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Abstract T cell cross-reactivity ensures that diverse pathogen-derived epitopes encountered
during a lifetime are recognized by the available TCR repertoire. A feature of cross-reactivity where
previous exposure to one microbe can alter immunity to subsequent, non-related pathogens has
been mainly explored for viruses. Yet cross-reactivity to additional microbes is important to
consider, especially in HIV infection where gut-intestinal barrier dysfunction could facilitate T cell
exposure to commensal/pathogenic microbes. Here we evaluated the cross-reactivity of a ‘public’,
HIV-specific, CD8 T cell-derived TCR (AGA1 TCR) using MHC class | yeast display technology. Via
screening of MHC-restricted libraries comprising ~2x 10® sequence-diverse peptides, AGA1 TCR
specificity was mapped to a central peptide di-motif. Using the top TCR-enriched library peptides
to probe the non-redundant protein database, bacterial peptides that elicited functional responses
by AGA1-expressing T cells were identified. The possibility that in context-specific settings, MHC
class | proteins presenting microbial peptides influence virus-specific T cell populations in vivo is
discussed.

Introduction

Cross-reactivity represents an intrinsic feature of immunity that allows post-thymically selected T cell
receptors (TCRs) to recognize distinct peptides originating from diverse microbial origins when
bound by a single MHC. This considerable immune redundancy exists to cover the deficit between
the predicted number of MHC-bound antigenic peptide epitopes that humans encounter during
their lifetime (~10"®) versus the number of unique TCRs available in the periphery (<108
(Mason, 1998, Wucherpfennig, 2004; Sewell, 2012). A biologically relevant consequence of cross-
reactivity where infection with an initial microbe alters immunity to subsequent, non-related infecting
pathogen - termed heterotypic immunity (Gil et al., 2015) - has been reported to influence the
course of natural infections in humans (Aslan et al., 2017), and can also affect vaccine-mediated
immunity and immune-mediated checkpoint therapy outcomes in vivo (Sioud, 2018). Where such
cross-reactivity narrows the immune response and/or skews the enrichment of non-protective
immune responses, sub-optimal immunity following infection or post-vaccination can result
(Clute et al., 2005; Aslan et al., 2017). The potential to elicit immune pathology also exists, for
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example, via the amplification of T cells with autoimmune potential (Rist et al., 2009,
ImMaDiab Study Group et al., 2018). However, beneficial effects could also materialize if a cross-
reactive response driven by the primary infecting microbe is protective against a subsequent infec-
tion involving a non-related pathogen (Su et al., 2013).

The possibility that cross-reactive T cells could influence immunity to non-related pathogens
exists but has not been extensively explored - this is particularly relevant in the setting of HIV infec-
tion, where viral-induced gut-intestinal (Gl) barrier dysbiosis could potentially allow commensal or
pathogenic microbes to influence virus-specific T cell populations. Although this has been addressed
to some extent in the context of HIV infection for MHC class Il and CD4 T cells (Su et al., 2013;
Campion et al., 2014), this topic has received only limited attention in relation to CD8+ T cells and
MHC class | restricted epitopes (Pohlmeyer et al., 2018). To explore this, we chose a specific exam-
ple corresponding to a ‘public’ HIV-specific TCR, namely, the AGA1 TCR, that recognizes the immu-
nodominant, HLA-B*57:01-restricted gag-derived KAFSPEVIPMF (KF11) peptide epitope (Stewart-
Jones et al., 2012). The KF11 peptide regularly elicits a set of closely related ‘public’ TCRs utilizing
highly conserved TCR V alpha (AV) 5, V beta (BV) 19 and CDR3 A/B hypervariable chain motifs that
were originally identified in non-related, HIV-infected B*57:01+ patients who progress slowly to
AIDS (Gillespie et al., 2006; Yu et al., 2007). More recently, KF11-specific T cells utilizing near iden-
tical AGA1-related BV19-CDR3-BJ1-2 chains, or cells carrying conserved CDR3-BJ1-2 motif (x-Y-G-Y-
T, where x = polar residues) segments on diverse BV chain backgrounds, have been reported in
both slow and normal progressor HIV+ patients (Mendoza et al., 2012; Simons et al., 2008), sug-
gesting that the x-Y-G-Y-T motif is frequently selected in response to the KF11 epitope. Although
AGA1 TCR-mediated cross-reactive responses against broad clade variants, including C clade
escape variants of KF11 have been described (Gillespie et al., 2002), there are no documented
cases of cross reactivity against non-HIV peptides.

Using the yeast display-based approach (Adams et al., 2011, Birnbaum et al.,
2014a; Gee et al., 2018) where ~ 2x10® random peptides were linked to and presented by HLA-
B*57 on the surface of yeast cells, we interrogated the cross-reactivity of the AGA1 TCR. This strat-
egy revealed a number of important features of AGA1 TCR-mediated specificity, including character-
ization of the minimal, central dipeptide motif within the 11 amino acid peptide sequences required
to facilitate AGA1 TCR binding. In addition, by using TCR-retrieved peptide libraries to interrogate
the non-redundant sequence databases, a number of bacterial peptides that elicited strong func-
tional responses by AGA1-expressing T cell clones were identified. The implications of these findings
are discussed.

Results

HLA-B57 yeast display library design and validation
Yeast cell libraries displaying HLA-B*57:03-$2m linked to a randomized peptide library were gener-
ated to screen the breadth of AGA1 TCR binding (see Figure 1A (i) for overview of strategy). The
peptide-p2m-MHC library construct was based on previous designs (Hansen et al., 2009;
Birnbaum et al., 2014a; Gee et al., 2018) and comprised a single peptide test reagent (KF11) or
randomized peptide libraries linked to human f2m and the heavy chain of HLA-B*57:03 encoding a
Y84A mutation. A myc-tag incorporated between the MHC o3 domain and the Aga2 yeast protein
allows the monitoring of peptide-p2m-HLA-B*57:03 expression on the yeast cell surface
(Figure 1A (ii). The functionality of yeast displayed HLA-B*57:03 was confirmed initially by staining a
control KF11-B2m-HLA-B*57:03 yeast display with fluorescently conjugated AGA1 TCR tetramers
(Figure 1B). Following validation, mutagenized peptide libraries were produced. For the preparation
of these libraries, peptide residues at positions 2 (Ala/Ser/Thr) and 11 (Phe/Trp/Tyr) (CQ) were
restricted to retain the preferred HLA-B*57:03 anchor binding motifs (Barber et al., 1997), whilst
the remaining nine amino acids were randomized using degenerate NNK nucleotide addition as
described previously (Adams et al., 2011; Figure 1A (ii)). The theoretical diversity was 1.06E15
unique nucleotide sequences (4.61E12 unique protein sequences), of which the experimental library
contained 2 x 108 unique transformants.

To evaluate the peptide repertoire that allowed AGA1 TCR binding in the context of HLA-
B*57:03, streptavidin-coated magnetic beads (MACS) conjugated to biotinylated AGA1 TCR were
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Figure 1. Schematic overview of the peptide-p2m-HLA-B*57:03 yeast display platform. (A) (i) Plasmid libraries encoding semi-randomized peptide
sequences generated by polymerase chain reaction amplification using rationally designed degenerate oligos and linked to the HLA-B*57:03 heavy
chain and B2m were (1) transfected into yeast cells to generate libraries (2). Biotinylated AGA1 TCR reagents conjugated to streptavidin-coated
magnetic beads were subsequently used to purify TCR-reactive peptide-MHC complexes expressed on yeast cells (3). The identities of peptides
allowing TCR binding were confirmed via plasmid extraction and next generation sequencing analyses (4). This process was repeated up to four times
under successively stringent rounds of selection. (i) Outline of the peptide-B2m-HLA-B*57:03-Aga?2 yeast single chain construct illustrating the peptide-
B2m-HLA-B*57:03 fusion chain, interspersed with repeating Gly-Ser linker sequence motifs (upper image). HLA-B*57:03-preferred anchor binding
residues were fixed at position 2 (p2) to Ala/Ser/Thr and position 11 (p11, CQ) to Phe/Trp/Tyr, whereas non-anchor residues were allowed to express
any amino acid (X) throughout the selection process (lower image). (B) Staining of a KF11-B2m-HLA-B*57:03 yeast display test platform with AGAT TCR
fluorescent tetramers. cMyc staining denotes cell-surface expression of the KF11-2m-HLA-B*57:03 construct, with SA-647 staining employed to
monitor non-specific binding of the fluorescent label to transfected yeast cells. (C) Frequency of top 20 Round 3 peptide sequences, pre-(naive) and
post-AGA1 TCR-mediated selection. Individual peptide sequences (X-axis) versus their frequencies (number of sequence reads) in the naive, Round 1,
Round 2 and Round 3 AGA1 TCR-selected libraries are denoted (Y-axis) in (i), with the three dominant peptides following Round 3 enrichment
illustrated in (i) as exploded pie chart slices. Percentage (%) peptide frequencies are indicated. The corresponding peptide legend is color-coded
according to RasMol amino schema.

The online version of this article includes the following source data for figure 1:

Source data 1. AGAT TCR-recovered top 20 peptides_Naive to Round 3 screens.
Source data 2. AGAT TCR-recovered top 20 peptides_ Round 3 frequencies.

Mendoza et al. eLife 2020;9:e58128. DOI: https://doi.org/10.7554/eLife.58128 3 of 21


https://doi.org/10.7554/eLife.58128

eLife

Immunology and Inflammation

employed to perform iterated rounds of library selection. The enrichment of library peptides was
tracked via deep sequencing analysis. By Round 3 of selection, clear evidence of peptide sequence
enrichment emerged for variants that resembled the known KAFSPEVIPMF (KF11) peptide. Of the
roughly 2.1 x 10° reads detected from deep sequencing runs, the top 20 selected peptides repre-
sented 89.4% of recovered reads at Round 3, and three peptide sequences accounted for approxi-
mately 35% of these reads (Figure 1C).

Distinct patterns of individual amino acid enrichment/fixation within the peptide sequences had
also emerged by Round 3 (Figure 2, Figure 2—figure supplement 1). The most striking distribution
of amino acids included the near exclusive selection of peptides with a conserved central p5Pro-
p6Glu motif, which contrasted with the greater diversity tolerated at auxiliary positions along the
remaining peptide sequences (Figure 2A). Given that the majority of interactions are formed
between CDR3 alpha chain amino acids and the KF11 peptide Glué side chain in the published
HLA*57:03-KF11-AGA1 TCR structure (Stewart-Jones et al., 2012; Figure 2B), fixation of this cen-
tral motif most likely reflects its critical importance for AGA1 TCR binding. Amino acid selection out-
side the p5Pro-péGlu di-motif was variable, although patterns of conservation specific to the
physiochemistry of residues were apparent; the strong enrichment of hydrophobic amino acids at p3
and p7, and to a lesser extent at p10, for example, reflected the chemistries of these residues in
the KF11 peptide (p3Phe, p7Val, p10Met, respectively). Similarly, p4 position - a solvent-exposed
Ser and an important AGA1 TCR contact residue in the KF11 peptide - displayed a specific enrich-
ment of polar residues in library-derived peptides. Selection patterns were less obvious at positions
1, 8 and 9, where mixtures of both polar and non-polar residues were tolerated.

