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Summary

In humans, several HLA-DRB loci (DRB1/3/4/5) encode diverse beta-chains which pair with
alpha-chains to form DR molecules on the surface of APC. While DRB1 and DRB5 have been
extensively studied, the role of DRB3/4 products of DR52/DR53 haplotypes has been largely
neglected. To clarify the relative expression of DRB3, we quantified DRB3 mRNA levels in
comparison with DRB1 mRNA from the same haplotype in both B cells and monocytes, observing
quantitatively significant DRB3 synthesis. In CD19+ cells, DRB1*03/11/13 was 3.5-fold more
abundant than DRB3, but in CD14+ this difference was only 2-fold. Monocytes also had lower
overall levels of DR mRNA compared to B cells, which was confirmed by cell surface staining of
DRB1 and DRB3. To evaluate the functional role of DRB3, tetramer-guided epitope mapping was
used to detect T-cells against tetanus toxin and several influenza antigens presented by
DRB3*0101/0202 or DRB1*03/11/13. None of the epitopes discovered were shared among any of
the DR molecules. Quantitative assessment of DRB3-TT specific T-cells revealed that they are
present at similar frequencies as those observed for DRB1. These results suggest that DRB3 plays
a significant role in antigen-presentation with different epitopic preferences to DRB1. Therefore,
DRB3, like DRBS5, serves to extend and complement the peptide repertoire of DRB1 in antigen
presentation.
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1. Introduction

MHC class Il molecules are expressed on the surface of antigen presenting cells such as B
lymphocytes, macrophages and activated T cells. Three types of MHC class 11 molecules,
HLA-DR, HLA-DQ, and HLA-DP, present peptides to CD4+ T cells. This recognition
involves TCR binding to the MHC-peptide complex and triggers a cascade of downstream
signaling events, culminating in T cell proliferation and the release of cytokines which shape
the ensuing immune response [1,2]. Structurally, MHC class Il molecules are heterodimers
formed by the association of homologous o and B chains. While the DR a chain is
dimorphic, the B chain contains polymorphisms that influence the peptide binding properties
of each variant. In addition to this diversity, certain DRB clusters contain a second
“duplicate” DR j chain [3]. These duplications can be considered copy number
polymorphisms (CNP), a re-discovered mechanism of gene variation [4]. In humans, next to
DRB1, there are three functional secondary DRB chains: DRB3, DRB4 and DRB5. These
secondary beta chains can also combine with the common DRa chain to form additional DR
molecules on the cell surface [5]. Although the polymorphisms in all DRB loci are
analogous, DRBL1 is clearly the most polymorphic with over 500 alleles described. The other
DRB loci are less polymorphic: DRB3 has 45 alleles, DRB4 has 14 alleles, and DRB5 has
18 alleles [6].

While DRBL is present in all haplotypes, the secondary DRB loci are not found
simultaneously in every individual. Rather, for any given HLA-DRBL1 haplotype, only one
secondary DRB gene such as DRB3, DRB4 or DRB5 may be present. This means that a
maximum of 4 DRB products can be found in an individual. Furthermore, secondary DRB
loci are in linkage disequilibrium with the DRBL1, and therefore three main DRB haplotypes
are defined: DR51, DR52, and DR53 [7]. These names originate from the serological
classification of DR specificities created in the 1980s. The human HLA-DR52 haplotype
comprises a single DRB1/DRB3 locus. However, several DRBL1 alleles comprise this
haplogroup: DRB1*03, DRB1*11, DRB1*12, DRB1*13, DRB1*14 (all of them named in
this article HLA-DRB1-52). The role of DRB5*0101 in antigen presentation has been
extensively studied due to the linkage disequilibrium with DRB1*15 and its association with
multiple sclerosis (MS). Several works proved that the epitopes recognized by DRB1*1501
and DRB5*0101 are different [8-11], thus a complementary presentation exists. In favor of
this complementarity, recent work in experimental autoimmune encephalomyelitis found
that DRB5 attenuates MS severity, while encephalitogenic T cells are DRB1*1501 restricted
[12].

Less work has been done in reference to the DRB3 locus. At present, based on the analysis
of introns 1 to 4, it is believed that DRB3 and DRB1*03 appeared via gene duplication from
a specific ancestral DRB1 gene, which was similar to DRB1*01/15 [3,13]. On basis of exon
2 analysis, DRB3*0101 shows a higher similarity to DRB1*0301, so the generation of
DRB3*0101 by gene conversion from DRB1*03 and an ancestral DRB3 appears feasible
[14,15]. Although 45 DRB3 alleles have been described, only B3*0101 and B3*0202 are
frequent in all populations [16—19]. Interestingly, not all DRB1 alleles are associated with
the same DRB3 alleles. Several population studies (mostly in ((AQ: North?)) American
populations) have established the distribution and association of DRB3 and DRB1 alleles.
These indicate that DRB1*1301 in caucasoid populations is primarily associated with
DRB3*0101 (~63%) and DRB3*0202 (~37%) [16]; DRB1*0301 is associated mainly with
DRB3*0101 (~83%) and less frequently with DRB3*0202 (~16%) or DRB3*0301 (~0.8%)
[19]; DRB1*1101 is associated primarily with DRB3*0202 (~95%) [18]; DRB1*1401 has a
100% association with DRB3*0202, while DRB1*1402 is only associated with DRB3*0101
[17]; DRB1*1302 is directly associated with DRB3*0303. No study has specifically defined
the distribution of DRB3 variants associated to DRB1*12, but this allele appears to be
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associated with DRB3*0101 and DRB3*0202. To simplify nomenclature, the abbreviation
DRB1-52 will be used in this study in reference to all the DRB1 genes that are linked to
DRB3.

