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Abstract

Broadly effective vaccines against dengue virus (DENV) infection have remained elusive,
despite rising infection rates in the developing world. Infection-specific peptide ligands
presented on Major Histocompatibility Complexes (MHC) open new avenues for
developing T-cell-based interventions. Past efforts towards mapping viral MHC epitopes
were based on computational predictions that only partially reflected actual antigen
presentation. To empirically identify DENV-specific MHC ligands, we developed an
immuno-proteomics approach for interrogating DENV- and self-derived MHC ligands from
infected B-lymphocytes. Here, we report four fundamental findings: First, over 700
infection-specific MHC-ligands reflected host cellular responses to DENV that were not
apparent from the proteome. Second, we report 121 viral MHC-I ligands (108 novel) which
clustered into discrete hotspots across the DENV polyprotein, some of which spanned
DENV polyprotein components, described here as MHC ligands for the first time. Third,
we found DENV ligands which were distinctly presented by MHC alleles previously
associated with either high or low anti-DENV response. Fourth, we demonstrate that while
our in vitro assay only overlapped with a small fraction of previously described DENV T-
cell epitopes, several novel MHC ligands identified here were recognized by T-cells from
DENV-infected patients despite having low binding affinities. Together, these discoveries
suggest that virus and host-derived MHC ligands have under-exploited potential for
describing the cell biology of DENV infection, and as candidates for designing effective

DENYV vaccines.
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Introduction

As the most widespread mosquito-borne viral disease, DENV infection is responsible for
over 100 million estimated annual cases worldwide and is a leading cause of
hospitalization and death in the developing world!. Rising DENV infection rates are
particularly alarming since broadly effective vaccines and antiviral therapies have
remained elusive. Traditional vaccine development approaches have focused on eliciting
humoral immune responses against surface-exposed DENV antigens, notably the viral
envelope (E) and membrane (M) proteins. However, humoral responses to vaccines and
DENV serotypes 1-4 have been inconsistent, cross-reactive, and may promote antibody-
dependent enhancement (ADE) of infection?. Accordingly, several vaccination trials were
halted for exacerbating disease severity in patients, especially children3->. Vaccines

targeting T-cells could overcome limitations of strictly humoral antiviral responses®-’.

Unlike antibodies, which only bind surface-exposed proteins, cytotoxic CD8+ T-cells can
theoretically target any viral protein if its immunogenic epitopes are presented by class |
major histocompatibility complex (MHC-I) the surface of infected cells. The internal non-
structural (NS) viral proteins NS1, NS3, NS4A, NS4B, and NS5 contain over 95% of the
highly conserved regions across the four DENV serotypes (>80% sequence identity)8,
while conversely, the remaining proteins (e.g. E and M) account for <5% of the highly
conserved regions8. T-cell-mediated responses against the NS viral proteins®, therefore,
stand to be broadly effective and circumvent ADE. Furthermore, since peptide ligands
presented by MHC (pMHCs) report a cell’s internal status to the immune system19, their

unbiased experimental interrogation could reveal new mechanisms by which cells
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respond to viral infection. This information can, in turn, be harnessed to identify host and

viral biomarkers and vaccine targets.

Defining infection-specific pMHCs is an important preliminary step for developing
prophylactic or therapeutic T-cell responses. This has often been carried out by first
predicting likely high-affinity MHC-interacting peptides in silicol! and then testing them in
vitro with high-throughput MHC binding?? and T-cell reactivity assays3-15. This strategy
has revealed thousands of self- and pathogen-derived peptides capable of T-cell
stimulation16. However, peptides eluted from MHC complexes and empirically identified
through high-throughput mass spectrometry (MS) suggest that pMHC presentation may
extend beyond MHC-ligands with high binding affinityl’. Regardless of their affinities,
bona fide pMHC may not elicit robust T-cell responses in vivol8. Thus the critical
relationship between binding affinity, presentation propensities, and immunogenicity is
incompletely captured by any single computational or experimental discovery approach
alone. Empirical evidence combining multiple domains stands to bridge the gap between
predicted candidates and those that are prophylactically relevant. This notion led to
several recent studies which empirically examined antigen presentation from in vitro
infection models of VACV, HIV, HRSV, HCV, and HPV1%-24, These kinds of studies stand
to reveal new T-cell targets and self-antigens which complement traditional epitope

discovery approaches.

Here, we present an empirical immunoproteomic investigation of MHC-I antigens induced
by DENV infection. By directly assaying MHC-I ligands presented by DENV infected cells
we uncovered over 745 infection-specific viral and host-derived pMHCs. These include

more than 100 previously unreported DENV peptides: most are predicted to bind MHC

4
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with low affinity. We note previously uncharacterized “junction-peptides” spanning
multiple DENV proteins. We also describe distinct pMHC repertoires presented by
different HLA alleles, complementing previously observed differences in T-cell responses.
By comparing empirically isolated DENV pMHCs and those discovered by prediction-
based methods, we demonstrate a complex relationship between binding affinity,
presentation propensity, and T-cell recognition. Notably, the pMHC we identified were
almost entirely distinct from previously described DENV epitopes?®. We further show that
CD8+ T-cell recognition or responses measured from DENV-exposed patients support
five new DENV epitopes. Two of these five were highly conserved across all four DENV
serotypes and two have poor MHC binding affinities. These findings suggest that
conserved low-affinity epitopes could be promising candidates for broad acting DENV T-

cell vaccines which span multiple DENV serotypes.


https://doi.org/10.1101/471821
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/471821; this version posted November 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

99 Results

100 DENV infection modestly perturbs the host proteome

101 To study how DENV infection modulates MHC-I antigen presentation we used a B-
102 lymphocyte cells line (Raji; HLA-A*03:01/A*03:01, HLA-B*15:10/ B*15:10, HLA-
103 C*03:04/C*04:01) engineered to exogenously express the receptor DC-SIGN2> widely
104 used as models to study DENV infection in vitro2>-27, We subsequently infected these cells

105 with DENV serotype-2 (Supplementary Figure 1).

106 Infection-specific ligands could arise simply from induced protein expression.
107  Alternatively, such ligands could result from virally-modulated antigen presentation
108 pathways within infected cells, even if the underlying antigen proteins’ expression remains
109 unchanged. We first compared protein levels before (control) and after infection to
110 distinguish these two possibilities. We performed multiplexed proteome quantitation to
111 compare control and DENV-infected Raji cells in duplicate (Figure 1a). Based on the
112 5,361 host and viral proteins quantified from control and DENV2-infected cells
113 (Supplementary Table 1), we found that DENV infection only modestly perturbed the
114  cellular proteome. As expected, DENV polyprotein components were the most
115 distinguishing feature we identified from infected cells (fold-change>17; p<0.0001; Figure
116 1b, Table 1). However, <1% of human proteins (33) demonstrated significantly and
117 substantially altered expression following infection (t-test, p<0.01, |fold-change|>2;
118 Figure 1b, Table 1). Of these, four were previously reported to interact directly with the
119 DENYV polyprotein (Table 1). Signal transducer and activator of transcription 2 (STAT2),
120 for example, decreased almost four-fold following infection, consistent with previous

121 reports that immature DENV RNA polymerase NS5 protein induces its degradation
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122  through direct binding and subsequent ubiquitylation and proteolysis?®. Six other proteins
123 are known to be modulated by cellular pathways following DENV infection (Table 1). For
124  example, sphingomyelin synthase 1 (SGMS1, fold change=5.1) was shown to facilitate
125 viral attachment and infection of flaviviruses?®:*° and its increased abundance in infected
126 cells is consistent with DENV’s known role in interfering with lipid homeostasis3:32, We
127 also noted the transcription regulator Zinc finger protein 729 (ZNF729) was the most
128 upregulated host protein we measured (fold-change>19). Although this gene is poorly
129 characterized, its location within a cluster of endogenous retrovirus-responsive zinc finger

130 genes on chromosome 1932 could reflect its possible role in the innate antiviral response.

131 The modest proteome-wide changes we measured upon infection led us to consider
132 whether smaller-magnitude yet statistically significant changes in protein abundance
133 reflected cell responses to DENV infection. We found that cellular processes such as
134 translation, degradation, antigen presentation, and viral responsiveness were significantly
135 enriched among 1,003 proteins that were significantly (p<0.03, g<0.2), though not
136 substantially (|fold-change|<2), changed upon DENV infection (Figure 1c). Each of these
137 categories could directly influence the quantity and quality of antigens presented by MHC.
138 This led us to predict that DENV-altered pMHC repertoires could extend well beyond the

139 33 proteins showing the most changed abundances.

140 Cellular response to DENV infection reshapes pMHC repertoires

141  Although thousands of DENV-encoded peptides have been tested for MHC binding and
142 immunogenicityl6, the extent to which DENV infection alters host pMHC repertoires
143 remains unclear. Using the immuno-proteomic approach outlined in Figure 2a we

144  mapped 5,397 unique pMHCs across all experimental conditions (Figure 2b). These

7
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145  include 745 pMHCs only eluted from DENV-infected cells, 71 of which were derived from
146 the DENV polyprotein itself (Supplementary Table 2a). These peptides strongly
147  conformed to the expected 9-mer-biased length distribution (Supplementary Figure 2a)

148 expected for MHC-I ligands, supporting the validity of our dataset.