Cross-reactivity of AGA1+ T cell clones to library- and database-derived
peptide hits

The top library peptide sequences from Round 3 enrichments were used as input to generate a posi-
tion probability matrix, used previously to predict antigens to score peptide sequences using a slid-
ing window along proteins from the ‘non-redundant’ (nr)-database containing both human and
microbial proteins (Gee et al., 2018; Birnbaum et al., 2014b). From this search, six KF11-like hits
were returned (Supplementary file 1 - Table 1), implying that the yeast display selection results
could uncover the cognate specificity of this TCR. However, a substantial number of microbial pep-
tide hits that do not resemble the KF11 peptide dominated the sequence homology searches
(Supplementary file 1 -Table 2). From the top 20 peptides hits retrieved, six microbial peptide hits,
(Mic 1 to 6), were selected for follow-up in T cell functional studies (Table 1); their selection was
biased to include sequence from microbes potentially encountered by humans - either those associ-
ated with the environment (e.g. soil-derived), or those previously isolated from, or linked to infec-
tions in humans (Chavez de Paz et al., 2004; Chhour et al., 2005; Wolfgang et al., 2012). Peptides
identified from the yeast display library (Lib 1 to 6) and individual ‘nr’-derived microbial peptides
predicted to be recognized by the AGA1 TCR were synthesized and tested for their ability to induce
IFNy secretion from an AGA1-expressing T cell clone (Figure 3A (i-ii) and Table 1 for the sequence
identity of peptides). All responses were compared to the index KF11 gag peptide epitope. In terms
of the yeast display-derived peptides, five of the six tested resulted in a measurable response. These
peptides elicited IFNy production that varied significantly across the peptide titration range, and
one library peptide (Lib 2) failed to induce IFNy production despite its selection by the AGA1 TCR in
yeast display enrichment screens. Of the 'nr'-mined microbial peptides, three activated the AGAT+
T cell clone, of which two (Mic 1 and 3) peptides mapped to microbes previously linked with gingival
(Chavez de Paz et al., 2004; Chhour et al., 2005) and gastrointestinal (Gl) infections in humans
(Wolfgang et al., 2012). In terms of IFNy production, responses to these peptides approached the
magnitude elicited by the index KF11 peptide. The remaining three ‘nr’-derived microbial peptides
drove weak or no T cell responses.

We questioned if the differential ability of the various library and microbial peptides to elicit T cell
responses primarily reflected binding differences to HLA-B*57:01. This is particularly relevant for the
Lib-derived peptides, which were bound to B2m as part of the HLA-B*57:03 yeast display single
chain trimer construct but were presented in cellular assays as non-linked peptide epitopes in com-
plex with HLA-B*57:01 on antigen presenting B cells. To address this, we performed a sandwich
ELISA-based UV exchange peptide binding assay to gauge the ability of the various peptides to
bind and therefore ‘rescue’ HLA-B*57:01 pre-refolded with UV-labile peptide upon photo-
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Figure 2. Fixation of specific peptide amino acids residues following Round 3 AGA1 TCR-mediated selection. (A) Amino acid enrichment along the
length of AGAT TCR selected 11mer peptides are illustrated (i) in bar chart format for approximately 2.0 x 10° selected peptide sequences, with
individual amino acid enrichment at each position of the 11mer peptide represented on the X-axis and sequence frequency on the Y-axis. K1, A2, F3
refers to amino acid positions 1, 2, 3, etc, of the HIV KF11 epitope which is included for reference. Enrichment data for pre-(naive) and post-AGAT TCR
selected peptides from all libraries are provided in Figure 2—figure supplement 1). (ii) The top 1000 peptide sequences are reported in pie-chart
format, with the original KF11 (KAFSPEVIPMF) peptide amino acids included above the relevant pie-charts for reference. K1, A2, F3 refers to amino acid
positions 1, 2, 3, etc, of the HIV KF11 peptide sequence. (iii) A Heat map of the entire Round 3 peptide sequence dataset (~2.0x10° peptides)
demonstrating the near absolute dominance of Pro and Glu at positions 5 and 6, respectively, in AGA1 TCR-selected peptide datasets. The amino acid
residues corresponding to the KF11 peptide are outlined in black. Heatmap scale = 0 — 100%, 10% increments. (B) Structural overview of the primary
contacts formed between the AGA1 TCR and KF11 when restricted by HLA-B*57:03. (i) Slide view of the HLA-B*57:03 alpha 1 (a1) helix in cartoon form
(grey), with the alpha 2 (0:2) helix removed for clarity. The peptide is depicted in stick format (blue) with the KF11 position 2 Ala (A2) and Position 11 Phe
(F11) anchor resides highlighted in green. The TCR CDR1a. (deep teal), CDR3a (pale cyan), CDR3p (deep salmon) and CDR1 (light pink) loops that
form the main contacts with HLA-B*57:03-KF11 are illustrated. (ii) Barrel view of HLA-B*57:03-KF11, oriented from the peptide’s N terminus, with HLA-
B*57:03 a1 and a2 helices display in cartoon format (grey) and KF11 amino acids 3— 6 illustrated in stick format (blue). The remainder of the KF11
peptide sequence is omitted for clarity. The primary polar contacts (~3 &ngstréms (A)) between TCR CDR1a: (deep teal) and CDR3a: (pale cyan) amino
acids and the KF11 peptide at positions 4 to 6 are illustrated (yellow dash lines). CDR1f residue D30 (light pink) and CDR3B amino acids S96 and Y97
(deep salmon) that reportedly form weaker peptides mediated contacts are also displayed. TCR amino acids positions are number according to Arden
nomenclature (see Ref 37). Structural images were generated in PyMOL four using the Protein Data Bank coordinates 2YPL.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. All Round 3 AGA1 TCR recovered library peptide amino acid frequencies.

Source data 2. Top 1000 Round 3 AGAT TCR recovered library peptide amino acid frequencies.

Source data 3. Heatmap of all Round 3 AGA1 TCR recovered library peptides.

Figure 2 continued on next page
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Figure 2 continued

Figure supplement 1. Individual amino acid frequencies in the naive (pre-AGAT TCR-selected) HLA-B*57:03-restricted yeast display peptide repertoire.

Figure supplement 1—source data 1. Amino acid signatures of Yeast display libraries-Naive.

Figure supplement 2. Individual amino acid frequencies of the AGA1 TCR-selected, HLA-B*57:03-restricted yeast display peptide repertoire
following Round 1 selection.

Figure supplement 2—source data 1. Amino acid signatures of Yeast display libraries-AGAT TCR Round 1 selection.

Figure supplement 3. Individual amino acid frequencies of the AGA1 TCR-selected, HLA-B*57:03-restricted yeast display peptide repertoire
following Round 2 selection.

Figure supplement 3—source data 1. Amino acid signatures of Yeast display libraries-AGA1 TCR Round 2 selection.

Figure supplement 4. Individual amino acid frequencies of the AGA1 TCR-selected, HLA-B*57:03-restricted yeast display peptide repertoire
following Round 3 selection.

Figure supplement 4—source data 1. Amino acid signatures of Yeast display libraries-AGA1 TCR Round 3 selection.

Figure supplement 5. Individual amino acid frequencies of the AGA1 TCR-selected, HLA-B*57:03-restricted yeast display peptide repertoire
following Round 4 selection.

Figure supplement 5—source data 1. Amino acid signatures of Yeast display libraries-AGA1 TCR Round 3 selection.

illumination. In terms of the library-derived peptides, there was a strong concordance between the
magnitude of T cell responses generated and the extent to which the peptides stabilised HLA-
B*57:01 (Figure 3B). Lib 2 peptide, for example, demonstrated the weakest binding to HLA-B*57:01
and represented the only library-derived peptide that failed to elicit functional responses by AGA1-
expressing T cell clones. A similar pattern existed for the microbial peptides, where the largest T cell
responses were generated by the strongest HLA-B*57:01 binding peptides. Interestingly, four pepti-
des exhibited enhanced binding relative to the index KF11 peptide, including the Mic 1 peptide,
which corresponds to a Sporosarcina newyorkensis-derived halodehydrogenase (HdH) peptide, and
its closest library sequence match, Lib 1.

We re-analyzed responses to the database-derived microbial peptides using a second T cell clone
isolated from a different donor that expressed an AGA1-homologous TCR, namely clone 1.2
(Figure 3C and Supplementary file 1 - Table 3). The functional screens were extended to assess
both IFNy production and CD107a up-regulation in response to the microbial peptides. This T cell
clone also demonstrated a clear preference for the 'nr'-mined Olsenella uli, Candida orthopsilosis
peptides and in particular, the S. newyorkensis peptide, both in terms of IFNy production and up-
regulation of the LAMP protein, CD107a (Figure 3C (i) and (ii), respectively).

Recognition HdH peptides by AGA1-expressing T cell clones

As the Mic 1 peptide, which mapped to the haloacid dehydrogenase (HdH) enzyme of S. newyorken-
sis, elicited the strongest T cell-mediated responses at concentrations comparable to the KF11 epi-
tope, we chose this peptide for follow-up studies. We re-interrogated the ‘nr' database using this
peptide motif to hunt for related peptides. A number of highly homologous peptides were identified
of which the majority mapped to HdH enzymes specific to distinct microbial genera. Ten additional
HdH peptides (Table 2) were synthesized and tested in T cell functional assays. The majority of these
peptides elicited IFNy production at titrations comparable to the S. newyorkensis (HdH1/Mic1) pep-
tide, and only marginally weaker than responses induced by the index KF11 epitope (Figure 4A).
One peptide (HdH2), was recognized at the highest peptide concentration only, whereas two addi-
tional peptides (HdH5 and HdH®) failed to elicit T cell responses. To address if this related to HLA-
B*57:01 binding or recognition by the AGA1 TCR, we tested all HdH peptides in the sandwich
ELISA-based UV exchange peptide binding assay (Figure 4B). When the HdH and KF11 peptides
were ranked according to the strength of peptide binding ELISA data, specific amino acids were
prominent in the stronger binding peptides: position (p)2 Thr/Ser (preferred anchors), p3lso, p7lso,
a Pro at p8 or 9 (but not both) and p10Try. Peptides in the medium- and low-binding categories,
although incorporating some of these residues, had either single or combined differences at these
positions (Figure 4B and Supplementary file 1 - Table 4). We also compared UV peptide-exchange
peptide binding ELISA data to NetMHCPan4.1 (http://www.cbs.dtu.dk/services/NetMHCpan/) pre-
dicted binding affinities for KF11 and the HdH peptides (Figure 4, Figure 4—figure supplement 1).
Although a negative correlation was observed, this association was very weak (R = —0.18), and most
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Figure 3. Recognition of library-derived peptides and their closest peptide sequence matches identified from the ‘'nr’ database by AGA1-expressing T
cell clones. (A) Recognition of six library peptides (Lib) and their closest 'nr'-derived microbial peptides (Mic) matches were compared to the index
KF11 in IFN-y based ELISpot assay screens using an AGAT-expressing T cell clone, summarized in (i) with individual Lib and Mic peptide responses plus
comparison to KF11 denoted in (ii). Peptide concentration (Molar (M )) is denoted on the X-axis, with numbers of Spot Forming Cells (SFC) per 500 cell
input on the Y-axis. Initial screens were performed with one replica per screen, and were screened on two separate occasions following re-stimulation
of T cell clone 1.1 (biological repeat, n = 2), with one representative shown here. Test peptide IDs, their origins and sequence identities are specified in
Table 1. (B) Binding of library derived and the sequence-mined microbial peptides to HLA-B*57:01, assessed by UV-mediated peptide exchange
sandwich ELISA. The Y-axis denotes average absorbance readings at 450 nm, with the peptides tested reported on the X-axis. The background
corresponding to the no peptide rescue (nr) control is denoted in grey (also illustrated across the samples by grey hatching). Assays were performed in
duplicate (technical repeats, n = 2) on two separate occasions using different peptide stock dilutions (biological repeats, n = 2), with one representative
shown here. Error bars corresponding to the Standard Error of the Mean (SEM) are reported. Test peptide IDs, their origins and sequence identities are
specified in Table 1. (C) Recognition of the six nr-derived microbial peptides (Mic 1-6) by the closely related AGA1-like T cell clone 1.2, assessed

by IFN-y based ELISpot assay and summarized in (i) with comparison to the KF11 index peptide reported. Peptide concentration (Molar (M)) is denoted
on the X-axis with the numbers of Spot Forming Cells (SFC) per 500 cell input on the Y axis. Assays were performed in duplicate (technical repeats,

n = 2) on two separate occasions using different peptide stock dilutions and following re-stimulation and resting of T cell clone 1.2 (biological repeats,
n = 2), with one representative shown here. Error bars corresponding to the Standard Error of the Mean (SEM) are reported. Test peptide IDs, origins
and sequences are specified in Table 1. (i) Up-regulation of CD107 on T cell clones in response to 1 and 10 uM Mic peptides compared to the index
KF11 epitope was assessed by flow cytometry. Negative (no added peptide - purple dashed line) and positive controls (10 ng/mL PMA stimulation) are
reported for reference.