It is well-known that the MHC-peptide-TCR interaction can lead either to T-cell activation
or the induction of tolerance [20]. This function is modulated in part by the quantity of DR
molecules presenting peptide to the T lymphocytes [21]. It is generally thought that DRB3
(like DRB4 and in contrast to DRB5) is expressed at significantly lower levels than DRB1
[5,22]. However, the exact relationship between DRB3 and DRB1 expression levels remains
unresolved. Traditional MRNA hybridization assays indicate a 4.5-fold difference in relative
abundance [5,22], but competitive PCR assays [23] and transcriptional activity analysis
[24,25] show similar levels for both. Also, only a limited set of DR52 haplotypes were
evaluated in these studies. The functional ability of DRB3 to present peptides to T cells has
been documented in several reports [26,27]. In these, CD4+ T cells specific for several
antigens (such as tetanus toxin) were found to respond in the context of DRB3. It has been
suggested by some that DRB3*0101 and DRB1*03 could have similar binding preferences
[28,29] and that the DRB3*0101 epitopes could be cross-presented by DRB1*0301 [30].
Motivated by these apparent similarities, these authors suggest that the first and second
molecules of the DR52 haplotype may have similar binding motifs and present redundant
peptides. However, because the DRB3 loci shares no more homology with DRB1*0301 than
the other DRB1-52 alleles [14], we hypothesized that the DRB3 loci may complement the
repertoire of peptides that are presented by the DRB1 of the haplotype rather than cross-
presenting similar peptides or duplicating its repertoire.

To more extensively characterize the expression of DRB3*0101 and DRB3*0202, we
determined their relative expression by quantifying the amount of DRB3 mRNA in
comparison to the amount of DRB1-52 mRNA in two different populations of APC, and by
comparing cell surface staining by antibodies. Also, to better characterize the functional role
of these proteins in antigen presentation, we developed DRB3 tetramers to identify T cell
epitopes restricted by these DR molecules within tetanus toxin (TT) and several influenza
antigens. We also determined the frequency of DRB3 restricted T cells specific for these
antigens within the PBMC of pre-sensitized individuals. Our hypothesis for this work was
that DRB3 plays a significant biological role in presenting antigens to T cells.

2.1 Quantifying expression of DRB3 mRNA versus DRB1 (52) mRNA

To quantify DRB3 and DRB1-52 expression, we developed a real time PCR assay and tested
its specificity, sensitivity and accuracy as indicated in the materials and methods section. We
quantified the DRB3 and DRB1-52 mRNA in two different populations (CD19+ and
CD14+) of APC using blood samples taken from seven healthy individuals representing four
different haplotype patterns: two DRB3*0202-DRB1*11 individuals, two DRB3*0101-
DRB1*03 individuals, two DRB3*0101-DRB1*13 and one homozygous DRB3*0101/0101-
DRB1*03/13 (supplementary table 1).

As expected, the quantity of mMRNA measured in both cell populations indicated that
DRB1-52 is expressed at significantly higher levels (p=0.0078) than DRB3 (see Fig 1). This
trend was observed regardless of both DRB1-52 allele and DRB3 allele. Examining the
individual APC populations, the mean of the DRB1/DRB3 ratio for CD19+ cells was 3.54 +
0.65 indicating that DRB1 mRNA was clearly more abundant than DRB3 (figure 1A). When
quantifying the mRNA abundance in CD14+ cells the mean of the DRB1/DRB3 ratio was
2.04 £ 0.62, indicating that DRB1-52 was also more abundant than DRB3 (figure 1B).
These results differed from those observed using competitive PCR assays [23], which
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indicated similar levels of expression for both mRNA, but were somewhat consistent with
mMRNA hybridization assays, which indicated ~4.5-fold difference in expression [22]. It was
evident for the subjects tested (see figure 1) that DRB1-52 mRNA levels were higher in
CD19+ cells than in CD14+ cells: average mRNA levels were 2,294.26+936.03 and
809.66+130.57 ((AQ: Number of significant figures quoted varies, please make consistent
(this recurs throughout the manuscript).)) respectively, while the average CD19/CD14
MRNA ratio (calculated for each individual and then averaged so that each would be
weighed equally) was 2.85+1.07. DRB3 mRNA levels were also higher in CD19+ cells than
in CD14+ cells: average mRNA levels were 647.55+270 and 448.43+199 respectively,
while the average CD19/CD14 mRNA ratio was 1.69+0.81. However, for donorfive the
overall DR mRNA expression was higher in monocytes than B cells (figure 1).

