requires that a second treponemal assay, 
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from the traditional syphilis algorithm[30]. The authors 
recommended a treponemal test for screening, with 
an added IgM test when primary syphilis is suspected, 
followed by the use of a different treponemal test, 
preferably performed on second specimen, for con­
firmation. A treponemal EIA, TPPA or FTA-ABS assay 
(or multiple tests) may be used for confirmation follow
ing completion of the two treponemal tests. An IgG 
immunoblot is recommended as a supplementary 
confirmatory test if the first two antibody-based tests 
provide discrepant results. The ECDC guidance docu­
ment recommends the use of RPR testing to monitor 
the response to therapy and greatly limits the situations 
where it may be used for screening. This algorithm 
offers two clear advantages compared to RSSS: Only 
two methods will be required to perform routine screen­
ing and confirmation, instead of three in cases of 
discordant results, and both of these methods can be 
fully automated. 

Regarding treatment, since the ECDC does not 
mandate a non-treponemal test, patients tested 
according to this guideline are likely to be treated, or 
retreated, unless there are records to support prior 
therapy[30]. 

Other international guidelines published since 2008 
maintain a role for non-treponemal testing. A proposed 
Eastern European guideline called for treponemal and 
non-treponemal testing, but did not specify the order 
in which they should be performed[31]. With regards to 
other international countries, most recently a guideline 
from Canada proposed the use of either the traditional 
or RSSS algorithm depending on laboratory needs and 
word flow restrictions[32].

The three most common syphilis testing algorithms 
are illustrated in Figure 1.

COMPARISON OF THE THREE SYPHILIS 
SCREENING ALGORITHMS
Since the introduction of the RSSS and ECDC algori­
thms, numerous studies have compared these new 
methods to the traditional testing algorithm. Performing 
such comparison studies however is hampered by 
several significant challenges, including: (1) in countries 
and regions where syphilis is uncommon, a large 
number of sera must be tested to identify clinically 
positive patients; (2) blood bank laboratories perform 
a high volume of tests for syphilis, however any patient 
with syphilis, has been removed from the donor and 
therefore, the usage of stored blood bank samples 
is unlikely to be helpful; (3) in regions with a high 
incidence of syphilis, the likelihood of a true positive 
is high and therefore, results from assay evaluation 
in these regions may not be directly applicable to 
regions where syphilis is not as prevalent; (4) patients 
may not be available for clinical follow-up, or may 
not recall prior treatment for syphilis. As mentioned 
above, syphilis may have been treated inadvertently, 

different from the initial screening treponemal assay, be 
performed. If this assay is reactive, the initial screening 
result is confirmed indicating that the patient has been 
exposed to syphilis at some time in the past and further 
clinical evaluation is required to stage the infection. 
If the second treponemal assay is non-reactive, this 
suggests that the initial treponemal test was likely a 
false screening result and the patient is unlikely to have 
been exposed to syphilis[19-21]. 

Many different treponemal assays can be used 
as the “third test” for the RSSS, including the TPPA 
test, the Fluorescent Treponemal Antibody Absorption 
test (FTA-ABS), multi-parameter line immunoassays 
and western blots. However, the ability of different 
treponemal tests to detect late untreated syphilis has 
not been evaluated in great detail and some studies 
suggest that there can be discrepancies[22-24]. The 
prevalence of syphilis in specific populations (such as 
in prisoners) may also affect the development of an 
algorithm for retesting results when treponemal and 
non-treponemal results do not agree[25]. 

The 2008 Center for Disease Control and Prevention 
guidance on syphilis[26] proposed that if a patient has 
“not been previously treated, patients with reactive 
results from treponemal tests and nonreactive results 
from non-treponemal tests should be treated for late 
latent syphilis”. Hence the next intervention may be 
a tense conversation between doctor and patient. 
However, because medical records are often incomplete 
and because patients can be forgetful or less than fully 
truthful, determining whether a patient was previously 
treated for syphilis is not straightforward[27,28]. Addi­
tionally, in an era when exposure to β-lactam antibiotics, 
tetracyclines, and macrolides for indications other than 
syphilis is widespread, there may be no practical way to 
identify a history of “non-observed treated” syphilis[27]. 
For a physician, given discordant syphilis results, treat­
ment with an inexpensive and highly effective drug 
may be a straightforward option; it is a low-risk and 
inexpensive choice that essentially eliminates the risk 
of complications from a serious infection. However, 
treatment in some cases will be unnecessary and 
possibly disturbing to the patient and the patient’s 
family. 

Finally, in many regions of the world, treatment is 
only possible when the patient returns to the clinic. 
While a confirmatory test on a new specimen may 
increase laboratory confidence in the result, patients 
may not return for a second visit. Losing patients to 
follow up can be a significant concern in testing centers 
and geographic areas where syphilis is commonly 
encountered[29]. 

The European Centre for Disease Prevention and 
Control syphilis algorithm
The 2008 European Guidelines on the Management 
of Syphilis [European Centre for Disease Prevention 
and Control (ECDC) guidelines] took a large step away 
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without the patient’s knowledge. Researchers are often 
unable to retrieve medical records for many patients. 
All of these factors make estimates of biological and 
analytical false positives increasingly difficult; (5) large 
prospective comparison studies are expensive and 
costly because two or more methods must be run in 
parallel for an extended period; and (6) while the cost 
of “over diagnosis” and “overtreatment” can be roughly 
quantified, it is much harder to determine the cost of a 
“missed diagnosis” and “under treatment”. As a result, 
meaningful financial analyses are difficult to perform 

unless follow-up is available for patients who have 
negative screens. 

Table 1 summarizes results from large studies (> 
10000 patients) that were performed with sera from 
patients evaluated at a hospital or clinic. Each study 
compared the RSSS or ECDC algorithm to the traditional 
approach. The studies are sorted by the observed 
positivity rate in the initial screen. Some important and 
valuable studies have been omitted because the authors 
did not identify the number of positive results obtain in 
their initial screen[34,35] or used multiple confirmatory 
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Figure 1  Comparison of the three common syphilis testing algorithms. A: Traditional algorithm; B: RSSS algorithm; C: ECDC algorithm. +: Positive result; 
-: Negative result; RPR: Rapid plasma reagin; TPPA: Treponema pallidum particle agglutination test; EIA: Enzyme immunoassay; CIA: Chemiluminescence 
immunoassay.

  Screening method Confirmatory 
method

Third method No. of samples 
screened

% reactive 
results in 

initial screen

% of screening 
results 

confirmed

% of discrepant 
results confirmed by 

third method

Ref.

  EIA/CIA RPR TPPA, FTA-ABS     12774 14.5% 49% 86% CDC[19]

  TPPA CIA N/A     24124 11.4% 99% N/A Tong et al[28]

  TPPA RPR CIA     24124 11.4% 76% 99% Tong et al[28]

  Multiple EIA 
  methods

RPR TPPA/FTA-ABS   116822 5.6% 44% 83% CDC et al[26]

  CIA RPR TPPA, FTA-ABS     28261   4.1% 31% 89% Hunter et al[21]

  EIA/CIA RPR TPPA, FTA-ABS   127402   2.3% 39% 59% CDC[19]

  CIA RPR TPPA     21623   2.2% 42% 78% Park et al[33]

  EIA RPR TPPA, FTA-ABS, 
TPHA

1037025   2.0% 30% 84% Mishra et al[15]

  CIA RPR TPPA     15713   1.7% 82% 82% Lee et al[24]

Table 1  Selected studies evaluating the reverse sequence syphilis screening and European Centre for Disease Prevention and control 
algorithms in comparison to the traditional algorithm for syphilis testing

RPR: Rapid plasma reagin; TPPA: Treponema pallidum particle agglutination test; EIA: Enzyme immunoassay; CIA: Chemiluminescence immunoassay; FTA-
ABS: Fluorescent Treponemal Antibody Absorption test; CDC: Centers for Disease Control and Prevention.
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methods at the same time[36], rather than following 
the approaches proposed in the new confirmatory 
algorithms discussed above, or reported on a much 
smaller patient cohort[37,38]. In the listed studies which 
evaluated the RSSS, it is clear that the confirmation 
rate, using a non-treponemal test, such as the RPR, 
varied widely, reflecting differences in the populations 
screened. However, the confirmation rate of an initially 
reactive treponemal assay by a second treponemal tests 
was more consistent, typically > 80% in most reports. 

Three other review articles have included analyses 
of the utility of the new algorithms. Binnicker[39] descri­
bed studies comparing the traditional and reverse 
algorithm published by 2011. Soreng et al[40] focused 
on the workflow advantages associated with a fully 
automated technology in the initial screen. The authors 
also mention that the discrepancies between TPPA and 
other treponemal methods are often associated with 
patients who were co-infected with HIV. The problem of 
inconsistent serological results in immunocompromised 
patients has been previously documented[41] and is well 
known; it likely plays a significant role in comparison 
studies of syphilis results. An extended review by 
Morshed et al[42] includes discussion of the new algori­
thms as well as the current status of neurosyphilis, 
prenatal and congenital syphilis screening. 

CONCLUSION
The CDC’s 2008 discussion of the RSSS proposed that 
“the best algorithm would depend on the population 
studied”[26]. In patient cohorts with little syphilis 
positivity, the traditional algorithm will lead to less 
follow up testing, but at an increased risk of missing 
early and late/latent syphilis. Laboratories that see very 
little syphilis may choose a strategy that minimizes 
the expense of screening. While the reagent costs of 
immunoassays are generally higher than RPR cards for 
screening, the semi-automated ELISA methods used in 
the previous decade have now been widely replaced by 
fully automated systems, which provide labor savings 
that offset the difference in reagent costs. 

In the urban sexually transmitted disease clinic, 
where higher rates of syphilis are observed, or in 
developing countries where access to testing is limited, 
the likelihood of encountering both early syphilis and 
late/latent syphilis (LSS) increases. The RSSS algorithm 
is likely to identify more cases of untreated disease in 
these environments, but cases of treated disease will 
also be detected, with potential follow-up costs and a 
requirement to manage the social impact associated 
with identification of past infection. 

These observations summarized here reflect what 
has been learned from a decade of experience with the 
reverse algorithm. Today the physician should evaluate 
any patient with a confirmed reactive immunoassay 
screen and a discrepant RPR result as a possible case of 
latent syphilis or an undiagnosed syphilis infection that 

has been successfully, but unintentionally, treated[27,43]. 
Determining the need for additional treatment will 
remain a decision to be made by the physician on a 
case by case basis[44]. Finally, for patients with HIV and 
other immunosuppressive diseases, repeat testing (or 
periodic testing) is essential due to the possibility of a 
delayed serological response (with a negative screen) or 
re-infection (with a positive treponemal screen). 

The ECDC recommended algorithm, which was 
published several years ago, has not received much 
attention in the published literature. While it will not 
identify re-infection in sexually active individuals, it does 
offer a fully automated and more reproducible workflow 
than the RSSS and eliminates the positioning of a 
subjective test in a confirmatory role. It may be suitable 
in testing situations where patient information will be 
available to help a physician clarify the disease history. 
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Abstract
Pancreatic cancer has an overall 5-year survival rate of 
less than 5%. Unfortunately, patient survival has not 
substantially improved in the last couple of decades 
despite advances in treatment modalities that have 
been successful in other cancer types. The poor 

response of pancreatic cancer to therapy is a major 
obstacle faced by clinicians. Increasing attention is being 
paid to how tumor cells and non-tumor cells influence 
each other in the pancreatic tumor microenvironment. 
Tumor-associated macrophages (TAMs) are a highlight 
in this field because of their vast presence in the 
tumor microenvironment. TAMs promote angiogenesis, 
metastasis, and suppress the anti-tumor immune 
response. Here we review the current understanding 
of the role of TAMs in regulating the progression of 
pancreatic cancer.

Key words: Pancreatic cancer; Tumor-associated 
macrophages; Tumor microenvironment; Macrophages
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Core tip: Pancreatic cancer remains one of the most 
deadly cancers with dismal 5-year survival rates. 
Increasing importance is being given to the role of 
macrophages in pancreatic cancer. Tumor-associated 
promote angiogenesis, metastasis, and suppress the 
anti-tumor immune response. Targeting macrophages 
within the tumor microenvironment is an attractive 
novel therapeutic approach. Here we review the current 
understanding of the role of tumor-associated macro
phages in the progression of pancreatic cancer.
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PANCREATIC CANCER
Pancreatic cancer is the eighth leading cause of death 
from cancer in men and the ninth leading cause of 
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death from cancer in women worldwide and is lethal in 
more than 95% of cases[1]. The incidence of pancreatic 
cancer ranges from 1 to 10 cases per 100000 people, 
is generally higher in developed countries, and has 
remained stable for the past 30 years relative to the 
incidence of other common solid tumors[2]. It is more 
common in the elderly and less than 20% of patients 
present with localized, potentially curable tumors[3]. 
The overall 5-year survival rate among patients with 
pancreatic cancer is less than 5%[4]. 

The causes of pancreatic cancer are not yet fully 
understood. Environmental factors have been impli
cated, yet evidence of a causative role only exists for 
tobacco use. The risk of pancreatic cancer in those 
that smoke is 2.5 to 3.6 times that in nonsmoking 
individuals[5]. Several medical conditions are associated 
with an increased risk of pancreatic cancer, including 
diabetes, chronic pancreatitis, chronic cirrhosis, a high-
fat diet, and a high-cholesterol diet[3]. Additionally, it 
is estimated that 5% to 10% of cases are inherited, 
however currently there is no effective screening tool[6]. 

Pancreatic ductal adenocarcinoma (PDAC) is the most 
common form of pancreatic cancer. The cancer arises 
in the ductal epithelium and evolves from premalignant 
lesions to fully invasive cancer. The lesion called pan
creatic intraepithelial neoplasia (PanIN) is the best 
characterized histologic precursor of pancreatic cancer[3]. 
The progression from dysplasia to invasive carcinoma is 
paralleled by the accumulation of mutations that include 
activation of the KRAS2 oncogene, inactivation of the 
tumor-suppressor gene CDKN2A, and inactivation of the 
tumor-suppressor genes TP53 and DPC4[7]. 

In the past two decades, almost no progress has 
been made in the clinical management or outcomes of 
patients with pancreatic cancer[1]. Approximately 70% 
of patients diagnosed with pancreatic cancer die from 
extensive metastatic disease while 30% present with 
limited metastasis, yet the majority of these patients 
have bulky primary tumors[8]. The poor response of 
pancreatic cancer to therapy is a major obstacle faced 
by clinicians. Patient survival has not substantially 
improved despite advances in treatment modalities that 
have proven successful in other cancers (i.e., breast, 
lung, colorectal, and melanoma)[9-11]. Novel biologic 
therapies such as cancer vaccines and methodologies 
using therapeutic gene transfer have also been either 
ineffective or shown limited promise[12]. The current 
standard chemotoxic drug, gemcitabine, has resulted 
in only a modest improvement in survival, and newer 
therapies show only marginal improvement[13]. Surgical 
resection is ultimately the most effective for pancreatic 
cancer. However, only 15% to 20% of patients are 
considered candidates for surgical resection[6] and 
outcomes of surgery alone are poor as less than 15% of 
resected patients are alive 5 years post-operatively[14]. 
Therefore, the development of new treatment strategies 
for the vast majority of patients afflicted with pancreatic 
cancer is vital. 

PANCREATIC TUMOR 
MICROENVIRONMENT
The development of PDAC is marked by increasing 
desmoplasia, which results in a vast stroma that often 
exceeds the epithelial component of the tumor. Unlike 
most adenocarcinomas whose volume is comprised 
primarily of transformed cells, a pancreatic tumor is 
comprised of fibro-inflammatory stromal elements 
and islands of neoplastic epithelium[15,16]. Recent evi
dence suggests that far from being a passive observer, 
pancreatic tumor stroma affects both cancer progression 
and clinical outcome. In PDAC, activated pancreatic 
stellate cells have been shown to support tumor growth 
and immune dysfunction[17]. In particular, by releasing 
nutrient growth factors, such as insulin-like growth factor 
2 and PDGF, into the tumor microenvironment, the 
stromal component of pancreatic cancer has been closely 
linked to both tumor growth and invasiveness[18-20]. In 
addition, chemotherapy resistance has been correlated 
with the extent of tumor desmoplasia as the stroma 
is thought to be a physical barrier to cytotoxic agents 
reaching the neoplastic epithelial cells[21,22]. Consequently, 
increasing attention is being paid to how tumor cells 
and non-tumor cells influence each other in the tumor 
microenvironment. Tumor-associated macrophages 
(TAMs) are a highlight in this field. Here we review the 
recent evidence for the role TAMs possess in promoting 
pancreatic cancer progression.

MACROPHAGE POLARIZATION
The immune system plays a critical role in the response 
to infection and elimination of foreign pathogens. In 
the context of cancer, the immune system recognizes 
antigens produced by tumor cells; therefore the cancer 
cell is deemed a foreign pathogen. Histopathological 
analyses of human tumors have provided evidence that 
variable numbers of infiltrating immune cells, such as 
macrophages, mast cells, granulocytes and myeloid-
derived suppressor cells (MDSCs), are found in most 
cases infiltrating or surrounding tumor beds both in the 
core and at the invasive front of the tumor[23].

Macrophages play an important role in the innate 
immune system. They are essential in removing dead 
or dying cells and debris via phagocytosis, and activate 
the adaptive immune response[24]. After tissue damage, 
macrophages organize immune defenses and coordinate 
the tissue repair process. Normally, this process is 
self-limiting, yet if it doesn’t resolve it leads to chronic 
inflammation characterized by an alteration in the 
immune cell types involved, including an increase in 
infiltrating macrophages[25]. 

Macrophages are activated in response to environ
mental signals, including microbial products and cyto
kines. Analogous to the dichotomous differentiation 
of T helper cells giving rise to T helper type 1 (Th1) 
and T helper type 2 (Th2) T cells with distinct cytokine 
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expression patterns and immunological functions, 
two fundamental macrophage phenotypes have been 
delineated. Activated macrophages are functionally 
divided into two subtypes: M1 (classical activated) and 
M2 (alternative activated)[26]. Th1-related cytokines such 
as Interferon gamma (IFN-γ), and lipopolysaccharide 
(LPS), polarize macrophages to M1[24]. M1 macrophages 
are characterized by IL-12hi, IL-23hi, tumor necrosis 
factor alpha (TNFα)hi, IL-10low, CXCL9hi, CXCL10hi, ROIhi, 
RNIhi, COX1low, COX2hi and iron uptake phenotype[24,27]. 
M1 macrophages preferentially induce anti-tumor 
Th1 cells, whereas Th2 cytokines such as IL-4 and 
IL-13 induce M2 macrophages[28]. These macrophages 
express IL-12low, TNFαlow, IL-10hi, IL-1decoyRhi, IL-
1RAhi, Arginase1hi, CCL17hi, CCL18hi, CCL22hi, CCL24hi, 
COX1hi, COX2low, iron release, and increased phagocytic 
activity[24]. M2 macrophages initiate pro-tumorigenic 
actions by promoting angiogenesis, tissue repair, and 
inducing immune suppression via induction of Th2 
cells[27]. It is worth noting that M1 and M2 macrophage 
designations are extreme ends of a fluid scale. In fact, 
there is ample literature describing the plasticity of 
macrophages. Macrophages receive signals from the 
microenvironment in which they reside[27] and it is the 
integration of these signals that ultimately determines 
the macrophage subtypes. 

MACROPHAGE RECRUITMENT
The development and progression of pancreatic cancer 
has been linked to inflammation[29-31], with chronic inflam
mation being a risk factor for the development of 
PDAC[32-35]. The inflammatory microenvironment that is 
characteristic of PDAC supports tumorigenesis through 
paracrine crosstalk between tumor cells and immune 
cells[36]. Importantly, inflammatory conditions are not 
only prominent in the tumor microenvironment but also 
present in the peripheral blood of PDAC patients, thus 
highlighting a role for peripheral immune cells in disease 
progression[37]. Once established, PDAC is characterized 
by marked leukocyte infiltration.

TAMs are the main population of inflammatory cells 
found in the tumor microenvironment of solid tumors[38]. 
TAMs develop in response to tumor-induced cytokines, 
chemokines, and vascular endothelial growth factor 
(VEGF)[26,39,40]. Additionally, it is also well documented 
that granulocyte macrophage colony-stimulating factor 
(GM-CSF), released from the tumor microenvironment, 
regulates TAM recruitment, maturation, and differen
tiation. The matricellular glycoprotein secreted protein 
acidic and rich in cysteine (SPARC), an intracellular 
matrix protein, may influence macrophage infiltration 
and distribution in murine pancreatic tumors. Murine 
macrophages expressing F4/80 are more plentiful in 
tumors from wild-type SPARC mice and are distributed 
at the tumor margins[41]. Additionally, monocyte 
chemoattractants, such as the alarmins, may also 
play a role in the recruitment of monocytes and other 
macrophage precursors[42]. A factor released by dying 

tumor cells, the high mobility group box protein 1, is 
found in areas where TAMs reside[43].

TAMS CAN PROMOTE TUMOR 
PROGRESSION
The role that TAMs play in the tumor microenvironment 
remains controversial. For instance, in colorectal 
tumors, TAMs are pro-inflammatory, and are anti-tumor, 
which has been associated with a good prognosis[44]. 
However, in most tumors, the protumoral role of TAMs 
is supported by clinical studies that have reported a 
correlation between high macrophage content and poor 
prognosis[45-49]. Epidemiological data suggests that a 
tumor microenvironment that is rich in macrophages 
will lead to a more aggressive tumor with the potential 
for metastasis[50]. 

In pancreas cancer, there is evidence that TAMs 
infiltrate early lesions or PanINs and persist through 
invasive cancer[35]. It is well documented that early 
and advanced lesions have significant increases in 
macrophage infiltration, compared to normal pancreatic 
tissue. Moreover, evidence suggests that TAMs may 
regulate PanIN development. TAMs produce IL-6 in 
PanIN lesions of KrasG12D-expressing mice, therefore 
inducing STAT3 signaling and promoting cancer pro
gression[51]. Additionally, pancreatic cancer cell proli
feration via sonic hedgehog production has been 
linked to NFκB-activated monocytes[52]. Liou et al[33] 
identified the macrophage-secreted inflammatory 
cytokines RANTES and TNF as mediators of acinar cell 
dedifferentiation and tumor initiation. These cytokines 
act via the activation of NFκB and its target genes 
involved in regulating survival, proliferation, and 
degradation of extracellular matrix. Furthermore, the 
authors identified matrix metalloproteinases (MMPs) 
as targets that drive dedifferentiation and show that 
MMP inhibitors may be efficiently applied to block 
inflammation-induced dedifferentiation[33]. Helm et 
al[53] conducted studies on the functional impact of 
TAMs from human PDAC tissues on premalignant and 
malignant pancreatic ductal epithelial cells. Both cell 
types acquired an elongated cell shape along with 
an increased expression of vimentin and a reduced 
expression of epithelial E-cadherin when indirectly 
cocultured with TAMs from PDAC tissues[53]. When the 
cells were cocultured in the presence of polarized M1- 
and M2-macrophages, to elucidate whether pro- or 
anti-inflammatory properties account for these effects, 
similar to TAMs, both macrophage subsets induced 
epithelial-mesenchymal transition alterations and 
even greater invasiveness in the malignant epithelial 
cells[53]. Similar findings have been reported by others, 
further elucidating the impact of pancreatic cancer cell 
interaction with macrophages on the differentiation and 
function of macrophages and behaviors of pancreatic 
cancer cells[54]. Tumor growth inhibition following clo
dronate depletion of macrophages further clarifies the 
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iNOS. They further show that iNOS activity was respon
sible for vascular normalization and activation, T cell 
recruitment, and tumor rejection. The authors also 
obtained similar results when transferring irradiated 
macrophages and T cells, thus representing a promising 
adjuvant therapeutic strategy[72]. These results hold 
great promises in the treatment of pancreatic cancer.

Immune suppressive activities of TAMs 
Tumor immunosuppression is a recognized mechanism 
for regulating tumor growth and when it succeeds, 
tumor progression continues mostly unchecked. TAMs 
have been described as key players of the tumor 
microenvironment contributing to immunosuppression 
by secreting TGF-β, IL-10, and arginase 1[73-75]. TGF-β 
promotes TAM polarization to an M2-phenotype, further 
promoting TGF-β release and immunosuppression[56]. 
Additionally, TGF-β promotes Th2 cell differentiation, 
resulting in an inefficient antitumor response[76]. 
Interestingly, Zhang et al[77] provide a novel model to 
explain the paradoxical role of TGF-β in the development 
of PDAC. Although TGF-β receptor signaling may inhibit 
cancer cell growth in the early stages of PDAC, its 
promoting role in angiogenesis may improve the long-
term survival and progress of PDAC, thus it appears 
to be tumorigenesis-enhancing in the later stages of 
tumor progression[77]. TAM-derived IL-10 suppresses 
IL-12 expression[78], prevents in situ DC maturation[74,79], 
and suppresses IFN-γ release[80]. However, IL-10 may 
have a role in the antitumor immune response due 
to immunostimulating properties[81-83]. Arginase 1, 
a marker for M2-macrophages that is expressed in 
tumors, causes dysregulation of the T cell receptor (TCR) 
signal resulting in a deficient CD8+ T cell response[75,84]. 
Using a murine lung carcinoma model, Rodriguez et al[85] 
demonstrate that a subpopulation of mature tumor-
associated myeloid cells express high levels of arginase 
1. The authors also show that depletion of extracellular 
L-Arginine by tumor-associated myeloid cells blocked 
the expression of the TCR CD3ζ and inhibited antigen-
specific T cell proliferation[85].

In human hepatocellular and ovarian carcinoma, 
CD14+ myeloid cells suppress autologous T cell proli
feration and IFN-γ expression in vitro and nullify anti-
tumor T cell activity during in vivo adoptive transfer 
experiments[86,87]. In pancreatic cancer, TAMs have a 
significant immunosuppressive role. CCR2 or CSF1R 
blockade with gemcitabine reduced TAM numbers, 
increased cytotoxic T cells, and decreased FOXP3+ 
Treg infiltration compared to gemcitabine alone[88]. 
These findings suggest that a reduction in macrophage 
infiltration at the tumor site resulted in an improved 
anti-tumor response in pancreatic cancer. More recently, 
using a retrospective cohort of patients with PDAC, Di 
Caro et al[89] report that the density of macrophages 
is a critical determinant of patient responsiveness 
to postsurgical conventional chemotherapy. In vitro, 
chemotherapy prevents the tumor-protective role of 
TAMs and reinstates their antitumor function, by a T-cell 

pivotal role macrophages have in tumor progression[55].

M2 macrophages
Macrophages often express an M2-phenotype at the 
tumor site[56]. During the early stages of pancreas 
tumor initiation and development, M1-macrophages 
are more abundant[57,58] and as the cancer progresses, 
macrophages switch to an M2-like phenotype[27,59-61]. 
In human patients, more M2-macrophages were 
detected in the context of pancreatic cancer than in 
chronic pancreatitis[62]. Furthermore, in pancreatic 
cancer patients a higher number of M2-macrophages 
was linked to larger tumor size, early liver recurrence, 
local recurrence, and reduced survival[62]. Similar results 
have been reported by others[63-65]. A higher percentage 
of M1-macrophages has been associated with longer 
survival[66]. 

Interestingly, Tjomsland et al[67] found evidence 
that high gene expression levels of CD68 (general 
macrophage marker) might be associated with poor 
prognosis and thus decreased survival following 
tumor resection, whereas a CD163-dominating 
M2-macrophage phenotype conferred a survival 
advantage[67]. Helm et al[68] have shown that human 
PDAC-associated TAMs concomitantly exhibit 
characteristics of pro-inflammatory M1-macrophages 
(e.g., HLA-DR, IL-1B, TNF-α) and anti-inflammatory 
M2-macrophages (e.g., CD163, IL-10). The authors 
also found HLA-DR and CD163 double positive cells by 
immunohistochemistry staining in pancreatic tissue of 
PDAC and chronic pancreatitis[68], thus confirming that 
macrophages with a mixed phenotype sharing pro- and 
anti-inflammatory properties are abundant in PDAC and 
are already present in the setting of chronic pancreatitis. 
These findings challenge the dichotomous concept of 
M1- and M2-macrophages. Importantly, their location in 
the tumor and the tumor stage might affect their ability 
to contribute to tumor promotion[27], which may explain 
conflicting findings. 

Given the aforementioned findings, reprogramming 
TAMs towards a more anti-tumorigenic phenotype 
may prove promising. An agonist monoclonal antibody 
against CD40, a co-stimulatory protein found on 
professional antigen-presenting cells, has demonstrated 
efficacy in mouse models of PDAC[69]. By reprogramming 
M2 TAMs into M1 TAMs using a CD40 agonist, tumor 
immune surveillance was restored[69]. This increased 
the therapeutic efficacy of gemcitabine. These results 
show that tumor immunosurveillance can at times 
be governed strictly by innate immunity under the 
regulation of the CD40 pathway. A CD40 agonist 
has also demonstrated efficacy in human patients 
with PDAC[70] when delivered in combination with the 
chemotherapeutic agent gemcitabine, ostensibly via 
the anti-tumor activities of macrophages[71]. Low-dose 
tumor irradiation may enable recruitment of antitumor 
T cells[72]. Using a mouse model, Klug et al[72] have 
shown that irradiation triggers the polarization of M2-
macrophages toward M1-macrophages that express 
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independent mechanism[89]. Targeting TAMs may be 
beneficial to tumor prognosis and in some cases be 
sufficient to ignite an effective antitumor action.

In addition to bona fide macrophages, there is 
extensive literature on abnormal accumulation of 
immature myeloid cells, known as MDSCs, which accu
mulate in the spleen and tumors as a consequence 
of tumor-associated changes in myelopoiesis and 
play a critical role in immunosuppression[90]. MDSCs 
represent a heterogeneous population of cells and 
are Gr-1+CD11b+[91]. Moreover, in vitro, Gr-1+CD11b+ 
MDSCs have the ability to impair T cell responses[92]. 
Although the relationship between MDSCs and TAMs is 
not yet entirely clear, in the context of tumor-derived 
factors, it has been suggested that MDSCs have the 
ability to differentiate in vitro into macrophages with 
immunosuppressive characteristics[93]. 

In pancreatic cancer, MDSCs may play a significant 
role in tumor progression. Using a murine model of 
PDAC, Bayne et al[94] demonstrate that GM-CSF, derived 
from the tumor, recruits Gr-1+CD11b+ myeloid cells that 
leads to the suppression of antitumor T cell response. 
In vivo abrogation of GM-CSF prevented the infiltration 
of MDSCs at the tumor site and blocked tumor pro
gression[94]. Similar findings have been recently 
reported[95]. Interestingly, Pylayeva-Gupta et al[96] 
demonstrate that upregulation of GM-CSF in mouse 
pancreatic ductal epithelial cells is oncogenic KrasG12D-
dependent. Mutational activation of Kras triggers the 
production of GM-CSF, promoting the expansion of 
immunosuppressive Gr-1+CD11b+ myeloid cells and 
leading to the evasion of CD8+ T cell-driven antitumor 
immunity. The suppression of GM-CSF production, in 
turn, inhibits the in vivo growth of KrasG12D tumors[96]. 
These findings provide insights into the challenges for 
designing effective therapeutic modalities targeting 
pancreatic cancer.

Strategies to reduce the effects of myeloid cell 
populations within the tumor microenvironment may 
offer great therapeutic potential. Using a mouse 
model of PDAC, Zhu et al[97] demonstrate that CSF1R 
blockade may enhance macrophage antigen pre
sentation and T cell responses. CSF1R blockade 
upregulated the T cell checkpoint molecules PDL1 
and CTLA4[97]. When PD1 and CTLA4 antagonists 
were combined with CSF1R blockade, this resulted in 
tumor regression. These findings provide a rationale to 
reprogram immunosuppressive myeloid cell populations 
in the tumor microenvironment under conditions that 
can significantly empower the therapeutic effects of 
checkpoint-based immunotherapeutics[97]. 

TAMs promote angiogenesis
Angiogenesis is a requirement for tumor growth 
and spread. TAMs have the capacity to regulate the 
vascular programming of tumors[27]. Upon activation, 
TAMs release multiple factors such as VEGF, PDGF, 
and TGF-β[98], all of which can promote angiogenesis. 
Vascular endothelial growth factor A (VEGFA) produced 

by TAMs is critical for angiogenesis and reverses the 
effects of macrophage depletion[99], whereas loss of 
VEGFA leads to vascular normalization[100]. 

However, while increased vascularization during 
tumor progression is recognized as an important step for 
the majority of solid tumors, in the context of pancreatic 
cancer this is unclear. Hypovascularized regions are 
characteristic of PDAC and has served as a diagnostic 
tool[101]. Moreover, this conflicts with the understanding 
that an angiogenic switch is required for tumor growth 
to occur[102]. Interestingly, in several animal models 
Sunitinib, an anti-angiogenic drug that targets VEGF and 
PDGF receptor signaling, showed progressive blockade 
of tumor growth but did not inhibit PDAC progression 
in a murine model[103]. In a murine model of pancreatic 
tumor of endocrine origin, which is highly vascularized 
and accounts for approximately 1% of pancreatic cancers 
in humans, Sunitinib reduced tumor formation[104]. 
Schmid et al[105,106] suggest that tumor vascularization 
may be promoted by circulating macrophages. The 
authors have shown that the chemoattractants SDF-
1α and IL-1β collaborate with myeloid cell integrin-α4β1 
to promote macrophage recruitment and adhesion to 
vascular endothelium resulting in tumor inflammation 
and growth. Inhibition of these molecules markedly 
decreased angiogenesis in pancreatic cancer models 
thus reducing tumor burden[105,106]. 

TAMs and tumor metastasis
A hallmark determining the severity of cancer is tumor 
metastasis, which is the result of tumor cells traveling 
through blood and lymphatic vessels to form ectopic 
tumors. Pancreatic cancer commonly metastasizes 
to the liver, peritoneum, lungs, and bones[104]. It has 
been suggested that TAMs have a role in tumor-cell 
migration, invasion, and metastasis[107]. There is an 
abundance of evidence showing how TAMs influence 
tumor cell migration. Precursors of TAMs, blood 
monocytes, may also contribute to the formation of 
an invasive microenvironment in a manner dependent 
on the secretion of soluble mediators such as TNF[108]. 
Conversely, pancreatic cancer cells induce differentiation 
of pro-tumor macrophages. Tumor-educated 
macrophages may promote pancreatic cancer cell 
invasion in vitro[109], thus underscoring the crosstalk 
that occurs between tumor cells and TAMs resulting in 
disease progression. It has been suggested that EGF 
released by TAMs interacts with CSF-1 produced by 
tumor cells to induce tumor cell migration[43]. TAMs also 
influence the tumor microenvironment by providing 
factors that promote tumor cell invasion, including 
proteases[110]. Macrophage-derived microRNA have 
also been suggested to regulate tumor invasion[111]. In 
pancreatic cancer of human origin, the macrophage 
inflammatory protein-3α (MIP-3α) has been linked to 
tumor cell invasion[112,113]. Interactions between MIP-3α 
and CCR6, the receptor expressed by PDAC cells, have 
been shown to induce PDAC cell proliferation, migration, 
and invasion in type IV collagen[112,113]. 
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Pharmacologic inhibition of macrophage infiltration 
at the tumor site using the CSF1R inhibitors decreased 
liver metastasis in pancreatic tumor mouse models[88]. 
Focal adhesion kinase (FAK), which is a known regulator 
of cell migration, proliferation, apoptosis, and survival, 
has been linked to macrophage infiltration[114]. Using 
an inhibitor of FAK (PF-562,271), Stokes et al[114] found 
diminished migration of tumor cells, cancer-associated 
fibroblasts, and macrophages. Treatment of mice with 
this inhibitor reduced tumor growth, invasion, and 
metastases[114]. 

TAMs and cancer stem cells
Cancer stem cells (CSC) or cancer initiating cells are 
a specific subpopulation of cells with distinct stem cell 
properties, such as self-renewal and differentiation, with 
the ability to initiate tumorigenesis within tumors[115,116]. 
The interaction between CSCs and TAMs promotes tumor 
growth, maintains the CSC population, and reduces 
therapeutic efficacy. Furthermore, the histological 
grade of the malignancy has been found to positively 
correlate with the number of infiltrating macrophages 
because TAMs have been found distributed around CSC 
populations[117,118]. Wu et al[119] have shown that CSCs in 
glioma tissue recruit macrophages with an M2-phenotype 
that secrete IL-10 and TGF-β. The authors also found 
enhanced capacity of macrophages to inhibit T cell 
proliferation and therefore induce immunosuppression. 
In another study, blockade of macrophage infiltration 
lead to a reduction in the expression of ALDH, a CSC 
marker on pancreatic cancer cells[88]. 

Recently, Hou et al[120] found elevated expression 
levels of the CSC markers CD44/CD133 and TAM marker 
CD204 in human PDAC tissues. High coexpression of 
CD44/CD133 and CD204 was associated with shorter 
overall survival and disease-free survival. These findings 
suggest that for patients with PDAC the coexpression of 
CD44/CD133 and CD204 may be useful for predicting 
survival[120].

CONCLUSION
Pancreatic cancer remains one of the most common and 
deadly cancers. The limited success of chemotherapy 
in patients with pancreatic cancer is partly due to the 
complexity of the tumor microenvironment. Increa
sing attention is being given to the interactions of 
tumor cells and non-tumor cells found in the tumor 
microenvironment. In the pancreatic tumor microenviron
ment, TAMs are the most common cell population 
encountered. Accumulating evidence suggests that TAMs 
infiltrate early cancer lesions, subsequently promoting 
angiogenesis, tumor growth, spread, and immuno
suppression. Additionally, the interaction between 
CSCs and TAMs promotes tumorigenicity, metastasis, 
maintains the CSC population, and impedes therapeutic 
efficacy. The success of studies inhibiting macrophage 
recruitments to the tumor microenvironment and re-
activats their cancer cell killing activities provide evidence 

of novel therapies for future tumor management. 
Altogether, these findings suggest that targeting TAMs 
with anticancer therapies may represent a novel 
strategy to treat pancreatic cancer. 
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Abstract
The recombinant DNA technology enabled the produ
ction of a variety of human therapeutic proteins. 
Accumulated clinical experience, however, indicates 
that the formation of antibodies against such proteins 
is a general phenomenon rather than an exception. 
The immunogenicity of therapeutic proteins results 
in inefficient therapy and in the development of 
undesired, sometimes life-threatening, side reactions. 
The human proteins, designed for clinical application, 
usually have the same amino acid sequence as 
their native prototypes and it is not yet fully clear 
what the reasons for their immunogenicity are. In 
previous studies we have demonstrated for the first 
time that interferon-b (IFN-b) pharmaceuticals, used 
for treatment of patients with multiple sclerosis, do 
contain advanced glycation end products (AGEs) that 
contribute to IFN-b immunogenicity. AGEs are the final 
products of a chemical reaction known as the Maillard 
reaction or glycation, which implication in protein 
drugs’ immunogenicity has been overlooked so far. 
Therefore, the aim of the present article is to provide 
a comprehensive overview on the Maillard reaction 
with emphasis on experimental data and theoretical 
consideration telling us why the Maillard reaction 
warrants special attention in the context of the well-
documented protein drugs’ immunogenicity. 

Key words: Maillard reaction; Glycation; Advanced 
glycation end products; Protein therapeutics; Inter
feron-b; Immunogenicity

© The Author(s) 2016. Published by Baishideng Publishing 
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Core tip: The Maillard reaction occurs spontaneously in 
host cells and causes covalent modifications, proteolysis 
and crosslinking of therapeutic proteins. These are gross 
structural changes, which upon administration may 
provoke in patients classical type innate and adaptive 
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immune responses. The consequences of the Maillard 
reaction, however, reach far beyond. Specific and non-
specific cellular receptors for the advanced products of 
the Maillard reaction may further enhance the immune 
response and elicit inflammation. All together the 
Maillard reaction actions are expected to result in drug 
neutralization and side effects in treated patients such 
as inflammatory and hypersensitivity reactions.

Tsekovska R, Sredovska-Bozhinov A, Niwa T, Ivanov I, 
Mironova R. Maillard reaction and immunogenicity of protein 
therapeutics. World J Immunol 2016; 6(1): 19-38  Available 
from: URL: http://www.wjgnet.com/2219-2824/full/v6/i1/19.
htm  DOI: http://dx.doi.org/10.5411/wji.v6.i1.19

INTRODUCTION
Protein pharmaceuticals are the major group of biophar­
maceuticals used today in medicine for treatment 
of a large number of diseases. Accumulated clinical 
experience indicates that protein drugs can elicit an 
immune response especially when applied in multiple 
doses over a prolonged period. The antibodies (Abs) 
in treated patients are produced either by a classical 
immune response against non-self-antigens or by 
distortion of the immune tolerance[1]. The development 
of anti-drug Abs is a slow process, in which the fre­
quency of occurrence and the titer of the antibodies 
vary widely from low levels in most cases to very high, 
for example during treatment with some interferon-b 
pharmaceuticals (IFN-b)[2]. The anti-drug Abs may have 
no clinical consequences[3-5]. However, some studies 
show that Abs may neutralize drug activity and that 
of the endogenous drug counterparts thus provoking 
severe complications in patients[6-8]. The most frequent 
side effects are flu-like symptoms and injection-site 
reactions[9,10], although cases of allergy, anaphylaxis and 
serum sickness have also been reported[11-16].  

The amino acid sequence of therapeutic proteins 
may differ from that of the native human prototypes 
and such proteins are therefore recognized by the 
immune system as non-self. This was the case with 
porcine insulin used nearly 60 years (from 1920 
to 1980) for treatment of diabetes. Porcine insulin 
differs by only one amino acid from human[17] but all 
patients treated with porcine insulin developed anti-
insulin Abs[18]. To compensate for drug neutralization 
in such cases drug dosages are increased thus further 
boosting the immune response. The final result of such 
a vicious cycle is loss of therapeutic efficacy[19,20]. The 
deviation from the native protein structure may explain 
why insulin and other therapeutic proteins of animal 
origin are immunogenic. However, the production of 
human insulin by the recombinant DNA technology did 
not fully solve the problem with the immunogenicity. 
Interestingly, the deletion of Tyr-19 in human insulin 

resulted in reduced immunogenicity[21]. We suppose 
that this Tyr-residue might be involved in covalent 
aggregation of insulin via the formation of dityrosine 
crosslinks.  

To date, the reasons for the immunogenicity of 
human proteins are not fully understood. The dose 
and duration of treatment, the route of drug admi­
nistration and patients’ inborn characteristics may 
modulate the immune response[22]. Excipient sub­
stances, used in drugs to stabilize proteins, may also 
be of particular relevance[23-25]. However, the reasons 
for immunogenicity are mainly attributed to protein 
structural changes occurring during fermentation, 
purification, drug formulation and storage, including 
amino acid substitutions, non-native (or lack of) 
glycosylation, proteolysis, aggregation (both covalent 
and non-covalent), denaturation, deamination and 
oxidation. Some of these structural alterations (covalent 
aggregation and proteolysis) may occur during the 
Maillard reaction, which relation to drugs’ immuno­
genicity is poorly studied and has inspired us to write the 
current review. 

MAILLARD REACTION AND MAILLARD 
REACTION PRODUCTS
At the beginning of the past century the French chemist 
Louis Camille Maillard conducted research on peptide 
synthesis[26]. At that time, when the mechanisms of 
protein biosynthesis were still a mystery, his far reaching 
goal was to understand the natural way of amino acid 
polymerization under mild physiological conditions. For 
this purpose Maillard used D-glucose, a widespread 
sugar in biological systems, as a soft condensing agent. 
Thus he realized that glucose, through its aldehyde 
group, is capable of reacting with amino acids[26]. In 
this way Maillard did not only make a contribution to 
basic organic chemistry but ingeniously predicted that 
“The consequences of these facts appear… interesting in 
various fields of science: Not only in human physiology 
and pathology’’[26].

The significance of the Maillard reaction, known 
also as non-enzymatic browning reaction or carbonyl-
amine reaction, for food chemistry was recognized 
soon. However, it took many years for biologists 
and physicians to grasp the physiological role of the 
Maillard reaction. Studies in the late 1960s revealed 
the existence of an abnormal fast-moving hemoglobin 
band in diabetic patients during routine electrophoretic 
screening for hemoglobin variants[27,28]. In the same 
year, it has been shown that the fast-moving hemog­
lobin subfraction HbA1c can be prepared in vitro by 
incubation of hemoglobin with glucose in the absence 
of enzyme catalysts[29]. Later on, in the scientific 
lexicon were introduced the terms “non-enzymatic 
glycosylation” and “glycation” in order to distinguish the 
Maillard reaction, proceeding in biological systems, from 
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the enzymatic glycosylation, which is a quite different, 
genetically programmed process. In the early 1980s, it 
has been hypothesized that glycation plays an important 
role in the pathogenesis of diabetic complications and 
aging[30,31]. Subsequently, this hypothesis found a 
plethora of experimental support, and many reviews 
have been dedicated to the link between glycation, 
diabetes and aging[32-38]. Although the carbonyl-amine 
reaction was discovered a century ago, its chemistry 
remains a still growing avenue of research. Two well 
defined stages can be distinguished in the Maillard 
reaction - early and advanced. The early stage includes 
reversible formation of Schiff bases between carbonyl 
and amino groups of the reactants, followed by a 
rearrangement of the Schiff bases to significantly more 
stable aldoamines (Amadori products) or ketamine 
(Heyns products) (Figure 1).

The early stage of the Maillard reaction is relatively 
well understood[39,40]. However, the same does not hold 
true for the chemical transformations of the Amadori 
and Heyns products into the so called advanced 
glycation end products (AGEs)[41]. Generally, these are 
dehydrogenation, dehydration, cyclization, condensation, 
isomerization, oxidation, and fragmentation reactions, 
taking place in thе advanced stage of Maillard reaction. 
Under anaerobic conditions, AGEs are derived directly 
from the Amadori product. However, under aerobic 
conditions, oxidative degradation of the Amadori 
products takes place, leading to the generation of highly 
reactive dicarbonyl compounds such as glyoxal (G), 
methylglyoxal (MG) and 3-deoxyglucosone (3DG)[42,43]. 

This “interruption” between the early and the advanced 
stage is what we call the intermediate step of Maillard 
reaction. In turn, the intermediate products, which 
are small, diffusible and highly reactive species, again 
attack amino compounds, thus propagating the initial 
chemical burden. The formation of AGEs, either directly 
from the Amadori product or through its degradation 
intermediates, is known as the classical, or Hodge 
pathway[40]. The Schiff base, formed early in the 
Maillard reaction, may also undergo non-enzymatic frag­
mentation to α-oxoaldehydes, which initiate another 
chain of chemical transformations known as the Namiki 
pathway[44]. In addition, under physiological conditions 
free monosaccharides undergo a transition metal ions 
catalyzed autoxidation to H2О2 and the corresponding 
ketoaldehydes, which are precursors for AGEs formation 
in the Wolff pathway, also recognized as a separate 
reaction chain in the Maillard chemistry[45-47]. The picture 
becomes increasingly colorful, pasting therein the 
carbonyl products released during lipid peroxidation, 
which also react with amines to form AGEs-like struc­
tures called Advanced Lipoxidation End Products 
(ALEs)[48,49]. AGEs/ALEs are covalent adducts with 
diverse stability and physicochemical characteristics 
such as blue fluorescence, brown color and crosslinking 
properties. When accumulating in biological amines 
such as proteins, DNA and amino-lipids, AGEs may 
significantly impair their structure and physiological 
function. The chemical structure of a number of AGEs 
formed in vitro as well as in human plasma and tissues 
has been determined so far[50-57]. 
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chemical isomerization, which were extensively 
studied by Ahmed et al[54,65]. The authors found that 
hydroimidazolones formed in the reaction of arginine 
with methylglyoxal (MG-H) are composed of three 
structural isomers designated as MG-H1, MG-H2 and 
MG-H3. The reaction of arginine with G and 3DG 
yielded similar structural isomers (Figure 3)[67]. Due 
to racemization in the hydroimidazolone ring, each 
structural isomer may exist in two epimiric forms, 
which cannot be resolved without prior derivatization. 
As a rule, the stability of hydroimidazolones decreases 
with increasing pH and each structural isomer has a 
distinctive stability and half-life. The half-life of the 
individual stereoisomers of MG-H increases in the 
following order: MG-H1 > MG-H2 >> MG-H3. Under 
physiological conditions (pH 7.4, 37 ℃) the half-
life of MG-H1 is approximately 12 d. Ahmed et al[65] 
suggested that in contrast to CML, hydroimidazolones 
are not accumulating in long-lived proteins over time 
in vivo but rather reflecting short episodes of enhanced 
protein glycation under conditions of abnormal rise 
in the concentration of α-oxoaldehydes. The authors 
also assumed that Nω-(1-carboxyethyl)arginine and 
Nω-(1-carboxymethyl)arginine, which are more stable 
and found in in vivo glycated proteins, are probable 
degradation products of hydroimidazolones. 

AGEs crosslinks
The Maillard reaction not only yields sugar adducts on 
proteins but also results in gross structural changes 
such as proteolysis[68-70], and intra- or inter-molecular 
crosslinking[71,72]. Proteolysis of glycated proteins usually 
occurs at lysine and arginine residues[73] but may 
also happen randomly as a result of transition metal 
ions catalyzed oxidation[68,69]. In contrast, covalent 
crosslinking of polypeptide chains involves exclusively 
lysine and arginine residues. Lysine residues on the 

Nε-(carboxymethyl)lysine 
Nε-(carboxymethyl)lysine (CML) is one of the best-
characterized AGEs[58]. It is formed in the advanced 
stage of the Maillard reaction and always accompanies 
the formation of brown and fluorescent AGEs, although 
per se it is colorless and non-fluorescent. If proteins 
are glycated with either ribose or 3DG, then CML is 
formed only when the reaction is carried out under 
aerobic conditions[52,59]. This is why the detection of 
CML is an indication that protein modifications have 
occurred in the presence of oxygen. CML is formed by 
different oxidation mechanisms in vitro, involving not 
only reducing sugars. It may also be a product of lipid 
peroxidation[48] and serine oxidation[60] (Figure 2), and 
because of that CML should not be considered a typical 
glycation marker. In most cases of in vitro glycation 
CML is the main product found in proteins[61], and is also 
a dominant AGEs antigen in tissue proteins[62]. Direct 
formation of CML from the Amadori product through its 
autoxidation has been reported by Miki Hayashi et al[63]. 
The authors used as a model of Amadori compound 
glycated human serum albumin (HSA) and found that 
CML is formed by heat treatment of glycated HSA 
over 80 ℃ in a time-dependent manner. Further rise 
in the temperature to 100 ℃ resulted in the formation 
of the glycation intermediates G, MG and 3DG. The 
formation of CML in HSA was inhibited in the presence 
of a reducing agent (sodium borohydride), a chelator 
of transition metal ions (diethylenetriamine pentaacetic 
acid), or a trapping reagent for a-oxoaldehydes (amino­
guanidine), which indicates that CML (AGEs) accumu­
lation in proteins is manageable.   

