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The MHC class Il antigen processing and presentation pathway has evolved to
derive short amino acid peptides from proteins that enter the endocytic pathway,
load them onto MHC class Il molecules and display them on the surface of antigen
presenting cells for recognition by CD4™ T cells. Under normal circumstances, peptides
bound to MHC class Il molecules are derived from host (self) proteins and not
recognized by T cells due to tolerance mechanisms. Pathogens induce significant
changes in the biology of antigen presenting cells, including upregulation of MHC
processing and presentation. We therefore hypothesized that exposure to pathogens
may alter the repertoire of self-peptides bound to MHC class Il molecules. To test
this hypothesis, we isolated monocyte-derived dendritic cells from healthy subjects,
exposed them to the TLR-2 agonist lipoteichoic acid or live Borrelia burgdorferi, the
causative agent of Lyme disease, and isolated and characterized HLA-DR associated
peptides using mass spectrometry. Our results show that lipoteichoic acid-stimulated,
B. burgdorferi-stimulated and unstimulated monocyte-derived dendritic cells largely
derive their self-peptides from similar overlapping sets of host proteins. However,
lipoteichoic acid and B. burgdorferi stimulation promote the processing and presentation
of new sets of HLA-DR associated self-peptides derived from unique protein sources.
Examination of processes and compartments these proteins reside in, indicate that
activation of monocyte-derived dendritic cells changes the range of host self-proteins
available for processing and presentation on MHC class Il molecules. These findings
reveal that the HLA-DR-bound self-immunopeptidome presented by mo-DCs is dynamic
in nature and changes with activation state reflective of cellular function. In addition,
among the repertoire of self-peptides bound to HLA-DR are several epitopes known to be
recognized by autoreactive T cells. These studies are relevant to our basic understanding
of pathogen-induced changes in monocyte-derived dendritic cell function, and the
mechanisms involved in infection-induced autoimmune illnesses such as Lyme arthritis.
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FIGURE 5 | Enriched Gene Ontology terms derived from source proteins identified in all stimuli. DAVID functional annotation clustering of cellular compartments (A)
and biological processes (B) identified in all healthy donors’ mo-DCs that were left at rest or stimulated with LTA or live B. burgdorferi for 24 h. RefSeq Protein
Accession numbers were converted to UniProt gene identifiers for DAVID compatibility. GraphPad Prism version 8.4.2 was used for graphical representation.

Common and Unique Functional
Annotation Clustering of Parent Proteins

Under Different Conditions

We hypothesized that exposure of mo-DCs to B. burgdorferi
will alter processing and presentation by HLA-DR molecules
in dendritic cells, eliciting changes in the immunopeptidome

by triggering distinct biological processes and involving cellular
compartments exclusive to the cellular response to B. burgdorferi.
We used DAVID’s functional annotation tool to identify cellular
compartments and biological processes exclusive to unstimulated
cells, LTA-stimulated mo-DCs or live B. burgdorferi-stimulated
mo-DCs (Figure 6). Conversion of RefSeq Protein Accession
numbers to UniProt gene annotations reduced the number
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FIGURE 6 | Enriched cellular compartments derived from source proteins identified exclusively in each individual stimulus. DAVID functional annotation clustering of
cellular compartments identified in mo-DCs that were left at rest (A) or stimulated with LTA (B) or live B. burgdorferi (C) for 24 h. RefSeq Protein Accession numbers
were converted to UniProt gene identifiers for DAVID compatibility. GraphPad Prism version 8.4.2 was used for graphical representation.

of identified source proteins from 1,048 to 672 genes in  burgdorferi-stimulated mo-DCs. The most significant functional
unstimulated mo-DCs, from 730 proteins to 435 genes in LTA-  annotation clusters enriched in LTA- and live B. burgdorferi-
stimulated cells, and from 1,020 proteins to 653 genes in B.  stimulated mo-DCs overlap with those found in all donors
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regardless of stimuli. These clusters include membrane-bound
or extracellular vesicles or exosomes; adherens or anchoring
junctions; focal adhesions; and cytoplasmic, membrane-bounded
vesicles (Figure 6). Interestingly, the genes enriched in these
clusters differ from those identified in unstimulated mo-
DCs. Furthermore, in LTA-stimulated mo-DCs involvement of
clathrin coat of coated pits or clathrin-coated endocytic vesicles;
the endosomal or vacuolar membrane; and microtubules were
uniquely enriched (Figure 6B). On the other hand, B. burgdorferi
stimulation elicited involvement of other cellular compartments
such as the proton-transporting two-sector ATPase complex;
the mitochondrial membrane; high-density lipoprotein or
plasma lipoprotein particles; organelle or mitochondrial outer
membrane; and the cell cortical cytoskeleton (Figure 6C). These
results suggest that B. burgdorferi stimulation of dendritic
cells leads to utilization and subsequent sampling of unique
compartments within the cell that become major sources
of self-peptides.

