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Abstract

In the process of structure-function studies on the class Il molecule expressed in autoimmunity
prone SJL mice, I-AS, we discovered a disparity from the reported sequence of the MHC class

Il beta chain. The variant is localized at a highly conserved site of the beta chain, at residue

58. Our studies revealed that this single amino acid substitution of Pro for Ala at this residue,
found in 1-AS, changes the structure of the MHC class Il molecule, as evidenced by a loss

of recognition by two monoclonal antibodies, and elements of MHC class 11 conformational
stability identified through molecular dynamics simulation. Two other rare polymorphisms in 1-AS
involved in hydrogen bonding potential between the alpha chain and the peptide main chain are
located at the same end of the MHC class Il binding pocket, studied in parallel may impact

the consequences of the B chain variant. Despite striking changes in MHC class 11 structure,
CDA4 T cell recognition of influenza-derived peptides was preserved. These disparate findings
were reconciled by discovering, through monoclonal antibody blocking approaches, that CD4

T cell recognition by I-AS restricted CD4 T cells focused more on the region of MHC class

Il at the peptide’s amino terminus. These studies argue that the conformational variability or
flexibility of the MHC class Il molecule in that region of I-AS select a CD4 T cell repertoire that
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deviates from the prototypical docking mode onto MHC class Il peptide complexes. Overall, our
results are consistent with the view that naturally occurring MHC class I molecules can possess
polymorphisms that destabilize prototypical features of the MHC class 1l molecule but that can
maintain T cell recognition of the MHC class Il:peptide ligand via alternate docking modes
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1. Introduction

The proteins encoded by the major histocompatibility complex locus (MHC or H-2 in
mice, HLA in humans) play a crucial role in the adaptive immune response. MHC class |
molecules present antigenic or self-peptides to CD8+ T cells, while MHC class Il molecules
serve the same function for CD4+ T cells. The MHC locus is the most polymorphic

among mammalian genes, a feature responsible for the ability of MHC to present a

broad diversity of pathogen-derived peptides and ensure a protective immune response to
pathogenic organisms (de Bakker and Raychaudhuri, 2012; Trowsdale and Parham, 2004).
Paradoxically, this genetic variability is also often associated with disease, with one of

the strongest associations being tissue-specific autoimmunity (Karami et al., 2019). Among
the many genes that contribute to complex dysregulation in autoimmunity, the biggest
influence is commonly linked to MHC class Il genes (Hollenbach and Oksenberg, 2015;
Jacobi et al., 2020; Joubert and Dalmau, 2019; Megiorni and Pizzuti, 2012; Pociot and
Lernmark, 2016; Sospedra and Martin, 2016). This dominant role is likely due to the key
regulatory role that MHC class Il-restricted antigen presentation plays in many aspects of
T cell-dependent immune responses. One of the best examples of this documented link
between MHC class Il and autoimmunity is the spontaneous model of insulin-dependent
diabetes in non-obese diabetic (NOD) mice. These mice express the MHC class 11 allele
I-A97, which shares a polymorphism with the diabetes-associated human allele HLA-DQ
in the beta chain at the periphery of the peptide binding groove (Noble, 2015; Pociot and
Lernmark, 2016; Todd et al., 1987). This loss of aspartic acid in the beta chain at amino
acid Asp57 eliminates the potential for an inter-chain salt bridge with alpha Arg76. This
polymorphism, like others linked to T cell-dependent autoimmunity in humans, is thought
to control defective self-tolerance induction to self-peptides or acquisition of such peptides
to initiate or propagate the autoimmune cascade. Other MHC class Il genes in both mice
and humans have been linked to other specific diseases (Hollenbach and Oksenberg, 2015;
Karami et al., 2019; Megiorni and Pizzuti, 2012; Trowsdale and Knight, 2013).

We became intrigued with a particular MHC class Il allele associated with autoimmunity,
I-AS, expressed in the SIL mouse, and associated with several autoimmune syndromes
employed as models for multiple sclerosis (MS). These include experimental autoimmune
encephalomyelitis (EAE) (Glatigny and Bettelli, 2018; Robinson et al., 2014), induced by
vaccination with myelin basic protein or other central nervous system components, and
Theiler’s murine encephalomyelitis virus (TMEV) (Miller et al., 2001; Oleszak et al., 2004;
Tompkins et al., 2002), initiated by viral infection in the central nervous system. The I-AS
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molecule was noted to possess an exceptionally rare set of polymorphisms in the alpha chain
(His68Tyr and Asn69Thr) (Kalbus et al., 2001; Landais et al., 1985). In all other mouse

I-A molecules sequenced to date, these two highly conserved residues (alpha His68 and
alpha Asn69) constitute part of the general features of peptide:MHC class Il interactions
visualized in the early crystal structures of MHC class Il molecules (Jardetzky et al., 1996;
Stern et al., 1994). Our previous studies had revealed that these conserved amino acids at
the periphery of the peptide binding pockets form hydrogen bonds with the peptide main
chain and contribute to the kinetic stability of peptide binding to the MHC class Il molecule
(Bryant et al., 1999; McFarland et al., 2001; Sant et al., 1999). In the process of studying
the impact of these polymorphisms in the I-AS alpha chain, we discovered that the I-AS
beta chain possessed an unusual mutation that was not reported in the original sequencing
of this gene (Estess et al., 1986). In the study we report here, we provide evidence for

an associated conformational and physical impact on I-AS based on serological reactivity

of monoclonal antibodies, molecular modeling and CD4 T cell recognition. These studies
suggest a generalized model for the role of MHC polymorphism in T cell recognition and
defects in self-tolerance induction (Giarratana et al., 2007; J. A. Pearson et al., 2016).