Hydroimidazolones
Hydroimidazolones are formed in a reaction of the 
guanidino group of arginine with G, MG and 3DG[64-66]. 
The resulting products undergo structural and stereo­
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same or on different polypeptide chains become 
involved in the formation of shared AGEs structures 
such as G-derived lysine dimer (GOLD)[74], MG-derived 
lysine dimer (MOLD)[75], 3DG-derived lysine dimer 
(DOLD)[76], G-derived lysine-lysine crosslinks GOLA 
and GALA[77,78], glucose lysine dimer GLUCOLD[79], 
crossline[80,81] and vesperlysines[82] (Figure 4)[67]. AGEs 
crosslinks formed between lysine and arginine residues 
are G-derived arginine-lysine dimer (GODIC), MG-
derived arginine-lysine dimer (MODIC)[83], 3DG-derived 
arginine-lysine dimer (DOGDIC)[84], pentosidine[78] and 
glucosepane[84]. To the best of our knowledge, to date 
crosslinks formed between two arginine residues or 
between arginine/lysine residues and other amino acids 
have not been detected neither in vivo nor in in vitro 
glycation reaction, although the possible involvement 
of the cysteine thiol group in the formation of such 

crosslinks has been proposed[85].  

MAILLARD REACTION PRODUCTS IN 

THE HUMAN BODY
Endogenous formation of glycation products 
Early and advanced glycation products are formed in the 
human body throughout its existence. Many glycation 
adducts, appearing on proteins in model reactions in 
vitro, have been detected also in physiological systems. 
Fructoselysine (FL), the Amadori product formed by 
glucose on the e-amino group of lysine, has a relatively 
short half-live (2-6 wk)[86]. As a rule, early glycation in 
healthy subjects is not age-dependent, although some 
rise in the physiological FL concentration has been 
observed during aging. For example, the concentration 
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of the collagen-bound FL increases from 5 mmol/mol 
Lys in 20-year-old individuals to 7 mmol/mol Lys in 
70-year-old subjects[87]. Short-lived proteins such as 
albumin (half-life ca. 20 d) and even hemoglobin (half-
life ca. 120 d) accumulate in vivo predominantly early 
glycation products. Approximately 10% of HSA of 
healthy subjects is modified by FL at Lys-525[88], and 
incubation of HSA with glucose under physiological 
conditions in vitro leads to glycation of the same Lys 
residue[89]. Other Lys residues in HSA including Lys-439, 
Lys-199 and Lys-281 are also involved in FL formation in 
vivo[90] and it has been reported that glycation impairs 
HSA binding to physiologically important ligands such as 
bilirubin and cis-parinaric acid[89]. The historically crucial 
hemoglobin HbA1c contains glucose-derived Amadori 
product at the amino group of the hemoglobin b-chain 
N-terminal valine (bVal-1) and amounts 4%-6% of 
the total hemoglobin in healthy individuals. Except the 
N-terminal valine, some internal Lys residues in HbA1c 

also become glycated[91]. Under hyperglycemia HbA1c 

levels increase several times and correlate positively 
with the chronic diabetic pathology[92].  

Most AGEs are either not formed at physiological 
glucose concentrations (5 mmol/L) or their levels are 
quite lower (ten to thundered times) compared with 
hyperglycemic conditions. This makes AGEs relevant 
biomarkers of the glycation status of individuals, which 
changes with age and in disease state such as diabetes 
and kidney failure. Because of their great diversity, 
AGEs cover a wide concentration range in vivo (0.001 
to 15 mmol/mol modified amino acid)[86]. Physiologically 
important AGEs are those having long half-life (CML, 
CEL and pentosidine) and/or high concentration (hydro­
midazolones). Stable AGEs accumulate on long-lived 
proteins such as skin and cartilage collagen[93-96], and 
lens proteins[97], although CML has also been detected 
in the short-lived HSA of diabetic patients[98]. Hidroimi­
dazolones, albeit relatively unstable, may also appear 
on long-lived proteins such as human lens proteins[99]. 

Maillard reaction products (MRPs), which are found 
in the body, are classified into three groups - MRPs 
in proteins (> 12 kDa), MRPs in peptides (< 12 kDa) 
and free MRPs in amino acids. The term MRPs is more 
general than AGEs and applies to both early glycation 
products and AGEs. Peptide MRPs are detected mainly 
in the portal venous plasma and in the urine, and are 
most likely degradation products of glycated proteins. 
Free MRPs are formed during proteasome/lysosome 
degradation of glycated cellular proteins, then released 
into the bloodstream and excreted in the urine, which 
ensures efficient functioning of the cell proteome[100,101].  
Free MRPs may appear in vivo also as a result of amino 
acids glycation though this latter source of free MRPs is 
disputable[55].  

The impact of glycation on human physiology 
depends on many factors including the target amino 
compound and its half-life, the adduct stability and its 
location. Especially harmful are the consequences of 

the formation of covalent cross-links in proteins that 
render them resistant to proteolysis[102]. Both early 
glycation products and AGEs can cause damage via 
various mechanisms such as (1) release of oxygen 
radicals by early products[103]; (2) altered (blocked) 
activity of enzymes[104,105], receptors[106] and regula­
tory proteins[107,108]; (3) crosslinking of structural 
proteins[78,109]; (4) damage of signaling pathways[110,111], 
(5) damage of protein recycling[112,113]; and (6) induction 
of an immune response[114]. 

Dietary intake of glycation products 
Sugar-rich and processed foods are also a source of FL 
and AGEs in the human body[115]. The biodistribution 
and metabolism of these products have not been sys­
tematically studied, except the dietary intake of FL 
in humans[116]. Among foods rich in FL and AGEs are 
bread, biscuits, chocolate, breakfast cereals and hot 
milk. It has been reported that lactulose-lysine, an 
Amadori product formed during heat treatment of milk, 
is poorly digested in the gastrointestinal tract[117]. Some 
microorganisms can hydrolyze FL in the intestine. For 
example, an enzyme has been discovered in E. coli that 
degrades Ne-fructoselysine-6-phosphate to lysine and 
glucose-6-phosphate[118]. FL ingested with food and 
resorbed by the intestine, enters the circulatory system 
and then penetrates liver and muscle cells by passive 
diffusion. It is not clear yet whether lysine and glucose 
can be recycled from FL, because no human enzymes 
have been identified so far catalyzing the breakdown 
of FL to free lysine and glucose. In rats, about 60% of 
dietary FL is excreted in urine[119], whereas in humans 
this percentage is only 3%. In newborns, however, 16% 
of FL is found in the urine, and 55% is recovered in the 
feces[116] (Figure 5).  

Foods with high FL and AGEs content are poorly 
digestible, because glycated proteins are resistant to 
proteolysis. In addition, some AGEs inhibit intestinal 
proteases[120]. It is thought that dietary AGEs are 
absorbed mainly in the form of free and peptide MRPs. 
The highest concentration of absorbed food AGEs is 
expected in the plasma of the portal vein, where MG-H1 
is detectable mainly in peptides[121]. Although CML is 
formed in vivo, it is hypothesized that urinary CML is 
mostly of exogenous nature[122]. Studies with rats have 
shown that another product of the advanced glycation, 
5-Hydroxymethyl-2-furaldehyde (HMF), administered per 
os or intravenously is present in the liver but is mostly in 
the kidney and the bladder. Also, HMF or its metabolites 
are rapidly eliminated in the urine with a recovery of 
95%-100% after 24 h[123]. Only 10% of dietary AGEs are 
absorbed, of which only 30% are excreted in the urine 
of healthy individuals with unimpaired renal function[124]. 
Some dietary AGEs, after entering blood circulation, 
interact with low density lipoprotein (LDL) and tissue 
proteins (e.g., collagen) or bind to cellular receptors for 
AGEs to trigger intracellular oxidative stress, endocytosis 
and degradation of AGEs.
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ROLE OF THE IMMUNE SYSTEM IN THE 
ANTI-GLYCATION DEFENSE
Cellular receptors for AGEs 
Many cellular receptors are capable of binding AGEs. 
The AGE-receptor complex consists of AGE-R1 
(oligosaccharyl transferase-48), AGE-R2 (80K-H pho­
sphoprotein)[125,126] and AGE-R3 (galectin-3)[127]. Some 
receptors belonging to different classes of the scaven­
ger receptor (SR) supergroup[128,129] also bind AGEs. 
These are SR-A1 (SCARA1)[130] and SR-A1.1 (SR-
AII)[131], SR-B1 (SR-BI)[132] and SR-B2 (CD36)[133], SR-E1 
(LOX-1)[134], SR-H1 (FEEL-1) and SR-H2 (FEEL-2)[135]. 
These receptors are involved in detoxification of 
AGEs by intracellular degradation (endocytosis). 
Best characterized is the specific receptor for AGEs 
called Receptor for Advanced Glycation End Products 
(RAGE)[136]. RAGE is a multi-ligand receptor of the 
immunoglobulin superfamily, which plays a key role 
in inflammatory responses. Its extracellular domain 
is composed of three immunoglobulin-like domains 
- one V (variable) type Ig domain followed by two C 
(constant) type Ig domains[137]. RAGE also possesses 
a transmembrane domain and a cytoplasmic tail 
of 43 amino acids. Crucial for ligand binding is the 
V-domain, while the cytoplasmic tail is implicated in 
further transduction of captured signals[138]. RAGE is 
expressed weakly on a number of cell types and tissues 
under physiological conditions, however, an increased 
expression is observed in sites of ligands’ deposition. 
RAGE exists also in a soluble form (sRAGE)[139], which 
is hypothesized to participate in detoxification of 
circulating ligands. 

Apart from AGEs, ligands for RAGE are pro-inflam­
matory cytokine-like mediators from the S100/cal­
granulin family[140], the b-amyloid peptide[141] and 
amfoterin also known as High Mobility Group Box 
1 (HMGB1) - a nuclear protein released during cell 
necrosis[142-144]. AGEs and non-AGEs ligands bind to 
RAGE on endothelial cells, neurons, smooth muscle and 
immune cells to activate a variety of signaling pathways 
including expression of NF-kB - a transcription factor, 
which plays a key role in regulation of the immune 
response[145]. While expressed inducibly on T-cells 
of healthy subjects upon T-cell receptor activation, 
RAGE is constitutively synthesized in diabetics’ T-cells, 
and a role for RAGE in the adaptive immunity has 
been proposed[146,147]. In has been demonstrated that 
ovalbumin (OVA) modified with AGEs (pyrraline), but 
not native OVA, induces SR-A mediated uptake of the 
antigen by dendritic cells and enhances CD4+ T-cell 
immunogenicity and potential antigenicity of OVA[148,149]. 
Characteristic for RAGE is that it recognizes tertiary 
structures rather than amino acid sequences. This 
feature endows RAGE with properties of the pattern 
recognition receptor (PRR), which recognizes repeated 
antigenic motifs of the type of pathogen-associated 
molecular patterns (PAMPs)[150]. RAGE can also recruit 
immune cells in the sites of inflammation. For example, 
RAGE on endothelial cells can function as an adhesive 
receptor interacting with the leukocyte b2-integrins[151]. 
Intriguing findings in recent years suggest that RAGE’s 
actions contribute to perpetuation of AGEs production 
by sustaining oxidative stress and inflammation, and 
by suppressing the detoxification of MG as one of the 
major AGEs precursors[152,153]. 
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Anti-AGEs antibodies
Apart from cellular immune responses, AGEs may elicit 
a humoral immunity. Excessive accumulation of AGEs 
with age and in pathology appears to correlate with 
elevated levels of anti-AGEs antibodies[154]. Glycated 
proteins [histone H2A[155], HSA[156], poly-L-lysine 
(PLL)[157], IgG[158]], DNA[159,160] and LDL[161,162] have 
demonstrated higher immunogenicity in experimental 
animals than the non-glycated counterparts, and 
sera of diabetic patients were found to exhibit higher 
binding activity to glycated HSA[163], PLL[157], IgG[158] and 
DNA[159] than to the unmodified molecules. In addition, 
patients with renal failure of diabetic or non-diabetic 
etiology had higher autoantibody activity against CML 
(an AGE structure) than normal subjects or diabetics 
without renal failure[164]. The injection of rats with in 
vitro glycated rat skin collagen leads to the formation 
of anti-collagen Abs, which do not cross-react with 
non-glycated collagen. The binding of the serum Abs 
to the glycated collagen is inhibited by 92% when the 
reaction is conducted in presence of glycated Lys as 
a competitor. This result indicates that glycated Lys 
residues on collagen are the most probable epitopes 
captured by the anti-collagen Abs[165]. Of note, sera 
from streptozotocin-induced diabetic rats contained Abs 
that clearly bound glycated collagen.

Vay et al[166] have observed 289 diabetic patients 
and 120 healthy individuals for serum Abs against CML 
(anti-CML Abs). Although they have found an increased 
titer of anti-CML Abs (IgG-isotype) in sera of diabetic 
patients compared to controls (P < 0.0001), there was 
no correlation between the titer of the anti-CML Abs and 
patients’ glycemic status. In a similar study including 
58 children with type I diabetes, 19 children have been 
found to be anti-AGEs Abs positive[167]. In contrast to 
the previous study, the authors have found that the titer 
of the anti-AGEs Abs correlates positively with some 
diabetic markers such as HbA1c, microalbuminuria and 
retinopathy. While some studies show higher titer of 
circulating anti-AGEs Abs in diabetic patients than in 
healthy individuals[164,166], others report on the reverse 
condition, i.e., lower anti-AGEs Abs titers in diabetics 
than in normal controls[168,169]. To explain this paradox 
the authors suggested that circulatory anti-AGEs 
Abs are either captured by tissue-bound AGEs[168] or 
entrapped in immune complexes[169] hampering their 
determination. If real, such events could explain the 
lack of a correlation between the titer of the serum anti-
CML Abs and the patients’ glycemic status in the above 
cited study[166].

It is well known that some patients with rheumatoid 
arthritis (RA) develop auto-Abs against the IgG constant 
(Fc) region, which is designated as rheumatoid factor 
(RF). A pilot study with RA patients has shown that only 
RF-positive patients have serum IgM Abs binding to in 
vitro glycated IgG (IgG-AGEs), suggesting that the IgM 
anti-IgG-AGEs together with IgG-AGEs may contribute 
to the pathogenesis of RA[170]. Further studies have 

shown that immune complexes isolated from patients’ 
sera indeed contain AGEs (CML and imidazolone) 
modified IgG. It is very likely that the anti-IgG-AGEs 
prevent the normal clearance of IgG-AGEs by AGEs 
receptors[171]. Noteworthy, as with most biologics, some 
RA patients treated with antagonists of the human 
tumor necrosis factor (TNF) (infliximab, etanercept and 
adalimumab) develop anti-drug antibodies[172]. The TNF-
antagonists are in fact anti-TNF Abs of IgG isotype[172] 
and in light of the current review two events could be 
proposed: (1) if the Fc regions of the therapeutic anti-
TNF Abs are also glycated (anti-TNF-AGEs Abs), they 
could compete with patients’ IgG-AGEs for binding RF 
in human plasma; and (2) if the patients’ antibodies 
against the glycated biologic are specifically directed 
against the glycated moiety (AGEs) of the anti-TNF-
AGEs Abs, apart from binding the drug, they would 
be also capable of interacting with patients’ IgG-AGEs. 
The net result of this hypothetical and intertwined 
scenario is difficult to predict, but it should be taken 
into consideration by pharmacists, pharmacologists and 
clinicians. Intriguingly, subcutaneous immunization with 
AGEs modified LDL (AGEs-LDL) significantly inhibited 
atherosclerosis progression in hyperlipidemic diabetic 
mice possibly through activation of specific humoral 
and cell mediated immune responses[173]. The anti-
atherogenic effect of the anti-AGEs-LDL Abs, however, 
is disputable yet[174] in so far as immune complexes 
containing such Abs are detected in human sera[175] 
and shown to be important predictors of carotid intima-
medial thickening in patients with type 1 diabetes[176].

REASONS FOR THE IMMUNOGENICITY 
OF PROTEIN THERAPEUTICS
Aggregation of proteins
The most important structural change contributing to 
protein drugs’ immunogenicity is aggregation, which 
may be both covalent and non-covalent. The non-
covalent aggregation results from interaction between 
non-native transient protein conformers with partially 
preserved secondary structure called aggregation 
competent particles. Such particles accumulate pro­
gressively in the time course of protein storage due 
to structural fluctuations and beget intermolecular 
interactions resulting in protein aggregation. The 
aggregation process is often accompanied by protein 
precipitation and loss of biological activity[177]. It is 
believed that the formation of aggregates proceeds 
by a cooperative mechanism, i.e., the non-native con­
formers react with other native molecules to render 
them aggregation competent. The formation of dimers 
and higher order multimers in turn accelerates the 
aggregation process[178,179].

Aggregates in protein drugs substantially contribute 
to immune response in treated patients[23,180-185]. Studies 
with interferon-a have shown that the magnitude of 
the immune response does not depend on the size 
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of the aggregates but rather on the structure of the 
protein molecules involved in aggregation. Aggregates, 
formed by molecules with largely preserved secondary 
structure (native-like) are more immunogenic com­
pared to aggregates composed of fully denatured 
molecules[22,186]. This could explain why Purohit et 
al[187] have not observed an immune response against 
recombinant human factor VIII in model animals. Before 
injection into animals the authors heated the protein 
to stimulate aggregation, which perhaps caused its 
denaturing. The prevalent hypothesis, which explains 
the immunogenicity of the protein aggregates, is the 
“array” hypothesis[188-194]. The human immune system 
is specialized to recognize proteins that are presented 
in an array format, as is the case with viral capsids 
and bacterial cell walls. In fact, aggregated proteins 
are arranged in similar “pathogen-like” structures and 
thus may be sensed by the immune system as foreign 
antigens. 

Post-translational modifications of proteins
The enzymatic glycosylation is an inborn post-trans­
lational modification of many eukaryotic proteins and in 
most cases is indispensable for their biological activity 
and stability. Also, the lack of native polysaccharide 
residues may unmask potentially immunogenic epito­
pes in proteins. Increasing evidence in the last decade 
shows that glycoproteins are not a eukaryotic privilege. 
Competent to enzymatically glycosylate proteins 
are many prokaryotes including Escherichia coli - 
the “workhorse” of the current biotechnology[195-198]. 
Prokaryotic glycosylation, however, differs significantly 
from that in eukaryotes. Therefore, it is preferable that 
naturally glycosylated human proteins are produced in 
eukaryotic cell lines. On the other hand, glycosylation 
in eukaryotes is species and cell specific[199]. Polysa­
ccharides may vary in composition, chain length, 
binding sites on proteins and points of chain branching. 
This means that for the production of human proteins 
with preserved glycosylation pattern appropriate host 
cells have to be selected performing identical or similar 
glycosylation to that of the natural proteins[200] .  

While native glycosylation of human therapeutic 
proteins is desirable, other non-enzymatic post-trans­
lational modifications should be avoided[201]. Spontaneous 
oxidation and deamination, sometimes followed by 
isomerization, are major causes of proteolysis during 
protein isolation, purification and storage. Deamination 
affects mainly asparagine residues and leads to their 
conversion into aspartate or iso-aspartate residues[202,203]. 
Glutamine in proteins may undergo similar spontaneous 
deamination to glutamate. Studies with oxidized and 
non-oxidized forms of IFNb have shown that oxidized 
protein species are significantly more immunogenic[204]. 
The oxidation may lead to covalent aggregation of 
therapeutic proteins through the formation of cysteine 
and/or tyrosine covalent cross-links[54,205]. This is the 
reason why functionally unimportant Cys residues in 

therapeutic proteins are often replaced by alternative 
amino acids. To our knowledge, no one has tried so far 
to reduce covalent cross-linking of therapeutic proteins 
through replacement of Tyr residues. Last but not least, 
the leitmotif of the current review, the Maillard reaction, 
is another non-enzymatic post-translational modification 
of proteins, which contribution to the immunogenicity of 
protein drugs will be discussed in detail below. 

OUR FOCUS ON THE LINK BETWEEN 
THE MAILLARD REACTION AND 
THE IMMUNOGENICITY OF PROTEIN 
THERAPEUTICS
We entered the Maillard reaction field nearly 15 years 
ago when searching a reasonable explanation of the 
unexpected behavior of a cysteine-less variant of 
human interferon-gamma (hIFNg) expressed in E. coli. 
Despite the lack of Cys residues, the protein underwent 
progressive covalent dimerization during storage under 
anaerobic conditions, which excluded oxidation (i.e., 
formation of disulfide bridges and tyrosine dimers) 
as a cause of the observed phenomenon (Figure 
6). Brief literature survey led us to suppose that the 
Maillard reaction may provide a rational explanation 
of hIFNg covalent dimerization and proteolysis. At 
that time, however, it was not yet clear whether the 
Maillard reaction may occur in prokaryotes because 
of their short life span and intense protein turnover. 
We undertook relevant investigations in this direction 
and found that both endogenous and recombinant 
proteins[73,206] as well as chromosomal DNA[207] of E. coli 
are involved in glycation under normal physiological 
conditions. The short life span of E. coli does not 
disagree with these observations. During batch fermen­
tation of E coli a generation time of ca. 20 min and 
a few divisions are sufficient for the Maillard reaction 
to take off through the formation of Schiff bases in 
proteins. Then, the whole Maillard cascade of chemical 
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Tris-HCl pH 8.2) at 4 ℃ under nitrogen (B). Protein species were separated 
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transformations resulting in AGEs formation may happen 
in vitro during protein isolation, purification, formulation 
and storage. We indeed found that freshly isolated 
hIFNg contains Amadri products but not AGEs, which 
accumulated in the protein over time accompanied by 
covalent aggregation, proteolysis and loss of biological 
activity[73,208]. Interferons are basic proteins rich in lysine 
and arginine residues and because of that susceptible 
to glycation. On the other hand, human interferons 
Type I (a and b) are the active ingredients of a number 
of pharmaceuticals used today for treatment of various 
cancers, autoimmune and viral diseases. For this reason 
we decided to analyze interferon-based pharmaceuticals 
for the presence of AGEs.  

AGEs in interferon pharmaceuticals
Type I interferon pharmaceuticals manufactured by 
different companies worldwide were tested: E. coli-
derived hIFNa-2b (Intron-A, Schering-Plough Corp., 
Kenilworth, NJ, United States), natural (lymphoblast) 
nhIFNa (IFNa MOCHIDA1000, Mochida Pharmaceutical 
Co., Ltd, Tokyo, Japan), E. coli-derived hIFNa-con1 
(Advaferon-1800, Yamanouchi Pharmaceutical Co., 
Ltd., Tokyo, Japan), natural (fibroblast) nhIFNb (IFNb 
MOCHIDA600, Mochida Pharamceutical Co., Ltd, Tokyo, 
Japan), E. coli-derived hIFNb-1b (Betaferon, Schering 
AG, Berlin, Germany), CHO-derived IFNb-1a (Rebif 44 
mg, New Formulation, Merck Serono, Bari, Italy), and 
CHO-derived IFNb-1a (Avonex 30 mg, Biogen Idec 
Inc., Weston, MA, United States). All pharmaceuticals 
except Adaferon and Rebif were powders containing 
HSA as a stabilizer while Advaferon and Rebif were 
liquid formulations without protein excipients. We tested 
all drugs for AGEs by enzyme-linked immunosorbent 
assay (ELISA) using two monoclonal antibodies specific 
for CML and 3DG-derived imidazolone (Figure 7). 
Lymphoblast IFNa MOCHIDA was negative for both 
CML and 3DG-imidazolone, whereas the content of 
both AGEs in fibroblast IFNb MOCHIDA was higher 
than that in the E-coli-derived Intron-A and Advaferon. 
Also, Rebif produced in Chinese hamster ovary (CHO) 
cells proved to contain higher levels of AGEs compared 

to the E. coli-derived Betaferon. Based on these 
observations we concluded that therapeutic proteins 
are affected by glycation independently of whether they 
are produced by native or recombinant (either pro- or 
eukaryotic) cells. This result is not surprising bearing 
in mind both pro- and eukaryotic cells are glycation-
proficient. Whether there are any differences in the 
glycation power between pro- and eukaryotic cells is 
a largely unexplored issue and a direction for future 
investigations. We suggest that the variable AGEs 
content in the drugs reflects different manufacturing 
technologies rather than specific characteristics of the 
cell-producers. 

Five of the pharmaceuticals are formulated with 
HSA at concentrations ten to hundred times higher 
than that of interferons. Thus the reasonable question 
emerged whether AGEs, we are measuring, are located 
in HSA or in interferons. The answer of this question is 
“in interferons” because of the following reasons: (1) 
a highly purified pharmaceutical grade HSA is used for 
drugs’ formulation. Own mass-spectral analyses of all 
five HSA containing drugs confirmed the low glycation 
status of HSA[209], although 50% of HSA proved to 
be cysteinylated as shown also by other authors[210]. 
How HSA-Cys impacts drug stability is not yet clear 
and should be outlined as another direction for future 
investigations; (2) we have isolated an IFNb enriched 
fraction from Betaferon by size-exclusion HPLC, which 
demonstrated 15 times higher concentration of CML 
as compared to Betaferon’s HSA[211]; and (3) as seen 
in Figure 7, the HSA-free drug Rebif demonstrated the 
highest concentration of CML and 3DG-imidazolone 
among all seven drugs while the HSA containing IFNa 
MOCHIDA was deprived of these two AGEs. 

AGEs and immunogenicity of IFNb pharmaceuticals 
In most cases AGEs are bulky chemical moieties 
that may behave like haptens rendering self-proteins 
immunogenic. As seen in Figure 7, the four IFNb 
pharmaceuticals tested proved to contain more CML 
and 3DG-imidazolone than the three IFNa drugs. 
Also, a number of studies report on immunogenicity 

28 March 27, 2016|Volume 6|Issue 1|WJI|www.wjgnet.com

700

600

500

400

300

200

100

0

mg
-e

q 
AG

Es
-B

SA
 p

er
 v

ia
l

mg
-e

q 
AG

Es
-B

SA
 p

er
 v

ia
l

250

200

150

100

50

0

CML 3DG-imidazolone

Intron-A

IFNa
MOCHIDA

Advaferon

Avonex

IFNb
MOCHIDA
Betaferon

Rebif

Intron-A

IFNa
MOCHIDA

Advaferon

Avonex

IFNb
MOCHIDA
Betaferon

Rebif

A B

Figure 7  Nε-(carboxymethyl)lysine (A) and 3DG-imidazolone (B) in interferon pharmaceuticals. Three vials of each drug were analyzed by competitive enzyme-
linked immunosorbent assay in duplicates, and the pooled results were presented as mean ± SD. One mg-eq AGEs-BSA corresponds to the amount of CML or 3DG-
imidazolone present in one microgram of the referent AGEs-BSA. The latter was prepared by incubating 10 mg/mL BSA with 0.5 mol/L glucose for 3 mo at 37 ℃. 
AGEs: Advanced glycation endproducts; CML: Ne-(carboxymethyl)lysine; BSA: Bovine serum albumin.

Tsekovska R et al . Glycation and protein drugs’ immunogenicity



of IFNb[2,212-227]. Therefore, to either verify or reject 
the hypothesis that AGEs contribute to IFNb immuno­
genicity, we studied sera from patients suffering from 
relapsing-remitting multiple sclerosis (MS) treated with 
Avonex (12 patients), Betaferon (15 patients) or Rebif 
(15 patients)[211]. Seventy four percent (31/42) of the 
patients enrolled in our study had flu-like symptoms, 
injection-site reactions, or both. Sera were tested for 
binding anti-IFNb and anti-AGEs Abs of IgG isotype by 
direct ELISA. The percentage of anti-IFNb Abs positive 
(Abs+) patients was highest in the Betaferon group 
(60%) followed by the Rebif (40%) and Avonex (17%) 
groups (Figure 8), which is consistent with data about 
the relative incidence of persistent neutralizing Abs 
(NAb) in patients treated with the same drugs[228]. 
Although CML and 3DG-imidazolone levels were higher 
in Rebif (Figure 7), Betaferon demonstrated higher 
immunogenicity than Rebif. Note that besides AGEs-
modifications, and in contrast to the CHO-derived 
IFNb1a (Rebif), the E. coli-derived IFNb1b (Betaferon) 
lacks glycosylation at Asn-80, has an amino acid 
substitution (Ser17 for Cys17) and is prone to non-
covalent aggregation[229], which could explain its higher 
immunogenicity. Seventeen percent (2/12) of the 
patients in the Avonex group were anti-AGEs Abs+, 
whereas for the other two groups (Betafeon and Rebif) 
the percentage of anti-AGEs Abs+ patients was 20% 
(3/15). All anti-AGEs Abs+ patients were anti-IFNb 
Abs+. This, however, does not necessarily mean that 
the formation of anti-AGEs Abs in these patients was 
provoked by the IFNb therapy. Convincing evidence for 
the link between the formation of anti-IFNb and anti-
AGEs Abs was obtained by competitive ELISA. The 
addition of an external AGEs-competitor (AGEs-BSA) 
to sera inhibited binding to IFNb of two (Avonex), three 
(Rebif) and five (Betaferon) sera with inhibition ranging 
from 9% to 70%. The different degree of inhibition 
most likely reflects the relative contribution of AGEs 
to the overall IFNb immunogenicity in each particular 
patient. All ten sera responding to inhibition by AGEs-
BSA were tested also for response to inhibition by mAbs 

raised against CML and 3DG-imidazolone. Significant 
inhibition (P < 0.05) of sera reactivity to IFNb was 
obtained with one serum from the Avonex group and 
with two sera from the Rebif group. One can suggest 
that in the remaining seven anti-AGEs Abs+ sera, which 
did not respond to inhibition by the two mAbs, the anti-
AGEs Abs were raised against other AGEs (not CML and 
3-DG-imidazolone) in IFNb.

Whether the anti-AGEs Abs that cross-react with 
IFNb neutralize drug activity and/or contribute to the 
observed inflammatory side reactions in treated patients 
are questions to be addressed in the future. Also, 
besides injection-site reactions and flu-like symptoms, 
cases of allergy[13-15] and anaphylaxis[11,16] have been 
reported for MS patients on IFNb therapy. Therefore, it is 
worth to conduct case studies with such patients in order 
to answer the question of whether AGEs in IFNb have 
contributed to the observed hypersensitivity reactions. 

POSSIBLE SCENARIOS UPON 
TREATMENT WITH IFNb-AGEs
AGEs are formed in the human body under normal and 
pathological conditions, and are consumed with food as 
well. Because of the negative impact of AGEs on human 
physiology, elaborate mechanisms do exist for anti-
AGEs defense ranging from enzymatic detoxification of 
AGEs’ precursors (i.e., carbonyl compounds[230-234], Schiff 
bases[235] and Amadori products[236]) going through 
intracellular proteasome/endosome degradation of 
protein AGEs, and ending up with renal clearance of 
free and peptide AGEs. Anti-AGEs antibodies have 
been detected in sera of healthy individuals as part of a 
homeostatic mechanism, which clears altered structures 
via in situ destruction or via opsonization[237]. The 
formation of AGEs starts during embryonic development 
and one can assume that against some stable AGEs 
in long-lived proteins an immune tolerance might be 
developed. IFNb, however, is a short-lived protein (half-
life of hours) and it is expected that upon administration 
in patients IFNb-AGEs would be recognized as non-
self-antigen thus provoking a classical type immune 
response.  

The adaptive immunity against IFNb may be 
preceded by activation of the innate immunity. The 
binding of IFNb-AGEs to non-specific (for AGEs) 
cellular receptors, such as the scavenger receptors 
and AGE-R3 on macrophages can result in IFNb-AGEs 
degradation by phagocytosis (Figure 9). On the other 
hand, it has been shown that the specific receptor for 
AGEs, RAGE, belongs to the immunoglobulin superfamily 
and has the properties of a pattern recognition receptor 
(PRR)[137,238,239], which can sense recurring structures 
of the type of PAMPs[150]. It is well-known that the 
interaction of PRR with PAMPs triggers an intrace­
llular signaling cascade, which initiates an innate, 
inflammatory by nature, immune response[240] resulting 
in degradation of the pathogen and in enhancement 
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of the adaptive immune response. We have shown 
that Advaferon, Betaferon and Rebif contain covalent 
IFNb aggregates[211,241], which are formed perhaps 
by glycoxidation via the mediator role of crosslinking 
AGEs like GOLD, MOLD, pentosidine etc. Such covalent 
aggregates may resemble PAMPs thus interacting with 
RAGE on macrophages, natural killer (NK) cells and 
other immune cells to elicit an innate immune response.

RAGE may play further role in inflammatory rea­
ctions[151,242] during IFNb-AGEs therapy. It has been 
reported that CML[243,244] and MG-derived hydroimi­
dazolone[245] are ligands for RAGE. Binding of RAGE 
with these and other AGEs and non-AGEs ligands such 
amfoterin does not result in ligands’ degradation but 
rather triggers different signaling pathways, including 
proinflammatory responses via the activation of trans­
cription factor NF-kB[138,246,247]. Also, RAGE on endothelial 
cells may act as an adhesive receptor interacting with 
leukocyte b2 integrins[151] to recruit immune cells into 
sites of inflammation. Taken together the different 
pathways, in which the immune system may react 
against IFNb-AGEs, are expected to result in neutrali­
zation of IFNb activity (inefficient therapy), and in 
immune-mediated side effects (risky therapy). 

CONCLUSION
Many proteins used today in medicine (erythropoietin, 
insulin, human growth hormone, clotting factors VIII 
and IX) have been shown to elicit varying incidence of 
antibody generation in treated patients[5]. Proteins are 
susceptible to glycation and it is the protein structure 
that determines to what extent given protein will 

accumulate AGEs. Scaling up the studies by including 
other therapeutic proteins will reveal the magnitude 
of AGEs as a causal factor of drugs’ immunogenicity. 
On the other side, not only the protein structure but 
the whole manufacturing process may impact the 
glycation status of proteins. Therefore, specific anti-
glycation strategies have to be applied to prevent 
protein glycoixidation. The choice and engineering of 
appropriate host cells are of particular importance. The 
glycation potential of host cells should be controlled at 
all stages of the Maillard reaction including its initiation, 
propagation and progression. Engineering host cells to 
overexpress enzymes that detoxify carbonyl compounds 
will block glycation initiation and its propagation. In a 
similar way, the overexpression of deglycases[235,236] 
in host cells may interfere with early glycation stages. 
Also, a number of studies report on synthetic and 
natural compounds with anti-glycation activity[248]. Such 
substances can be added to the fermentation media 
of host cells to inhibit protein glycation. Fermentation 
parameters such as glucose concentration[249], oxygen 
supply (when applicable), temperature, and pH-
control are also of particular relevance. If despite all 
these measures there are glycation adducts still left 
on proteins, additional techniques could be applied 
such as: (1) boronate affinity chromatography for 
extraction of protein species modified by early glycation 
products[250]; and (2) use of AGEs-breakers[251,252] for 
removal of AGEs. Although costly, isolation, purification, 
formulation and storage of proteins are best to be 
conducted under anaerobic conditions, thereby avoiding 
the use of carbonyl compounds and transition metal 
ions at each step. Finally, health care authorities 
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including the American Food and Drug Administration 
and the European Medical Agency are recommended to 
undertake relevant initiatives for AGEs assessment of 
protein drugs. 
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Abstract
Effective adaptive immune responses rely upon 
appropriate activation of T cells by antigenic peptide-
major histocompatibility complex on the surface of 

antigen presenting cells (APCs). Activation relies on 
additional signals including co-stimulatory molecules on 
the surface of the APCs that promote T cell expansion. 
The immune response is further sculpted by the 
cytokine environment. However, T cells also respond to 
other environmental signals including hormones, neuro
transmitters, and vitamins. In this review, we summarize 
the mechanisms through which vitamins A and D impact 
immune responses, particularly in the context of T cell 
responses.

Key words: Vitamin D; Retinoic acid; T helper cells; 
Cytokines; Transcription factors; Allergy; Autoimmune 
diseases

© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Vitamins are organic compounds that are 
required in small quantities as nutrients. When used 
as dietary supplements, vitamins can be used to treat 
diseases and maintain physiological processes including 
bone and skin health. Vitamins also play important roles 
in immune system including lymphocyte activation, and 
T helper cell differentiation. Among all the vitamins, 
vitamin A and D have garnered more interest in clinical 
setting. In this review we have focused on how vitamin 
A and D regulate adaptive immunity especially how 
both the vitamins modulate T cell responses. We 
have highlighted the mechanisms how these vitamins 
affect T helper cell differentiation. How these vitamins 
affect inflammatory disorders including allergy and 
autoimmune diseases have also been described in this 
review. The purpose of this review is to suggest the 
potential of dietary supplements such as vitamin A and 
D can be used to treat inflammatory disorders.
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Vitamins are organic compounds required in small 
amounts in the human body. As humans cannot 
synthesize vitamins in sufficient quantity, essential 
vitamins are provided by diet or dietary supplements. 
In recent years vitamins have generated considerable 
clinical interest as they promote pivotal activities in the 
immune system. Vitamins modulate a wide range of 
immune responses including lymphocyte activation, 
homing, and T helper cell differentiation. An association 
of vitamin B6-deficiency and poor immune parameters 
has been observed, and a separate study has observed 
that vitamin B6 is important for normal T-cell function 
in vivo[1,2]. Systemic administration of vitamin B2 is 
used to treat septic shock[3]. Food supplementation 
of vitamin E is used for hepatitis B treatment[4]. The 
maintenance of healthy bones in inflammatory bowel 
disease might be enhanced by vitamin K[5]. Vitamins 
A and D modulate the immune system in very specific 
ways influencing both the adaptive and innate immune 
system. The bioactive metabolites of these vitamins 
have hormone-like properties, making them distinct 
from other vitamins. Vitamin D deficiency is recognized 
as a worldwide problem with health consequences 
including increased incidence of food allergy, while 
vitamin A deficiency has been acknowledged as a public 
health problem[6,7]. This review is aimed at highlighting 
the mechanisms of vitamin A- and D-dependent 
regulation of an optimal T cell response.

VITAMIN D SYNTHESIS
The term vitamin D refers to both vitamin D3 (chole
calciferol) and vitamin D2 (ergocalciferol) (Figure 1A)[8]. 
Vitamin D is acquired either from diet or from conversion 
of 7-dehydrocholesterol in the sebaceous gland of animal 
skin upon exposure to sunlight, though levels generally 
decrease with aging[8,9]. To become biologically active, 
vitamin D undergoes several modification steps (Figure 
2A). The enzymes CYP27A1, CYP2R1 among others 
are required for the formation of 1, 25-hydroxyvitamin 
D3 (1, 25D3), also known as calcitriol, the biologically 
active form of vitamin D[8]. CYP27B1 (one of many 
cytochrome P450 vitamin D hydroxylases) converts 
25-hydroxyvitamin D (25-D) to 1, 25-dihydroxy vitamin 
D3 by 1α-hydroxylation[8,10]. CYP27B1 is found in 
placenta, monocytes and macrophages[11]. 1, 25D3 is 
released into circulation from kidney, an important organ 
of 1α-hydroxylation reaction[8,12]. Transport of vitamin 
D in blood is aided by vitamin D binding protein[11]. 
This protein does not affect the amount of 1, 25D3 
entering cells or the synthesis of vitamin D target 
proteins[13]. Cultured alveolar macrophages can secrete 
1, 25D3[14]. The level of circulating 25-hydroxyvitamin 
D is the defining parameter of vitamin D sufficiency or 
insufficiency. There is considerable debate though as to 
what should be considered as the cut-off level of required 
vitamin D in the healthy body. Even though some 
studies recommend concentrations of 20-30 ng/mL 
of 25-hydroxyvitamin D as an indicator of vitamin 

insufficiency, one study has argued that 20-50 ng/mL 
of 25-hydroxyvitamin D is normal[15,16]. Toxicity induced 
by high concentrations (> 150 ng/mL) of vitamin D is 
rare[17,18].

VITAMIN A SYNTHESIS
Metabolites of vitamin A include 11-cis-retinaldehyde 
and all-trans retinoic acid (atRA); also known as 
retinoic acid (RA) (Figure 1B)[19].The abundance of 
RA is regulated by retinol dehydrogenases and retinal 
dehydrogenases (RALDH), while degradation is 
controlled by CYP26[20]. Though Rdh5-deficient mice 
are viable, Rdh10 mutants exhibit characteristics 
similar to RA deficiency[21]. Carotenoids and retinoids 
are converted to RA in the intestine, liver and finally in 
target cells[22]. Proteins including cellular retinol-binding 
proteins (CRBP), cellular retinoic acid binding proteins 
(CRABP) and retinol-binding proteins play important 
role in the biochemical conversion of retinoic acid[23]. 
The key retinoid in circulation binds to retinol-binding 
protein 4 (RBP4)[24]. STRA6, a retinoic acid inducible 
gene, facilitates the uptake of RBP4 in tissues[25]. 
Retinol can be obtained from animal retinyl esters by 
hydrolysis. Unesterified retinol gets converted to retinyl 
ester by lecithin-retinol acyltransferase enzyme[22]. Free 
retinol binds to retinol-binding protein while in plasma 
it binds to transthyretin[26]. Inside the target cell retinol 
binds to CRBP to give rise to retinal which subsequently 
gets converted to RA by RALDH[27]. When RA binds to 
CRABP, RA translocates to nucleus where it can bind to 
different nuclear receptors. The synthesis of vitamin A is 
shown in Figure 2B.

VITAMIN D SIGNALING
1, 25D3, responsible for most of the biological actions 
of vitamin D binds to the vitamin D receptor (VDR), a 
member of the superfamily of the nuclear receptors[28]. 
While expressed at low to moderate levels in most 
human tissues and cell-types, the highest expression 
of VDR is found in kidney, bone and intestine[29]. The 
presence of a structurally conserved α-helical ligand-
binding domain (LBD) and a DNA-binding domain are 
the hallmarks of the nuclear receptor superfamily[30,31]. 
A molecule having roughly the size of cholesterol and 
at nanomolar concentrations can activate VDR[32]. The 
LBD of ligand-binding receptors have a 400-1400 Å3 
ligand binding pocket[33]. VDR forms a heterodimer with 
retinoid X receptor (RXR) in the presence of vitamin 
D[8]. This heterodimer is required for the recognition 
of a vitamin D response element (VDRE) that lies in 
the regulatory region of vitamin D target genes. The 
VDRE is found both in proximal promoter regions and in 
regions located far away from the promoter[34,35]. VDRE 
is composed of direct repeats (DRs) of PuG(G/T)TCA 
motifs that are separated by a 3 bp (DR3) or 6 bp or 8 
bp separation of everted repeats (ER6 or ER8)[36-38]. The 
3 bp spacing of DR3 allows a proper platform for VDR/
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RXR heterodimer formation that has been confirmed 
by genome-wide analyses for VDR binding sites[39]. 
However, VDR binding to DR3 covers approximately one 
third of all genomic binding sites suggesting additional 
mechanisms for VDR to associate with the genomic loci. 
These mechanisms include binding with unrecognized 
proteins and tying up to other transcription factors[39]. 
Therefore VDR would possibly recruit co-activators and 
co-repressors to gain access to its target genes. In 
addition to transactivation, VDR/RXR heterodimers can 
cause transrepression at their target genes[40,41].

Chromatin immunoprecipitation (ChIP) has been 
used extensively to analyze genome-wide binding of 
VDR[42]. The regulatory regions of VDR target genes 
including CYP24A1, CYP27B1 and CCNC were analyzed 
for VDR binding by ChIP[43-45]. More than 2500 genomic 
VDR-binding sites were observed when human lympho
blastoid cells were treated with vitamin D[46]. Similarly 
when human monocytes were stimulated with vitamin 
D, approximately 1200 VDR peaks were observed[47]. 
After 3 h stimulation with vitamin D, human colorectal 
cells show 1674 VDR-binding sites that co-localize with 
RXR[48]. ChIP-seq studies also confirm VDR-binding 
sites on vitamin D target gene including VDR and 
MYC[49,50]. When different cell lines and differences in 
ligand stimulation time were taken into account it was 
observed that roughly 20% of the genomic sites are 
identical in assessing VDR-binding sites[39]. It has been 
suggested that VDR may not bind regulatory genomic 
regions to open the gene loci as a “pioneer factor”, but 
rather VDR would act as an “accessory factor”, binding 
already accessible regions of a gene[39].

VDR and other nuclear receptor interactions with 
chromatin have been well described[51,52]. Recruitment 
of RNA pol II and chromatin modifying enzymes has 
been observed with VDR on human genes including 
CYP24A1 and MYC[43,50]. VDR-dependent changes in 
the transcriptome have been assessed by both mRNA 
and miRNA microarrays as well as by ChIP-seq[39,53]. 
ChIP-seq data suggested that VDR either has a very 
promiscuous DNA binding specificity, or that VDR 
interacts with other DNA-binding transcription factors 
that alter the DNA binding site[39]. 

VITAMIN A SIGNALING
The biologically active form of vitamin A, atRA binds to 
RXR and retinoic acid receptor (RAR). Both RAR and 
RXR have three subtypes: α, β, and γ; each encoded 
by separate gene[54]. Each subunit of the receptor has 
multiple isoforms[55]. RAR and RXR both belong to 
the retinoid receptor family. RARα, RXRα and RXRβ 
are constitutively expressed in mouse embryos[19]. 
Functional redundancy is observed between RAR and 
RXR isotypes[20]. The functional domains of retinoid 
receptor include the N-terminal DNA binding domain 
(DBD) and a C-terminal LBD separated by a central 
hinge region[55]. The DBD, a highly conserved domain, 
contains two zinc finger modules while the activation 
function-2 (AF-2) domain is part of the LBD[22]. RAR can 
be activated by atRA, while RXR is activated by 9-cis 
RA[22]. Ligand binding to LBD causes a conformational 
change in the receptor complex[22]. AF-2 also plays an 
important role in the conformational change[22]. RAR-
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repeats-(A/G)G(T/G)TCA with spacing of either 2 bp 
(DR2) or 5 bp (DR5)[19]. AGTTCA is the most efficient 
hexamer for RAR binding[60]. In vitro studies have 
suggested a role of DR1 as a RARE; however, the 
in vivo significance is not completely understood[61]. 
Protein poly (ADP-ribose) polymerase 1 (PARP-1), 
present on RAR-inducible promoters in cells, can bind 
directly to RAR and other mediators[62]. The events that 
determine whether a specific RARE will have activation 
or repression function are also not well understood.  

VITAMIN A AND D RECEPTOR 
POLYMORPHISMS
VDR is located at chromosome 12q13.1 in human 
and its locus covers more than 100 kb[63]. The locus 
contains eight introns and nine exons[63]. In the VDR 
gene four restriction enzyme polymorphisms have 
been identified: ApaI (rs7975232), BsmI (rs1544410), 
FokI (rs10735810), and TaqI (rs731236)[63]. FokI is 
located in exon 2, ApaI and BsmI are located in intron 
between exon 8 and 9 and TaqI is located in exon 
9[63]. There is no structural change in the VDR protein 
because of the ApaI, BsmI and TaqI single nucleotide 
polymorphisms[64]. The FokI polymorphism, however, 

RXR heterodimer binds to the DNA region known as 
retinoic acid response elements (RAREs) located in the 
enhancer regions of RA target genes[19]. Even though 
RA functions by binding to RAR, RA can also signal by 
binding to PPAR-β/γ, an orphan nuclear receptor[56].

The availability of retinoic acid is governed in a 
spatiotemporal and tissue-specific fashion[57]. Transcri
ptional regulation mediated by RA involves many co-
activator and co-repressor proteins[19]. In the absence 
of ligand, the RAR/RXR heterodimer binds to a co-
repressor complex containing nuclear receptor co-
repressor (NCoR) 1 and 2 (known as SMRT), polycomb 
repressive complex 2, and proteins having histone 
deacetylase activity[19,58]. NCoR/SMRT contains two 
conserved consensus sequences[54]. Once ligand bind
ing occurs (such as RA), the RAR/RXR heterodimer 
interaction with the co-regulatory protein is altered with 
increased binding towards co-activator proteins and 
reduced interactions with the co-repressor proteins. 
Co-activator proteins have multiple LXXLL motifs that 
interact with ligand-activated RAR/RXR heterodimers. 
Proteins including SRC complexes and histone acety
ltransferase such as p300 can interact with RAR/RXR 
heterodimers[54,59]. In the presence of appropriate 
ligand, co-activators preferentially bind to RAR but not 
RXR. Functional RARE sites consist of hexameric direct 
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results in a second protein variant[65]. Additionally, 
the FokI polymorphism has been associated with 
serum 1, 25D3 concentration in twins with multiple 
sclerosis[66]. In systemic lupus erythematosus (SLE) 
patients, an association between serum 1, 25D3 level 
and FokI polymorphism has been observed[67]. In 
contrast to vitamin D serum concentrations, there is 
no association between the FokI polymorphism and 
the clinical spectrum in SLE and multiple sclerosis 
(MS) patients[67,68]. However, the BsmI and TaqI 
polymorphisms are associated with risk of autoimmune 
diseases including MS, SLE[63]. VDR polymorphisms 
have also been associated with increased susceptibility 
to infections including human immunodeficiency virus-1, 
tuberculosis and hepatitis B virus[69]. Single nucleotide 
polymorphism (SNPs) in vitamin A and D receptor 
genes in healthy Caucasian children and adults correlate 
with the efficacy of vaccine-mediated immunity[70]. 

Vitamin A receptor allelic variations and haplotypes 
affect immune responses to measles vaccine[69]. A 
specific RARB haplotype (resulting from SNPs rs6550978 
and rs6777544) was associated with variations in 
measles antibody titers and measles-specific IL-2 and 
IFN-γ secretion, while the RARB AAC haplotype was 
concurrently associated with variations in measles 
antibody titers, and IL-10, IFN-α, and TNF-α secretion in 
Caucasians[69]. Using ChIP-seq new RAR-binding loci has 
been identified along with diverse spacing and topology 
of DNA[71,72].

VITAMIN D AND RETINOIC ACID: 
SIGNALING IN T CELLS
Nutrient status and metabolism affect CD4+ T cell 
development[73]. Both vitamin A and D control the 
expression of key players of innate and adaptive 
immune responses[74,75]. T cells are directly regulated by 
vitamin D via various mechanisms[76]. VDR expressed 
in T cells has high affinity for 1, 25D3, and the 
concentration of free 25-hydroxyvitamin D to antigen 
presenting cells regulates the balance between inflam
matory and regulatory T cell responses[77,78]. Inhibitory 
responses has been observed in vitro on adaptive 
immune cells in the presence of vitamin D[79]. Activated 
T cells have increased VDR expression compared to 
naïve T cells[80]. Both increased and decreased VDR-
dependent Foxp3 expression in murine model has been 
reported[81]. Murine Th1, Th2, and Th17 cells express 
significant Vdr transcripts, and the defined functions of 
VDR in these Th subsets is summarized below[81]. In the 
following sections we highlight the specific of vitamin D 
activity on each Th subset. The function of vitamin D in 
peripheral CD4+ T cells is summarized in Figure 3A.

Th1 cells
Th1 cells are characterized by the production of IFN-γ 
following differentiation stimulated by IL-12. IFN-γ 
activates and enhances the microbicidal activity of 

macrophages, and as such Th1 cells provide immunity 
against intracellular bacteria, fungi and protozoa[82,83]. 
T-bet is a master regulator of Th1 cell development[84]. 
In addition, both STAT4 and STAT1, the signaling and 
transcription factors downstream of IL-12 and IFN-γ, 
respectively, promote Th1 cell differentiation[85,86]. IL-12 
signaling also induces the transcription factor IRF-1, 
required for Th1 cell differentiation[87]. 