149 We quantified pMHC relative abundances using label-free quantification based on MS
150 peak area of peptide precursor. Our data confirm this established approach 3437 affords
151 deep and reproducible survey of pMHCs (Supplementary Figure 3a) and robust
152 comparisons between multiple immunopeptidomes (Supplementary Figure 3b). We
153 found pMHC-I repertoires decreased in diversity following infection, with 18.9% fewer
154  unique pMHC-I in DENV-infected Raji cells relative to uninfected controls (Figure 2b)
155 (control: 4,672 total, Xx=3526 + 456 per replicate; infected: 3,787 total, Xx=2497 + 671 per
156 replicate; p<0.001, Wilcoxon Signed Rank test, n=2). This observation could result from
157 decreased MHC-expression, as has been reported for HIV, CMV and KSHV38-40,
158 However, we found that MHC-I levels, as measured by proteome quantification (fold-
159 change~0.96 - 0.98; p>0.01) and by flow cytometry, were not substantially changed

160 between control and infected states (Supplementary Figure 2b-c).

161 Alternatively, a small number of highly abundant pMHCs (viral or self) could outcompete
162 the basal self-repertoire for MHC-binding or detection. To test this, we ranked all pMHC
163 by their relative abundances (see methods) with respect to each control or infected data
164 set (Supplementary Figure 3b). Most pMHC we measured showed fairly consistent
165 levels, with >87% contained within the first quartile of abundance rank deviations between
166 the infected and control datasets (Supplementary Figure 3c). Since viral pMHCs were

167 among the most abundant peptides we measured from infected cells, their presentation

8
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168 could account for a displaced sizeable proportion of self-peptides: more than one-third of
169 pMHCs identified in the control state were not identified from DENV-infected cells (Figure
170  2b). Furthermore, most (>60%) of these were in the lowest quartile of abundance
171  (Supplementary Figure 3c) despite their strong predicted binding affinities
172  (Supplementary Figure 3d). This loss in sensitivity could be biological or technical,
173 stemming from viral peptides outcompeting low abundance self-peptides for MHC
174  presentation or for MS detection, respectively. It is difficult to distinguish these two
175 scenarios from our data. However, we found no evidence of these “missing” peptides’
176  precursor ions from the infected datasets’ raw data files (data not shown). This supports
177  abiological, rather than technical explanation for the differences between these data sets.
178 Either explanation, however, supports the hypothesis that virus-induced pMHCs cause

179 qualitative and quantitative shifts in self-pMHC presentation.

180 This finding further supports an incongruity between protein expression and antigen
181 presentation. We measured ten-fold more pMHC which decreased in relative abundance
182 following DENV infection than those that increased (Figure 2c), whereas two-fold more
183 proteins increased in abundance following infection (20/33) than decreased (Figure 1c).
184  We found no correlation between the magnitude of infection-induced pMHC changes and
185 the corresponding changes in source protein abundance (R2<0.005) (Supplementary
186 Figure 4). We found just one of the twenty upregulated proteins — Ribose-5-phosphate
187 isomerase (RPIA) — was represented in the pMHC repertoire at all, but its pMHC relative
188 abundance decreased 2-fold in the infected cells (Supplementary Figure 4). Conversely,
189 of 13 proteins with decreased expression following DENV infection (Table 1), we

190 identified three peptides with increased representation in the pMHC repertoire: These
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191 include peptides GHFEKPLFL - derived from patatin-like phospholipase domain-
192 containing protein (PNPLAG6), RIYFRLRNK, and SLSPVILIK derived from beta/gamma
193 crystallin domain-containing protein (CRYBG1) (Supplementary Figure 4). While these
194  proteins have no reported roles in DENV infection, decreased PNPLAG levels may be a
195 result of DENV’s interference with cellular lipid metabolism3132, Together, these data
196 suggest protein expression changes do not directly predict novel antigen presentation in
197 this system. Instead, they support a model in which pMHC repertoire alterations integrate

198 multiple pathway-level changes within infected cells.

199 We further explored this notion by evaluating the functional pathway categories which
200 changed following infection, comparing the pMHC and proteome datasets. We found
201 several signaling pathways were implicated by both proteome and pMHC data sets
202 following infection, including EIF2/4, mTOR, viral entry and antigen presentation
203  pathways (p-value<0.03, g<0.2) (Figure 1c, Figure 2c). This suggests these pathways
204  may be primarily responsible for the distinct pMHC repertoires we observed from DENV
205 infected cells — both in the component proteins of these pathways, as well as the ultimate
206 pathway targets. More generally, these data indicate that pMHC repertoires reveal
207 infection-specific cellular responses which may not be as apparent from protein

208 expression alone.

209 DENV pMHCs tend to be restricted to discrete polyprotein “hot spots”

210 DENV-derived pMHCs are obvious clinical target candidates since they share little
211 sequence homology with host proteins. Accordingly, over 800 predicted and empirically
212 assayed DENV epitopes have been cataloged and represented in the Immune Epitope

213 Database (IEDB)6. Comparing the DENV ligandome presented here with the IEDB
10
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214  resource allowed us to evaluate the relationships between peptide-MHC-binding, in vitro

215 MHC-I presentation, and peptide immunogenicity.

216 Peptides derived from the DENV polyprotein were the most abundant pMHC class we
217 identified in our dataset. Just 71 unique viral pMHCs (Supplementary Table 3)
218 accounted for 4.6% of the total pMHC relative abundance (>3700 peptides) measured
219 from DENV-infected cells, while viral polyprotein abundance in the proteome only

220 accounted for 0.03% of the total cellular protein abundance (Figure 2c).

221 Interestingly, three DENV pMHCs - HRREKRSVALVPHVG, TAVTPSMTM, and
222 ATMANEMGFLEK spanned cleavage sites between pr-M, M-E, and 2K-NS4B
223  (respectively) within the polyprotein (Figure 3a, Supplementary Table 3). These pMHCs
224 were reproducibly detected across replicate datasets and their lengths were consistent
225 with other robust DENV pMHCs further substantiating their validity. pr-M spanning
226  pMHCs could result from sampling immature virions, which are known to be abundant in
227 infected cells*142, However, M-E and 2K-NS4B junction sequences have not previously
228 been characterized in model DENV systems. Our identification of pMHCs spanning this
229 cleavage site suggests that the virus polyprotein could be sampled for presentation during
230 active translation of viral mMRNA and not only from mature polyprotein. Their predicted
231 high binding affinity (<160 nM) to Raji endogenous alleles C*03 and A*03 respectively

232  may further favor their presentation propensity.

233 We found strong positional biases among the pMHC identified across the DENV
234  polyprotein sequence. For example, a single peptide, THFQRALIF, derived from the
235 DENV membrane protein M accounted for almost half of the total pMHC relative

236 abundance measured across the DENV polyprotein (Figure 3a). We mapped other

11
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237 presentation “hotspots” across the E, NS1, and NS4A-4B proteins (Figure 3a). Such
238 hotspots have previously been proposed to arise as a consequence of biases in cellular
239 proteolysis or antigen processing machinery43. Alternatively, they have been suggested
240 to be predictable based on measured HLA allele binding affinities*4. We hypothesized

241 that this presentation bias could also be influenced by intrinsic structural protein features.

242 pMHC secondary structure influences DENV presentation hotspots

243  We first considered whether the positional biases we measured could be attributed to
244 underlying differences in DENV protein abundances within infected cells. We found that
245 DENV pMHC relative abundances across the polyprotein components did not mirror their
246  source protein abundances (R? = 0.106, Supplementary Figure 5a). Different protein or
247 pMHC abundances measured across the polyprotein could also result from variable
248  compatibility with our overall LC-MS workflow. For example, peptides derived from
249  extremely hydrophobic proteins may have poor elution or ionization behavior, limiting their
250 detection* at both protein and pMHC levels (Supplementary Figure 5b). We found that
251 protein hydropathies corresponded modestly (Supplementary Figure 5¢) with measured
252 proteome abundance (R? = 0.554) while it had little association with pMHC hotspots we
253 observed in Figure 3a (R? = 0.002). We conclude that neither source protein abundance
254  nor technical bias against hydrophobic pMHCs by the LC-MS explain the antigen

255  presentation hotspots we observed across the DENV polyprotein.

256 It has been suggested that our immune systems evolved to present conserved viral
257  protein features by MHC48. In support of this, we found that pMHC abundance showed
258 some correspondence with the extent to which each DENV polypeptide component is

259 conserved across homologous DENV protein sequences (R2 = 0.584) (Supplementary

12
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260  Figure 5d). This could further explain in part, the robust presentation of junction pMHCs
261 that tend to be highly conserved (>78% identity). Selection pressures could act broadly
262  on viral protein secondary structure to bias pMHC sampling. Accordingly, we found that
263 alpha helices were significantly over-represented in the DENV pMHC repertoire
264 compared to the virally derived peptides in the infected cellular proteome (Figure 3c,
265 Supplementary Figure 5e,f). We attribute 60% of viral pMHC relative abundance and
266  45% of pMHC diversity to the presence of predicted alpha-helical secondary structures,
267  while these regions accounted for just ~35% of the entire polyprotein (Supplementary
268  Figure 5e,f). By comparison, predicted beta sheets, comprise ~21% of the polyprotein,
269 account for 21.9% of the pMHC diversity and only 13% of the measured relative
270 abundance (Supplementary Figure 5e,f). We also observed a general bias towards
271 highly ordered alpha helix region being presented on MHC relative to the underlying
272 proteome, and accordingly noticed a bias against the presentation of highly structured

273  regions with low alpha helix propensities (Supplementary Figure 5f).