2. Materials and Methods

2.1 Animals and infections.

Female B10.S (H-2%), SIL and C3H mice, purchased from Jackson laboratories,

were maintained in a specific pathogen-free facility at the University of Rochester
Medical Center, according to institutional guidelines. For influenza infections, mice
were anaesthetized with avertin (2,2,2-Tribromoethanol) via intraperitoneal injection and
infected intranasally with 5 x 104 50% egg infectious dose (EIDsg) of influenza A/New
Caledonia/20/1999 (H1N1) virus. All experimental groups were age-matched and used
between 8-16 weeks of age.

2.1.1 Ethics Statement.—Mice were maintained in a specific pathogen-free facility at
the University of Rochester Medical Center according to institutional guidelines. All animal
protocols used in this study adhere to the AAALAC International, the Animal Welfare

Act and the PHS Guide, and were approved by the University of Rochester Committee

on Animal Resources, Animal Welfare Assurance Number A3291-01. The protocol under
which these studies were conducted was originally approved March 4, 2006 (protocol #
2006-030) and has been reviewed and re-approved every 36 months with the most recent
review and approval December 29, 2020.

2.2 DNA-mediated transfection and cell maintenance.

Ltk™ cells were transfected by calcium phosphate precipitation with cDNA genes encoding
the WT I-AS a and B chains (I-AS (B-Ala58) or 1-AS (B-Pro58)) that had been cloned into the
SV40 based vector pcEXV as we have previously described (Loss and Sant, 1993; Peterson
and Miller, 1990), plus the neomycin resistance gene pSV2neo. Transfected, drug resistant
cells were selected for MHC class 11 expression using mAb based sorting and cloned by
limiting dilution to maintain homogeneous MHC class |11 expression. They were maintained
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in selection media and stained for MHC class Il expression every 2—-3 weeks, but were
removed from selective drug for 2 d before T cell assays.

2.3 Monoclonal Antibody staining and flow cytometry.

Monoclonal antibodies (mAb) were produced from cultured hybridoma cells. Supernatant
collected at high cell density was used at saturating doses (typically 1:4) in a 2-step staining
procedure as previously described (Sant et al., 1987). Culture media or the I-E specific
antibody, 14-4-4S (Ozato et al., 1980), plus a secondary Goat anti-mouse 1gG were used

as negative controls. Transfected cells were harvested from culture, washed, pelleted and
resuspended in ice-cold PBS supplemented with 2.5% bovine calf serum and 0.1% sodium
azide (PBS-2.5). Cells (5 X 10°) were placed in round bottom 96-well plates with saturating
amounts of mAb as culture supernatant, and incubated at 4°C for 45 min. The cells were
washed twice with PBS-2.5 and incubated with a saturating concentration of FITC GAM

Ig (Cappel Laboratories). Cells were incubated at 4°C for 45 min, washed and analyzed

on an Accuri flow cytometer. Data were analyzed using histograms generated using Flowjo
software (FlowJo, LLC), version 10. In these assays, more than 90% of cells were MHC
class Il positive and the data are represented as the mean fluorescent intensity (MFI) of the
population.

2.4 Peptides.

17-mer peptides overlapping by 11 amino acids of the HA and NA from the HIN1 virus
A/New Caledonia/20/99, and the NP from the HIN1virus A/New York/348/2003 were
obtained from BEI Resources, ATCC.

2.5 EliSpot assays.

EliSpot assays were performed as described (Nayak et al., 2010; Richards et al., 2010).
Briefly, 96-well filter plates (Millipore) were coated with rat anti-mouse IL-2 or IFN-y
(clone JES6-1A12 and clone AN-18, respectively, BD Biosciences), washed and blocked.
CDA4 T cells were co-cultured with APC and with the indicated peptide at a final
concentration as indicated in the Figure for 18-20 h at 37°C and 5% CO». For blocking
experiments, 50l of antibody supernatant 14.4.4S (1-AS negative control), MKD6 (I-Ak
negative control), 10.2-16 and 3F12 were added to the cultures, APC and antibody were
incubated for 30 minutes at room temperature prior to the addition of CD4 T cells and
peptides. Plates were washed and incubated with biotinylated rat anti-mouse IL-2 or IFN-y
(clone JES6-5H4, clone XMG1.2, BD Biosciences), and developed, dried and quantified
with an Immunospot reader series 2A, using Immunospot software, version 3.2.