The online version of this article includes the following source data for figure 3:

Source data 1. AGAT+ T cell clone 1.1 recognition of top 6 Lib and closest 'nr’ mined microbial (Mic) peptide hits_all combined_ELISpot data.

Source data 2. AGAT+ T cell clone 1.1 recognition of top 6 Lib and closest 'nr" mined microbial (Mic) peptide hits_all combined_ELISpot data.
Source data 3. UV-exchange HLA-B*57:01 peptide binding ELISA data for Top 6 Lib and closest 'nr’ mined microbial (Mic) peptides.
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Source data 4. AGA1+ T cell clone 1.2 recognition of 6 'nr’ mined microbial (Mic) peptide hits_individual plots_ELISpot data.
Source data 5. AGA1+ T cell clone 1.2 recognition of 6 'nr" mined microbial (Mic) peptide hits_CD107 data.

likely reflects a general lack of data-informed algorithm training for MHC class | with longer peptide
using artificial neural network analysis-based systems such as NetMHC.

In terms of the individual peptides, HdH6 demonstrated weaker HLA-B*57:01 binding, potentially
owing to the presence of a non-favored (Glu) anchor residues at p2. In contrast, HdH2 and HdH5
produced strong ELISA binding signals, and their impact was potentially mediated at the level of
TCR recognition, either via interactions that directly abrogate the peptide’s central ‘p5Pro-p6Glu’
TCR recognition hotspot (via replacement of p5Pro with Glu in HdH5, for example) or mutations dis-
tal to the hotspot that potentially distorts the normal trajectory of the peptide required to facilitate
AGA1 TCR binding (p9Pro to Ser mutation in HdH2).

To compare the overall sequence commonality between the canonical KF11 peptide, the top 20
library-derived peptides and the panel of HdH peptides recognized by the AGA1-expressing T cell
clones, Seq2Logo motifs were generated. As illustrated in Figure 4C, the AGA1 TCR-selected
yeast display peptide library logo reflected tolerance to a broad array of amino acids beyond the
conserved, central dipeptide 'p5Pro-p6Glu’ motif. The HdH-based logo allowed further refinement
of the motif based on T cell functionality and demonstrated that enhanced recognition by AGA1
TCR-expressing T cell clones required further fixation of amino acids outside the central ‘dipeptide’
motif, most notably, with a preference for p9Pro in HdH peptides. This logo also illustrated that
despite low KF11 sequence homology (40-50%), the majority of HdH peptides elicited functional T
cell responses at magnitudes approaching that generated by the KF11 peptide.

Recognition of processed antigens

Although antigen presenting cells pulsed with exogenous ‘nr’ mined microbial peptides elicited
strong cross-reactive T cell responses, we next wanted to ascertain if T cell-mediated recognition of
these peptides occurred under conditions that more accurately reflect the physiological processing
of microbial antigens in vivo. To test this, we generated lysates of the three microbial species that
elicited AGA1 TCR-specific responses in the peptide-based functional assays. The lysates were incu-
bated with HLA-B*57:01-expressing HL60 cells (Zorn et al., 2002) pre-treated overnight with cal-
cium ionophore and IFNY to induce DC-myeloid-like cellular differentiation and enhance MHC class |
expression (Wu et al., 2004a). Following 7 hr of incubation, the cells were washed extensively and
their ability to stimulate AGA1-expressing clone 1.1 and the related clone, 1.2, was assessed by ELI-
Spot to evaluate IFNYy secretion. As demonstrated in Figure 4D, T cell clones 1.1 and 1.2 specifically
responded to lysates generated from S. newyorkensis whereas reactivities to the other lysates,
including the negative control Ruminococcus gnavus lysate, were not detected.

Discussion

Cross-reactivity represents an essential component of T cell-mediated immunity that allows a rela-
tively small repertoire of TCRs to mount effective immune responses against the larger number of
pathogenic peptide epitopes encountered during a lifetime. A physiologically relevant outcome of
cross-reactivity, where previous exposure to one microbe alters the immune response to a subse-
quent, non-related pathogen (heterotypic immunity) has the potential to drive either efficacious or
pathogenic outcomes in vivo (Gil et al., 2015). This interesting phenomenon has been almost exclu-
sively explored in the context of viral immune responses, and whether peptides of non-viral origin,
such as those originating from bacteria, yeast or fungi can influence viral-specific CD8+ T cell immu-
nity by mechanisms involving MHC class | restriction has received limited exploration
(Pohlmeyer et al., 2018). This is especially relevant in the setting of HIV infection, where viral-
induced gut-intestinal (Gl) barrier dysfunction (Brenchley et al., 2006a; Brenchley et al., 2006b)
and microbiome dysbiosis (Dillon et al., 2016; Mudd and Brenchley, 2016; Nowak et al., 2015;
Lozupone et al., 2013) could potentially allow commensal or pathogenic microbes to influence the
frequencies/functions of resident or infiltrating virus-specific T cells.
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Figure 4. Recognition of haloacid dehydrogenase (HdH) peptides and bacterial lysate-derived antigen by AGA1-expressing T cell clones. (A) Ten non-
redundant ('nr’) database-mined HdH peptides with close homology to S. newyorkensis peptide (Mic 1/HdH1) were tested in an IFN-y based ELISpot
assays using an AGA1-expressing T cell clone. Peptide concentration (Molar (M)) is denoted on the X-axis and the numbers of Spot Forming Cells (SFC)
per 500 cell input is displayed on the Y-axis. Responses to the KF11 epitope are noted in red. Assays were performed in duplicate (technical repeats) on
two separate occasions using different peptide stock dilutions and following re-stimulation and resting of T cell clone 1.2 (biological repeats), with one
representative shown here. Error bars corresponding to the Standard Error of the Mean (SEM) reported. Test peptide IDs, their origins and sequence
identities are specified in Table 2. (B) Binding of the HdH peptides to HLA-B*57:01, assessed in the UV-mediated peptide exchange sandwich ELISA
assay. The Y-axis denotes average absorbance readings at 450 nm and the X-axis denotes test peptides. The background corresponding to the no
peptide rescue (nr) control is denoted in grey (also illustrated across the samples by grey hatching). Assays were performed in duplicate (technical
repeats) on two separate occasions using different peptide stock dilutions (biological repeats, n = 2), with one representative shown here. Error bars
corresponding to the Standard Error of the Mean (SEM) are reported. Test peptide IDs, their origins and sequence identities are specified in Table 2.
(C) Summary of evolved peptide motifs recognised by the AGAT TCR. Recognition beyond the original KAFSPEVIPMF (KF11) index motif is exemplified
initially by the diverse peptide sequences retrieved during repeated rounds of AGA1 TCR-mediated peptide selection, with a Seq2Logo motif reported
for the top 20 Round 3 evolved peptide libraries. Following evaluation of 'nr'-database derived peptides in T cell functional assays, peptides that
elicited the strongest functional responses - in this case, a S. newyorkensis-derived haloacid dehydrogenase peptide -allowed further refinement of
database-led search motifs and identification of related peptide that were functionally recognized by AGA1 TCR-expressing T cell clones. Amino acids
shared between KF11 and the S. newyorkensis-derived Mic1/HdH1 peptide is illustrated in the smaller right panel (pink shading). (D) Recognition of
bacterial cell lysates from S. newyorkensis (Mic 1), C. orthopsilosis (Mic 2), O. uli (Mic 3) and R. gnavus (control) by AGA1-expressing T cell clones 1.1
and 1.2 was tested using an IFN-y based ELISpot assay. Bacterial cell lysates (20ug/mL) were incubated with cytokine-matured HLA-B*57:01 positive
HL&0 cells for 7 hours, following which T cell responses were evaluated. PMA (10ng/mL) was included as a positive control, and the background control
comprised HL&0 cells incubated with T cells only. Lysate identity is denoted on the X-axes and the numbers of Spot Forming Cells (SFC) per 500 cell
Figure 4 continued on next page
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input are displayed on the Y-axes. Assays were performed in duplicate (technical repeats, n = 2) on two separate occasions (biological repeats, n = 2)
using fresh lysate stock dilutions and following re-stimulation and resting of T cell clones 1.1 and 1.2. One representative is shown.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. AGAT+ T cell clone 1.2 recognition of 'nr’ mined HdH peptides_ELISpot data.

Source data 2. UV-exchange HLA-B*57:01 peptide binding ELISA data for HdH peptides.

Source data 3. Recognition of S. newyorkensis bacterial lysates by AGA1+ T cell clones 1.1 and 1.2_ELISpot data.

Figure supplement 1. Weak, negative correlation between HLA-B*57:01 UV exchange-peptide binding data and Net MHCpan 4.1 predicted affinities

for KF11 and the HdH peptides.

Figure supplement 1—source data 1. Correlation between UV exchange HLA-B*57:01 peptide binding data and NetMHC pan4.1 predicitons.

To explore cross-reactivity beyond the normal scope of viral-derived peptide epitopes we chose
the well-characterized and commonly selected HLA-B*57:01-restricted AGA1 TCR that recognizes
the HIV gag-derived KF11 epitope. Although specific features, including the short and convergent
nature of both the TCR CDR3alpha/beta regions (Venturi et al., 2006), in addition to the unusual
nature of the KF11 peptide when bound by HLA-B*57:01 (Stewart-Jones et al., 2005), may drive
preferential usage of this TCR, external influences could additionally contribute to its enhanced fre-
quency or common selection in vivo. To evaluate the cross-reactive breadth of the AGA1 TCR, we
employed previously developed MHC class | yeast display technology (Adams et al., 2011,
Birnbaum et al., 2014a; Gee et al., 2018). This approach permits a high-throughput, non-biased
screen of cross-reactivity via TCR-mediated sampling of a repertoire approximating ~2x 108 distinct
peptides bound by MHC on the yeast cell surface. Data obtained using this well-validated approach
illustrated key features of AGA1 TCR-mediated specificity. The first and most notable included fixa-
tion of the peptide’s central p5Pro-péGlu di-motifs in TCR-selected libraries following 3 rounds of
yeast display selection. As illustrated by our previous analysis of the HLA-B*57:03-KF11-AGA1 TCR
co-crystal complex, KF11 peptide residues 4 to 6 primarily contribute to extensive H bonding and
van der Waals interactions, the majority of which are formed between CDR3 alpha chain amino acids
and the KF11 peptide’s p6Glu residue (Stewart-Jones et al., 2012). The importance of p6Glu for
AGA1 TCR-mediated recognition of library peptides was also reflected here by its absolute conser-
vation in peptide sequences retrieved following repeated rounds of selection. The near equivalent
requirement for p5 Pro in library-enriched peptides may instead reflect its indirect role facilitating
the precise peptide conformation to generate a preferred AGA1 TCR recognition landscape akin to
that described for KF11 in complex with HLA-B*57:03. Despite the substantial involvement of KF11
p4Ser in the published AGA1 TCR-B*57:03-KF11 binding interface, this residue was not completely
conserved in all peptides following selection. However, as library peptides with p4 polar residues
were specifically enriched, this may reflect pressure to fulfil H bonding requirements analogous to
those described previously for the interaction between KF11p4Ser and the AGA1 TCR CDR3 alpha
chain region in the AGA1 TCR-B*57:03-KF11 co-complex structure (Stewart-Jones et al., 2012).