We used DAVID’s functional annotation tool to identify
unique biological processes in LTA- and in B. burgdorferi-
stimulated mo-DCs (Figure 7). Consistent with previous results,
several gene ontology terms in the top annotation clusters
identified in both conditions overlap with those enriched in the
all donors and all conditions set. However, the genes comprising
these clusters differ from those observed in the all donors and all
stimuli grouping. Biological processes unique to LTA-stimulated
mo-DCs include intracellular protein transport; positive
regulation of the immune response; phosphate-containing
compound metabolic processes; cellular response to indole-
3-methanol; and nucleobase-containing compound transport.
Interestingly, enriched clusters unique to B. burgdorferi-
stimulated mo-DCs include ion transmembrane transport;
ribosome biogenesis; ncRNA processing; ncRNA metabolic
processes; response to lipopolysaccharide; organophosphate
biosynthetic processes; ribonucleotide metabolic processes,
and muscle hypertrophy and adaptation. These results lend
additional support that B. burgdorferi stimulation of DCs
leads to utilization and subsequent sampling of unique cellular
compartments and pathways for processing and presentation on
MHC class II molecules.

Autoantigens in Lyme Arthritis

Previous studies identified peptides from annexin A2,
apolipoprotein B-100, thymidine phosphorylase (endothelial
cell growth factor), and stromelysin-2 (matrix metalloproteinase
10) as targets of autoreactive T cells in a subset of human
Lyme disease patients (22-24). We interrogated our data to
determine whether these proteins were sources of HLA-DR-
binding peptides and identified peptides from annexin A2,
apolipoprotein B-100 and thymidine phosphorylase. Our
analysis showed that all donors presented peptides from annexin
A2, with five out of nine donors presenting peptides regardless of
stimulus or HLA-DR genotype (Supplementary Figure 2). We
identified 107 unique (498 total) annexin A2 peptides, including
nested peptide sets containing the predicted promiscuous HLA-

peptide clusters from other regions within the protein
(Supplementary Figure 2). Our analysis did not identify a
previously reported sequence (***DKVLIRIMVSRSEVD??)
found to be T cell reactive in patients with Lyme arthritis (24).

We also detected peptides from apolipoprotein B-100 in seven
out of nine donors. Interestingly five donors (donors 190506,
190726, 191114, 191202, and 200218), expressing HLA-DRBI
alleles 03:01/03:02, 03:01/07:01, 01:01/16:01, 11:01/15:01, and
01:01/15:01 respectively, presented peptides from this protein
only when stimulated with LTA or live B. burgdorferi. We found
22 unique (58 total) apolipoprotein B-100 peptides. Included
were nested sets of the peptide ®>>IEGNLIFDPNNYLPK®?,
which was previously identified in the synovial tissue in
a patient with antibiotic-refractory Lyme arthritis (HLA-
DRBI*03:01/03:05 alleles) (23), and peptides from other regions
within the protein (Figures 8A-C).

Lastly, four out of nine donors (donors 190506, 190726,
191016, and 200218), expressing HLA-DRBI alleles 03:01/03:02,
03;01/07:01, 01:01/04:01, and 01:01/15:01 respectively, presented
8 unique (23 total) peptides from thymidine phosphorylase. The
nested sets of peptides included the previously predicted HLA-
DR-binding sequence A>> DIRGFVAAVVNSAQGAQI’! and the
peptide L3**GRFERMLAAQGVDPG>>® (Figure 9A), which was
previously identified in a patient with antibiotic-refractory Lyme
arthritis (HLA-DRBI1*01:01 alleles) (22). Notably, we did not
find the predicted S??*YKKLVEGLSALVVDV?3* peptide, but did
identify a smaller overlapping sequence (Figures 9B,C).

