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Abstract

Susceptibility to rheumatoid arthritis (RA) is associated with HLA-DRBI alleles coding a 5-amino
acid sequence motif called the shared epitope (SE). To explore the potential mechanisms that lead
to RA susceptibility, we analyze the in vitro effect of peptides bearing different HLA-DR4
sequences on human peripheral blood-derived cells. Three 15-mer peptides were used:
65-79*0401 (an HLA-DRBI1%*04.:01-coded sequence carrying the SE motif, QKRAA);
65-79*0402 (an HLA-DRBI1*04.02-coded sequence carrying a SE-negative motif, DERAA);
65-79*0403 (an HLA-DRBI1*04:03-coded sequence carrying a SE-negative motif, QRRAE). We
found that CD4 TH17 cells are regulated by peptide treatment with gender bias. In male-derived T
cells, all peptide treatments significantly reduced TH17 cell differentiation /n vitro when compared
to no peptide treatment, and to female samples. TH17 differentiation in samples not treated with
peptides, either in the presence or absence of TH17-polarizing cytokines, was higher in males than
in females; however, in unfractionated PBMC after treatment with TH17 polarizing cytokines,
IL-17A positive cells were more abundant in females than in males. In addition, SE-positive
females showed a significantly higher percentage of IL-17A-positive cells compared to SE-
negative females. In conclusion, donor’s SE status and gender may both influence TH17 immune
polarization.
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2. INTRODUCTION

It is well established that particular HLA-DRB1 alleles play enhancing or protective effects
on the susceptibility to rheumatoid arthritis (RA) (1). Specifically, HLA-DRB1 alleles that
code a sequence motif called “shared epitope” (SE), containing one of the sequences
QKRAA, QRRAA or RRRAA in residues 70 to 74 of the DR chain confer susceptibility to
severe RA (2, 3). In contrast, HLA-DRBI alleles that code the sequence DERAA in the
same region confer protection against aggressive disease (4, 5). The mechanistic basis of
these associations has not yet been elucidated.

RA is a chronic inflammatory condition in which several tissues, particularly the joint
synovial layers, are targeted (6). There is recruitment of immune cells and activation of bone
remodeling that can lead to deformed joints and disability. In addition, multi-systemic
damage is produced because other tissues and organs are affected by the inflammatory
milieu and oxidative stress (1, 2, 6, 7).

Both the innate and adaptive arms of the immune system play key roles in pathogenesis of
RA. Recent evidence suggests that a TH17-skewed immune response plays a role in the
pathogenesis of several autoimmune diseases, RA in particular. IL-17A is more abundantly
found in joints, tissues, and in blood of RA patients compared to healthy controls (8, 9), and
therapeutic effects have been observed in clinical trials using neutralizing antibodies against
this cytokine (10, 11).

While it is presently unknown if the SE directly affects TH17 cells in humans, our group has
recently demonstrated that this sequence motif acts as a signal transduction ligand that
facilitates TH17 polarization in mice (2, 12-14). /n vitro studies have shown that SE ligand,
either as linear peptides or as natively folded tetrameric HLA-DR proteins, were able to
trigger production of reactive oxygen species (ROS) and nitric oxide (NO) (15). The cell
surface receptor with which the SE ligand interacts was identified as calreticulin (16-18).
Activation of calreticulin-mediated signaling by the SE ligand in mouse dendritic cells (DC)
was found to lead to polarization of T helper cells towards TH17 cells (12).

While activated T cells in both humans and mice express membrane-associated calreticulin
(19, 20), only human T cells express MHC class 1l molecules on their surface (21).
Therefore, it is conceivable that activated human T cells may be regulated directly by the
SE-calreticulin pathway. Accordingly, in this study we have undertaken to determine the
effect of the SE ligand, and control peptides derived from SE-negative HLA-DR molecules
on human cells. Given the well-documented female predominance in RA, we also sought to
determine the gender effect.