Several reports have demonstrated the effect of 
vitamin D in peripheral T cell responses. 1, 25D3 leads 
to an inhibitory effect on adaptive immune cells[79]. Cell 
proliferation is inhibited and the expression of IL-2, 
a T cell growth factor is attenuated in the presence 
of 1, 25D3[88,89]. Memory T cells that have abundant 
expression of VDR show profound inhibitory effect of 1, 
25D3[90]. Vitamin D suppresses the development of Th1 
cells while promoting Th2 cell differentiation[91]. 1, 25D3 
directly inhibits IFN-γ production in vitro[92,93]. In vivo Th1 
cell development is impaired in the presence of vitamin 
D that correlates with protection from inflammatory 
bowel disease[94]. Even though VDR-deficient animals 
have normal CD4+, and CD8+ cells; IFN-γ production 
by CD4+ T cells is significantly increased[95]. Vitamin 
D attenuates the production of IL-12 and IFN-γ from 
human leukocytes infected with Mycobacteria[96]. Mice 
lacking VDR augment IFN-γ responses and increase 
clearance rates of L. major in vivo[97]. The effects of 
the vitamin D response on host response to Candida 
infections is not completely understood though vitamin 
D deficiency results in enhanced replication of M. bovis, 
while addition of vitamin D suppresses tuberculosis 
replication[96,98,99]. In summary, vitamin D decreases 
IFN-γ production and IL-12 by DCs thereby attenuating 
Th1 responses.

Th2 cells
Naïve T cells activated by antigen in the presence of IL-4 
differentiate into Th2 cells that secrete IL-4, IL-5 and 
IL-13. Th2 cells provide immunity against extracellular 
parasites[100]. IL-4 acts as a positive feedback loop for 
Th2 differentiation, while IL-5 is eosinophil recruitment 
and development cytokine[101,102]. IL-13 plays a key 
role against parasite infections[103]. GATA3 acts as the 
master regulator of Th2 cells, while c-Maf expressed in 
Th2 cells is a potent transactivator of IL-4[104,105]. IL-4-
induced STAT6 is also required for the development of 
Th2 cells[106,107]. 

In Th2 cells 1, 25D3 enhances the production of 
IL-4[93]. When injected subcutaneously in mice in an 
allergic asthma model, vitamin D increases allergen-
induced T-cell proliferation, IL-4 and IL-13 and IgE 
production[108]. Surprisingly airway eosinophilia is 
attenuated following vitamin D administration[108]. 1, 
25D3 polarizes human T cells and murine T cells to a 
Th2 phenotype[109]. With increased concentrations of 
vitamin D, STAT6 expression is up regulated in human 
PBMCs, and STAT6 is required for the therapeutic 
effects of 1, 25D3 in EAE[109]. When pregnant rats are 
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supplemented with high dose of vitamin D, the offspring 
develop allergic responses due to altered Th1/Th2 
ratios[110]. Patients with allergic bronchopulmonary 
aspergillosis have attenuated Aspergillosis-induced Th2 
responses in the presence of vitamin D[111]. However, 
when vitamin D-deficient healthy females when under
go vitamin D supplementation there is significant 
difference in the expression of IL-4, IFN-γ, GATA-3, T-bet, 
STAT6 and STAT4[112]. Overall, vitamin D augments Th2 
differentiation by increasing the secretion of IL-4, IL-5, 
IL-10 and Th2-specific transcription factors.

Th17 cells
In the presence of TGF-β, IL-6 and IL-21, naïve CD4+ 
T cells differentiate into Th17 cells that produce IL-17, 
IL-21 and IL-22[113-115]. Th17 cells provide immunity to 
several extracellular pathogens including defense against 
infections from Candida, Citrobacter and Klebsiella[116,117]. 
The transcription factor RORγt is required for Th17 
differentiation[118]. IRF4, an inducer of GATA3 in Th2 cells 
is also required for Th17 development[119]. 

Vitamin D suppresses Th17 cell responses partly by 
inhibiting IL-6 and IL-23 production, cytokines required 
for Th17 cell differentiation and commitment[120-123]. 
One report suggested that vitamin D can prevent 
experimental autoimmune uveitis owing in part to 
direct suppression of Th17 cells[124]. In vitro 1, 25D3 
inhibits Th17 cytokine production via VDR but does not 
suppress Th17 gene transcription[125]. Mechanistically, 
1, 25D3 induces the expression of C/EBP homologous 
protein that suppresses the production of Th17 
cytokines[125]. The inhibitory effect of 1, 25D3 on IL-
17A transcription has been attributed to competition 
with NFAT at the level of DNA binding, recruitment 
of histone deacetylase to the IL17A promoter and 
sequestration of Runx1 by 1, 25D3[126]. The same 
study has also demonstrated that 1, 25D3 represses 
mIl17a transcription by attenuating recruitment of the 

transcription factor Runx1 to the Il17a promoter[126]. 1, 
25D3 also inhibits Th17 differentiation in both young 
asthmatic patients and healthy controls through a 
dendritic cell-dependent mechanism, inhibiting the 
expression of IL-17, IL-23R, RORC, and CCR6[127]. 
Overall, studies suggest Th17 cell polarization is 
attenuated by vitamin D.

Treg cells
Regulatory T cells (Tregs) control pro-inflammatory 
responses of effector Th cells and promote self-
tolerance[128]. Naïve CD4+ T cells exposed to TGF-β 
develop into inducible Tregs in the periphery, and 
these cells have similar properties to natural Tregs, 
derived from the thymus including having suppressive 
functions[129,130]. The transcription factor Foxp3 has 
been identified as a reliable marker for Treg cells 
in both human and mice[131,132]. IL-10 signaling in 
Tregs maintains the expression of Foxp3 for immune 
regulation[133].

1, 25D3 induces the differentiation and expansion of 
Foxp3+ Treg cells through several mechanisms[122,134,135]. 
Immunoglobulin-like transcript 3, (a surface molecule 
expressed on DCs and macrophages) up-regulation 
by 1, 25D3 in DCs could induce the production of 
Treg cells, though this is likely dispensable for Treg 
induction[134]. When applied topically, vitamin D aug
ments the suppressive capacity of CD4+CD25+ cells 
and CD4+ T cells from skin draining lymph nodes 
have reduced ability to proliferate in vitro[135]. With 
the help of IL-2, 1, 25D3 increases the frequency of 
activation-induced human Foxp3+ T cells[136]. There 
is increased number of CD4+CD25+Foxp3+ Treg cells 
and increased CTLA4 expression when CD4+CD25-T 
cells are cultured in the presence of vitamin D in 
vitro[136,137]. Vitamin D supplementation is associated 
with increased percentage of circulating CD4+ Treg 
cells in healthy individuals[138]. When administered 
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orally, calcitriol induces Tregs and immature DCs via 
intestinal exposure while decreasing atherosclerosis in 
mice[139]. There is an in vivo correlation between vitamin 
D status and Treg suppressive function in relapsing-
remitting multiple sclerosis patients[140]. However, there 
is a negative correlation between the Th1/Th2 ratio 
and 25-D level[140]. A VDRE is present in the human 
FOXP3 conserved non-coding sequence (CNS) that is 
homologous to the enhancer 1 region of the mouse 
Foxp3 gene and there is enhanced FOXP3 promoter 
activity in the presence of 1, 25D3[141]. Vitamin D 
also induces the development of IL-10-producing 
Treg cells; although, vitamin D does not affect IL-10R 
expression[142-144]. Monocyte-derived DCs pretreated 
with 1, 25D3 up-regulate the expression of PD-L1 and 
when co-cultured these DCs convert CD4+ T cells to 
IL-10-secreting Treg cells[145]. 1, 25D3 in the presence 
of dexamethasone induces the population of IL-10-
secreting Treg cells in both murine and human CD4+ T 
cells[146]. Overall, Treg cell development is augmented in 
the presence of vitamin D.

Th9 cells
Naïve CD4+ T cells in the presence of TGF-β and IL-4 
differentiate into Th9 cells producing IL-9[147,148]. The 
transcription factors PU.1 and IRF4 are required for 
the development of Th9 cells[149,150]. The effect of 
vitamin D has also been ascertained in IL-9-secreting 
Th9 cells. 1, 25D3 inhibits the development of Th9 
cells in mice concomitant with increased IL-10[151]. 
Vitamin D attenuates the production of IL-9 in purified 
memory T cells from healthy controls and patients with 
asthma[152]. However, vitamin D-mediated inhibition of 
IL-9 production by Th9 cells is not possible with anti-
IL-10 treatment[152]. 

Additional mechanisms
Vitamin D might regulate Th cell development and 
function through additional mechanisms that include 
direct regulation of gene expression by vitamin rece
ptors, regulation of miRNAs, and by altering epigenetic 
regulatory mechanisms. miRNAs control effector T cell 
differentiation and function[153]. Vitamin D-mediated 
regulation of T helper cells via modulating miRNA has 
not been studied in great detail. Vitamin D induces 
the expression of miR-22 in colon cancer cells that 
can potentially be therapeutic[154]. In addition, vitamin 
D-mediated regulation of miRNA has been established 
in bone[155]. T helper cell differentiation is also regulated 
by epigenetic modifications[156]. Vitamin D-mediated 
signaling via VDR entails both histone acetyltransferase  
and histone deacetylase (HDAC)[157]. Histone and 
DNA methylation are also regulated by vitamin D[158]. 
Vitamin D prevents the migration of T helper cells into 
CNS thereby attenuating experimental autoimmune 
encephalomyelitis (EAE)[159].

Retinoic acid and peripheral T cell responses
Retinoic acid affects specific adaptive immune responses 

and elicits effector CD4+ T cell responses[79,160,161]. 
Retinoic acid augments T-cell proliferation by inducing 
IL-2 secretion[162]. RA induces gut-homing receptors on 
T cells[163]. Depleting vitamin A significantly attenuates 
the number of IgA-secreting cells in rat ileum[164]. 
Vitamin A-deficient mice demonstrate defective Th-cell 
activity[165]. Retinoic acid augments the expression of 
gut-homing molecules α4β7 and CCR9 on CD4+ T cells 
maintaining intestinal homeostasis[166]. In the following 
sections we highlight the specific of retinoic acid on each 
Th subset. The function of retinoic acid on T helper cells 
is summarized in Figure 3B.

Th1 cells: Vitamin A deficiency leads to enhanced 
production of IFN-γ-secreting Th1 cells[167]. Retinoic 
acid inhibits Th1 cell development by attenuating IFN-γ 
production directly via RAR but not RXR[168]. In RA-
treated immunized mice there is reduced expression of 
Th1-specific transcription factors T-bet and IRF-1[169]. 
RA also attenuates the expression of STAT4 and T-bet 
in a mouse model of autoimmune insulitis[170]. Whether 
atRA can regulate Th1/Th2 balance in a strong Th1 
environment has been assessed[171]. In Gata3-deficient 
CD4+ T cells, atRA induces the expression of IL-4 while 
reducing the secretion of IFN-γ[171]. atRA abrogates 
the induction of Th1 cells in spleen and lymph nodes 
in vivo[172]. In RARα-transfected Jurkat cells, atRA 
significantly down-regulates Ifng promoter activity[173]. 
However, a report published this year argues RA is 
important for Th1 cell stability while preventing a 
switch to Th17 cells[174]. RA is required for STAT4-
dependent T-bet expression in Th1 cells[174]. At Th1 
lineage associated loci, RA-RARα regulates enhancer 
activity[174]. Overall, retinoic acid inhibits the production 
of Th1 cytokines both in vitro and in vivo.

Th2 cells: Vitamin A-deficient mice demonstrate poor 
antibody responses owing to significant decreases in 
Th2-cell frequency[165]. In the absence of exogenous 
cytokines, atRA significantly attenuates IFN-γ production 
but does not change IL-4 production[175]. When Th2-
polarizing cytokines are present, atRA significantly 
enhances IL-4 secretion in the presence of antigen-
presenting cells[175]. atRA enhances the transcription 
of Th2-associated genes including Gata-3, c-Maf and 
IL-4Rα in murine CD4+ T cells[168]. atRA has also been 
shown to have a similar Th2-promoting effect on human 
MBP-specific T cell lines in vitro[176]. A recent report 
suggested that in vitamin A-deficient mice, mesenteric 
lymph node DCs induce a Th subset producing high 
IL-13 and TNF-α[177]. Induction of this specific subset 
was mediated by B220-CD8α-CD103-CD11b+ DCs 
and was dependent on IL-6 and OX40L but inhibited 
by RA[177]. Both atRA and 9-cis RA are equally potent in 
promoting human Th2 cell development[178]. The role 
of specific retinoic acid receptors in either Th1 or Th2-
mediated disease pathology has remained unclear. 
RARα induces human Th2 cytokine production that 
correlates with the expression of CD38 and CD69[179]. 
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Similarly, RAR agonists, Am80 and Tp80 mimic the 
effect of RA[168]. However, one study reported that 
Am80 did not have any effect on IFN-γ production by 
Th1 clones[180]. atRA enhances the percentage of IL-5+ 
Th2 cells while RARα antagonist Ro415253 reduces the 
percentage of IL-5+ Th2 cells from house dust mite 
specific short-term cell lines[181]. Therefore, the studies 
indicate that retinoic acid promotes Th2 differentiation 
and maintains Th1-Th2 balance.
 
Th17 cells: atRA and RARα suppress the formation of 
Th17 cells and induce the production of Foxp3+ Treg 
cells[182,183]. The atRA-mediated inhibition of Th17 cells is 
independent of IL-2, STAT3 and STAT5 to overcome the 
effect of IL-6; however some initial IL-2 signaling may 
be required for the regulatory function of atRA[182,183]. 
In Th17 cells, RA attenuates the expression of TGF-β-
induced IL-6Rα and the transcription factor IRF4[184]. 
RA also suppresses Th17 cell development from Th1 
precursors[174]. In the absence of RA signaling there is 
increased expression of Th17-specific genes including 
Rorc, Il23r, Il22, Il21[174]. Overall, retinoic acid blocks 
the development of Th17 cells by down-regulating 
RORγt expression.

Treg cells: atRA plays an important role in immune 
tolerance via induction of Treg cells. In the presence of 
RA there is an induction of Foxp3+ Treg cells in murine 
CD4+ T cells[184]. 1, 25D3 augments dexamethasone-
induced expression of IL-10 by Tregs[185]. There is 
increased expression and phosphorylation of the TGF-
β-induced molecule Smad3 but not Smad2 in the 
presence of RA[184]. RA can override the negative effect 
of co-stimulatory molecules and specific secreted 
cytokines in enhancing the conversion of naïve T cells 
to Treg cells[186]. Even though there is RA-mediated 
induction of Smad3, enhanced Treg conversion is 
Smad3-independent[186]. The same study demon
strated that RARα, but not RARα1 deficiency blocks 
Treg cell conversion[186]. TGF-β also induces ERK1/2-
signaling pathway and Smad3 and ERK1/2 have 
complex interaction that is cell type-specific[187]. In 
human Tregs generated from cord blood ERK1/2 
signaling is impaired, while in relapsing-remitting 
multiple sclerosis patients the activity of ERK1/2 is 
altered[188,189]. In contrast, ERK1/2 signaling is activated 
by atRA leading to enhanced Foxp3 expression[190]. atRA 
induces CTLA-4, part of the T-cell co-stimulatory signal 
that differentially regulates ERK signaling pathway 
and is required by TGF-β to generate CD4+CD25+ 
Tregs[191-193]. For the development of human inducible 
Tregs (iTregs), the addition of atRA is required, even 
though atRA does not affect proliferation or survival of 
human CD4+ T cells[194,195]. After atRA treatment, human 
natural Tregs (nTregs) become resistant to conversion 
to Th1 and Th17 cells with sustained expression of 
Foxp3[191]. atRA induces the expression of Foxp3+Tregs 
from naïve CD4+ T cells but not from memory CD4+ 

T cells[195]. Maintenance of Foxp3 expression during 
nTreg expansion is mediated by atRA[196]. Even in the 
presence of inflammatory cytokines, atRA-pretreated 
Tregs maintain their suppressive capabilities[191]. 
Mechanistically atRA increases histone acetylation and 
methylation of Foxp3 promoter as well as conserved 
non-coding sites at the gene promoter[190]. In nTregs, 
atRA can inhibit methylation of Foxp3 in the presence 
of inflammatory cytokines[191]. In contrast to Th17 cells, 
retinoic acid induces the development of Foxp3+ Tregs 
indicating the reciprocal regulation between Th17 and 
Treg cells. Overall, the potential role of retinoic acid in 
peripheral T cells is described in Figure 3.

Retinoic acid has been shown to mediate epigenetic 
changes in embryonic stem cells[197]. Retinoic acid 
induces the expression of specific microRNAs and 
their precursors in human AML and in neuroblastoma 
cells[198,199]. miR-10a, which can act as tumor suppressor 
in breast cancer is also induced by retinoic acid 
and TGF-β altering the plasticity of T helper cells in 
process[200,201].  

Therefore, both vitamin D and retinoic acid could 
potentially regulate T helper cell differentiation via 
epigenetic modification and miRNA. 

ROLES OF VITAMINS IN ALLERGY AND 
AUTOIMMUNE DISEASES
Both vitamin D and retinoic acid have been implicated 
in allergy and autoimmune diseases[81,202]. This section 
highlights the role of both vitamins in allergy and 
autoimmune diseases such as EAE and type 1 diabetes 
(T1D).

Allergy
As both the prevalence of asthma and vitamin D 
deficiency has been increased it has been hypothesized 
that both of these parameters might be linked[203,204]. 
A cross-sectional study from the Third National Health 
and Nutrition Examination Survey suggests that serum 
vitamin D level is positively associated with FEV-1, 
the maximum amount of air to be expelled during the 
first second of forced expiration[205]. In Chinese adults 
with asthma, vitamin D deficiency has been associated 
with reduced lung function[206]. Low vitamin D levels 
have also been associated with markers of allergy and 
asthma severity[207]. Corticosteroids that are used to 
treat asthma patients function better in the presence of 
vitamin D, suggesting that low vitamin D concentrations 
might also impair therapy[208]. Serum 25-D level of 
less than 30 ng/mL has been associated with impair
ed lung function, airway hyper responsiveness and 
increased asthma exacerbations[209]. Vitamin D defici
ency in children with asthma being treated with 
inhaled corticosteroids is associated with reduced 
lung function[209]. However, one study did not find any 
correlation between the level of vitamin D and airway 
inflammation in a group of asthmatic children[210]. 
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However, vitamin D supplementation has not been 
suggested as a therapeutic in patients with symptomatic 
asthma[211]. A case control study performed in asthmatic 
children observed a possible association of vitamin D 
sufficiency status and VDR gene polymorphism[212]. 
Impaired maternal 1, 25D3 level during pregnancy 
impairs the production of Treg cells[213]. Even though 
most cohort studies have suggested that there is 
inverse correlation between maternal vitamin D level 
and early childhood risk of allergic sensitization, this 
is not consistent in all studies[214-216]. A recent study 
argued that neither serum 25-D level nor dietary intake 
of calcitriol is associated with allergy[217]. 

Retinoic acid-treated rabbit tracheal epithelial cells 
lead to enhanced mucin gene expression suggesting 
the potential role of retinoic acid in asthma[218]. Normal 
bone marrow cultures treated with atRA suppress 
eosinophil and basophil differentiation[219]. Further
more, human bronchial epithelial cell line BEAS-2B 
treated with RA, abrogates IL-4-induced production 
of eotaxin, an eosinophil chemoattractant[220]. The 
transrepression of eotaxin is not due to altered STAT6 
binding or AP-1 activity[220]. atRA reduces total cell 
counts and inflammatory cells in BAL fluid in asthmatic 
rats which could be due to reduced expression of NF-
κB and ICAM1[221]. RA also inhibits human bronchial 
smooth muscle cell migration by modulating PI3K/Akt 
pathway and is associated with inhibition of platelet- 
derived growth factor-induced actin migration[222]. 
In order to prevent atRA catabolism and clearance, 
liposome encapsulated atRA has been developed. 
When liposome-encapsulated atRA is administered 
intraperitoneally, OVA-induced IgE production and 
accumulation of IL-5 is increased[223]. However, when 
administered intranasally those parameters were not 
affected[223]. When inhaled atRA is given to a patient 
suffering from severe emphysema, inflammation and 
lung destruction are reduced[224]. In mouse models 
of allergic inflammation, atRA attenuates the asth
matic phenotype by inhibiting both Th2 and Th17 
responses[225,226]. In contrast, the expression of Foxp3 
is not altered after atRA treatment in the spleen of the 
asthmatic mice[226]. In an allergic asthma model when 
mice are treated with RAR inhibitor to block RA signaling 
the number of Foxp3+ cells were reduced in vivo[227]. A 
study has shown that atRA upregulates the expression 
of ORMDL3, a childhood asthma onset candidate gene 
via PKC/CREB pathway[227].

Autoimmune diseases: The function of vitamin D and 
retinoic acid have been studied in EAE (mouse model of 
multiple sclerosis) and T1D[228]. 

EAE: When naïve T cells with a TCR specific for myelin 
basic protein are transferred to recipient mice that are 
immunized later with MBP, recipients do not have EAE 
symptoms when they are treated with 1, 25D3[229]. This 
effect is mediated via VDR in T cells[230,231]. Peripheral 
CD4+ T cell priming and myelin-specific T cell trafficking 

remain unchanged after vitamin D treatment owing 
to an anergic T cell phenotype in vitamin D-treated 
groups[229,230]. A reduced number of Th1 cells in the 
periphery could also contribute to the therapeutic 
effect of vitamin D in treating EAE[232]. Vitamin D 
administered to rodents correlated with fewer CD4+ T 
cells in CNS, attenuated CNS pathology and reduced 
IFN-γ-production[81]. In healthy volunteers, vitamin D 
decreases the percentage of Th1 cells in circulation[233]. 
In contrast, it has been reported that vitamin D 
deficiency actually delays the onset of EAE[234]. Oral 
vitamin D treatment in healthy volunteers and in MS 
patients does not have a significant effect on the level 
of circulating IFN-γ[235,236]. 

Apart from Th1 cells, development of Th17 cells 
is affected by vitamin D in EAE. In EAE, there are 
reduced numbers of Th17 cells in the CNS after 
vitamin D treatment[237]. There are fewer Th17 cells in 
spleen in vitamin D-treated mice compared to placebo 
controls[125,238]. Vitamin D can either inhibit Th17 cytokine 
production or can suppress Il17 gene transcription in 
EAE[125,126]. When human CD4+ T cells are treated with 
vitamin D, the frequency of Th17 cells are attenuated, 
whereas increased doses of vitamin D reduce the 
proportion of Th17 cells in peripheral blood[137,233]. How
ever, vitamin D supplementation may not affect Th17 
cells in MS patients[239]. Th2 cells might also play a role in 
EAE[240]. Disruption of IL-4 slightly reduces the protective 
function of vitamin D in EAE, and there are increased 
IL-4 transcripts in the lymph nodes when vitamin D is 
administered before EAE induction[241,242].

In autoimmune diseases including MS there are 
defects in CD4+Foxp3+ Treg cells in peripheral blood 
cells and thymus[243-245]. There is correlation between 
percentage of Tregs and 25-D level as well as correlation 
of suppressive capacity of CD4+CD25+ Treg cells with 
serum 25-D level[239,246]. Seasonal increases in 25-D and 
1, 25D3 in healthy volunteers correlate with enhanced 
Foxp3+ Treg expression[247]. 

Retinoic acid suppresses EAE in rodents[176,248]. 
Production of IL-4 is correlated with better disease 
outcome when retinoic acid is used to treat EAE, while 
the level of IFN-γ, TNF-α, and IL-2 mRNA is attenu
ated[249]. Intraperitoneal injection of high dose of atRA 
protects animals from developing EAE and is associated 
with reduced IFN-γ and IL-17 production[184]. When 
synthetic retinoid AM80 is administered orally, early 
development of EAE is ameliorated concomitant with 
reduced Th17 cell differentiation[250]. The amelioration 
of EAE is mediated by down-regulation of MHC II 
molecules, CD80 and CD86 on the surface of DCs 
that results in altered polarization of both Th1 and 
Th17 cells[172]. As an additional potential mechanism, 
one report has suggested AM80 induces MDSCs 
thereby increasing the severity of EAE[251]. When atRA 
is combined with atorvastatin, a synergistic effect is 
observed in ameliorating EAE[252]. Tributylin, which 
activates RXR delays the onset of EAE[253]. Ligands for 
PPARγ and RXR generate additive anti-inflammatory 
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effects on EAE[254]. The decrease of pro-inflammatory 
cytokine production following helminth infection in 
multiple sclerosis patients is dependent on RA[255].

T1D: T1D is an autoimmune disorder where the 
immune system attacks the insulin-producing beta cells 
in the pancreas. The relationship between T1D and 
vitamin D is still not completely understood as most 
of the studies have been observational. Studies have 
observed that vitamin D supplementation may improve 
insulin sensitivity whereas, vitamin D deficiency has 
been suggested to affect the risk of T1D[256]. People 
diagnosed with T1D have a reduced level of vitamin 
D[257]. Approximately 15%-90% prevalence of vitamin D 
deficiency in patients with T1D has been reported[258-260]. 
A steady dose of vitamin D could reduce the risk of 
T1D[261,262]. Lower serum vitamin D level and insufficient 
supplementation during infancy may enhance the risk 
of T1D[263]. In addition, genetic association of VDR and 
age of onset of T1D has been assessed[264-266]. One 
progressive study observed no association between 
diabetes progression and vitamin D level[267]. Vitamin D 
deficiency during pregnancy may increase the incidence 
of T1D[268]. However, whether vitamin D intake during 
pregnancy would prevent children from developing T1D 
is not clear due to contradictory results[269]. A reduced 
level of vitamin D has been observed in children with 
T1D and multiple islet autoantibodies[270]. Both 1, 
25D3 and its analog TX527 suppress effector cytokine 
production and induce the production of IL-10-secreting 
CD4+CD25hiCD127lo T cells with regulatory function[271]. 
In NOD mice 1, 25D3 establishes tolerogenic DCs 
which are responsible for Treg expansion and IL-10 
production[272]. In the presence of vitamin D there is 
increased frequency of Tregs in the pancreatic lymph 
node in NOD mice[273]. Overall these results suggest 
that vitamin D deficiency correlates with increased risk 
of T1D. Thus vitamin D could help in managing some 
spectrum of the disease.

RA has been shown to attenuate inflammation in 
diabetic rat kidney and reduced proteinuria in diabetic 
rats[274]. In NOD mice with insulitis, atRA treatment 
suppresses diabetes associated with reduced IFN-γ-
producing T cells[170]. However, the percentages of 
IL-17- or IL-4-secreting cells are not affected. When 
CD8+ T cells from 8.3-NOD splenocytes are cultured in 
the presence of atRA and TGF-β, an induction of Foxp3+ 

CD8+ T cells is observed that suppress diabetogenic T 
cells both in vitro and in vivo[275]. atRA and exendin-4 
(which increases beta-cell mass and function) treatment 
before the onset of T1D prevents and reverses the 
disease; however, after the onset of the disease 
reversal of hyperglycemia or improved survival is not 
observed[276]. The suppression of T1D by retinoids is 
dependent on the presence of Tregs[277].

CLINICAL APPLICATIONS
As vitamin D deficiency is endemic and associated 

with various diseases, it is no surprise that vitamin 
D has its uses in the clinical practice. As previously 
mentioned, vitamin D aids in the suppression of allergic 
inflammation and autoimmune diseases including T1D 
and multiple sclerosis. A meta-analysis of 18 randomized 
controlled trials have suggested that even at a low dose 
vitamin D significantly reduces mortality[278]. Subsequent 
studies have indicated that the statin class of drug 
could attenuate mortality rate by enhancing the level 
of 25-D[279]. A 30% increase in the baseline dose of 
25-D reduces internal cancer by 60%, while the level 
of serum 25-D is an independent predictor of cancer 
risk[280]. Vitamin D attenuates the incidence of respiratory 
infections in children[281]. Vitamin D supplementation 
in food has been suggested to decrease the risk of 
autism[282]. Deficiency of vitamin D has been associated 
with increased risk of multiple chronic disorders[283,284]. 
Vitamin D is recommended to treat osteoporosis[285]. 
Seasonal deficiency of antimicrobial peptide (AMP) is 
secondary to vitamin D seasonal deficiency and could 
be linked, to flu epidemics[281]. Interestingly though 
vitamin D-sensitive AMPs inhibit HIV virus but vitamin 
D has been suggested play a role in the pathogenesis 
of HIV[286]. Vitamin D could provide respite against 
invasive bacterial diseases including meningococci 
and pneumococci. A therapeutic effect of vitamin D is 
also seen in non-small-cell lung cancer patients[287]. 
Consistent with its anti-inflammatory property, vitamin 
D enhances the life span in mouse model of SLE and 
inhibits contact hypersensitivity[288,289]. Vitamin D has 
also been successfully used to treat psoriasis[290]. It 
has also been suggested that vitamin D can potentially 
be used during transplantation. In rat model of renal 
transplantation vitamin D and its analogue prevents 
chronic allograft rejection while vitamin D delayed 
chronic allograft rejection in mouse model of aortic 
transplantation[291,292]. Intriguingly, VDR polymorphisms 
are associated with increased GVHD in bone-marrow 
transplantation patients[293]. It has been noted that the 
vitamin D analogue may be safer alternative to vitamin 
D-mediated immune modulation owing to its adverse 
effect in bone resorption and hypercalcemia[91].

Retinoic acid also has multiple clinical applications. 
A correlation between vitamin A supplementation and 
reduced diarrhea and mortality in HIV-infected children 
has been reported[294,295]. Retinoic acid has been 
suggested to induce terminal cellular differentiation in 
tumor cells[296]. Vitamin A has been demonstrated to 
maintain natural killer cell numbers that play important 
role in anti-tumor immunity[297]. atRA treatment doubles 
the survival rate of acute promyelocytic leukemia 
(APL) patients[298]. In the presence of HDAC inhibitor 
sodium phenylbutyrate, atRA induces remission in APL 
patient[299]. In addition, atRA along with trichostatin 
A, another HDAC inhibitor demonstrated significant 
inhibition of tumor growth associated with increased 
level of RARβ2 level[300]. RARα proteins play crucial role 
in the attenuating APL[54]. RA also initiates growth arrest 
of leukemia-initiating cells in APL mouse model[301]. 
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Retinoids have been suggested to induce irreversible 
differentiation of cancer stem cells[54]. Apart from cancer 
treatment, retinoic acid has also been suggested to 
treat autoimmune inflammation including EAE, adjuvant 
arthritis and experimental nephritis[180,249,302]. Retinoic 
acid has also been used for treating atopic dermatitis 
and psoriasis[303,304]. 

CONCLUSION
There is a paucity of data on the role of vitamin C, 
E, and K on adaptive immune system including the 
function in Th cell development. We have highlighted 
the role of vitamin D and retinoic acid on CD4+ T cells 
and their role in inflammatory disorders, but other 
vitamins likely also impact many of the responses 
we have described. Vitamin D-mediated paracrine 
signaling to CD4+ T cells affects its immunoregulatory 
mechanisms. The sources of vitamin D and the signals 
required to induce and inhibit vitamin D in vivo is crucial 
to the understanding of its role in health issues. Because 
of the use of common receptor RXR, vitamin D and reti
noic acid could potentially oppose each other’s contribu
tion in the development of T helper cells and modulation 
of inflammatory responses. 

A better understanding of the role of vitamin D in 
controlling effector CD4+ T cells could be achieved using 
animals that have T-cell-specific deletion of VDR. A 
study has demonstrated that vitamin D in combination 
with IL-2 induce the production of CTLA-4-expressing 
Treg cells[136]. CTLA-4 regulates the spectrum of T cell 
responses and CTLA-4 deficiency increases follicular T 
helper cells (Tfh cell) numbers[305]. Vitamin D also up-
regulates the expression of Helios and CD200, other 
markers of Tfh cells[81,306]. Whether vitamin D plays 
a role in the differentiation of Tfh cells has not been 
ascertained. Consumption of foods enriched with 
specific vitamins could alter the microbiota in our body 
leading to better immune responses.

There is ample indication that both vitamin D and 
retinoic acid could be used as future therapeutics to 
treat inflammatory diseases. Vitamin D and oral myco
phenolate mofetil lead to tolerance and acceptance of 
fully mismatched mouse islet isograft associated with 
increased frequency of CD4+CD25+CD152+ Tregs in 
a transplant model[307]. Mucosal vaccination might be 
aided by retinoic acid while vitamin D could be applied 
in transplant patients[308]. The role of vitamin D in 
cardiovascular disease remains unclear. The function of 
retinoic acid is also not explored in other inflammatory 
disease pathologies. However, the challenge remains in 
translating promising animal model results into humans. 
Once established, purchasing vitamins over the counter 
could be a safe and efficient approach to modifying 
immune responses.

KEY POINTS
Dietary supplementation of vitamin D and retinoic 

acid can be used to treat certain diseases; Skin, bone, 
dental health, cognitive function, and other physiological 
processes are maintained by vitamin D and retinoic 
acid; both vitamins A and D regulate immune system 
by affecting CD4+ T helper cell differentiation and 
lymphocyte activation; allergy and autoimmune diseases 
such as type I diabetes and EAE can be modulated 
indirectly by vitamin D and retinoic acid; Both vitamin 
D and retinoic acid have clinical implications for treating 
various inflammatory disorders.
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Abstract
Five major porcine coronaviruses (COVs) have been 
identified which cause severe gastrointestinal (GI) and 
respiratory disease in pigs. They include transmissible 

gastroenteritis (TGEV), porcine epidemic diarrhea virus 
(PEDV), porcine deltacoronavirus, porcine respiratory 
coronavirus, and porcine hemagglutinating encephalo
myelitis. These diseases, especially TGEV and PEDV, 
have caused epidemics in Europe, Asia, and the Ameri
cas over the past 50 years, causing significant economic 
losses to swine producers. As pigs are a major protein 
source worldwide there is great interest in understanding, 
controlling, and preventing these diseases. These disea
ses have no cure, and current vaccines are not fully 
protective. On-farm prevention and biosecurity are 
difficult to enforce and have not stopped the spread 
of these diseases between herds. Recent advances in 
the immunology of porcine COVs has revealed that 
the immune response to porcine COVs shares many 
similarities with the response to human COVs, leading to 
increased interest in pigs as models for human disease. 
Highlights of these advances include the key role of 
local antigen presenting cells in the gastrointestinal 
tract in stimulating a protective immune response. This 
understanding has lead to new proposed vaccines. 
Advances in the understanding of the ways the viruses 
evade and degrade the host immune system have 
also lead to novel proposed therapies. Many of these 
therapies are in the early development stages, as resear
chers attempt to create efficacious, cost-effective, and 
practical therapies for these diseases. 

Key words: Immunology; Porcine; Corona viruses; 
Population; Control; Zoonotic; Epidemic
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Core tip: Coronaviruses (COVs) cause severe disease 
in both pigs and humans. New immunological research 
in pigs has revealed many similarities between porcine 
and human responses to COVs. Understanding the 
immunological responses of pigs to COVs may prove 
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that they are a viable human model to study these 
diseases, as well as providing new and more efficacious 
control mechanisms for veterinarians and swine pro
ducers worldwide. 

Kanner-Acerbo E, Lowe J. Review of immunological responses 
to porcine coronaviruses and implications on population based 
control strategies in epidemic and endemic infections. World J 
Immunol 2016; 6(1): 60-66  Available from: URL: http://www.
wjgnet.com/2219-2824/full/v6/i1/60.htm  DOI: http://dx.doi.
org/10.5411/wji.v6.i1.60

INTRODUCTION
Coronaviruses (COVs) are pathogens that naturally 
infect both humans and pigs, as well as other mammals 
and birds[1]. These viruses mutate rapidly and spread 
easily, and present a complex prevention and control 
challenge[2]. Known and emerging COVs continue to 
cause dangerous and costly diseases in humans and 
pigs, and some have proven zoonotic potential. For 
example, the global outbreak of severe acute respiratory 
syndrome in 2003, which killed 774 people, was caused 
by a COV of animal origin[3]. Emerging COVs have also 
caused outbreaks with high mortality in pig populations. 
A recent example was the 2010 outbreak of porcine 
epidemic diarrhea virus (PEDV) in China, which killed 
over 1000000 piglets[4]. New research has also shown 
that pigs may be a viable human model to study COVs 
in both species[5]. Recent research has made many 
advances in the field of coronavirus immunology, which 
will be crucial in improving future prevention and control 
techniques of COVs in both humans and pigs. 

BACKGROUND
Review of COVs
COVs are enveloped, single strand positive-sense RNA 
viruses that primarily target the upper respiratory and 
gastrointestinal (GI) tract of humans, pigs, and a variety 
of other mammals and birds[2,6,7]. They belong to the 
Coronaviridae family, subfamily Coronavirinae[8]. 

Once in the body, COVs bind to surface receptors on 
susceptible cells[2]. This allows the virus to enter the cell, 
and replicate in the cytoplasm[8]. New copies of the virus 
are then assembled in the rough endoplasmic reticu
lum[9]. From there, move through the Golgi apparatus, 
fuse with the cell membrane of the host cell, and are 
released[10]. 

Porcine COVs
Five COVs have been identified in pigs. They include: 
Transmissible gastroenteritis (TGEV), PEDV, porcine 
deltacoronavirus (PDCoV), porcine respiratory corona
virus (PRCV), and porcine hemagglutinating encephalo
myelitis (PHEV). Of these, the most damaging to the 
worldwide pork production industry and therefore the 

most studied are TGEV and PEDV[2]. These two diseases 
will be the focus of this review. 

TGEV was the original COV shown to cause clinical 
disease in pigs. It was first documented in the United 
States in 1946, and today has high seroprevalence 
in pig operations throughout the world[2]. Because of 
its longevity and negative impact worldwide, it has 
received the most attention and research. Epidemics 
are less common in the United States and Europe today 
since PRCV has become more ubiquitous which seems 
to provide immunological protection against TGE, but 
outbreaks in naïve herds still occur[11]. However, TGEV 
continues to cause major outbreaks in Asia to date, and 
a new strain has been documented in 2012 that shares 
a common ancestor with the United States strain[12]. 
This highlights the ability of COVs to mutate rapidly, 
and the challenges and risks of our increasingly global 
economy, which may bring new virulent strains back to 
the United States and Europe.

PEDV was the next virus to emerge as a global 
problem in pig production. PEDV initially caused out
breaks in Europe. It was identified as the cause of 
outbreaks of diarrhea in 1971. In 1984 PEDV was 
identified in Asia. The most recent outbreak in Asia was 
2010-2012, when the appearance of new strains caused 
massive vaccine failures and high mortality among 
affected pigs[13]. From 2013-2014, two new strains 
of PEDV were identified in the United States. Despite 
control efforts, these strains spread rapidly through the 
United States, Canada, and Mexico, causing the death 
of several million piglets[14]. Additionally, an outbreak 
in Germany in 2014 revealed strains nearly identical 
to those found in the United States[15]. The fact that 
multiple strains are present worldwide that may be 
related again highlights the need for new, more effective 
control measures[2]. 

PDCoV is the most recent porcine COV to be 
identified, it was detected for the first time in the United 
States in 2014. Although the consequences of infection 
tend to be less severe than TEGV and PEDV, it is an 
emerging disease that requires further study[16]. 

PRCV is a variant of TGEV caused by small dele
tions in the TGEV genome, and generally causes an 
asymptomatic infection. Its emergence in Europe in 
the early 1980’s corresponded with the disappearance 
of TGEV in Europe, as it acted as a natural modified-
live vaccine to produce active immunity in infected 
sows, who then passively transferred immunity to their 
suckling piglets. Infections are usually subclinical, or a 
mild respiratory disease can be detected. It is endemic 
in most swine herds in affected countries, and pigs 
are not routinely tested for the disease. However, it 
still remains of interest because of potential protection 
against TGEV afforded by previous exposure to PRCV[2]. 

PHEV is a ubiquitous virus, and causes mostly 
subclinical infections. It can cause clinical disease upon 
entering a naïve herd that can affect both the GI and 
central nervous system[17]. However, morbidity and 
mortality are low for both forms, making this disease 
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less of a concern for pig producers and researchers at 
this time[2]. 

TGEV and PEDV pathogenesis and clinical signs
TGEV and PEDV enter via the oral cavity, survive the low 
pH of the stomach, and primarily infect villous epithelial 
cells of the intestinal brush border of the small intestine. 
Both viruses can also infect the alveolar macrophages 
of the respiratory tract resulting in pneumonic lesions[2]. 

TGEV uses its spike (S) glycoprotein to bind to the 
receptor aminopeptidase N expressed by epithelial 
cells of the small intestine. The virus then destroys the 
mature villous cells, leading to reduction and blunting 
of the villi, and reducing normal enzymatic activity. 
This leads to alterations in digestion, cellular transport, 
and hydrolysis of lactose from milk. Tight junctions 
between the intestinal epithelial cells are also weakened 
by both TGEV and PEDV infections[18]. The result is a 
malabsorptive syndrome caused by increased osmotic 
force in the unhealthy intestine as lactose and sodium 
accumulate, leading to diarrhea, metabolic acidosis, 
dehydration, and death in a naïve animal[2]. 

The impact of TGEV on a herd depends on the 
immune status of herd that is infected. The most deva
stating is the epizootic infection, which occurs when 
a herd with no prior immunity herd is exposed. It is 
common in these herds for neonatal mortality to reach 
100% for as long as 4 wk secondary to profuse diarrhea 
and the resulting dehydration. In young growing pigs 
and adults inappetence, vomiting, and diarrhea are 
commonly seen with morbidity approaching 100% 
but very low to no mortality. At the herd level the 
infection is usually self-limiting, and ends within several 
weeks. However, recovered adults often become 
carriers[19]. Other herds which have an endemic or 
enzootic infection, or where adult females have been 
previously exposed and can provide passive immunity 
to the piglets, may experience outbreaks, but those 
outbreaks have much lower mortality rates, usually not 
exceeding 20%. PEDV is closely related to TGEV in both 
pathogenesis, behavior in a herd, and clinical signs[2]. It 
is necessary to use diagnostic tests to differentiate the 
diseases from each other on an infected farm[20]. 

Epidemiology of TGEV and PEDV
TGEV is shed in both the feces and the nasal secretions 
of infected animals during an epidemic infection. The 
virus has been found in the feces of young pigs for up 
to 2 wk, and in the nasal secretions for 10 to 11 d. 
The virus is then spread to other animals via fecal-oral 
contact or aerogenously over short distances, and can 
travel between pens and farms by means of mechanical 
vectors which include farm workers and equipment, 
dogs, cats, foxes, starlings, and flies[2]. 

The infection may become endemic on the farm 
after an epidemic. Those pigs that survived the initial 
TGEV infection may continue to shed the virus, and 
further outbreaks have been documented up to 9 mo 
later. Also, in the absence of thorough cleaning and 

disinfection, the virus may persist in the environment, 
especially during colder months[21]. 

PEDV offers similar epidemiological challenges, 
and has been documented to be shed in the feces of 
recovered pigs for up to 42 d [13]. However, the numbers 
of studies currently available for PEDV epidemiology 
are far fewer than those available for TGEV, and offers 
another avenue for continued study that may yield 
important information for the control of both diseases. 

THE PORCINE IMMUNE RESPONSE
When a pig is infected with TGEV or PEDV, both single 
stranded RNA (ssRNA) viruses, the virus primarily 
targets the epithelial cells of the small intestines[2]. As 
the virus invades the cells and begins its process of 
replication, the immune system attempts to mount a 
response. However, given the high mortality rate among 
pigs less than four weeks of age (neonates), it is known 
that the response is unable to protect very young 
animals. 

Innate immune response
The major difference in the behavior of the villous 
epithelial cells in neonates compared to older animals 
is the rate of replacement of the mature cells. Neonatal 
pigs require up to 10 d to replace these cells, while 
older pigs only require 2 to 4 d[2]. Therefore, clinical 
signs caused by the destruction of the villous epithelium 
rapidly overwhelm younger pigs, while older pigs can 
repair the epithelium quickly enough to mount an 
appropriate immune response and recover. 

The first immune cells to respond to TGEV, PEDV, 
or other viral infections are the professional antigen 
presenting cells (APCs) of the innate immune system[19]. 
These are a family of white blood cells including 
monocytes and macrophages, B lymphocytes, and, 
of most recent interest in TGEV and PEDV, dendritic 
cells (DCs)[22]. After antigen recognition, APCs migrate 
to lymphoid tissues and interact with T lymphocytes, 
which are responsible for cell-mediated immunity[5]. 
This interaction leads to the activation of B cells, 
which are responsible for humoral immunity (antibody 
production). Memory cells of both types are also 
produced in response to an antigen that are present 
and prepared to respond upon antigen reexposure[23]. 

The DCs are of great interest in viral infections such 
as TGEV because these cells are the only APCs capable 
of presenting antigen to naïve T lymphocytes. The 
other APCs are only able to stimulate existing memory 
T lymphocytes[22]. In pigs, these APCs, including DCs, 
are present in various organs and locations throughout 
the body, but of particular interest to TGEV, are found in 
the gut-associated lymphoid tissue (GALT) of the small 
intestines[24]. The GALT is the largest immune organ in 
the body, and is composed of peyer’s patches, lymphoid 
follicles, and mesenteric lymph nodes[14]. 

 The DCs and other APCs in the GALT recognize 
TGEV using pathogen associated molecular patterns 
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produced by mothers exposed to a virulent form of the 
virus via the oral route. Attenuated oral vaccines given 
to pregnant mothers offer only partial protection to 
neonates[14]. 

To achieve the best level of protection in the 
neonate, piglets must be continually nursing or being 
fed milk with high levels of anti-TGEV or PEDV IgA. 
However, even with continuous consumption of IgA 
the lactogenic immunity is incomplete. Limiting the 
amount of virus in the environment is also critical for 
the protection of neonates[30]. 

CURRENT CONTROL STRATEGIES
Given what is known about the pathogenesis, immune 
responses, and transmission of TGEV and PEDV, current 
population based control strategies focus on prevention 
of disease, as there is no curative treatment available. 
These strategies include herd management, strict 
biosecurity on the farm, and vaccination protocols[30]. 

In epidemic infections, affected piglets are treated 
with fluids in an effort to maintain hydration and 
improve survival rates. In those facilities with adequate 
space, mothers who are due to give birth are isolated 
in order to protect the newborn piglets. In those 
where space is not available, the only effective option 
to stimulate lactogenic IgA production or offer future 
protection from disease in naïve animals is to feed the 
feces of infected piglets to expectant mothers or other 
herd members[30]. 

However, this is both time and labor intensive, and 
offers its own challenges and risks. Because only general 
guidelines have been agreed upon in terms of amount 
of feces that should be used to inoculate mothers, in 
some cases the doses have been more virulent than 
expected and caused disease. In other cases they have 
been less virulent, and were not protective. Also, there 
is no guarantee that the animals are only being infected 
with TGEV or PEDV - other diseases can be transmitted 
throughout the herd in the feces. Furthermore, inten
tionally infecting animals leads to more challenges 
with biosecurity to avoid transmission to neighboring 
farms[30].

Those farms not currently experiencing an outbreak 
or where the diseases are endemic are not able to 
use this method to stimulate immunity in their herds. 
They must turn to available injectable vaccines, which 
do not offer full protection against the disease, and do 
not stimulate sufficient lactogenic immunity to protect 
newborn piglets. Available oral attenuated vaccines 
also lack effectiveness in preventing disease in naïve 
animals[30]. However, the vaccines have been shown to 
be effective as boosters in previously exposed pigs, and 
are able to stimulate appropriate levels of IgA to offer 
lactogenic immunity to piglets[14]. 

FUTURE CONTROL STRATEGIES 
Therefore, future control strategies for TGEV and PEDV 

(PAMPs) on the virus particles that correspond to 
pattern recognition receptors (PRRs) on the APCs[25]. 
One of the primary families of PRRs involved in ssRNA 
virus detection are called toll-like receptors (TLRs)[25].

DCs in pigs, as in humans, are divided into two 
families, and have slightly different roles in mediating 
the initial immune response to a virus like TGE. These 
two families are: Plasmacytoid and myeloid. Myeloid 
dendritic cells (mDCs) are also called conventional 
myeloid dendritic cells (cDCs) and are most similar to 
monocytes. Plasmacytoid dendritic cells (pDCs) are 
most similar in appearance to plasma cells, but share 
characteristics of the mDCs. pDCs have a further subset 
of special interest called natural interferon producing 
cells (NIPCs). pDCs, including NIPCs, differ from mDCs 
in several ways, including that they can be triggered by 
viral glycoprotein structures without a live virus present 
or without a concurrent viral infection[26]. 

Once the TGEV PAMP matches to the DCs TLRs, 
a process called dimerization occurs. Initial signaling 
pathways are then initiated which lead to the MyD88 
signaling cascade, ultimately resulting in the production 
of interferon-alpha (IFN-α) and other proinflammatory 
cytokines[25]. IFN-α is a type 1 interferon that can help 
to induce viral resistance as well as initiating its own 
signaling cascade to activate the adaptive immune 
response[27]. Specifically, it can mediate inhibition of viral 
replication, and activate local cell-mediated immunity[28]. 

Adaptive immune response
In TGEV, the adaptive response involves both cell-
mediated and humoral immunity. The production of 
the antibody IgA has been identified as particularly 
important in protecting pigs against future infection[27]. 
The importance of stimulating this local IgA and cell-
mediated response is a finding that has led to an 
increased interest in oral vaccines, which may be a 
more effective route of administration than traditional 
injectable vaccines[28]. 

The stimulation of a protective adaptive response 
in pregnant pigs is crucial in allowing for the transfer 
of effective lactogenic immunity to newborn piglets[29]. 
Lactogenic immunity refers to the passive transfer 
of antibodies to newborn pigs through the mother’s 
milk. This is necessary for disease protection in piglets 
because in pigs, unlike in humans, maternal antibodies 
are not passed to the neonate in utero. They must be 
consumed in the first milk produced by the mother 
that is very rich in antibodies called colostrum, and 
continue to be consumed in subsequent nursing for 
the first several weeks of life as their immune systems 
develop[14]. 

IgA has been identified as the key antibody pro
duced that must be present in milk to protect piglets 
from severe disease. Once it is stimulated in the 
intestines, IgA travels to both the lamina propria of the 
intestines and the mammary glands[30]. The mammary 
gland then produce specific IgA that is transferred to 
the milk. Protective levels for piglets in milk are only 
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are largely focused on the creation of more effective 
vaccines to control these diseases and prevent further 
spread. Proposals for improved modified live and 
attenuated vaccines are currently under investigation. 

 Other areas of research include improved treatment 
options for those animals that have already been 
infected to lessen clinical signs and decrease mortality. 
Research in these areas include methods to directly 
stimulate the innate immune response to overcome 
the dysregulatory effects of these viruses, as well as 
preventing the extensive cell death that also leads to 
the debilitating and often fatal clinical signs.

Proposed vaccines
Given the recent increase in understanding of the gut-
mammary gland-IgA axis as described above, creating 
a safe, effective, and cost-effective live oral vaccine 
to induce lactogenic immunity as well as providing 
immunity to naïve herds is one of the main goals of 
TGEV and PEDV vaccine research. Several modified 
live (attenuated) vaccines have been proposed. Some 
strategies for creating these vaccines include deleting 
proteins and genes in order to decrease virulence. 
However, modified live vaccines still carry the risk of 
reverting to virulence and causing disease[31]. 

One protein deletion investigation involves non-
structural protein 1 (nsp1), which has been shown in 
mammalian studies to be the first mature viral protein 
to be expressed in the cytoplasm of the host cell. It 
may be responsible for the degradation of the host cell 
mRNA leading to apoptosis, as well as interfering with 
the IFN-α release that is one of the key components 
to effective innate immune response in early infection. 
A study in mice infected with a modified coronavirus 
where nsp1 had been deleted showed that the virus 
replicated as efficiently as the unmodified virus, but 
with greatly reduce virulence. It was able to stimu
late efficient memory T cell responses that were 
protective[32]. 