Although the library design generated in this study allowed for the KF11 sequence to be present,
it was not found in either the naive or in subsequent rounds of AGA1 TCR-enriched libraries. Hence,
the yeast clone was unlikely to be a transformant in these screens. This, to some extent, reflects one
small limitation of the yeast display screens where the functional library cannot fully cover the theo-
retical diversity of all potential cross-reactive peptides. However, the real strength of the method is
reflected by its ability to identify the restricting peptide when absent, in addition to related pepti-
des, from available databases using algorithms and statistical-based approaches. This is what we
observed for the KF11 peptide which emerged as the top database-mined peptide hit using
library peptide-led database screens.

Following Round 3 peptide sequence acquisition, data-informed algorithms were developed to
identify similar peptides in the non-redundant database. Next to KF11-mined peptides and related
variants, microbial peptides comprised the top peptide hits. Of the small panel of bacterial peptides
included in follow-up T cell functional studies, three peptides were recognised. One peptide that eli-
cited weak responses was derived from O. uli, a gram-positive member of the Coriobacteriaceae
family previously associated with orthodontic infections in humans (Vieira Colombo et al., 2016;
Dewhirst et al., 2001). A second peptide mapped to a hypothetical protein (CORT_0A05310) from
C. orthopsilosis, an invasive yeast strain associated primarily with blood-borne infections linked to
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catheter-delivered nutrients (hyperalimentation) during hospitalization (Tavanti et al., 2005;
Yong et al., 2008; Silva et al., 2009; Merseguel et al., 2015). However, the largest responses were
driven by a peptide sequence (LTISPEIPPYF) that mapped to a haloacid dehydrogenase (HdH)
enzyme from S. newyorkensis. Although normally associated with terrestrial environments and food
production/processing facilities, these endospore-forming Firmicutes have also been isolated from
plants, in addition to humans and animals specimens (blood and fecal) (Oliver et al., 2018),
(Wolfgang et al., 2012), most likely as a consequence of exposure to contaminated soil. Although
KF11 and the S. newyorkensis-derived HdH peptide share only 50% sequence homology, keys amino
acids were conserved; these included peptide amino acids comprising a central TCR recognition
'hotspot’ (p4Ser and p6é Glu) in addition to residues that shaped the solvent-exposed peptide arch
(p5Pro and p9Pro) that helped both stabilize interactions with HLA-B*57:01 and allowed AGA1 TCR
binding (Stewart-Jones et al., 2012). Through further rounds of database interrogation, a panel of
closely related HdH peptide variants were identified from distinct bacterial genera, of which the
majority were also recognised by AGAT-expressing T cell clones. Interestingly, one of these peptides
(LAITPEIAPYF) mapped to Bacillus massiliosenegalensis, a species previously isolated from the gut
microbiome in humans (Forster et al., 2019, Ramasamy et al., 2013). Collectively, our findings raise
the question that if encountered in a HLA-B*57:01-restricted context, could haloacid dehydrogenase
peptides originating from these diverse microbes influence the frequencies and/or functionality of
AGA1 TCR expressing T cells in vivo?

It is known that certain bacteria, either directly via bacterial-derived LPS (Tripathy et al., 2017),
CpG DNA (Speiser et al., 2005) and metabolites generated by specific microbiome-resident popu-
lations (Luu et al., 2018) or indirectly, via the induction of cytokine expression (Wong and Pamer,
2001), can affect the functionality or non-specifically drive the expansion of CD8+ T cells. Whether
virus-specific CD8+ T cell populations are occasionally expanded by bacterial-derived antigens in an
MHC-restricted context is less well understood. Although this question remains unanswered here for
the AGA1 TCR, CD8+ T cells that specifically cross-react with both self-peptide and commensal
microbes have been reported, mainly in the context of autoimmune disease. In the murine NOD
MyD88-/- model of type | diabetes, the disease-associated enrichment of fusobacteria encoding a
peptide with homology to the islet-specific glucose-6-phosphate catalytic subunit-relate (IGRP) pro-
tein, reportedly drove activation of IGRP-reactive CD8+ T cells that promoted development of dia-
betes (Tai et al., 2016). A subset of autoreactive CD8+ T cells with specificity for an islet-derived
peptide epitope that cross-reacts with a peptide derived from the commensal organism Bacteroides
stercoris, has also been reported in human type | diabetic patients (ImMaDiab Study Group et al.,
2018). Evidence that virus-specific CD8+ T cell frequencies are influenced by bacterial-derived pepti-
des is less clear. In a murine study, elevated numbers of lung-derived MCMV-specific CD8 T cells
was attributed to indigenous microbiota (Sprent et al., 2000), and although subclinical MCMV reac-
tivation in lung tissue as a contributing factor was not fully excluded, heterologous recognition of
peptides from endogenous microbes sharing consensus motifs with MCMV was proposed as a
potential driver of these cells.

HIV-specific CD8+ T cells are abundant in the Gl tract (Ferre et al., 2010), an environment that
represents a major site of HIV replication and reservoir of viral persistence, thus providing a constant
source of cognate antigen in vivo. Hence, the extent, if any, to which bacterial-derived MHC class |
restricted peptides would influence HIV-reactive T cell frequencies in this environment is unclear.
However, T cells infiltrating the Lamina Propria and intestinal intraepithelial encounter diverse patho-
genic and commensal microbes in healthy donors (Isakov et al., 2009). With exposure to bacterial
antigen exacerbated in HIV infection via translocation and systemic dissemination of microbial prod-
ucts following mucosal barrier disruption, it remains unknown if this setting allows specific HIV-reac-
tive CD8+ T cell populations to be influenced by microbes in an MHC-restricted context, and
specifically, if MHC class | proteins can present microbial peptides that inflate specific subsets of
memory HIV-specific T cell populations during active disease. Additionally, determining if specific cir-
cumstances, for example, during gastrointestinal infections in healthy individuals or in patients with
chronic Inflammatory Bowel Disease, allow MHC-restricted microbial peptides to influence the pre-
cursor frequencies of viral-specific CD8+ T cells would be of interest. Although proposed in this
study, definitive evidence that specific bacteria carrying KF11-related HdH peptides pre-select and
expand AGA1-expressing CD8 positive T cells in vivo is lacking, hence further studies are required
to investigate this hypothesis.
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Cell line EBY100 D. Wittrup, MATa AGA1:GAL1-

(S. cerevisiae) PMID:92181578 AGAT::URA3 ura3-52
trp1 leu2-delta200
his3-delta200
pep4::HIS3 prbd1.
6R can1 GAL

Strain, strain Rosetta 2 Novagen 71400-3 F" ompT hsdSg(rg mg)

background gal dem (DE3)

(Escherichia coli) PRARE2 (CamF)

Genetic reagent AGA1 TCR biotin tag, This paper disulfide bridge was

(Homo sapiens) PET22b+ construct introduced
into both the alpha and beta
TCR chains, hexahistidine tag
and a BirA biotinylation
substrate motif

Recombinant Peptide-HLA-B*5703, This paper a single chain fusion display

DNA reagent PYAL vector where HLA-B*57:03 heavy
chain domains were
included downstream of the
KF11 epitope sequence
and the B2m gene

Commercial streptavidin Miltenyi Biotec 130-048-102

assay or kit microbeads

Commercial LS column Miltenyi Biotec 130-042-401

assay or kit

Commercial Zymoprep |l kit Zymo Research D2004

assay or kit

Commercial MiSeq Reagent V2 kit lllumina MS-102-2002

assay or kit

Antibody anti-myc 488 Cell Signaling 2279

(mouse monoclonal, RRID:AB_2151849
9B11)

Peptide, Streptavidin Alexa 647 PMID:17187819

recombinant

protein

Software, algorithm

PandaSeq

PMID:22333067

Software, algorithm

Geneious, version 6

Biomatters, Inc

Software, algorithm

Perl scripts for data prep,

analysis and prediction

PMID:24855945

Software, algorithm

Matlab, R2015b

Mathworks, Inc

Cell line HL60 ATCC RRID:CVCL_0002 Antigen processing

(Homo sapiens) experiments

Antibody Anti-human CD8-APC BD Bioscience 555369 Functional T cell
(mouse monoclonal, RRID:AB_398595 assay (2.5 pl/test)
clone RPA-T8)

Antibody Anti-human CD107a PE BD Bioscience 555801 Functional T cell assay
(mouse monoclonal, RRID:AB 396135 (3 ul/test)
clone H4A3)

Chemical BD Golgi Stop BD Bioscience 554724 Protein transport inhibitor

compound, drug for T cell functional

studies (1:1500)
Chemical BD Cytofix BD Bioscience 554655 Cell fixation prior to

compound, drug

flow cytometric analysis
(150 pl/tube)

Continued on next page
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Software, algorithm FlowJo FlowJo-BD Analysis of flow
cytometry data

Commercial assay or kit Human IFNy ELISpot™Y° MABTECH 3420-4AST T cell functional ELISpot

Software, algorithm

kit-ALP strips

AID ELISpot Classic

resolving IMAGES

assays to assess
IFN-y production.

Peptide, synthetic peptides This paper KF11, HdH1-11, Synthetic KF11, Mic, Lib
recombinant Mic1-6, Lib1-6 and HdH peptides for
protein functional T
cell studies — as
per concentrations and
titrations in Materials
and methods.

Others Interferon y PeproTech 300-02-100ug Maturation of antigen

presenting cells

(1000 U/mL)
Chemical Calcium lonophore Sigma A23187 Maturation of antigen
compound, drug presenting cells

(100 ng/mL)
Chemical PMA Sigma P1585 Positive control for T
compound, drug cell functional assays

(10 ng/mL)

Strain, strain Sporosarcina DSMZ-German Collection DSM-23544 Bacterial cultures for

background newyorkensis of Microorganisms and generation of lysates

(Sporosarcina Cell Cultures GmbH (20 pg/mL)

newyorkensis)

Strain, strain Olsenella uli DSMZ-German Collection DSM 7084 Bacterial cultures for

background of Microorganisms and generation of lysates

(Olsenella uli) Cell Cultures GmbH (20 pg/mL)

Strain, strain Candida orthopsilosis DSMZ-German Collection DSM 24508 Bacterial cultures for

background of Microorganisms and generation of lysates

(Candida Cell Cultures GmbH (20 pg/mL)

orthopsilosis)

Strain, strain Ruminococcus gnavus DSMZ-German Collection CC55_001C Bacterial cultures for

background of Microorganisms and generation of lysates

(Ruminococcus Cell Cultures GmbH (20 pg/mL)

gnawvus)

Commercial assay, kit Pierce BCA Thermo 23225 Quantification of bacterial
Protein Assay Kit Fisher Scientific cell lysates.