3. MATERIALS AND METHODS

3.1. Cell culture conditions and isolation of blood derived human PBMC and CD4+ T cells

PBMC and/or pure CD4+ T cells from unidentified healthy donors (Table 1), whose gender
and other demographic details were unknown were obtained from leukopack filters kindly
provided to us by Dr. Davenport from the Blood Bank, Department of Pathology at
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University of Michigan Hospital. Filters were rinsed out of blood cells by flushing them
with 150 ml of MACS rinsing buffer (PBS and EDTA 2mM) containing BSA (0.5%)
(Miltenyi, Cambridge, MA, USA). Then, cells were collected after centrifugation at 1,250
rpm and subjected to a density gradient over Ficoll-Paque PLUS solution (GE Healthcare,
Fairfield, CT, USA) for 30 min at 1,800 rpm. The PBMC were recovered from the interface
of the gradient and washed twice with MACS buffer. Next, PBMC were counted,
resuspended in a concentration of 1 x 108 cells per 200 pl (96-well plate) in appropriate cell
culture media described below and incubated at 37°C in 5% CO, for up to 8 days. CD4+
cells were negatively purified from PBMC using human T cell isolation kit from Miltenyi
(Cambridge, MA, USA).

PBMC or CD4+ cells (with a purity yield of at least 97%) were cultured in IMDM media
containing: HEPES, glutamine, 10% serum replacement KnockOut factor, nonessential
amino acids, sodium pyruvate (1mM), and antibiotics penicillin and streptomycin at 50 U/ml
each (GIBCO, Life Technologies, Grand Island, NY, USA). CD4+ cells were cultured at
37°C in 5% CO, for 8 days at initial concentration of 8-9 x 10° cells per well in 200 ul of a
96-well plate. Induction of TH17/IL-17A positive cells was achieved using cell culture
media containing a cocktail of the following cytokines: IL-1beta (10 ng/ml), IL-2 (20 U/ml),
IL-23 (10 ng/ml), and TGF-beta (3 ng/ml) in the presence of neutralizing anti-IFN-gamma
(10 pg/ml) and anti-1L-4 (10 pg/ml) antibodies. In addition to cytokines and antibodies,
CDA4+ cells were polyclonaly activated with T-cell activation beads conjugated with anti-
CD2, anti-CD3, and anti-CD28 antibodies (Miltenyi Cambridge, MA, USA) at 2:1 beads/
cell ratio. A control of non- polarizing media was devoid of cytokines and neutralizing
antibodies but contained T-cell activation beads was used in certain experiments. All
cytokines and neutralizing antibodies were purchased from BioLegend (San Diego, CA,
USA) unless otherwise stated. Three different 15-mer peptides (from Bioworld, Dublin, OH,
USA) were used for culture stimulation in this study: 65-79*0401
(KDLLEQKRAAVDTYC) containing the SE sequence motif, coded by an RA-associated
allele DRB1#*04.01; 65-79*0402 (KDILEDERAAVDTYC), containing SE negative
sequence, coded by an RA-protective allele DRB1*04:02, 65-79*0403
(KDLLEQRRAEVDTYC) containing SE negative sequence, coded by a RA-neutral allele
DRB1#04:03.

3.2. Flow cytometry

Staining for intracellular IL-17A cytokine (either in PBMC or CD4+ cells) was carried out
in V bottom 96 well plates after stimulation of cells with fresh media containing stimulation
cocktail plus protein transport inhibitors (500 x) solution from eBioscience (San Diego, CA,
USA) for 4.5 h. Then, around 2 x 108 cells were pooled, washed by centrifugation at 1,250
rpm with MACS rinsing buffer containing BSA 0.5%, and stained with surface markers
(either CD4 or CD3) or the respective fluorescent isotype controls for 30 min at 4°C in
MACS buffer. After a wash with MACS buffer cells were fixed using intracellular fixing
buffer from eBioscience (San Diego, CA, USA) for 20 min in dark at room temperature.
Then, cells were washed twice by centrifugation at 1,700 rpm with permeabilization and
washing buffer from eBioscience (San Diego, CA, USA) and stained with intracellular
marker (IL-17A) or the respective fluorescent isotype controls for 30 min at 4°C in
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permeabilization and washing buffer. Next, cells were washed twice by centrifugation at
1,700 rpm, resuspended in cell staining buffer from eBiosciences (San Diego, CA, USA) and
analyzed by flow cytometry in the Flow Cytometry Core facility at the University of
Michigan, Medical School using a BD FACSCalibur flow cytometer. Subsequently, FlowJo
software was used to quantify percentage of positive cells in each sample setting gates to
reach 0.5% in the right and left upper gates of the graph plots with the respective fluorescent
isotype negative controls. Fluorescently label antibodies and respective isotype
fluorochrome controls were purchase from BioLegend (San Diego, CA, USA).