Another study using swine testicular (ST) cells as a 
model targeted a gene called ORF 7, and showed that 
when it is targeted and inactivated, viral replication and 
expression of genes in ST cells are inhibited[33]. These 
types of investigations may lead to the development 
of more effective and safer modified live vaccines for 
swine producers. Because of the inherent risks involved 
in administering modified live vaccines, subunit vaccines 
are another area of interest in preventing TGEV and 
PEDV. 

One study demonstrated that recombinant plasmids 
containing the “S” proteins of TGEV and PEDV could 
be created, and stimulated a robust proliferation of T 
lymphocytes and specific antibodies for the viruses[20]. 
Producing inexpensive vaccines made from transgenic 
plants expressing the S glycoprotein from TGEV have 
also been proposed[34]. 

Proposed treatments for infected animals
Some interest has also been generated in stimulating 

the innate immune response after an infection has 
occurred. How COVs like TGEV downregulate or 
dysregulate the immune system is not completely 
understood, but new evidence strongly suggests this 
viral ability[33]. 

One proposed treatment to counteract this dysre
gulation is to directly stimulate NIPCs. Research has 
shown that porcine NIPCs can recognize a PAMP called 
an unmethylated CPG motif, which is a short RNA 
sequence. Exposure to this PAMP leads to production 
of IFN-α and other inflammatory cytokines. This NIPC 
response has also been documented in humans. These 
unmethylated CPG motifs may be useful as adjuvants in 
new vaccines for both human and porcine COVs[35]. 

 It is now understood that TGEV causes cell death 
(apoptosis) by irreversibly activating proteases found 
in the cytoplasm called caspases. These caspases lead 
to fragmentation of the host cell nucleus, resulting 
in the death of the cell. Studies have shown that 
apoptosis caused by TGEV can be significantly reduced 
using a caspase inhibitor called Z-VAD.fmk. This 
does not impede virus production, but does have a 
protective effect on infected cells[36]. Treatment with 
lithium chloride on cells infected with TGEV and PEDV 
also showed that early and late cell apoptosis was 
inhibited[37]. 

 Protecting host cells during disease to reduce 
clinical signs and improve survival rates is another area 
of research that may offer another an alternative to 
supportive care or herd inoculation during an outbreak. 

CONCLUSION
Members of the Coronaviridae family are important 
viruses today for both humans and animals. Emerging 
coronavirus diseases threaten health and productivity. 
More in-depth understanding of these viruses is the key 
to future control and safety. 

 In pigs, the study of TGEV and PEDV provide a 
window into the complexities of viral disease patho
genesis, control, and prevention. Study of these 
viruses in pigs may also have direct benefits on human 
coronavirus control, as porcine responses to these 
viruses have been increasingly found to be very similar 
immunologically to human responses. 

Important advances have been made in the 
understanding of the immunological response of pigs 
to TGEV and PEDV over the last decade. Highlights 
include the role of NIPCs in early IFN-α production, the 
immunogenicity and function of the structural and non-
structural proteins of the virus, the caspase-dependent 
pathways resulting in apoptosis, and the role and 
creation of lactogenic immunity in pig populations. 

These advances have led to detailed and promising 
research for population based control strategies in 
epidemic and endemic infections. Increased under
standing of the best methods to induce lactogenic 
immunity may play a role in slowing future epidemics 
on individual farms. The use of caspase inhibitors to 
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reduce the incidence of cell apoptosis may also increase 
survival rates for infected pigs during an outbreak. 

New vaccines may be able to induce more complete 
immunity with fewer side effects for naïve herds, 
making vaccination a more reliable and cost-effective 
method of disease prevention, and enabling farmers to 
eradicate endemic infections with TGEV and PEDV over 
time. These efforts will need funding to facilitate new 
vaccine development, testing, and deployment. 

Because these diseases pose such a threat to 
food security and both animal and human health, a 
worldwide effort to eradicate these diseases is likely an 
ultimate goal. Cooperation between human doctors and 
veterinarians will be essential in this endeavor. Increased 
understanding of the immunological responses to these 
diseases and future treatments will be at the forefront 
of new control strategies going forward. 
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Abstract
The classical view of signaling between cells of immune 
system includes two major routes of intercellular 
communication: Through the release of extracellular 
molecules or a direct interaction between membrane 
bound receptor and its membrane bound ligand, which 
initiate a cascade of signaling in target cell. However, 
recent studies indicate that besides these canonical 
modes of signaling there are also noncanonical routs 
of intercellular communications through membrane 
stripping/membrane exchange/trogocytosis, extracellular 
traps, exosomes and ectososmes/microparticles. In 
this review we discuss what are the components of 
noncanonical pathways of signaling and what role they 
play in immune cells interactions.

Key words: Trogocytosis; Membrane stripping; Extra
cellular traps; Exosomes; Ectososmes; Microparticles
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INTRODUCTION
For many decades general belief has been that during 
an immune response the immune cells communicate 
either by a direct contact between molecules anchored 
at the plasma membrane of adjacent cells (juxtracrine 
signaling) or via short (autocrine and paracrine) or long 
(endocrine) distance signaling using various cytokines 
or hormones and their cognate receptors systems 
(Figure 1). However, recent years studies, amounting 
to hundreds of publications, indicate that besides these 
well-known (canonical) signaling pathways there is 
a cornucopia of nonclassical (noncanonical) signaling 
mechanisms, which modify behavior of immune cells 
and shape the immune response. Below we give 
a brief overview of features and functions of these 
noncanonical signaling pathways.

MEMBRANE STRIPPING/MEMBRANE 
EXCHANGE/TROGOCYTOSIS
The trogocytosis - the nibbling (gnawing) off the frag
ments of live cells is probably an ancient mechanism 
applied by feeding amoebas[1,2]. However, in contrast to 
amoebic trogocytosis, which ultimate goal is devouring, 
and death of cellular pray, the immune cells developed 
mechanisms of vital trogocytosis or membrane stripping 
or exchange (Figure 2). During such a process, upon 
close contact between cells, the recipient cells acquire 
(borrow) foreign molecules, which they normally do 
not produce, and the donor cells either completely lose 
given molecules or the level of these molecules become, 
at least temporarily, reduced[3,4]. Recent studies indicate 
that the membrane exchange between various cell 
types, including immune cells, is a much more common 
and frequent phenomenon than previously thought. The 
in vitro and in vivo studies in different model systems 
showed that upon disengagement from immunological 
synapse with antigen presenting cells (APCs) or from 
a direct contact with other target cells, the activated 
CD4+, CD8+ T cells, regulatory T cells, helper T cells, 
macrophages, B cells, monocytes, granulocytes and 
natural killer (NK) cells, are able to internalize fragments 
of APCs/target cell membrane together with monoclonal 
antibodies, antigens, ligands, major histocompati
bility complex (MHC), adhesion or co-stimulatory 
molecules[5-18]. For example, studies of Baba et al[19] 
showed that OX40 ligand (OX40L) expressed by COS-1 
cells is transferred to CD4+ T (OX40L-, OX40+) cells, and 
that the acquired OX40L is functionally active. Other 
studies showed that the trogocytic acquisition of m157 
(the murine cytomegalovirus-encoded ligand for the 
Ly49H-activating receptor) from target cells regulates 
NK cells function making them hypo-responsive both 

in vivo and in vitro[8]. In contrast, acquisition of anti-
CD19 chimeric antigen receptors by NK cells enhances 
their cytotoxicity against the B-cell acute lymphoblastic 
leukemia cells[7]. Trogocytosis can also lead to 
acquisition of the MHC complexes by the non-APCs, 
which in turn may reinforce and/or propagate immune 
response, and activate or regulate T cells[4]. There are 
indications that trogocytosis/membrane internalization 
depends on GTPase TC21 and RhoG-dependent 
phagocytosis pathway (Figure 2)[16,20]. Membrane 
internalization not only leads to the acquisition of 
novel qualities by recipient cells but may also down-
regulates the MHC/antigen/co-stimulatory molecules 
level in bestower APCs[11,16]. There are also instances 
of multicellular exchange and serial trogocytosis when 
immune cells acquire novel molecules from multiple 
sources and then transfer them to other recipient cells. 
For example the membrane bound molecules from 
multiple cancer cells can be acquired by CD4+ and CD8+ 
T cells and monocytes through multiple trogocytosis[21]. 
It has been shown that monocytes are able to transfer 
these molecules to other T cells[21]. Thus, trogocytosis/
membrane exchange/stripping leads to acquisition/
depletion of molecules and their cognate functions in 
recipient/donor cell, and ultimately modify or modulate 
an immune response (Figure 2)[3,4,6,18,22,23]. Trogocytosis 
and its outcomes can be either beneficial or harmful 
for the organism. Depending on circumstances and 
cell partners involved the trogocytosis may either 
promote or prevent development of various pathological 
conditions or diseases. For example trogocytosis is 
involved in the ablation of red blood cells in autoimmune 
hemolytic anemia[24] but when it removes antibodies 
binding to self-antigens it can prevent autoimmune 
diseases[25]. Another example of harmful trogocytosis 
is “oncologic trogocytosis” occurring between ovarian 
epithelial cancer cells and stromal cells allows cancer 
cells to acquire multiple drug resistance protein and 
thus chemoresitance[26].

EXTRACELLULAR TRAPS
Extracellular traps (ETs) were discovered in 2004 in 
neutrophils and thus have been named Neutrophil 
Extracellular Traps (NETs)[27]. The process of ETs and 
NETs formation is called ETosis and NETosis, respectively. 
ETs consist of filamentous network of chromosomal 
and/or mitochondrial DNA, which is released from the 
cell after the break of nuclear/mitochondrial membrane 
(Figure 3). Because the process of ETosis involves 
nuclear/mitochondrial/plasma membrane breakage 
it usually leads to a suicidal, distinct from apoptosis 
or necrosis, death of ETs’ producing cells[28]. However, 
there are instances of non-suicidal (vital) NETosis, 
when nucleus-deprived neutrophils retain motility and 
chemotactic and phagocytic functions[29,30]. Another 
example is the vital mitochondrial NETosis when 
neutrophils primed, for example, with granulocyte/
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macrophage colony-stimulating factorand stimulated 
with short-term toll-like receptor 4 or complement 

factor 5a receptor retain intact nucleus and produce 
NETs containing exclusively mitochondrial DNA[31]. 

69

Canonical intercellular signaling

Autocrine                                                    Juxtacrine                              
  Paracrine

Blood stream

Endoocrine 

Trogocytosis

Donor cell

Acquiring cell

GTPase TC21 
and RhoG
pathway

APC/dendritic cell

T cell

T cell acquires MHC
and other membrane

bound molecules

T cell priming or
activation in the 
absence of APCs

Figure 1  Types of canonical signaling. In autocrine signaling, the cell regulates itself (autoregulates) through internally produced signaling molecules, which after 
release from the cell bind to cell’s own receptors. The examples are: Interleukin-1 produced by monocyte in response to external stimuli binds to its own receptor on 
the same monocyte; IL-2 released from activated T cell binds to its own receptor leading to self-stimulation. The juxtacrine signaling occurs between closely apposing 
cells when signaling molecule attached to one cell interacts with its receptor on adjacent cells or when signaling molecule excreted to the intercellular matrix of one cell 
binds to the receptor on neighboring cell. In juxtacrine signaling the signaling molecules do not diffuse freely between cells. The examples include cytokine signaling 
in immune system and Notch pathway signaling. In paracrine signaling, released signaling molecules such as, for example, cytokines or retinoic acid diffuse at short 
distances and act on the cells located in vicinity. In endocrine signaling, signaling molecules such as hormones or cytokines are transported through the circulation to 
the target cells.

Figure 2  Trogocytosis/ membrane exchange/stripping. A: During trogocytosis the recipient cell acquires membrane bound molecules from donor cell. The process 
of internalization of donor cell membrane is similar to phagocytosis and depends on actin ring contraction and small GTPases; B: During APC/T cell interaction the T 
cell may acquire MHC/peptide complexes and co-stimulatory molecules. Subsequently, such T cells can prime/activate naïve T cells in the absence of APCs, and/or 
by interacting with activated T cells lead to propagation of immune response[16,20]. APC: Antigen presenting cell; MHC: Major histocompatibility complex.
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ETs producing cells. For example Staphylococcus 
and Vibrio cholera produce endonucleases, which 
digest NETs, or/and convert NETs’ DNA into toxic 
metabolite (deoxyadenosine), which induces apoptosis 
and promotes death of immune cells[35-37]. The fact 
that ETosis occurs in many different cell types, and 
not only in vertebrates but also in invertebrates and 
plants, suggests that ETs are one of the primordial 

Besides DNA, the ETs contain various histones (which 
by themselves have antimicrobial properties) and a 
plethora of antimicrobial enzymes (Figure 3)[32-35]. The 
main role of ETs is the immobilization of microbes, which 
prevents dissemination, and exposing them to a high 
concentration of antimicrobial agents. Interestingly, 
many microbes developed defense mechanisms 
allowing them to escape from or neutralize ETs or 

Extracellular traps

Microbes
Inflammatory or 

endogenous inducers

Thrombosis
Inflammation

Autoimmune response:
lupus, psoriasis, 

rheumatoid arthritis, 
type I diabetes, 

allergic asthma, vasculitis

Persistent ETs

ET Release:
Microbe trapping
Microbicidal

Phagocytic clearance
by macrophages

Exosome formation

Blood stream

Nucleus
Coated pit

Endosome Golgi complex

MVB

Clathrin

Membrane bound molecules 
Nucleic acids
Proteins

Exosomes

Target cell

Figure 3  Extracellular traps formation and side effects. Various external or internal inducers may lead to the breakage of nuclear or mitochondrial (or both) 
membranes and release of extracellular traps (ETs). The ETs contain network of nuclear/mitochondrial DNA (blue/green), antimicrobial compounds (yellow) such as 
LL37, myeoloperoxidase (lysosomal protein) and elastase (chymotrypsin-like protease), and deiminated (citrullinatied) histones (red H). Under normal circumstances 
the ETs are promptly removed by macrophages, however if the ETs persist they can lead to inflammatory and autoimmune response[31,32]. 

Figure 4  Exosome pathway. Exosome forms through endocytosis, which starts from the invagination of clathrin coated domain of plasma membrane (coated 
pit) bearing the receptors and other membrane-bound molecules. After entering cell interior, the coated vesicle loses clathrin coat and becomes the endosome. 
Subsequently, after acquiring variety of other molecules from Golgi apparatus and cytoplasm, the endosome membrane undergoes inward budding resulting in the 
formation of multivesiular multivesicular body (MVB) containing exososmes. Ultimately, the MVB fuses with plasma membrane and in the process of exocytosis 
releases exosomes outside the cell. The exososmes either fuse with the membrane of neighboring target cell or enter blood stream to be transported to distant targets. 
In the alternative outcome (not shown here), which serves as the pathway degradation pathway, the MVB fuses with lysosomes, which degrade its content[67,69].

March 27, 2016|Volume 6|Issue 1|WJI|www.wjgnet.com

Kloc M et al . Noncanonical signaling



71

impaired esophageal wall[45].

EXOSOMAL AND ECTOSOMAL/
MICROPARTICLE SIGNALING
Exosomes are small (30-150 nm) endocytic mem
branous vesicles, which are produced by various 
cell types including immune cells[46]. They were dis
covered over 30 years ago and for many years they 
were believed to be the non-functional cell debris 
or debris disposal vehicles. However, over the last 
several years numerous studies have proven that 
exosomes are an important component of intercellular 
communication circuit and as such play a crucial role in 
initiation and/or modulation of immune response[46-54]. 
Exosomes form inside the cell through endosome/
mulitvesicular body (MVB) pathway in which they 
acquire various cytoplasmic, membrane bound and/
or nuclear components (Figure 4). Fully matured 
exosomes released (via exocytosis) from a founder 
cells deliver, sometimes over long distances, various 
molecules to their targets. Exososmes may contain 
a variety of molecules such as: (1) genetic material: 
retrotransposomal DNA, mitochondrial DNA, mRNAs, 
miRNAs, rRNA, tRNA; (2) lipids; and (3) proteins: 
Cytoskeletal proteins, heat shock proteins, channels 
and transporters, adhesion proteins, tetraspanis and 
various receptors (Table 1), listed in Exocarta database 
http://www.exocarta.org[49,55-61]. There are many 
studies showing how exososmal signaling can influence 
and modify immune cells and immune response. For 
example the exosomes released by B cells and dendritic 
cells contain functional MHC - antigenic peptide 
complexes, which induce adaptive immune responses 
in vitro and in vivo[62,63]. Andreola et al[64], showed that 
death-inducing Fas ligand - bearing exosomes secreted 
by tumor cells induce lymphocyte apoptosis, which 

and evolutionary ancient mechanism of host defense. 
Studies of molecular pathways involved in initiation 
and execution of NETosis indicate that stimulation with 
microbes, inflammatory molecules or endogenous 
inducers leads, via protein kinase C and NADPH oxidase, 
to the production of reactive oxygen species and nitrix 
oxide[35]. These, in turn, induce nuclear/mitochondrial/
granule membrane rapture, followed by proteolytic 
cleavage, deamination (citrullination) of histones, 
chromatin decondensation and eventual release of 
NETs[38]. It has been shown that besides consistent 
presence of DNA the other components of ETs vary, 
as they are stimulatory signal-specific and cell type-
specific[32]. Although ETs play beneficial role in host 
defense, the presence of DNA and various enzymes 
makes ETs harmful, especially if they persist for long 
period of time; they become a very potent inducer 
of autoimmune response and various pathological 
conditions, such as lupus, psoriasis, vasculitis, rheu
matoid arthritis, type I diabetes, allergic asthma and 
deep-vein thrombosis (Figure 3)[33,35,39]. It has been also 
shown that, at least in vitro, ETs influence the behavior 
of immune cells. NETs are able to down regulate 
lipopolysaccharide-induced activation of monocyte-
derived dendritic cells, inhibit their capacity to activate 
proliferation of CD4+ T lymphocytes and to polarize naïve 
CD4+ T cells toward Th1/Th17 phenotypes, promoting 
Th2 response instead[40]. In addition, prolonged 
exposure to NETs can induce macrophage and dendritic 
cells death, which may limit ongoing inflammation[41]. 
However, it is still unknown, which components of NETs 
are responsible for these effects. The fact that persisting 
ETs can modify molecular and cellular components of 
immune system indicates that fast clearing of ETs is 
extremely important for proper functioning of immune 
response[42]. Recent studies indicate that macrophages 
serve as such clearing agents. Thus, macrophages seem 
to have a dual role; they can produce ETs and also 
remove them through phagocytosis[35]. Macrophage ETs, 
named METs, were discovered in 2010 in murine RAW 
264. 7 (Abelson murine leukemia virus transformed 
macrophages) cell line and since then have been 
described in many different macrophage types[35,43]. In 
contrast to the neutrophils where the NETs formation 
is their main strategy (neutrophils are short-lived “by 
design”) the formations of METs in macrophages, 
which are long-lived cells, is an auxiliary strategy and 
is (regardless of stimulation) self-limited to less than 
25% of total macrophage population[35]. Recently, the 
eosinophil extracellular traps (EETs) and their role in 
allergic diseases such as human eosinophilic chronic 
rhinosinusitis and eosinophilic otitis and eosinophilic 
esophagitis have been described[44,45]. Eosinophil traps 
released during local cytolysis contain DNA/histone H1 
complex, which form globular fibers ticker than those 
present in neutrophil-derived traps. The EETs can trap 
fungi and bacteria and at least in eosinophilic esophagitis 
(characterized by esophageal epithelial barrier defects) 
can guard against pathogens infiltration through the 

  Nucleic acids Exosome 
lumen 

proteins

Exosome 
membrane 
proteins

Lipids

  mRNA
  miRNA
  tRNA
  rRNA
  mitochondrial 
  DNA 
  retrotransposons

Actin
Cofillin
GAPDH
Hsp70

Rab
Tubulin

    Annexins
    Channels

    EGFR
    FasL

    I-CAM1
    Integrins

    LBPA/CD63
    LAMP1/2

    MHC
    PD-1L

    Tetraspanins
    Tsg 101

   Cholesterol
   Diglycerides   

   Eicosanoids fatty acids 
   Gangliosides

   Lyso-phosphatidylcholine
   Lyso-bis phosphatidic acid 
   Phosphatidylcholine phosp

   hatidylethanolamine 
   Phosphatidylserine

   phosphatidylinositol 
   Sphingomyelin 

Table 1  Molecular content of exosomes[49,55-61,74,75]
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GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; I-CAM1: Interce
llular adhesion molecule 1; EGFR: Epidermal growth factor receptor; LBPA: 
Lactoferrin-binding protein; LAMP1/2: Lysosomal-associated membrane 
protein 1; MHC: Major histocompatibility complex; PDL-1: Programmed 
death 1.
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of innate and adaptive immunity and inflammatory 
responses.
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biomarkers and the custom engineered exosomes as an 
immune and anti-cancer therapeutics[70-75]. 

Besides exosomes, various cells are able to release 
another type of membranous vesicles called the 
ectosomes/microparticles (MPs). The MPs are 0.2-2 
mm in diameter and unlike exosomes they bud off 
the plasma membrane without the involvement of 
endosome/MVB pathway. The MPs contain a variety of 
bioactive molecules such as procoagulation compounds 
(for example P-selectin glycoprotein ligand-1 and tissue 
factor TF) and/or oncogenic proteins, mRNAs and micro 
RNAs[76-78]. Similar to exososmes, the circulating MPs 
may promote/inhibit inflammation, immune response, 
resistance to chemotherapeutics or activate oncogenic 
pathways[76-78].

CONCLUSION
One of the most fascinating aspects of noncanonical 
signaling is the fact that its cellular processes such 
as trogocytosis/membrane exchange, ETs, exosomes 
and microparticles are evolutionary ancient (amoebic 
trogocytsosis, ETs in acoelomate) and conserved in 
plants, invertebrates and vertebrates[79]. This indicates 
that noncanonical processes served as the primordial 
defense mechanisms and canonical signaling had 
developed later in evolution adding a new and more 
sophisticated quality to the ancient safeguards. Ironically, 
the existence of these ancient noncanonical pathways 
has been discovered much latter than canonical 
pathways, and only in recent decade they have been 
recognized as an extremely important regulators 
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Abstract
The prevalence of allergic diseases including atopic 
dermatitis, asthma, allergic rhinitis (AR) and food allergy 
is increasing worldwide and they cause a big economic 
and social burden. Understanding of reasons that 

contribute to the etiology of allergic diseases as well as 
new treatment approaches are very important for the 
follow-up and prevention of these diseases. In recent 
years, probiotics seem to be promising for allergic 
diseases. The effect of probiotics in the prevention and 
treatment of eczema is more extensively studied, but 
little is known about the association of the microbial 
flora of the host and allergic airway diseases and the 
efficacy of probiotics in decreasing the symptoms of 
patients with asthma and rhinitis. Hitherto, there is no 
strong evidence for use of probiotics in the treatment 
of eczema; however, administration of probiotics in 
breastfeeding mothers in the prenatal period and infants 
in the postnatal period can be accepted as a safe and 
helpful option in the prevention of eczema. In contrast, 
there is not yet reliable evidence or recommendations 
on use of probiotics for the prevention or treatment of 
asthma, AR, food allergy, and anaphylaxis currently. 
More standardized studies should be performed with 
different strains of probiotics to evaluate the protective 
and therapeutic effects of probiotics on other allergic 
diseases as well as eczema. In this review, the relation
ship between allergy and probiotics is handled in the 
light of current literature. 

Key words: Probiotic; Allergy; Atopic dermatitis; 
Asthma; Allergic rhinitis
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INTRODUCTION
Probiotics are beneficial bacteria that have valuable 
effects on health if taken in sufficient amounts. They 
are live single cell microorganisms which suppress 
the growth of harmful bacteria by competition at 
the adherence sites and by the direct effects of the 
antimicrobials they secrete. Probiotics secrete several 
vitamins such as thiamine, vitamin K2 and folic acid, 
aid digestion by producing digestive enzymes and help 
the body absorb the nutrients[1]. Probiotics increase 
the production of mucin, decrease the permeability 
of intestinal lining and have effects on both innate 
and adaptive immunity. Members of Lactobacillus, 
Bifidobacteria, Bacteroides, Enterococci generas, 
Streptococcus thermophilicus and Saccharomyces 
boulardii are used as probiotics[2-4]. In order to have 
the better utility, probiotics can be used with prebiotics. 
Prebiotics are non-digestible food ingredients that 
promote the growth and activity of probiotics. Fermen
tation of prebiotics by the gut microbiota reveals short 
chain fatty acids such as acetate propionate and 
butyrate which serve as the energy sources for the 
regeneration of the colon epithelium. Some of the 
prebiotics are inulin, oligofructose, polydextrose, fructoo
ligosaccharides, galactooligosaccharides, xylooligo
saccharides, and lactulose[5-7]. Probiotics are used in a 
variety of diseases such as gastroenteritis, inflammatory 
bowel diseases, irritable bowel syndrome, celiac disease, 
peptic ulcers, colon cancer, lactose intolerance, bacterial 
vaginosis, childhood obesity, hyperlipidemia, anxiety, 
depression, stress, autism and allergic diseases[8-10]. 

The prevalence of allergic diseases is increasing 
worldwide. Asthma, atopic dermatitis (AD), allergic 
rhinitis (AR) and food allergy are common and impor
tant diseases which cause a big economic and social 
burden. Understanding of reasons that contribute to 
the etiology of allergic diseases as well as new treat
ment approaches are very important for the follow-up 
and prevention of these diseases. The data in recent 
years concerning probiotics seem to be promising for 
allergic diseases. The effect of probiotics in prevention 
and treatment of eczema is more extensively studied, 
but little is known about the association of the microbial 
flora of the host and allergic airway diseases and the 
efficacy of probiotics in alleviating the symptoms of 
patients with asthma and rhinitis. Although methodo
logies and results of the studies investigating the 
protective effects of probiotics in the development 
and treatment of allergic airway diseases are variable 
and controversial, they give a promising perspective 
and offer new insights for further studies[11,12]. In this 
review, the relationship between allergy and probiotics 
is handled in the light of current literature.

Prenatal factors such as maternal diet, stressful 
life during pregnancy and gestational diabetes are 
suggested to be responsible for the development of 
atopic diseases. In the postnatal period, diet content in 
the early life, microorganisms and allergen exposure 

are potential risk factors and are target of treatment[13]. 
Hygiene hypothesis has been suggested during a few 
decades in order to explain the prominent increase in 
the incidence of atopic diseases. Incidence of allergic 
diseases increases in the children growing in smaller 
family, while infections experienced in the children living 
together with their older siblings have been proposed 
to prevent allergic diseases[11]. Correlations between 
allergic diseases and microbial agents have begun to 
be discussed over time. The idea that the existence 
and proper maintenance of natural flora have positive 
effects on the immune system and could prevent the 
development of allergic or autoimmune inflammation in 
these people has been exciting. Numerous studies have 
been conducted about the potential role of probiotics in 
the prevention and intervention of asthma, food allergy 
and eczema. The promising outcomes obtained from 
probiotics lead to the interest in this subject intensified 
in allergic diseases[11,14]. 

PROBIOTICS AND IMMUNE RESPONSE
Probiotics contribute education of the immune system 
and appropriate response to the antigen. The beneficial 
effect of probiotics on allergy is often associated with 
enhancement of Treg cells. Specific probiotics have 
been shown to induce an increase in Treg cells as well 
as to suppress Th17 responses. Th17 cells secrete IL-17 
that induces tissue inflammation[15,16]. The pathogenesis 
of allergic diseases was first described as an imbalance 
of Th1/Th2 cells. Probiotics inhibit allergic diseases by 
suppressing the Th2 response[17,18]. The timing of the 
bacterial colonization in the gut is crucial. The timing 
of bacterial colonization early in life is important for 
appropriate immune education and the transmission 
from mother to the fetus during pregnancy. The early 
colonization with Bacteroides and Bifidobacterium 
species might play a crucial role in the development 
of immune regulation[15]. Clinical studies evaluating 
the effects of probiotics in allergic diseases are seen in 
Table 1.

PROBIOTICS AND AD
AD is a common important disease which causes an 
economic and social burden. Its incidence differs among 
the societies with an incidence reported to reach up to 
20% in developed countries[19]. AD is the first allergic 
disease seen in the childhood. Infantile eczema usually 
occurs in the first year of life and the majority of cases 
resolve before 6 years of age. Most of AD cases are 
mild, although up to 30% are seen as moderate to 
severe cases. AD is recognized as a precursor of the 
development of atopic diseases such as asthma, AR and 
food allergy in the forthcoming years of children[12,20,21]. 
Increased incidence of eczema in recent years has made 
new research a current issue in epidemiology, prevention 
and treatment of this disease[22]. Given that it is a 
frequently seen disease, causes a substantial proportion 
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of severe cases and accompanies other allergic diseases, 
meticulous treatment and follow-up of pediatric eczema 
have become compulsory.

There is a correlation between the development 
of AD and gut microbiota though it is not exactly 
clear[23]. A randomized double blind study conducted 
with administered bacterial lysate shown a correlation 
between gut microbiota and AD[24]. A greater number 
of elder siblings were found to be correlated with an 
increase in lactobacilli and bacteroides colonization and 
a decrease in clostridia in the gut. Risk for development 
of AD increased in the infant aged 5-13 mo with a 
higher gut concentration of clostridia[24]. This study 
demonstrated that gut microbiota is one of the reasons 
underlying the development of AD. A more diverse 
intestinal microbiota in the first week of life is associated 
with a reduced risk of subsequent eczema in infants 
at an increased risk of allergic disease[25]. This study 
suggested that interventions that enhance microbial 
diversity in early life may provide an effective means for 
the prevention of eczema in high-risk infants. 

The knowledge about whether probiotics prevent the 
development of AD is increasing day by day. In a cohort 
from Norway with a wide population, the potential 
association was investigated between the intake of 
probiotics during pregnancy and infancy periods and 

the development of questionnaire-reported atopic 
eczema, rhinoconjunctivitis and asthma. The intake 
of probiotic milk products was found to be correlated 
with a decreased incidence of atopic eczema and 
rhinoconjunctivitis; however, this was not correlated 
with the incidence of asthma in the 36-mo follow-
up[26]. Probiotics used by pregnant women or breast-
feeding mothers and/or given to infants reduced the 
risk of eczema in infants; however, the certainty in 
the evidence is low. No effect was observed for the 
prevention of other allergic conditions[14]. Enomoto et 
al[27] examined the effect of the intake of Bifidobacterium 
breve (B. breve) M-16V and Bifidobacterium longum 
(B. longum) BB536 over prenatal 1 mo and postnatal 6 
mo on the development of allergic disease. They found 
that the incidence of eczema was lower in the probiotic 
group than in control in a short follow-up period of 18 
mo. Rautava et al[28] investigated the role of probiotic 
intervention regimens in reducing the risk of eczema 
in infants. Mothers with a history of allergic disease 
and atopic sensitization were randomly assigned to the 
Lactobacillus rhamnosus LPR and B. longum BL999 
(LPR1BL999) group, the Lactobacillus paracasei (LP), 
ST11 and B. longum BL999 (ST111BL999) group, or 
the placebo group during 2 mo before and after the 
expected date of delivery. They found that infants whose 
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  Disease Ref. Number of 
participants

Strains Age Results

  Atopic 
  dermatitis

Kalliomäki et al[54], 2007 159 Lactobacillus GG Prenatal and
postnatal

Decreased incidence of eczema

Taylor et al[55], 2007 178 L. acidophilus LAVRI- Al Postnatal No change in eczema rates
Kopp et al[56], 2008   94 Lactobacillus GG Prenatal and

postnatal
No difference

Griskevicius et al[57], 2008 446 Group 1: L. Rhamnosus HN001
Group 2: B. animalis ssp.

lactis HN019

Prenatal and
postnatal

Decreased incidence of eczema
by the intake of L. rhamnosus

Enomoto et al[27], 2014 130 Bifidobacterium breve M-16V, 
Bifidobacterium longum BB536

Prenatal and 
postnatal

Decreased incidence of eczema

Rautava et al[28], 2012 241 Lactobacillus rhamnosus LPR and 
Bifidobacterium longum BL999,

Lactobacillus paracasei ST11 and 
Bifidobacterium longum BL999

Prenatal and 
postnatal

Decreased incidence of eczema

  Atopic 
  sensitization

Huurre et al[58], 2008 171 Lactobacillus GG, B. lactis Prenatal and
postnatal

Decreased incidence of sensitization

  Allergic airway 
  diseases

Abrahamsson et al[59], 2007 232 L. reuteri Prenatal and
postnatal

No difference in wheeze

Wickens et al[60], 2012 425 B. lactis,
Lactobacillus HN001

Prenatal and
postnatal

Decreased incidence of 
rinoconjunctivitis

Chen et al[40], 2010 105 L. gasseri A5 School 
children

Decrease in asthmatic symptoms

Wassenberg et al[41], 2011   31 Lactobacillus paracasei ST11 Adults Decreased cytokine release
  Food allergy Dupont et al[47], 2015 119 Probiotic supplemented formula Infants with 

cows' milk 
protein 
allergy

Decreased incidence in food related 
symptoms

Tang et al[48], 2015   62 Lactobacillus rhamnosus CGMCC 
1.3724

Children with 
peanut allergy

Increased incidence of desensitization

  Urticaria Arslanoğlu et al[5], 2008 134 Prebiotic-supplemented 
hypoallergenic formula

Postnatal Decreased cumulative incidence of 
allergic urticaria

  Systemic nickel 
  allergy syndrome

Randazzo et al[43], 2015   22 Lactobacillus reuteri DSM 17938 Adults Decrease in symptoms

Table 1  Clinical studies evaluating the effects of probiotics in allergic diseases
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(LF) and LP + LF with those who received placebo in a 
double-blind, prospective, randomized study. SCORAD 
index was lower in the probiotic groups compared to 
placebo until 4 mo after probiotics were discontinued. In 
brief, the use of LP and LF mix probiotics was found to 
be correlated with clinical improvements in the children 
having AD. In another study, Niccoli et al[1] showed that 
the use of L. salivarius LS01 led to improvements in 
quality of life in the children having AD.

Consequently, numerous studies investigating the 
role of probiotics in the prevention or intervention of AD 
present clinical suggestions for the use of probiotics. 
Even if the evidence is not strong enough, use of pro
biotics for the prevention of eczema is recognized by 
a considerable number of clinicians. Another difficult-
to-answer question about the use of probiotics is that 
“when should probiotics be initiated?” Factors that 
can influence early-life colonization include antibiotic 
treatment, method of delivery, maternal and infant diet, 
and biodiversity in the home, surrounding environment 
and in family members. Initiation of probitocis in the 
early life is a better option in order to prevent eczema, 
a result that we want to obtain. Early initiation of 
probiotics is of key importance, if a benefit would be 
obtained. Even if possible, administration of probiotics 
to mothers in the prenatal period can be helpful in the 
infant under risk of eczema. Considering all critical 
outcomes, because there is a net benefit resulting 
primarily from prevention of eczema, World Allergy 
Organization (WAO)-McMaster University Guidelines 
for Allergic Disease Prevention suggest using probiotics 
in pregnant women and women who breastfeed infant 
at a high risk for allergy in their children. Similarly, 
the WAO guideline panel suggests using probiotics in 
infants at a high risk of developing allergies[36]. However, 
there are still questions to be answered in the future 
about probiotic administration for eczema and other 
allergic diseases: Which probiotic, at what dose, when, 
how long, and to whom? Clinical use of probiotics will 
gradually become more widespread as these questions 
find their answers[23].

PROBIOTICS AND ALLERGIC AIRWAY 
DISEASES 
The prevalence of asthma as well as other allergic 
diseases is increasing worldwide. Maturation of the 
immune system in the first years of life may play a 
role in this increase and this may be related to hygiene 
hypothesis and imbalances in lymphocyte T-helper 
1 (Th1)/lymphocyte T-helper 2 (Th2) balance and 
activation of Th2 cytokines such as IL-4, IL-5, and 
IL-13[11].

Asthma is a chronic airway disease characterized by 
airway inflammation and hyperresponsiveness. Although 
asthma is a heterogeneous disease with different 
phenotypes and endotypes, Th2 mediated inflammation 
is central to the pathogenesis in most of the patients[4]. 
Therapeutic effects of probiotics in the prevention and 

mothers received any of the probiotic supplements 
developed significantly less episodes of eczema when 
compared with the placebo group. However, skin prick 
test results were similar between the groups. It is 
noteworthy in the mentioned study that, probiotics did 
not prevent atopic sensitization and prevented only 
non-atopic eczema[29]. Based on this result, long-term 
effects of the use of probiotics may be limited. It has 
been noted in a recent meta-analysis that, additionally 
administered probiotics in the early life prevented 
AD in long term compared to placebo[30]. There are 
several studies suggesting Lactobacillus rhamnosus GG 
(LGG), a mix of specific probiotic strains and prebiotic 
+ prebiotic mixtures have a positive effect in the 
prevention of the incidence or decrease of the severity 
of AD. Nevertheless, these studies are not enough for 
use of probiotic with this purpose[31].

There are also studies demonstrating that pro
biotic support is ineffective in the prevention of the 
development of AD. In a study by Allen et al[32] with 
women from 36 wk gestation and their infants to the 
age of 6 mo, the incidence of eczema was investigated 
in the 2nd year of age in infants who received daily 
either the probiotic (Lactobacillus salivarius CUL61, 
LP CUL08, B. animalis subspecies lactis CUL34 and 
Bifidobacterium bifidum CUL20) or placebo. Use of 
probiotics was found not to prevent the development of 
eczema during the study. In that study, probiotics were 
found to decrease the incidence of food allergy in early 
childhood as an indirect effect. There are interesting 
results in the evaluations carried out according to the 
type of probiotics. For example, according to a meta-
analysis use of lactobacilli during pregnancy was stated 
to prevent atopic eczema in children between 2 and 7 
years old, but a mixture of various bacterial strains did 
not affect the development of eczema[33]. 

The role of probiotics in the prevention of atopic 
eczema is yet to be clarified. Evidence presented by the 
studies suggesting that probiotics may prevent pediatric 
eczema is not enough strong. A positive effect, if any, 
may be related with onset time, dose, duration and use 
of specific probiotics. Support of this issue with further 
and longer research would be helpful in elimination 
of the limited uncertainties in the use of probiotics. 
Another question is that can probiotics be used for the 
treatment of pediatric eczema? Evidence about the use 
of probiotics in the treatment of eczema is not enough 
good as their use in the prevention. It is suggested in 
a limited number of studies that probiotics decrease 
the severity of eczema. In a randomized double-blind 
placebo-controlled study examining the effect of the use 
of Lactobacillus plantarum (L. plantarum) CJLP133 for 
12 wk in children with AD aged 12 mo and 12 years, an 
improvement in SCOring of Atopic Dermatitis (SCORAD) 
scores was noted, while levels of eosinophil counts, 
interferon-gamma (IFN-γ) and IL-4 were decreased. 
However, no significant reduction was observed in total 
use of topical corticosteroids[34]. Wang et al[35] compared 
children who received LP, Lactobacillus fermentum 
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treatment of eczema are more extensively studied, but 
little is known about the association of the microbial 
flora of the host and allergic airway diseases and the 
efficacy of probiotics in alleviating the symptoms of 
patients with asthma and rhinitis. Methodologies and 
results of the studies investigating the protective effects 
of probiotics in the development and treatment of 
allergic airway diseases are variable and controversial, 
but they give a promising perspective and offer new 
insights for further studies[11].

The heterogeneity of gut microbiota is required for 
the development of mucosal tolerance. The composition 
of the gut microbiota differs in children with asthma. 
Some species of Clostridium difficile were found in 
higher amounts whereas Bifidobacterium amounts were 
lower in the intestinal microbiota of asthmatic children[4]. 
Probiotics modulate immune responses through toll-like 
receptors, activation of dendritic cells, maintaining a Th1 
response and thereby suppressing Th2 response[4,11,12].

Evidence from ovalbumin (OVA)-sensitized murine 
asthma models showed significant reductions in the 
number of inflammatory cells in bronchoalveolar lavage 
fluid and airway hyperreactivity and an increase in 
the levels of regulatory T cells after administration 
of Lactobacillus reuteri ATCC 23272, LGG or Bifido­
bacterium lactis in single challenges. However, Lacto­
bacillus salivarius has not been shown to slow down 
allergic airway responses or reduce the number of 
inflammatory cytokines and cells[4,37]. In another study, 
OVA-sensitized mice were given B. breve M-16V, 
Bifidobacterium infantis NumRes251, Bifidobacterium 
animalis (B. animalis) NumRes252 and NumRes253, 
L. plantarum NumRes 8 and Lactobacillus rhamnosus 
NumRes6. After challenge with OVA, airway reactivity 
response to metacholine and numbers of inflammatory 
cells in bronchoalveolar fluid were measured. Of the 6 
strains, only B. Breve M16V and L. plantarum NumRes8 
were found to inhibit the metacholine response, reduce 
the number of inflammatory cells in bronchoalveolar 
lavage and reduce OVA-specific IgE and IgG1. These 
outcomes indicate that the immunomodulatory effects 
of probiotics can be strain specific[38].

A meta-analysis of randomized, placebo-controlled 
trials that evaluated the effect of probiotics given 
prenatally or postnatally within the first year and were 
published between 2001 and 2012 revealed statistically 
significant reductions of total IgE levels and the risk of 
atopic sensitization, but a significant decrease in asthma/
wheeze development was not seen. Atopic sensitization 
risk was decreased significantly when probiotics were 
given prenatally and postnatally, but the same effect 
was not seen when given only postnatally[11]. In another 
meta-analysis of randomized controlled trials of 17 
studies enrolling 4755 children, asthma, rhinitis and 
wheezing development was not changed significantly 
after prenatal and postnatal probiotic supplementation[39]. 
In a double-blind, randomized, placebo-controlled study, 
105 asthmatic children aged 6-12 years with a history 
of mild to moderate persistent asthma and persistent 

AR were enrolled. Lactobacillus gasseri A5 was given 
to the study group (n = 49). Study outcomes revealed 
decreases in the severity of asthmatic symptoms, 
improvements in the CACT score (P < 0.05) and 
decreases in bronchial hyperreactivity (P < 0.001) and 
significant improvements in the FEV1, FVC, FEV1/FVC 
and MEF25-75 levels in the study group[40].

Rhinitis plays an important role in the life quality 
of the host because of the frequent co-occurrence 
of AR and asthma and the united airway disease 
hypothesis[2]. Sinus bacterial diversity is important in 
the healthy functioning of upper airways and decrease 
in sinus inflammation[6]. In a study, 31 adults with AR 
received LP ST11 for 8 wk. IL-5, IL-8 and IL-10 levels 
from peripheral blood mononuclear cells decreased 
after the probiotic supplementation[41]. Peripheral blood 
eosinophils and IFN-γ levels as well as the need for 
medication were reported to be decreased in patients 
with Japanese cedar pollinosis after supplementation 
with B. longum[42].

The probiotics used must be resistant to acid and bile 
for enough efficacy and they should be taken regularly. 
At least 9 d of probiotic application was reported to 
be essential for significant inhibition of airway eosino­
philia and airway hyperreactivity in mice[11,37]. But 
experimental animals such as mice have a gut microbial 
flora which has less than 50% DNA identity to the 
human microbiota. Therefore, interpretation of the 
results should be cautiously made[4].

More studies done with different strains of probiotics 
and standardization of methodologies will offer advances 
in the understanding of microbial flora of patients 
with asthma and rhinitis and the therapeutic effects 
of probiotics for these patients. Also the duration of 
therapy, selection of probiotics in different situations and 
patients and the dosage of the probiotics need to be 
considered in the future studies.

PROBIOTICS AND OTHER ALLERGIC 
DISEASES
There are few studies about the effects of probiotics 
on urticaria. In a prospective, randomized, double-
blind, placebo-controlled study, 134 infants (68 in 
placebo, 66 in study group) received either a placebo-
supplemented hypoallergenic formula or a prebiotic-
supplemented (8 g/L scGOS/lcFOS) hypoallergenic 
formula during the first 6 mo of life. Cumulative 
incidence of allergic urticaria at 2 years of age was 1.5% 
in the study and 10.3% in the placebo group (P < 0.05)[5]. 
In patients with systemic nickel allergy syndrome, 
after 2 wk of Lactobacillus reuteri DSM 17938 strain 
supplementation, a significant improvement was seen 
in cutaneous symptoms such as urticaria, presence of 
itch and eczema in both the study and control groups. 
Gastrointestinal symptoms improved only in the patients 
supplemented with Lactobacillus reuteri[43]. In a case 
study, probiotic supplementation and antihistamines 
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were given to a 17-mo-old boy with urticaira pigmentosa 
and a decrease in pruritus, and improvement of appetite 
and sleeping was reported[44].

Food allergy is seen early in the course of atopic 
march and is a known aggravating factor of AD. Food 
induced anaphylaxis is the most common cause of 
anaphylaxis in outpatients especially in children and can 
be fatal. In a study, LP L9 was given to β-lactoglobulin 
(BLG)-sensitized mice. Levels of CD4+CD25+Foxp3+ 

Treg cells in mesenteric lymph nodes increased by 
51.85% after the supplementation[45]. Among the 
probiotic strains, LGG was reported to be the most 
studied probiotic in the prevention of food allergy, 
especially cow milk allergy[46]. In a study, 119 infants 
with cow milk protein allergy were given a probiotic 
supplemented extensively hydrolysed casein-based 
formula. Food related symptoms and SORAD index 
were improved[47]. A double-blind, placebo-controlled 
randomized trial of 62 children with peanut allergy on 
oral immunotherapy Lactobacillus rhamnosus CGMCC 
1.3724 supplementation was given. In the study group 
89.7% and in the placebo group 7.1% of children were 
desensitized (P < 0.001) at the trial end[48]. Probiotic-
supplemented peanut sensitized mice have been 
shown to have increased splenic naturally occurring T 
regulatory cell populations and reduced gene expression 
IL-13 compared to controls[49]. In spite of these en
couraging results, a meta-analysis of 10 trials did not 
show preventive effects of prenatal and postnatal usage 
of probiotics on food allergy[50].

In a murine model of food allergy induced systemic 
anaphylaxis, VSL3 probiotic was reported to suppress 
TH2 mediated reactions and anaphylactic reactions[51]. 
Probiotics can contribute to decreases in the allergic 
symptoms as well as anaphylactic reactions through 
induction of Treg cells, suppression of Th2 responses, 
inhibition of mast cell membrane potassium (IKCa) 
current and degranulation[52,53]. Clinical studies evalua
ting the effects of probiotics in allergic diseases are seen 
in Table 1.

The formation and maintenance of gut flora in a 
proper way in the early life are crucial especially for AD 
and other allergic diseases. Although there is partial 
debate over the prevention of the development of 
AD, here it is worth noting to mention some recom
mendations. Although it alone does not prevent eczema 
yet, breast-feeding of infants should be promoted. 
Normal vaginal delivery which is quite important for 
gut microbiota of the infant should be promoted except 
medical contraindications. Unnecessary use of antibiotics 
which impair gut flora should be avoided in early life. To 
the date of this study, there is no strong evidence for 
use of probiotics in the treatment of eczema; however, 
administration of probiotics in breastfeeding mothers 
in the prenatal period and infants in the postnatal 
period can be accepted as a safe and helpful option 
in the prevention of eczema. In contrast, there is not 
yet reliable evidence or recommendations on use of 
probiotics for the prevention or treatment of asthma, 

AR, food allergy, and anaphylaxis currently. More 
standardized studies should be performed with different 
strains of probiotics to evaluate the protective and 
therapeutic effects of probiotics on other allergic diseases 
as well as eczema. 
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Abstract
AIM: To study the bacteriocidal or bacteriostatic role of 
mast cells during infection with Mycobacterium.

METHODS: Mycobacterium marinum  (M. marinum) 
(BAA-535/M strain) was investigated for its ability to 
grow at a temperature relevant to the mammalian 
host. Primary mast cells were differentiated from bone 
marrows of mice, a human mast cell line (HMC-1) 
and a human monocytic cell line (MonoMac6) were 
maintained in culture. Mice were stimulated by intra
peritoneal injection of heat-killed M. marinum to study 
cytochemically the degranulation of peritoneal mast 
cells. HMC-1 cells were stimulated with M. marinum to 
analyse mRNA expression for inflammatory reactant 
genes, while HMC-1 and primary mouse mast cells 
were infected with M. marinum to establish in parallel 
cell viability (lactate dehydrogenase release and 
cell counts) and viable mycobacterial counts. Flow 
cytometry was used to assess intracellular presence of 
fluorescein isothiocyanate labelled M. marinum after 
trypan blue quenching and to measure the extent of 
infection-induced apoptosis or necrosis in HMC-1. A GFP 
expressing recombinant M. marinum strain was used to 
assess intracellular location by fluorescence microscopy. 
Light microscopy of osmium tetroxide and Gram Twort 
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stained sections of 0.5 μm and transmission electron 
microscopy were undertaken as sensitive methods. 

RESULTS: Since its isolation, M. marinum  has 
adapted to grow at 37 ℃. This study found that M. 
marinum infects HMC-1 cells and primary murine mast 
cells, where they survive, replicate, and cause dose 
dependent cell damage over the analysis period of up 
to 120 h. Amikacin was an effective aminoglycoside 
antibiotic to eliminate extracellular or membrane 
attached M. marinum in order to adequately quantify 
the intracellular bacterial loads. In vivo , intraperitoneal 
injection of heat-killed M. marinum led to the release of 
mast cell granules in mice. HMC-1 cells stimulated with 
M. marinum  showed a biphasic pattern of increased 
mRNA expression for LL-37 and COX-2/TNF-a during 24 
h of stimulation. In HMC-1, M. marinum localised to the 
cytoplasm whereas in primary mast cells, M. marinum 
were found in vacuoles.

CONCLUSION: The effector role of mast cells in 
infection with M. marinum can be studied in vitro  and in 
vivo . 

Key words: Mast cells; Mycobacterium marinum ; 
Microscopy; Infection; Degranulation

© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Mycobacterium marinum (M. marinum) is easily 
culturable and shows promise as a model to understand 
in mammalian cells the pathogenicity of M. tuberculosis. 
We used M. marinum to study uptake and elimination 
of M. marinum by mast cells, being abundant immune 
effector cells. A range of imaging techniques was used 
to unequivocally show the intracellular presence of M. 
marinum. Mast cells did not control the replication of 
M. marinum  but reacted in a pro-inflammatory way. 
This is consistent with mast cells being orchestrators 
of inflammation. In summary, we clearly show that M. 
marinum can infect mast cells, survive and replicate 
within.

Siad S, Byrne S, Mukamolova G, Stover C. Intracellular 
localisation of Mycobacterium marinum in mast cells. World J 
Immunol 2016; 6(1): 83-95  Available from: URL: http://www.
wjgnet.com/2219-2824/full/v6/i1/83.htm  DOI: http://dx.doi.
org/10.5411/wji.v6.i1.83

INTRODUCTION
Mycobacterium marinum (M. marinum) is the causative 
agent of mycobacterial disease in poikilotherms and of 
the so-called “swimming pool” granuloma contracted 
by the human host[1]. Because it is a relatively fast-
growing (generation time approximately 4 h) and a 
containment level 2 pathogen, M. marinum is used 

as a model organism to understand pathogenicity 
and host response to M. tuberculosis, which is slower 
growing (generation time approximately 20 h), and 
requires higher levels of containment[2]. The natural 
host, zebrafish, is used as a model organism to deve­
lop understanding of mycobacterial pathogenesis in 
general[3], but M. marinum has also been studied in 
mouse models of topical or systemic infections[4,5]. 