Genetic reagent HLA-B*57:01 PMID: 11953462 Expression plasmid for

(Homo sapiens) biotin tagged HLA-B*57:01 protein

expression.

Peptide, 9MT4 UV peptide PMID:21430058 UV exchange peptide

recombinant for HLA-B*57:01 protein

protein refold (1:100)

Antibody anti-human ABC Biolegend 311402 Coating antibody for
(mouse monoclonal, UV-peptide exchange
clone W6/32) ELISA

(10 pg/mL)

Antibody anti-human B2M biotin Biolegend 316308 Detection antibody for
(mouse, monoclonal, RRID:AB_493689 UV-peptide exchange
clone 2M2) ELISA

(1 ng/ml)
Chemical ExtrAvidin-peroxidase Sigma E2886 Assay development step

compound, drug

(1) for UV-peptide
exchange ELISA
(1:1000)

Continued on next page
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Chemical TMB High sensitivity Biolegend 421501 Assay development step

compound, drug Substrate (2) for UV-peptide exchange
ELISA

Chemical
compound, drug

Software, algorithm

(100 ul/well)

Stop Solution Biolegend 423001 Assay development stop

step (3) for UV-peptide
exchange ELISA
(100 pL/well)

FLUOstar BMG LABTECH ELISA plate

absorbance
reading@450 nm

Design and construction of HLA-B*57:03 yeast display library

A random peptide library displayed by the human MHC class | HLA-B*57:03 subtype, was used to
generate the MHC class | expressing yeast display platform tested in this study. Although the AGA1
TCR is restricted by the KF11 peptide in complex with HLA-B*57:01, this TCR also binds with high
affinity (Kd ~5 uM) to the near-identical HLA-B*57:03-KF11 complex (Stewart-Jones et al., 2012).
The peptide-B2m-MHC heavy chain single chain trimer construct design was based on previously
developed MHC class | yeast display scaffolds (Adams et al., 2011, Birnbaum et al., 2014a;
Gee et al., 2018) and incorporated a single chain fusion display where HLA-B*57:03 heavy chain
domains were included downstream of the KF11 epitope sequence and the f2m gene. Flexible
GSSS linkers interconnected KF11, f2m ([GSSS]s) and the B*57:03 heavy chain regions ((GSSSls). To
minimize linker protrusions that could affect TCR binding, mutagenesis of position 84 (Tyr > Ala) in
the HLA-B*57:03 alpha 1 (1) region was performed to generate a larger linker-accommodating cav-
ity (Hansen et al., 2009). A DNA construct library encoding an 11 amino acid (11mer) peptide-MHC
library was generated where all peptide residues were fully randomized except for the preferred
HLA-B*57:01/57:03 anchor binding residues, which were restricted to Ser, Thr and Ala at position
two and to Trp, Phe and Tyr at position 11 to preserve binding to HLA-B*57:03 (Barber et al.,
1997). All positions except for the anchor residues were generated using an NNK codon library.
Position two utilized a DCK codon and position 11 used either a TGG codon for Trp or a TWY codon
for Phe and Tyr. Two separate library inserts were generated to encode for the codon library
NNKDCKNNKNNKNNKNNKNNKNNKNNKNNK(TGG/TWY) with theoretical nucleotide diversities of
2.1E14 and 8.4E14 for a total diversity of 1.06E15.

The peptide-HLA-B*57:03 construct library was used to generate a yeast display library detailed
above as previously described (Gee et al., 2018; Birnbaum et al., 2014b). Briefly, freshly prepared
EBY-100 electrocompetent yeast were incubated with a 5:1 ratio of pMHC insert to linearized pYAL
vector by mass (~1 ug vector and ~5 ug insert per electroporation) and transformed to generate a
randomized peptide library. The insert contained an equal mass mixture of the polymerase chain
reaction product containing the two libraries detailed above. The final library, which was generated
via 20 electroporations, was then quantified as containing ~2x 108 unique transformants via limiting
dilution.

Selection and sequencing of HLA-B*57:03 peptide library

Each step described below was performed essentially as previously reported and was conducted
with enough yeast to ensure >10 fold coverage of the previous step’s theoretical diversity. The yeast
display library was seeded at an optical density of 1 (corresponding to 1 x 107 yeast/mL) for growth
in SDCAA media, pH 5.5, at 30°C and grown while shaking at 250 rpm until the culture reached satu-
ration overnight. The library was then induced in SGCAA media, pH 5.5, and allowed to incubate
while shaking at 250 rpm at 20°C for 48 hr.

After induction, 1 x 10° yeast were assayed for induction by staining for a C-terminal Myc epi-
tope tag placed between the MHC and Aga2. Next, yeast corresponding to >10 fold diversity of the
initial library or the yeast from the previous round of selection were incubated with streptavidin
microbeads (Miltenyi Biotec 130-048-102), washed in PBS + 0.5% BSA, and passed through a
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Miltenyi LS column (Miltenyi Biotec 130-042-401) to remove non-specific binders. Yeast were then
incubated with streptavidin beads co-incubated with 400 nM biotinylated TCR, washed in PBS+BSA,
and then run through an LS column. Retained yeast that were then eluted from the column, washed
into SDCAA, and re-cultured. Selections were repeated for an additional two rounds. Finally, a more
stringent final round of selection was conducted by staining yeast with 400 nM TCR streptavidin tet-
ramers, incubating with anti-fluorophore microbeads, and sorting via magnetic selection.

Analysis via next-generation sequencing

Peptide enrichment and overall motifs were analyzed via next-generation sequencing as previously
described. Briefly, plasmids from 5 x 107 yeast per round of selection were recovered from selected
yeast (Zymoprep Il kit, Zymo Research). Peptide sequences were then amplified via PCR. During the
course of PCR, individual barcode sequences (to deconvolve rounds of selection) and random 8mer
sequences (to increase sequence diversity) were added to the amplicons. The product of these PCRs
were used in a second PCR to affix lllumina sequencing adapters. Final PCR products were gel puri-
fied, pooled, quantitated, and sequenced on an lllumina MiSeq using a v2 2 x 150 nt kit with PhiX
DNA spiked in to ensure sufficient sequence diversity for high-quality reads. As detailed previously
data processing, analysis, and predictions were as previously described (Birnbaum et al., 2014b).
The forward and reverse sequencing data were used to create a single sequence of the paired-end
reads using PandaSeq (Masella et al., 2012), deconvoluted into each round of selection by barcode,
and trimmed for analysis using Geneious version 6 (Biomatters Inc). In order to correct for potential
PCR or sequencing errors, sequences differing by one nucleotide from the most abundant were coa-
lesced. Amino acid frequencies for each round were determined after translation and removal of
sequences containing frame shifts or stop codons. Predictions from the profile-based search of the
NCBI non-redundant protein data database (downloaded June 21, 2013) was preformed using the
statistics from the third round using an amino acid frequency cut-off of 0.01. The custom scripts for
data processing and analysis are available on GitHub (https://github.com/jlmendozabio/NGSpepti-
deprepandpred; copy archived at https://github.com/elifesciences-publications/
NGSpeptideprepandpred; Mendoza, 2020).

Protein production and purification

Soluble AGAT TCR was expressed and refolded as described previously (Boulter et al., 2003). To
facilitate stable chain pairing, an extracellular C region disulfide bridge was introduced into both the
alpha and beta TCR chains by site-directed mutagenesis. The modified TCR alpha chain was cloned
upstream of a hexahistidine tag and a BirA biotinylation substrate motif was inserted downstream of
the modified TCR beta chain. Both chains were cloned into the PET22b+ vector (Novagen), and
were expressed in the E. coli strain Rosetta-2 (Novagen), isolated as inclusion bodies, purified, re-
solubilized, and refolded as described (Stewart-Jones et al., 2012; Boulter et al., 2003). Refolded
TCR complexes were purified by anion exchange, Ni*? and size exclusion chromatography. The func-
tionality of the AGA1 TCR was confirmed by cellular and SPR-based studies prior to inclusion in
HLA-B*57:03 yeast display screening runs.

Peptide generation

Conventional peptide epitopes that included a panel of library-derived peptides (Lib 1-6) and their
closest non-redundant (nr) database-mined microbial sequence hits (Mic 1-6) were synthesized com-
mercially using Fmoc chemistry (Genscript, USA). A photo-labile version of the ISPRTLNAW epitope
(9MT4), where a UV sensitive 3-amino-3-(2-nitrophenyl)-propionic acid residue replaced the C-termi-
nal penultimate Ala residue, and validated previously (Brackenridge et al., 2011), was sourced from
LUMC, Leiden, The Netherlands.

UV-mediated peptide exchange and sandwich ELISA assay

Refolding of HLA-B*57:01, B2m and 9MT4, and subsequent UV-photocleavage/peptide exchange
were performed as outlined previously (Brackenridge et al., 2011, Toebes et al., 2009). 0.5 uM
(~25 nug/mlL) of UV-sensitive HLA-B*57:01-B2m-9MT4 refolded monomers were incubated with 50
UM of the various test peptides in polypropylene 96 (V-shaped) well plates (Greiner Bio-one), and
the final volume was adjusted to 125 pL by adding UV exchange buffer (20mMTris pH7, 150 mM
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NaCl). Samples were incubated on ice in a CAMAG UV cabinet and photo-illumination at 366 nm
was performed for 60 min. Following centrifugation at 4000 g for 10 min to remove aggregated
material, 90% of the sample volumes were transferred to a fresh plate, of which 3 uL was subse-
quently diluted 1:50 in 2% bovine serum albumin (BSA)-PBS. 50 uL of this mix was transferred (in
duplicate) into an ELISA plate pre-coated overnight at 4°C with 10 ug/mL of the anti-human MHC
monoclonal antibody Wé6/32 (Biolegend) and blocked in 2% BSA-PBS prior to sample addition. Fol-
lowing immobilization for 2 hr at 4°C, and extensive washing in 0.01%Tween-PBS (referred to herein
as ELISA wash buffer), the plates were incubated with 50 pL of biotinylated anti-human p2-microglo-
bulin (2M2) antibody (BioLegend, RRID:AB_493689) diluted 1:100 in 2% BSA-PBS for 1.5 hr at 4°C.
Plates were washed for a further six times in ELISA wash buffer, prior to the addition of Extravidin
peroxidase (Sigma) diluted 1:1000 in 2%-BSA PBS. Following 30 min at RT and a subsequent round
of plate washings, 100 uL of tetramethyl benzidinesubstrate (TMB) (BioSource) was added, and
plates were developed for 10 min. 100 pL of H,SO,4 STOP solution (BioLegend) was added to termi-
nate the reactions and the plates were read immediately at 450 nm absorbance using a FLUOstar
OMEGA plate reader.

Growth of microbial strains and preparation of lysates

The following microbes were grown aerobically in the specified culture conditions: Adherent-Invasive
Escherichia coli LF82 in Luria Broth at 37°C; Candida orthopsilosis DSM 24508 in potato dextrose
medium at 30°C; Sporosarcina newyorkensis DSM-23544 in Caso medium at 37°C. Strict anaerobes
were cultured in a Whitley DG250 workstation at 37°C with 10% H,, 10% CO,, and 80% Nj: Olse-
nella uli DSM 7084 in DSMZ Medium 104 and Ruminococcus gnavus CC55_001C in filtered Rein-
forced Clostridial Medium (RCM). Filtered RCM was generated by centrifugation of the media at
10,000 x g for 10 min to remove agar components, followed by filtration through 0.2 um filters.
Optical density (OD600) to colony-forming unit (CFU) conversions were calculated from overnight
cultures. Individual microbes were cultured for 24-48 hr in liquid media. Bacterial cells were har-
vested by centrifugation at 10,000 x g for 10 min, followed by three washes in sterile PBS. Cells
were re-suspended in sterile PBS and heat-inactivated at 70°C for 1 hr, followed by two freeze-thaw
cycles. Protein concentration was determined by BCA assay (Pierce BCA Protein Assay Kit, Thermo
Fisher Scientific).