DISCUSSION

The observation that B. burgdorferi-induced changes led to
robust expression of HLA-DR on the surface of monocyte-
derived dendritic cells in a time- and dose-dependent manner led
us to reason that the HLA-DR associated self-immunopeptidome
was altered, and formed the premise for this study. Using the
natural processing and presentation capabilities of mo-DCs, we
isolated sufficient peptide-HLA-DR complexes (13) to define the
self-immunopeptidome at steady state, and its variation during
stimulation with the TLR-2 ligand lipoteichoic acid or with live
B. burgdorferi. In all conditions, we isolated peptides that varied
in length (seven to 65 amino acids long) (25) averaging 15
residues, the optimal length of MHC class II presented antigens.
Commonly presented peptides were found in nested sets, with
their predicted core matching binding motifs associated with
the donors’ HLA-DRBI expressed alleles (20). Isolated peptides
were mostly derived from proteins associated with membrane
bound compartments, including the MHC II compartment
and its cargo, the cytoskeleton, and proteins involved in cell
adhesion and migration (Figure 3). Overall, the isolated peptides
exhibited bona fide characteristics attributed to MHC Class II
processing. Therefore, we believe that the class II processing and
presentation pathway was fully functional in mo-DCs under the
conditions studied.

The top biological process in mo-DCs irrespective of
stimulus was antigen processing and presentation, clearly

DR-binding  sequences S0GVDEVTIVNILTNRSNAQR®®  highlighting the importance of this process in the function
and 164§ GDFRKLMVALAKGRRA'®?, along with  of mo-DCs. Genes encoding proteins enriched in this GO
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FIGURE 7 | Enriched biological processes derived from source proteins identified exclusively in each individual stimulus. DAVID functional annotation clustering of
biological processes identified in mo-DCs that were left at rest (A) or stimulated with LTA (B) or live B. burgdorferi (C) for 24 h. RefSeq Protein Accession numbers
were converted to UniProt gene identifiers for DAVID compatibility. GraphPad Prism version 8.4.2 was used for graphical representation.
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FIGURE 8 | Apolipoprotein B-100 presentation is associated with LTA and Borrelia stimulation. (A) Representative region of apolipoprotein B-100 previously reported
as an autoantigenic epitope (purple rectangle) detected in mo-DCs from healthy donor 190506 expressing HLA-DRB1*03:01/03:02 stimulated with LTA (top panel) or
B. burgdorferi (bottom panel) and healthy donor 190726 expressing HLA-DRB1*03:01/07:01 (B). (C) Representative autoantigenic epitope of apolipoprotein B-100
detected in mo-DCs from healthy donor 191016 expressing HLA-DRB1*01:01/04:01 stimulated with B. burgdorferi (bottom panel).

term include pathogen recognition molecules such as cdlb
(P29016), cdIc (P29017), and cd209 (QINNXS6), cathepsins (ctsd
(P07229), ctsh (P09668), ctsl (P07711), and ctss (P25774), cd74
(P04233), major histocompatibility complex, class II (hla-dm,
hla-do, hla-dp, hla-dq, hla-dr) and class I molecules (hla-a

(P04439), hla-b (P01889), hla-c (P10321), hla-e (P13747), hla-f
(P30511), hla-g (P17693), and proteasome subunits (psmdl
(Q99460), psma3 (Q43242), psma7 (P51665), psmbl(P20618)
among others (Supplementary List 1). Interspecies interaction
between organisms and antigen processing and presentation
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FIGURE 9 | Thymidine phosphorylase presentation is associated with LTA and Borrelia stimulation. (A) Representative region of thymidine phosphorylase previously
reported as an autoantigenic epitope (pink rectangle) identified in mo-DCs at rest (top panel), stimulated with LTA (middle panel) or B. burgdorferi (bottom panel) from
healthy donor 191016 expressing HLA-DRB1*01:01/04:01. A previously predicted promiscuous binding sequence (gray rectangle) was also detected in this donor.
(B) Partial representative region of thymidine phosphorylase previously reported as an autoantigenic epitope (yellow rectangle) identified in mo-DCs stimulated with B.
burgdorferi from healthy donor 190506 expressing HLA-DRB1*03:01/03:02. (C) Partial autoantigenic epitope was also detected in healthy donor 190726 expressing

of peptide or polysaccharide antigen via MHC class II were
also top clusters in shared biological processes between
mo-DCs regardless of stimulus, again emphasizing the
significance of these processes during both steady state and
pathogenic challenge.

Interestingly, the immunopeptidome was significantly altered
following stimulation with whole viable B. burgdorferi. This
was evident not only in the identified peptides, but also
in the source proteins that clustered to specific biological
processes. Accordingly, the most significant biological process
in B. burgdorferi-stimulated mo-DCs involved proteins that
participate in interspecies interaction between organisms. These
proteins are absent from the cluster in the shared biological