It might be expected that a “homozygous” DRB1-52/DRB3 individual would have increased
levels of DRB1-52 and/or DRB3 mRNA. Indeed, donor seven had the highest mRNA levels
for DRB1-52 and DRB3. However, the DRB1-52/DRB3 ratio was similar to the other
donors. Notably, the mean DRB1/DRB3 ratio was significantly (p=0.0078) lower for the
CD14+ population than mean ratio for the CD19+ population. These different DRB1/DRB3
ratios suggest that the contribution of DRB3 to the total pool of mMRNA in resting state is
quantitatively more important in monocytes than in B cells. It is also worth highlighting that
for donor five, the DRB1-52/DRB3 ratio was close to 1. Together, these results suggest that
while DRB3 mRNA is less abundant than DRB1-52 in all of the individuals and all of the
cell types tested, the relative proportion can vary from being four times lower to nearly
equal to the amount of DRB1 mRNA produced. Thus, it seems plausible that DRB3
molecule could play an important role in antigen presentation to T-cells.

2.2 Evaluation of DRB3 and DRB1 cell surface expression in B cells and monocytes

To corroborate our mRNA results at the protein level, we evaluated the expression of DRB3
on the surface of CD19+ B cells and CD14+ monocytes by flow cytometry. For these
experiments, we used DRB3 (7.3.19.1) and DR11 (4i131) specific antibodies for cell surface
staining. Because surface staining is only semi-quantitative, we compared the relative
surface expression of DRB3 by dividing the mean fluorescence intensity (MFI) observed in
CD19+ cells by the MFI observed in CD14+ cells. As expected, the level of MFI DRB3 was
always higher on B cells than on monocytes (Figure 2) (P=0.0148). This was in agreement
with observed mRNA levels: the mean ratio (CD19/CD14) of DRB3 surface expression was
2.33£1.02 (this level is not significantly different to the 1.6-fold difference seen in our
MRNA results, p=0.21). For DR11, the mean ratio (CD19/CD14) was 1.59+0.18 (data not
shown), and for the whole set of DR molecules was 1.9+0.36 (data not shown). These data
suggest a modest correlation (r=0.647) between the observed mRNA levels and cell surface
expression of protein ((AQ: The repeated reference to significance makes this sentence a
little confusing. Pearson coefficients don’t come with an associated significance. By
referencing significance of correlation are you commenting on a test of the null hypothesis
that the slope of the best fit line is equal to zero? You need to quote a p-value for this test or
give degrees of freedom as well as r-value if you want to indicate significance.)). The
differences between the DRB3 mRNA and cell surface staining results could imply
differences at the level of protein translation or cell surface recirculation.

2.3 Identification of HLA-DRB3 and HLA-DRB1-52 restricted T cell epitopes within
influenza and tetanus toxin proteins

Tetramer Guided Epitope Mapping (TGEM) [31] approach was used to observe DRB3
restricted T cell responses and identify CD4+ T-cell epitopes within influenza virus matrix
protein (MP) and Clostritium tetani toxin (TT) for individuals with HLA DRB3*0101 and
DRB3*0202 haplotypes. For the mapping of MP epitopes, a total of 30 overlapping peptides
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(20 amino acids in length with an overlap of 12 residues) were synthesized. These peptides
were divided into six pools with five consecutive peptides per pool. First, these peptide
pools were used to stimulate the PBMC of a DRB3*0202 subject. Subsequent staining with
the corresponding DRB3*0202 pooled peptide tetramers indicated a positive response for
cells stimulated with pools 1 and 2 (figure 3A). These cells were analyzed again using
tetramers loaded with the individual peptides from the positive pools, indicating positive
responses to peptides MP1_pg (MSLLTEVETYVLSIIPSGPL) and MPg_»g
(TYVLSIIPSGPLKAEIAQRL) from within pool 1 and MP3_g)
(GLQRRRFVQNALNGNGDPNN) from within pool 2 (Figure 3B). Since MP1_pg and
MPg_»g share residues 9-20, it is possible that these two peptides contain a single shared
epitope. Identical experiments were performed for three additional DRB3*0202 individuals,
showing similar positive results for MP1_og, MPg_pg and MP73_g,. Similar experiments were
carried out to examine MP responses in subjects with DRB3*0101, DRB1*0301,
DRB1*1101 or DRB1*1301 typing. We did not find any epitopes for DRB3*0101, but we
found one eptiope for DRB1*0301, three for DRB1*1101 and three for DRB1*1301. None
of the epitopes were shared among any of the DR molecules; these results are summarized in
Table 1. Subsequent experiments also identified the Influenza A panama H3N2 (HA3)
derived peptide HA3,71_291 (PIGKCNSECITPNGSIPNDK) as a DRB3*0202 restricted
epitope.

For the mapping of tetanus heavy chain (TT) epitopes, a total of 106 peptides (20 amino
acids long with an overlap of 12 residues) were synthesized. These peptides were divided
into 21 pools with five consecutive peptides per pool (excepting pool 21, which had 6
peptides). Epitope mapping experiments were carried out to identify DRB3*0101,
DRB3*0202 DRB1*1101, DRB1*1301 restricted TT responses (see supplementary figures
1, 2 and 3); these data, combined with the DRB1*0301 results from our previously
published study [32] are summarized in Table 1. Again, none of the epitopes was shared
among any of the DR molecules. Because these experiments were carried out using peptide
pools, there is some possibility that some DRB3 restricted epitopes within these antigens
were missed due to peptide competition. However, our results indicate that DRB3 presents
MP and TT epitopes that are distinct from those presented by the corresponding DRB1-52
alleles. Thus, we were able to identify a total of four peptides that contain three DRB3*0101
restricted epitopes and a total of five peptides that contain four DRB3*0202 epitopes
(summarized in figure 4).