The primary host cell for M. tuberculosis infection is 
the macrophage where pathogenic mycobacteria initially 
infect and spread into resting macrophages. These 
in turn serve as a habitat for survival and replication 
of the bacteria[6]. Dissemination of mycobacteria by 
macrophages has been observed in real-time using 
M. marinum infected zebrafish embryos, showing the 
transfer of mycobacteria from one macrophage to 
another via membrane tethers[7]. Normally, activated 
macrophages possess potent microbicidal activity or at 
least control the growth of pathogenic mycobacteria[8]. 
However, the mycobacteria cell envelope confers to 
the bacilli the ability to survive and replicate within 
phagosomes of macrophages where they arrest 
phagosome maturation[9]. Macrophages respond to M. 
tuberculosis infection with apoptosis and secretion of 
inflammatory cytokines and are tightly involved in the 
formation of granulomas. 

Mast cells have been found associated with tuber
culous granuloma[10]. Abundant in mucosal tissues, 
intratracheal injection of guinea pigs with M. tuberculosis 
led to degranulation of mast cells[11]. Pre-treating 
mice with C48/80, a potent mast cell activator, by 
repeated intranasal administrations before intratracheal 
infection with M. tuberculosis impeded neutrophil and 
mononuclear cell recruitment in the bronchoalveolar 
space and clearance of bacteria[12]. This experiment 
illustrated the orchestrating role mast cells have in 
mounting a pro-inflammatory response. Reconstitution 
of mice with interleukin-3 (IL-3) differentiated bone 
marrow derived mast cells (BMDMC) from TLR2+/+ or 
TLR2-/- mice showed that TLR2 expression of mast cells 
was important for the normal inflammatory response 
to M. tuberculosis (myeloid cell recruitment, pro-
inflammatory cytokine production, granuloma formation 
and bacterial clearance)[13]. 

Infection of the rat basophilic cell line RBL-2H3 (used 
as a model of mast cells) and peritoneal mast cells 
with M. tuberculosis triggered the release of pre-stored 
reactants such as histamine and β-hexosaminidase, and 
the de novo synthesis of pro-inflammatory cytokines 
TNF-α and IL-6 at 30 min and 6 h[14,15]. Mast cells may 
form cholesterol dependent pseudopod like structures 
(lipid rafts) to take up M. tuberculosis, which may then 
replicate within the mast cells[15]. 

However, it is unclear whether mycobacteria are 
susceptible to the inhibitory and/or killing actions posed 
by mast cells directly, whether and to what extent mast 
cells internalise mycobacteria. It is also not known to 
what extent mycobacteria survive inside the activated 
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mast cell. 

MATERIALS AND METHODS
Bacterial strains
M. marinum BAA-535/M strain (isolated from human 
lesions) was originally obtained from the clinical 
laboratories of Moffitt Hospital at the University of 
California, United States, and provided by Dr. Hagedom 
M (University of Geneva). M. marinum strain expressing 
GFP was generated by introduction of pMind plasmid[16] 
expressing GFP from a Tet-promoter and was maintained 
in 50 μg/mL kanamycin. The bacilli were grown to mid 
log phase in Middlebrook 7H9 broth (Difco, Detroit, 
MI) supplemented with 0.5% (v/v) glycerol, 0.05% 
(v/v) Tween 80 and 10% (v/v) Albumin/Dextrose 
complex (ADC) at 32 ℃ without shaking. The strain was 
identified as M. marinum prior to experiments by acid 
fast staining, photochromogenic test, and sequencing 
of 16SrDNA. Single cell suspensions were obtained by 
passing through a 25G gauge needle to disperse cell 
clumps prior to infection. Whilst being a fish pathogen, 
the clinical isolate of M. marinum that was used in this 
work was able to grow at 37 ℃ (Figure 1).

Cell cultures
Primary murine mast cells were differentiated from 
bone marrows of mice (BMDMC) with 100 ng/µL of 
recombinant mouse IL-3 (Peprotech) over 5 wk[17]. Cells 
were characterised as mast cells by flow cytometry 
for the expression of high affinity mast cell receptor 
FceRI (BioLegend) (Figure 2). A human mast cell line 
(HMC-1) was cultured in Iscove’s Modified Dulbe
cco’s Medium (IMDM) supplemented with 10% (v/v) 
heat-inactivated iron supplemented foetal calf serum 
(Fisher, Loughborough, United Kingdom), 1.2 mmol/L 
1-thioglycerol (Sigma-Aldrich) and 100 U/mL penicillin, 
100 μg/mL streptomycin. The cells were split 1:3 every 
3-4 d and re-suspended in fresh medium. The human 
monocyte cell line MonoMac6[18] was maintained in 
RPMI1640 medium supplemented with 2 mmol/L 
L-glutamine, 1% (v/v) non-essential amino acids, 1 
mmol/L pyruvate, 10% (v/v) heat-inactivated FCS and 

100 U/mL penicillin, 100 μg/mL streptomycin. 

In vivo stimulation 
C57Bl/6J mice were used at 4 mo. A volume of 100 μL 
of heat-killed M. marinum (OD600nm 0.7), at a dose 
comparable to that of Complete Freund’s Adjuvant, was 
injected intraperitoneally in two mice, while two control 
mice received 100 μL PBS. All appropriate measures 
were taken to minimise pain or discomfort. The mice 
were monitored and culled at 4 h by cervical dislocation 
in the absence of any clinical signs of illness in any of 
the mice. Peritoneal lavage was performed with cold 
phosphate-buffered saline (PBS) with 4% (v/v) foetal 
calf serum (FCS) to collect peritoneal cells. Cytological 
staining of the peritoneal mast cells was then performed 
using Toluidine blue, Wright’s stain, Bismarck Brown and 
Kinyoun stain. Slides were air dried and mounted with 
cover slips using Xylene and DPX mounting medium. 

In vitro infection
Mast cells (2 × 105 cells/mL) were infected with M. 
marinum at a multiplicity of infection (MOI) of 0.5:1 
(bacteria per cell) in 24 well-plates and incubated for 4 
h (37 ℃, 5% CO2 humidified atmosphere). Cells were 
washed three times with PBS and treated with 200 
μg/mL amikacin for 2 h (optimised). Thereafter, the 
cells were washed and re-suspended with complete 
IMDM without antibiotics and incubated further for up to 
120 h. At each time point, viability count (using trypan 
blue dye-exclusion method) and colony-forming units 
(CFU) count [after lysis of the infected cells with 0.1% 
(v/v) Triton X-100 for 5-10 min] were carried out. Ten 
microliters drops containing serially diluted bacteria 
were spotted on ADC supplemented 7H10 agar plates. 
The plates were stored in a plastic sleeve to maintain 
humidity and incubated at 32 ℃ for 7-14 d to obtain 
M. marinum colonies. For some experiments, cells (2 
× 106 cells/mL) were infected with M. marinum at MOI 
0.5, 10, 25, 50. At each time point cells were washed 
once with PBS to remove the extracellular bacteria and 
were processed for flow cytometry or stored at -80 ℃ 
for total RNA extraction. The supernatants were kept at 
-80 ℃ for further investigation. 
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(Olympus FV1000) were applied. The cells were fixed 
with 4% (w/v) paraformaldehyde for 10 min at room 
temperature, followed by 30 min to dry in the dark. 
Thereafter, two drops of 3 µL mounting media [75% 
(v/v) glycerol] were added onto the cover slip and 
then pressed onto a microscope slide and allowed to 
adhere overnight at room temperature in the dark. 
For epifluorescence microscopy, the preparations were 
observed using a Nikon Diaphot 300 inverted microscope 
with a 100 W mercury light source. Images were 
recorded using a 12/10 bit, high speed peltier-cooled 
CCD camera (FDI, Photonic Science) using Image-Pro 
Plus (Media Cybernetics) software. Preparations for 
confocal laser scanning microscopy were observed using 
Olympus FV1000 inverted IX81 motorised confocal laser 
scanning microscope.

Zero point five micron-cross-sections of Mono Mac 
6 and HMC-1 cells (infected with M. marinum at MOI 
10 for 24 h) were produced using an ultramicrotome 
(Reichert, glass knife). After fixing the cells with 4% (v/v) 
glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4), 
cells were post fixed with 1% (w/v) osmium tetroxide 
(OsO4) and dehydrated in an ethanol series. Cells were 
then exposed to the intermediate solvent epoxypropane 
(propylene oxide) before embedding in Agar Low 
Viscosity Resin (epoxy resin) and baking at 60 ℃ for 16 
h. Sections were baked onto glass slides, then stained 
using Gram-Twort’s. All the steps were carried out on a 
80 ℃ hotplate. The images were then viewed by light 
microscopy (Olympus CH2) using × 100 oil immersion 
and images were captured using iPhone 4S.

For transmission electron microscopy (TEM) 
analysis, cells (1 × 106 cells/mL) were infected with M. 
marinum at MOI 10 for 24, 72 and 120 h. After each 
timespan of infection, the cells were harvested (300 × g, 
5 min) and washed once with PBS. The pellets were re-
suspended with 1 mL 1% (v/v) glutaraldehyde in 0.1 
mol/L sodium cacodylate buffer (pH 7.4) at RT for 30 
min. After three washes of 0.1 mol/L sodium cacodylate 
at 250 × g for 20 min, the cells were fixed with 1% (w/v) 
osmium tetroxide in 0.1 mol/L sodium cacodylate for 
90 min at 4 ℃, and thoroughly washed with distilled de-
ionised water three times for 20 min each wash[19]. The 
samples were embedded in 3% (w/v) agar and were 
dehydrated through an ethanol series. 100% analytical 
grade ethanol was used to wash the samples twice for 
15 min, followed by two changes of propylene oxide 
(PO) for 15 min and then transferred through changes 
of PO: Agar low viscosity resin mix 1:1 ratio for 60 min 
in two changes and lastly 3:1 ratio for 60 min. The 
samples were transferred into 100% low viscosity agar 
overnight and then loaded into capsules with fresh agar 
low viscosity resin for 3 h, followed by polymerisation 
at 60 ℃ for 16 h to produce a solid block for ultrathin 
sectioning (80-100 nm, diamond knife). 

Quantitative RT-PCR
Total RNA was prepared using TRIzol Reagent 
(Invitrogen, Paisley, United Kingdom) according 

Lactate dehydrogenase assay
The release of lactate dehydrogenase (LDH) from 
the cytoplasm in the supernatants was measured for 
BMDMCs infected with M. marinum at MOI 0.5, 10 
and 25 for 8 h in comparison with uninfected control 
cells. The assay was performed according to the 
manufacturer’s instructions (CytoTox 96® Non-Radioa­
ctive Cytotoxicity Assay, Promega United Kingdom Ltd, 
Southampton, United Kingdom). 

Flow cytometric analysis
To assess purity of BMDMCs after differentiation with 
IL-3, the cell population was harvested (300 × g, 5 min); 
next, 1 × 106 cells were re-suspended with 100 µL Fc 
Block [CD16/32, clone 2.4G2, diluted 1:200 in FACS 
buffer, 2% (w/v) BSA in sterile PBS]. The samples were 
then incubated for 15 min on ice, centrifuged at 500 
× g for 5 min at 4 ℃ and stained with 100 µL FACS 
buffer containing PE conjugated anti-mouse FcεRI alpha 
(clone MAR-1, BioLegend, 1:200) or its isotype control 
(Armenian Hamster IgG). The samples were incubated 
on ice for 15-30 min in the dark. After two-three 
washes in FACS buffer, the samples were re-suspended 
with 500 µL FACS buffer. The data were acquired using 
a FACSCalibur instrument (Becton Dickinson) and were 
analysed using the CellQuest Pro Software (Becton 
Dickinson) and Flow-Jo Software. 

Quantification of mycobacterial uptake by mast cells 
was determined using an established fluorescence-
quenching technique. A single cell suspension of M. 
marinum (1 × 109 CFU/mL) was labelled by incubation 
with 0.5 mg/mL of fluorescein isothiocyanate (FITC; 
Sigma) in 0.1 mol/L carbonate buffer (pH 9.0) at 37 ℃ 
for 2 h. FITC labelled M. marinum were washed twice 
with PBS to remove unbound FITC and re-suspended 
with fresh IMDM (complete without antibiotics). 
Thereafter, 1 × 106 cells/mL mast cells were infected 
at MOI 10:1 (bacteria per cell) for 24 h (37 ℃ in 
humidified 5% CO2 incubator). After each time point, 
the infected cells were washed three times with washing 
buffer [2% (w/v) BSA-PBS] to remove the extracellular 
bacteria and incubated with sodium acetate buffer (0.05 
mol/L; pH 4.5) containing 0.06% trypan blue for 5 min 
at 4 ℃. Cells were harvested (300 × g, 5 min) and re-
suspended with 500 µL of fixation buffer [2% (w/v) 
paraformaldehyde in PBS] to carry out the acquisition 
step of the flow cytometer. 

Discrimination of apoptotic and necrotic cellular 
subpopulations was achieved by simultaneously staining 
infected and uninfected HMC-1 cells, with Annexin V 
(FITC) and propidium iodide (PI) in the presence of 2.5 
mmol/L of CaCl2. Samples were incubated on ice in the 
dark for 30 min and analysed by flow cytometry. 

Microscopic analyses
To visualise intracellular mycobacteria using GFP 
expressing M. marinum (pMIND), epifluorescence 
microscopy and confocal laser scanning microscope 
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to the manufacturer’s instructions. After DNAseI 
digest and extraction, first strand cDNA synthesis 
was carried out according to the manufacturer’
s instructions (Thermo Scientific United Kingdom). 
Primer sequences for subsequent PCR were 
for TNF-a  5 ’-CCCGACTATCTCGACTTTGC-3’ 
and  5 ’ -GTTGGATGTTCGTCCTCCTC-3 ’,  f o r 
N O D 2  5 ’ - G G C A G C C TC TTC A A A ATG A G - 3 ’ 
and 5 ’ -GGGAAGAAGTCAATGGCAAA-3’,  for 
COX2 5 ’-CGCCCTCATAATCATTTTCC-3’  and 
5’-GAGGGCGATGAGGACTAGG-3’, for LL-37 
5’-GAAGACCCAAAGGAATGGCC-3’ and 5’-CAGA
GCCCAGAAGCCTGAGC-3’, for β2microglobulin 5’-GGCTAT
CCAGCGTACTCCAAAG-3’ and 5’-CAACTTCAATGTCGG
ATGGATG-3’. The Livak or 2-ΔΔCT method was used to 
calculate the normalised expression ratio of the target 
gene with reference to β2M gene[20]. 

Ethical consideration
Animal care and use statement: The animal protocol 
was designed to minimise pain or discomfort to the 
animals by using heat-killed M.marinum to cause 
immune stimulation, not disease. Mice were taken from 
a breeding colony within the unit, were acclimatised 

to 21 ℃, 50% humidity, with 12/12 h light/dark cycle, 
and had ad libitum access to food (EURodent Diet 14%, 
LabDiet, International Product Supplies, London, United 
Kingdom) and water. Controls and experimental animals 
were each jointly housed. Intraperitoneal injection 
and cervical dislocation at the end of the experiment 
were performed by trained staff competent in these 
techniques in accordance with Home Office regulations. 

Statistical analysis
Data are presented as means + standard deviations. 
Both Microsoft Excel and GraphPad Prism (v.4.02 
for Windows; GraphPad Software, San Diego, CA) 
were used to analysis data in this study, and where 
appropriate statistical analyses was done using One-
way and Two-way ANOVA (Analysis of Variance) with 
Bonferroni post-test using GraphPad Prism program, 
unless stated otherwise. A P value of < 0.05 was 
considered statistically significant. 

RESULTS
Mast cells are stimulated by M. marinum 
To demonstrate mast cell involvement in an in vivo 
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model, C57/Bl6J mice were stimulated intraperitoneally 
with heat-killed M. marinum and peritoneal lavages 

were performed. Cytologically, there was no evidence 
of bacteria associated to or visibly internalised by mast 
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Figure 3  Peritoneal mast cells stimulated with Mycobacterium marinum degranulate. Heat-killed (A) and untreated (B) Mycobacterium marinum (M. marinum) 
positive for Kinyoun’s acid fast stain, while peritoneal mast cells from mice injected with heat-killed M. marinum were negative (C). Metachromatic granules of 
peritoneal mast cells are stained with toluidine blue from unstimulated mice (D, E) and mice injected with heat-killed M. marinum (F, G). An exemplary image of each 
experimental mouse is shown (Olympus CH2, × 100 oil immersion, captured using iPhone 4S). 
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cells but significant degranulation (Figure 3). To assess 
the inflammatory response in a greater number of mast 
cells (replacement of animal models), a cell line was 
used. After incubation of HMC-1 with M. marinum for 4, 
6, 12, 24 h, qRT-PCR analysis showed early expression 
of LL-37 mRNA, significant expression of COX-2 and 
TNF-a mRNA at 12 h and delayed expression of NOD2 
mRNA at 24 h (Figure 4).

M. marinum infects mast cells, where it replicates
Assessment of LDH release, a measure of cytoplasmic 
leakage, from HMC-1 incubated with M. marinum 
revealed significant damage incrementally at MOI 10 
and 25 compared to the uninfected control (Table 1). 
Flow cytometric analysis using Annexin V and PI showed 
that early apoptosis was detected in about 1/3 of the 
infected cell population. It is possible that internalised 
bacteria account for some PI staining in late apoptotic 
and necrotic cells (Table 2).

Next, HMC-1 and primary murine mast cells were 
infected with M. marinum (MOI 0.5) for up to 120 h. 
Among the aminoglycoside antibiotics tested, only 
amikacin proved efficacious against M. marinum, whilst 
leaving the viability of mast cells unimpaired (data 
not shown). It was used at 0.2 mg/mL for 2 h to kill 
all extracellular bacteria after infection of mast cells - 
this was verified by the lack of CFU grown from the 
supernatants - so that subsequently, the intracellular 
viable bacterial load could be determined. At 4 h after 

infection, there was significant presence of viable M. 
marinum in the experimentally lysed eukaryotic cells, 
especially in HMC-1. Cultures of HMC-1 and primary 
murine mast cells infected in parallel and analysed 
over longer times maintain a considerable intracellular 
bacterial load of M. marinum. Though intracellular 
growth of M. marinum appeared to be somewhat 
controlled in BMDMC at 24 h, both types of mast cells 
harboured significantly elevated CFU at 120 h with 
concomitant increase in cell damage (12%-14%), as 
assessed by the trypan blue exclusion method (Figure 
5). 

Intracellular presence of M. marinum in mast cells
Flow cytometric analysis was performed using fluore
scently labelled mycobacteria and quenching any 
extracellular signal with trypan blue. With this method, 
the intracellular content of the labelled material can 
be reliably measured. Because our GFP-expressing M. 
marinum strain showed growth restriction at 37 ℃, it 
could not be used for this purpose. Alternatively, M. 
marinum were instead labelled with FITC and used to 
infect HMC1 and primary murine mast cells at MOI 10 
for 24 h. After washing, trypan blue was added and cells 
were analysed by flow cytometry. Intracellular presence 
detected in this manner varied from 5%-8% of gated 
intact cells for BMDMC and HMC-1 cells, respectively 
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Figure 4  quantitative reverse transcriptase- polymerase chain reaction analysis of inflammatory genes from human mast cell line incubated with 
Mycobacterium marinum (MOI 10). The target inflammatory genes were normalised to individual housekeeping gene (β2M), thereafter the target genes were calculated 
against control human mast cell line cells and expressed as fold change. The error bars show standard deviation of two-four independent experiments, each in either 
duplicate or triplicate. NOD2: Nucleotide-binding oligomerization domain-containing protein 2; COX2: Cyclooxygenase 2; TNF-a: Tumour necrosis factor-a.

  Mast cells infected with M. marinum 
  at different MOIs for 8 h

LDH release, % increase over 
uninfected control

  0.5:1 (bacteria:cell)   4.20%
  10:1 (bacteria:cell) 31.10%
  25:1 (bacteria:cell) 43.70%

Table 1  Lactate dehydrogenase release was measured 
photometrically

Mean of triplicate determinations was related to the control and expressed 
as % increase. M. marinum: Mycobacterium marinum; LDH: Lactate 
dehydrogenase; MOI: Multiplicity of infection.

  Uninfected/infected 
  HMC-1

Annexin 
V-/PI-

Annexin 
V+/PI-

Annexin 
V+/PI+

Annexin 
V-/PI+

  Uninfected (control) 99.80%   0.20%     0%     0%
  Infected with M. marinum 
  at MOI 10

58.52% 31.76% 2.98% 6.70%

  Infected with M. marinum 
  at MOI 25

58.24% 29.37% 4.25% 8.14%

Table 2  A representative flow cytometric analysis of 
apoptotic (Annexin V+/PI-, early; Annexin V+/PI+; late) and 
necrotic (Annexin V-/PI+) human mast cell line cells after 8 h 
infection with Mycobacterium marinum

Percentage gated population. HMC-1: Human mast cell line; MOI: 
Multiplicity of infection; M. marinum: Mycobacterium marinum.

Siad S et al . Mast cells - potential effector cells during infection with Mycobacterium marinum



(Figure 6). 
Various techniques were employed to visualise the 

intracellular presence of M. marinum in mast cells. 
Whilst fluorescence microscopy did not convincingly 
differentiate between adsorption and intracellular 
presence of M. marinum (Figure 7), clear evidence was 
for the first time obtained from the analysis of 0.5 μm 
cross-sections prepared of HMC-1 cells, in comparison 
with infected MonoMac6 cells (Figure 8). Though the 
monocytic cell line seems more avid in the bacterial 
uptake, a comparable picture is obtained when producing 
and analysing thin sections from mast cells. Lastly, to 
confirm this observation beyond doubt, TEM was used 
for both, HMC-1 cells and BMDMCs, which were infected 
with M. marinum at MOI 10 for 24 h (Figure 9). M. 
marinum sub-localised to the cytoplasm of HMC-1 cells 
whereas the bacilli sub-localised in vacuoles of BMDMCs.

DISCUSSION
This study shows that the involvement of mast cells 
in infection with M. marinum was manifold; mast cells 
degranulated, expressed mRNA of pro-inflammatory 
genes, lost cytoplasmic integrity, underwent apoptosis 
and to a lesser extent necrosis, and also internalised the 
bacilli. At the MOI chosen, the study could not evaluate 
a bactericidal or bacteriostatic effect of mast cell activity 
against mycobacteria, although the bacteria did not 
grow in culture medium alone. 

We employed a human mast cell line (HMC-1 cells) 
which was established from a leukaemia patient by 

Butterfield et al[21]. As this cell line has a phenotype 
typical of immature mast cells, we isolated primary 
mast cells from the bone marrows of C57/Bl6J mice. 
The cells were differentiated with IL-3, and were 95% 
pure according to their surface staining for FcεRI. 
Other sources to study mast cell interaction with M. 
tuberculosis include a rat basophilic leukaemia cell line 
(RBL-2H3)[14,15] although there is contention about the 
relationship of these cells to mast cells[22]. 

Firstly, we established that M. marinum does lend 
itself to studies of eukaryotic infection because its 
growth at 37 ℃ compared well to that at the more 
typical temperature for this bacterium of 32 ℃. This 
observation had precedence in the description by others 
of growth at 37 ℃ for the M. marinum strain[23-25]. In 
accordance with other studies, we found that GFP or ds-
Red expressing M. marinum strains could not grow at 
37 ℃[26].

Next, we showed that M. marinum can infect, survive 
and replicate inside mast cells (HMC-1 and BMDMCs), 
where the bacilli sub-localise in the cytoplasm of 
HMC-1 cells, yet show a vacuolar presence in the more 
mature BMDMCs. In HMC-1 cells, no bacteria were seen 
surrounded by a vacuolar membrane at 24, 72 and 
120 h (data not shown). Given that the overall uptake 
was low, it seems unlikely that M. marinum would have 
escaped from a vacuole in the interval of sampling time 
points. By contrast, M. marinum were regularly found 
in phagocytic vacuoles in the mature BMDMCs, with 
occasionally larger numbers of M. marinum occupying 
a single vacuole. These subcellular locations may reflect 
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uptake mechanisms which differ between immature 
and mature, non-professional phagocytic cells.

During the analyses of the cytoplasmic presence of 
M. marinum in TEM images, the presence of damaged 
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Figure 7  Representative image of human mast cell line cell infected with green fluorescent protein expressing Mycobacterium marinum. A: Green 
fluorescent protein expressing Mycobacterium marinum; B: Human mast cell line in phase contrast; C: Overlay image of A and B.
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Figure 6  Flow cytometric detection of intracellular fluorescein isothiocyanate labelled Mycobacterium marinum (trypan blue quenching method). A: 
bone marrow derived mast cells; B: Human mast cell line. Density plot and histogram to measure R1 gate of uninfected control cells (a, b) and of cells infected with 
Mycobacterium marinum at MOI 10 for 24 h (c, d); e: Overlay of b and d; f: Portion of fluorescent signal of R1 gate (fluorescein isothiocyanate labelled bacteria), 
expressed in percentage. This data is a collection of three independent experiments, each performed in duplicate; error bars represent standard deviations. MOI: 
Multiplicity of infection.
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cells was noted. Viability of mast cells after low dose 
infection (MOI 0.5) for 120 h had shown only mild 
impairment. Measurement of cytoplasmic LDH release 
due to infection-induced injury revealed significant 
damage at MOI 10 and 25 compared to the uninfected 
control, contrary to low MOI (0.5). Up to this time point, 
it was known that M. marinum caused the release of 
LDH from infected macrophages[27]. In flow cytometric 
analysis using Annexin V and PI, we demonstrated that 
this damage was likely caused by an increase in necrotic 
cells. 

Cruse et al[28] (2010) showed that mast cells 
(including HMC-1 cells) were able to kill Streptococcus 
pneumoniae and in response to pneumolysin, they 
rapidly released the antimicrobial peptide cathelicidin 
LL-37 (which is capable of inducing pneumococcal cell 
death), and the pro-inflammatory mediator LTC4. In 

relation to the pneumococcus, Cruse et al[28] (2010) 
also showed that although cell contact may increase 
the cytotoxicity of mast cells to pneumococci, HMC-1 
cells can elicit antimicrobial activity to pneumococci in 
the absence of cell contact. In contrast, von Köckritz-
Blickwede et al[29] (2008) demonstrated that HMC-1 cells 
can kill directly S. pyogenes without phagocytosis but 
cellular contact was required. They showed that LL-37 is 
caught in extracellular traps and H2O2 was required for 
extracellular trap formation (a process which is required 
for antimicrobial activity of HMC-1 against S. pyogenes). 
This process is at the cost of HMC-1 cell viability as the 
cells seemed to have undergone nuclear degradation 
to form these traps. The investigators referred to this 
so-called cell death, which is between apoptosis and 
necrosis, as “NETosis”. Whilst Arock et al[30] (1998) 
showed that mast cells phagocytose Staphylococcus 
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Figure 8  Light microscopic evidence of the intracellular presence of Mycobacterium marinum in human mast cell line. Gram-Twort stained, 0.5 µm thin cross 
sections of Mono Mac 6 cells [A: uninfected; C: infected with Mycobacterium marinum (M. marinum) at MOI 10 for 24 h] and human mast cell line (HMC-1) cells (B: 
Uninfected; D: Infected HMC-1 cells with M. marinum at MOI 10 for 24 h). The red arrows in insets C and D indicate internalised M. marinum (Olympus CH2, × 100 oil 
immersion, captured using iPhone 4).
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aureus, Cruse et al[28] (2010) and von Köckritz-
Blickwede et al[29] (2008) reported that mast cells do 
not phagocytose S. pneumoniae or S. pyogenes, we 
showed for the first time that mast cells can internalise 
M. marinum where the bacilli survive and replicate. 

In spite of the fact that the viability of infected mast 
cells at MOI 0.5 decreases with prolonged infection 
(up to 120 h), a large proportion of the infected cells 
(HMC-1 and BMDMCs) were trypan blue negative and 
therewith deemed viable (88%-86%). Based on our 
analysis of intracellular viable count, it is these viable 
cells which harbour a significant number of viable M. 
marinum. These in turn are likely to have adapted 
to this intracellular environment and to the action of 
synthesised inflammatory products. mRNA for the 
antimicrobial peptide LL-37 was an early indicator 
of the antimycobacterial response. COX2 TNF-a and 
NOD2 mRNA were increased later. The release of TNF-a 
from the supernatants of infected HMC-1 cells at MOI 
0.5, 1 and 10 for 24, 72 and 120 h, using TNF-a bio-
assay (L929 cells) was undetectable (data not shown). 
This is consistent with previous observations that the 
TNF-a produced by HMC-1 is not bioactive[31]. Further 
studies are needed to evaluate the transcriptomic 
changes undergone by M. marinum in response to its 
intracellular localisation. 
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COMMENTS
Background
Host pathogen interactions in Mycobacterium tuberculosis (M. tuberculosis) 
infection have been extensively studied for macrophages, dendritic cells, and 
have recently been described for epithelial cells and mast cells. The study of M. 
tuberculosis, however, requires sophisticated containment facilities. Isolation of 
M. marinum from zebrafish, its characterisation in granulomatous waterborne 
disease in man and comparative analysis of its genome against other 
mycobacterial species eventually led to its wider introduction in experimental 
work. Mast cells are important immune effector cells, which tailor the release 
of their granular content to different modes of activation (crosslinking of FcεR 
bound antibodies, activation of complement, recognition of pathogen associated 
molecular patterns, integrin signalling). Whilst tissue resident macrophages 
originate from the yolk sac, mast cells differentiate from myeloid bone marrow 
precursors, are much longer lived than macrophages and proliferate. Mast cells 
reside close to mucosa, nerves, lymphatics and vessels. 

Research frontiers
M. smegmatis does not replicate intracellularly and incompletely models 
characteristics of M. tuberculosis. Use of M. marinum to study mammalian 
immune responses was hampered by its being primarily a pathogen of 
poikilotherms and causative of skin disease in humans (“fish tank granuloma”). 
However, its adaptation to 37 ℃, its sensitivity to amikacin, and its ability to 
replicate intracellularly render M. marinum to be of interest to those studying 
host-pathogen interactions of M. tuberculosis. 

Innovations and breakthrough
This is the first study to use 0.5 μm thin cell sections to demonstrate the 
intracellular location of M. marinum after infection. This technique, for this 
question, rivals the use of transmission electron microscopy. 

Applications
Because the natural host of M. marinum is different (zebra fish), the study 
does not address mycobacterial pathogenesis in the natural host. However, M. 
marinum does infect humans and causes fish tank granuloma which sometimes 
can resolve without treatment and implies an efficient, still not fully characterised 
role of the immune system. The authors do not know in which other ways 
the strain that has adapted to 37 ℃ differs from the isolate with an optimal 
temperature of 32 ℃. The major focus of most recently published studies is 
on zebra fish, even so, fish tank granuloma is often misdiagnosed (probably, 
because of the authors’ lack of knowledge). Non-M. tuberculosis mycobacterial 
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Figure 9  Transmission electron microscopy images of intracellular localisation of mycobacteria in human mast cell line (A) and bone marrow derived mast 
cells (B). Cells infected with Mycobacterium marinum at MOI 10 for 24 h. A, red arrow: Cytoplasmic localisation; B, blue arrow: Vacuolar localisation; green arrow: 
Empty vacuole comparable to those described for degranulating mast cells[11]. MOI: Multiplicity of infection.
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infections are an emerging clinical problem and they often require special drug 
regimes (different from M. tuberculosis). For these reasons, there is a need for 
an easy-to-handle, relevant, in vitro infection system. In addition, further studies 
could now evaluate the ability of M. marinum to adapt their metabolism and 
expression of lipid rich bodies in order to persist in cells, and thereby give an 
indication whether this is indeed a feature in those infected with M. marinum. 

Terminology
Primary mast cells describe those cells differentiated from mouse bone marrow 
precursors using Il-3 expressing FcεR. 

Peer-review
The role of mast cells in infection secondary to M. marinum is explored in this 
study. The results demonstrate that a human mast cell line stimulated with 
M. marinum showed increased mRNA expression of pro-inflammatory genes 
including LL-37 and COX2/TNF-α , internalized the bacilli and underwent 
apoptosis. Furthermore the M. marinum can infect, survive and replicate inside 
mast cells.
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Abstract
Mammalian chitinases and the related chilectins 
(ChiLs) belong to the GH18 family, which hydrolyse 
the glycosidic bond of chitin by a substrate-assisted 
mechanism. Chitin the fundamental component in the 

coating of numerous living species is the most abundant 
natural biopolymer. Mounting evidence suggest that the 
function of the majority of the mammalian chitinases 
is not exclusive to catalyze the hydrolysis of chitin 
producing pathogens, but include crucial role specific in 
the immunologic activities. The chitinases and chitinase-
like proteins are expressed in response to different 
proinflammatory cues in various tissues by activated 
macrophages, neutrophils and in different monocyte-
derived cell lines. The mechanism and molecular 
interaction of chitinases in relation to immune regulation 
embrace bacterial infection, inflammation, dismetabolic 
and degenerative disease. The aim of this review is to 
update the reader with regard to the role of chitinases 
proposed in the recent innate and adaptive immunity 
literature. The deep scrutiny of this family of enzymes 
could be a useful base for further studies addressed to 
the development of potential procedure directing these 
molecules as diagnostic and prognostic markers for 
numerous immune and inflammatory diseases. 

Key words: Chitinases; Chitinase like proteins; Chronic 
inflammation; Immune regulation; Autoimmunity

© The Author(s) 2016. Published by Baishideng Publishing 
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Core tip: The chitinases and chitinase-like proteins are 
expressed in response to different pro-inflammatory 
signals by activated macrophages and in different 
monocyte-derived cell lines. The mechanism and mole
cular interaction of chitinases in the immune regulation 
embrace bacterial infection, inflammation, dismetabolic 
and degenerative disease. The concept of the chitinases 
involvement in human diseases discussed herein may 
stimulate the development of new studies leading to a 
deeper understanding on the biochemical mechanisms 
inducing chitinases regulation and on the consequences 
that the increases in chitinases levels impact with 
immunity and autoimmunity in different conditions. The 
future understanding on chitinase functions will lead 
to the opportunity to develop selective and specific 
chitinase inhibitors.
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INTRODUCTION
Mammalian chitinases and the related chilectins (ChiL) 
belong to the GH18 family[1]. Chitinases embraces 
members both with and without glycohydrolase enzy­
matic activity against chitin. Chitotriosidase (CHIT1) 
and acidic mammalian chitinase (CHIA) are recognized 
as true chitinase because are the only two chitinases 
demonstrating chitinolytic (glycohydrolase) activity[2]. 
In contrast none of the other mammalian chitinases, 
encompassing chitinase 3-like-1 (CHI3L1), chitinase 
3-like-2 (CHI3L2), chitinase domain–containing 1 
(CHID1), display enzymatic activity in the face of the 
retention and conservation of the substrate-binding 
cleft of the chitinases[3] and for this reason they are 
called chitinase-like-lectins (Chi-lectins) or chitinase-like 
proteins (C/CLPs). Mammalian chitinases with enzymatic 
activity have a chitin binding domain containing 
six cysteine residues predisposed for the binding of 
chitin[4]. Instead, CLPs do not contain such typical 
chitin-binding domains, but still can bind to chitin with 
high affinity[5]. A number of evidence reports that the 
expression of the majority of the mammalian chitinases 
is differentially regulated during specific immunologic 
activities and has important biological roles in chronic 
inflammatory diseases[6-8]. Additionally chitinases 
have been widely shown to have an antipathogen 
function, through their capability to degrade both 
colloidal chitin and chitin in the cell wall of the fungal 
pathogen. Similarly, mammalian ChiLs may play a 
role in immunomodulation. The majority of chitinase 
families are produced by monocyte/macrophages 
lineage. In addition, macrophages induce inflammatory 
responses by producing cytokines, chemokines, and 
lipid mediators. Interestingly, chitinase play a role in 
modulating the local and/or circulating concentration 
of chitins in the body and, therefore, in regulating the 
immune response to this polysaccharide. Hypothetically, 
when exogenous chitin from sources such as fungi or 
dust mites are present in the tissues, chitinases act by 
cleaving chitin which consequently prevent chitin from 
stimulating immune responses. Hence, it is possible 
that without active chitinases, chitin accumulate in 
tissues triggering an excessive inflammatory response. 
Therefore is clear that induction of chitinase and CLPs is 
associated with inflammatory disease, including allergy, 
asthma, dismetabolic and degenerative diseases and 
several types of cancer[9].

In the last decade various investigations have brought 
new insights on the immune properties of chitinases 
and their functions in inflammatory pathologies. Both 
chitinases and CLPs can activate specific receptors and 

signaling pathways stimulating immune mediators’ 
generation and amplification of inflammation. New 
studies are helping to understand the beneficial as well 
the detrimental properties of chitinases. Characterizing 
the role of induced chitinases activity promises interest­
ing perspectives. As well, understanding the molecular 
signalling pathways involved in the immune function 
influenced by chitinases might be a valuable approach to 
investigate new therapeutic alternatives for pathological 
conditions in which the increased immune response and 
inflammation are involved.

CHITOTRIOSIDASE AND IMMUNITY
CHIT1 was the first mammalian chitinase measured in 
disease states[4]. CHIT1 has been encompassed as one 
of the secreted biomarkers for Gaucher’s disease[10]. 
The elevation of CHIT1 in these patients may reflect a 
particular state of activation of macrophages[11]. CHIT1 
is a very critical enzyme to regulate the susceptibility 
to infection of organisms containing chitin as structural 
components[2]. 

The CHIT1 gene is localized in chromosome 1q31-
q32[12] and consists of 12 exons and spans approximately 
20 kb of genomic DNA[12]. Recombinant CHIT1 inhibits 
hyphal growth of fungi, suggesting a physiological role 
in the host defense mechanism against the invasion/
attack of chitin-containing pathogens[13] which to act as 
adjuvants by stimulating the production of cytokines 
and chemokines[6]. Further evidence indicates that 
the enzymatic role of CHIT1 extends to bacteria[4,13]. 
Usually, CHIT1 activity is very low and originates in 
the circulating polymorphonuclear cells[12]. CHIT1 rises 
significantly in response to various pro-inflammatory 
signals in a complementary fashion in neutrophils and 
macrophages[4]. The evidence that TLR signaling is a 
potent inducer in neutrophils, while NOD-2 signaling 
induces CHIT1 in macrophages[14], strongly confirms the 
importance of this enzyme in the immune response. A 
defect in CHIT1 gene consisting of 24-bp duplication in 
exon 10 that activates a cryptic 39 splice site in the same 
exon generates an abnormally spliced mRNA with an 
in-frame deletion of 87 nucleotides. This spliced mRNA 
encodes an enzymatically inactive protein that lacks an 
internal stretch of 29 amino acids[12]. CHIT1 deficiency 
appears as an autosomal incompletely dominant 
disorder, with no activity in homozygous subjects for the 
defective allele and approximately half-normal activities 
in heterozygous subjects. CHIT1 gene mutation has 
been encountered with high incidence in different 
Caucasian populations[12], instead, in African peoples 
living in malaria parasite endemic areas CHIT1 mutation 
shows a low prevalence. The absence of homozygosis 
for CHIT1 deficiency in malaria endemics area suggests 
the hypothesis that susceptibility to parasitic disease 
influences the CHIT1 allele composition. In sub-Saharan 
regions the maintenance of the wild-type CHIT1 gene 
confirms that CHIT1 provides innate protection from 
malaria infection[15]. As well the studies reporting that 
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individuals bearing the mutant allele exhibit an increased 
susceptibility to chitin-containing pathogens including 
Wuchereria bancrofti filarial, Plasmodium falciparum 
malaria, Cryptococcus neoformans and Candida 
albicans[16] confirmed the CHIT1 allele arrangement 
hypothesis. Nevertheless, in others studies have been 
reported that a functional polymorphism produces 
protective effect in human longevity[17] and protects 
from nonalcoholic fatty liver disease progression[18]. 
CHIT1 may have organ- as well as cell-specific effects 
in the setting of infectious diseases and inflammatory 
disorders. In fact, CHIT1 overexpression in Kupffer cells 
is involved in the modulation of the tissue remodeling 
processes in fibroblastic hepatic tissue[18]. Furthermore, 
the CHIT1 produced by macrophages enhances 
atherosclerotic plaques formation and subsequent throm­
bosis[19]. Therefore this enzyme produced by differenti­
ated macrophages can also be damaging to host tissues 
and are implicated in the progression of a number of 
chronic inflammatory diseases[20]. In this context, it 
is important to note that CHIT1 displays different role 
in the specialized macrophages. CHIT1 modulation 
changed during the diverse stages of macrophages 
maturation and in polarized M1 and M2 macrophages[6]. 
This data could explain why the expression of CHIT-1 
is particularly elevated in the later inflamed stages of 
infection-induced diseases such as tuberculosis and 
leprosy[21,22]. Remarkably, was also reported that in 
monocytes interleukin-4 (IL-4) treatment induced a 
significant increase on CHIT-1 expression[6]. Since IL-4 
promotes immune responses to parasites, this finding 
set straight why CHIT-1 increased secretion is closely 
associated with pathophysiological conditions dominated 
by T-helper type 2 (Th2) cells including infections with 
fungal pathogens and malaria parasites, fibrosis, allergy, 
and asthma[23-25]. Macrophages are involved in both 
generation of fibrosis and its resolution. Conversely 
M2 polarization generates a positive feedback loop 
during resolution of inflammation, therefore it is unclear 
what are the events influencing M2 differentiation and 
interrupting tissue repair/remodeling as well fibrotic 
outcomes. The finding reporting that CHIT1 increases 
in M2 subset suggest that CHIT1 could be involved in 
the modulation of the extracellular matrix affecting cell 
adhesion and migration during the tissue remodeling 
processes that take place in fibrogenesis[26,27]. CHIT1 is 
also involved in human airway hyper-responsiveness 
and asthma[28], as well as being active to IL-13-driven 
alveolar fibrosis by augmenting transforming growth 
factor beta (TGFβ) and mitogen-activated protein kinase 
signaling in mice[29]. Therefore, it is conceivable that 
chitinase inhibition might have beneficial effects on the 
expression of genes associated with tissues remodeling. 
Additionally, the recent findings demonstrating that 
CHIT1 is not exclusively produced by macrophages 
but is expressed in other cells involved in the immune 
response such as osteoclasts[30,31] and monocyte-derived 
DCs[32] confirm the active role of CHIT-1 in the immune 

response and in disease states where inflammatory 
responses prevail[21,22,28,33-35]. 

ACIDIC MAMMALIAN CHITINASE AND 
IMMUNITY
The second true chitinase called AMCase or CHIA has a 
30-kDa N-terminal catalytic domain that hydrolyze chitin, 
and it expressed mainly in the gastrointestinal tract and 
lung of both mouse and human[36]. Similarly to CHIT1, is 
located on chromosome 1q13.1e 21.3, and in addition 
to the N-terminal catalytic domain acidic mammalian 
chitinase (AMCase) contain a C-terminal chitinase binding 
domain[5]. The presence of AMCase in the gastrointestinal 
tract and lung indicates that it plays a crucial role as a 
food processor in stomach and its involvement in lung 
inflammation[5,37]. As well, the expression of AMCase 
in the lung suggests that the enzyme may have a 
dual function in digestion of chitinous substrates and 
host defense[38]. This enzyme plays protective role 
against parasites. AMCase acts as chemotactic agents 
and synergistically with other chemokines attracting 
eosinophils and T cells to sites of parasitic infection, 
appears to modulate tissue inflammation, immunity, and 
therefore plays active roles in anti-infective defense and 
repair responses[8]. Recently it has been demonstrated 
that AMCase and CHIT1 play different rule in the 
immune response[8]. Comparing the modulation of 
both AMCase and CHIT1 expression during monocyte/
macrophages differentiation and polarization was found 
that AMCase was not selectively expressed and highly 
regulated in activated macrophages. The slight increases 
of AMCase in M1 stage following treatment with pro-
inflammatory stimuli indicated AMCase is ineffective 
against infections and therefore may be involved only in 
innate immunity[8]. It has been reported that AMCase is 
specifically upregulated in response to Th2 inflammation 
in the lung, and is strictly related to pathophysiological 
conditions dominated by Th2 type cells such as allergy 
and asthma[39-41]. The early up regulation of AMCase 
expression in undifferentiated monocytes treated with 
IL-4 suggested that an inhibition of AMCase prevents this 
immune response[8]. In addition, genetic studies of the 
AMCase gene have indicated that certain polymorphisms 
and haplotypes of AMCase are associated with bronchial 
asthma in humans[40]. In contrast, other studies revealed 
that a haplotype encoding an AMCase isoform dis­
playing a significant enzymatic activity was associated 
with protection from asthma in several United States 
ethnic populations[41]. These data indicated that an 
increased AMCase enzymatic activity could be protective 
against the development of human asthma, possibly 
through cleavage of inflammatory chitin polymers[41]. 
This protective isoform of AMCase may reproduce an 
improved activity in the stomach, where the degradation 
of ingested polymeric environmental chitin or chitin-
containing microorganisms could induce changes of 
the bowel commensal flora or to alterations in immune 
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The expression of CHI3L1 has been reported to be 
significantly associated with migration of human 
macrophages[52] bronchial smooth muscle cells[62] and 
glioma cells[63]. In inflammation activated macrophages 
are the major CHI3L1 producers[50]. Substantial evidence 
supports a role of CHI3L1 in endothelial dysfunction 
and atherosclerosis[52,60]. CHI3L1 expression was found 
variably modulated during macrophages activation 
and polarization supporting that CHI3L1 plays a crucial 
role during the initial innate immune responses at 
the site of pathogen invasion[64]. The modulation of 
CHI3L1 following treatment with pro-inflammatory 
stimuli in monocytes and its strong increases in M1 
polarized macrophages indicates that the antimicrobial 
pathway in human macrophages involves also a 
vigorous activation of CHI3L1. Additionally the higher 
expression in M2 polarized macrophages highlight 
that CHI3L1 is a mediator of innate and acquired 
immunity[7]. Remarkably, some evidence indicated that 
CHI3L1 may play a role in type 2 helper cell-mediated 
inflammation[65]. Additionally, CHI3L1 is involved in 
intestinal inflammation and diverse pathologies con­
cerning the mucosal barriers of the stomach and gas­
trointestinal tract integrity such as inflammatory bowel 
disorders. Specifically, CHI3L1 is upregulated in inflam
matory conditions of the gut. Moreover, infection studies 
have suggested a function in both development and 
resolution of intestinal inflammation as well as bacterial 
removal[66]. The infection stimulating effects have been 
found to arise from enhanced adhesion of bacteria to 
intestinal epithelial cells (IECs)[66], precisely through 
bacterial interaction with N-glycosylation patterns on 
CHI3L1 expressed by IECs[66]. CHI3L1 also stimulates 
clearance and resolution of bacterial infections and 
inflammation in colitis via Stat3 signaling[66]. Moreover, 
elevated serum levels of CHI3L1 promote a marked 
protection against Streptococcus pneumoniae infection, 
improving the aptitude of macrophages to kill bacteria 
and simultaneously protecting the immune cells from 
pyroptosis by inhibiting IL-1β-driven inflammasome 
activation[66]. Serum levels of CHI3L1 are elevated in 
patients with pathogen-induced inflammation, including 
purulent meningitis, and endotoxaemia caused by 
endotoxin of Escherichia coli[66]. In both meningitis and 
pneumonia, CHI3L1 is secreted by locally activated 
macrophages[66] and neutrophils[67], and thus, has been 
proposed as a specific supplementary serological marker 
for the activation of granulocytes and macrophages 
in inflamed tissues[68]. These evidences confirm that 
CHI3L1 may have a particular affinity with some 
pathogenic bacteria. Though chitin is not expressed in 
bacteria, the majority of chitinase-producing pathogenic 
microorganisms enclose a gene encoding for the chitin 
binding protein, which possibly interacts with the 
binding ability between chitinase producing bacteria 
and chitin[69]. In a knock-out model of the murine 
CHI3L1 analogue, CHI3L1 is important in establishing 
Th2 polarized immune responses and enhance the 

responses to ingested allergens[42,43]. Ingested polymeric 
chitin has been observed to disrupt interactions with 
host proteins involved in regulating bacterial adherence 
to the gastrointestinal epithelium, such as RegIII, and to 
be used as the preferred energy source by certain gut 
bacteria[44,45]. Alterations in intestinal microflora alter the 
subsequent immune response to allergens in the lung 
in experimental models[46]. It has been reported that 
inhibition with the transition-state analog allosamidin, 
an inhibitor of chitinase, enhanced the Th2 driven, IL-
13-dependent inflammation, endorsing that its chitinase 
activity play a role in asthma, even in the absence of 
chitin[47]. The enzymatic activity of AMCase was found 
critical in the regulation of pulmonary Th2 inflammation 
in both murine models exposed and unexposed to 
polymeric chitin. Since AMCase expression is regulated 
by active Th2 inflammation it is possible that the active 
isoform predominates in severe asthmatics and/or during 
asthma exacerbations. Furthermore, expression of the 
active isoform could be up-regulated by environmental 
chitin exposures. Chitin microparticles induce alternative 
macrophage activation through CCL2 signaling in 
response to binding of chitin by airway epithelial cells[45]. 
Moreover, chitin induces the release of IL-25, IL-33 and 
thymic stromal lymphopoietin that are able to activate 
the production of the type 2 cytokines such as IL-5 and 
IL-13 in innate lymphoid type 2 cells. This induction 
also led to both eosinophilia and alternative activation 
of macrophages[48]. It has been reported that chitin 
itself is a pattern recognition molecule stimulating the 
tissue accumulation of innate immune cells associated 
with asthma, such as eosinophils and basophils[43]. In 
addition, AMCase preserves airway epithelial cells from 
undergoing apoptosis by stimulating phosphoinositide 
3-kinase (PI3K) and AKT signaling, through a mechanism 
associated to its chitin-binding site[45]. 

CHITINASE-3-LIKE-1 AND IMMUNITY
Chitinase-3-like-1 (CHI3L1) protein or YLK-40 binds 
chitin polymers in the absence of the active site 
residues necessary for cleavage. CHI3L1 is produced 
by neutrophils, monocytes/macrophages, monocyte 
derived dendritic cells and osteoclasts[32,49,50]. CHI3L1 
is a pro-inflammatory biomarke[51] and is capable of 
inducing inflammatory mediators including chemokines 
(CCL2, CXCL2) and metalloproteases (MMP-9)[51]. 
Local inflamed tissues including intestinal mucosa in 
inflammatory bowel disease (IBD)[52] and adipose tissues 
in type 2 diabetes produce CHI3L1[53]. Induction of 
CHI3L1 has been reported in autoimmune disorders, in 
pulmonary sarcoidosis, systemic sclerosis, liver fibrosis, 
rheumatoid arthritis, bronchial asthma, coronary 
artery disease, Alzheimer’s disease and inflammatory-
related illnesses in humans[54-62]. CHI3L1 secretion 
is induced by interferon (IFN)-γ[5] and IL-6[61] and is 
an acute phase reactant associated with disease se­
verity and mortality in numerous infectious diseases. 
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recruitment of macrophages, dendritic cells and T-cells 
by inhibiting apoptosis[70]. 