274 HLA-B*35:01 restriction shifts positional bias towards presentation of NS protein pMHCs

275  Although our findings suggest protein secondary structure could influence DENV antigen
276  presentation, HLA-haplotype-specific peptide affinities have a well-understood role in
277 restricting the frequency and magnitude of ex vivo CD8+ T-cell responses*’48. Our
278 dataset comprises pMHCs restricted by Raji cells’ endogenous alleles HLA-A*03:01, and
279 HLA-B*15:10, which have been associated with weak CD8+ T-cell responses against
280 DENV4’. We hypothesized that HLAs associated with robust T-cell responses against
281 DENV (e.g. HLA-B*35:01)%’ could be effective because of the distinct pMHC repertoire

282  they present.

13
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283  Totest this, we transduced Raji cells with FLAG-tagged HLA-B*35:01, and infected them
284  with DENV. We then compared viral pMHC repertoires between parental cells lacking
285 B*35, composite repertoires including B*35 from transduced cells, and pMHC repertoires
286  attributed to B*35 alone (FLAG-immunoprecipitated). We found pMHC positional biases
287  across the viral polyprotein which we associated with the B*35 allele were distinct from
288 parental alleles (Figure 4a). For example, the M protein-derived peptide THFQRALIF
289 accounted for half of the total viral pMHC relative abundance in parental cells, but this
290 proportion dropped to just over 30% of viral pMHC relative abundance in the presence of
291 B*35 (Supplementary Figure 6a). One explanation for this decrease is that the
292 expanded pool of B*35 restricted pMHC competed with the cell’s endogenous alleles for
293 MHC presentation. Accordingly, we found that levels of this peptide decreased to <2% of
294 the total viral pMHC pool when we specifically measured B*35-bound pMHC

295 (Supplementary Figure 6a).

296 We measured fifty pMHCs (Supplementary Figure 6a, Supplementary Table 3) derived
297  from thirty-seven regions along the DENV polyprotein that were not presented by parental
298 cells. This pMHC repertoire shift manifested as increased E-protein presentation by B35-
299 expressing cells: pMHCs derived from this protein increased 2.2 fold, from 9.6% to
300 20.99% of the total DENV pMHC repertoire we could specifically attribute to the B*35
301 (Supplementary Figure 6b). We also found substantially increased relative abundance
302 and diversity of pMHCs derived from DENV non-structural (NS) proteins in B*35-
303 expressing cells. This was most evident in the NS3 and NS5 proteins which demonstrated
304 increased presentation levels (Figure 4a, Supplementary Figure 6a) as well as

305 representation from distinct regions relative to the endogenous HLA alleles.

14


https://doi.org/10.1101/471821
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/471821; this version posted November 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

306 Empirical pMHC presentation is partially predicted by MHC-binding affinity

307 The HLA allele-specific antigen presentation biases for NS and M proteins described
308 above could most simply be explained by differences in binding affinities among putative
309 peptide ligands. To address this, we predicted binding affinities for the endogenous Raji
310 HLA alleles and B*35 across the DENV polyprotein sequence with the netMHC binding
311 prediction algorithm#® (Figure 4c, Supplementary Figure 6d). We determined that the
312 presentation biases described in Figure 3 could not be clearly attributed to sequence
313  motifs within the polyprotein: 9 — 11-mer peptides predicted to bind parental HLA alleles
314  were widely distributed across all polyprotein components (Supplementary Figure 6b-
315 «c¢), covering 97% of all amino acid residues (Figure 4a). We also found that pMHC
316 repertoires which changed in the presence of B*35 allele were not fully explained by

317  predicted “B*35-binding hotspots” alone (Supplementary Figure 6d).

318 Each DENV protein sequence was predicted to yield peptides with at least modest
319 affinities (<5000 nM) for the endogenous Raji HLA-alleles and for the exogenous B*35
320 allele (Supplementary Figure 6d). We therefore evaluated the extent to which binding
321  affinity predictions corresponded with empirical pMHC measurements. This would allow
322 us to evaluate the relationship between MHC-binding affinity — a key metric used for
323 screening T-cell targets in silico — and eluted pMHC as measured by mass spectrometry.
324  Considering the predicted MHC-binding affinities of 121 DENV pMHCs measured from
325 parental and B*35-expressing cells, we found just over half were predicted to bind any of
326 the Raji endogenous MHCs with even modest affinities (<5000 nM) (Supplementary
327 Table 3). While the highly abundant pMHC (THFQRALIF) derived from the M protein

328 corresponded with a predicted binding hotspot (Figure 4c), this particular peptide’s
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329 predicted binding affinity to endogenous Raji alleles was relatively low (a minimum of
330 1726 nM to B*15) (Supplementary Table 3). More generally, we found that DENV
331 peptides predicted to bind HLAs with high affinity did not correlate with increased

332 presentation abundance as measured by LC-MS (Supplementary Figure 7a).

333  Together, our observations suggested that predicted MHC-binding affinity only partially
334 reflected empirically measured pMHC presentation. This led us to compare our DENV
335 pMHC dataset with those previously reported in IEDB6. We focused this comparison on
336 the subset of high-affinity DENV serotype-2 epitopes which were capable of T-cell
337 stimulation in vitro. We found a stark incongruity between the DENV pMHCs we
338 measured with our immuno-proteomic approach and those previously reported in IEDB.
339  Only thirteen DENV serotype-2 pMHCs were shared between the 121 reported here and
340 the 289 cataloged in IEDB (Figure 4b). Of these, eight were predicted to strongly bind (<
341 50nM) any of the Raji cells’ HLA alleles or B*35 (Supplementary Table 3a). We also
342 found that the IEDB-catalogued epitopes, when restricted by Raji’'s endogenous alleles,
343  were more uniformly distributed across the polyprotein in proportion to protein length (R?2
344  =0.83) than our empirically determined pMHCs (R2 = 0.37) which were skewed towards

345 arelatively small number of discrete sites (Figure 4c, Supplementary Figure 7b-c).

346 Low-affinity DENV epitopes are recognized by patient-derived CD8+ T-cells

347 We observed a strong contrast between predicted MHC-binding and empirical
348 presentation, measured from an in vitro culture system (Figure 4b). This highlighted the
349 need to consider the influence both pMHC properties could have on T-cell

350 immunogenicity. Although high-affinity MHC ligands are often prioritized for their ability to
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351 stimulate T-cell responses®, low-affinity pMHCs may be immunologically important due
352 to other factors such as abundance, binding stability, and T-cell receptor (TCR)
353 interactions”:51.52 Furthermore, antigens presented through our in vitro infection model
354  may not precisely reflect those that are most commonly presented in vivo. To distinguish
355 these possibilities, we synthesized seventeen DENV pMHCs and assessed their abilities
356 to bind to two HLA alleles (A*03 and B*35) and to be recognized by and activate T-cells
357 exvivo (Figure 4d). Peptide-MHC affinities were predicted using the netMHC algorithm
358 against parental Raji cell HLA alleles and HLA-B*35 and verified in vitro using competition
359 assays. T-cell responses were measured with ELISpot or tetramer staining assays using
360 PBMCs collected from DENV seropositive donors expressing either, but not both of the
361 two alleles above. We found that empirical peptide-MHC binding measurements strongly
362 agreed with predictions for all tested peptides, demonstrating the netMHC algorithm’s
363 robustness. These binding predictions and measurements, however inconsistently
364 matched the empirical immunopeptidome data we measured by LC-MS. For example, the
365 peptide TPEGIIPSM from NS3 bound the B*35 allele with high affinity and was identified
366  with high relative abundance. In contrast, the peptide TTLSRTSKK from NS2A bound the
367 A*03 allele with similarly high affinity, yet was detected by LC-MS with very low relative

368 abundance (Figure 4d, Supplementary Table 3).

369 Using MHC tetramer and ELISpot assays, we found that up to nine of seventeen peptides
370 we tested were recognized by seropositive donors’ T-cells and/or trigger their IFN-y
371 production (Figure 4d). Three pMHCs previously described in IEDB as high-affinity B*35
372 restricted epitopes were pooled for tetramer staining assays, which indicated high

373 frequency (0.06 - 1.2%) epitope-specific CD8+ T-cells (Figure 4d, Supplementary Table
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374 4), and confirming their prior measurement. These data were further supported by the
375 high response frequencies (> 0.1%) measured by companion ELISpot assays of each
376 peptide in isolation. Surprisingly, we found at least two pMHCs with low predicted or
377 measured binding affinity to A*03 (>5000 nM), yet small populations of T-cells (0.01 —
378 0.03%) were specific to these epitopes in all three A*03-donor samples we tested (Figure
379  4d). One of these pMHCs (IIIGVEPGQL) was derived from the DENV envelope (E) region
380 [655 — 668], which was not previously characterized as a CD8+ T-cell target. One other
381 pMHC (DSYHIGVEPGQLK) with modest affinity (~2000 nM) was also derived from the
382 same region of the E protein. The other pMHC, YSQVNPITL, derived from NS4B was
383 also predicted to bind A*03 with low affinity but yielded strong tetramer staining. This
384 peptide was predicted to bind B*35 with high affinity, but was neither identified in
385 association with B*35 by LC-MS nor did it yield positive tetramer or ELISpot assays from
386 any patient-derived specimens. We further note that this sequence is highly conserved
387 (>90%, Supplementary Table 3) across all four DENV serotypes. Our LC-MS-based
388 assay implicated another highly conserved (>80%) E protein epitope, RLRMDKLQLK,
389 which was predicted to have high HLA-A*03 binding affinity (Figure 4d, Supplementary
390 Table 3). However, we did not measure T-cells that recognized it, or eight other pMHCs

391 predicted or measured to have high- (<50 nM) to moderate (<500 nM) binding affinity.