To more accurately define the DRB3 restricted epitopes within these antigenic peptides,
truncated peptides (each 12 amino acids in length) were used to determine the minimal
epitopes for three (two DRB3*0101 restricted and one DRB3*0202 restricted) tetanus
toxoid peptides. Using these short peptides, tetramers were loaded and used to test the
staining of peptide specific, tetramer positive CD4+ T cell lines. Based on these experiments
(representative results shown in supplementary figure 4) precise epitopes for TT64
(LEQYGTNEYSII), TT36 (EYQVDAIKKIID) and TT102 (QIGNDPNRDILI) were
defined. These minimal epitopes were consistent with previously reported binding
preferences for DRB3*0101 [33, 34] and DRB3*0202 [35]. Therefore, we predicted
minimal epitopes for the remaining peptides based on these postulated preferences: Y/F/WI/1/
L in P1, S/N/D in P4, I/L/Y/SIN in P6 and G/N/I/F/D in P9. These likely motifs are
designated by arrows in figure 4. The fact that peptides MP1_o and MPg_»g and peptides
TT73g_757 and TT746_765 are overlapping peptides aided our selection of their minimal
epitope, since pairs of consecutive peptides often share a single motif. These shared residues
are bolded in figure 4. Based on their respective protein sequences DRB3*0101 might be
expected to prefer larger residues in pocket 9 than DRB3*0202 (B3*0101 has p37 Phe and
B57 Val while B3*0202 has 37 Tyr and p57 Asp) and to accept acidic residues better in
pocket 4 than DRB3*0202 (B3*0101 has 374 Arg while B3*0202 has 374 GIn). These
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differences may explain the lack of common epitopes between these alleles in spite of their
general similarity. In total, we have identified four antigenic peptides (most likely
representing three distinct epitopes) that are recognized in the context of DRB3*0101 and
five antigenic peptides (most likely representing four distinct epitopes) that are recognized
in the context of DRB3*0202.

For the corresponding DRB1-52 alleles, six epitopes were found for DRB1*0301, eleven
epitopes (17 peptides) were found for DRB1*1101 and five epitopes were found for
DRB1*1301. Thus the overall number of epitopes found in TT or MP for both DRB1-52 and
DRB3 molecules is variable, with somewhat higher numbers of epitopes for DRB1.

2.4 Evidence of the processing and presentation of epitopes identified by TGEM

To assess the natural processing of tetanus epitopes restricted by DRB3*0101, T CD4+ cells
were stimulated either with the tetanus-diphtheria vaccine (0.4 1U of the adsorbed tetanus
toxoid) or the tetanus toxin (1pg/ml). Specific peptide stimulation (TT36, TT102) was used
as a control. On day 14 of stimulation cells were stained with DRB3*0101-TT36 or
DRB3*0101-TT102 tetramers. With all three stimuli (toxoid, toxin and peptide) tetramer
positive DRB3*0101-TT36 and DRB3*0101-TT102 specific cells were detected (figure 5).
To further assess the in vivo relevance of these epitopes, a proliferation assay was used to
assess the dose-response of TT36 and TT102 specific cell lines with different concentrations
of toxin or peptide. With both protein stimuli the level of proliferation was comparable
(maximum proliferation reached at 4pg/ml), while the optimal concentration for the peptides
was lower (see supplementary figure 5). Theis evidence of the natural processing and
presentation of these epitopes support the notion that DRB3 can play a significant role in
antigen presentation to CD4+ T cells.

2.5 Frequency of TT/MP-DRB3 epitope specific T cell precursors in the blood of vaccinated

individuals

For a DRB3*0101 donor vaccinated 1 month prior to the experiment, the frequency of TT
specific T-cells was evaluated by stimulating CFSE labeled cells with either TT73g_757 or
TT1266-1285 and subsequently co-staining with the corresponding DRB3*0101 tetramer. T
cell frequencies were estimated based on the tetramer positive population and the number of
in vitro cell divisions (based on CFSE dilution). Similarly, the frequency of MP specific T-
cells was evaluated for a DRB3*0202 donor by stimulating with MP_»q or MP73_g» and
subsequently co-staining with the corresponding DRB3*0202 tetramer (supplementary
figure 6). For the sake of comparison, the frequency of DRB1*1101 restricted MP specific
T-cells was evaluated from the same donor by stimulating with MPg7_116 and subsequently
co-staining with the corresponding DRB1*1101 tetramer. As summarized in table 2, the
observed frequencies ranged from 1 in 18,000 to 1 in 244,000 cells. These results are
consistent with previously published frequencies observed for DRB1*0401 restricted
responses to HA 3g97_319 peptide, which were approximately 1 in 25,000 [36]. To further
demonstrate the relevance of these DRB3 restricted cells, direct ex vivo staining was carried
out using DRB3*0101-TT102 tetramers and an irrelevant control tetramers using PBMC
isolated from a previously vaccinated individual. The percentage of staining with
DRB3*0101-TT102 was higher than that observed for the irrelevant tetramer (nearly triple
the proportion) (see supplementary figure 7). These results indicate that the frequency of
TT102 specific CD4+ T cells is 1 in 6,574 CD4+. The frequencies observed by these various
methods imply that DRB3 can play a significant role in presenting antigens to T cells.
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3. Discussion