IFNy ELISpot assay

The standard ELISpot assay was used to detect IFNYy release by AGA1 CD8+ T cells clones, but with
modifications (Stewart-Jones et al., 2012). 5000 peptide-pulsed HLA-B*57:01 homozygous immor-
talized (mycoplasma negative) B cell lines (BCLs) were incubated with 500 CD8+ T cell from two
clones expressing the AGA1 TCR in the presence of 10-fold serial dilutions of KF11 and test pepti-
des ranging from 107> to 10°M final concentration. Assays were harvested following 15 hr incuba-
tion at 37°C. Results are reported as spot forming cells (SFCs) per 500 T cell input, and SFCs double
that observed with media alone were considered positive.

CD107a expression

CD107a expression following T cell stimulation was evaluated as previously described, but with slight
protocol alterations (Stewart-Jones et al., 2012). 40,000 T cell clones were incubated with alloge-
neic HLA-B*57:01+ BCLs (mycoplasma negative) at a ratio of 4:1, pulsed with KF11 and the 'nr'-
derived Mic peptides at final concentrations of 1 and 10 uM. Cells incubated with media alone, or in
the presence of 10 ng/mL PMA were included as negative and positive controls, respectively. 5 uL
of CD107a PE labelled monoclonal antibody (BD Biosciences, clone H4A3, RRID:AB_396135) was
added to each well and the samples were incubated at 37°C. Golgi-Stop (BD Biosciences) was added
to individual samples 1 hr post incubation at a concentration recommended by the manufacturer.
Following a total of 5 hr, cells were stained with anti-human CD8 APC (BD Biosciences, clone RPA-
T8, RRID:AB_398595) and fixed in BD Cell Fix prior to flow cytometry analysis using a CyAn. Data
analysis was performed using FlowJo software.
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T cell functional assays using bacterial cell lysates

2 x 10% HL60 cells (ATCC CLL-240/RRID:CVCL_0002, STR profiled and mycoplasma negative) were
treated overnight with calcium ionophore and IFNy at 37°C to induce DC/myeloid-like differentiation
and to enhance MHC class | expression (Wu et al., 2004a; Wu et al., 2004b). The cells were subse-
quently divided into 48 well NUNC plates and 20 ug/mL of the test bacterial cell lysates were added
to individual wells. Following a further 7 hr of incubation, the cells were washed extensively and their
ability to stimulate AGA1-expressing T cell clones was assessed by ELISpot assay. 15,000 lysate-
pulsed HL60 cells were incubated with 500 CD8+ T cell from two clones expressing the AGA1T TCR
for 15 hr prior to development. Positive control included non-lysate-pulsed HL60 and T cells incu-
bated with 10ng/mL PMA. Results are reported as spot forming cells (SFCs) per 500 T cell input, and
SFCs double that observed with media alone were considered positive.
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14376837 https://www.ncbi.nlm.nih.gov/biosample/14376838.
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SRS6329183 14376838

Mendoza et al. eLife 2020;9:e58128. DOI: https://doi.org/10.7554/eLife.58128 18 of 21


https://doi.org/10.7554/eLife.58128.sa1
https://doi.org/10.7554/eLife.58128.sa2
http://www.imgt.org/IMGTrepertoire/
https://www.ncbi.nlm.nih.gov/biosample/14376837
https://www.ncbi.nlm.nih.gov/biosample/14376837
https://www.ncbi.nlm.nih.gov/biosample/14376838
https://www.ncbi.nlm.nih.gov/biosample/14376837
https://www.ncbi.nlm.nih.gov/biosample/14376837
https://www.ncbi.nlm.nih.gov/biosample/14376837
https://www.ncbi.nlm.nih.gov/biosample/14376838
https://www.ncbi.nlm.nih.gov/biosample/14376838
https://www.ncbi.nlm.nih.gov/biosample/14376838
https://doi.org/10.7554/eLife.58128

e Llfe Research article

Immunology and Inflammation

References

Adams JJ, Narayanan S, Liu B, Birnbaum ME, Kruse AC, Bowerman NA, Chen W, Levin AM, Connolly JM, Zhu C,
Kranz DM, Garcia KC. 2011. T cell receptor signaling is limited by docking geometry to peptide-major
histocompatibility complex. Immunity 35:681-693. DOI: https://doi.org/10.1016/j.immuni.2011.09.013,
PMID: 22101157

Aslan N, Watkin LB, Gil A, Mishra R, Clark FG, Welsh RM, Ghersi D, Luzuriaga K, Selin LK. 2017. Severity of acute
infectious mononucleosis correlates with Cross-Reactive influenza CD8 T-Cell receptor repertoires. mBio 8:17.
DOI: https://doi.org/10.1128/mBio.01841-17

Barber LD, Percival L, Arnett KL, Gumperz JE, Chen L, Parham P. 1997. Polymorphism in the alpha 1 Helix of the
HLA-B heavy chain can have an overriding influence on peptide-binding specificity. Journal of Immunology 158:
1660-1669. PMID: 9029102

Birnbaum ME, Mendoza JL, Sethi DK, Dong S, Glanville J, Dobbins J, Ozkan E, Davis MM, Wucherpfennig KW,
Garcia KC. 2014a. Deconstructing the peptide-MHC specificity of T cell recognition. Cell 157:1073-1087.
DOI: https://doi.org/10.1016/j.cell.2014.03.047, PMID: 24855945

Birnbaum ME, Berry R, Hsiao YS, Chen Z, Shingu-Vazquez MA, Yu X, Waghray D, Fischer S, McCluskey J,
Rossjohn J, Walz T, Garcia KC. 2014b. Molecular architecture of the aff T cell receptor-CD3 complex. PNAS
111:17576-17581. DOI: https://doi.org/10.1073/pnas.1420936111, PMID: 25422432

Boulter JM, Glick M, Todorov PT, Baston E, Sami M, Rizkallah P, Jakobsen BK. 2003. Stable, soluble T-cell
receptor molecules for crystallization and therapeutics. Protein Engineering Design and Selection 16:707-711.
DOI: https://doi.org/10.1093/protein/gzg087, PMID: 14560057

Brackenridge S, Evans EJ, Toebes M, Goonetilleke N, Liu MK, di Gleria K, Schumacher TN, Davis SJ, McMichael
AJ, Gillespie GM. 2011. An early HIV mutation within an HLA-B*57-restricted T cell epitope abrogates binding
to the killer inhibitory receptor 3dI1. Journal of Virology 85:5415-5422. DOI: https://doi.org/10.1128/JVI.
00238-11, PMID: 21430058

Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, Kazzaz Z, Bornstein E, Lambotte O, Altmann
D, Blazar BR, Rodriguez B, Teixeira-Johnson L, Landay A, Martin JN, Hecht FM, Picker LJ, Lederman MM,
Deeks SG, Douek DC. 2006a. Microbial translocation is a cause of systemic immune activation in chronic HIV
infection. Nature Medicine 12:1365-1371. DOI: https://doi.org/10.1038/nm 1511, PMID: 17115046

Brenchley JM, Price DA, Douek DC. 2006b. HIV disease: fallout from a mucosal catastrophe? Nature
Immunology 7:235-239. DOI: https://doi.org/10.1038/ni1316, PMID: 16482171

Campion SL, Brodie TM, Fischer W, Korber BT, Rossetti A, Goonetilleke N, McMichael AJ, Sallusto F. 2014.
Proteome-wide analysis of HIV-specific naive and memory CD4(+) T cells in unexposed blood donors. The
Journal of Experimental Medicine 211:1273-1280. DOI: https://doi.org/10.1084/jem.20130555, PMID: 2495
8850

Chavez de Paz LE, Molander A, Dahlén G. 2004. Gram-positive rods prevailing in teeth with apical periodontitis
undergoing root canal treatment. International Endodontic Journal 37:579-587. DOI: https://doi.org/10.1111/j.
1365-2591.2004.00845.x, PMID: 15317560

Chhour KL, Nadkarni MA, Byun R, Martin FE, Jacques NA, Hunter N. 2005. Molecular analysis of microbial
diversity in advanced caries. Journal of Clinical Microbiology 43:843-849. DOI: https://doi.org/10.1128/JCM.
43.2.843-849.2005, PMID: 15695690

Clute SC, Watkin LB, Cornberg M, Naumov YN, Sullivan JL, Luzuriaga K, Welsh RM, Selin LK. 2005. Cross-
reactive influenza virus-specific CD8+ T cells contribute to Lymphoproliferation in Epstein-Barr virus-associated
infectious mononucleosis. Journal of Clinical Investigation 115:3602-3612. DOI: https://doi.org/10.1172/
JCI25078, PMID: 16308574

Dewhirst FE, Paster BJ, Tzellas N, Coleman B, Downes J, Spratt DA, Wade WG. 2001. Characterization of novel
human oral isolates and cloned 16S rDNA sequences that fall in the family Coriobacteriaceae: description of
Olsenella gen nov, reclassification of Lactobacillus uli as Olsenella uli comb nov and description of Olsenella
profusa sp nov. International Journal of Systematic and Evolutionary Microbiology 51:1797-1804. DOI: https://
doi.org/10.1099/00207713-51-5-1797, PMID: 11594611

Dillon SM, Frank DN, Wilson CC. 2016. The gut microbiome and HIV-1 pathogenesis: a two-way street. Aids 30:
2737-2751. DOI: https://doi.org/10.1097/QAD.0000000000001289, PMID: 27755100

Ferre AL, Lemongello D, Hunt PW, Morris MM, Garcia JC, Pollard RB, Yee HF, Martin JN, Deeks SG, Shacklett
BL. 2010. Immunodominant HIV-specific CD8+ T-cell responses are common to blood and gastrointestinal
mucosa, and Gag-specific responses dominate in rectal mucosa of HIV controllers. Journal of Virology 84:
10354-10365. DOI: https://doi.org/10.1128/JVI.00803-10, PMID: 20668079

Forster SC, Kumar N, Anonye BO, Almeida A, Viciani E, Stares MD, Dunn M, Mkandawire TT, Zhu A, Shao Y,
Pike LJ, Louie T, Browne HP, Mitchell AL, Neville BA, Finn RD, Lawley TD. 2019. A human gut bacterial genome
and culture collection for improved metagenomic analyses. Nature Biotechnology 37:186-192. DOI: https://
doi.org/10.1038/s41587-018-0009-7, PMID: 30718869

Gee MH, Han A, Lofgren SM, Beausang JF, Mendoza JL, Birnbaum ME, Bethune MT, Fischer S, Yang X, Gomez-
Eerland R, Bingham DB, Sibener LV, Fernandes RA, Velasco A, Baltimore D, Schumacher TN, Khatri P, Quake
SR, Davis MM, Garcia KC. 2018. Antigen identification for orphan T cell receptors expressed on Tumor-
Infiltrating lymphocytes. Cell 172::549-563. DOI: https://doi.org/10.1016/j.cell.2017.11.043

Gil A, Kenney LL, Mishra R, Watkin LB, Aslan N, Selin LK. 2015. Vaccination and heterologous immunity:
educating the immune system. Transactions of the Royal Society of Tropical Medicine and Hygiene 109:62-69.
DOI: https://doi.org/10.1093/trstmh/tru198, PMID: 25573110