Genetic variants of CHI3L1 are associated with 
reduced lung function in asthmatics[71]. The increase 
of this protein in the lung has been found also in 
patients with COPD and pulmonary sarcoidosis[72]. Both 
macrophages and giant cells in pulmonary sarcoid 
granuloma express CHI3L1, and serum levels of CHI3L1 
are indicative for sarcoid disease activity and ongoing 
fibrosis[73]. In addition, CHI3L1 promotes the proliferation 
and antagonizes catabolic or degradative processes 
during the inflammatory response of connective 
tissues[74]. Increased concentrations of CHI3L1 have 
been detected also in serum of patients with rheumatoid 
arthritis (RA). The ability of CHI3L1 to regulate cell 
proliferation, adhesion, migration, and activation, as well 
as to regulate extracellular matrix assembly, correlates 
well with elevated level of CHI3L1 in the sites of chronic 
inflammation and active connective tissue turnover. Local 
release of CHI3L1 in the arthritic joint is followed by a 
secondary increase of CHI3L1 concentration in serum. 
Neutrophil-released CHI3L1 acts as an autoantigen in 
RA. In contrast to healthy individuals, who show strong 
bias to regulatory response to CHI3L1, patients with 
RA exhibit polarization towards Th1 phenotype[73]. At 
the same time CHI3L1 is able to suppress the TNFα 
and IL-1-induced secretion of matrix metalloproteases 
and IL-8 in both human skin fibroblasts and articular 
chondrocytes[74]. In contrast, in RA the serum levels 
of CHI3L1 positively correlated with serum levels 
of IL-6 and CRP[75]. Increased levels of CHI3L1 in 
serum reflect the degree of the synovial inflammation 
and joint destruction in patients with RA and OA[76]. 
Moreover, elevated level of CHI3L1 is a marker for 
joint involvement in IBD[77] and for the activity of the 
disease[59]. Rheumatic symptoms are also common 
for extra-intestinal manifestations of IBD, which is an 
autoimmune inflammatory disorder of the colon and 
small intestine. CHI3L1 also colocalises with lactoferrin, 
but not with gelatinase in both stimulated and non-
stimulated neutrophils. Moreover, release of CHI3L1 from 
specific neutrophil granules was suggested to lead to the 
post-transfusional complications, which were avoided 
depleting leukocytes by filtration of whole blood in order 
to inhibit extracellular CHI3L1 accumulation during 
storage of erythrocyte components[78]. CHI3L1 promotes 
proliferation of human synovial cells, skin and fetal lung 
fibroblasts, an effect that occurs in synergy with the 
insulin-like growth factor[79]. CHI3L1 is upregulated in 
distinct subsets of macrophages, particularly, in early 
atherosclerotic lesions and in macrophages which 
infiltrated deep in the lesion[80]. Later proteomics study 
identified elevated levels of CHI3L1 in supernatants 
of macrophage cell line THP-1 treated with oxidized 
LDL[81], proving that CHI3L1 expression is indicative for 
the differentiation of macrophages during formation of 
atherosclerotic plaque[79]. 

CHI3L2 AND IMMUNITY
CHI3L2 was originally isolated from the cultured medium 
of primary human articular cartilage chondrocytes[82]. 
CHI3L2 is homologous to the family 18 chitinases in 
the human genome, it lacks of chitinase activity but 
possesses a chitinase-like fold and putative lectin 
properties[83]. CHI3L2 is recognized as a biochemical 
marker for the activation of chondrocytes and the pro­
gress of the osteoarthritis in human. CHI3L2 mRNA 
is significantly up-regulated in cartilage of patients 
with osteoarthritis (OA) vs normal subjects, while no 
significant up-regulation was detected for CHI3L2 mRNA 
in OA cartilage[82]. Particularly CHI3L2 expression is 
upregulated both in early degenerative and late stage 
of osteoarthritis. Proteomic analysis established that 
CHI3L2 is secreted by human osteoarthritic cartilage 
in culture[5]. The contribution of CHI3L2 to the OA 
progression is suggested by the induction of autoimmune 
response[84] and by its involvement in tissue remodeling. 
However these finding suggested that synovial fibro­
blasts do not represent the exclusive producers of 
CHI3L2 in OA. Recently, CHI3L2 has been found slightly 
expressed in macrophages differentiated in the presence 
of IFN-γ or IL-4[85]. Only classically activated or M1 
macrophages are able to produce CHI3L2, whereas in 
response to IFN-γ and LPS stimulation undifferentiated 
monocytes were unable to produce CHI3L2[85]. Thus, 
IFN-γ which is one of the main cytokines in OA tissues 
that is able to induce the production of CHI3L2 by 
monocyte-derived macrophages. In patients with OA, 
the amount of autoantibodies to CHI3L2 and other auto-
antigens on early phases of disease indicates that the 
autoimmune response occurs during the initial phase 
of cartilage degeneration[86]. It has been demonstrated 
that Th1 cells prevail in the synovium of patients with 
OA[87]. In addition the co-treatment of IL-4 and TGF-β 
promotes stimulatory effect on the expression of 
CHI3L2 in macrophage cultures[88]. So far, the studies on 
biological activity of CHI3L2 are limited, therefore further 
studies are necessary to elucidate the role of CHI3L2 in 
immunopathology and inflammatory diseases. 

CONCLUSION
Chitinases synthesis occurs in most innate immune 
responses against fungi, bacteria and other non-viral 
pathogens. In the context of infectious diseases, it is 
likely that chitinases activity can be both detrimental 
and beneficial for the host organism. In addition, it 
cannot be excluded that chitinases augmentations have 
negative consequences in those conditions in which they 
are regarded as biochemical markers of macrophage 
activation. Although we do not yet fully understand 
the implications of chitinases production in response 
to chitinous pathogens, the concept of their function 
as “more than just antipathogens and antifungicidals”  
seems reasonable. In support to this opinion, the 
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aforesaid investigations confirming that CHIT-1, CHI3L1 
and CHI3L2 can be regarded as mediators of the 
immune and inflammatory responses and are involved 
in the progression of degenerative and dismetabolic 
disorders. The general concept of the chitinases 
involvement in human diseases discussed in this review 
may stimulate the development of new planning and 
experiments leading to a deeper understanding, not 
only on the biochemical mechanisms inducing chitinases 
regulation, but also on the consequences that the 
increases in chitinases levels impact with immunity 
and autoimmunity in different conditions. The future 
understanding will lead to the opportunity to develop 
selective and specific chitinase inhibitors.

REFERENCES
1	 Bussink AP, Speijer D, Aerts JM, Boot RG. Evolution of 

mammalian chitinase(-like) members of family 18 glycosyl 
hydrolases. Genetics 2007; 177: 959-970 [PMID: 17720922 DOI: 
10.1534/genetics.107.075846]

2	 Boot RG, Blommaart EF, Swart E, Ghauharali-van der Vlugt K, 
Bijl N, Moe C, Place A, Aerts JM. Identification of a novel acidic 
mammalian chitinase distinct from chitotriosidase. J Biol Chem 
2001; 276: 6770-6778 [PMID: 11085997 DOI: 10.1074/jbc.
M009886200]

3	 van Aalten DM, Komander D, Synstad B, Gåseidnes S, Peter 
MG, Eijsink VG. Structural insights into the catalytic mechanism 
of a family 18 exo-chitinase. Proc Natl Acad Sci USA 2001; 98: 
8979-8984 [PMID: 11481469 DOI: 10.1073/pnas.151103798]

4	 Malaguarnera L. Chitotriosidase: the yin and yang. Cell Mol 
Life Sci 2006; 63: 3018-3029 [PMID: 17075695 DOI: 10.1007/
s00018-006-6269-2]

5	 Kzhyshkowska J, Gratchev A, Goerdt S. Human chitinases and 
chitinase-like proteins as indicators for inflammation and cancer. 
Biomark Insights 2007; 2: 128-146 [PMID: 19662198]

6	 Di Rosa M, Malaguarnera G, De Gregorio C, D’Amico F, 
Mazzarino MC, Malaguarnera L. Modulation of chitotriosidase 
during macrophage differentiation. Cell Biochem Biophys 2013; 66: 
239-247 [PMID: 23152091 DOI: 10.1007/s12013-012-9471-x]

7	 Di Rosa M, Malaguarnera G, De Gregorio C, Drago F, Malagua
rnera L. Evaluation of CHI3L-1 and CHIT-1 expression in 
differentiated and polarized macrophages. Inflammation 2013; 36: 
482-492 [PMID: 23149946 DOI: 10.1007/s10753-012-9569-8]

8	 Di Rosa M, De Gregorio C, Malaguarnera G, Tuttobene M, Biazzo 
F, Malaguarnera L. Evaluation of AMCase and CHIT-1 expression 
in monocyte macrophages lineage. Mol Cell Biochem 2013; 374: 
73-80 [PMID: 23129258 DOI: 10.1007/s11010-012-1506-5]

9	 Qureshi AM, Hannigan A, Campbell D, Nixon C, Wilson JB. 
Chitinase-like proteins are autoantigens in a model of inflammation-
promoted incipient neoplasia. Genes Cancer 2011; 2: 74-87 [PMID: 
21779482 DOI: 10.1177/1947601911402681]

10	 Hollak CE, van Weely S, van Oers MH, Aerts JM. Marked 
elevation of plasma chitotriosidase activity. A novel hallmark 
of Gaucher disease. J Clin Invest 1994; 93: 1288-1292 [PMID: 
8132768 DOI: 10.1172/JCI117084]

11	 Boven LA, van Meurs M, Boot RG, Mehta A, Boon L, Aerts 
JM, Laman JD. Gaucher cells demonstrate a distinct macrophage 
phenotype and resemble alternatively activated macrophages. Am J 
Clin Pathol 2004; 122: 359-369 [PMID: 15362365 DOI: 10.1309/
BG5VA8JRDQH1M7HN]

12	 Boot RG, Renkema GH, Verhoek M, Strijland A, Bliek J, 
de Meulemeester TM, Mannens MM, Aerts JM. The human 
chitotriosidase gene. Nature of inherited enzyme deficiency. J Biol 
Chem 1998; 273: 25680-25685 [PMID: 9748235 DOI: 10.1074/
jbc.273.40.25680]

13	 Wiesner DL, Specht CA, Lee CK, Smith KD, Mukaremera L, 
Lee ST, Lee CG, Elias JA, Nielsen JN, Boulware DR, Bohjanen 
PR, Jenkins MK, Levitz SM, Nielsen K. Chitin recognition via 
chitotriosidase promotes pathologic type-2 helper T cell responses 
to cryptococcal infection. PLoS Pathog 2015; 11: e1004701 [PMID: 
25764512 DOI: 10.1371/journal.ppat.1004701]

14	 van Eijk M, Scheij SS, van Roomen CP, Speijer D, Boot RG, Aerts 
JM. TLR- and NOD2-dependent regulation of human phagocyte-
specific chitotriosidase. FEBS Lett 2007; 581: 5389-5395 [PMID: 
17976376 DOI: 10.1016/j.febslet.2007.10.039]

15	 Malaguarnera L, Simporè J, Prodi DA, Angius A, Sassu A, Persico 
I, Barone R, Musumeci S. A 24-bp duplication in exon 10 of human 
chitotriosidase gene from the sub-Saharan to the Mediterranean 
area: role of parasitic diseases and environmental conditions. 
Genes Immun 2003; 4: 570-574 [PMID: 14647197 DOI: 10.1038/
sj.gene.6364025]

16	 van Eijk M, van Roomen CP, Renkema GH, Bussink AP, Andrews 
L, Blommaart EF, Sugar A, Verhoeven AJ, Boot RG, Aerts JM. 
Characterization of human phagocyte-derived chitotriosidase, a 
component of innate immunity. Int Immunol 2005; 17: 1505-1512 
[PMID: 16214810 DOI: 10.1093/intimm/dxh328]

17	 Malaguarnera L, Ohazuruike LN, Tsianaka C, Antic T, Di Rosa 
M, Malaguarnera M. Human chitotriosidase polymorphism is 
associated with human longevity in Mediterranean nonagenarians 
and centenarians. J Hum Genet 2010; 55: 8-12 [PMID: 19881466 
DOI: 10.1038/jhg.2009.111]

18	 Di Rosa M, Mangano K, De Gregorio C, Nicoletti F, Malaguarnera 
L. Association of chitotriosidase genotype with the development of 
non-alcoholic fatty liver disease. Hepatol Res 2013; 43: 267-275 
[PMID: 22971072 DOI: 10.1111/j.1872-034X.2012.01063.x]

19	 Artieda M, Cenarro A, Gañán A, Lukic A, Moreno E, Puzo J, 
Pocoví M, Civeira F. Serum chitotriosidase activity, a marker 
of activated macrophages, predicts new cardiovascular events 
independently of C-reactive protein. Cardiology 2007; 108: 297-306 
[PMID: 17290100 DOI: 10.1159/000099099]

20	 Kanneganti M, Kamba A, Mizoguchi E. Role of chitotriosidase 
(chitinase 1) under normal and disease conditions. J Epithel Biol 
Pharmacol 2012; 5: 1-9 [PMID: 23439988]

21	 Bargagli E, Margollicci M, Nikiforakis N, Luddi A, Perrone A, 
Grosso S, Rottoli P. Chitotriosidase activity in the serum of patients 
with sarcoidosis and pulmonary tuberculosis. Respiration 2007; 74: 
548-552 [PMID: 17347558 DOI: 10.1159/000100555]

22	 Iyer A, van Eijk M, Silva E, Hatta M, Faber W, Aerts JM, Das 
PK. Increased chitotriosidase activity in serum of leprosy patients: 
association with bacillary leprosy. Clin Immunol 2009; 131: 
501-509 [PMID: 19307157 DOI: 10.1016/j.clim.2009.02.003]

23	 Cho SJ, Weiden MD, Lee CG. Chitotriosidase in the Pathogenesis 
of Inflammation, Interstitial Lung Diseases and COPD. Allergy 
Asthma Immunol Res 2015; 7: 14-21 [PMID: 25553258 DOI: 
10.4168/aair.2015.7.1.14]

24	 Malaguarnera L, Musumeci M, Di Rosa M, Scuto A, Musumeci S. 
Interferon-gamma, tumor necrosis factor-alpha, and lipopolysaccharide 
promote chitotriosidase gene expression in human macrophages. J 
Clin Lab Anal 2005; 19: 128-132 [PMID: 15900564]

25	 Stein M, Keshav S, Harris N, Gordon S. Interleukin 4 potently 
enhances murine macrophage mannose receptor activity: a marker 
of alternative immunologic macrophage activation. J Exp Med 
1992; 176: 287-292 [PMID: 1613462]

26	 Malaguarnera L, Di Rosa M, Zambito AM, dell’Ombra N, Di 
Marco R, Malaguarnera M. Potential role of chitotriosidase gene 
in nonalcoholic fatty liver disease evolution. Am J Gastroenterol 
2006; 101: 2060-2069 [PMID: 16848812 DOI: 10.1111/
j.1572-0241.2006.00680.x]

27	 Malaguarnera L, Di Rosa M, Zambito AM, dell’Ombra N, 
Nicoletti F, Malaguarnera M. Chitotriosidase gene expression in 
Kupffer cells from patients with non-alcoholic fatty liver disease. 
Gut 2006; 55: 1313-1320 [PMID: 16825325 DOI: 10.1136/
gut.2005.075697]

28	 Gavala ML, Kelly EA, Esnault S, Kukreja S, Evans MD, Bertics 
PJ, Chupp GL, Jarjour NN. Segmental allergen challenge enhances 

101 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Di Rosa M et al . Chitinases and immunity



chitinase activity and levels of CCL18 in mild atopic asthma. Clin 
Exp Allergy 2013; 43: 187-197 [PMID: 23331560 DOI: 10.1111/
cea.12032]

29	 Lee CG, Herzog EL, Ahangari F, Zhou Y, Gulati M, Lee CM, 
Peng X, Feghali-Bostwick C, Jimenez SA, Varga J, Elias JA. 
Chitinase 1 is a biomarker for and therapeutic target in scleroderma-
associated interstitial lung disease that augments TGF-β1 signaling. 
J Immunol 2012; 189: 2635-2644 [PMID: 22826322 DOI: 10.4049/
jimmunol.1201115]

30	 Di Rosa M, Tibullo D, Vecchio M, Nunnari G, Saccone S, Di 
Raimondo F, Malaguarnera L. Determination of chitinases family 
during osteoclastogenesis. Bone 2014; 61: 55-63 [PMID: 24440516 
DOI: 10.1016/j.bone.2014.01.005]

31	 Di Rosa M, Szychlinska MA, Tibullo D, Malaguarnera L, 
Musumeci G. Expression of CHI3L1 and CHIT1 in osteoarthritic 
rat cartilage model. A morphological study. Eur J Histochem 2014; 
58: 2423 [PMID: 25308850 DOI: 10.4081/ejh.2014.2423]

32	 Di Rosa M, Tibullo D, Cambria D, Distefano G, Saccone S, Di 
Raimondo F, Malaguarnera L. Chitotriosidase Expression during 
Monocyte-Derived Dendritic Cells Differentiation and Maturation. 
Inflammation 2015; 38: 2082-2091 [PMID: 26026464 DOI: 
10.1007/s10753-015-0190-5]

33	 Di Rosa M, Dell’Ombra N, Zambito AM, Malaguarnera M, 
Nicoletti F, Malaguarnera L. Chitotriosidase and inflammatory 
mediator levels in Alzheimer’s disease and cerebrovascular 
dementia. Eur J Neurosci 2006; 23: 2648-2656 [PMID: 16817867 
DOI: 10.1111/j.1460-9568.2006.04780.x]

34	 Di Rosa M, Zambito AM, Marsullo AR, Li Volti G, Malaguarnera L. 
Prolactin induces chitotriosidase expression in human macrophages 
through PTK, PI3-K, and MAPK pathways. J Cell Biochem 2009; 
107: 881-889 [PMID: 19415692 DOI: 10.1002/jcb.22186]

35	 Di Rosa M, Musumeci M, Scuto A, Musumeci S, Malaguarnera L. 
Effect of interferon-gamma, interleukin-10, lipopolysaccharide and 
tumor necrosis factor-alpha on chitotriosidase synthesis in human 
macrophages. Clin Chem Lab Med 2005; 43: 499-502 [PMID: 
15899671 DOI: 10.1515/CCLM.2005.088]

36	 Zhu Z, Zheng T, Homer RJ, Kim YK, Chen NY, Cohn L, Hamid 
Q, Elias JA. Acidic mammalian chitinase in asthmatic Th2 
inflammation and IL-13 pathway activation. Science 2004; 304: 
1678-1682 [PMID: 15192232 DOI: 10.1126/science.1095336]

37	 Chou YT, Yao S, Czerwinski R, Fleming M, Krykbaev R, Xuan D, 
Zhou H, Brooks J, Fitz L, Strand J, Presman E, Lin L, Aulabaugh 
A, Huang X. Kinetic characterization of recombinant human acidic 
mammalian chitinase. Biochemistry 2006; 45: 4444-4454 [PMID: 
16584180 DOI: 10.1021/bi0525977]

38	 Adrangi S, Faramarzi MA. From bacteria to human: a journey into 
the world of chitinases. Biotechnol Adv 2013; 31: 1786-1795 [PMID: 
24095741 DOI: 10.1016/j.biotechadv.2013.09.012]

39	 Zimmermann N, Mishra A, King NE, Fulkerson PC, Doepker 
MP, Nikolaidis NM, Kindinger LE, Moulton EA, Aronow BJ, 
Rothenberg ME. Transcript signatures in experimental asthma: 
identification of STAT6-dependent and -independent pathways. J 
Immunol 2004; 172: 1815-1824 [PMID: 14734765 DOI: 10.4049/
jimmunol.172.3.1815]

40	 Bierbaum S, Nickel R, Koch A, Lau S, Deichmann KA, Wahn U, 
Superti-Furga A, Heinzmann A. Polymorphisms and haplotypes of 
acid mammalian chitinase are associated with bronchial asthma. Am 
J Respir Crit Care Med 2005; 172: 1505-1509 [PMID: 16179638 
DOI: 10.1164/rccm.200506-890OC]

41	 Seibold MA, Reese TA, Choudhry S, Salam MT, Beckman K, Eng 
C, Atakilit A, Meade K, Lenoir M, Watson HG, Thyne S, Kumar 
R, Weiss KB, Grammer LC, Avila P, Schleimer RP, Fahy JV, 
Rodriguez-Santana J, Rodriguez-Cintron W, Boot RG, Sheppard D, 
Gilliland FD, Locksley RM, Burchard EG. Differential enzymatic 
activity of common haplotypic versions of the human acidic 
Mammalian chitinase protein. J Biol Chem 2009; 284: 19650-19658 
[PMID: 19435888 DOI: 10.1074/jbc.M109.012443]

42	 Cash HL, Whitham CV, Behrendt CL, Hooper LV. Symbiotic 
bacteria direct expression of an intestinal bactericidal lectin. 
Science 2006; 313: 1126-1130 [PMID: 16931762 DOI: 10.1126/

science.1127119]
43	 Chen HC ,  Chang CC, Mau WJ, Yen LS. Evaluation of 

N-acetylchitooligosaccharides as the main carbon sources for the 
growth of intestinal bacteria. FEMS Microbiol Lett 2002; 209: 
53-56 [PMID: 12007653]

44	 Noverr MC, Falkowski NR, McDonald RA, McKenzie AN, 
Huffnagle GB. Development of allergic airway disease in mice 
following antibiotic therapy and fungal microbiota increase: role of 
host genetics, antigen, and interleukin-13. Infect Immun 2005; 73: 
30-38 [PMID: 15618138 DOI: 10.1128/IAI.73.1.30-38.2005]

45	 Hartl D, He CH, Koller B, Da Silva CA, Kobayashi Y, Lee CG, 
Flavell RA, Elias JA. Acidic mammalian chitinase regulates 
epithelial cell apoptosis via a chitinolytic-independent mechanism. 
J Immunol 2009; 182: 5098-5106 [PMID: 19342690 DOI: 10.4049/
jimmunol.0803446]

46	 Roy RM, Wüthrich M, Klein BS. Chitin elicits CCL2 from airway 
epithelial cells and induces CCR2-dependent innate allergic 
inflammation in the lung. J Immunol 2012; 189: 2545-2552 [PMID: 
22851704 DOI: 10.4049/jimmunol.1200689]

47	 Van Dyken SJ, Mohapatra A, Nussbaum JC, Molofsky AB, 
Thornton EE, Ziegler SF, McKenzie AN, Krummel MF, Liang HE, 
Locksley RM. Chitin activates parallel immune modules that direct 
distinct inflammatory responses via innate lymphoid type 2 and 
γδ T cells. Immunity 2014; 40: 414-424 [PMID: 24631157 DOI: 
10.1016/j.immuni.2014.02.003]

48	 Rehli M, Niller HH, Ammon C, Langmann S, Schwarzfischer L, 
Andreesen R, Krause SW. Transcriptional regulation of CHI3L1, 
a marker gene for late stages of macrophage differentiation. J Biol 
Chem 2003; 278: 44058-44067 [PMID: 12933821 DOI: 10.1074/
jbc.M306792200]

49	 Lee JH, Kim SS, Kim IJ, Song SH, Kim YK, In Kim J, Jeon 
YK, Kim BH, Kwak IS. Clinical implication of plasma and 
urine YKL-40, as a proinflammatory biomarker, on early 
stage of nephropathy in type 2 diabetic patients. J Diabetes 
Complications 2012; 26: 308-312 [PMID: 22705282 DOI: 10.1016/
j.jdiacomp.2012.04.012]

50	 Di Rosa M, Tibullo D, Saccone S, Distefano G, Basile MS, Di 
Raimondo F, Malaguarnera L. CHI3L1 nuclear localization in 
monocyte derived dendritic cells. Immunobiology 2016; 221: 
347-356 [PMID: 26466985 DOI: 10.1016/j.imbio.2015.09.023]

51	 Libreros S, Garcia-Areas R, Shibata Y, Carrio R, Torroella-
Kouri M, Iragavarapu-Charyulu V. Induction of proinflammatory 
mediators by CHI3L1 is reduced by chitin treatment: decreased 
tumor metastasis in a breast cancer model. Int J Cancer 2012; 131: 
377-386 [PMID: 21866546 DOI: 10.1002/ijc.26379]

52	 Chen CC, Pekow J, Llado V, Kanneganti M, Lau CW, Mizoguchi A, 
Mino-Kenudson M, Bissonnette M, Mizoguchi E. Chitinase 3-like-1 
expression in colonic epithelial cells as a potentially novel marker 
for colitis-associated neoplasia. Am J Pathol 2011; 179: 1494-1503 
[PMID: 21763261 DOI: 10.1016/j.ajpath.2011.05.038]

53	 Nielsen AR, Erikstrup C, Johansen JS, Fischer CP, Plomgaard P, 
Krogh-Madsen R, Taudorf S, Lindegaard B, Pedersen BK. Plasma 
YKL-40: a BMI-independent marker of type 2 diabetes. Diabetes 
2008; 57: 3078-3082 [PMID: 18650368 DOI: 10.2337/db08-0182]

54	 Coffman FD. Chitinase 3-Like-1 (CHI3L1): a putative disease 
marker at the interface of proteomics and glycomics. Crit Rev Clin 
Lab Sci 2008; 45: 531-562 [PMID: 19003601 DOI: 10.1080/10408
360802334743]

55	 Johansen JS, Milman N, Hansen M, Garbarsch C, Price PA, 
Graudal N. Increased serum YKL-40 in patients with pulmonary 
sarcoidosis--a potential marker of disease activity? Respir 
Med 2005; 99: 396-402 [PMID: 15763444 DOI: 10.1016/
j.rmed.2004.09.016]

56	 Nordenbaek C, Johansen JS, Halberg P, Wiik A, Garbarsch C, 
Ullman S, Price PA, Jacobsen S. High serum levels of YKL-40 
in patients with systemic sclerosis are associated with pulmonary 
involvement. Scand J Rheumatol 2005; 34: 293-297 [PMID: 
16195162 DOI: 10.1080/03009740510018598]

57	 Lebensztejn DM, Skiba E, Werpachowska I, Sobaniec-Łotowska 
ME, Kaczmarski M. Serum level of YKL-40 does not predict 

102 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Di Rosa M et al . Chitinases and immunity



advanced liver fibrosis in children with chronic hepatitis B. Adv 
Med Sci 2007; 52: 120-124 [PMID: 18217402]

58	 Choi J, Lee HW, Suk K. Plasma level of chitinase 3-like 1 
protein increases in patients with early Alzheimer’s disease. J 
Neurol 2011; 258: 2181-2185 [PMID: 21562723 DOI: 10.1007/
s00415-011-6087-9]

59	 Vind I, Johansen JS, Price PA, Munkholm P. Serum YKL-40, 
a potential new marker of disease activity in patients with 
inflammatory bowel disease. Scand J Gastroenterol 2003; 38: 
599-605 [PMID: 12825867 DOI: 10.1080/00365520310000537]

60	 Wang Y, Ripa RS, Johansen JS, Gabrielsen A, Steinbruchel DA, 
Friis T, Bindslev L, Haack-Sørensen M, Jørgensen E, Kastrup J. 
YKL-40 a new biomarker in patients with acute coronary syndrome 
or stable coronary artery disease. Scand Cardiovasc J 2008; 42: 
295-302 [PMID: 18615353 DOI: 10.1080/14017430802220567]

61	 Nielsen AR, Plomgaard P, Krabbe KS, Johansen JS, Pedersen BK. 
IL-6, but not TNF-α, increases plasma YKL-40 in human subjects. 
Cytokine 2011; 55: 152-155 [PMID: 21478032 DOI: 10.1016/
j.cyto.2011.03.014]

62	 Bara I, Ozier A, Girodet PO, Carvalho G, Cattiaux J, Begueret H, 
Thumerel M, Ousova O, Kolbeck R, Coyle AJ, Woods J, Tunon 
de Lara JM, Marthan R, Berger P. Role of YKL-40 in bronchial 
smooth muscle remodeling in asthma. Am J Respir Crit Care Med 
2012; 185: 715-722 [PMID: 22281830 DOI: 10.1164/rccm.201105-
0915OC]

63	 Di Rosa M, Sanfilippo C, Libra M, Musumeci G, Malaguarnera L. 
Different pediatric brain tumors are associated with different gene 
expression profiling. Acta Histochem 2015; 117: 477-485 [PMID: 
25792036 DOI: 10.1016/j.acthis.2015.02.010]

64	 Mizoguchi E. Chitinase 3-like-1 exacerbates intestinal inflammation 
by enhancing bacterial adhesion and invasion in colonic epithelial 
cells. Gastroenterology 2006; 130: 398-411 [PMID: 16472595 DOI: 
10.1053/j.gastro.2005.12.007]

65	 Ahangari F, Sood A, Ma B, Takyar S, Schuyler M, Qualls C, Dela 
Cruz CS, Chupp GL, Lee CG, Elias JA. Chitinase 3-like-1 regulates 
both visceral fat accumulation and asthma-like Th2 inflammation. 
Am J Respir Crit Care Med 2015; 191: 746-757 [PMID: 25629580 
DOI: 10.1164/rccm.201405-0796OC]

66	 Tran HT, Lee IA, Low D, Kamba A, Mizoguchi A, Shi HN, Lee 
CG, Elias JA, Mizoguchi E. Chitinase 3-like 1 synergistically 
activates IL6-mediated STAT3 phosphorylation in intestinal 
epithelial cells in murine models of infectious colitis. Inflamm 
Bowel Dis 2014; 20: 835-846 [PMID: 24694795 DOI: 10.1097/
MIB.0000000000000033]

67	 Dela Cruz CS, Liu W, He CH, Jacoby A, Gornitzky A, Ma 
B, Flavell R, Lee CG, Elias JA. Chitinase 3-like-1 promotes 
Streptococcus pneumoniae killing and augments host tolerance to 
lung antibacterial responses. Cell Host Microbe 2012; 12: 34-46 
[PMID: 22817986 DOI: 10.1016/j.chom.2012.05.017]

68	 Rathcke CN, Vestergaard H. YKL-40--an emerging biomarker in 
cardiovascular disease and diabetes. Cardiovasc Diabetol 2009; 8: 
61 [PMID: 19930630 DOI: 10.1186/1475-2840-8-61]

69	 Kawada M, Chen CC, Arihiro A, Nagatani K, Watanabe T, 
Mizoguchi E. Chitinase 3-like-1 enhances bacterial adhesion to 
colonic epithelial cells through the interaction with bacterial chitin-
binding protein. Lab Invest 2008; 88: 883-895 [PMID: 18490894 
DOI: 10.1038/labinvest.2008.47]

70	 Lee CG, Hartl D, Lee GR, Koller B, Matsuura H, Da Silva CA, 
Sohn MH, Cohn L, Homer RJ, Kozhich AA, Humbles A, Kearley 
J, Coyle A, Chupp G, Reed J, Flavell RA, Elias JA. Role of breast 
regression protein 39 (BRP-39)/chitinase 3-like-1 in Th2 and IL-
13-induced tissue responses and apoptosis. J Exp Med 2009; 206: 
1149-1166 [PMID: 19414556 DOI: 10.1084/jem.20081271]

71	 Ober C, Tan Z, Sun Y, Possick JD, Pan L, Nicolae R, Radford S, 
Parry RR, Heinzmann A, Deichmann KA, Lester LA, Gern JE, 
Lemanske RF, Nicolae DL, Elias JA, Chupp GL. Effect of variation 
in CHI3L1 on serum YKL-40 level, risk of asthma, and lung 
function. N Engl J Med 2008; 358: 1682-1691 [PMID: 18403759 
DOI: 10.1056/NEJMoa0708801]

72	 Létuvé S, Kozhich A, Arouche N, Grandsaigne M, Reed J, Dombret 

MC, Kiener PA, Aubier M, Coyle AJ, Pretolani M. YKL-40 is 
elevated in patients with chronic obstructive pulmonary disease and 
activates alveolar macrophages. J Immunol 2008; 181: 5167-5173 
[PMID: 18802121 DOI: 10.4049/jimmunol.181.7.5167]

73	 Kim SH, Choi H, Yoon MG, Ye YM, Park HS. Dipeptidyl-
peptidase 10 as a genetic biomarker for the aspirin-exacerbated 
respiratory disease phenotype. Ann Allergy Asthma Immunol 2015; 
114: 208-213 [PMID: 25592153 DOI: 10.1016/j.anai.2014.12.003]

74	 Ling H, Recklies AD. The chitinase 3-like protein human cartilage 
glycoprotein 39 inhibits cellular responses to the inflammatory 
cytokines interleukin-1 and tumour necrosis factor-alpha. Biochem J 
2004; 380: 651-659 [PMID: 15015934 DOI: 10.1042/BJ20040099]

75	 van Bilsen JH, van Dongen H, Lard LR, van der Voort EI, Elferink 
DG, Bakker AM, Miltenburg AM, Huizinga TW, de Vries RR, 
Toes RE. Functional regulatory immune responses against human 
cartilage glycoprotein-39 in health vs. proinflammatory responses 
in rheumatoid arthritis. Proc Natl Acad Sci USA 2004; 101: 
17180-17185 [PMID: 15569925 DOI: 10.1073/pnas.0407704101]

76	 Matsumoto T, Tsurumoto T. Serum YKL-40 levels in rheumatoid 
arthritis: correlations between clinical and laborarory parameters. 
Clin Exp Rheumatol 2001; 19: 655-660 [PMID: 11791636]

77	 Bernardi D, Podswiadek M, Zaninotto M, Punzi L, Plebani M. 
YKL-40 as a marker of joint involvement in inflammatory bowel 
disease. Clin Chem 2003; 49: 1685-1688 [PMID: 14500601 DOI: 
10.1373/49.10.1685]

78	 Cintin C, Johansen JS, Skov F, Price PA, Nielsen HJ. Accumulation 
of the neutrophil-derived protein YKL-40 during storage of various 
blood components. Inflamm Res 2001; 50: 107-111 [PMID: 
11289654 DOI: 10.1007/s000110050732]

79	 Recklies AD, White C, Ling H. The chitinase 3-like protein human 
cartilage glycoprotein 39 (HC-gp39) stimulates proliferation of 
human connective-tissue cells and activates both extracellular 
signal-regulated kinase- and protein kinase B-mediated signalling 
pathways. Biochem J 2002; 365: 119-126 [PMID: 12071845 DOI: 
10.1042/BJ20020075]

80	 Boot RG, van Achterberg TA, van Aken BE, Renkema GH, Jacobs 
MJ, Aerts JM, de Vries CJ. Strong induction of members of the 
chitinase family of proteins in atherosclerosis: chitotriosidase 
and human cartilage gp-39 expressed in lesion macrophages. 
Arterioscler Thromb Vasc Biol 1999; 19: 687-694 [PMID: 
10073974 DOI: 10.1161/01.ATV.19.3.687]

81	 Nagy ZS, Czimmerer Z, Szanto A, Nagy L. Pro-inflammatory 
cytokines negatively regulate PPARγ mediated gene expression in 
both human and murine macrophages via multiple mechanisms. 
Immunobiology 2013; 218: 1336-1344 [PMID: 23870825 DOI: 
10.1016/j.imbio.2013.06.011]

82	 Steck E, Breit S, Breusch SJ, Axt M, Richter W. Enhanced 
expression of the human chitinase 3-like 2 gene (YKL-39) but 
not chitinase 3-like 1 gene (YKL-40) in osteoarthritic cartilage. 
Biochem Biophys Res Commun 2002; 299: 109-115 [PMID: 
12435396 DOI: 10.1016/S0006-291X(02)02585-8]

83	 De Ceuninck F, Marcheteau E, Berger S, Caliez A, Dumont V, Raes 
M, Anract P, Leclerc G, Boutin JA, Ferry G. Assessment of some 
tools for the characterization of the human osteoarthritic cartilage 
proteome. J Biomol Tech 2005; 16: 256-265 [PMID: 16461950]

84	 Du H, Masuko-Hongo K, Nakamura H, Xiang Y, Bao CD, 
Wang XD, Chen SL, Nishioka K, Kato T. The prevalence of 
autoantibodies against cartilage intermediate layer protein, YKL-39, 
osteopontin, and cyclic citrullinated peptide in patients with early-
stage knee osteoarthritis: evidence of a variety of autoimmune 
processes. Rheumatol Int 2005; 26: 35-41 [PMID: 15378262 DOI: 
10.1007/S00296-004-04972]

85	 Ishii H, Tanaka H, Katoh K, Nakamura H, Nagashima M, Yoshino S. 
Characterization of infiltrating T cells and Th1/Th2-type cytokines 
in the synovium of patients with osteoarthritis. Osteoarthritis 
Cartilage 2002; 10: 277-281 [PMID: 11950250 DOI: 10.1053/
joca.2001.0509]

86	 Di Rosa M, Tibullo D, Malaguarnera M, Tuttobene M, Mala
guarnera L. Comparison of CHI3L2 and CHIT-1 expression during 
macrophages differentiation and polarization. Modern Res Inflamm 

103 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Di Rosa M et al . Chitinases and immunity



2013; 2: 82-89 [DOI: 10.4236/mri.2013.24011]
87	 Tsuruha J, Masuko-Hongo K, Kato T, Sakata M, Nakamura H, 

Sekine T, Takigawa M, Nishioka K. Autoimmunity against YKL-39, 
a human cartilage derived protein, in patients with osteoarthritis. J 
Rheumatol 2002; 29: 1459-1466 [PMID: 12136906]

88	 Gratchev A, Schmuttermaier C, Mamidi S, Gooi L, Goerdt S, 
Kzhyshkowska J. Expression of Osteoarthritis Marker YKL-39 is 
Stimulated by Transforming Growth Factor Beta (TGF-beta) and 
IL-4 in Differentiating Macrophages. Biomark Insights 2008; 3: 
39-44 [PMID: 19578492]

P- Reviewer: Ferrante A, Nagata T    S- Editor: Kong JX    
L- Editor: A    E- Editor: Wu HL

104 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Di Rosa M et al . Chitinases and immunity



Regulatory T cells suppress autoreactive CD4+ T cell 
response to bladder epithelial antigen

Wu-Jiang Liu, Yi Luo

Wu-Jiang Liu, Yi Luo, Department of Urology, University of 
Iowa Carver College of Medicine, Iowa City, IA 52242-1087, 
United States 

Author contributions: Liu WJ performed the research and 
analyzed the data; Luo Y designed the research; both authors 
wrote and revised the paper and approved the final version of the 
article to be published. 

Supported by The National Institutes of Health to Luo Y, No. 
RO1DK066079.

Institutional animal care and use committee statement: All 
procedures involving animals were reviewed and approved by the 
University of Iowa Institutional Animal Care and Use Committee 
(protocol number 0307991).

Conflict-of-interest statement: The authors declare no conflict 
of interests.

Data sharing statement: Technical information, data analysis 
and model organisms are available from the corresponding author 
at yi-luo@uiowa.edu. 

Open-Access: This article is an open-access article which was 
selected by an in-house editor and fully peer-reviewed by external 
reviewers. It is distributed in accordance with the Creative 
Commons Attribution Non Commercial (CC BY-NC 4.0) license, 
which permits others to distribute, remix, adapt, build upon this 
work non-commercially, and license their derivative works on 
different terms, provided the original work is properly cited and 
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Yi Luo, MD, PhD, Associate Professor 
of Urology, Department of Urology, University of Iowa Carver 
College of Medicine, 3204 MERF, 375 Newton Road, Iowa City, 
IA 52242-1087, United States. yi-luo@uiowa.edu
Telephone: +1-319-3359835
Fax: +1-319-3534556

Received: March 15, 2016
Peer-review started: March 17, 2016

First decision: April 18, 2016
Revised: April 26, 2016
Accepted: June 27, 2016
Article in press: June 29, 2016
Published online: July 27, 2016

Abstract
AIM: To investigate the role of regulatory T (Treg) 
cells in CD4+ T cell-mediated bladder autoimmune 
inflammation. 

METHODS: Urothelium-ovalbumin (URO-OVA)/OT-
II mice, a double transgenic line that expresses the 
membrane form of the model antigen (Ag) OVA as a 
self-Ag on the urothelium and the OVA-specific CD4+ T 
cell receptor specific for the I-Ab/OVA323-339 epitope in the 
periphery, were developed to provide an autoimmune 
environment for investigation of the role of Treg cells in 
bladder autoimmune inflammation. To facilitate Treg cell 
analysis, we further developed URO-OVAGFP-Foxp3/OT-II 
mice, a derived line of URO-OVA/OT-II mice that express 
the green fluorescent protein (GFP)-forkhead box protein 
P3 (Foxp3) fusion protein. 

RESULTS: URO-OVA/OT-II mice failed to develop bladder 
inflammation despite the presence of autoreactive CD4+ T 
cells. By monitoring GFP-positive cells, bladder infiltration 
of CD4+ Treg cells was observed in URO-OVAGFP-Foxp3/OT-
II mice. The infiltrating Treg cells were functionally 
active and expressed Treg cell effector molecule as 
well as marker mRNAs including transforming growth 
factor-b, interleukin (IL)-10, fibrinogen-like protein 
2, and glucocorticoid-induced tumor necrosis factor 
receptor (GITR). Studies further revealed that Treg 
cells from URO-OVAGFP-Foxp3/OT-II mice were suppressive 
and inhibited autoreactive CD4+ T cell proliferation 
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and interferon (IFN)-g production in response to OVA 
Ag stimulation. Depletion of GITR-positive cells led to 
spontaneous development of bladder inflammation and 
expression of inflammatory factor mRNAs for IFN-g, 
IL-6, tumor necrosis factor-a and nerve growth factor in 
URO-OVAGFP-Foxp3/OT-II mice. 

CONCLUSION: Treg cells specific for bladder epithelial 
Ag play an important role in immunological homeostasis 
and the control of CD4+ T cell-mediated bladder 
autoimmune inflammation. 

Key words: Bladder; Autoimmunity; Regulatory T cell; 
CD4+ T cells; Antigen

© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Evidence suggests that autoimmune inflam
mation may cause interstitial cystitis/bladder pain 
syndrome (IC/BPS) in subgroups of patients. However, 
the role of regulatory T (Treg) cells in the control of 
bladder autoimmunity has not yet been identified. In 
this study we developed novel transgenic autoimmune 
cystitis models and demonstrated that Treg cells specific 
for bladder epithelial Ag play an important role in 
immunological homeostasis and the control of CD4+ T 
cell-mediated bladder autoimmune inflammation. Our 
results suggest that loss of functional Treg cells may 
contribute to IC/BPS pathology in subgroups of patients.

Liu WJ, Luo Y. Regulatory T cells suppress autoreactive CD4+ 
T cell response to bladder epithelial antigen. World J Immunol 
2016; 6(2): 105-118  Available from: URL: http://www.
wjgnet.com/2219-2824/full/v6/i2/105.htm  DOI: http://dx.doi.
org/10.5411/wji.v6.i2.105

INTRODUCTION
The mechanisms of autoimmune responses in the 
urinary bladder have not been well studied. Regulatory 
T (Treg) cells, a special subset of CD4+ T cells, are 
crucial for immunological homeostasis and play an 
important role in preventing autoimmune pathogenesis. 
Predisposition to immunopathology due to loss of 
functional Treg cells has been observed in numerous 
autoimmune diseases and animal models[1]. Studies 
have shown the involvement of Treg cells in the 
pathogenesis of bladder carcinoma[2-4], suggesting the 
importance of Treg cells in bladder immunosurveillance. 
Interstitial cystitis/bladder pain syndrome (IC/BPS) 
is a chronic inflammatory condition of the bladder 
characterized by pelvic pain, irritative voiding sym
ptoms, and sterile and cytologically normal urine. 
The etiology of IC/BPS is currently unknown and may 
involve multiple causes. Although autoimmunity is 
debated as a potential cause of IC/BPS, clinical evidence 

suggests that it may play an important role in the 
pathophysiology of the disease. It has been reported that 
IC/BPS patients develop antinuclear and anti-urothelium 
autoantibodies[5-11], overexpress urothelial HLA-DR 
molecules[12-14], and co-present with other autoimmune 
diseases such as bronchial asthma, systemic lupus 
erythematosus, Sjögren’s syndrome, rheumatoid 
arthritis and ulcerative colitis[15-21]. Considerable data 
have been published on the histopathology of bladder 
specimens, demonstrating a role of cell-mediated 
immune mechanisms in IC/BPS[14,22]. Hence, autoim
mune inflammation may be a component in the 
pathophysiology of IC/BPS in subgroups of patients. 
However, despite these observations, the role of Treg 
cells in bladder autoimmunity has not been identified.

Prior studies on bladder autoimmunity have been 
based on the use of rodent models of experimental 
autoimmune cystitis (EAC) in which animals developed 
bladder inflammation after immunization with urothelial 
components[23-28]. These EAC models demonstrated 
many clinical correlates seen in IC/BPS, offering a 
unique property for controlled examination of specific 
aspects of the disease. Using genetic engineering tech
nology, we previously developed a novel transgenic 
model of EAC (URO-OVA mice) that expresses the 
membrane form of the model antigen (Ag) ovalbumin 
(OVA) as a self-Ag on the urothelium and develops 
bladder inflammation upon introduction of OVA-
specific T cells[29-32]. In addition to the many features of 
conventional EAC models, the transgenic EAC model 
demonstrates T cell tolerance, activation and autoim
mune responses[29,32], facilitating the investigation of 
the mechanisms underlying bladder autoimmune patho
genesis.

To investigate the role of Treg cells in bladder autoim
munity, we established an autoimmune environment 
through crossbreeding of URO-OVA mice with OT-II 
mice that expressed the CD4+ T cell receptor (TCR) 
specific for the I-Ab/OVA323-339 epitope[33,34]. To further 
facilitate the analysis of Treg cells, we generated URO-
OVAGFP-Foxp3/OT-II  mice that expressed green fluorescent 
protein (GFP)-fused forkhead box protein P3 (Foxp3), a 
Treg cell lineage specification factor[35,36], enabling direct 
identification of Treg cells based on GFP fluorescence[37]. 
By using these transgenic EAC models, we have 
found that CD4+ Treg cells play an important role in 
immunological homeostasis and the control of bladder 
autoimmune inflammation. 

MATERIALS AND METHODS
Mice
URO-OVA mice [C57BL/6 (B6) genetic background] 
were previously developed in our laboratory[29]. 
B6 mice were obtained from the National Cancer 
Institute/Frederick Cancer Research Animal Facility 
(Frederick, MD). OT-II mice (B6 genetic background), 
a line originally developed by Barnden et al[33,34], were 
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obtained from Dr. Ratliff (Purdue Cancer Center, West 
Lafayette, IN). As shown in Figure 1, URO-OVA/OT-II 
mice were generated through crossbreeding of URO-
OVA mice with OT-II mice and B6/OT-II mice were 
generated through crossbreeding of B6 mice with OT-
II mice, respectively. Foxp3gfp mice, a line developed 
by Fontenot et al[37], were obtained from Dr. Rudensky 
(University of Washington, Seattle, WA). URO-OVAGFP-

Foxp3 mice were generated through crossbreeding of URO-
OVA mice with Foxp3gfp mice (Figure 1), while B6GFP-Foxp3 
mice were generated through crossbreeding of B6 mice 
with Foxp3gfp mice (Figure 1). All progeny mice were 
selected for transgenic OVA by tail genotyping and for 
GFP-positive CD4+ T cells by flow cytometry. Both URO-
OVAGFP-Foxp3 and B6GFP-Foxp3 mice were further crossed 
with OT-II mice to generate URO-OVAGFP-Foxp3/OT-II and 
B6GFP-Foxp3/OT-II mice, respectively (Figure 1). Male OT-
II mice and their derived mice were used because only 

the Y chromosome carries the transgenic CD4+ TCR 
specific for the I-Ab/OVA323-339 epitope. Mice were housed 
in a pathogen-free facility at the University of Iowa 
Animal Care Facility. All procedures involving animals 
were reviewed and approved by the University of Iowa 
Institutional Animal Care and Use Committee.

In vitro CD4+ T cell response to OVA 
Splenocytes were prepared from OT-II, B6/OT-II and 
URO-OVA/OT-II mice as described previously[32], 
resuspended in RPMI 1640 medium containing 10% 
fetal bovine serum (FBS), 100 units/mL of penicillin 
and 100 μg/mL of streptomycin, and seeded in 96-well 
plates at a density of 4 × 105 cells/200 mL per well. 
Cells were cultured in the absence or presence of 
OVA257-264 peptide (10 μg/mL) or OVA323-339 peptide (10 
μg/mL) for 3 d at 37 ℃ in a humidified incubator with 
5% CO2. Culture supernatants were then collected and 
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Figure 1  Animal crossbreeding. URO-OVA/OT-II mice were generated through crossbreeding of URO-OVA mice with OT-II mice. B6/OT-II mice were generated 
through crossbreeding of B6 mice with OT-II mice. URO-OVAGFP-Foxp3 mice were generated through crossbreeding of URO-OVA mice with Foxp3gfp mice. B6GFP-Foxp3 mice 
were generated through crossbreeding of B6 mice with Foxp3gfp mice. Both URO-OVAGFP-Foxp3 and B6GFP-Foxp3 mice were further crossed with OT-II mice to generate URO-
OVAGFP-Foxp3/OT-II and B6GFP-Foxp3/OT-II mice, respectively. URO: Urothelium; OVA: Ovalbumin.

URO-OVA                              OT-Ⅱ B6                                 OT-Ⅱ

URO-OVA/OT-Ⅱ B6/OT-Ⅱ

URO-OVA                           Foxp3gfp B6                                 Foxp3gfp

URO-OVAGFP-Foxp3                            OT-Ⅱ B6GFP-Foxp3

URO-OVAGFP-Foxp3/OT-Ⅱ               B6GFP-Foxp3/OT-Ⅱ
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and bladder were prepared by mechanical disruption 
as described previously[29,32]. Briefly, cells were washed 
with staining buffer [1% FBS, 0.09% (w/v) NaN3 in Mg2+ 
and Ca2+ free PBS], stained with a FITC-, PE- or PE-
Cy5-labeled antibody (eBioscience, San Diego, CA) to 
various surface markers including CD4 (clone: RM4-5), 
CD44 (clone: IM7), CD45RB (clone: C363.16A), CD62L 
(clone: MEL-14), CD69 (clone: H1.2F3), and OT-II CD4+ 
TCR clonal phenotype Va2 (clone: B20.1) and Vb5 
(clone: MR9-4) at 4 ℃ for 15 min, fixed in 2% formalin, 
and analyzed using a FACScan equipped with CellQuest 
(BD Biosciences). For GFP analysis, the FITC channel 
was used. Post-acquisition analysis was carried out 
using FlowJo software (Tree Star, Ashland, OR). 