To more extensively characterize the relative expression of DRB3 andits functional role in
antigen presentation, this work examined several aspects of the HLA-DRB3 biology,
ranging from level of mMRNA expression to identifying DRB3 restricted epitopes and the
frequency of T-cells that respond to these epitopes. We found that the DRB3 message is
present at lower levels than DRB1-52 in both CD14+ and CD19+ cells. There were distinct
differences between the DRB1-52/DRB3 mRNA ratio and the total amount of DRB mRNA
produced in these two cell types. B cells had higher levels of both DRB1-52 and DRB3
message than monocytes; however, the relative proportion of DRB3 message was lower
(DRB1-52/DRB3 ratio of 3.5). Monocytes had lower levels of both DRB1-52 and DRB3
message; however, the relative proportion of DRB3 message was higher (DRB1-52/DRB3
ratio of 2). Comparing these observations to previous studies for different DR loci it can be
stated that the DRB secondary loci behave differently: DRB5 mRNA was found to be more
abundant than the DRB1*1501 [37], while the level of DRB4 mRNA may be as much as
seven times lower than DRB1*07 [38,39]. In DRB4 haplotypes, observed differences in
expression levels have been attributed both to promoter polymorphisms and to post-
transcriptional activity. Similarly, our observed differences in mMRNA level (DRB3 vs
DRB1-52) could be due to promoter polymorphism as has been suggested by an analysis of
promoter activity [40]. The two HLA-DRB3 alleles studied here (DRB3*0101 and
DRB3*0202) share the same sequence in their promoter regions (Hs6_111615;
Hs6_111610). Therefore, it is not surprising that we did not observe obvious differences in
their respective levels of transcription.

The differences seen at the MRNA level also appeared to be reflected at the level of protein
expression on the cell surface. We detected roughly two-fold more total DR protein on
CD19+ cells than in CD14+ cells, although our methodology (indirect immunofluorescence)
did not allow a direct comparison of DRB1 and DRB3 protein expression on the cell
surface. For DRB3, the calculated mean ratios (CD19+/CD14+) were 1.6 for mRNA versus
2.3 for protein. Although these mean ratios were statistically different, both measurements
indicated that DRB3 was more abundant in CD19+ cells. While there could be important
differences in post-transcriptional regulation or protein recirculation, there was some
relationship (r=0.647) between the observed mRNA levels and cell surface staining of
DRB3 protein. The observed level of DRB3 surface staining suggests that the level of DRB3
expression on the cell surface should be adequate to present peptides and to activate DRB3
restricted T cells.

The importance of DRB3 in antigen presentation was further highlighted by our epitope
mapping studies. It is significant that a variety of DRB3*0101 and DRB3*0202 epitopes
could be identified within MP and TT and for some of them, we proved that they are
naturally processed. Our results indicate that the frequencies of DRB3 restricted T cells (as
measured by CFSE or with direct staining) and the magnitude of their in vitro responses (as
measured using tetramers) are similar to those previously observed for DRB1 restricted T
cells. These similarities exist in spite of clear differences in relative expression. As
summarized in Table 1, these DRB3 restricted responses are not merely directed against
peptides that are cross presented by DRB1-52. Rather, there were no epitopes shared among
any of the DRB1-52 or DRB3 alleles. While some previous reports suggested that the
binding motifs of DRB1*0301 and DRB3*0101 may be nearly identical [29,30,33], our
work indicates that the antigenic peptides presented by these two molecules are quite
different. These observed differences are consistent with their amino acid sequences and
existing knowledge of their peptide binding motifs [33,35]. For example, DRB1*0301 and
DRB3*0101 only share the same sequence in the P4 pocket [34], which confers a
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characteristic basic anchor preference, while having important differences (including an
occluded P6) in the other binding pockets.

Thus, DRB3 and the associated DRB1-52 alleles appear to present complementary sets of
antigenic peptides. The idea that DRB3 proteins are not a merely a duplication of their
DRB1-52 counterparts is not completely new [30]. In fact Bontrop et al. [41] proposed that
the less polymorphic DRB3 alleles have been retained in parallel with DRB1-52 because
they present conserved bacterial heat shock protein epitopes so well, thus broadening the
diversity of the responding T cells. Our current observation that DRB1-52 and DRB3 show
no redundancy in their preferred tetanus and influenza epitopes further reinforces this
concept.