392 Upon testing PBMCs from both A*03 and B*35 donors, we found higher frequency
393 responses to non-structural (NS) proteins than the structural proteins. Thus the shift we
394  observed towards greater NS protein pMHC presentation by B*35 corresponded with the
395 higher magnitude and frequency of anti-DENV T-cell responses previously observed in

396 B*35+ individuals*’. Furthermore, the M-protein derived pMHC, THFQRALIF found in
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high abundance in parental Raji cells but substantially decreased in B*35-Raji cells was

a poor CD8+ T-cell target in our assays (Figure 4d).

The absence of correlation between both binding affinity, in vitro presentation and T-cell
response (Supplementary Figure 7a, Table 4) support the notion that high-affinity
binding or robust empirical presentation alone are insufficient to predict T-cell activation.
However, our findings suggest that empirical pMHC presentation measured during
infections provide an alternate set of epitopes than those discovered using binding-
prediction based strategies and reveal previously unknown low-affinity antigens for the

design of T-cell vaccines.
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406 Discussion

407 In this study, we considered multiple factors which could shape antigen presentation
408 during DENV infection with the objective of identifying self and virally derived pMHC. Both
409 the precise antigens and the processes that produce them could serve as foundations for
410 developing new T-cell based interventions. Towards this end, we measured changes to
411 the cellular proteome following infection as a way to understand how these changes might
412  be reflected in infected cells’ MHC repertoires. We found that infection-induced modest
413 protein-level changes but suggested key host-encoded antigen presentation pathways
414  that were modulated directly or indirectly by DENV infections. Interestingly, we found that
415 DENV protein abundances were not strictly equal given their simultaneous translation
416 from a single mRNA. We predict that this could result in part from differential individual
417  protein hydropathies that affect their MS measurement (Supplementary Figure 5b-c)

418 but cannot rule out the impact of differential compartmentalization or half-lives in the cell.

419  While individual pMHCs showed little correlation with the host proteins from which they
420 were derived (Supplementary Figure 4) we found that pMHCs reflected broad cellular
421  pathway level changes. The discrepancy between source protein and pMHC abundances
422  could result from virus-mediated changes to viral and host-protein synthesis or
423  degradation, both of which could result in higher pMHC presentation>354, Further studies
424  combining protein turnover quantification and RNA-sequencing could clarify how the virus

425 might alter antigen presentation through protein proteostasis mechanisms.

426  The contrast we observed between control and DENV infected pMHC repertoires also
427  highlighted how antigen presentation can report internal cellular states for immune

428  surveillance®*. We found that pMHC repertoire changes provided insights into the cell
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429  biology of viral infection and immune response dynamics — insights that were not apparent
430 from cellular proteome measurements alone. Our data further suggest that infection-
431 specific self-pMHCs could serve as attractive biomarkers of acutely affected cellular
432  pathways during DENV infection. However, directing vaccine or antiviral therapies against
433 self-pMHCs could be confounded by the expected lack of immune response to self-
434  antigens. Additional studies comparing these data to other infection and cellular stress

435 models could help resolve which self-pMHCs are truly DENV-specific.

436  Virus-derived pMHCs are intuitive targets for T-cell based interventions against DENV.
437  Using our immuno-proteomic system, we found 121 DENV-derived pMHCs which were
438 restricted by Raiji cells’ endogenous alleles or the HLA-B*35:01 allele we transduced. This
439 malleable approach allowed us to survey and compare the pMHC repertoire across HLA-
440 alleles important for DENV infections. Across both reported low (e.g. A*03, B*15) and
441  high (e.g. B*35) response alleles, we mapped presentation hotspots that were shaped at
442  leastin part by structural features of viral proteins. This supports the possibility that DENV
443  proteins evolved to preferentially present some restricted domains within their proteomes
444  to evade immune activation?®. This is further supported by the positive correlation we
445  observed between pMHC abundance and sequence conservation across DENV

446  serotypes.

447  The most unexpected of viral pMHCs we observed from both parental and B35-Raji cells
448 were four “junction peptides” derived from regions spanning DENV proteins. These
449 pMHCs may result from the sampling of the actively translated DENV polyprotein.
450 Alternatively, they could arise from mistranslated or erroneously spliced proteins broadly

451 known as defective ribosomal products (DRiPs)>> as documented previously in other
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452 infection systems such as influenza®® and lymphocytic choriomeningitis viruses (LCMV)57,
453  Either way, these highly conserved (78 — 97% identity across DENV serotypes) pMHCs
454  two of which have high binding affinity to the Raji HLA or B35 alleles could be excellent

455 candidates as T-cell targets.

456 We examined the role HLA-restriction has in shaping the viral pMHC repertoire by
457  comparing the pMHC repertoire HLA alleles associated with low-grade DENV response
458  (A*03, B*15) to pMHC restricted by the B*35 allele which was previously associated with
459  high-grade DENV responses. We found sharply decreased M-protein presentation by
460 B*35, but markedly increased presentation of several viral NS proteins. Our results
461 indicated that these stark HLA-associated differences were not simply the consequence
462  of additional B*35-preferred anchor residues in the NS proteins relative to the M protein.
463  Notably, the M-protein derived pMHC, THFQRALIF found in high abundance in parental
464  Raji cells but substantially decreased in B*35-Raiji cells was a poor CD8+ T-cell target in
465 our assays. This suggests that differences in anti-DENV response between A*03 and
466  B*35 expressing individuals could be explained by non-immunogenic, yet highly abundant
467  peptides (Figure 4a). Such peptides could outcompete more robust T-cell targets. Its low
468 presentation during B*35-restriction could, therefore, facilitate better anti-DENV T-cell
469 responses by presenting robust T-cell targets. We suggest that this observed shift
470 towards increased NS protein presentation could underlie the stronger anti-DENV T-cell
471 responses in HLA-B*35- expressing individuals?’. However, difficulty obtaining PBMCs
472  from individuals who expressed A*03 or B*35 but not both, and also had prior DENV
473  serotype-2 exposure — limited our ability to test this finding with statistical power or to

474  extend it to more DENV pMHCs or subjects.
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475 We were initially surprised to observe that just 11% of the DENV pMHC ligands we
476 identified here had prior positive evidence in ex-vivo screening assays from patient-
477  derived T-cells®, and just 4% of previously described T-cell epitopes were confirmed as
478 pMHC ligands here (Figure 4b). We reasoned that this could result in part from only 58
479  (~20%) of IEDB epitopes being reported as restricted by Raji cells’ endogenous (A*03,
480 B*15, C*03, C*04) or B*35 family of alleles. These two datasets’ discordance could also
481 have technical causes. For example, bona fide T-cell epitopes may escape identification
482 by LC-MS due to low abundance, incompatibility with the chromatography system, or poor
483 ionization characteristics associated with epitopes we did not identify here. However, we
484 identified self-peptides derived from an extremely wide dynamic range of protein
485 abundances ranging from low-abundance transcription factors to highly abundant
486  histones. Furthermore, DENV-derived peptides were among the most dominant features
487 in our infected cell datasets (Supplementary Tables 3, 4), suggesting that low
488 abundance is unlikely to be a sufficient explanation for the differences between these two
489 datasets. Similarly, we did not observe significant biases for or against amino acid
490 utilization within or between DENV- or self- MHC ligands, suggesting our assay’s ability

491 to sample peptides with diverse physiochemical properties.

492 We instead attribute the incongruity we found between these datasets to fundamental
493 differences in what their underlying assays measure: the elution methodology presented
494  here measures peptides empirically found to be presented by MHC, without respect to T-
495 cells or other cells of the immune system, and without a strict requirement for high binding
496  affinity. By comparison, prior epitope screening procedures tested T-cells from multiple

497  patients, each with TCR repertoires that could have been shaped by multiple prior DENV
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498 infections, and which most robustly responded to very high-affinity epitopes®C. Thus, the
499 peptides most frequently presented by the cells we infected in vitro may not precisely
500 coincide with peptides that elicited strong immune responses across a wide range of
501 patient conditions. Our finding that many of the DENV MHC ligands identified here were
502 predicted to have low binding affinity supports this notion. Nevertheless, it is possible that
503 such low-affinity peptides, when processed with high efficiency, could compensate for low
504 binding affinityl”. Some of these might also be immunogenic, as we demonstrate in
505 Figure 4d. MS-based presentation evidence gives alternate peptide sets worth testing
506 with expensive T-cell assays which may depend on very rare clinical specimens.
507 Ultimately, however, further studies will be necessary to map out the complex
508 relationships between antigen abundance, binding affinity, presentation propensity, and

509 immunogenicity.