Mendoza et al. eLife 2020;9:e58128. DOI: https://doi.org/10.7554/eLife.58128 19 of 21


https://doi.org/10.1016/j.immuni.2011.09.013
http://www.ncbi.nlm.nih.gov/pubmed/22101157
https://doi.org/10.1128/mBio.01841-17
http://www.ncbi.nlm.nih.gov/pubmed/9029102
https://doi.org/10.1016/j.cell.2014.03.047
http://www.ncbi.nlm.nih.gov/pubmed/24855945
https://doi.org/10.1073/pnas.1420936111
http://www.ncbi.nlm.nih.gov/pubmed/25422432
https://doi.org/10.1093/protein/gzg087
http://www.ncbi.nlm.nih.gov/pubmed/14560057
https://doi.org/10.1128/JVI.00238-11
https://doi.org/10.1128/JVI.00238-11
http://www.ncbi.nlm.nih.gov/pubmed/21430058
https://doi.org/10.1038/nm1511
http://www.ncbi.nlm.nih.gov/pubmed/17115046
https://doi.org/10.1038/ni1316
http://www.ncbi.nlm.nih.gov/pubmed/16482171
https://doi.org/10.1084/jem.20130555
http://www.ncbi.nlm.nih.gov/pubmed/24958850
http://www.ncbi.nlm.nih.gov/pubmed/24958850
https://doi.org/10.1111/j.1365-2591.2004.00845.x
https://doi.org/10.1111/j.1365-2591.2004.00845.x
http://www.ncbi.nlm.nih.gov/pubmed/15317560
https://doi.org/10.1128/JCM.43.2.843-849.2005
https://doi.org/10.1128/JCM.43.2.843-849.2005
http://www.ncbi.nlm.nih.gov/pubmed/15695690
https://doi.org/10.1172/JCI25078
https://doi.org/10.1172/JCI25078
http://www.ncbi.nlm.nih.gov/pubmed/16308574
https://doi.org/10.1099/00207713-51-5-1797
https://doi.org/10.1099/00207713-51-5-1797
http://www.ncbi.nlm.nih.gov/pubmed/11594611
https://doi.org/10.1097/QAD.0000000000001289
http://www.ncbi.nlm.nih.gov/pubmed/27755100
https://doi.org/10.1128/JVI.00803-10
http://www.ncbi.nlm.nih.gov/pubmed/20668079
https://doi.org/10.1038/s41587-018-0009-7
https://doi.org/10.1038/s41587-018-0009-7
http://www.ncbi.nlm.nih.gov/pubmed/30718869
https://doi.org/10.1016/j.cell.2017.11.043
https://doi.org/10.1093/trstmh/tru198
http://www.ncbi.nlm.nih.gov/pubmed/25573110
https://doi.org/10.7554/eLife.58128

e Llfe Research article

Immunology and Inflammation

Gillespie GM, Kaul R, Dong T, Yang HB, Rostron T, Bwayo JJ, Kiama P, Peto T, Plummer FA, McMichael AJ,
Rowland-Jones SL. 2002. Cross-reactive cytotoxic T lymphocytes against a HIV-1 p24 epitope in slow
progressors with B*57. Aids 16:961-972. DOI: https://doi.org/10.1097/00002030-200205030-00002, PMID: 11
953462

Gillespie GM, Stewart-Jones G, Rengasamy J, Beattie T, Bwayo JJ, Plummer FA, Kaul R, McMichael AJ,
Easterbrook P, Dong T, Jones EY, Rowland-Jones SL. 2006. Strong TCR conservation and altered T cell cross-
reactivity characterize a B*57-restricted immune response in HIV-1 infection. The Journal of Immunology 177:
3893-3902. DOI: https://doi.org/10.4049/jimmunol.177.6.3893, PMID: 16951352

Hansen T, Yu YY, Fremont DH. 2009. Preparation of stable single-chain trimers engineered with peptide, beta2
microglobulin, and MHC heavy chain. Current Protocols in Immunology 17:5. DOI: https://doi.org/10.1002/
0471142735.im1705s87, PMID: 19918946

ImMaDiab Study Group, Culina S, Lalanne Al, Afonso G, Cerosaletti K, Pinto S, Sebastiani G, Kuranda K, Nigi L,
Eugster A, Osterbye T, Maugein A, MclLaren JE, Ladell K, Larger E, Beressi JP, Lissina A, Appay V, Davidson
HW, Buus S, Price DA, et al. 2018. Islet-reactive CD8" T cell frequencies in the pancreas, but not in blood,
distinguish type 1 diabetic patients from healthy donors. Science Immunology 3:eaao4013. DOI: https://doi.
org/10.1126/sciimmunol.aa04013, PMID: 29429978

Isakov D, Dzutsev A, Belyakov IM, Berzofsky JA. 2009. Non-equilibrium and differential function between
intraepithelial and Lamina propria virus-specific TCRalphabeta(+) CD8alphabeta(+) T cells in the small intestinal
mucosa. Mucosal Immunology 2:450-461. DOI: https://doi.org/10.1038/mi.2009.95, PMID: 19571797

Lozupone CA, Li M, Campbell TB, Flores SC, Linderman D, Gebert MJ, Knight R, Fontenot AP, Palmer BE. 2013.
Alterations in the gut Microbiota associated with HIV-1 infection. Cell Host & Microbe 14:329-339.

DOI: https://doi.org/10.1016/j.chom.2013.08.006, PMID: 24034618

Luu M, Weigand K, Wedi F, Breidenbend C, Leister H, Pautz S, Adhikary T, Visekruna A. 2018. Regulation of the
effector function of CD8" T cells by gut microbiota-derived metabolite butyrate. Scientific Reports 8:14430.
DOI: https://doi.org/10.1038/s41598-018-32860-x, PMID: 30258117

Masella AP, Bartram AK, Truszkowski JM, Brown DG, Neufeld JD. 2012. PANDAseq: paired-end assembler for
illumina sequences. BMC Bioinformatics 13:31. DOI: https://doi.org/10.1186/1471-2105-13-31,

PMID: 22333067

Mason D. 1998. A very high level of crossreactivity is an essential feature of the T-cell receptor. Immunology
Today 19:395-404. DOI: https://doi.org/10.1016/50167-5699(98)01299-7, PMID: 9745202

Mendoza D, Royce C, Ruff LE, Ambrozak DR, Quigley MF, Dang T, Venturi V, Price DA, Douek DC, Migueles SA,
Connors M. 2012. HLA B*5701-positive long-term nonprogressors/elite controllers are not distinguished from
progressors by the clonal composition of HIV-specific CD8+ T cells. Journal of Virology 86:4014-4018.

DOI: https://doi.org/10.1128/JVI.06982-11, PMID: 22278241

Mendoza JL. 2020. NGSpeptideprepandpred. Github. 36321a7. https://github.com/jImendozabio/
NGSpeptideprepandpred

Merseguel KB, Nishikaku AS, Rodrigues AM, Padovan AC, e Ferreira RC, de Azevedo Melo AS, Briones MR,
Colombo AL. 2015. Genetic diversity of medically important and emerging candida species causing invasive
infection. BMC Infectious Diseases 15:57. DOI: https://doi.org/10.1186/s12879-015-0793-3, PMID: 25887032

Mudd JC, Brenchley JM. 2016. Gut mucosal barrier dysfunction, microbial dysbiosis, and their role in HIV-1
disease progression. Journal of Infectious Diseases 214:558-S66. DOI: https://doi.org/10.1093/infdis/jiw258,
PMID: 27625432

Nowak P, Troseid M, Avershina E, Barqasho B, Neogi U, Holm K, Hov JR, Noyan K, Vesterbacka J, Svérd J, Rudi
K, Sénnerborg A. 2015. Gut Microbiota diversity predicts immune status in HIV-1 infection. Aids 29:2409-2418.
DOI: https://doi.org/10.1097/QAD.0000000000000869, PMID: 26355675

Oliver A, Kay M, Cooper KK. 2018. Comparative genomics of cocci-shaped Sporosarcina strains with diverse
spatial isolation. BMC Genomics 19:310. DOI: https://doi.org/10.1186/512864-018-4635-8, PMID: 29716534

Pohlmeyer CW, Laskey SB, Beck SE, Xu DC, Capoferri AA, Garliss CC, May ME, Livingston A, Lichmira W, Moore
RD, Leffell MS, Butler NJ, Thorne JE, Flynn JA, Siliciano RF, Blankson JN. 2018. Cross-reactive microbial
peptides can modulate HIV-specific CD8+ T cell responses. PLOS ONE 13:e0192098. DOI: https://doi.org/10.
1371/journal.pone.0192098, PMID: 29466365

Ramasamy D, Lagier JC, Gorlas A, Raoult D, Fournier PE. 2013. Non contiguous-finished genome sequence and
description of Bacillus massiliosenegalensis sp. nov. Standards in Genomic Sciences 8:264-278. DOI: https://
doi.org/10.4056/sigs.3496989, PMID: 23991258

Rist M, Smith C, Bell MJ, Burrows SR, Khanna R. 2009. Cross-recognition of HLA DR4 alloantigen by virus-specific
CD8+ T cells: a new paradigm for self-/nonself-recognition. Blood 114:2244-2253. DOI: https://doi.org/10.
1182/blood-2009-05-222596, PMID: 19617574

Sewell AK. 2012. Why must T cells be cross-reactive? Nature Reviews Immunology 12:669-677. DOI: https://doi.
org/10.1038/nri3279, PMID: 22918468

Silva AP, Miranda IM, Lisboa C, Pina-Vaz C, Rodrigues AG. 2009. Prevalence, distribution, and antifungal
susceptibility profiles of Candida Parapsilosis, C. Orthopsilosis, and C. metapsilosis in a tertiary care hospital.
Journal of Clinical Microbiology 47:2392-2397. DOI: https://doi.org/10.1128/JCM.02379-08, PMID: 19494078

Simons BC, Vancompernolle SE, Smith RM, Wei J, Barnett L, Lorey SL, Meyer-Olson D, Kalams SA. 2008. Despite
biased TRBV gene usage against a dominant HLA B57-restricted epitope, TCR diversity can provide
recognition of circulating epitope variants. The Journal of Inmunology 181:5137-5146. DOI: https://doi.org/
10.4049/jimmunol.181.7.5137, PMID: 18802118