3.3. Gender and HLA class Il genotyping

Genomic DNA (gDNA) was isolated from blood-derived cells (approximately 5 million
cells) from each donor using DNeasy Blood and Tissue kit from Qiagen (Valencia, CA,
USA) following instructions provided by manufacturer’s manual. Next, gDNA was used as
template for g-RT-PCR genotype analysis starting with a gDNA concentration of 3,000 gene
copies and doing subsequently 2 based 10 dilutions (for 300 and 30 gene copies),
respectively.

The primers for amplification of HLA-DRBI sequence were adapted from a published
patent (22) as follow: DRB (amino acid residues 16-23) forward:
ATTTCTTCAATGGGACGGAGC; DRB (amino acid residues 87-94) reverse:
CGCCGCTGCACTGTGAAGCTCTC; each primer was used at 500 nM final concentration.
The sequence for probe specific for KRAA and RRAA alleles were as described (22) adding
an extra G at the 3’ end: AGAAGCGGGCCGCGG and ACAGGCGGGCCGCGG (with
FAM, ZEN, and lowa Black modifications included) respectively, and used at 200 nM final
concentration. The g-RT-PCR for genotyping was done using fast TagMan program for 20 pl
per well (5 pl template) with settings advised for TagMan Universal Master Mix 11
containing UNG. Undetermined Ct throughout gDNA dilutions used was considered
negative SE genotype donor and Ct values ranging from 28.5 up to 33.71 (for 3,000 and 30
copies of the gene, respectively) were considered positive SE (KRAA or RRAA) donor.

For gender determination gDNA (5 g per reaction) was used as a template in a SYBR green
based gq-RT-PCR. Primers for DYS14 (multi copy locus for testis Y-linked specific protein)
are described in (23) and they were used at 40 nM final concentration. The primers for 18s
as an internal control were used at a 20nM final concentration. The g-RT-PCR for gender
determination was done using settings advised in the Fast SYBR Green Master mix (AB
Applied Biosystems, Life Technologies, Grand Island, NY, USA) and 7.5 pl of gDNA as
template with 20 ul total reaction volume. A StepOne thermocycler device (Applied
Biosystems, Life Technologies, Grand Island, NY, USA) was used. There was a clear
difference between males and females. For instance deltadeltaCt values calculated were less
than 1 x 10"-5 for females and over 0.2 for males. The primers and probes were purchased
from IDT Integrated DNA Technologies (Coralville, 1A, USA).

HLA class Il genotyping was performed by the University of Michigan Histocompatibility
Laboratory. Analyses were done by low- and high-resolution PCR-based allelic typing
technology (24). These methodologies are used routinely to analyze donor compatibility for
transplantation.
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3.4. Cytokine quantification

Human IL-17A and IFN-gamma were quantified in PBMC culture supernatants by ELISA
techniques following provider’s instructions. For IL-17A quantification an Optimax kit from
IMGENEX (San Diego, CA) was used. IFN-gamma was quantified using a BIOLEGEND
(San Diego, CA) standard ELISA Kit.

3.5. Statistical analysis

The data were analyzed using IBM SPSS Statistics version 20 and GraphPad Prism version
5. Linear mixed models were used to analyze the data due to repeated measures on the same
individuals being present in data sets. Models included variables of interest as covariates as
well as random intercepts for individuals as a way to control for the dependence present in
the data from the repeated measures.

4. RESULTS
4.1. T cell polarizing effects on PBMC by HLA-DR4-derived peptides

PBMCs were collected from 18 healthy donors (8 males, 7 females, and 3 samples with
undetermined gender which were not included in the data analysis, Table 1). As can be seen
in Figure 1, the percentage of 1L-17A cells in peptide-untreated PBMC differed depending
on the gender, the type of cells analyzed, and the response to TH17 polarizing cytokines.
Contrary to pure CD4 cells, where male samples showed a higher percentage of TH17 cells
either with or without TH17 polarizing cytokines (see below), in PBMC samples, IL-17A
positive cells from females were more abundant after TH17 polarizing cytokines treatment
(Figure 1). However, upon gating PBMC for CD3, the percentage of IL17-A cells showed a
similar trend to the one obtained with pure CD4 cells (Figure 1).