It should be noted that the minor sequence changes among the three common DRB3 alleles
account for clear differences in peptide selection and presentation [15]. It has been
suggested that similarities between certain binding pockets can explain why some
autoimmune diseases are associated with only two of the three DRB3 alleles:depending on
the preferences of a binding pocket, a given peptide might bind to more than one allelic form
of DRB3 [15]. The same reasoning can be applied to DRB1*0301 and DRB3*0101. While
there alleles did not share any peptide in this study, their peptide binding pockets could have
some overlap, allowing them to share a subset of peptides. Conversely, some peptides that
have been assumed to have a DRB1*0301 restriction could actually be presented by
DRB3*0101, since the haplotype which contains both alleles has been associated with
several autoimmune diseases.

In reference to the cross presentation of epitopes by DRB1 and DRB3, previous reports
[29,42,43] described the peptide TTqg, (1272-1284) as either a DRB3*0101 or DRB1*0301
restricted epitope. However, binding of this peptide to DRB1*03 was two orders of
magnitude weaker than binding exhibited by a typical natural ligand [42] ((AQ:Do you
mean that the association constant is two orders of magnitude lower than that of the natural
ligand?)). Our TGEM analysis indicated that TTqq, acts as a high avidity epitope only when
presented in the context of DRB3*0101. Thus the differences in the binding motifs of these
molecules are relevant for the binding and presentation of peptides or possibly the
positioning of TCR-contacting residues, in contrast to the conclusions of at least two reports
[28,29]. In general, claims about the class Il MHC restriction of epitopes should be regarded
carefully, because some experimental systems are not well suited to address this question.
For example, methods that rely on “homozygous” EBV transformed cell lines (either as
antigen presenting cells or as a source for DR protein) will be confounded by the inevitable
presence of both primary secondary DR proteins. Studies based solely on peptide binding or
elution should also be regarded carefully, because a peptide may be able to bind to a class 11
protein with appreciable affinity, and yet fail to be a legitimate T cell epitope.

Naturally, all the findings of this study must be weighed in light of the prevalence of DRB3
alleles in human populations. National Marrow Donor Program typing results [44] indicate
that approximately 43% of caucasoid alleles are linked to some DRB3 allele, with nearly
35% having either DRB3*0101 or DRB3*0202. Based on these allele frequencies, it is
expected that 2/3 of the caucasoid population has a DRB3 allele. Several diseases have been
associated with DRB3 alleles, including neonatal alloimmune thrombocytopenia [30,45]
post-transfusion purpura [46] and inclusion body myositis [47]. In addition, the strong
association between DRB3*0101 and DRB1*0301 (a member of the A1-B8-DR3 haplotype)
could implicate this DRB3 allele in the presentation of peptides in certain DR3-linked
autoimmune disorders. These associations may be partially masked by the high frequency of
the allele and its strong DRB1 linkage.
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In conclusion, our results demonstrate that, in spite of having significantly lower message
and protein expression levels than HLA-DRB1-52, HLA-DRB3 is not merely a secondary,
redundant locus. Rather, HLA-DRB3 presents peptides that can evoke measurable T cell
responses to important viral antigens. These DRB3 restricted T cells exist at significant
frequencies in the periphery and recognize antigenic patterns distinct from their DRB1-52
counterparts. Therefore, DRB3 serves to extend and complement the peptide repertoire of
DRBL1 in antigen presentation. Given its prevalence, further study of DRB3 in settings such
as vaccine design or immune monitoring may be warranted.

4. Methods

4.1 Donor samples

Healthy blood donors were recruited with informed written consent. All donors used had
been immunized (1 month to 2 years) with the Trivalent Type A and B Influenza Virus
Fluzone Vaccine (Aventis, Bridgewater, NJ) or with a tetanus-diphtheria vaccine, and were
HLA typed (see supplementary methods).

4.2 CD19+ and CD14+ cell separation, RNA extraction and Reverse transcription

From PBMC, monocytes and B cells were purified by positive selection using Human CD14
Selection Cocktail (Stem Cell Technologies) and CD19 MicroBeads (Miltenyi, Auburn,
CA), respectively. RNA was extracted from dry pellets from these purified cells using
Chomczynski-Sacchi method with minor modifications [48,49]. Reverse transcription of
RNA samples (1-2 pug) was completed as previously described [50].

4.4 Real time measurement of DRB1-52 and DRB3 mRNA

For the specific amplification of the DRB1 of the DR52 haplotype and the DRB3 genes, two
pairs of primers were designed: the antisense primer was common to both amplifications and
situated in the exon 3 (5 AATGCTGCCTGGATAGAA 3’) of HLA-DRB genes to prevent
amplification of contaminating genomic DNA, while the sense primers specific to DRB1 (in
52 haplotype) (5" CACGTTTCTTGGAGTACTC 3’) or DRB3 (5’
CACGTTTCTYGGAGCT 3”) were placed in exon 2. Primer sequences for the
housekeeping gene GAPDH (33s 5 TCTTCTTTTGCGTCGCCAG 3’, 405as 5’
AGCCCCAGCCTTCTCCA 37), were chosen to span exon junctions [51]. All primers were
purchased from Sigma-Genosys (Haverhill, UK).