processes, thus are unique to Borrelia-stimulated mo-DCs,
and have been implicated in the immune response against
pathogens, including ccr5 (26) (P51681), stat3 (P40763), tnfaip3
(27) (P21580), icaml (P05362), and cd86 (P42081) among
others (Supplementary List 2). Identification of these peptides
as part of the HLA-DR immunopeptidome from Borrelia-
stimulated mo-DCs provides insights into novel biological
process relevant to human Lyme disease. For example, potential
involvement of the C-C motif chemokine receptor 5 (CCR5)
in the interaction of B. burgdorferi and mo-DCs provides a
novel pathway for early cytokine production during challenge
with the Borrelia spirochete. Notably, engagement of CCR5 by
the HIV-1 glycoprotein gp120 leads to increased production
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of interleukin-6 (IL-6), resulting in dysregulation of STAT3
signaling and subsequent impairment of DC functionality (28).
In addition, aberrant TNFAIP3 signaling also leads to increased
IL-6 production in dendritic cells, implicating TNFAIP3 in the
development of autoimmunity in dendritic cells as well as B-
cells (27). IL-6 expression has been shown to be upregulated in
patients with acute Lyme disease and remain elevated months
after antibiotic treatment (29), suggesting that increased IL-6
levels in Lyme patients may play a role in the development of
chronic symptoms. Thus, future studies aimed at elucidating
the roles of IL-6, CCR5, STAT3, and TNFAIP3, potential cross-
talk between these signaling pathways and how these may affect
functionality of dendritic cells during B. burgdorferi challenge
should be explored.

The top biological process in LTA-stimulated mo-DCs was
response to organic substances. Genes associated with this GO
term include cd63 (P08962) and mapkapk2 (P49137). CD63 is a
cell surface-associated receptor that can be found in endosomes
internalized into the cell via clathrin-dependent endocytosis (30),
the known route of internalization of LTA (31). MAPKAPK2,
a pro-inflammatory effector kinase, has been implicated in the
innate immune response (32), signaling downstream of p38a,
thus offering a differential response than that undertaken after
B. burgdorferi stimulation. Further, viral process was the most
significant biological process in mo-DCs at steady state, with
none of the above-mentioned genes represented in this GO term.
Other genes such as c¢d46 (complement inhibitor; P15529) (33),
il10rb (Q08334) (34), ifnar2 (P48551), and tgfb1(P01137) that
code for proteins implicated in viral immunity were enriched
in this GO term, suggesting that antiviral processes are a main
focus for mo-DCs at rest. Collectively, these findings reveal that
the HLA-DR-bound self-immunopeptidome presented by mo-
DCs is dynamic in nature and changes with the activation state
of the cell reflecting differential functional capabilities. These
studies will form the basis for future work investigating how B.
burgdorferi impacts the function of mo-DCs, a cell type known to
drive early innate and adaptive immune processes that inarguably
impact the ability of the host to control infection.

Genetic susceptibility to autoimmune diseases is strongly
associated with specific HLA alleles (35). A significant number
of individuals with untreated Lyme disease will develop Lyme
arthritis, a condition largely responsive to antibiotic treatment,
but a subset of patients suffer from long term inflammation
or antibiotic-refractory Lyme arthritis. In antibiotic-refractory
Lyme arthritis, a late manifestation of B. burgdorferi infection
and a condition with autoimmune components, the HLA-DRBI
alleles 01:01, 04:01, and 15:01 are genetically linked to disease
pathogenesis (36). Yet, presentation of autoantigenic peptides
in Lyme arthritis by donors in our healthy cohort with risk
HLA alleles, suggests that it is unlikely these alleles alone
are responsible for the onset of disease. Rather, a breakdown
in tolerance to self-antigens, triggered by infection with B.
burgdorferi, may contribute to the development of dysregulated
immunity and ultimately Lyme arthritis. Relevant to this study
is that several proteins have been identified as targets of self-
reactive CD4™ T cells and autoantibodies in Lyme arthritis. These
proteins were also identified using a mass spectrometry based

approach, identifying HLA-DR associated peptides uniquely
expressed in inflamed synovial tissue from patients with Lyme
arthritis (22-24). Interestingly, we isolated peptides derived from
three of these proteins: annexin A2, apolipoprotein B-100 and
thymidine phosphorylase (endothelial cell growth factor).