510 We believe our observation that several low binding affinity peptides were reproducibly
511 recognized by CD8+ T-cells and/or stimulate IFN-y production in seropositive individuals
512 is particularly noteworthy. First, these results support our in vitro infection model as a
513 reasonable proxy for reporting pMHC that are likely presented in vivo. Furthermore, since
514 these peptides would not be identified through MHC-binding screens, they argue for
515 improved prediction algorithms that incorporate pMHC attributes in addition to MHC-
516  binding affinity8. Other factors such as protein abundance and promiscuous HLA-binding
517 may play an important role in shaping antigen presentationl’44. As |IEDB evolves to
518 include MS-derived pMHCs, it will continue to be a valuable resource for developing these

519 improved models.
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The system we describe herein represents a method for the unbiased isolation of
haplotype-specific MHC-I peptide antigens during DENV infection. While we cannot rule
out any effects of HLA overexpression on antigen presentation, we note that similar
systems have been used to successfully study HLA-haplotype specific antigen
presentation’. The approach can be adapted to many other pathogens for a
comprehensive survey of antigen presentation across multiple HLA alleles including those
associated with resistance or susceptibility to disease. With it, researchers can isolate

bonafide viral antigens that can be further vetted for immunological significance.

25


https://doi.org/10.1101/471821
http://creativecommons.org/licenses/by-nc/4.0/

528

529

530

531

532

533

534

535

536

537

538

bioRxiv preprint doi: https://doi.org/10.1101/471821; this version posted November 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

Acknowledgments

The authors thank members of the Elias and Carette lab for discussions and feedback on
the manuscript. We would also like to thank Dr. Angel Balmaseda and Cristhiam Cerpas
at the Laboratorio Nacional de Virologia, Centro Nacional de Diagndstico y Referencia,
Ministerio de Salud and Sustainable Sciences Institute in Managua, Nicaragua, for testing
of samples and preparation of PBMCs from Nicaraguan blood bank donors. This work
was funded by the W.M. Keck Foundation Medical Research Program (J.E.E.), the
Damon Runyon Cancer Research Foundation (J.E.E.), and the Stanford Human Systems
Immunology Center, supported by the Bill and Melinda Gates Foundation (J.E.E., J.E.C.,
and M.M.D.). NIH funding supported the work by grant PO1AI10669 (E.H.) and contract

HHSN27220140045C (A.S.).

26


https://doi.org/10.1101/471821
http://creativecommons.org/licenses/by-nc/4.0/

539

540

941

542

543

544

545

546

547

548

bioRxiv preprint doi: https://doi.org/10.1101/471821; this version posted November 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

Author contributions

K.S. and J.E. conceived and designed the study and figures, and wrote the manuscript.
K.S. carried out the experiments, compiled and analyzed the data and generated figures.
N.O. performed pilot experiments. C.M. and K.M. cultured virus and generated HLA-
transduced cell lines with guidance from J.C. P.L. designed HLA-constructs, carried out
FACS and helped with data analysis. L. W. helped with multiplexed tetramer staining
assay design, execution, and data analysis. M.D. provided guidance and feedback with
the design of immunological experiments. Y.T., J.S., and D.W. performed peptide-MHC
binding and ELISpot assays and analyzed the data with guidance from A.S. A.D and E.H

provided Dengue seropositive PBMC samples.

27


https://doi.org/10.1101/471821
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/471821; this version posted November 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

549 Declaration of Interests

550 The authors declare no competing interests.

28


https://doi.org/10.1101/471821
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/471821, this version posted November 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

551 Figures
552  Figure 1.
(a)

- (control) proteome digest TMT mix HPRP LC ms®

126
*ﬁ» % ;;;127N

pMHC —/
(Fig. 2) e M 127C
#%, @ % AP BN W#’Wi’ﬁ#’#’#’ﬁ’ E‘
o D E NV2 12 fractions
(b) (c)
[ Antigen Presentation Pathway e
s Virus Entry via Endocytosis — mem il S
5.0 e Clathrin-mediated Endocytosis =
o ] Integrin Signaling |
2 mmmm NF-kB Activation by Viruses m
iy mm  JAK/STAT Signaling =
=3 = IL-4 Signaling -
Y} = IL-7 Signaling -
(@) S
- [ | IL-2 Signaling — eytokine
[ | IL-15 Signaling - signaling
- IL-8 Signaling ]
|| IL-3 Signaling —_—
| IL-17 Signaling ==
| IL-6 Signaling =
2.5 — PKC6 Signaling -
[— EIF4 Signaling —_—
[ Rac Signaling | mTOR
-— VEGF Signaling -— ;‘:b"etw‘?"‘
ranslation
| mTOR Signaling —
| AMPK Signaling -
| EIF2 Signaling I
[ SAPKI/JNK Signaling =
— Cell Cycle Regulation |
mm 14-3-3¢ mediated Signaling  mem others
i Protein Ubiquitination Pathway mes
00 mmm B Cell Receptor Signaling ==
-15 [ | Ceramide Signaling —_—
LOGRIFC) 20 10 O 0 10 20
» Not significant e DENV2-polyprotein % dataset % dataset
553 e Suppressed ® Induced | ® Downregulated = Upregulated |

29


https://doi.org/10.1101/471821
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/471821; this version posted November 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

554  Figure 1. DENV infection modestly affects cellular proteome.

555  a) Proteomic workflow. Duplicate cultures of DC-SIGN-expressing Raji cells were infected
556  with DENV-serotype-2 (MOI = 5) harvested 27 hpi along with uninfected control cells.
557 Most (98%) of the resulting lysate was used for the experiments described in Figure 2;
558 the remainder was digested with trypsin, labeled with Tandem Mass Tags®?, fractionated
559 by concatenated high-pH reversed phase chromatography®, and analyzed by LC-MS
560 with the multi-notch MS3 strategy®62, b) Volcano plot comparing fold change in
561 abundance (x-axis; Log2 FC) to the p-value (y-axis; t-test). Proteins significantly (p <0.01)
562 induced (Log2 FC >1) or suppressed (Log2 FC < 1) during DENV infection are highlighted
563 in orange and blue respectively. The DENV polyprotein (DENV2-polyprotein) is
564 highlighted in red. Significantly changing host protein gene symbols are noted in
565 decreasing order of absolute fold-change. c) Key pathways significantly (p < 0.001)
566 modulated during DENV infection were inferred using Ingenuity Pathway Analysis of the
567 1003 proteins that were significantly (p < 0.01) changed upon infection. Pathways were
568 categorized based on cell signaling function and are indicated on the right. The horizontal
569 axis reports the percent of proteins assigned to the indicated pathways which were

570 upregulated (orange) or downregulated (blue).
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573 Figure 2. DENV infection has a strong influence on pMHC repertoires.

574  a) Schematic summarizing the direct survey of antigen presentation during viral infection;
575 peptide-MHC complexes were immunoprecipitated from control and DENYV infected cells
576  27hpi. pMHCs were eluted off, desalted, and analyzed by LC-MS/MS. pMHC sequences
577 were inferred using a combination of database searching (SEQUEST, PEAKS 7.5) and
578 de novo sequencing (PEAKS 7.5) strategies. b) Venn diagram depicting the overlap
579 between the pMHC repertoire of control (blue) and DENV infected (DENV2+) cells
580 (orange); c) Volcano plot of fold change in pMHC relative abundance (Log2 FC) versus
581 the p-value (t-test). 1,729 pMHCs consistently across both biological replicates of either
582 control or DENV-infected cells (Supplementary Figure 3a) were used for this
583 comparison. pMHCs significantly (p<0.01) suppressed (Log2 FC < 6) or induced (Log2
584 FC > 6) during DENV infection are highlighted in blue and orange respectively. DENV-
585 derived pMHCs (DENV2-polyprotein) are marked in red. Gene symbols corresponding to
586 the top ten pMHCs that increased and decreased upon infection are noted in decreasing
587 order of absolute fold-change. d) Changes at the pMHC level in pathways from Figure 1c
588 as inferred from 347 significantly (p<0.01) changed pMHCs upon infection. Percent of
589 pMHC source proteins found in the dataset as being upregulated (orange) or
590 downregulated (blue) from pathways are indicated on the horizontal axis. Pathways were

591 categorized based on cell signaling function and are indicated on the right.
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Figure 3. Biased pMHC presentation across the DENV polyprotein

a) Viral pMHCs isolated from DENV infected Raji cells mapped onto the viral polyprotein.
Y-axis (top) represents relative abundance of pMHCs across the polyprotein. Individual
unique pMHCs are indicated below. b) Summed peptide abundance of each polyprotein
component in the proteome (blue) versus pMHC (orange). c) Secondary structure of
pPMHCs derived from E, NS1, NS3, and NS5 proteins are highlighted (red) as alpha
helices or beta sheets on predicted tertiary structures using the Jmol platform. Wireframes

represent unpredicted structures.
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603 Figure 4 Host HLA shapes viral pMHC repertoire and T-cell response