Mendoza et al. eLife 2020;9:e58128. DOI: https://doi.org/10.7554/eLife.58128 20 of 21


https://doi.org/10.1097/00002030-200205030-00002
http://www.ncbi.nlm.nih.gov/pubmed/11953462
http://www.ncbi.nlm.nih.gov/pubmed/11953462
https://doi.org/10.4049/jimmunol.177.6.3893
http://www.ncbi.nlm.nih.gov/pubmed/16951352
https://doi.org/10.1002/0471142735.im1705s87
https://doi.org/10.1002/0471142735.im1705s87
http://www.ncbi.nlm.nih.gov/pubmed/19918946
https://doi.org/10.1126/sciimmunol.aao4013
https://doi.org/10.1126/sciimmunol.aao4013
http://www.ncbi.nlm.nih.gov/pubmed/29429978
https://doi.org/10.1038/mi.2009.95
http://www.ncbi.nlm.nih.gov/pubmed/19571797
https://doi.org/10.1016/j.chom.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/24034618
https://doi.org/10.1038/s41598-018-32860-x
http://www.ncbi.nlm.nih.gov/pubmed/30258117
https://doi.org/10.1186/1471-2105-13-31
http://www.ncbi.nlm.nih.gov/pubmed/22333067
https://doi.org/10.1016/S0167-5699(98)01299-7
http://www.ncbi.nlm.nih.gov/pubmed/9745202
https://doi.org/10.1128/JVI.06982-11
http://www.ncbi.nlm.nih.gov/pubmed/22278241
https://github.com/jlmendozabio/NGSpeptideprepandpred
https://github.com/jlmendozabio/NGSpeptideprepandpred
https://doi.org/10.1186/s12879-015-0793-3
http://www.ncbi.nlm.nih.gov/pubmed/25887032
https://doi.org/10.1093/infdis/jiw258
http://www.ncbi.nlm.nih.gov/pubmed/27625432
https://doi.org/10.1097/QAD.0000000000000869
http://www.ncbi.nlm.nih.gov/pubmed/26355675
https://doi.org/10.1186/s12864-018-4635-8
http://www.ncbi.nlm.nih.gov/pubmed/29716534
https://doi.org/10.1371/journal.pone.0192098
https://doi.org/10.1371/journal.pone.0192098
http://www.ncbi.nlm.nih.gov/pubmed/29466365
https://doi.org/10.4056/sigs.3496989
https://doi.org/10.4056/sigs.3496989
http://www.ncbi.nlm.nih.gov/pubmed/23991258
https://doi.org/10.1182/blood-2009-05-222596
https://doi.org/10.1182/blood-2009-05-222596
http://www.ncbi.nlm.nih.gov/pubmed/19617574
https://doi.org/10.1038/nri3279
https://doi.org/10.1038/nri3279
http://www.ncbi.nlm.nih.gov/pubmed/22918468
https://doi.org/10.1128/JCM.02379-08
http://www.ncbi.nlm.nih.gov/pubmed/19494078
https://doi.org/10.4049/jimmunol.181.7.5137
https://doi.org/10.4049/jimmunol.181.7.5137
http://www.ncbi.nlm.nih.gov/pubmed/18802118
https://doi.org/10.7554/eLife.58128

e Llfe Research article

Immunology and Inflammation

Sioud M. 2018. T-cell cross-reactivity may explain the large variation in how Cancer patients respond to
checkpoint inhibitors. Scandinavian Journal of Immunology 87::€12643. DOI: https://doi.org/10.1111/s}i.12643

Speiser DE, Liénard D, Rufer N, Rubio-Godoy V, Rimoldi D, Lejeune F, Krieg AM, Cerottini JC, Romero P. 2005.
Rapid and strong human CD8+ T cell responses to vaccination with peptide, IFA, and CpG
oligodeoxynucleotide 7909. Journal of Clinical Investigation 115:739-746. DOI: https://doi.org/10.1172/
JCI23373, PMID: 15696196

Sprent J, Zhang X, Sun S, Tough D. 2000. T-cell proliferation in vivo and the role of cytokines. Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences 355:317-322. DOI: https://doi.org/
10.1098/rstb.2000.0568, PMID: 10794049

Stewart-Jones GBE, Gillespie G, Overton IM, Kaul R, Roche P, McMichael AJ, Rowland-Jones S, Jones EY. 2005.
Structures of three HIV-1 HLA-B*5703-Peptide complexes and identification of related HLAs potentially
associated with Long-Term nonprogression. The Journal of Immunology 175:2459-2468. DOI: https://doi.org/
10.4049/jimmunol.175.4.2459

Stewart-Jones GB, Simpson P, van der Merwe PA, Easterbrook P, McMichael AJ, Rowland-Jones SL, Jones EY,
Gillespie GM. 2012. Structural features underlying T-cell receptor sensitivity to concealed MHC class |
micropolymorphisms. PNAS 109:E3483-E3492. DOI: https://doi.org/10.1073/pnas. 1207896109, PMID: 23161
907

Su LF, Kidd BA, Han A, Kotzin JJ, Davis MM. 2013. Virus-specific CD4(+) memory-phenotype T cells are
abundant in unexposed adults. Immunity 38:373-383. DOI: https://doi.org/10.1016/j.immuni.2012.10.021,
PMID: 23395677

Tai N, Peng J, Liu F, Gulden E, Hu Y, Zhang X, Chen L, Wong FS, Wen L. 2016. Microbial antigen mimics activate
diabetogenic CD8 T cells in NOD mice. The Journal of Experimental Medicine 213:2129-2146. DOI: https://
doi.org/10.1084/jem.20160526, PMID: 27621416

Tavanti A, Davidson AD, Gow NA, Maiden MC, Odds FC. 2005. Candida Orthopsilosis and candida Metapsilosis
spp nov to replace candida parapsilosis groups Il and Ill. Journal of Clinical Microbiology 43:284-292.
DOI: https://doi.org/10.1128/JCM.43.1.284-292.2005, PMID: 15634984

Toebes M, Rodenko B, Ovaa H, Schumacher TN. 2009. Generation of peptide MHC class | monomers and
multimers through ligand exchange. Current Protocols in Immunology 18:16. DOI: https://doi.org/10.1002/
0471142735.im1816s87, PMID: 19918947

Tripathy A, Khanna S, Padhan P, Smita S, Raghav S, Gupta B. 2017. Direct recognition of LPS drive TLR4
expressing CD8" T cell activation in patients with rheumatoid arthritis. Scientific Reports 7:933. DOI: https://
doi.org/10.1038/s41598-017-01033-7, PMID: 28424490

Venturi V, Kedzierska K, Price DA, Doherty PC, Douek DC, Turner SJ, Davenport MP. 2006. Sharing of T cell
receptors in antigen-specific responses is driven by convergent recombination. PNAS 103:18691-18696.
DOI: https://doi.org/10.1073/pnas.0608907103, PMID: 17130450

Vieira Colombo AP, Magalhdes CB, Hartenbach FA, Martins do Souto R, Maciel da Silva-Boghossian C. 2016.
Periodontal-disease-associated biofilm: a reservoir for pathogens of medical importance. Microbial
Pathogenesis 94:27-34. DOI: https://doi.org/10.1016/j.micpath.2015.09.009, PMID: 26416306

Wolfgang WJ, Coorevits A, Cole JA, De Vos P, Dickinson MC, Hannett GE, Jose R, Nazarian EJ, Schumann P,
Van Landschoot A, Wirth SE, Musser KA. 2012. Sporosarcina newyorkensis sp nov from clinical specimens and
raw cow'’s milk. International Journal of Systematic and Evolutionary Microbiology 62:322-329. DOI: https://
doi.org/10.1099/ijs.0.030080-0, PMID: 21421928

Wong P, Pamer EG. 2001. Cutting edge: antigen-independent CD8 T cell proliferation. The Journal of
Immunology 166:5864-5868. DOI: https://doi.org/10.4049/jimmunol.166.10.5864, PMID: 11342598

Wu J, Yang TC, Xian J, Wang J, Chen ZL, Fu N. 2004a. The induction of differentiation into dendritic cells from
HL-60 cells by calcium ionophorel. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi = Chinese Journal of Cellular and
Molecular Immunology 20:415-418. PMID: 15207083

Wu J, Yang DM, Yang TC, Wang XH, Wang J, Chen ZL, Fu N. 2004b. Signal transduction in the differentiation of
human peripheral blood mononucleocytes towards dendritic cells induced by calcium ionophore]. Xi Bao Yu
Fen Zi Mian Yi Xue Za Zhi = Chinese Journal of Cellular and Molecular Inmunology 20:540-543.
PMID: 15367342

Wucherpfennig KW. 2004. T cell receptor crossreactivity as a general property of T cell recognition. Molecular
Immunology 40:1009-1017. DOI: https://doi.org/10.1016/j.molimm.2003.11.003, PMID: 15036904

Yong PV, Chong PP, Lau LY, Yeoh RS, Jamal F. 2008. Molecular identification of candida orthopsilosis isolated
from blood culture. Mycopathologia 165:81-87. DOI: https://doi.org/10.1007/s11046-007-9086-8, PMID: 1
8266075

Yu XG, Lichterfeld M, Chetty S, Williams KL, Mui SK, Miura T, Frahm N, Feeney ME, Tang Y, Pereyra F, Labute
MX, Pfafferott K, Leslie A, Crawford H, Allgaier R, Hildebrand W, Kaslow R, Brander C, Allen TM, Rosenberg
ES, et al. 2007. Mutually exclusive T-cell receptor induction and differential susceptibility to human
immunodeficiency virus type 1 mutational escape associated with a two-amino-acid difference between HLA
class | subtypes. Journal of Virology 81:1619-1631. DOI: https://doi.org/10.1128/JVI.01580-06, PMID: 171217
93

Zorn E, Wang KS, Hochberg EP, Canning C, Alyea EP, Soiffer RJ, Ritz J. 2002. Infusion of CD4+ donor
lymphocytes induces the expansion of CD8+ donor T cells with cytolytic activity directed against recipient
hematopoietic cells. Clinical Cancer Research 8:2052-2060. PMID: 12114403

Mendoza et al. eLife 2020;9:e58128. DOI: https://doi.org/10.7554/eLife.58128 21 of 21


https://doi.org/10.1111/sji.12643
https://doi.org/10.1172/JCI23373
https://doi.org/10.1172/JCI23373
http://www.ncbi.nlm.nih.gov/pubmed/15696196
https://doi.org/10.1098/rstb.2000.0568
https://doi.org/10.1098/rstb.2000.0568
http://www.ncbi.nlm.nih.gov/pubmed/10794049
https://doi.org/10.4049/jimmunol.175.4.2459
https://doi.org/10.4049/jimmunol.175.4.2459
https://doi.org/10.1073/pnas.1207896109
http://www.ncbi.nlm.nih.gov/pubmed/23161907
http://www.ncbi.nlm.nih.gov/pubmed/23161907
https://doi.org/10.1016/j.immuni.2012.10.021
http://www.ncbi.nlm.nih.gov/pubmed/23395677
https://doi.org/10.1084/jem.20160526
https://doi.org/10.1084/jem.20160526
http://www.ncbi.nlm.nih.gov/pubmed/27621416
https://doi.org/10.1128/JCM.43.1.284-292.2005
http://www.ncbi.nlm.nih.gov/pubmed/15634984
https://doi.org/10.1002/0471142735.im1816s87
https://doi.org/10.1002/0471142735.im1816s87
http://www.ncbi.nlm.nih.gov/pubmed/19918947
https://doi.org/10.1038/s41598-017-01033-7
https://doi.org/10.1038/s41598-017-01033-7
http://www.ncbi.nlm.nih.gov/pubmed/28424490
https://doi.org/10.1073/pnas.0608907103
http://www.ncbi.nlm.nih.gov/pubmed/17130450
https://doi.org/10.1016/j.micpath.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/26416306
https://doi.org/10.1099/ijs.0.030080-0
https://doi.org/10.1099/ijs.0.030080-0
http://www.ncbi.nlm.nih.gov/pubmed/21421928
https://doi.org/10.4049/jimmunol.166.10.5864
http://www.ncbi.nlm.nih.gov/pubmed/11342598
http://www.ncbi.nlm.nih.gov/pubmed/15207083
http://www.ncbi.nlm.nih.gov/pubmed/15367342
https://doi.org/10.1016/j.molimm.2003.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15036904
https://doi.org/10.1007/s11046-007-9086-8
http://www.ncbi.nlm.nih.gov/pubmed/18266075
http://www.ncbi.nlm.nih.gov/pubmed/18266075
https://doi.org/10.1128/JVI.01580-06
http://www.ncbi.nlm.nih.gov/pubmed/17121793
http://www.ncbi.nlm.nih.gov/pubmed/17121793
http://www.ncbi.nlm.nih.gov/pubmed/12114403
https://doi.org/10.7554/eLife.58128