Because PBMCs contain mixed cell populations, the flow cytometer analysis was done using
linear mixed models, a linear regression analysis which includes random and fixed effects of
repeated observations. This analysis was performed while accounting for percentages of
IL-17A single-positive cells, as well as CD4, IL-17A double-positive cells. As shown in
figures 2A (females) and 2B (males), treatment with TH17 polarizing cytokines significantly
increased the percentage of IL-17A-positive cells, compared to cultures without cytokines,
irrespective of cell type or gender. The percentage of IL-17A-positive cells in females was
significantly inhibited by 65-79*0402 peptide treatment in single-positive cells, but in male
samples, the inhibitory effect reaches significance only in CD4, IL-17A double-positive cells
(Figures 2A and 2B). An intriguing gender effect was found in which female PBMC
samples carrying SE-positive alleles showed a significantly higher percentage of IL-17A
single-positive cells, compared to SE-negative females (Figure 2A). Gating PBMCs for CD3
showed that the main targets of peptides inhibition in males were CD3+ cells. This subset
was not affected by the peptides in female samples (compare Figures 3A versus 3B). These
findings are consistent with the known association of RA with both female gender and the
SE.
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4.2. Polarizing effects of HLA-DR4-derived peptides on purified CD4-T cells

CD4 T cells were negatively purified from 13 unidentified healthy donors (7 males, 5
females and 1 sample with undetermined gender which was not included in analysis, Table
1). Peptides were incubated with pure CD4 cells in the presence of T-cell activation beads, in
the presence or absence of TH17-polarizing cytokines cocktail for 8 days and analyzed by
flow cytometry.

Modeling the data with linear mixed models, considering effects of gender, peptide
treatment, SE status, TH17 polarizing cytokines treatment, and an interaction between
peptides treatment and gender, we observed significant inhibitory effect of peptides on
TH17-positive cells, mainly in males (Figures 4A and 4B). As shown in figure 4A, TH17
cell abundance in females was not affected significantly by peptide treatment. In conclusion,
purified male CD4 T cells show a more noticeable TH17 regulation by HLA-DR4-derived
peptides than female cells.

4.3. Effects of HLA-DR4-derived peptides on cytokine secretion

To better characterize the immune effects of HLA-DR4-derived peptides, we determined
their impact on the production of two T cell subset-associated cytokines: IL-17A and IFNvy.
Consistent with the findings shown above, peptides 65-79*0401 and 65-79*0402 produce
significant inhibitory effects on IL-17A and IFN-y production only in males but not in
females (Figures 5A and 5C). Interestingly, SE-positive females showed a significantly
higher IFN-y secretion, as compared to SE negative females (Figures 5B and 5D). No such
effect could be seen in males. Different from data observed in flow cytometry experiments,
TH17 polarizing culture medium increased IL-17A production in males compared to
incubation without such media (Figures 5C).

5. DISCUSSION

The SE motif has been previously demonstrated to enhance susceptibility for RA in humans
(25, 26) and mice (1, 27-29). Our group has recently concluded that in mice, the mechanism
by which SE works seems to be independent of antigen presentation, but rather related to the
ability of this 5 amino acids sequence motif to act as a ligand that stimulates innate immune
signaling events, which facilitate TH17 polarization and osteoclastogenesis (7, 12, 15, 17,
30). Whether the SE ligand has similar effects in humans is currently unknown.