604 a) Heatmap contrasting the presentation hotspots in Raji cells expressing endogenous
605 HLA (bottom), pan-MHC repertoire of cells expressing HLA-B*35:01 (middle) and B*35-
606 restricted pMHCs (top) across the polyprotein. Bins represent summed pMHC relative
607 abundances across listed start and stop positions across the polyproteins. Protein sections
608 with no pMHCs were not binned and polyprotein lengths were adjusted to reflect missing
609 sections. Color scales represent the percentile ranks of summed pMHC relative
610 abundances from each region within each repertoire. b) Venn diagram summarizing the
611 overlap between all DENV pMHCs isolated in this study (orange) and the DENV2 epitopes
612 (human host, positive assays) listed in the Immune Epitope Database (green). c)
613 Distribution of endogenous Raji HLA restricted pMHC abundance (percentage of total viral
614 pMHC) from this study (orange) versus IEDB epitope T-cell response frequencies (dark-
615 green) represented as percentages across the DENV polyprotein (x-axis). All 9-11 mer
616 peptides predicted by netMHC to bind (< 5000 nM) to endogenous Raji HLAs (parental)
617 are plotted below (light green) to reveal predicted binding hotspots. Y-axes represent the
618 percentage of peptides deemed binding spanning any given residue. d) Contrasting
619 binding affinity (predicted using netMHC and measured in vitro), presentation propensity
620 (pMHC abundance from parental (A*03) and B*35-only (B35) experiments) and
621 immunogenicity (tetramer staining and ELISpot) of seventeen DENV derived pMHCs
622 across A*03 and B*35 HLAs. Tetramer staining and ELISpot assays were used to assess
623 the frequency of T-cell responses against four A*03 and four B*35 positive donors.
624 Phytohemagglutinin (PHA) was used as positive control in ELISpot assays. One A*03 and

625 one B*35 restricted epitope each from CMV and HIV were used as positive and negative
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626 controls respectively in both assays. Frequency of response for three pooled IEDB
627 peptides was divided equally. Color scales of frequencies in tetramer staining range from
628 0.01 (low) —0.4% (high). Peptides were selected to balance their prior description in IEDB,
629 their predicted binding affinities, source protein, and abundances as measured by LC-MS.

630 nm = Not measured.

37


https://doi.org/10.1101/471821
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/471821; this version posted November 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY-NC 4.0 International license.

631 Tables
632 Table 1.
S(;rir;ail Agg;g;?én Protein names va?lue L(ES)Z intzgéfion Ri?rﬁ)gz:f[d
ZNF729  AG6NN14 Zinc finger protein 729 0.001 4.32 na na
POLG na DENV Polyprotein 0.000 4.16 na na
KIF1B 060333 Kinesin-like protein KIF1B 0.000 3.76 NS2A,NS3'!  up?
TULP3 075386 Tubby-related protein 3 0.019 2.91 indirect down?
CCDC40 Q4G0X9 Coiled-coil domain-containing protein 40 0.002 2.86 na na
AHDC1 Q5TGYS3 AT-hook DNA-binding motif-containing protein 1 0.003 2.73 indirect down?
SGMS1  Q86VZ5 Sphingomyelin synthase 1 0.001 2.36 indirect up®
SURF1 Q15526 Surfeit locus protein 1 0.000 2.02 na na
IFRD1 000458 Interferon-related developmental regulator 1 0.001 1.96 indirect up*
APOL2 Q9BQE5 Apolipoprotein L2 0.025 1.86 indirect up®
NA B4DJBO cDNA highly similar to 14-3-3 protein epsilon 0.006 1.75 na na
HEXIM1 094992 Protein HEXIM1 0.001 1.72 na na
C2CD5 Q86YS7 C2 domain-containing protein 5 0.011 1.53 na na
RPIA P49247 Ribose-5-phosphate isomerase 0.001 1.40 na na
MIF P14174 Macrophage migration inhibitory factor 0.004 1.18 indirect down®”’
BSDC1 Q9NW68 BSD domain-containing protein 1 0.017 1.16 na na
TRAF3IP3 Q9Y228 TRAF3-interacting JNK-activating modulator 0.030 1.14 indirect down?
HIST1IH2BL Q99880 Histone H2B type 1-L 0.012 1.09 indirect up?®
ACT Q562M3 Actin-like protein 0.000 1.07 na na
HAX1 000165 HCLS1-associated protein X-1 0.008 1.04 NS5° up®
THOC7 Q619Y2 THO complex subunit 7 homolog 0.004 1.01 na na
NA B3KP19 cDNA highly similar to G1/S-specific cyclin-D3 0.000 -1.04 na na
PHF14 094880 PHD finger protein 14 0.003 -1.06 na na
CD320 Q9NPFO CD320 antigen 0.021 -1.15 na na
CRYBG1 Q9Y4K1 B/ycrystallin domain-containing protein 1 0.005 -1.17 na na
NA Q86TT1 Full-length cDNA of Neuroblastoma 0.019 -1.28 na na
PNPLA6  Q8lY17 Patatin-like phospholipase domain-containing protein 6 0.006 -1.49 na na
STK25 000506 Serine/threonine-protein kinase 25 0.002 -1.52 na na
STAT2 P52630 Signal transducer and activator of transcription 2~ 0.000 -1.91  NS512  down?®®
ERC1 Q8IuD2 ELKS/Rab6-interacting/CAST family member 1 0.009 -2.13 NS5? down®
ADAT2 Q726V5 tRNA-specific adenosine deaminase 2 0.007 -2.69 na na
PAAF1 F5HOCA4 Proteasomal ATPase-associated factor 1 0.000 -2.73 na na
STARD4 Q96DR4 StAR-related lipid transfer protein 4 0.005 -2.76 na na
NFATC3 Q12968 Nuclear factor of activated T-cells, cytoplasmic 3  0.001 -3.48 indirect down?
633
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634 Table 1. Proteins significantly and substantially modulated by DENV infection

635 Proteins with significant (p < 0.01, t-test) and substantially (|Log2 FC| > 1) increased or
636 decreased abundance following DENV infection. For each entry, gene symbols, UniProt
637 accessions, p-values (t-test), Log2 fold change of abundance upon infection, any known
638 direct interactions with the DENV polyprotein (POLG) and any recorded impact on its

639 abundance at a genome, transcriptome or proteome level upon DENV infection are noted.
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855  Supplementary Figure 1
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857 Supplementary Figure 1. DC-SIGN-expressing Raji cells are competent for DENV

858 infection.

859 FACS traces of DENV2 NS1 (red) versus isotype control (green)
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Supplementary Figure 2. DENV infection has little impact on MHC-I peptide length

and total MHC-I levels.

a) Length distribution of pMHC repertoire in control (blue) and DENV infected — DENV2+
(orange) Raji cells. b) Summed abundance (normalized to total protein abundance) of
tryptic peptides from MHC-1 HLA-A, HLA-B, and HLA-C proteins in the proteome of control
(blue) and DENV infected — DENV2+ (orange) cells. Error bars represent standard
deviations across two biological replicates. ¢) FACS staining MHC-1 with the pan-MHC-I
antibody (clone W6/32) in uninfected control (blue) and DENYV infected Raji cells DENV2+

(orange). FACS trace for the isotype control is marked in green.
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873 Supplementary Figure 3 — DENV derived pMHCs shift the endogenous pMHC pool

874 a) Log2 transformed pMHC relative abundance in control (x-axis) vs. DENV infected
875 (DENV2+) cells (y-axis) across both bio-replicates. Unfiltered dataset plots are on top,
876  bottom plots represent only pMHCs found in both bio-replicates. DENV pMHCs (DENV?2)
877 are highlighted in red. b) Distribution of log2 transformed abundance (y-axis) across
878 pMHCs ranked in decreasing order of abundance (x-axis) in control and DENV infected
879 cells. pMHCs whose rank changes were within the first quartile in grey, and those
880 significantly up or down-regulated are shown in orange and blue respectively. Examples
881 of each category - unchanged (black diamonds), up (orange diamonds) and down-
882 regulated (blue diamonds) pMHCs in control and DENYV infected datasets are highlighted
883 and labeled with gene symbol of corresponding source proteins and the percentile change
884 in abundance ranks following infection. c) Distribution of change in percentile rank (x-
885 axis, ARank) in control and DENYV infected cells colored according to the direction of fold
886 change after infection. Y-axis represents the change in rank before and after infection
887 calculated as a percentile rank - (Rank of ARank). DENV pMHCs (DENV2) are highlighted
888 in red. d) Percentage of unigue pMHC in each dataset categorized based on their
889 predicted binding affinities to endogenous Raji alleles and their measured relative
890 abundance in control (blue) and DENV infected (orange) datasets. pMHC were
891 categorized based on their minimum binding rank (%) across the Raji HLA alleles
892 calculated by netMHC as ‘strong’ (</= 0.5%), ‘weak’ (</=2%) or ‘none’ (>2%). Abundance
893 levels of the pMHCs were deemed ‘high’ if they were in the top 25" percentile, ‘med’ if
894 they were between 25" and 60t percentile and ‘low’ if below the 60t percentile. pMHCs

895 not detected in a dataset were deemed ‘none’. e) Boxplots contrasting relative pMHC
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abundance (Log10 abundance) derived from control and DENV infected (DENV2+) Raji
cells. Pairs of plots represent relative abundances in control and DENV infected datasets
for all pMHCs; those identified in both control and infected states; pMHCs exclusive to

either state; and the twenty-five highest and least abundance pMHCs. Pairs of datasets

with significantly (p<0.001, Wilcoxon Signed Rank test, n=2) different means, are
indicated (*).
Supplementary Figure 4
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Supplementary Figure 4 — Proteome changes poorly predict pMHC repertoire shifts

Log2 fold change of proteins upon infection calculated from TMT reporter ion abundances
in the proteome (x-axis) versus changes in their corresponding pMHCs. pMHCs from
source proteins significantly (p < 0.01) suppressed (Log2 FC <1) or induced (Log2 FC >
1) upon DENV infection are highlighted in green and red respectively. DENV-derived

pPMHCs are highlighted in red.
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912 Supplementary Figure 5 — Structural features of the DENV polyprotein impact the