Specificity of PCR primers and Real Time measurement of mMRNA—To0 assess
primer specificity, the DRB1*1301 and DRB3*0101 exons 1 to 5 were cloned into a TOPO-
TA vector (Invitrogen, California, US) using primers previously described [36]. The
specificity of both amplification pairs of oligonucleotides was proven by the lack of
amplification of 10° copies from DRB1*1301 linearized plasmid, for testing DRB3 primers,
and the lack of amplification of 10° copies of DRB3*0101 for DRB1-52 primers. For the
real-time measurement of mMRNA expression for the DRB1-52 and DRB3 genes, standard
curves were prepared using linearized plasmid DNA for HLA-DRB3*0101, HLA-
DRB1*1301, and purified amplified product for GAPDH [51]. For further details of the
protocol see supplementary methods.

4.5 Flow cytometry staining with anti-DRB3 and anti-DR11 antibodies

Specificity of antibody (Ab) clones 7.3.19.1 and 4i131 were defined as described elsewhere
[37]. For the CD14+ or CD19+ populations we have only compared the mean of
fluorescence in the same sample for the same Ab to avoid differences in affinity between
both Ab (which could bias the fluorescence intensity (FI) levels measured by flow
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cytometry). We compared the ratio CD19+ MFI / CD14+ MFI in each sample for DRB3
with the ones obtained for DR11 and total DR (calculated using the CD3-FITC/DR-PE
product of Becton-Dickinson (San Jose, CA)). PBMC where also labeled with anti-CD19-
FITC (Becton-Dickinson, San Jose, CA) and anti CD14-APC (BD Biosciences, USA).
Three-color analysis was performed on a FACScan using Flow-Jo software (Becton-
Dickinson, San Jose, CA). The details of the staining protocol are described in
supplementary methods.

4.6 Generation of HLA class Il tetramers

4.7 Peptides

For the generation of DRB3*0101, DRB3*0202, DRB1*0301, DRB1*1101 and
DRB1*1301 as soluble class Il molecules, the vector construction, expression in S2
Drosophila cells, purification by affinity chromatography, and assembly of class Il tetramers
were accomplished as previously described [36], modified only by the incorporation of an in
vivo biotinylation step of DRB chain, as also described in a previous article [52]. Briefly,
soluble class Il molecules were purified from the supernatants of transfected insect cell
cultures. Since the biotinylation was accomplished in vivo, purified class Il molecules were
immediately dialyzed into phosphate storage buffer (pH 6.0) and loaded with pooled peptide
mixtures or individual peptides by combining 0.5 mg/ml class Il molecule, 10 mg/ml of
peptide (2 mg/ml of each individual peptide for pools) and 0.2% g-octyl-D-glucopyranoside.
After incubating at 37°C for 48 h, tetramers were crosslinked using PE-streptavidin
(Biosource, Camarillo, CA, USA).

To study the epitopes of influenza, two panels of 20-amino-acid peptides with a 12-amino-
acid overlap (previously described [53]) were used. The hemagglutinin (HA1) panel was 41
peptides, while the matrix protein (MP) panel was 30 peptides. To study the epitopes of the
heavy chain of the Clostridium tetani toxin (TT) a previously described [32] panel of 106
peptides was used.

All individual peptides were dissolved in DMSO at 10 mg/ml. Peptides for each panel were
grouped into pools of 5 peptides each for PBMC stimulation: 8 pools for the HA (with a
final pool of 6 peptides), 6 pools for MP, and 21 pools for TT.

4.8 Mapping of CD4 T cell epitopes using class Il tetramers

Peptide stimulation of CD4+ T cells or PBMC—For peptide stimulations, PBMC
were isolated from the heparinized blood of immunized healthy donors by density
centrifugation (Lymphoprep; Nycomed Pharma AS Diagnostics, Oslo, Norway). When T
CDA4+ cells were stimulated, these were isolated from PBMC using a negative selection
method (CD4+ T Cell Isolation Kit Il, Miltenyi Biotech, Auburn, CA) following
manufacturer instructions and using the AutoMacs system (Miltenyi Biotech, Auburn, CA)
to perform the separation. In both cases, peptide stimulation was performed adding with
10ug/ml of peptide. The same total amount of peptide was used for either individual or
pooled peptides. On day 7, IL-2 was added to the culture at a final concentration of 20 U/ml.
Tetramer staining was done on day 14 of the culture.

Tetramer staining—For tetramer staining, 0.1x106 cells in 50 pl were stained with 0.5 pg
of the appropriate tetramers for 1 h at 37°C, 5% CO». Cells were subsequently stained with
anti-CD4-FITC at 4°C for 30 min, washed twice in PBS and analyzed using a FACSCalibur
(BD biosciences, San Jose, CA). After the initial round of pooled tetramer staining
(screening using tetramers loaded with peptide pools), cells from tetramer-positive wells
were stained again using the five individual peptide loaded tetramers, each loaded with one
individual peptide from within the corresponding peptide pool.
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CFSE staining and specific stimulation of CD4+ cells—CDA4+ T cells were
obtained from healthy donors as previously described, and the CFSE staining protocol was
followed as described elsewhere [36]. T CD4 cells isolated using beads labeled with CFSE,
stimulated with autologous adherent cells and peptide, where stained on day 7 with PE-
labeled tetramers and analyzed subsequently by flow cytometry. Cells derived from the
same individual were stimulated with DRB3*0202 and DRB1*1101 antigens. . The number
of cell divisions was calculated from the distinct CFSE fluorescence peaks produced by
polyclonal stimulation with PHA and IL-2 as described elsewhere. Precursor frequency was
estimated by dividing the number of tetramer-positive cells by 2%, where x is the average
number of cell divisions, to determine the absolute number of precursors for the tetramer-
positive cells, and then dividing this value by the total number of cells analyzed. In the
DRB3*0101 case IL-2 was added to the culture on day 7 at a final concentration of 20 U/ml,
and tetramer staining was done on day 9 of the culture.