One potentially relevant difference between humans and mice is that activated T
lymphocytes express MHC class Il molecules in the former, but not the latter species.
Additionally, mice do not have an exact match for SE sequence (21, 31, 32). Strikingly,
transgenic mice engineered to express SE-positive HLA class Il molecules are more prone to
inflammatory and autoimmune diseases than non-transgenic mice (33). Additionally, a
higher level of expression of MHC class 1l lymphocytes from synovial fluid of RA patients
than healthy donors has been described as well (34). In light of these considerations, the
study described here was designed as the first step toward characterization of SE effects on
in vitro TH17 polarization in humans.
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Analyzing pure CD4 cell samples, we found a significant gender bias both in terms of
constitutive percentages of TH17 cells, and the effect of HLA-DR-derived peptides on TH17
differentiation /n vitro. These findings might be relevant for therapeutic decisions in the
future, when IL-17A-targeted drugs become widely available. The consequences of these
findings could affect the selection of treatments of choice for female versus male RA
patients, and could also affect decisions about future research and development of new drugs
to regulate TH17 immune polarization in other human diseases.

It has been previously reported that naive T cells derived from males secrete more I1L-17
than cells derived from females (35). In addition, cells from females are more prone to
produce TH1-polarized immune response compared to male cells (36). These gender-
associated immune effects have been purported to be mediated by regulatory actions of the
peroxisome proliferator-activated receptor alpha and gamma (35, 36). Consistent with those
reports, our findings suggest that in CD4 cells, the percentage CD4, TH17 double-positive
cells show a gender bias as well, since females had lower percentage of TH17 cells than
males. Previously, it has been described that males have significantly higher percentage of
effector memory T cells but, different from the present study, in that report TH17
percentages were not analyzed (37).

Different from purified CD4 T cells, in unfractionated PBMC populations, higher
percentages of IL-17A positive cells were present in females compared to males after TH17
polarizing cytokines treatment (Figure 1), suggesting that the subset that accounts for
IL-17A-positive cells in females is mainly non-CD4 cells. In this context it is noteworthy
that in the RA joint environment, mast cells and other innate immune cells have been
identified as major subsets in which IL-17A positivity can be found (38-40).

Autoimmune diseases - in which TH17 cells have been shown to play a key role — are
generally more common in females than in males (26, 41). This relationship is seemingly
difficult to reconcile with the finding that males produce more IL-17A compared to females
(35), as well as our finding that males have higher percentage of TH17 cells than females.
However, when accounting for total 1L-17A-positive cells in the PBMC samples, females
did have higher numbers of such cells. The mechanisms involved in this gender disparity are
probably complex. One possible mechanism may involve regulatory T cells. It has been
recently reported that healthy females have lower percentage of peripheral blood regulatory
T cells compared to healthy males (42).

Importantly, in this study we have observed a gender biased response when the effects of
HLA-DR-derived peptides where analyzed. Those peptides induced lower percentage of
IL-17A cells in males compared to females. Our data indicate that peptide 65-79*0401 was
more active and specific in pure CD4, and in CD3-gated PBMCs. In contrast, peptides
containing the DERAA sequence (65-79*0402) had a broader inhibitory effect on both pure
CD4-positive cells and PBMCs (Figures 3 and 5). These data are potentially consistent with
the long observed protective effect of DERAA-expressing HLA-DRBI alleles against severe
RA (43). Interestingly, DERAA inhibitory effects were dependent both on the cell type and
gender. The main target of 65-79*0402 inhibitory effect was found to be IL-17A single-
positive cells in females, and CD4, IL-17A double-positive cells in males (Figure 2). Also,
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PBMC from SE-positive females had higher percentage of IL-17A single-positive cells,
compared to SE-negative female donors (Figure 2). Importantly, this difference was not seen
in males. Together, these data suggest that in females, the main contributors to the larger
IL-17A positive cell population are non-CD4 cells.

The inhibitory effect of HLA-DR4-derived peptides on the abundance of CD4, TH17-
positive cells in males suggests that such peptides may conceivably induce apoptosis of
these cells. Enhanced apoptosis has been described in activated human T cells following a T-
T interaction, and was attributed to MHC class 1I/T cell receptor-mediated signaling (44,
45). Interestingly, it has been demonstrated that the density of MHC class Il molecules
expressed on APC can skew helper T cell polarization /in vivo in mice. When the density of
MHC class Il molecules is diminished, there is an enhanced TH1 polarization, compared to
APC expressing normal levels of MHC class Il molecules (46). Thus, immune polarization
can be regulated in response to a variety of stimuli, including cell-cell interaction and MHC
class Il density. The data shown here suggest that HLA-DR4-derived peptides might act as
ligands and regulate TH17 polarization as well.