2.6 Molecular dynamics simulation.

Starting coordinates for 1-AK presenting a 13mer fragment of hen egg lysozyme were
obtained from the Protein Data Bank, accession code 11AK (Fremont et al., 1998). Three
I-AK variants were also simulated to probe differences in dynamics compared to I-AS, for
which there is no crystal structure: aHis68Tyr/Asn69Thr, BAla58Pro, and a combination
of these. Mutations were introduced computationally from the wild type I-AK starting
coordinates utilizing Rosetta (Das and Baker, 2008) via the PyRosetta (Chaudhury et
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al., 2010) interface. After this, the site of mutation and three residues upstream and
downstream were remodeled using cyclic coordinate descent (Canutescu and Dunbrack,
2003). Molecular dynamics simulations were performed as described previously (Devlin
et al., 2020). Briefly, complexes were simulated using GPU-accelerated implementation

of AMBER16, the ff14SB force field, and explicit SPC/E water. After minimization,
simulations were heated to 300 K while restrained to initial coordinates. Restraints were
relaxed over 20 ps after which systems were allowed to equilibrate with no restraints for 20
ns. Production trajectories were calculated for 500 ns each, conducted in triplicate for each
variant. Hydrogen bond occupancy, secondary structure, RMS fluctuations, and coordinate
RMS deviations were calculated from production trajectories using the cpptraj package.
Occupancies and RMS fluctuations were averaged for the three triplicate simulations.

3. Results

The SJL mouse has been a widely used model for multiple sclerosis (MS) for a number of
years. The neurological disorder can be initiated via priming with central nervous system
(CNS) expressed antigens (Chastain et al., 2011; Kuchroo et al., 2002). As with other
models of autoimmune diseases, like the prototypic non-obese diabetic (NOD) mouse, both
MHC class Il and non-MHC genes play a role in disease susceptibility (Anderson and
Bluestone, 2005; Ridgway et al., 2008; Shapiro et al., 2021). In the process of structure-
function studies on the MHC class Il molecule expressed in SIL mice, I-AS, we discovered
a disparity from the reported sequence published by Estess in 1986 (Estess et al., 1986),
studying the gene sequence of I-ApS from the A.TH strain that expresses I-AS. The original
published sequence placed alanine at 58, the most common and highly conserved amino
acid at this beta chain residue (Figure 1). This common allele sequence at 58 in I-AS has
been published numerous times in the literature (Acha-Orbea and McDevitt, 1987; Beck et
al., 1987; Holmdahl et al., 1989; C. I. Pearson et al., 1999). Our sequencing of the beta chain
from commercially purchased SJL mice and B10.S mice, which share the 1-AS molecule,
revealed that the  chains in both mice possess proline instead of alanine at 58 (Figure

1). Sequencing of this gene in these common inbred strains of mice was performed several
times with the same result (Supplemental Figure 1).

We were intrigued by this anomaly in 1-AS, in part because it was adjacent to the widely
studied 57 residue that has been implicated in autoimmune diabetes (Todd et al., 1988).
Also of interest was its location at the periphery of the peptide binding pocket of MHC
class Il molecules at the peptides carboxy terminus, across the MHC class Il binding

site from the other rare polymorphisms in the alpha chain (a68 and a.69), discussed
previously that we have found. To evaluate the consequences of the unusual amino acid
variation in the 1-AS beta chain in expression and structure of I-AS, stable transfectants
were constructed with the reported sequence (B-Ala58) or the correct, mouse wild type
strain-derived sequence (B-Pro58), with the wild type 1-AS alpha chain, all expressed as
cDNA and introduced into MHC negative Ltk-fibroblasts, as we have previously described
(Loss and Sant, 1993; Sant and Germain, 1989). Stable Ltk-transfectants expressing the
WT I-Aa chain and either the 1-AS (B-Pro58) found naturally occurring in SJL and B10.S
mice, or the mutated I-AS (B-Ala58) at similar cell surface densities were then analyzed in
detail. Cell surface expression of MHC class Il molecules was monitored by flow cytometry
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with well-characterized anti-murine MHC class Il molecules, including four monoclonal
antibodies known to be reactive with I1-AS. Two of these I-AS reactive mAb (3F12 and 3JP)
were known to react with the 1-A alpha chain and two (10.2-16 and MKS4) reacted with
the beta chain. All antibodies tested, with their previously defined specificities, are shown
in Table I. Conclusions about the sites of recognition for the mAb, cited in this paper, were
inferred in published studies by testing spleen cells from I-A disparate mice, by mutagenesis
of the alpha or beta chains or through genetic exchange of MHC class 11 gene segments
followed by transfection. Antibodies previously defined to react with I-AS included MKS4
which was elicited against I-AS expressing splenocytes and recognizes an epitope on I-AS,
I-AY and I-Af (Kappler et al., 1981), that is not expressed by other common MHC class

I1 molecules that have been tested, including I-AK and 1-A9. 10.2-16 (Qi et al., 1978) is
reactive to many class 11 molecules (I-AS, I-AY, I-Af, I-A97, I-AT and 1-AK), but fails to react
with common I-Af and I-AP expressed in BALB/c and C57BL/6 mice, respectively. It is
thought to recognize an epitope that is dependent on a 2-amino acid deletion in the beta
chain at (65 and p66) and requires Glu at position 69 (see Figure 1). 3F12 detects most
class 11 molecules examined, including (1-APKrs9) but not I-A% (Beck et al., 1986), and its
epitope has been mapped to the alphal domain around residue 44 (Wei et al., 1994), while
3JP detects specificities associated with the alpha chain and is broadly reactive with many
class Il molecules, including I-Akrs.a.b byt not I-Ad (Braunstein et al., 1990; Landias et al.,
1986). We included antibodies not previously identified to react with 1-AS because of the
unpredictable nature of the consequences of the induced mutation and “correction” to the
highly conserved Ala at p58.