913 viral pMHC repertoire

914 a) pMHC normalized abundance (y-axis) plotted against the source protein abundance
915 (x-axis) in the tryptic proteome of infected cells normalized to account for number of tryptic
916 cleavage sites. This plot suggests that viral source protein abundances poorly correlate
917 with corresponding pMHC levels. b) Proteome (dark red) and pMHC (light red)
918 abundance (y-axis, right) of each DENV polyprotein component (x-axis) and their
919 predicted hydropathies represented as the GRAVY score (see methods) (blue) (y-axis,
920 left) shows that protein hydropathies do not sufficiently explain protein or pMHC levels
921 measured by LC-MS. c) Scatter plots of pMHC (orange) and proteome (red) hydropathies
922 (x-axis) and their normalized log-transformed abundance quantify the modest or lack of
923 correlation between protein hydropathies and their proteome or pMHC abundances
924  respectively. d) Correlation between residue conservation using the AAcon score on the
925 Jalview platform and pMHC abundance shows that residue conservation correlates
926 modestly with presentation propensity. e) Distribution of a-helix and B-sheet derived
927 pMHCs (71 in this study) across the DENV polyprotein was from the reported secondary
928 structure features in the UniProt entry of a polyprotein homolog (see methods) and
929 suggests a bias towards presentation of alpha helix structures versus beta sheets. Y-axis
930 represents relative abundance of peptides across each polyprotein component f) Contour
931 plot contrasting the density (abundance) of alpha helices (top) and beta sheets (bottom)

932 inthe DENV polyprotein (right) and the pMHCs (left).
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933 Supplementary Figure 6
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Supplementary Figure 6

a) DENV pMHCs of parental (blue), B*35+endogenous (orange) Raji cells and B*35-only
(grey) pMHCs mapped across the DENV polyprotein. Y-axis represents the stacked
relative abundance of peptides spanning each residue. b) Percentage distribution of
summed unique pMHCs from parental (blue), B*35+ endogenous Raji cells (orange)
compared to the B*35-only pMHCs (grey) for each viral protein. ¢) Percentage distribution
of summed pMHC abundance from parental (blue), B*35+ endogenous Raji cells (orange)
compared to the B*35-only pMHCs (grey) for each viral protein. d) All 9-11 mer peptides
predicted by netMHC to bind (< 5000 nM) B*35 (grey) to Raji HLAs are plotted below
(light green) to reveal predicted binding hotspots. Y-axes represent relative number of

peptides deemed binding spanning any given residue.
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946  Supplementary Figure 7
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948 Supplementary Figure 7 — HLA-binding affinity is a poor predictor of presentation

949 propensity.

950 a) Correlation between DENV pMHCs’ predicted binding affinity (x-axis) and pMHC
951 abundances (y-axis). Binding affinities represent percentile ranks of the dissociation
952 constants for each pMHC (nM, lowest value for Raji endogenous HLA). Relative
953 abundances were normalized to total DENV pMHC and percentile ranks were calculated.
954  The correlation coefficient is indicated b) Correlation between DENV protein lengths (x-
955 axis) and number of unique corresponding pMHCs (y-axis) from parental Raji cells
956 (orange) and epitopes in IEDB (green). Correlation coefficients are indicated for each
957 dataset. c) Stacked columns (to 100%) representing relative protein length (top), pMHC
958 abundances (middle) and unique IEDB epitopes (bottom) summed protein-wise for DENV

959 proteins.

960 Supplementary Table 1

961 (a) List of all proteins in the TMT experiment

962 (b) Significantly modulated pathways inferred from proteome

963 Supplementary Table 2

964 (a) List of Induced and Suppressed self-epitopes in DENV infected Raiji cells (FC, p-value,

965 IPA pathway information);

966 (b) All pMHC from control and DENYV infected cells.

967 (c) Significantly modulated pathways inferred from pMHC data
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Supplementary Table 3

List of all DENV epitopes isolated —columns to indicate (1) all the experiments they were
isolated in, (2) predicted (or experimentally established) restriction, (3) Empirical binding
data - A*03 and B*35 MHC and (4) Average conservation of residues across DENV

peptides

Supplementary Table 4

Frequency of response against for every peptide across tested samples including positive

(CMV), negative (HIV) controls as tested in ELISpot and tetramer staining assays.
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976 Experimental Procedures

977  Virus Stock

978 DENV-2 infectious clone 16681 was a gift from K. Kirkegaard. DENV-2 from infectious
979 clone 16681 was adapted to HAP1 cells through serial passaging. Viral whole-genome
980 sequence analysis revealed three coding mutations compared to the original clone 16681:

981 Q399H in the envelope protein (E), L180F in NS2A and S238F in NS4B.

982 Plasmid constructs and genetic transductions

983 The cDNA sequence of full-length HLA-B*35:01:01:01:01 was synthesized (IDT) with 25
984  bp of overlapping vector sequence on either end and cloned into pLenti-CMV-Puro-DEST
985 (wl18-1, a gift from Eric Campeau) at the EcoRYV sites using Gibson assembly (NEB). A
986 two-step PCR was used to insert an N-terminal FLAG tag downstream of the signal
987 peptide. Lentivirus produced in HEK293FT-cells was used to transduce Raji cells
988 overnight. Transduced cells were selected by treatment with puromycin (1 pg/ml,

989 InvivoGen) for 7 days.

990 Cell culture and viral infection

991 A B-lymphocyte cell line (Raji cells) overexpressing the viral entry receptor DC-SIGN (gift
992 from Dr. Eva Harris, UC Berkeley) with and without HLA-B*35:01 overexpression were
993  cultured in T175 flasks in RPMI medium supplemented with 5% Fetal Bovine Serum and
994  1x Penicillin/Streptomycin and L-glutamine, in two replicate experiments. The cells
995 expanded to achieve 5e8 cells. One-half (2.5e8 cells) of these were infected with DENV-

996 2 infectious clone 16681 at MOI of 5 and co-harvested at 27 hpi with the control cells. The
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997 harvested cells were washed twice with 1xPBS, flash frozen in liquid nitrogen and stored

998 at -80°C until use.

999 Flow cytometry analysis

1000 Harvested Raji cells were washed in 1xPBS, fixed with 4% paraformaldehyde for 10 mins
1001 at room temperature. The cells were washed again and stored in 1xPBS at 4°C until
1002 further analysis. For the detection of DENV NS1, cells were permeabilized in methanol
1003  for 30 mins at —20°C and then washed in FACS buffer (PBS, 2% FBS, 1 mM EDTA). The
1004 primary antibodies used were an anti-MHC class | (clone W6/32, Genentech), mouse
1005 IgG2a isotype control (Biolegend), anti-NS1 (Abcam), mouse IgGl isotype control
1006 (Biolegend) and anti-FLAG (Sigma). Goat anti-mouse IgG-AlexaFluor647 (LifeTech) was
1007 used as a secondary antibody. The MHC staining was performed for 20 mins at 4°C at
1008  1/100 dilution with 1/100 goat serum. The secondary antibody was used at 1/1000 for 20
1009 mins at 4°C. The DENV anti-NS1 antibody was used 1/50 with 1/100 goat serum for 105
1010 mins onice followed by 1/1000 secondary and 1/100 goat serum for 1 hr on ice. All FLAG
1011  staining was performed at an anti-FLAG dilution of 1/100 and rat serum for 20 mins at
1012 room temperature and 1/1000 secondary with 1/100 rat serum for 20 mins at room

1013 temperature.

1014 Multiplexed whole cellular proteome analysis

1015 Multiplexed quantitative analysis of the whole cell proteome was carried out using isobaric
1016 tandem mass tag (TMT) labeling of two replicate samples of control and DENV infected
1017 parental Raji cells. A portion of the harvested cells (1e’ cells) from each sample were

1018 lysed for 15 mins in a bath sonicator on ice using a buffer (1 mL/1e’ cells) containing 8 M
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1019 Urea, 100 mM NaCl and 25 mM Tris (pH 8.2), supplemented with Protease and
1020 Phosphatase inhibitor cocktail tablets (Roche). The cell debris was pelleted by
1021 centrifugation at 2500xg at 4°C and soluble protein was collected from the supernatant

1022 and quantified using the BCA protein assay kit (Thermo Scientific).

1023 Protein disulfide bonds were reduced with dithiothreitol (5mM final concentration) at 56°C
1024  for 30 mins and alkylated with iodoacetamide treatment (15mM final concentration) for 1
1025 hrin the dark. Protein digestion was carried out overnight at 37°C using MS-grade trypsin
1026  (Promega, 1:200 w/w) following dilution of Urea concentration to 1 M. The digest was
1027 quenched using 0.5% v/v trifluoroacetic acid and the peptides were desalted using C18-

1028 solid phase extraction and vacuum dried in a centrivap coupled to a cold-trap (Labconco).