RT-PCR analysis
RT-PCR was used to analyze mRNAs expressed 
by bladder infiltrating Treg cells and the inflamed 
bladders of URO-OVAGFP-Foxp3/OT-II mice. Total RNAs 
were extracted using Qiagen RNAeasy Kit (Valencia, 
CA) from FACS-sorted bladder infiltrating CD4+ T 
cells (both GFP positive and negative cells) and the 
bladders of mice untreated or treated with depleting 
mAbs. Three microgram of total RNAs were used for 
cDNA synthesis using Invitrogen Superscript III RNase 
H Reverse Transcriptase (Carlsbad, CA) and oligo dT 
according to the manufacturer’s instructions. Two 
microlitre of the cDNA products were further processed 
for PCR amplification using sequence-specific primer 
pairs and Invitrogen Taq DNA polymerase. The following 
primer pairs were used: 5’-agcccgaagcggactactat-3’ 
and 5’-agccctgtattccgtctcct-3’ for transforming growth 
factor (TGF)-b (357 bp); 5’-tgcctgctcttactgactgg-3’ and 
5’-gctccactgccttgctctta-3’ for interleukin (IL)-10 (397 bp); 
5’-tcaacagtttggatggcaag-3’ and 5’-ctgccgtgccattgtagtta-3’ 
for FGL2 (468 bp); 5’-tggagtctcgatgctctgtg-3’ and 
5’-atcctcagctgacaactgcac-3’ for GITR (583 bp); 
5’-cgctacacactgcatcttgg-3’ and 5’-aaattcaaatag
tgctggcaga-3’ for interferon (IFN)-g (522 bp); 5’-ctgatg
ctggtgacaaccac-3’ and 5’-gccactccttctgtgactcc-3’ 
for IL-6 (505 bp); 5’-gtccccaaagggatgagaag-3’ and 
5’-aagtagacctgcccggactc-3’ for tumor necrosis factor 
(TNF)-a (520 bp); 5’-agtgtcagtgtgtgggttgg-3’ and 
5’-gccttgacgaaggtgtgagt-3’ for nerve growth factor 
(NGF; 218 bp); and 5’-agcttgtcatcaacgggaag-3’ and 
5’-gtcttctgggtggcagtgat-3’ for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; 364 bp). PCR cycle 
numbers were initially optimized to achieve desirable 
discrepancies between the experimental groups. PCR 
was then performed for GAPDH with 30 cycles, IFN-g, 
TNF-a and NGF with 36 cycles, and other molecules 
with 40 cycles. The cycling condition consisted of 
denaturing at 94 ℃ for 30 s, annealing at 55 ℃ for 30 
s, and elongation at 72 ℃ for 1 min. DNA fragments 
were run on a 1% agarose gel, stained with ethidium 
bromide, and imaged by EpiChemi digital image system 
(Upland, CA). 

analyzed for IFN-g by enzyme-linked immunosorbent 
assay (ELISA) with paired antibodies (Endogen; clones: 
R4.6A2 and XMG1.2; Woburn, MA). 

In vitro Treg cell suppression assay
OT-II splenocytes were prepared as described pre
viously[32], resuspended in the above-mentioned culture 
medium, seeded in 96-well plates at a density of 3 × 
105 cells/200 mL per well, and cultured in the absence 
or presence of OVA323-339 peptide (10 μg/mL) for 3 d at 
37 ℃ in a humidified incubator with 5% CO2. To evaluate 
the effect of Treg cells, OT-II splenocytes were also 
incubated at a 1:1 ratio with GFP-positive (Foxp3+) CD4+ 
T cells sorted from the spleens of URO-OVAGFP-Foxp3/OT-
II mice using FACSAria (BD Biosciences; San Jose, CA). 
As control, GFP-negative CD4+ T cells were collected 
and incubated with OT-II splenocytes at a 1:1 ratio. 
Proliferation was assessed by pulsing the cells with 1 mCi 
of [methyl-3H]thymidine (Amersham; Piscataway, NJ) 
per well for the last 18 h and then assayed for thymidine 
incorporation by liquid scintillation counting. Culture 
supernatants from a parallel plate were collected after a 
3-d incubation period and analyzed for IFN-g by ELISA as 
described above. 

In vivo Treg cell depletion assay
Monoclonal antibodies (mAb) specific for CD25 (clone: 
PC61) and glucocorticoid-induced tumor necrosis 
factor receptor (GITR; clone: DTA-1) were prepared 
from hybridomas provided by Dr. Ratliff through 
ammonium sulfate precipitation and protein-A/G affinity 
chromatography as described previously[38]. URO-
OVAGFP-Foxp3/OT-II mice were injected intraperitoneally 
(i.p.) with 500 mg of PC61 or 250 mg of DTA-1 every 
other day beginning at 6 wk of age and sacrificed for 
analysis at 10 wk. The bladders were then collected and 
processed for histological hematoxylin and eosin (H and 
E) staining and analysis of inflammatory factor mRNAs 
by reverse transcriptase-polymerase chain reaction (RT-
PCR).

Bladder histological analysis
The standard paraffin-embedded histological sections 
of the bladder were prepared and stained with H 
and E solution as described previously[29-32]. Bladder 
inflammation was scored in a blinded manner based on 
cellular infiltration in the lamina propria and interstitial 
edema as follows: 1+ (mild infiltration with no or mild 
edema); 2+ (moderate infiltration with moderate 
edema); 3+ (moderate to severe infiltration with severe 
edema). Statistical analysis was performed using Stu
dent’s t test with SPSS11.0 software.

Flow cytometric analysis
In various experiments single-cell suspensions of the 
thymus, spleen, bladder draining lymph nodes (BLNs) 
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Statistical analysis
Statistical analysis was performed using two-tailed 
Student’s t-test with SPSS11.0 software. P < 0.05 was 
considered statistically significant. 

RESULTS
Constitutive expression of urothelial OVA causes clonal 
deletion of OVA-specific CD4+ T cells in URO-OVA/OT-II  
mice
URO-OVA/OT-II mice (F1 generation), a crossed line 
of URO-OVA mice with OT-II mice, expressed self-
Ag OVA on the urothelium and the TCR (Va2Vb5) 
specific for I-Ab/OVA323-339 epitope on CD4+ T cells. URO-
OVA/OT-II mice showed T cell tolerance in potentially 
autoreactive OVA-specific CD4+ T cells. Compared to 
control B6/OT-II mice (F1 generation) that expressed 
the same OVA-specific CD4+ TCR but no urothelial 
OVA, URO-OVA/OT-II mice showed severe reduction in 
CD4+Va2+ cells, CD4+Vb5+ cells, and Va2+Vb5+cells in 
the thymus (Figure 2, top panel; 1% vs 25% for all 3 
populations). The severe population reduction was also 
observed in the spleen (Figure 2, middle panel; 4% 
vs 19% for CD4+Va2+ cells, 1% vs 19% for CD4+Vb5+ 

cells, and 2% vs 18% for Va2+Vb5+cells) and the BLNs 
(Figure 2, bottom panel; 7% vs 55% for CD4+Va2+ 

cells, 3% vs 50% for CD4+Vb5+ cells, and 9% vs 43% 
for Va2+Vb5+cells). However, this population reduction 
was incomplete, suggesting the presence of additional 
regulatory mechanism(s) in the control of autoreactive 
CD4+ T cells in URO-OVA/OT-II mice.

Deletion-escaped OVA-specific CD4+ T cells are 
responsive to OVA and gain activation in URO-OVA/OT-
II  mice
We next investigated whether OVA-specific CD4+ T cells 
that had escaped from clonal deletion retained OT-II 
CD4+ T cell responsiveness to OVA. Splenocytes were 
prepared from URO-OVA/OT-II mice and incubated with 
OVA323-339 peptide specific for the OT-II CD4+ TCR for 
3 d in vitro. Cells were also incubated with OVA257-264 

peptide as control. Splenocytes from age-matched OT-
II and B6/OT-II mice were included for comparison. 
As expected, cells from both OT-II and B6/OT-II mice 
produced similar levels of IFN-g in response to OVA323-339 

peptide stimulation (Figure 3). Interestingly, cells from 
URO-OVA/OT-II mice also produced IFN-g in response 
to OVA323-339 peptide stimulation (P < 0.001), although 
the level was 2-3 fold less than those of OT-II and B6/
OT-II cells. This reduced IFN-g production suggested 
that the autoreactivity of OVA-specific CD4+ T cells was 
compromised in URO-OVA/OT-II mice. However, despite 
the reduction of autoreactivity, OVA-specific CD4+ T cells 
gained activation in vivo. Compared to B6/OT-II mice, 
CD4+ T cells from the BLNs of URO-OVA/OT-II mice 
showed up-regulated expressions of CD44 and CD69 
and down-regulated expressions of CD45RB and CD62L 

(Figure 4). In addition, the bladders of URO-OVA/OT-II 
mice contained 6-15 fold more infiltrating CD4+, Va2+ 
and Vb5+ cells than those of B6/OT-II mice (Figure 5A). 
Further analysis revealed that the majority of bladder 
infiltrating CD4+ T cells were Va2+ and Vb5+ cells (Figure 
5B), suggesting that they were OT-II CD4+ T cells. These 
observations indicated that endogenous OVA-specific 
CD4+ T cells retained the ability to respond to self-Ag 
OVA, gained activation in the BLNs, and infiltrated into 
the bladders in URO-OVA/OT-II mice. Interestingly, 
despite T cell activation and bladder infiltration, URO-
OVA/OT-II mice developed no bladder histopathology, 
further suggesting the presence of additional regulatory 
mechanism(s) in these mice.

Bladder infiltrating CD4+ T cells consist of Treg cells in 
URO-OVAGFP-Foxp3/OT-II  mice 
Since URO-OVA/OT-II mice contained activated OVA-
specific CD4+ T cells but failed to develop bladder 
inflammation, we hypothesized that Treg cells might play 
an important role in the control of autoreactive CD4+ T 
cells in these mice. To facilitate the analysis of Treg cells, 
we crossed URO-OVA mice with Foxp3gfp mice, a Foxp3gfp 
allele knock-in line that expresses GFP-fused Foxp3[36], 
to generate URO-OVAGFP-Foxp3 mice. As control, B6GFP-Foxp3 
mice were generated in parallel. To investigate the role 
of Treg cells in bladder autoimmunity, we further crossed 
URO-OVAGFP-Foxp3 mice with OT-II mice to generate URO-
OVAGFP-Foxp3/OT-II mice. As control, B6GFP-Foxp3/OT-II mice 
were generated through crossbreeding of B6GFP-Foxp3 mice 
with OT-II mice. Similar to URO-OVA/OT-II mice, URO-
OVAGFP-Foxp3/OT-II mice showed severe but incomplete 
reduction in OVA-specific CD4+ T cell population in the 
thymus, spleen and BLNs compared to B6GFP-Foxp3/OT-
II mice (data not shown). Also, similar to the bladders of 
URO-OVA/OT-II mice, the bladders of URO-OVAGFP-Foxp3/
OT-II mice showed increased infiltrating CD4+ T cells 
compared to B6GFP-Foxp3/OT-II mice (Figure 6A). However, 
like URO-OVA/OT-II mice, URO-OVAGFP-Foxp3/OT-II mice 
developed no bladder histopathology.

Analysis of bladder infiltrating CD4+ T cells revealed 
an increased number of GFP-positive (Foxp3+) cells in 
URO-OVAGFP-Foxp3/OT-II mice compared to B6GFP-Foxp3/OT-II 
mice (Figure 6B). Further analysis of bladder infiltrating 
CD4+ T cells in URO-OVAGFP-Foxp3/OT-II mice indicated that 
the majority of the cells were GFP positive (Foxp3+) cells 
(Figure 7A; 64% vs 36%). These GFP-positive (Foxp3+) 
CD4+ T cells were functionally active, as they expressed 
increased CD44 and CD69 and decreased CD45RB and 
CD62L compared to GFP-negative (Foxp3-) CD4+ T cells 
(Figure 7B). Consistently, these GFP-positive (Foxp3+) 
CD4+ T cells expressed increased levels of Treg cell 
effector molecule TGF-b, IL-10 and FGL2 mRNAs and 
Treg cell marker GITR mRNA compared to GFP-negative 
(Foxp3-) CD4+ T cells (Figure 7C). These observations 
suggested that Treg cells were actively involved in 
bladder autoimmune responses in URO-OVAGFP-Foxp3/OT-
II mice. 

109 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Liu WJ et al . Treg cells suppress bladder autoimmunity



110 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Figure 2  Clonal deletion of OT-II CD4+ T cells in urothelium-ovalbumin/OT-II mice. Cells from the thymus (top panel), spleen (middle panel), and BLNs (bottom 
panel) of URO-OVA/OT-II mice (8 wk) were analyzed for surface CD4, Va2 and Vb5 by flow cytometry. Age-matched B6/OT-II mice were included for comparison. 
Gate was set on lymphocytes according to scatter criteria. Percentages of single- and double-positive cells are indicated. Results are representative of 3 separate 
experiments consisting of 4-6 mice per group. URO/OT-II: Urothelium-ovalbumin/OT-II mice.
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Treg cells from URO-OVAGFP-Foxp3/OT-II  mice are 
suppressive to OVA-specific CD4+ T cells
To determine whether Treg cells found in URO-OVAGFP-

Foxp3/OT-II mice were suppressive, we prepared GFP-
positive (Foxp3+) CD4+ T cells from the spleens of URO-
OVAGFP-Foxp3/OT-II mice. GFP-negative (Foxp3-) CD4+ T 
cells were prepared for comparison. The purity of both 
cell types was > 95%. Responder OT-II splenocytes 
were incubated with or without OVA323-339 peptide in the 
presence or absence of GFP-positive (Foxp3+) or GFP-
negative (Foxp3-) CD4+ T cells at a 1:1 ratio for 3 d in 
vitro, followed by analysis of cell proliferation and IFN-g  
production (Figure 8). Compared to OT-II cells incubated 
with OVA323-339 peptide alone, OT-II cells incubated with 
OVA323-339 peptide in the presence of CD4+Foxp3- cells 
showed similar high levels of proliferation and IFN-g 
production. However, when incubated with OVA323-339 
peptide in the presence of CD4+Foxp3+ cells, OT-II cells 
showed significantly reduced levels of proliferation 
(P < 0.001) and IFN-g production (P < 0.05). These 
observations indicated that CD4+ Treg cells were 
suppressive, suggesting their importance in the control 
of bladder autoimmunity in URO-OVAGFP-Foxp3/OT-II mice. 

Depletion of CD4+ Treg cells results in spontaneous 
development of bladder autoimmune inflammation in 
URO-OVAGFP-Foxp3/OT-II  mice
To determine whether CD4+ Treg cells played an 

inhibitory role in bladder autoimmune inflammation, 
we depleted CD25+ cells or GITR+ cells in URO-
OVAGFP-Foxp3/OT-II mice. Mice were injected i.p. with 
anti-CD25 mAb (PC61) or anti-GITR mAb (DTA-1) 
every other day beginning at 6 wk and sacrificed for 
analysis at 10 wk. Depletion of CD4+ Treg cells was 
verified by flow cytometric analysis of splenocytes 
showing the lack of GFP-positive (Foxp3+) CD4+ T 
cells. Interestingly, depletion of CD25+ cells led to the 
development of bladder histopathology in only 2 of 12 
mice (score: +), whereas depletion of GITR+ cells led 
to the development of bladder histopathology in 11 of 
12 mice (score: + for 3 bladders, ++ for 6 bladders, 
and +++ for 2 bladders) (Table 1 and Figure 9A, P < 
0.001). Consistently, the bladders of mice treated with 
anti-GITR mAb expressed increased levels of IFN-g, 
IL-6, TNF-a and NGF mRNAs compared to the bladders 
of mice treated with anti-CD25 mAb (Figure 9B). 
Indeed, the latter bladders showed no clear increase 
in the mRNA expressions compared to the bladders of 
non-treated mice. These observations indicated that 
depletion of GITR+ cells but not CD25+ cells resulted in 
spontaneous development of bladder inflammation in 
URO-OVAGFP-Foxp3/OT-II mice. 

DISCUSSION
The role of Treg cells in bladder autoimmunity has 
not been identified due to the lack of a proper animal 
model. In this study we used transgenic EAC models to 
investigate the role of Treg cells and found that CD4+ 
Treg cells played an important role in the control of 
bladder autoimmune inflammation. Acquirement of 
autoreactive CD4+ T cells was not sufficient to cause 
bladder inflammation; however, depletion of CD4+ 

Treg cells led to spontaneous development of bladder 
inflammation in the transgenic EAC models. 

We generated URO-OVA/OT-II mice to investigate 
bladder autoimmunity, because CD4+ T cells are 
preferentially induced in IC/BPS compared to CD8+ T 
cells[14,22,39-41]. The ability of OT-II CD4+ T cells to induce 
bladder inflammation was previously demonstrated in 
URO-OVA mice[32]. To facilitate the analysis of Treg cells, 
we generated URO-OVAGFP-Foxp3 mice that expressed the 
GFP-Foxp3 fusion protein. We further crossed URO-OVA 
and URO-OVAGFP-Foxp3 mice with OT-II mice to establish 
an autoimmune environment in mice. Constitutive 
expression of urothelial OVA resulted in clonal deletion 
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Figure 3  Deletion-escaped OT-II CD4+ T cells retain responsiveness to 
ovalbumin. Splenocytes from URO-OVA/OT-II mice (8 wk) were cultured 
alone or in the presence of OVA257-264 peptide (10 mg/mL) or OVA323-339 peptide 
(10 mg/mL) for 3 d, followed by ELISA analysis of IFN-g production in culture 
supernatants. Splenocytes from age-matched OT-II and B6/OT-II mice were 
included for comparison. Data are presented as the mean ± SD from duplicate 
determinations. bP < 0.001 compared with non-stimulated or OVA257-264-
stimulated splenocytes (two-tailed Student’s t test). URO/OT-II: Urothelium-
ovalbumin/OT-II mice.

Bladder histologic scoreb

- + ++ +++
  Anti-CD25 (n = 12) 10 2 0 0
  Anti-GITR (n = 12)   1 3 6 2

Table 1  Summary of bladder histological inflammation 

bP < 0.001 compared between two groups (two-tailed Student’s t test). 
GITR: Glucocorticoid-induced tumor necrosis factor receptor.
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Figure 4  OT-II CD4+ T cells gain activation in the bladder draining lymph nodes of urothelium-ovalbumin/OT-II mice. BLN cells of URO-OVA/OT-II mice (8 
wk) were analyzed for surface CD44, CD45RB, CD62L, and CD69 by flow cytometry. Age-matched B6/OT-II mice were included for comparison. Gate was set on 
CD4+ T cells. Results are representative of 3 separate experiments consisting of 5 mice per group. Filled histograms: B6/OT-II mice; Gray line histograms: URO-OVA/
OT-II mice. URO/OT-II: Urothelium-ovalbumin/OT-II mice; BLN: Bladder draining lymph nodes.
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Figure 6  Bladder infiltrating CD4+ T cells consist of Treg 
cells in urothelium-ovalbuminGFP-Foxp3/OT-II mice. Bladder 
single-cell suspensions were prepared from URO-OVAGFP-

Foxp3/OT-II mice (8 wk) and analyzed by flow cytometry. Age-
matched B6GFP-Foxp3/OT-II mice were included for comparison. 
A: Flow cytometric analysis of bladder infiltrating CD4+ T cells. 
Gate was set on lymphocytes according to scatter criteria; B: 
Flow cytometric analysis of bladder infiltrating GFP-positive 
CD4+ T cells (i.e., Foxp3+CD4+ T cells). Gate was set on CD4+ 
T cells. Results are representative of 3 separate experiments 
consisting of 6 mice per group. UROGFP-Foxp3/OT-II: Urothelium-
ovalbuminGFP-Foxp3/OT-II mice.

Figure 5  OT-II CD4+ T cells infiltrate into the bladders of urothelium-ovalbumin/OT-II mice. Bladder single-cell suspensions were prepared from URO-
OVA/OT-II mice (8 wk) and analyzed for surface CD4, Va2 and Vb5 by flow cytometry. Age-matched B6/OT-II mice were included for comparison. Gate was set on 
lymphocytes according to scatter criteria. Total numbers of CD4+, Va2+ and Vb5+ cells per bladder are indicated in (A) and percentages of single- and double-positive 
cells per bladder indicated in (B). Results are representative of 3 separate experiments consisting of 5-8 mice per group. URO/OT-II: Urothelium-ovalbumin/OT-II 
mice. 
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of autoreactive CD4+ T cells in both URO-OVA/OT-
II and URO-OVAGFP-Foxp3/OT-II mice. However, this 
clonal deletion was incomplete, as a tiny population of 
autoreactive CD4+ T cells was observed in both central 
and peripheral compartments. Such incomplete clonal 
deletion of autoreactive T cells has been observed in our 
previously reported autoimmune cystitis model (URO-
OVA/OT-I mice)[29] and others’ organ-specific transgenic 
inflammation models[42-44]. 

Due to urothelial OVA expression, deletion-escaped 
OVA-specific CD4+ T cells gained activation in the BLNs 
and infiltrated into the bladders in URO-OVA/OT-II mice. 
These observations suggested that bladder urothelial 
OVA was antigenic and could access the immune 
system for CD4+ T cell activation. However, despite the 
CD4+ T cell activation and bladder infiltration, URO-
OVA/OT-II mice developed no bladder inflammation. 
This observation differed from our previous observation 

in URO-OVA/OT-I mice as these mice spontaneously 
developed bladder inflammation at 10 wk of age[29,31]. 
This discrepancy might be attributed to differential 
expression levels of I-Ab vs H2-Kb on the bladder 
urothelium, which directly influences Ag recognition 
by autoreactive CD4+ and CD8+ T cells, respectively. 
Alternatively, the presence of different numbers of 
deletion-escaped autoreactive T cell subsets might 
lead to different autoimmune responses in these mice. 
However, despite this discrepancy, Treg cells appeared 
to play a predominant role in the control of bladder 
autoimmune responses. To support this, splenocytes 
from URO-OVA/OT-II mice showed a substantially 
reduced ability to produce IFN-g in response to 
OVA323-339 peptide stimulation in vitro, suggesting that 
the autoreactivity of OVA-specific CD4+ T cells was 
greatly compromised in these mice. Also, depletion of 
Treg cells in vivo by anti-GITR mAb has been observed 
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Figure 7  Bladder infiltrating CD4+ Treg cells are functionally active and express inhibitory effector molecules in urothelium-ovalbuminGFP-Foxp3/OT-II mice. 
Bladder single-cell suspensions were prepared from URO-OVAGFP-Foxp3/OT-II mice (8 wk) and analyzed by flow cytometry or sorted for GFP-positive (Foxp3+) and GFP-
negative (Foxp3-) CD4+ T cells. A: Bladder infiltrating CD4+ T cells consist of both GFP-positive (Foxp3+) and GFP-negative (Foxp3-) populations by flow cytometry. 
Gate was set on lymphocytes according to scatter criteria; B: Flow cytometric analysis of surface CD44, CD45RB, CD62L and CD69 on bladder infiltrating GFP-
positive (Foxp3+) and GFP-negative (Foxp3-) CD4+ T cells. Gate was set on CD4+ T cells; C: RT-PCR analysis of TGF-b, IL-10, FGL2 and GITR mRNAs in bladder 
infiltrating GFP-positive (Foxp3+) and GFP-negative (Foxp3-) CD4+ T cells. GAPDH was used as an internal control. M: Marker; N: GFP-negative (Foxp3-) CD4+ T 
cells; P: GFP-positive (Foxp3+) CD4+ T cells; UROGFP-Foxp3/OT-II: Urothelium-ovalbuminGFP-Foxp3/OT-II mice; RT-PCR: Reverse transcriptase-polymerase chain reaction; 
TGF: Transforming growth factor; GITR: Glucocorticoid-induced tumor necrosis factor receptor.
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to result in spontaneous development of bladder 
inflammation in URO-OVAGFP-Foxp3/OT-II mice. Therefore, 
Treg cells appeared to counteract autoreactive CD4+ T 
cells for the induction of bladder inflammation in these 
mice. However, our observations cannot exclude the 
possibility that other cell types with regulatory activities 
may contribute to the control of bladder autoimmune 
responses, since the bladders of mice depleted of GITR+ 
cells showed varying degrees of inflammation.

By monitoring GFP for Foxp3+ cells we observed 
a considerable number of CD4+Foxp3+ T cells, along 

with CD4+Foxp3- T cells, in the bladders of URO-OVAGFP-

Foxp3/OT-II mice. Compared to CD4+Foxp3- T cells, 
CD4+Foxp3+ T cells expressed increased levels of Treg 
cell effector molecule TGF-b, IL-10 and FGL2 mRNAs 
as well as Treg cell marker GITR mRNA. In addition, 
CD4+Foxp3+ T cells exhibited an activated phenotype 
with up-regulated expressions of CD44 and CD69 and 
down-regulated expressions of CD45RB and CD62L. 
Such Treg cell activation in vivo has been observed in 
other animal models[45,46]. Moreover, we have observed 
the inhibitory effect of CD4+Foxp3+ T cells on OVA-
specific CD4+ T cells in co-culture assays and the 
spontaneous development of bladder inflammation in 
URO-OVAGFP-Foxp3/OT-II mice after depletion of GITR+ 
cells. All these observations support the important role 
of CD4+ Treg cells in the control of bladder autoimmune 
responses in the transgenic EAC models.

As direct evidence for the role of Treg cells in the 
control of bladder autoimmunity, URO-OVAGFP-Foxp3/OT-
II mice spontaneously developed bladder inflammation 
after depletion of GITR+ cells. Interestingly, mice 
depleted of CD25+ cells failed to develop clear bladder 
inflammation. This phenomenon might result from 
the elimination of CD25-expressing autoreactive CD4+ 
T cells, together with CD4+CD25+ Treg cells, by anti-
CD25 mAb (PC61). Our observation was consistent 
with previous studies demonstrating that anti-GITR 
mAb (DTA-1) but not PC61 was effective in the control 
of cancer in diverse animal models[47-49]. These studies 
revealed the differential activities of DTA-1 and PC61, 
i.e., DTA-1 specifically depleted Treg cells whereas PC61 
depleted both CD25+ effector T cells and Treg cells. 
In addition, studies have also shown that DTA-1 co-
stimulates conventional effector T cells while disabling 
Treg cells[50,51]. 

The origin of CD4+ Treg cells in URO-OVAGFP-Foxp3/OT-II 
mice is unknown. It is generally accepted that naturally-
occurring Treg cells specific for self-Ag presented by the 
thymic epithelium are positively selected in the thymus 
and then colonize in secondary lymphoid organs[52-55]. 
It has also been shown that peripheral CD4+CD25- 
naïve T cells can be converted into CD4+CD25+ Treg 
cells under certain circumstances[56-58]. In the presence 
of a physiologically low level of cognate self-Ag, resting 
autoreactive Treg cells can gain activation in the 
draining lymph nodes and then enter circulation[45,59]. 
Therefore, it is possible that in the transgenic EAC 
models the urothelial self-Ag OVA is transported to the 
BLNs and presented to OVA-specific CD4+ Treg cells as 
well as effector CD4+ T cells by Ag-presenting cells. This 
Ag presentation activates both autoreactive CD4+ T cell 
types, leading to proliferation in the BLNs and infiltration 
into the bladders. However, because of the co-presence 
of Treg cells in situ, effector CD4+ T cells are suppressed 
and cause no bladder inflammation. This assumption is 
supported by our observations that URO-OVAGFP-Foxp3/OT-
II mice spontaneously develop bladder inflammation 
after depletion of GITR+ cells. The origin of Treg cells 

115 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Figure 8  Treg cells from urothelium-ovalbuminGFP-Foxp3/OT-II mice are 
suppressive to ovalbumin-specific CD4+ T cells. A: OT-II splenocytes were 
incubated alone or in the presence of OVA323-339 peptide (10 mg/mL), GFP-
positive (Foxp3+) CD4+ T cells (at a 1:1 ratio), and/or GFP-negative (Foxp3-) 
CD4+ T cells (at a 1:1 ratio) sorted from URO-OVAGFP-Foxp3/OT-II mice for 3 d. 
Proliferation was assessed by labeling the cultures with 3H-thymidine for the 
final 18 h. Data are presented as the mean ± SD from triplicate cultures. bP 
< 0.001 compared with OT-II cells stimulated with OVA323-339 peptide alone 
(two-tailed Student’s t test); B: Culture supernatants from a parallel plate were 
collected after 3-d incubation and analyzed for IFN-g by ELISA. Data are 
presented as the mean ± SD from duplicate cultures. aP < 0.05 compared with 
OT-II cells stimulated with OVA323-339 peptide alone (two-tailed Student’s t test). 
UROGFP-Foxp3/OT-II: Urothelium-ovalbuminGFP-Foxp3/OT-II mice.
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and the mechanisms underlying Treg cell action are 
interesting topics in bladder autoimmunity research and 
warrant further investigation.

In summary, we have demonstrated that CD4+ 

Treg cells play an important role in immunological 
homeostasis and the control of bladder autoimmune 
inflammation in the transgenic EAC models. This study, 
together with our previous studies[29,32], sheds light 
on the cellular mechanisms of bladder autoimmunity. 
Clear understanding of bladder autoimmune responses 
will add to future development of novel therapies 
for bladder inflammatory diseases that contain an 
autoimmune component in the pathophysiology such as 
IC/BPS in subgroups of patients.
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COMMENTS
Background
Interstitial cystitis/bladder pain syndrome (IC/BPS) is one of the most 
refractory diseases in urology today. Since the etiology of IC/BPS remains 
elusive, current treatments are largely empirical, often dissatisfactory, and 
vary in efficacy. Therefore, effort to identify the mechanisms of the disease for 
therapeutic development is greatly needed. Evidence suggests that autoimmune 
inflammation may cause IC/BPS in subgroups of patients. However, the role of 
Treg cells in immunological homeostasis and the control of bladder autoimmune 
inflammation has not yet been identified. 

Research frontiers
Rodent models of experimental autoimmune cystitis (EAC) have been actively 
used in IC/BPS research for identifying the importance of bladder autoimmunity 
in the disease pathology.

Innovations and breakthroughs
This is the first study demonstrating that Treg cells specific for bladder epithelial 
Ag play an important role in immunological homeostasis and the control of CD4+ 
T cell-mediated bladder autoimmune inflammation. 

Applications
The authors have demonstrated the presence of Treg cells in the developed 
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Figure 9  Depletion of CD4+ Treg cells results in bladder autoimmune inflammation in urothelium-ovalbuminGFP-Foxp3/OT-II mice. URO-OVAGFP-Foxp3/OT-II mice 
were treated with anti-CD25 or anti-GITR mAb every other day beginning at 6 wk of age and sacrificed for analysis at 10 wk. A: Bladder histological H and E staining. 
The slides are representative of 12 bladders for each of anti-CD25 and anti-GITR mAb treated groups. Cellular infiltration is indicated by red arrows. The bladder of 
an untreated mouse is included for comparison. The summary of bladder histological inflammation is shown in Table 1; B: RT-PCR analysis of IFN-g, IL-6, TNF-a and 
NGF mRNA expressions in the bladders of mice treated with anti-CD25 or anti-GITR mAb. GAPDH was used as an internal control. The bladders from untreated mice 
are included for comparison. UROGFP-Foxp3/OT-II: Urothelium-ovalbuminGFP-Foxp3/OT-II mice; RT-PCR: Reverse transcriptase-polymerase chain reaction; IFN: Interferon; 
TNF: Tumor necrosis factor; NGF: Nerve growth factor.
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transgenic EAC models. The authors have also demonstrated that depletion 
of Treg cells causes bladder autoimmune inflammation in the transgenic EAC 
models. The results suggest that loss of functional Treg cells may contribute to 
IC/BPS pathology in subgroups of patients.

Terminology
IC/BPS is a chronic and debilitating inflammatory condition of the urinary 
bladder characterized by the hallmark symptom of pelvic pain in the absence 
of other identified etiologies for the symptom. IC/BPS patients also frequently 
have voiding dysfunction such as increased urinary frequency and urgency. 
This urologic condition is significant and severely affects quality of life. The 
etiology of IC/BPS is currently unknown and may involve multiple causes. 
Increasing evidence suggests that autoimmune inflammation may be causative 
in subgroups of IC/BPS patients.

Peer-review
The manuscript describes the role of regulatory T cells in IC/BPS model mice. 
The experiments are well designed and the results are clearly presented.

REFERENCES
1	 Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells 

and immune tolerance. Cell 2008; 133: 775-787 [PMID: 18510923 
DOI: 10.1016/j.cell.2008.05.009]

2	 Winerdal ME, Marits P, Winerdal M, Hasan M, Rosenblatt R, Tolf 
A, Selling K, Sherif A, Winqvist O. FOXP3 and survival in urinary 
bladder cancer. BJU Int 2011; 108: 1672-1678 [PMID: 21244603 
DOI: 10.1111/j.1464-410X.2010.10020.x]

3	 Loskog A, Ninalga C, Paul-Wetterberg G, de la Torre M, Malmström 
PU, Tötterman TH. Human bladder carcinoma is dominated by 
T-regulatory cells and Th1 inhibitory cytokines. J Urol 2007; 177: 
353-358 [PMID: 17162090 DOI: 10.1016/j.juro.2006.08.078]

4	 Chi LJ, Lu HT, Li GL, Wang XM, Su Y, Xu WH, Shen BZ. 
Involvement of T helper type 17 and regulatory T cell activity 
in tumour immunology of bladder carcinoma. Clin Exp 
Immunol 2010; 161: 480-489 [PMID: 20646003 DOI: 10.1111/
j.1365-2249.2010.04215.x]

5	 Mattila J, Linder E. Immunoglobulin deposits in bladder 
epithelium and vessels in interstitial cystitis: possible relationship to 
circulating anti-intermediate filament autoantibodies. Clin Immunol 
Immunopathol 1984; 32: 81-89 [PMID: 6733983 DOI: 10.1016/009
0-1229(84)90045-X]

6	 Neal DE, Dilworth JP, Kaack MB. Tamm-Horsfall autoantibodies 
in interstitial cystitis. J Urol 1991; 145: 37-39 [PMID: 1984095]

7	 Anderson JB, Parivar F, Lee G, Wallington TB, MacIver AG, 
Bradbrook RA, Gingell JC. The enigma of interstitial cystitis--an 
autoimmune disease? Br J Urol 1989; 63: 58-63 [PMID: 2920261 
DOI: 10.1111/j.1464-410X.1989.tb05124.x]

8	 Ochs RL, Stein TW, Peebles CL, Gittes RF, Tan EM. Autoantibodies 
in interstitial cystitis. J Urol 1994; 151: 587-592 [PMID: 8308964]

9	 Ochs RL. Autoantibodies and interstitial cystitis. Clin Lab Med 1997; 
17: 571-579 [PMID: 9316774]

10	 Keay S, Zhang CO, Trifillis AL, Hebel JR, Jacobs SC, Warren 
JW. Urine autoantibodies in interstitial cystitis. J Urol 1997; 157: 
1083-1087 [PMID: 9072548 DOI: 10.1016/S0022-5347(01)65146-2]

11	 Ochs RL, Muro Y, Si Y, Ge H, Chan EK, Tan EM. Autoantibodies 
to DFS 70 kd/transcription coactivator p75 in atopic dermatitis and 
other conditions. J Allergy Clin Immunol 2000; 105: 1211-1220 
[PMID: 10856157 DOI: 10.1067/mai.2000.107039]

12	 Liebert M, Wedemeyer G, Stein JA, Washington R, Faerber G, 
Flint A, Grossman HB. Evidence for urothelial cell activation in 
interstitial cystitis. J Urol 1993; 149: 470-475 [PMID: 8094760]

13	 Christmas TJ, Bottazzo GF. Abnormal urothelial HLA-DR 
expression in interstitial cystitis. Clin Exp Immunol 1992; 87: 450-454 
[PMID: 1544229 DOI: 10.1111/j.1365-2249.1992.tb03018.x]

14	 Erickson DR, Belchis DA, Dabbs DJ. Inflammatory cell types and 
clinical features of interstitial cystitis. J Urol 1997; 158: 790-793 
[PMID: 9258082 DOI: 10.1016/S0022-5347(01)64317-9]

15	 Yamada T ,  Murayama T, Mita H, Akiyama K. Bladder 
hypersensitivity of interstitial cystitis complicated by allergic 
diseases. Urology 2001; 57: 125 [PMID: 11378117 DOI: 10.1016/
S0090-4295(01)01091-3]

16	 Kim HJ, Park MH. Obstructive uropathy due to interstitial cystitis 
in a patient with systemic lupus erythematosus. Clin Nephrol 1996; 
45: 205-208 [PMID: 8706364]

17	 Vicencio GP, Chung-Park M, Ricanati E, Lee KN, DeBaz BP. SLE 
with interstitial cystitis, reversible hydronephrosis and intestinal 
manifestations. J Rheumatol 1989; 16: 250-251 [PMID: 2746573]

18	 Sugai S. Interstitial cystitis and Sjögren’s syndrome. Intern 
Med 2004; 43: 174-176 [PMID: 15098594 DOI: 10.2169/
internalmedicine.43.174]

19	 Shibata S, Ubara Y, Sawa N, Tagami T, Hosino J, Yokota M, Katori 
H, Takemoto F, Hara S, Takaichi K, Fujii A, Murata H, Nishi T. 
Severe interstitial cystitis associated with Sjögren’s syndrome. 
Intern Med 2004; 43: 248-252 [PMID: 15098610 DOI: 10.2169/
internalmedicine.43.248]

20	 Van de Merwe J, Kamerling R, Arendsen E, Mulder D, Hooijkaas 
H. Sjögren’s syndrome in patients with interstitial cystitis. J 
Rheumatol 1993; 20: 962-966 [PMID: 8350331]

21	 Lorenzo Gómez MF, Gómez Castro S. Physiopathologic 
relationship between interstitial cystitis and rheumatic, autoimmune, 
and chronic inflammatory diseases. Arch Esp Urol 2004; 57: 25-34 
[PMID: 15119315]

22	 MacDermott JP, Miller CH, Levy N, Stone AR. Cellular immunity 
in interstitial cystitis. J Urol 1991; 145: 274-278 [PMID: 1671106]

23	 Bullock AD, Becich MJ, Klutke CG, Ratliff TL. Experimental 
autoimmune cystitis: a potential murine model for ulcerative 
interstitial cystitis. J Urol 1992; 148: 1951-1956 [PMID: 1433651]

24	 Luber-Narod J, Austin-Ritchie T, Banner B, Hollins C, Maramag C, 
Price H, Menon M. Experimental autoimmune cystitis in the Lewis 
rat: a potential animal model for interstitial cystitis. Urol Res 1996; 
24: 367-373 [PMID: 9008331 DOI: 10.1007/BF00389795]

25	 Mitra S, Dagher A, Kage R, Dagher RK, Luber-Narod J. 
Experimental autoimmune cystitis: further characterization 
and serum autoantibodies. Urol Res 1999; 27: 351-356 [PMID: 
10550523 DOI: 10.1007/s002400050162]

26	 Phull H, Salkini M, Purves T, Funk J, Copeland D, Comiter 
CV. Angiotensin II plays a role in acute murine experimental 
autoimmune cystitis. BJU Int 2007; 100: 664-667 [PMID: 17550411 
DOI: 10.1111/j.1464-410X.2007.07035.x]

27	 Lin YH, Liu G, Kavran M, Altuntas CZ, Gasbarro G, Tuohy VK, 
Daneshgari F. Lower urinary tract phenotype of experimental 
autoimmune cystitis in mouse: a potential animal model for 
interstitial cystitis. BJU Int 2008; 102: 1724-1730 [PMID: 
18710451 DOI: 10.1111/j.1464-410X.2008.07891.x]

28	 Altuntas CZ, Daneshgari F, Sakalar C, Goksoy E, Gulen MF, Kavran 
M, Qin J, Li X, Tuohy VK. Autoimmunity to uroplakin II causes 
cystitis in mice: a novel model of interstitial cystitis. Eur Urol 2012; 
61: 193-200 [PMID: 21719190 DOI: 10.1016/j.eururo.2011.06.028]

29	 Liu W, Evanoff DP, Chen X, Luo Y. Urinary bladder epithelium 
antigen induces CD8+ T cell tolerance, activation, and autoimmune 
response. J Immunol 2007; 178: 539-546 [PMID: 17182594 DOI: 
10.4049/jimmunol.178.1.539]

30	 Liu W, Deyoung BR, Chen X, Evanoff DP, Luo Y. RDP58 inhibits 
T cell-mediated bladder inflammation in an autoimmune cystitis 
model. J Autoimmun 2008; 30: 257-265 [PMID: 18162370 DOI: 
10.1016/j.jaut.2007.10.005]

31	 Kim R, Liu W, Chen X, Kreder KJ, Luo Y. Intravesical dimethyl 
sulfoxide inhibits acute and chronic bladder inflammation in 
transgenic experimental autoimmune cystitis models. J Biomed 
Biotechnol  2011; 2011: 937061 [PMID: 21113298 DOI: 
10.1155/2011/937061]

32	 Liu W, Chen X, Evanoff DP, Luo Y. Urothelial antigen-specific 
CD4+ T cells function as direct effector cells and induce bladder 
autoimmune inflammation independent of CD8+ T cells. Mucosal 
Immunol 2011; 4: 428-437 [PMID: 21270773 DOI: 10.1038/
mi.2010.90]

33	 Barnden MJ, Allison J, Heath WR, Carbone FR. Defective TCR 

117 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Liu WJ et al . Treg cells suppress bladder autoimmunity



expression in transgenic mice constructed using cDNA-based alpha- 
and beta-chain genes under the control of heterologous regulatory 
elements. Immunol Cell Biol 1998; 76: 34-40 [PMID: 9553774 
DOI: 10.1046/j.1440-1711.1998.00709.x]

34	 Robertson JM, Jensen PE, Evavold BD. DO11.10 and OT-II T 
cells recognize a C-terminal ovalbumin 323-339 epitope. J Immunol 
2000; 164: 4706-4712 [PMID: 10779776 DOI: 10.4049/jimm
unol.164.9.4706]

35	 Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell 
development by the transcription factor Foxp3. Science 2003; 299: 
1057-1061 [PMID: 12522256 DOI: 10.1126/science.1079490]

36	 Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the 
development and function of CD4+CD25+ regulatory T cells. Nat 
Immunol 2003; 4: 330-336 [PMID: 12612578 DOI: 10.1038/ni904]

37	 Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr 
AG, Rudensky AY. Regulatory T cell lineage specification by the 
forkhead transcription factor foxp3. Immunity 2005; 22: 329-341 
[PMID: 15780990 DOI: 10.1016/j.immuni.2005.01.016]

38	 Page M, Thorpe R. Purification of monoclonal antibodies. Methods 
Mol Biol 1998; 80: 113-119 [PMID: 9664368 DOI: 10.1007/978-1-
59259-257-9_11]

39	 Ratliff TL, Klutke CG, Hofmeister M, He F, Russell JH, Becich 
MJ. Role of the immune response in interstitial cystitis. Clin 
Immunol Immunopathol 1995; 74: 209-216 [PMID: 7859410 DOI: 
10.1006/clin.1995.1031]

40	 Christmas TJ. Lymphocyte sub-populations in the bladder wall 
in normal bladder, bacterial cystitis and interstitial cystitis. Br J 
Urol 1994; 73: 508-515 [PMID: 8012772 DOI: 10.1111/j.1464-
410X.1994.tb07635.x]

41	 Harrington DS, Fall M, Johansson SL. Interstitial cystitis: bladder 
mucosa lymphocyte immunophenotyping and peripheral blood flow 
cytometry analysis. J Urol 1990; 144: 868-871 [PMID: 2204728]

42	 Westendorf AM, Templin M, Geffers R, Deppenmeier S, Gruber 
AD, Probst-Kepper M, Hansen W, Liblau RS, Gunzer F, Bruder 
D, Buer J. CD4+ T cell mediated intestinal immunity: chronic 
inflammation versus immune regulation. Gut 2005; 54: 60-69 
[PMID: 15591505 DOI: 10.1136/gut.2003.037663]

43	 Mangialaio S, Ji H, Korganow AS, Kouskoff V, Benoist C, Mathis 
D. The arthritogenic T cell receptor and its ligand in a model of 
spontaneous arthritis. Arthritis Rheum 1999; 42: 2517-2523 [PMID: 
10615996 DOI: 10.1002/1529-0131(199912)42:12<2517::AID-
ANR3>3.0.CO;2-W]

44	 Mamalaki C, Murdjeva M, Tolaini M, Norton T, Chandler P, 
Townsend A, Simpson E, Kioussis D. Tolerance in TCR/cognate 
antigen double-transgenic mice mediated by incomplete thymic 
deletion and peripheral receptor downregulation. Dev Immunol 
1996; 4: 299-315 [PMID: 8924765 DOI: 10.1155/1995/54219]

45	 Fisson S, Darrasse-Jèze G, Litvinova E, Septier F, Klatzmann D, 
Liblau R, Salomon BL. Continuous activation of autoreactive CD4+ 
CD25+ regulatory T cells in the steady state. J Exp Med 2003; 198: 
737-746 [PMID: 12939344 DOI: 10.1084/jem.20030686]

46	 Ring S, Enk AH, Mahnke K. ATP activates regulatory T Cells in 
vivo during contact hypersensitivity reactions. J Immunol 2010; 184: 
3408-3416 [PMID: 20208014 DOI: 10.4049/jimmunol.0901751]

47	 Coe D, Begom S, Addey C, White M, Dyson J, Chai JG. Depletion 
of regulatory T cells by anti-GITR mAb as a novel mechanism for 

cancer immunotherapy. Cancer Immunol Immunother 2010; 59: 
1367-1377 [PMID: 20480365 DOI: 10.1007/s00262-010-0866-5]

48	 Ko K, Yamazaki S, Nakamura K, Nishioka T, Hirota K, Yamaguchi T, 
Shimizu J, Nomura T, Chiba T, Sakaguchi S. Treatment of advanced 
tumors with agonistic anti-GITR mAb and its effects on tumor-
infiltrating Foxp3+CD25+CD4+ regulatory T cells. J Exp Med 2005; 
202: 885-891 [PMID: 16186187 DOI: 10.1084/jem.20050940]

49	 Ramirez-Montagut T, Chow A, Hirschhorn-Cymerman D, Terwey 
TH, Kochman AA, Lu S, Miles RC, Sakaguchi S, Houghton AN, 
van den Brink MR. Glucocorticoid-induced TNF receptor family 
related gene activation overcomes tolerance/ignorance to melanoma 
differentiation antigens and enhances antitumor immunity. J 
Immunol 2006; 176: 6434-6442 [PMID: 16709800 DOI: 10.4049/
jimmunol.176.11.6434]

50	 Shevach EM, Stephens GL. The GITR-GITRL interaction: co-
stimulation or contrasuppression of regulatory activity? Nat Rev 
Immunol 2006; 6: 613-618 [PMID: 16868552 DOI: 10.1038/nri1867]

51	 Nocentini G, Riccardi C. GITR: a multifaceted regulator of immunity 
belonging to the tumor necrosis factor receptor superfamily. Eur J 
Immunol 2005; 35: 1016-1022 [PMID: 15770698 DOI: 10.1002/
eji.200425818]

52	 Apostolou I, Sarukhan A, Klein L, von Boehmer H. Origin of 
regulatory T cells with known specificity for antigen. Nat Immunol 
2002; 3: 756-763 [PMID: 12089509 DOI: 10.1038/ni816]

53	 Jordan MS, Boesteanu A, Reed AJ, Petrone AL, Holenbeck AE, 
Lerman MA, Naji A, Caton AJ. Thymic selection of CD4+CD25+ 
regulatory T cells induced by an agonist self-peptide. Nat Immunol 
2001; 2: 301-306 [PMID: 11276200 DOI: 10.1038/86302]

54	 Kawahata K, Misaki Y, Yamauchi M, Tsunekawa S, Setoguchi 
K, Miyazaki J, Yamamoto K. Generation of CD4(+)CD25(+) 
regulatory T cells from autoreactive T cells simultaneously with their 
negative selection in the thymus and from nonautoreactive T cells 
by endogenous TCR expression. J Immunol 2002; 168: 4399-4405 
[PMID: 11970982 DOI: 10.4049/jimmunol.168.9.4399]

55	 Romagnoli P, Hudrisier D, van Meerwijk JP. Preferential recognition 
of self antigens despite normal thymic deletion of CD4(+)CD25(+) 
regulatory T cells. J Immunol 2002; 168: 1644-1648 [PMID: 
11823492 DOI: 10.4049/jimmunol.168.4.1644]

56	 Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, McGrady 
G, Wahl SM. Conversion of peripheral CD4+CD25- naive T cells 
to CD4+CD25+ regulatory T cells by TGF-beta induction of 
transcription factor Foxp3. J Exp Med 2003; 198: 1875-1886 [PMID: 
14676299 DOI: 10.1084/jem.20030152]

57	 Zheng SG, Wang JH, Gray JD, Soucier H, Horwitz DA. Natural 
and induced CD4+CD25+ cells educate CD4+CD25- cells to 
develop suppressive activity: the role of IL-2, TGF-beta, and IL-10. 
J Immunol 2004; 172: 5213-5221 [PMID: 15100259 DOI: 10.4049/
jimmunol.172.9.5213]

58	 Rao PE, Petrone AL, Ponath PD. Differentiation and expansion of 
T cells with regulatory function from human peripheral lymphocytes 
by stimulation in the presence of TGF-{beta}. J Immunol 2005; 174: 
1446-1455 [PMID: 15661903 DOI: 10.4049/jimmunol.174.3.1446]

59	 Green EA, Choi Y, Flavell RA. Pancreatic lymph node-derived 
CD4(+)CD25(+) Treg cells: highly potent regulators of diabetes 
that require TRANCE-RANK signals. Immunity 2002; 16: 183-191 
[PMID: 11869680 DOI: 10.1016/S1074-7613(02)00279-0]

P- Reviewer: Boros M, Lichtor T, Nagata T    S- Editor: Qiu S    
L- Editor: A    E- Editor: Wu HL

118 July 27, 2016|Volume 6|Issue 2|WJI|www.wjgnet.com

Liu WJ et al . Treg cells suppress bladder autoimmunity



                                      © 2016 Baishideng Publishing Group Inc. All rights reserved.

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA

Telephone: +1-925-223-8242
Fax: +1-925-223-8243

E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx

http://www.wjgnet.com



Published by Baishideng Publishing Group Inc

World Journal of 
Immunology
World J Immunol  2016 November 27; 6(3): 119-130

ISSN 2219-2824 (online)



World Journal of 
ImmunologyW J I

EDITORS-IN-CHIEF
Antonio La Cava, Los Angeles
Seung-Yong Seong, Seoul

ASSOCIATE EDITORS
Alexandre Corthay, Oslo
Ya-Ling Hsu, Kaohsiung
HJPM Koenen, Nijmegen
Paolo Puccetti, Perugia

GUEST EDITORIAL BOARD 
MEMBERS
Chen-Lung Steve Lin, Kaohsiung
Chien-Huang Lin, Taipei
Chih-Hsin Tang, Taichung
Chuen-Mao Yang, Kwei-San
Kuender D Yang, Taipei
Wen-Chin Yang, Taipei

MEMBERS OF THE EDITORIAL 
BOARD

Argentina

Maria Silvia Di Genaro, San Luis
Rivero Virginia Elena, Córdoba
Marisa Vulcano, Buenos Aires

Australia

Antonio Ferrante, Adelaide
Jacob George, Sydney
Katherine Kedzierska, Parkville
Mark J Kohler, Adelaide 
Ian R Mackay, Melbourne
Ban-Hock Toh, Clayton

Austria

Doris Wilflingseder, Innsbruck

Belgium

Evelien Smits, Antwerp

Brazil

Marcelo H Napimoga, Campinas

Canada

Zoulfia Allakhverdi, Québec
Reginald M Gorczynski, Toronto
Subburaj Ilangumaran, Sherbrooke
Xiaoyan Jiang, Vancouver
Sung O Kim, London
Mladen Korbelik, Vancouver 
Francois JMA Meurens, Saskatoon 
Jean Sévigny, Quebec
Rajendra K Sharma, Saskatoon
Ping-Chang Yang, Hamilton
Zhu-Xu Zhang, London

China

Wang-Sen Cao, Nanjing
Xin-Hua Chen, Xiamen
Ning Guo, Beijing
Xian-Hui He, Guangzhou
Bo Huang, Wuhan

Bo Jin, Beijing
Ren Lai, Kunming
Zhan-Ju Liu, Shanghai
Chun-Feng Qu, Beijing
Fu-Dong Shi, Tianjin
Xiao Su, Shanghai
Jin-Xing Wang, Jinan
Yan-Jiang Wang, Chongqing
Li-Juan Zhang, Beijing
Shi-Cui Zhang, Qingdao 
Zhi-Ren Zhang, Chongqing

Czech Republic

Josef Velisek, Vodňany

Finland

Yrjo T Konttinen, Helsinki

France

Armand Bensussan, Paris
Christophe Borg, Besancon
Christophe Caux, Lyon
Mathias Chamaillard, Lille
Yves Denizot, Limoges
Philippe M.N. Georgel, Strasbourg
Guido Kroemer, Paris
Patrice N Marche, Grenoble
Jean-Louis Mege, Marseille
Yves Renaudineau, Brest
Julien Royet, Marseille
Bernhard Ryffel, Orleans
Guillaume Vogt, Paris

I

Editorial Board
2016-2019

The World Journal of Immunology Editorial Board consists of 242 members, representing a team of worldwide 
experts in immunology. They are from 31 countries, including Argentina (3), Australia (6), Austria (1), Belgium (1), 
Brazil (1), Canada (11), China (23), Czech Repoublic (1), Finland (1), France (13), Germany (8), Greece (3), India (9), 
Ireland (1), Israel (4), Italy (16), Japan (8), Lebanon (1), Mexico (2), Netherlands (6), Norway (3), Peru (1), Portugal 
(2), Russia (3), Singapore (2), Slovenia (2), South Korea (6), Spain (7), Sweden (5), United Kingdom (14) and United 
States (78).