Annexin A2, a Ca’"-regulated membrane binding protein
with key roles in membrane-cytoskeleton and membrane-
membrane binding events, has been shown to be an
autoantigen in several immune-mediated diseases including
anti-phospholipid syndrome and rheumatoid arthritis (RA) (24).
We found that annexin A2 was a major peptide donor in all
subjects under all conditions. Among the peptides we isolated
were two sequences identified by others as T cell targets and
shown to be promiscuous HLA-DR binders (24). This feature is
consistent with our finding that these peptides were isolated in all
our subjects regardless of HLA-DR allele. A previous model was
presented to explain how annexin A2 may become immunogenic
and contribute to autoimmunity (24). In this model the “first hit”
was driven by the presence of the spirochete, which facilitated
annexin A2 uptake, processing, and presentation. Our results
identifying auto-immunogenic annexin A2 peptides bound to
HLA-DR in unstimulated mo-DCs implies that this first hit is
spirochete independent. We hypothesize that mo-DCs, which
appear to be constitutively processing and presenting annexin
A2 peptides, are driving tolerance in a low-level self-reactive
T cell population that is well-regulated, likely in the secondary
lymphoid tissue. These cells can then be activated, as previously
proposed (2nd hit), when target tissues upregulate autoantigen
expression in an inflammatory setting, allowing local APCs
to drive this self-reactive T cell population to expand and
differentiate into effector cells. As noted previously, annexin
A2 is upregulated in the inflamed joints of Lyme arthritis
patients (24).

Peptides derived from thymidine phosphorylase (endothelial
cell growth factor) were also identified in four of nine
subjects in our study. Among the peptides isolated are
two previously identified autoreactive, promiscuous binders
in subjects expressing HLA-DRBI alleles 03:01/03:02 and
03:01/07:01, which are not considered risk alleles in Lyme
arthritis (22). Notably, we did not identify the two non-
promiscuous HLA-DRBI*01:01 and 04:01 binders in subjects
expressing those alleles, irrespective of the presence of live
Borrelia. This finding suggests that these peptides may become
immunogenic only in inflamed tissue. It is unknown whether
thymidine phosphorylase is expressed by mo-DCs, yet its
expression is upregulated in many malignancies, as well as
during tissue regeneration and repair where it functions as a
potent angiogenesis factor (37). Also, expression of thymidine
phosphorylase is uniquely present in the synovial fluid and
synovial tissue of patients with Lyme arthritis (22). This suggests
that other factors including, but not limited to localized tissue
expression levels and the presence of potent APCs, as well as
recruitment of T cells into inflamed tissue via chemokines, all
of which are known to occur in the joint of subjects with Lyme
arthritis, may drive neo-antigenicity of thymidine phosphorylase
peptides ultimately leading to the activation of self-reactive
T cells.
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Apolipoprotein B-100 (apoB-100) is a major protein source of
autoantigenic peptides in rheumatoid arthritis, atherosclerosis,
systemic lupus erythematosus (SLE), and Lyme arthritis (23).
Specifically, peptides p45 and p210 corresponding to residues
661-680 and 3,136-3,155, respectively in the protein, have been
implicated in the immunogenicity of apoB-100 (38). Healthy
donors in our cohort presented nested sets of the autoantigenic
Lyme arthritis peptide >TEGNLIFDPNNYLPK®®, which
overlaps with the p45 peptide from residue 661-669
(FDPNNYLPK). Accordingly, we speculate that this sequence
overlap identifies the minimal autoreactive peptide. Speculation
surrounding potential mechanisms responsible for local loss
of tolerance to apoB-100 suggest that Thl responses at sites
of inflammation supply the necessary signals for increased
expression of co-stimulatory molecules, leading to increased
antigen presentation and ultimate loss of tolerance (39).
Given the central role dendritic cells play in driving T cell
responses in secondary lymphoid compartments, it is tempting
to speculate that specific self-peptides become immunogenic,
under infection-induced or inflammatory conditions, driving
dysregulated adaptive immune responses that breach the
threshold of established tolerance mechanisms.

One of the most commonly presented proteins in our assay
was vimentin, a member of the intermediate filament family
of the cellular cytoskeleton, which plays a crucial role in the
pathogenesis of various inflammatory and autoimmune diseases
including: rheumatoid arthritis, systemic lupus erythematosus,
ankylosing spondyloarthritis, among others (40). Antigenic
hallmarks of vimentin, among other recognized autoantigens
in autoimmune diseases, are exacerbated by post translational
modifications, specifically citrullination. The role of protein
citrullination in the context of Lyme arthritis remains relatively
unexplored and deserves future examination, given that the HLA-
DRBI alleles 01:01 and 04:01, risk alleles in Lyme arthritis,
contain the shared epitope, a five-residue sequence in the
HLA-DRP chain associated with severe rheumatoid arthritis
(41). In addition, the function and abundance of vimentin
and other autoantigens have been implicated in their potential
to become immunogenic in inflammatory settings, warranting
further exploration.

Overall, our study contributes novel insights to
understanding the interaction between dendritic cells and
the B. burgdorferi spirochete. Our results corroborated known
aspects of class II MHC presentation, profiled the HLA-DR
self-immunopeptidome presented during Borrelia challenge,
and identified sets of unique self-peptides derived from
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