Consistent with their effect on cytokine production (Figure 5), HLA-DR4-derived peptides
induced an inhibitory effect on the CD3+/IL-17A+ subpopulation of PBMC (Figure 3).
However, given the heterogeneous nature of PBMC, we cannot rule out the possibility that
immunosuppressive cytokines (e.g. IL-10, IL-4, or IL-27) may have been responsible for
inhibiting TH17 cell differentiation. Consistent with this scenario, it has been previously
reported that in mice, male-derived APC produce higher levels of IL-10 than female APC
(47-49). In addition, cell-cell interaction between APC and T lymphocytes can skew helper
T cell polarization, as reported by Evans ef al. (50).

In summary, in this study we demonstrate for the first time that polarization of TH17 cells in
humans is regulated by a combined effect of HLA-DRB1 allele products and gender. The
relevance of these findings to the epidemiology and pathogenesis of RA, as well as the
nature of molecular mechanisms that mediate these regulatory effects require further
investigation.
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Figure 1. Influence of gender on the percentages of IL-17A positive cells in unstimulated cells
Purified CD4 T cells form females (n=5) or males (n=7), and PBMC from females (n=7) or

males (n=8) were incubated for 8 days in the presence or absence of TH17-polarizing
cytokines and the percentage of IL-17A positive cells was analyzed by flow cytometry. Data
represent mean = SEM of percentage of IL-17A-positive cells. Due to repeated measures on
the same individuals, the p values were calculated by linear mixed model with percentage of
IL-17A positive cells as outcome, gender, cytokines and gender-cytokines interaction as
covariates. The marginal mean comparisons were done to compare cytokines within gender
and gender within cytokines. *, p<0.05; **, p<0.01 and ***, p<0.001. Abbreviations: F,
female; M, male; F/TH17, female cells treated with TH17-polarizing cytokines; M/TH17,

male cells treated with TH17-po
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Figure 2. Effect of HLA-DR4-derived peptides on IL-17A-positive cell differentiation in vitro
Percentage of 1L-17A single positive, or IL-17A+ CD4+ double positive cells were

determined by flow cytometry in cells treated with different concentrations (ug/ml) of
different peptides. Data represent mean + SEM of estimated fixed effects of TH17 cell

percentages, modeled by linear mixed model analysis (SPSS, IBM), using a gender-stratified
data file and considering the effects of SE status, as well as the presence of TH17 polarizing
cytokines or peptides. The basal value reflects the average percentage of IL-17A positive
cells obtained in a condition were all the parameters are set to zero, namely in the absence of
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SE TH17-polarizing cytokines and peptide. Individual values represent the change compared
to the basal value. **, p<0.01; ***, p<0.001.
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Figure 3. Effect of HLA-DR4-derived peptides on IL-17A+, CD3+ double-positive cell
differentiation in vitro

PBMC were incubated with different peptides at different concentrations, with or without
TH17-polarizing cytokines. The percentage of IL-17A+, CD3+ double-positive cells was
determined by flow cytometry and analyzed statistically as in Figure 2. *, p<0.05; ***,
p<0.001.
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Figure 4. Gender effect on in vitro TH17 differentiation in the presence of HLA-DR4-derived
peptides

Purified CD4 T cells were incubated with different peptides at different concentrations, with
or without TH17-polarizing cytokines. The percentage of IL-17A cells was determined by

flow cytometry and analyzed statistically as in Figure 2. ***, p<0.001.
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Figure 5. Effect of HLA-DR4-derived peptides on cytokine production
PBMCs from 3 females (A and B) and 6 males (C and D) were incubated for 8 days with the

peptides at 100 ug/ml with or without TH17-polarizing cytokines. Concentrations of IL-17A
(Aand C) and IFNy (B and D) in supernatants were quantified by ELISA. Data represent
mean + SEM of concentration of cytokines (pg/ml) modeled by linear mixed model analysis
(SPSS, IBM), using a gender stratified data file and considering main effects of SE status
and treatment with TH17 polarizing cytokines or peptides. The basal value reflects the
average cytokine concentration obtained in a condition were all the parameters are set to
zero as discussed in the legend to Figure 2. **, p<0.01; ***, p<0.001.
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