Figure 2 shows the results of flow cytometry experiments. Of the 20 mAb studied, four
detected epitopes express by both 1-AS B-Pro58 or I-AS B-Ala58 class 11 molecules. When
additional mAb were tested, many detected neither class 11 molecule. Strikingly, however,
two mAb (40F and 40L) that were previously shown to fail to react with I-AS when spleen
cells expressing this MHC class 1l allele have been tested (Pierres et al., 1981) and that

has been assigned as beta chain specific, regained reactivity when cells expressing 1-AS
B-Ala58 (Figure 2, black bars). This result suggests this single amino acid residue alters the
properties of the beta chain, where Pro at amino acid 58, the natural amino acid in I-AS,
disrupts these epitopes. Thus, the replacement of Pro to Ala at 58 can be viewed as a gain
in function change, restoring expression of a commonly expressed antibody epitope. This

is also notable because other class Il alleles including 1-AK, I-Af, and I-AY that share some
sequence similarity with I-AS but include B-Ala58 also react with 40F and 40L (Landias et
al., 1986). The failure of reactivity of 40F and 40L to detect the I-AS in splenocytes from
mice and constructed APC reported in these studies is also notable because these antibodies
were produced and characterized in 1981 (Pierres et al., 1981), indicating that this rare Pro
at B58 has been expressed in 1-AS in the common SJL and B10.S inbred strain for at least 40
years.

Also of interest from the mAb and flow cytometry analyses were the results obtained

with the widely used mAb 10.2-16. All murine MHC class 1l molecules that share the
deletion at p65-66 segment react with 10.2-16 which is associated with the 1a.17 serological
specificity. Early studies with 10.2-16 revealed positive but modestly diminished reactivity
with I-AS, relative to the common I-AK and I-Af class 1l molecules (Qi et al., 1978).
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The “correction” of Prop58 to Alap58 in the 1-AS transfectants studied here leads to a
reproducible gain in reactivity with 10.2-16 that reached statistical significance (Figure 2
and Supplemental Figure 2). Collectively, these studies show that substitution of the rare
polymorphism of B-Pro58 with the more common B-Ala58 in the 1-AS molecule leads to
a complete “gain of function” phenotype with two monoclonal antibodies (40L and 40F)
as well as a quantitative gain in reactivity with an additional mAb (10.2-16) an epitope
localized to this region of the I-A beta chain.

To evaluate the conformational consequences of the novel BPro58 polymorphism in I-AS,
we structurally modeled the polymorphism and examined its impact via molecular dynamics
simulations. Figure 3 illustrates the MHC class Il structure. No crystal structure of I-AS

has been solved on which to base the modeling. Therefore, we used the crystallographic
structure of the closely related and well-characterized 1-AK molecule (Fremont et al., 1998)
as a reference structure (Beck et al., 1986; Braunstein et al., 1990). I-AK shares many
features of the beta chain with I-AS, as well as some monoclonal antibody epitopes with
I-AS. The 1-AK MHC class 11 molecule, like I-AS also shares a small deletion in the beta
chain at amino acids 65 and 66 (see Figure 1), suggesting this to be the best structure to
begin modeling with. The coordinates for 1-AK molecule complexed to HEL 46-61 peptide
(Fremont et al., 1998) were used to produce three structural models representing I-AS: one
incorporating only the His68—Tyr and Asn69— Thr polymorphisms present in the I-AS a
chain, a second incorporating only the newly discovered Ala58—Pro in the B chain, and a
third incorporating all three. These three models and wild type I-AK were used as starting
coordinates for 500 ns of molecular dynamics simulations, in explicit solvent replicated in
triplicate for each protein variant. The simulations showed changes in dynamic character as
discussed below, but comparisons among the three replicates demonstrated reproducibility
and convergence (Supplemental Figure 3).

As noted, aHis68 and a.Asn69 play a critical role in stabilizing presented peptides
(McFarland et al., 2001; McFarland et al., 2005; Sant et al., 1999) via hydrogen bonds

with the peptide backbone near the peptide C-terminus and are present in nearly all I-A
complexes, except I-AS (Landais et al., 1985) (hydrogen bonds labeled 1-3 in Fig. 3). To
understand how the polymorphisms present in I-AS might disrupt these interactions and how
the unique features of I-AS might interact with each other, we investigated the occupancy of
these hydrogen bonds in the simulations. As expected, the alpha chain substitutions aH68Y
and aN69T in I-AS exhibited significantly decreased hydrogen bond occupancy (Figure 4).
Hydrogen bonds from the beta chain to the N-terminal half of the peptide (hydrogen bonds
4-6 in Fig. 3) were largely unaffected, indicating the disruptions are localized around the
polymorphic sites. Surprisingly, BA58P alone was associated with a significant decrease in
C-terminal hydrogen bond occupancies. The combination of all three substitutions resulted
in a total loss of the C-terminal hydrogen bonds in the simulations. To probe the effect