4.9 Statistics

A non-parametric paired (Wilcoxon signed) test, was applied to paired non-normal
distributed data, using the GraphPad Prism 5® software package (GraphPad Software, Inc.
San Diego, US). A Mann Withney was used for non paired non-normal distributed data. A
level of significance of 5% was used in all the statistical evaluations, and a one tailed pvalue
assignation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

APC Antigen presenting cell
HLA-DRB1-52 HLA-DRB1-03/11/12/13/14

MP Matrix Protein

TGEM Tetramer Guided Epitope Mapping
TT Tetanus Toxin
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Figure 1. Level of expression of DRB1-52 and DRB3 on CD19+ cells and on CD14+ cells

Level of DRB1-52 and DRB3 in CD19+ (A) and CD14+ (B) cells (see Supporting
Information Table 1 for donor information). Data are expressed as ratio of DRB1 (grey) or
DRB3 (black) to GAPDH x 10° copy numbers, and referred to as RQ. Data show mean +
SD (n=3). I: donor with DRB1*0301/*1301 - DRB3*0101/*0101 typing; II: donors with
DRB1*0301 and DRB3*0101 typing; I1l: donors with DRB1*1301 and DRB3*0101 typing;
IV: donors with typing DRB1*1101 and DRB3*0202 typing. The paired comparison (two
tailored Wilcoxon signed test) of DRB1 and DRB3 mRNA in both cell populations indicated
that DRB1-52 is expressed at significantly higher levels (p=0.0078) than DRB3.
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Figure 2. Mean fluorescence intensity (MFI) observed for DR52 antibody staining

The observed MFI for DRB3 antibody staining in seven donors is plotted for CD19+ cells
(left), CD14+ cells (middle) with mean values indicated by horizontal lines. The CD19+/
CD14+ ratio (right) is also plotted. Symbols in all the representations stand for donors
typing, open circles for DRB1*13-DRB3*0101, filled triangles for DRB1*11-DRB3*0202,
filled squares for DRB1*03-DRB3*0101 and filled circles for DRB1*03/13-
DRB3*0101/0101. The level of DRB3 MFI was higher on B cells than on monocytes,
p=0.0148 (two tailored Wilcoxon signed test).
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Figure 3. Identification of DRB3*0202-restricted MP specific epitopes

A) Representative staining profiles with DRB3*0202-MP tetramer pools. CD4+ T cells from
a DRB3*0202 subject were stimulated with six pools of MP peptides, and stained with
DRB3*0202 pooled peptide tetramers 14 days after stimulation. Circled events indicate
populations that were tetramer positive. B) Fine mapping was performed for the tetramer
positive pools (MP pool 1 and MP pool 2) using individual peptide tetramers. MP1_pq
(MP42), MPg_pg (MP43), and MP73_g, (MP51) were identified as peptides that contain
DRB3*0202 restricted epitopes, negative individual peptide tetramers from MP pools 1 and
2 are also represented. TGEM with MP pools was performed in two individuals.
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Figure 4. Peptides found to contain epitopes for DRB3*0101 and DRB3*0202
The tentative anchoring residues are indicated by arrows. Bold residues are indicated based
on overlapping peptides. A) MP, TT and HA3 peptides found to be presented and

recognized in the context of DRB3*0202. b) TT peptides found to be presented and
recognized in the context of DRB3*0101.
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Figure 5. Evidence of natural processing for DRB3*0101 restricted epitopes

A) Tetramer staining of DRB3*0101-TT36 specific CD4+ T cells following stimulation
with whole tetanus toxin (1ug/ml), tetanus-diphtheria vaccine (0.4 Ul of the adsorbed
tetanus toxoid) or 10 pg/ml of TT-36 peptide. DRB3*0101-TT36 specific cells were
observed for the three different stimuli, implying natural processing and presentation of the
epitope. Reference staining of a DRB3*0101-TT36 specific CD4+ T cell line is also shown.
B) Tetramer staining of DRB3*0101-TT102 specific CD4+ T cells following stimulation
with whole tetanus toxin, tetanus-diphtheria vaccine, or peptide in the same manner as panel
A. Reference staining of a DRB3*0101-TT102 specific CD4+ T cell line is also shown.
TGEM with TT pools was performed in two individuals.
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Table 2

Frequencies of TT-MP specific CD4+ T-cells?.

Tetramer Peptide Frequency
DRB3*0101  TT 738-757 1in 20,000
DRB3*0101 TT 1266-1285 1 in 33,000
DRB3*0202 MP 1-20 1in 19,000
DRB3*0202 MP 9-28 1in 18,000
DRB3*0202 MP 73-92 1in 100,000

aFrequencies calculated based on CFSE dilution
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