February 24, 2016WJI|www.wjgnet.com



Germany

Nimmerjahn Falk, Nuremberg
Stephan Immenschuh, Hannover
Dieter Kabelitz, Kiel
Martin Leverkus, Heidelberg
Michael Linnebacher, Rostock
Jan H Niess, Ulm
Enno Schmidt, Luebeck
Robert Weissert, Regensburg

Greece

Giorgos T Bamias, Athens
Don M Estes,  Athens
Clio P Mavragani, Athens

India

Arbind Acharya, Varanasi
Atmaram H Bandivdekar, Mumbai
Tapas Biswas, Kolkata
Keya Chaudhuri, Kolkata
Deepak Kaul, Chandigarh
Debashis Mitra, Pune
Praveen Rishi, Chandigarh
Shyam Sundar, Varanasi
Mohan R Wani, Pune

Ireland

Anne F McGettrick, Dublin

Israel

Noah Isakov, Beer Sheva
Aaron Lerner, Haifa
David Naor, Jerusalem
Michal Schwartz, Rehovot

Italy

Roberto Biassoni, Genoa
Francesco Indiveri, Genoa
Pietro Invernizzi, Monza
Lucia Lopalco, Milan
Angelo Martino, Rome
Ivano Mezzaroma, Rome
Antonella d'Arminio Monforte, Milan
Giulio Cesare Passàli, Siena
Carlo Perricone, Rome
Alessandro Poggi, Genoa
Antonella Prisco, Napoli
Carlo Riccardi, Perugia
Domenico Sansonno, Bari
Margherita Sisto, Bari
Rosalinda Sorrentino, Salerno-Fisciano

Japan

Miyuki Azuma, Tokyo
Kozo Fujisaki, Kagoshima

Kenji Kabashima, Kyoto
Ryuji Kubota, Kagoshima
Osam Mazda, Kyoto
Toshi Nagata, Hamamatsu
Toshimitsu Uede, Sapporo
Hisanori Umehara, Ishikawa 

Lebanon

Nayef E Saadé, Beirut

Mexico

Carlos Rosales, México
Gilberto Vargas-Alarcon, Mexico City

Netherlands

Marianne Boes, Utrecht
Niels Bovenschen, Utrecht
Wouter J de Jonge, Amsterdam
J Wouter Jukema, Leiden
Frank A Redegeld, Utrecht

Norway

Guanglin Cui, Tromso
Azzam A Maghazachi, Oslo

Peru

Salim Mohanna, Lima

Portugal

Nuno Lages Alves, Porto
Alexandre M Carmo, Porto

Russia

Alexander S Apt, Moscow 
Georgy A Nevinsky, Novosibirsk
Alexander B Poletaev, Moscow

Singapore

Jeak Ling Ding, Singapore
Alessandra Mortellaro, Singapore

Slovenia

Blaz Rozman, Ljubljana
Snezna Sodin-Semrl, Ljubljana

South Korea

Sin-Hyeog Im, Pohang
Mi-Yeon Kim, Seoul
Hyung-Joo Kwon, Chuncheon

Won-Ha Lee, Daegu
Cheol-Heui Yun, Seoul

Spain

Joan Claria, Barcelona
Oscar J Cordero, Santiago de Compostela
Santos Manes, Madrid
Victoriano Mulero, Murcia
M Angeles Munoz-Fernandez, Madrid
Yolanda Revilla Novella, Madrid
Annabel F Valledor, Barcelon

Sweden

Francesco Dieli, Stockholm
Levitskaya Jelena, Stockholm
Stefan Karlsson, Lund
Sandra Kleinau, Uppsala
Zou Xiang, Gothenburg

United Kingdom

Peter J Barnes, London
Nicola Cirillo, Bristol
Rossen M Donev, Swansea
Eyad Elkord, Manchester
Fang-Ping Huang, London
John Maher, London
Claudio Nicoletti, Norwich
Dipak P Ramji, Cardiff
Cordula M Stover, Leicester
Vadim Sumbayev, Chatham Maritime
Ying Sun, London
Ping Wang, London
Xiao-Qing Wei, Cardiff
Heather M Wilson, Aberdeen

United States

Edward Abraham, Winston-Salem
Anshu Agrawal, Irvine
Jessy J Alexander, Chicago
Robert J Amato, Houston
Hossam M Ashour, Detroit
Paul Ashwood, Sacramento
Sami L Bahna, Shreveport
Richard B Bankert, Buffalo
Igor M Belyakov, Frederick
Lbachir BenMohamed, Irvine
Lauren C Berkow, Baltimore
John J Bright, Indianapolis
Stuart Calderwood, Boston
Christopher Chang, Wilmington
Arvind Chhabra, Farmington
Lukasz K Chlewicki, Ridgefield
Yingzi Cong, Galveston
William Cruikshank, Boston
Peter Demant, Buffalo
Lauri J Diehl, South San Francisco
Nejat K Egilmez, Buffalo
Jie Fan, Pittsburgh
Angela L Foreman, San Leandro
Kenneth A Frauwirth, College Park
Mikhail A Gavrilin, Columbus
Alasdair M Gilfillan, Bethesda

II February 24, 2016WJI|www.wjgnet.com



III February 24, 2016WJI|www.wjgnet.com

Azizul Haque, Charleston
Jian Hong, Houston
Joseph U Igietseme, Atlanta
Rauno Joks, Port Washington
Janet Kalesnikoff, Stanford
Pravin TP Kaumaya, Columbus
Toshiaki Kawakami, La Jolla
Chang H Kim, West Lafayette
Hongmin Li, Albany
Qiao Li, Ann Arbor
Terry Lichtor, Wilmette
Tian Lin, Charlestown
Shu-Fang Liu, Manhasset
Yuan Liu, Atlanta
Binfeng Lu, Pittsburgh
Runqing Lu, Omaha
Yi Luo, Iowa City

Francesco M Marincola, Bethesda
Kenneth R McLeish, Louisville
Songqing Na, Indianapolis
Cuong Q Nguyen, Gainesville
SangKon Oh, Dallas
Kristen Page, Cincinnati
Kalipada Pahan, Chicago
Minggui Pan, Santa Clara
Manuel L Penichet, Los Angeles
Andras Perl, Syracuse
Edith Porter, Los Angeles
Hongwei Qin, Birmingham
Michael K Racke, Columbus
Mariusz Z Ratajczak, Louisville
Nicholas P Restifo, Bethesda
Prema Robinson, Houston
Rachel L Roper, Greenville

Kimberly S Schluns, Houston
Mohamed Tarek M Shata, Cincinnati
Haval Shirwan, Louisville
Judith A Smith, Madison
Zuoming Sun, Duarte
Dennis D Taub, Baltimore
George C Tsokos, Boston
Evros K Vassiliou, Union
Hongjun Wang, Boston
Xiang-Yang Wang, Richmond
Marc A Williams, Saint Louis
Min Wu, Grand Forks
Dongxu Xie, New York
Baohui Xu, Stanford
Xiao-Feng Yang, Philadelphia
Thomas Yankee, Kansas City
Song-Guo Zheng, Los Angeles



 

Contents Four-monthly  Volume 6  Number 3  November 27, 2016

IWJI|www.wjgnet.com November 27, 2016|Volume 6|Issue 3|

World Journal of 
ImmunologyW J I

              EDITORIAL
119	 Myeloid derived suppressor cells in breast cancer: A novel therapeutic target?

	 Weston RM, Stover CM

126	 IgE regulates airway smooth muscle phenotype: Future perspectives in allergic asthma

	 Redhu NS, Gounni AS

  



 
Contents

World Journal of Immunology
Volume 6  Number 3  November 27, 2016

IIWJI|www.wjgnet.com

ABOUT COVER

AIM AND SCOPE

Editorial Board Member of World Journal of Immunology , Christopher Chang, 
MD, PhD, Professor, Division of Allergy, Asthma and Immunology, Nemours/
A.I. duPont Hospital for Children, Thomas Jefferson University, Wilmington, DE 
19803, United States

World Journal of  Immunology (World J Immunol, WJI, online ISSN 2219-2824, DOI: 10.5411) 
is a peer-reviewed open access academic journal that aims to guide clinical practice and im-
prove diagnostic and therapeutic skills of  clinicians.

WJI covers a wide range of  subjects including: (1) autoimmune diseases such as type 1 
diabetes, multiple sclerosis, rheumatoid arthritis, systemic lupus erythematosus, thyroiditis, 
myasthenia gravis, in both humans and animal models of  disease, with an interest on as-
pects including the etiology, pathogenesis, mechanisms of  disease induction, maintenance 
and progression; (2) tumor immunology including immunosurveillance, immunoediting 
and immunotherapies in animal models and in humans; (3) clinical immunology in humans 
and animal models including mechanisms of  disease, regulation and therapy and immu-
nodeficiencies; (4) innate immunity including cell subsets, receptors and soluble media-
tors, complement and inflammation; (5) adaptive immune mechanisms and cells including 
soluble mediators and antibodies; (6) immune cell development, differentiation, matura-
tion; (7) control mechanisms for immune cells including immune tolerance and apoptosis; 
(8) immune cell interactions and immune cell receptors; (9) immunological methods and 
techniques; (10) immune cell activation including cell signaling pathways, biochemical and 
pharmacologic modulation studies; (11) infection; (12) different modalities of  vaccination 
including gene therapy; (13) hypersensitivity and allergy; (14) transplantation.

We encourage authors to submit their manuscripts to WJI. We will give priority to 
manuscripts that are supported by major national and international foundations and those 
that are of  great basic and clinical significance.

World Journal of  Immunology is now indexed in China National Knowledge Infrastructure
(CNKI).

I-III	 Editorial Board

EDITORS FOR 
THIS ISSUE

Responsible Assistant Editor: Xiang Li                      Responsible Science Editor: Shui Qiu
Responsible Electronic Editor: Dan Li	      Proofing Editorial Office Director: Xiu-Xia Song
Proofing Editor-in-Chief: Lian-Sheng Ma

www.wjgnet.com/2219-2824/editorialboard.htm

EDITORIAL OFFICE
Xiu-Xia Song, Director
Fang-Fang Ji, Vice Director
World Journal of  Immunology
Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA
Telephone: +1-925-2238242
Fax: +1-925-2238243
E-mail: editorialoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
http://www.wjgnet.com

PUBLISHER
Baishideng Publishing Group Inc
8226 Regency Drive, 
Pleasanton, CA 94588, USA
Telephone: +1-925-2238242
Fax: +1-925-2238243
E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
http://www.wjgnet.com

PUBLICATION DATE
November 27, 2016

COPYRIGHT
© 2016 Baishideng Publishing Group Inc. Articles pub-
lished by this Open-Access journal are distributed under 
the terms of  the Creative Commons Attribution Non-
commercial License, which permits use, distribution, 
and reproduction in any medium, provided the original 
work is properly cited, the use is non commercial and is 
otherwise in compliance with the license.

SPECIAL STATEMENT 
All articles published in journals owned by the 
Baishideng Publishing Group (BPG) represent the 
views and opinions of  their authors, and not the views, 
opinions or policies of  the BPG, except where other-
wise explicitly indicated.

INSTRUCTIONS TO AUTHORS
http://www.wjgnet.com/bpg/gerinfo/204

ONLINE SUBMISSION 
http://www.wjgnet.com/esps/

FLYLEAF

NAME OF JOURNAL 
World Journal of  Immunology

ISSN
ISSN 2219-2824 (online)

LAUNCH DATE
December 27, 2011

FREQUENCY
Four-monthly

EDITORS-IN-CHIEF
Antonio La Cava, MD, PhD, Professor, Depart-
ment of  Medicine, University of  California Los An-
geles, Los Angeles, CA 90095-1670, United States

Seung-Yong Seong, MD, PhD, Professor, De-
partment of  Microbiology and Immunology, 103 
Daehag-no, Jongno-gu, Seoul 110-799, South Korea

EDITORIAL BOARD MEMBERS
All editorial board members resources online at http://

INDEXING/ABSTRACTING 

November 27, 2016|Volume 6|Issue 3|



Rebekah M Weston, Cordula M Stover

EDITORIAL

119 November 27, 2016|Volume 6|Issue 3|WJI|www.wjgnet.com

Myeloid derived suppressor cells in breast cancer: A novel 
therapeutic target?

Rebekah M Weston, Cordula M Stover, Department of Infection, 
Immunity and Inflammation, College of Medicine, Biological 
Sciences and Psychology, University of Leicester, Leicester LE1 
9HN, United Kingdom

Cordula M Stover, Department of Infection, Immunity and 
Inflammation, University of Leicester, Leicester LE1 9HN, United 
Kingdom

Author contributions: Weston RM researched the field, extracted 
and compiled the findings; Stover CM discussed the evaluation and 
revised the paper.

Conflict-of-interest statement: The authors declare no conflict 
of interest related to this publication.

Open-Access: This article is an open-access article which was 
selected by an in-house editor and fully peer-reviewed by external 
reviewers. It is distributed in accordance with the Creative 
Commons Attribution Non Commercial (CC BY-NC 4.0) license, 
which permits others to distribute, remix, adapt, build upon this 
work non-commercially, and license their derivative works on 
different terms, provided the original work is properly cited and 
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Manuscript source: Invited manuscript

Correspondence to: Cordula M Stover, PhD, Associate 
Professor, Department of Infection, Immunity and Inflammation, 
University of Leicester, Maurice Shock Medical Sciences Building, 
University Road, Leicester LE1 9HN, 
United Kingdom. cms13@le.ac.uk 
Telephone: +44-116-2525032
Fax: +44-116-2525030

Received: August 26, 2016
Peer-review started: August 29, 2016
First decision: September 27, 2016 
Revised: October 16, 2016
Accepted: October 25, 2016
Article in press: October 27, 2016
Published online: November 27, 2016

Abstract
The relationship of the immune system and tumour 
cells is complex; although recognised that the immune 
system can protect the host against tumour development, 
the immune system also facilitates tumour progression 
through immune suppression. Pro-inflammatory mediators 
associated with chronic inflammation are responsible 
for the expansion and activation of myeloid derived 
suppressor cells (MDSCs); a heterogeneous group of 
cells that originates from myeloid progenitor cells but 
does not complete the final stages of differentiation. A 
causal relationship between chronic inflammation and 
tumour progression relies on the accumulation and 
maintenance of MDSCs as its linchpin; responsible for 
immunosuppression through the down-regulation of anti-
tumour responses. MDSCs cause immunosuppression 
through a number of mechanisms; inhibiting the pro
liferation of CD4+ and CD8+ T cells, blocking natural killer 
cell activation and limiting dendritic cell maturation and 
function. As well as using various mechanisms to inhibit 
adaptive and immune responses, MDSCs also have non-
immunological functions that aid tumour spread; including 
directly promoting tumour proliferation and metastasis 
by having an important role in tumour angiogenesis, 
secretion of matrix metalloproteinases and induction 
of epithelial-mesenchymal transition. Breast cancer is 
the most common cancer among women in the United 
Kingdom with 44540 new cases of invasive carcinoma in 
2013 and results in the second highest cancer mortality 
rate in women, with 11600 deaths in 2012. Considering 
this, the need for novel therapeutic interventions is higher 
than ever. This review summarises the rationale for the 
targeting of MDSCs in breast cancer as a realistic avenue 
to increase survival from breast cancer. 

Key words: Breast cancer; Immune cells; Treatment; 
Suppression; Survival
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Core tip: Breast cancer is the most common cancer 
among women in the United Kingdom; there were 
44540 new cases of invasive carcinoma in 2013. The 
incidence rate is 169.8:100000, an increase of 5.5% in 
10 years. Despite significant advances in the detection 
and treatment of breast cancer, breast cancer still 
results in 11600 deaths a year; the second highest 
number of cancer deaths in women. With increased 
appreciation of the sustaining importance of cells in the 
tumour microenvironment, in particular myeloid derived 
suppressor cells, their targeting is being considered as a 
novel treatment approach. 
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INTRODUCTION
Breast cancer is the most common cancer among women 
in the United Kingdom; there were 44540 new cases of 
invasive carcinoma in 2013. The incidence rate is 169.8: 
100000, an increase of 5.5% in 10 years[1]. Despite 
significant advances in the detection and treatment of 
breast cancer, breast cancer still results in 11600 deaths 
a year; the second highest number of cancer deaths in 
women[2,3]. With increased appreciation of the sustaining 
importance of cells in the tumour microenvironment, 
in particular myeloid derived suppressor cells, their 
targeting is being considered as a novel treatment 
approach. 

Myeloid derived suppressor cells (MDSCs) originate 
from myeloid progenitor cells in the bone marrow but do 
not complete the final stages of differentiation. They are 
immune modulatory cells which expand in cancer and 
go on to block tumour immunity and facilitate tumour 
progression[4]. MDSCs can be identified by surface 
markers and their functional ability to suppress the 
immune system[5,6], with the surface marker expression 
on human MDSCs being CD33+CD11b+HLA-DRlow/neg. 
The cells can also be identified through the absence of 
markers that would usually be found on mature lymphoid 
and myeloid cells[7,8]. Due to different factors involved 
in cell development and activation, the expression of 
surface markers is not limited to those mentioned above; 
there is a large diversity in MDSCs found in different 
cancers (CD11b+CD33+ in non small cell lung carcinoma; 
CD11b+CD33+LIN-HLA-DR- in Colon, breast, renal, 
lung, pancreatic, gastric and oesophageal carcinoma; 
CD11b+CD14-CD15- in melanoma; CD11b+CD33+CD14- 
in head and neck squamous cell carcinoma[8,9]). This is 
because the factors of stimulation originate from the 
tumour cells themselves and a particular phenotype 
of MDSCs is produced that depends on the inducer 
molecules released from the tumour[6]. Therefore, despite 

MDSCs having recognisable surface markers, most of 
these are not unique and the most effective way to 
identify MDSCs is by their immunosuppressive function[8]. 

INFLAMMATION, MDSCS AND CANCER
Chronic inflammation is linked to an increased risk 
of cancer, with experiments showing that high levels 
of pro-inflammatory mediators cause an increase in 
tumour development[10-12]. There are several mecha
nisms for this; induction of cell proliferation, increased 
angiogenesis, triggering of genetic changes and 
expansion and activation of MDSCs[4,5,10]. Inflammation-
associated molecules, such as vascular endothelial growth 
factor (VEGF) and granulocyte macrophage colony-
stimulating factor (GM-CSF), have been associated with 
the accumulation of MDSCs[11] and pro-inflammatory 
cytokines have been linked to MDSC induction[10]. These 
findings indicate that the link between inflammation 
and cancer is the induction of MDSCs and their inhibition 
of tumour immunity. Bunt et al[10] developed a causal 
relationship between chronic inflammation and tumour 
progression: Proliferation of tumour cells induces an 
inflammatory microenvironment consisting of pro-
inflammatory factors, causing induction, accumulation 
and maintenance of MDSCs which leads to immune 
suppression; facilitating the survival and proliferation 
of the tumour cells. As well as inflammatory mediators 
being involved in the activation of MDSCs, MDSCs 
themselves produce pro-inflammatory factors. These 
factors, for example S100A8, S100A9 and interleukin 
(IL)-6, maintain the inflammatory environment and in 
turn maintain the MDSC population[6].

UPREGULATION OF MDSCS
MDSCs are up-regulated by a variety of pro-inflam
matory mediators, including S100A8/S100A9, IL-1β, 
IL-6 and prostaglandin E2 (PGE2); leading to immune 
suppression and proliferation of malignant cells. 

S100A8 and S100A9, members of the S100 family 
of calcium binding proteins, act as inflammatory me
diators. Elevated levels of these proteins in serum 
indicate inflammation and/or recurrent infection with up-
regulation found in many cancer patients[4], leading to the 
hypothesis that S100A8/9 contribute to the recruitment 
of MDSCs. Not only do MDSCs have receptors for 
S100A8/9 but also have an ability to synthesise and 
secrete these proteins, allowing a positive feedback 
loop to ensure maintenance of the MDSC population[4]. 
When the binding of S100A8/9 was blocked, there was 
a reduction in MDSC accumulation indicating that these 
pro-inflammatory mediators are indeed involved in the 
accumulation of MDSCs[4]. When tissue sections from 
101 invasive ductal carcinoma cases were studied, co-
expression of the two S100 proteins was associated with 
poor tumour differentiation, vessel invasion and node 
metastasis, indicating that in invasive ductal carcinoma, 
over-expression of the S100A8/A9 complexes was 
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associated with poor prognosis[12]. 
IL-1β is important in mediating inflammatory 

responses, enhancing the accumulation of MDSCs and 
promoting tumour progression. When the IL-1 receptor 
is knocked out in murine models, there is a delay in 
MDSC accumulation and reduced tumour progression, 
indicating the importance of the interaction between IL-
1β (inflammation) and MDSCs[10,13]. When IL-1 receptor 
knock-out mice were inoculated with IL-6-producing 
tumour cells, there was partial restoration of MDSC 
accumulation and tumour progression, indicating that 
IL-6 has a role as a downstream mediator of this IL-1β-
induced process[13]. The stimulation of a variety of cell 
types by IL-1β leads to an increased production of PGE2, 
VEGF and GM-CSF; molecules all associated with the 
induction of MDSCs. As MDSCs do not have a receptor 
for IL-1β, it is therefore likely that these molecules could 
therefore be the downstream mechanism for IL-1β-
induced immune suppression[10].

IMMUNE SUPPRESSIVE ACTIVITIES OF 
MDSCS
MDSCs play an important role in tumour progression 
through the down-regulation of anti-tumour responses. 
As the tumour develops, the accumulation of MDSCs in 
the blood and lymphoid tissue is increased with patients 
newly diagnosed with breast cancer having double 
the number of circulating MDSCs compared to healthy 
volunteers[14]. There is a correlation between increasing 
levels of circulating MDSCs, clinical stage of breast 
cancer and decreased survival rate; the highest level of 
MDSCs are found in those with metastatic disease, stage 
Ⅳ[14]. MDSCs cause suppression through a number of 
mechanisms; inhibiting the proliferation of CD4+ and 
CD8+ T cells, blocking natural killer cell activation, limiting 
dendritic cell (DC) maturation and function and impacting 
on antigen presentation[4,7,13].

Inhibition of T cell-mediated anti-tumour immunity - 
biochemical switches
The presence of MDSCs in cancer patients strongly 
correlates with the absence of antigen-specific T cells, 
explaining the immunosuppression seen in sufferers[15,16]. 
Inhibition of T cell-mediated anti-tumour immunity is due 
to the production of arginase, reactive oxygen species 
(ROS), inducible nitric oxide synthase (iNOS), IL-10 and 
by isolating cystine and limiting availability of cysteine[17].

The cell’s requirement for the essential amino acid 
cysteine is increased during proliferation, differentiation 
and activation by an antigen. Cells usually synthesise 
this cysteine by the enzyme cystathionase, converting 
intracellular methionine to cysteine. Cells are also able to 
reduce cystine to cysteine in the cytoplasm after being 
imported via the Xc- cystine/glutamate antiporter[9,17]. T 
cells lack both cystathionase and a functional antiporter, 
therefore depend on antigen presenting cells (APCs) to 
provide cysteine which is exported via the ASC neutral 
amino acid transporter. APCs also release thioredoxin, 

an enzyme that reduces extracellular cystine to cysteine 
which can then be taken up directly by T cells. MDSCs 
also express the antiporter and are able to import 
cystine, competing with APCs for extracellular cystine. 
Since MDSCs do not express the ASC transporter and 
are therefore unable to export cysteine, there is a 
reduced amount of exported cysteine available to be 
taken up by T cells. As the MDSC burden increases, 
there is less cystine available for APCs and less cysteine 
available for T cells to import. MDSCs also disrupt the 
function of thioredoxin. As a consequence, T cells are 
deprived of the essential cysteine required for activation 
and function[9,17]. 

PGE2 produced by tumour cells can induce up-
regulation of arginase 1 in MDSCs, leading to 
increased consumption and reduced availability of 
arginine, an amino acid required by T cells for protein 
synthesis[9]. This depletion of arginine impairs T cell 
signal transduction and function due to loss of T cell 
receptor signalling and the inhibition of the cell cycle 
in G0 phase[18]. A significant increase in arginase levels 
has been found in patients with renal cell carcinoma 
compared to controls, resulting in a decrease in 
arginine levels. By using specific inhibitors to block 
arginase activity, suppression is removed and allows 
development of an effective anti-tumour response[18]. 

Indoleamine 2, 3 dioxygenase (IDO) is an enzyme 
that is responsible for the break-down of tryptophan, an 
essential amino acid for protein synthesis. Expression of 
IDO by MDSCs inhibits T cell proliferation and induces 
T cell apoptosis through depletion of tryptophan and 
production of cytotoxic metabolites[9]. IDO expression 
was increased in MDSCs isolated from resected invasive 
ductal carcinoma tissue. This up-regulation requires 
phosphorylation of signal transducer and activator 
of transcription 3 (STAT3); increased levels of STAT3 
phosphorylation is found in MDSCs. When an IDO 
inhibitor, 1-methyl-L-tryptophan, or a STAT3 antagonist 
was used, the MDSCs immunosuppressive activity on 
T cells was blocked, indicating that STAT3-dependent 
IDO expression mediates the immunosuppressive 
effects of MDSCs in breast cancer[19]. IDO has also been 
found to accumulate in tumour-infiltrating DCs, further 
suppressing T cell activity[3].

iNOS, an enzyme expressed in MDSCs, catalyses 
the reaction between L-arginine and oxygen to produce 
L-citrulline and nitric oxide (NO); NO can lead to T cell 
inhibition through various mechanisms. NO activates 
cyclic guanosine monophosphate-dependent protein 
kinase, leading to inhibition of IL-2 receptor signalling 
and in turn preventing activation of T cells. NO is also 
able to accelerate tumour growth and may lead to T cell 
apoptosis[9,18]. 

As L-arginine is depleted by MDSCs, iNOS switches 
to production of O2

-, a superoxide anion which goes on 
to react with other molecules to form ROS and reactive 
nitrogen species, such as peroxynitrite. Peroxynitrite, 
which is produced when O2

- reacts with NO, is able 
to diffuse through the cell membrane, acting as an 
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intracellular messenger and altering protein functions 
through nitration of amino acid residues. This strong 
oxidising agent has the ability to inhibit cytotoxic T 
cell responses by catalysing the nitration of the T cell 
receptor and in turn, preventing T cell-peptide-major 
histocompatibility complex interactions[9,20]. Peroxynitrite 
also induces T cell apoptosis through the inhibition of 
phosphorylation events in the T cell signal transduction 
pathway[9]. 

Hydrogen peroxide is formed from the ROS O2
- and 

H+ and has similar effects as peroxynitrite, impairing T 
cell receptor signalling, and also inducing T cell apoptosis 
by increasing the expression of CD95, a death receptor[9]. 

Limiting DC function 
DCs, as part of the innate immune system are the most 
important APCs for activation of naïve T cells. Since 
DCs are derived from the myeloid lineage, DC defects 
in cancer are likely due to abnormal or incomplete 
differentiation of DCs due to tumour-derived factors. The 
abnormal differentiation results in decreased production 
of mature DCs, accumulation of immature DCs that 
cannot produce cytokines, and increased production of 
MDSCs[21]. The reduction in number of mature DCs is 
closely associated with an accumulation of MDSCs[11,21]. 
Although immature DCs can process and present 
antigen, there are no co-stimulatory molecules. This fact, 
as well as a lack of stimulatory cytokines, may result in T 
cell tolerance[21]. In cancer, MDSCs inhibit DC production 
of IL-12 by producing IL-10, decreasing T cell activation 
and leading to immune suppression and tumour 
development[22]. 

MDSCS AS THERAPEUTIC TARGET
Apart from their immune suppressive function, MDSCs 
directly promote tumour proliferation and metastasis by 
furthering tumour angiogenesis[4,7,23]. Tumour blood vessels 
are important for providing the blood supply required 
for the development of the tumour, its progression and 
metastasis. When tumours are injected with MDSCs, 
there is increased blood vessel growth and maturation[24]. 
MDSCs are also able to incorporate themselves into the 
tumour endothelium, acquiring endothelial cell properties; 
expressing endothelial cell markers and leading to 
tumour vascularisation[24,25]. Immunotherapies need to 
overcome the break MDSCs exert on the host’s immune 
responses[6,26]. Studies have shown that a reduction in 
the immunosuppressive function of MDSCs is required 
for the induction of anti-breast immune responses[27], 
demonstrating that targeting MDSCs will increase 
effectiveness of immunotherapies. 

Markowitz et al[26] reviewed studies to determine that 
there are four main ways that the immunosuppressive 
effects of MDSCs can be reversed: Forcing MDSCs 
to differentiate into more mature states; inhibiting 
expansion of MDSCs accumulating at tumour sites and 
blocking the function of MDSCs. 

Forced MDSC differentiation 
Treatment of cancer patients with all-trans retinoic acid 
(ATRA) resulted in a substantial decrease in the number of 
MDSCs and an improvement in immune responses without 
significant toxicity[28]. ATRA delivers these results through 
differentiation of MDSCs to mature myeloid cells through 
inhibition of ROS production; ATRA acts to upregulate 
glutathione synthase, leading to an accumulation of 
glutathione[29]. By determining the mechanism of action 
and the concentration of ATRA required for a response, 
there is potential for a therapeutic agent that could 
be tested further, perhaps in combination with cancer 
vaccines. 

Inhibiting MDSC expansion
Therapeutics that prevent MDSC expansion include 
STAT3 inhibitors, tyrosine kinase inhibitors and amino-
bisphosphonates. Cytotoxic agents such as gemcitabine, 
5-FU and cisplatin may directly decrease MDSC accu
mulation[26,30]. 

Inhibiting receptor tyrosine kinases: Sunitinib, an 
inhibitor of receptor tyrosine kinases involved in breast 
cancer growth and metastasis which bind VEGF and 
platelet-derived growth factor, reduces elevated levels of 
MDSCs in cancer patients[31,32]. Preclinical studies using a 
breast cancer model showed that sunitinib, in combination 
with docetaxel, enhanced the anti-tumour activity of the 
alkaloid docetaxel and increased survival. In a phase Ⅱ 
trial, sunitinib in combination with docetaxel, showed 
promising anti-tumour activity in patients suffering from 
advanced breast cancer without significant drug-drug 
interactions[31]. 

In light of these results, Bergh et al[31] carried out 
a prospective, multicentre, randomised phase Ⅲ trial 
designed to determine if progression-free survival was 
prolonged when patients were treated with sunitinib 
and docetaxel rather than docetaxel alone. Progression-
free survival is the time that passes from the first 
day of treatment and the date on which the disease 
progresses. The results of this study contrasted those 
expected; despite improving the objective response 
rate, the treatment failed to prolong the progression-free 
survival[31]. Objective response rate is the percentage 
of patients whose cancer shrinks or disappears after 
treatment.

Although this treatment regime is not recommended 
for clinical use, it does not rule out the possibility of using 
tyrosine kinase inhibitors to target MDSCs in breast 
cancer. 

Inhibiting matrix metalloproteinase-9: MDSC 
expansion can also be acted against by inhibiting 
matrix metalloproteinase-9 (MMP-9); an enzyme 
secreted in high levels by MDSCs that is capable of 
breaking down extracellular matrix components and is 
responsible for tumour metastasis promotion and tumour 
vascularisation[9]. Although MMP inhibitors have either 
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failed or showed toxicity when studied as a therapeutic 
intervention in clinical trials[33], it has been discovered that 
amino-bisphosphonates have the ability to inhibit MMP-9; 
leading to impaired VEGF availability and therefore a 
reduction in tumour angiogenesis[34]. Zoledronic acid is 
a potent amino-bisphosphonate that was developed to 
treat bony metastases in cancer patients; it also targets 
MDSCs by preventing the differentiation of immature 
myeloid cells into MDSCs and has been found to prolong 
disease-free survival in breast cancer patients when 
used as an adjuvant in combination therapy[35-37]. In 
models of pancreatic cancer, zoledronic acid was effective 
in impairing intra-tumoural MDSC accumulation and 
depleting MDSCs, resulting in delayed tumour growth 
and an increased immune response. There was an 
increased recruitment of T cells to the tumour, showing 
that treatment with zoledronic acid improved the anti-
tumour response. The mechanism of action is unclear 
for both of these effects, however, meaning that further 
work is required[38]. The efficacy of a direct antitumour 
effect of bisphosphonates may be enhanced by the 
adjuvant administration of an anion transport blocker [39]. 

Blocked function of MDSCs 
Reactive oxygen species: ROS prevent T cell 
signalling through nitration of the T cell receptor. Breast 
tumours are sensitive to oxidative stress, typically 
expressing higher levels of ROS than normal cells due 
to increased intracellular ROS production, leading to 
dysregulation in the redox balance[40]. Kusmartsev et 
al[41] demonstrated that ex vivo neutralisation of ROS in 
immature myeloid cells derived from spleens of tumour 
bearing mice led to differentiation of cells away from 
their MDSC to a macrophage phenotype. Therefore, 
inhibitors of free radical formation may be useful in the 
treatment of breast cancer. 

NOV-002, a glutathione disulphide imitator, induces 
S-glutathionylation, the post-translational modification 
of cysteine residues through the addition of glutathione. 
This leads to inhibition of free radical formation[40]. 
Drugs targeting S-glutathionylation effect cell signalling 
pathways, inhibit DNA repair, have inhibitory effects on 
tumour cell invasion, proliferation and survival[40,42]. 

Since chemotherapy is generally less effective in 
HER-2 negative breast cancer, Montero et al[40] hypo
thesised that the addition of NOV-002, to inhibit ROS, to 
a standard chemotherapy programme would increase 
response rates to chemotherapy compared to if the 
patient was just being treated with chemotherapy alone. 
To test this hypothesis, thirty-nine women with newly 
diagnosed stage Ⅱ-Ⅲc HER-2 negative breast cancer 
were enrolled in a clinical trial and received doxorubicin 
and cyclophosphamide, followed by docetaxel every 
three weeks, in conjunction with daily doses of NOV-002. 
Fifteen of the patients achieved a pathologic complete 
response (pCR) rate, a higher response than would be 
expected from chemotherapy alone. It was also found 
that patients who had lower levels of circulating MDSCs 
at their last cycle of chemotherapy had a significantly 

higher likelihood of a pCR[40]. However, since the study 
was of small size with no randomised control, addition 
of NOV-002 cannot be conclusively identified as a causal 
factor for the higher pCR rates. To determine this and 
if circulating MDSCs can be used to predict patient 
response, a much larger, randomised control trial needs 
to be carried out.

IL-12: IL-12 can override the activity of immune sup
pressing cells and promote anti-tumour responses, 
giving it the potential to be used as a therapeutic agent 
by modulating MDSC activity. IL-12 is the major cytokine 
responsible for the differentiation of T helper cells to 
promote cell-mediated immunity and also stimulates the 
proliferation of activated T cells[43]. 

MDSCs decrease IL-12 production. When treating 
MDSCs with IL-12 in vitro and ex vivo, up-regulation of 
co-stimulatory molecules CD80 and CD86 on MDSCs 
was noted, indicating a change in cell phenotype with a 
new potential for the cells to activate T cells rather than 
suppress them. There was decreased percentage of 
MDSCs in the tumour microenvironment and an increased 
percentage of cytotoxic T cells of CD45+ hematopoietic 
cells. As a result of these benefits, IL-12 treatment 
resulted in an increase in overall survival and a reduction 
in metastasis in a mouse model of breast cancer[43]. 
These findings identify IL-12 as having significant 
potential as a therapeutic agent in metastatic breast 
cancer with the benefit of being a single-cytokine based 
therapy that could work alone as well as in combination 
with another agent[43]. 

Cysteine as chemo-preventative therapy
High levels of cysteine correlate with reduced breast 
cancer risk. There may be potential in cysteine or its 
derivatives as a chemo-preventive therapy against breast 
cancer to help to biochemically redress the balance of T 
cell vs MDSC activities. Although cysteine is commercially 
available as a dietary supplement, neural toxicity was 
observed in mice with high doses, meaning that cysteine 
may not be ideal for therapeutic use[44]. N-acetylcysteine 
is a synthetic precursor of cysteine and glutathione and is 
already used as a mucolytic agent in humans, appearing 
safe even in high doses[45]. It has been shown in rat 
models to be a promising candidate for cancer chemo-
prevention[46]. 

CONCLUSION
MDSCs play a crucial role in tumour progression, re
sponsible for immunosuppression of the host’s immune 
system via a multitude of mechanisms. The literature 
shows MDSCs have a significant role in the development 
and spread of cancer but it should be noted that 
research into the action of MDSCs specifically in breast 
cancer is limited, with most knowledge gained from 
murine models. Although useful, this knowledge has 
its limitations as murine responses cannot be assumed 
to correspond directly with human responses. Much 
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of the knowledge of MDSCs in human cancers comes 
from studies on renal cell carcinoma and colon cancer[9]; 
again, whilst useful, MDSCS in breast cancer will differ 
in terms of surface markers and therefore may act 
slightly differently. Further clinical studies involving breast 
cancer patients need to be done to determine the true 
significance of the role that MDSCs have. 

Since the level of circulating levels of MDSCs is a 
strong prognostic indicator[47], incorporating some of 
these features into the traditional TNM classification and 
staging for breast cancers may be helpful in determining 
the scope of the patient’s illness, prognosis and the most 
effective treatment options on a personalised basis. 

Despite there being several potential mechanisms 
to target MDSCs, there are currently no established 
therapies to target these mechanisms; the heterogeneity 
of MDSCs remains a hurdle for MDSC targeted treat
ments. The lack of unique markers and limited analysis of 
tumour associated cells hampers progress in the field[48]. 
It is exciting to consider MDSC targeted treatments for 
incorporation in therapeutic regimes of breast cancer, 
which could further involve immune checkpoint blockade 
inhibition or breast cancer vaccines[49]. A significant 
technological advance in ex vivo differentiation of tumour 
specific MDSC has recently been made[50].
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Abstract
The purpose of this commentary is to highlight the 

emerging role of IgE on airway smooth muscle (ASM) 
cells function through activation of the high-affinity Fc 
receptor for IgE. We discuss the potential implications of 
IgE-mediated ASM sensitization in airway inflammation 
and remodeling, the hallmark features of allergic asthma. 

Key words: IgE; Airway; Allergic asthma; Remodeling; 
Inflammation
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Core tip: In this commentary, we summarize the emerg
ing role IgE in influencing airway smooth (ASM) muscle 
function in allergic asthma. Recent intriguing findings from 
ours and other groups suggest a potential proinflammatory 
and pro-remodeling role of IgE-mediated activation of 
its high-affinity Fc receptor, i.e. , FcεRI, on ASM tissue in 
allergic asthma. 

Redhu NS, Gounni AS. IgE regulates airway smooth muscle 
phenotype: Future perspectives in allergic asthma. World J 
Immunol 2015; 6(3): 126-130  Available from: URL: http://www.
wjgnet.com/2219-2824/full/v6/i3/126.htm  DOI: http://dx.doi.
org/10.5411/wji.v6.i3.126

Airway remodeling is a hallmark feature of allergic 
asthma, characterized by thickening of the reticular 
basement membrane (RBM) and numerous structural 
alterations to the epithelium, submucosa, and airway 
smooth muscle[1]. Among these, increased airway 
smooth muscle (ASM) mass, potentially due to yet poorly 
defined mechanisms is considered a major determinant 
of lung function. In addition, increased ASM mass is also 
believed to result in airway hyperresponsiveness (AHR), 
contributing to a decline in lung function in asthma[1]. 
Interestingly, the ASM proliferation was shown to be 
a dynamic process in long-standing severe asthma[2]. 
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Thus, the mechanisms defining ASM proliferation are of 
significant value in pursuit of novel asthma therapeutics. 
While there is some evidence from childhood studies and 
primate models arguing that airway structural changes 
precede the inflammatory process[3,4], a vast majority 
of data suggest that inflammation, particularly resulting 
from IgE-driven processes, initiates the airway structural 
alterations, culminating in a remodeled airway wall[1]. IgE 
exerts its effector functions mainly through its receptors, 
the high-affinity Fc receptor (FcεRI), and the low-affinity 
receptor (FcεRⅡ/CD23)[5]. Given the central role of 
IgE in allergic inflammation, strategies blocking IgE or 
its interaction with Fc receptors have been developed 
to treat allergic asthma. The proof-of-concept comes 
from a clinically-approved humanized anti-IgE antibody 
(Omalizumab) that prevents the binding of free IgE to 
FcεRI and has shown tremendous clinical benefits in 
allergic asthma[6]. 

The allergic cascade initiated by IgE establishes an 
inflammatory milieu in asthmatic airways, characterized 
by the abundance of eosinophils, mast cells, and Th2 cells 
that produce cytokines such as IL-4, IL-5 and IL-13[7]. 
While IgE-mediated effector functions on mast cells and 
basophils, including the production of Th2 cytokines is 
known to drive airway remodeling[8], it is often asked 
whether IgE can directly influence the ASM function and 
contribute to airway inflammation and/or remodeling? 
About a decade ago, we had first demonstrated that 
cultured primary human ASM cells from bronchus and 
trachea express FcεRI in vitro, and in vivo within the 
bronchial biopsies of allergic asthma patients. IgE and 
anti-IgE-mediated FcεRI cross-linking led to the release 
of Th2 cytokines (IL-4, IL-5 and IL-13) and CC chemokine 
(eotaxin-1/CCL11) in ASM cells[9]. Furthermore, pro-
asthmatic factors such as tumor necrosis factor (TNF) 
and IL-4 enhanced the abundance of FcεRI and amplified 
IgE-induced chemokine (eotaxin-1/CCL11, RANTES/
CCL5, IL-8/CXCL8, and IP-10/CXCL10) release in ASM 
cells via transcriptional mechanisms[10]. Complementary 
findings from another group showed that IgE stimulation 
of ASM cells from asthmatic patients exhibit de novo 
synthesis and release of higher levels of pro-asthmatic 
factors including IL-4, IL-6, IL-8/CXCL8 and TNF 
compared with the ASM cells obtained from chronic 
obstructive pulmonary disease patients or from healthy 
controls[11]. Recently, we have also shown that IgE can 
induce the expression of smooth muscle myosin light 
chain kinase, a component involved in ASM contractile 
machinery[12]. Interestingly, IgE induced a prominent 
Th2-favoring cytokine, thymic stromal lymphopoietin 
(TSLP) through the activity of spleen tyrosine kinase 
(Syk), and nuclear factor kappa B and activator 
protein-1[13]. This data suggested that FcεRI activation 
on ASM may directly regulate the immune response 
within the airways via induction of TSLP. Notably, ASM 
cells express a functional TSLP receptor, which upon 
activation leads to chemoattractants (CCL11/eotaxin-1 

and CXCL8/IL-8) and proinflammatory cytokine (IL-6) 
release[14], induces ASM migration[15], and enhances 
intracellular Ca2+ mobilization in ASM[16]. Interestingly, 
mast cells also produce and respond to TSLP[17,18], and it 
has been proposed that TSLP may bridge the ASM-mast 
cell cross-talk[18]. We propose that the TSLP produced by 
ASM and/or mast cells via IgE/FcεRI pathway may act in 
an autocrine/paracrine manner on ASM which might in 
fact explain the “atopic” or “pro-allergic” state of ASM in 
allergic asthma that has been linked to the development 
of AHR in large epidemiological studies, particularly 
the Tucson Respiratory Cohort Study[19]. Overall, these 
studies clearly suggest a pro-inflammatory role of IgE-
FcεRI interaction in ASM cells and arguably may explain 
some of the benefits of Omalizumab in allergic asthma[6]. 

Importantly, one of the most compelling findings 
was that IgE could induce de novo DNA synthesis and 
proliferation in primary human ASM cells[20], and that 
this proliferative response was inhibited by anti-IgE 
Omalizumab pre-treatment[21]. IgE-induced proliferation 
involved the activity of Syk, and intracellular signaling Erk 
1/2, p38, and JNK MAPK, and Akt kinases. Lentivirus-
shRNA-mediated experiments showed that STAT3 activity 
is indispensable for IgE-induced ASM cell proliferation[20]. 
Parallel work by others showed that IgE stimulation of 
ASM cells from asthma patients enhanced the deposition 
of collagen type Ⅰ and Ⅶ through the activation of Erk1/2 
MAPK downstream of FcεRI; whereas IgE stimulated the 
deposition of collagen type Ⅲ, and fibronectin through 
both FcεRI and FcεRⅡ/CD23, as well as Erk1/2 and p38 
MAPK pathways[21]. These data suggest that IgE may 
directly induce pro-remodeling changes in ASM in vivo. 
Moreover, the finding that Omalizumab prevents IgE-
induced remodeling effects[21] rationalizes the use of anti-
IgE strategies in the modulation of airway remodeling. 
Although MAPK such as Erk1/2 is known to interact with 
STAT3 in ASM cells[22], it remains yet to be determined 
how IgE facilitates cross-talk among MAPK, STAT3 and 
other signaling pathways in pro-mitogenic signaling in 
ASM cells. This is even more interesting of a question 
since therapeutics targeting MAPK signaling, e.g., p38 
inhibitor, has already been in clinical trials of asthma and 
COPD[23].

 It is clear that IgE induction of ASM proliferation is a 
significantly important finding since IgE can gain access 
to the smooth muscle tissue (Figure 1), likely due to: 
(1) microvascular leakage and edema due to underlying 
inflammation[24]; (2) local IgE expression or class 
switching in bronchial mucosa of asthmatic patients[25,26]; 
and (3) potential trans-epithelial transport of IgE by FcεR
Ⅱ/CD23, similar to the intestinal compartment[27]. In 
vivo, anti-IgE treatment of an ovalbumin-induced murine 
model of asthma significantly reduced the smooth muscle 
mass and extracellular matrix deposition, suggesting 
an IgE-induced pro-mitogenic effect on ASM cells[28]. 
Most importantly, the addition of Omalizumab to conven
tional therapies in asthma patients showed a significant 
decrease in airway wall thickness[29]; and reduced thick
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ness of RBM and eosinophil infiltration[30]. Therefore, anti-
IgE therapy is likely a promising tool in targeting airway 
remodeling in asthma. 

Interestingly, while cross-linking of IgE bound to 
FcεRI is necessary to cause mast cell and basophil 
degranulation, compelling evidence from various studies 
indicate that IgE alone, in the absence of allergen or anti-
IgE antibodies, can drive pro-survival effects in mast 
cells, basophils, and neutrophils, reviewed in[31]. While we 
and others have already shown that IgE alone can induce 
ASM proliferation[20,21], it remained unknown whether the 
pro-mitogenic response of IgE is further enhanced by 
allergens. Roth et al[32] recently showed that human ASM 
cells stimulated with serum from patients with allergies 
(with or without asthma) induced ASM proliferation and 
deposition of collagens and fibronectin compared to the 
serum from healthy controls. Very interestingly, however, 
the addition of allergens did not augment allergic serum-
induced ASM cell proliferation. Authors confirmed that 
the pro-mitogenic effects of allergic serum were specific 
to IgE since Omalizumab pre-incubation of ASM cells 
prevented these effects[32]. This is a very important 
aspect of how IgE sensitizes the airway mucosa without 
the presence of allergens. Given the early sensitization-
induced predisposition to airway remodeling in murine 
studies[33], and to asthma development in epidemiological 
studies[19], it is conceivable that early sensitization of 
ASM may confer a distinctive persistent IgE-mediated 
hypercontractile ASM phenotype that can arise neonatally 
and persist into adult life. 

Of note, mast cells are known to infiltrate the ASM 
tissue in asthma[34], and their interaction with ASM is 
thought to be critical in modulating airway immuno
pathology in asthma[35]. One may argue that the IgE-
induced changes in ASM function may be an indirect 
effect of mast cell mediators following FcεRI cross-linking 
on mast cells. However, it does not appear to be the case 
since: (1) inhibition of Syk, an upstream FcεRI signaling 
protein, abolished the IgE effects on ASM synthetic and 
proliferative function[10,13,20]; (2) no detectable conta
mination of mast cells (tryptase staining) was observed 
in ASM cell preparations[9]; and (3) inhibition of IgE-
induced ASM functions by anti-IgE Omalizumab[11,32]. 
While the role of mast cells and their secreted mediators 
such as histamine in regulating ASM function may not 
be denied, the existing data indicates that IgE clearly 
can bind to ASM cells via Fc receptors and induce pro-
asthmatic changes directly. 

In summary, cumulative evidence suggests that 
the IgE-induced FcεRI activation leads to expression of 
multiple chemokines and proinflammatory cytokines in 
ASM which may recruit inflammatory cells and promote 
allergic airway inflammation. IgE may directly participate 
in driving Th2 immune response within the airways 
by inducing TSLP, and IgE may potentially contribute 
to airway remodeling by directly inducing ASM cell 
proliferation (Figure 1). Some of the potential questions 
for future research in this area include: (1) detailed 
investigation of how IgE gains access in vivo to the sub-
epithelial compartment including ASM; (2) what are 
the mechanisms of IgE “sensitization” vs “cross-linking” 
modes of FcεRI activation in ASM cells, and whether they 
are similar to that in mast cells and basophils; (3) what 
is the relative contribution of FcεRⅠ vs FcεRⅡ/CD23 in 
determining the outcome of IgE-induced ASM activation; 
and (4) how IgE acts differentially on ASM vs infiltrating 
mast cells in vivo?

Overall, clinical and experimental[11,28,32,36,37] evidence 
suggest that the strategies targeting IgE by anti-IgE have 
significant benefit in reducing airway wall remodeling. 
Therefore, a detailed understanding of the molecular 
events downstream of IgE-FcεRⅠ interaction on ASM 
cells is needed to advance our knowledge of this pathway 
for developing better therapeutics in allergic asthma.
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