of these substitutions on the conformational stability of the B1 helix, we investigated the
secondary structure of this region around the p58 residue (Figure 5A). Consistent with
proline’s role as a “helix breaker”, compared to I-AK, the BAS8P polymorphism eliminated
helical character in residues 54-55 and reduced helical character in residues 56-57.
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We next examined peptide and protein fluctuations in the molecular dynamics simulations
by calculating root mean square (RMS) fluctuations for amino acid a carbons. Compared
to I-AK, the aH68Y and aN69T polymorphisms reduced fluctuations across the peptide
and the a1 and B1 helices of the peptide binding groove (Figure 5B and C, Supplemental
Figure 3), possibly due to a loss of correlated motion. Introduction of the BA58P
polymorphisms, whether alone or in combination with aH68Y and aN69T, substantially
increased fluctuations. Altogether, the modeling and simulations suggest that the three
polymorphisms in I-AS act to influence the conformational stability of the C-terminal half of
the peptide as well as the adjacent alpha helix of the B chain. These differences could result
in a different surface as “seen” by antibodies and T cell receptors and could significantly
alter their recognition.

Because of the evidence for conformational and dynamic alterations that this single amino
acid residue in the beta chain imparts, it was of interest to evaluate CD4 T cell recognition.
The polyclonal CD4 T cell response to series of influenza-derived peptide epitopes using
I-AS BPro58 and I-ASpAla58 were examined. B10.S mice, expressing the I-AS as its only
MHC class Il molecule, were infected with A/New Caledonia/20/99 influenza A virus, as
we have previously described (Richards et al., 2009; Richards et al., 2018). CD4 T cells
were assayed for recognition of the two alternative I-AS molecules (I-AS (8-Ala58) or I-AS
(B-Pro58)) by EliSpot assays using peptides previously identified by our laboratory as being
immunodominant in H-25 mice (Knowlden and Sant, 2016; Nayak et al., 2010) and the pair
of constructed antigen presenting cells that express the two alternative class Il molecules that
differ only at p58 used in the flow cytometry experiments. The results of these assays are
shown in Figure 6 and Supplemental Figure 4. For the most part, intriguingly, there was little
to no evidence of preferential recognition of the 1-AS (B-Pro58) relative to 1-AS (B-Ala58),
despite the CD4 T cells being selected /n vivo by the 1-AS (B-Pro58) MHC class 11 molecule.
Even as the dose of peptide was reduced to suboptimal levels, both MHC class Il molecules
were able to capture the peptide epitopes and present them to the infection-elicited CD4 T
cells. In fact, for some epitope specificities such as HA23 and NP46, there was a modest
enhancement of recognition of the 1-AS (B-Ala58) class Il molecule. Overall, these results
suggest that the regions of the MHC class Il protein that are relevant to peptide acquisition
and TcR recognition elicited with the rare allelic variant proline at amino acid 58 in the beta
chain are not disrupted by the alanine substitution.

Based on the modest impact of the Ala>Pro substitution at 58 on CD4 T cell recognition,
despite the evidence for dynamical changes in this region, we considered a model to explain
this effect. We hypothesized that the rare polymorphisms (a.-68,69 and p-58) that change
the local structure of the MHC class Il:peptide complex at the peptide carboxyterminal
region have minimal impact on T cell recognition because of a preference in the manner in
which the TcR repertoire engages 1-AS. Atypical TcR docking modes have been previously
observed with some MHC molecules, particularly those associated with autoimmunity and
unusual MHC sequences at the periphery of the MHC binding pocket (Deng and Mariuzza,
2007; Kerr et al., 2008; Li et al., 2005; Wucherpfennig et al., 2009). To evaluate this
possibility, we performed antibody blocking experiments with antigen-specific CD4 T cells
using two well characterized antibodies that detect epitopes at opposite ends of the binding
pocket (see Figure 7C). 3F12 is an alpha chain-specific antibody thought to bind around
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residue 44 towards the peptide’s amino terminus (Wei et al., 1994). In contrast, 10.2-16

is a beta chain-specific antibody that recognizes an epitope associated with a 2-amino

acid deletion in the beta chain at residues 65-66 expressed by the class 11 alleles I-AK,
I-A97, 1-A', 1-AS and I-AY; the 1a17 antibody specificity (Braunstein et al., 1990; Landias
et al., 1986). B10.S mice, expressing I-AS and C3H mice that express the prototypical and
extensively studied 1-AK molecule, were primed with influenza virus to initiate a broad
CDA T cell response. The elicited CD4 T cells were incubated with previously determined
antigenic peptides (Nayak et al., 2010) in EliSpot assays, with inclusion of either 3F12,
10.2-16 or negative control antibodies in the culture. Shown in Figure 7 are the results of
this experiment, where the residual response of the polyclonal response after blocking with
the specific antibodies is shown as a sum of the total response (Fig. 7A) and as the fraction
of that elicited with the negative control antibody (Fig. 7B). These data show that I-AK
specific responses are almost completely blocked by 10.2-16, in agreement with studies
of others (Fathman and Kimoto, 1981; Naquet et al., 1983; Rosloniec et al., 1989). In
contrast, total responses were only modestly blocked by 3F12. The opposite pattern was
observed with I-AS restricted CD4 T cells, where 3F12 was much more effective at blocking
CDA4 T cell recognition than the 10.2-16 mAb that recognizes the region of MHC class

Il in proximity to the variant beta chain residues. These results support the model that

the structural features of I-AS with a proline at the periphery of the binding pocket close

to the peptide’s carboxy terminus, and perhaps with the alpha chain polymorphisms that
destabilize hydrogen bonding interactions, may together disrupt prototypical TcR docking
modes, and may instead recruit CD4 T cells with receptors that engage the more stable
regions of this class Il molecule located near the peptide amino terminus.

4. Discussion

Here we report the consequences of a rare, previously unsuspected allelic polymorphism in
an MHC class Il molecule (1-AS) that is expressed in mice that are prone to autoimmunity.
This B58A>P substitution is extremely unusual within murine I-A molecules as well as

the human analog, HLA-DQ, which share high homology in this region of the beta chain.
The amino acid segment (B56—60) PDAEY at the periphery of the alpha helical region

that frames the peptide binding pocket is highly conserved in both human and mouse I-A/
HLA-DQ as well as many I-E/HLA-DR molecules (see Figure 1). Our studies suggest that
a single amino acid substitution of Pro for Ala at p58 found in 1-AS changes the structural
and dynamic properties of class 11 molecules, as evidenced by a loss of recognition by

two mAb antibodies, and elements in MHC class Il conformational flexibility identified
through molecular dynamics simulation in the region where the unique features of this MHC
class Il molecule were explored. Importantly, this substitution is adjacent to the amino acid
(B-D57) that forms a critical salt bridge across the MHC class Il binding pocket with alpha
76, suggesting that this region of MHC class Il contributes to the conformational stability
of the peptide binding pocket of MHC class Il molecules. It should be noted that some
HLA-DR alleles (e.g. DRB1*1101) as well as HLA-DP molecules alleles have substitution
of a charged residue for Ala at 58 position.

In our search of all I-A alleles expressed in inbred mice, we found that one other class
I molecule (I-A"), expressed in B10.RIII mice, expresses Pro at 58. Interestingly, the
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B10.RIII mice, like the SJL strain of mice, are also used as a model for several autoimmune
diseases, including experimental autoimmune uveoretinitis (Kerr et al., 2008; Xu et al.,
1997), collagen-induced arthritis (Myers et al., 1995; Wooley et al., 1985), and chronic and
relapsing experimental autoimmune encephalomyelitis (Jansson et al., 1995). In the latter
autoimmune syndrome, disease can be initiated in both B10.RI1I and SJL mice with MBP
89-101. Although there are a number of amino acid differences between these two MHC
class 1l heterodimers, it is intriguing that they share this one rare g chain polymorphism and
present the same peptide that is able to initiate an autoimmune syndrome.

Although we found evidence that this unusual polymorphism at the periphery of the

MHC class Il peptide binding pocket impacts the dynamic properties of the MHC class

Il molecule, there was little discernable impact on CD4 T cell recognition, with a modest
trend of the CD4 T cells preferring the mutated 1-AS containing (p-Ala 58). These results
were unexpected because the CD4 T cells derived from B10.S developed in the thymus, and
thus “educated” on I-AS containing the B-Pro58 and were activated /7 vivo after infection
by this MHC class 1l molecule. Because there are many examples in the literature of single
amino acid changes in MHC class Il alpha or beta chains or the bound peptide altering CD4
T cell recognition (Fox et al., 1987; Liberman et al., 1998; Racioppi et al., 1991), this result
was unexpected.

Based on the modest impact on CD4 T cells recognition, we considered a model to explain
how a non-conservative polymorphism that changes local structure of the peptide binding
pocket does not detectably affect T cell recognition. We speculated that this atypical class
I1 molecule recruits CD4 T cells with TcR that dock towards the peptide amino terminus,
distal to the change in structure. In support of this possibility was the finding that an
antibody that binds at the peptides amino terminus (3F12) blocks T cell recognition of
I-AS restricted CD4 T cells elicited in B10.S mice. In contrast, a widely used antibody,
(10.2-16), that typically blocks T cell recognition (Fathman and Kimoto, 1981; Naquet et
al., 1983; Rosloniec et al., 1989) and detects a region of MHC class 1l molecules around
[67-69, at the carboxyterminal end of the peptides, minimally blocked T cell recognition
by 1-AS restricted CD4 T cells. This finding is consistent with the observations by others
that some TcR:MHC-peptide complexes associated with autoimmunity possess unusual
docking modes relative to most common diagonal mode of the TcR over the center of

the MHC-peptide complex (Hahn et al., 2005; Li et al., 2005; Maynard et al., 2005). In
these autoimmunity-related TcR:MHC-peptide complexes, the primary contacts are shifted
away from the prototypical diagonal mode that focusses the CDR3 region centered at p5
of the MHC class Il-bound peptide (Rossjohn et al., 2015). Instead, autoimmune associated
TcR:MHC-peptide complexes, in both human and mice, are shifted to the amino terminus
of the peptide, focusing on interactions between residues p2 and p3 of the peptide, with
very few contacts at the carboxyterminus (Deng and Mariuzza, 2007; Li et al., 2005;
Wucherpfennig et al., 2009). It has not been clear if these unusual docking orientations
are a property of the autoimmune MHC class Il molecule itself or are unique to particular
self-peptide complexes.

Here we provide evidence that the same atypical docking mode is likely present in CD4 T
cells specific for foreign, non-self, influenza-derived peptides. We speculate that in general,
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the antigen-elicited I-AS-restricted CD4 T cells may primarily express T cell receptors

that dock towards the amino terminus of the bound peptide because of the less stable
structure and conformational flexibility near the proline near 58 that are combined with
the alterations in hydrogen bonding potential between the peptide main chain and the MHC
class Il alpha chains in the same region. Under these conditions, the changes induced

by the substitution of the rare B-Pro58 with the more common p-Ala58 may not disrupt
CD4 TcR recognition. An intriguing question would be whether the lack of discrimination
of these two class Il molecules would be preserved with CD4 T cells selected with the
prototypical substituted variant of 1-AS (Ala p58). If this model is correct, this variant and
“corrected” MHC class Il molecule, expressing the prototypical Ala residue at f58 would
have permitted a more stable conformation of the MHC class 11 molecule and thus might
promote the prototypical docking of the TcR. We also might find that the peptides selected
for presentation and recruitment of CD4 T cells would be altered. Also, it is known that the
conformational flexibility of MHC class Il molecules, rather than specific sites on the MHC
class Il dimer are critical for the biological activity of HLA-DM (Yin et al., 2014). Thus, the
greater dynamic flexibility of 1-AS may perturb DM-mediated selection of peptides on this
MHCclass Il molecule, a possibility we have not yet explored.

Overall, our results are consistent with the view that naturally occurring MHC class Il
molecules can possess amino acid polymorphisms that destabilize prototypical features of
the MHC class Il structure. The conformational stability of these MHC class Il:peptide
complexes may be associated with selective losses in tolerance, CD4 T cell dependent
autoimmunity and atypical interactions with the polyclonal T cell repertoire. Although the
impact of this feature has been most extensively discussed with regard to autoimmune
diabetes (Ettinger et al., 1998; Miyadera et al., 2015), we suggest that it may extend to
other MHC class 1l molecules that have polymorphisms that disrupt canonical aspects of
MHC class Il structure that contribute to the structural stability of the ligand that engages
predictable clonotypic T cell receptors. Such MHC class Il molecules, although perhaps at
one time offering a selective advantage to the host against a pathogenic organism (Dean

et al., 2002; Ghosh, 2008; Mangalam et al., 2013), may be paradoxically associated with
less efficient tolerance induction and thus lead to a host predisposed towards autoimmune
recognition by CD4 T cells. Interestingly, recent studies have shown that the orientation
of the TcR on the MHC:peptide complex is critical for functional engagement of CD8
co-receptor (Zareie et al., 2021), which support the possibility that CD4 T cells whose
TcR engages MHC class Il:peptide in a atypical docking mode might lead to alterations in
selection during development or recruitment during an immune response.
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Highlights:

. A rare and unreported mutation was discovered in I-AS expressed

autoimmunity prone SJL mice

. A single amino acid polymorphism alters MHC class Il structural features

. CDA4 T cell reactivity with 1-AS suggests TcR docking towards peptides’

amino terminus

. Autoimmune T cells may share common features of T cell receptor

recognition
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Figure 1. Sequence of common MHC class Il 1-A beta chain alleles.
Shown are the amino acid sequences of the beta chain alleles of commonly used mouse

strains and common human alleles, as well as two alleles of I-A that have a polymorphism

at position 58 (boxed). The original I-AS sequence was reported as Ala, but our studies
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of inbred SJL and B10.S mouse strains that express 1-AS found a proline at beta 58. The

adjacent beta Asp 57 forms a critical inter-chain salt bridge with alpha Arg 76, that is

substituted for Ser in autoimmune prone NOD mice as well as other autoimmunity prone

human alleles.
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Figure 2. Reactivity of APC expressing either I-AS(BPro58) or its variant 1-AS(BAla58) with
monoclonal antibodies (mAD).

Transfectants expressing either 1-AS(BPro58), white bars, or I-AS(BAla58), black bars,
were stained with the indicated mAb and then mean fluorescence intensity (MFI) of

the population, which was >90% positive, was scored by flow cytometry in a two-step
staining procedure. The MFI is indicated for each monoclonal antibody. Shown here is a
representative figure. Each antibody was tested in at least two independent experiments.
Statistical analysis was completed for mAb with reactivity to both MHC class 11 molecules,
using an unpaired t-test.
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Figure 3. Structure of I-AK presenting the HEL peptide highlighting key residues.
The structure of I-A presenting the HEL peptide was used for molecular dynamics

simulations, with key positions highlighted. The polymorphic residues aH68 and aN69
form hydrogen bonds to the peptide near its C-terminus. The polymorphic site BA58 is
within the shorter arm of the B helix, across the groove from aH68 and aN69. pH81

and BN82 are highlighted as control sites examined for hydrogen bond character. The
aR76-BD57 salt-bridge is highlighted because of its known role in the stability of this region
of class Il. Hydrogen bonds between the peptide main chain and the MHC class Il alpha
helices that have been investigated in the simulations are numbered 1-6.
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Figure 4. Polymorphisms that distinguish I-AK from 1-AS impact peptide-protein hydrogen bonds

and a helix character.
Average occupancy of hydrogen bonds 1-6 as indicated in Fig. 3 between residues 68 and

a69, and the peptide backbone. Bars are shown as the mean occupancy over the course of
simulations and error bars are the population standard deviation between the three replicate
simulations for each variant. Hydrogen bonds are denoted by a number on the x-axis, which
corresponds to the labels in Figure 3.
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Figure 5. Peptide and protein fluctuations in the molecular dynamic simulations.
In panel A, the proportion of simulation that the B1 helix spent in alpha helical dihedral

space. The B58 position is denoted by a pink star. The root mean square (RMS) fluctuations
of the peptide calculated over the lengths of the simulations and shown in panel B and panel
C illustrates the RMS fluctuations of select regions of the alphal and betal helices over the

lengths of the simulations.
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Figure 6. CD4 T cell recognition of APC expressing either 1-AS(BPro58) or its variant |-
AS(BAIa58).

B10.S mice were infected with A/New Caledonia/20/99 H1N1 influenza virus and at 10
days post infection CD4 T cells were isolated from spleen and tested for reactivity by
production of IFN-y with the indicated influenza peptides, previously identified by our
laboratory. Graded doses of the indicated peptide were added to the cultures and cytokine
producing cells were enumerated using cytokine ELISPOT assays. Results are presented as
the spots per million CD4 T cells with background subtracted. Each panel is a separate
influenza peptide epitope with the response with APC I-AS (BPro58) to the left and APC
I-AS(BAla58) to the right. Shown here is a representative figure. Each peptide was tested
in at least two independent experiments. There are no statistically significant differences in
CD4 T cell recognition of APC I-AS (BPro58) and its variant I-AS (BAla58).
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Figure 7. Identification of CD4 T cell recognition sites by sensitivity to blocking by monoclonal
antibodies.

B10.S (I-AS) and C3H (1-AK) mice were infected with A/New Caledonia/20/99 HIN1
influenza virus, at day 12 post infection CD4 T cells were isolated and tested for reactivity
in the presence of blocking antibodies by production of IL-2 when cultured with known
influenza peptide epitopes presented by I-AS or I-AK, respectively, using EliSpot assays.
Graded doses of peptide were added to the cultures and cytokine producing cells were
enumerated by cytokine EliSpot assays, shown is the response of the peptides summed.
Panel A illustrates the number of 1L-2 producing cells per million CD4 T cells. Panel B
indicates the percent of the total residual response in the presences of the indicated antibody,
where the negative control antibody was set as 100 % of the response. Panel C is the
structure of 1-AK presenting the HEL (46-61) peptide, highlighting key residues (as shown
in Figure 3) with the additional highlights of aM44 and BY65 and the boxed regions where
mAb 3F12 (red) and 10.2-16 (blue) have been mapped, respectively.
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Monoclonal antibodies tested and their previously defined specificities.

MEAN MFI Citations
; 1-As B58Pro 1-As B58Ala Antibody - .
Antibody MEI MEI Specificity Origin Chain
SECONDARY 1945 1816 NEG
14.4.4S 1892 1862 I-EX Ozato et al., 1980
K24-199 1892 1898 alpha Koch et al., 1982 Landias et al., 1986
39F 1833 1838 alpha Pierres et al., 1981 Landias et al., 1986
3F12 65939 76641 alpha Beck et al., 1986 Wei et al., 1994
3JP (Y-3P) 53858 62637 alpha Janeway et al., 1984 Braunstein et al., 1990
H116-32 1894 1839 alpha Koch et al., 1982 Wei et al., 1994
Y17 2040 2051 alpha-beta Lerner et al., 1980
. Braunstein et al., 1990;
10.2-16 43471 63403 beta Oietal., 1978 Landias et al., 1986
25.9.3 1858 1875 beta Ozato and Sachs, 1981
3453 1857 1893 beta Melino et al., 1983
. Braunstein et al., 1990;
39E 1976 1882 beta Pierres et al., 1981 Landias et al., 1086
. Braunstein et al., 1990;
40F 1895 43458 beta Pierres et al., 1981 Landias et al., 1986
; Braunstein et al., 1990;
40L 1938 30425 beta Pierres et al., 1981 Landias et al., 1086
40M 1949 1943 beta Pierres et al., 1981 Braunstein et al., 1990
KL295 1943 1869 beta LaPan et al., 1991
KL304 2178 1980 beta LaPan et al., 1991 Santambrogio et al., 1999
M5-114 1855 1832 beta Bhattacharya et al., 1981
MK-D6 2077 2014 beta Kappler et al., 1981 Braunstein et al., 1990
Hauptfeld-Dolejsek and
MK-S4 77433 62648 beta Kappler et al., 1981 Shreffler, 1989
40B 1915 1882 undetermined Pierres et al., 1981
Metlay et al., 1990; Wilson et
N22 1981 1947 beta al.. 1098
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