1029  Multiplexed TMT quantification was carried out as previously described®®. Briefly, 100 ug
1030 of dried peptides from each sample were resuspended in 50 mM Na-HEPES buffer (pH
1031  8.5) containing 30% anhydrous Acetonitrile. TMT reagents 126, 127N, 127C, 128N were
1032 added to tryptic peptides from control/DENV infected parental Raji samples and incubated
1033  for 1hr at room temperature. The reactions were quenched with 0.3% v/v hydroxylamine
1034  and then acidified with formic acid to achieve a pH of 2. A small, equal volume (2 pL) of
1035 each sample was combined and assessed by mass spectrometry to establish reporter
1036 ion intensity ratios. Adjusted amounts (where applicable) of the samples were mixed to
1037 achieve a 1:1:1:1 ratio, purified by C18 solid phase extraction and dried down. Dried
1038 peptides were fractionated by high pH reverse phase (HPRP) chromatography on an off-
1039 line Agilent 1200 HPLC system using a C18 Extend column (Agilent). The 96 fractions
1040 collected were pooled as previously described® to result in 12 concatenated samples,

1041  which were dried down and purified by C18 solid phase extraction. Purified peptides were
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1042  stored at -80°C prior to LC-MS analysis. Four other samples were included in the initial
1043 TMT labeling and LC-MS analysis for a total of eight labeling conditions per result file,

1044  although data from these were not used or presented in this study.

1045 Preparation of cell lysates for immunoprecipitation

1046  Frozen cell pellets from uninfected (control) and DENV infected Raji cells were thawed
1047 onice and lysed with buffer (1 mL/1.25x108 cells) containing 1% CHAPS, 20 mM Tris and
1048 150 mM NacCl (pH 8), supplemented with protease inhibitor cocktail (Roche), HALT (1x
1049 final concentration) and PMSF. Lysis was performed by incubating on ice for 20 mins with
1050 gentle vortexing every 5 mins. The cell lysates were transferred into 1.5 mL tubes
1051 (Eppendorf) and centrifuged at 16,000xg for 20 mins at 4°C to remove cellular debris and
1052 the supernatant was pre-cleared for 1 hr at 4°C using Protein-A Sepharose beads (GE

1053 Healthcare).

1054 MHC-| peptide complex (pMHC) immuno-precipitation

1055 Immunoprecipitation of the pre-cleared supernatant was performed using a pan-MHC-|
1056 antibody (W6/32, Genentech) coupled to Protein-A sepharose beads, on a rotating
1057 platform for 12 hrs at 4°C. The captured pMHC-I were eluted from the Protein-A
1058 Sepharose beads using 10% acetic acid and filtered using a 10 kDa cut-off filter to
1059 separate the peptides from the MHC-I molecules. Eluted peptides were vacuum dried in
1060 a centrivap coupled to a cold-trap (Labconco), re-suspended in 5% formic acid and

1061 desalted by binding to the C18 resin for solid phase extraction as previously described®s.
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1062 B*35 FLAG immunoprecipitation

1063 Anti-FLAG antibody-magnetic bead complexes (Sigma) prepared per manufacturer’s
1064 instructions, were added to clarified cell lysates and incubated overnight on a Hula mixer
1065 (Thermo) at 4°C. Unbound protein from the lysate was washed off the beads using 1xTBS
1066 at room temperature on a Hula mixer. The captured B*35 pMHC-I were eluted from the
1067 anti-FLAG beads using 10% acetic acid and filtered using a 10 kDa cut-off filter to
1068 separate the peptides from the MHC-I molecules. Eluted peptides were vacuum dried,

1069 resuspended in 5% formic acid and desalted as described above.

1070 Liguid chromatography coupled with tandem mass spectrometry

1071 De-salted MHC peptides from the W6/32 and FLAG pulldowns and from TMT
1072 experiments were re-suspended in sample buffer containing 0.1% Formic acid. Samples
1073  were separated by capillary reverse-phase chromatography on an 18 cm reversed-phase
1074  column (100 um inner diameter, packed in-house with ReproSil-Pur C18-AQ 3.0 m resin
1075 (Dr. Maisch)) over a total run time of 160 min using a two-step linear gradient with 4—25%
1076  buffer B (0.2% (v/v) formic acid, 5% DMSO, and 94.8% (v/v) acetonitrile) for 120 min
1077  followed by 25-40% buffer B for 30 min using an Eksigent ekspert nanoLC-425 system

1078 (SCIEX, Framingham, Massachusetts, USA).

1079 Three injections were made per MHC peptide sample to utilize multiple fragmentation
1080 modes (HCD (higher-energy collisional dissociation) or CID (collision-induced
1081 dissociation)). The third injection was performed with CID including singly charged
1082 species. MS data were acquired in data-dependent mode with the full MS scans collected

1083 inthe Orbitrap mass analyzer with a resolution of 60,000 and m/z scan range 340 — 1,600.
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1084  The top ten most intense ions were then selected for sequencing and fragmented in the
1085 Orbitrap mass analyzer at a resolution of 15,000 (full width at half maximum). Data-
1086 dependent scans were acquired from precursors with masses ranging from 700 to 1,800
1087 Da. Precursor ions were fragmented with a normalized collision energy of 35% and an
1088 activation time of 5ms for CID and 30 ms for HCD. Repeat count was set to 2 and
1089 fragmented m/z values were dynamically excluded from further selection for a period of

1090 30s. The minimal signal threshold was set to 500 counts.

1091 For TMT-labeled peptides, full MS scans were acquired in the Orbitrap mass analyzer
1092  with resolution 60,000 at 340 — 1,600 m/z. Unassigned charge states were rejected and
1093 the top 20 most intense ions with charge states >2 were sequentially isolated for MS/MS
1094 analysis using CID fragmentation. A minimal signal of 500 was required, the normalized
1095 collision energy was set at 35%, and the fragmented peptide masses were collected in
1096 the ion-trap. Dynamic exclusion was enabled with a repeat count of 1 and the repeat
1097  duration set to 30 s. MS2 fragment ions were further subjected to HCD fragmentation with
1098 multinotch MS3%2 to yield the reporter ions from the TMT reagent which were then

1099 analyzed in the orbitrap of the mass spectrometer.

1100 The mass spectrometry proteomics data have been deposited to the ProteomeXchange

1101 Consortium via the PRIDE®* partner repository with the dataset identifier PXD010280.

1102 Generation of custom proteome sequence databases

1103 A custom database was built comprising sequences from the human proteome UniProtKB
1104 including Swiss-Prot and TrEMBL databases (version May 2015), translated DENV-2

1105 genome sequence (clone 16681) and common contaminant protein sequences included
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1106 (for example, Staphylococcus protein A). The DENV polyprotein genome sequence was
1107 translated into its corresponding protein sequence using the ExPASy translate tool

1108 (https://web.expasy.org/translate/) from the Swiss Institute of Bioinformatics. Reversed

1109 ‘decoy’ protein sequences were appended to the database for ‘target-decoy’ error

1110 estimation®>.

1111  Analysis of cellular proteomes Tandem Mass Taq (TMT) data

1112 TMT data were analyzed with ProteomeDiscover version 2.1.0.81 (Thermo Fisher
1113  Scientific) and SEQUEST-HT with the following settings: the parent mass error tolerance
1114 was set to 20 ppm. and the fragment mass error tolerance to 0.6 Da. Strict trypsin
1115 specificity was required, allowing for up to two missed cleavages. Carbamidomethylation
1116 of cysteine was set as fixed modification and oxidation of methionines as a variable
1117 modification. The minimum required peptide length was set to seven amino acids. All
1118 spectra were gueried against the human database containing DENV and contaminant
1119 sequences as described above. A false discovery rate of 1% was required at both the
1120 peptide level and the protein level, calculated as the g-value by the Percolator algorithm?®8,
1121  For each protein group, summed peptide reporter ion intensities were used to estimate

1122 total protein abundance.

1123 Computational identification of HLA peptides from mass spectra

1124  All tandem mass spectra were queried against the custom database described above
1125 using both SEQUEST (version28.12)%” and PEAKS DB search engines (PEAKS Studio
1126 7.5, Bioinformatics Solutions)%8. Spectra were also interpreted by de novo sequencing

1127 (PEAKS Studio 7.5, Bioinformatics Solutions) to improve high-confidence peptide
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1128 identification. The ms-convert program (version 3.0.45) was used to generate peak lists
1129 from RAW data files, and spectra were interpreted with SEQUEST. RAW data files were
1130 directly imported into PEAKS Studio 7.5 and subject to default data refinement
1131 (deisotoping, charge deconvolution, peak centroiding) prior to searching with PEAKS DB
1132 and PEAKS de novo algorithms. For all searches, the parent mass error tolerance was
1133 set to 20 ppm. and the fragment mass error tolerance to 0.02 Da. For SEQUEST and
1134 PEAKS DB, enzyme specificity was set to none and oxidation of methionines and
1135 deamidation (N, Q), cysteinylation, and phosphorylation (S, T, Y) were considered as

1136 variable modifications.

1137 High-confidence peptide identifications were selected at a 1% false discovery rate with a
1138 modified version of the Percolator algorithm®, optimized for proteogenomic

1139 immunopeptide analysis as previously described36.

1140 Comparisons between MHC presentation and protein expression levels

1141 pMHC relative abundances were inferred from peak areas of corresponding peptides and
1142 normalized to the total area signal for each run. Peptides reproducibly measured in both
1143 biological replicates were used to determine which self-pMHCs were significantly altered
1144  upon infection. Log transformed peptide areas were compared using paired two-tailed t-
1145 tests (Qlucore Omics Explorer) to determine pMHCs significantly (p<0.01) upregulated or
1146  downregulated during DENYV infection. Missing data points were deemed below detection
1147  limit and imputed as the minimum value in that dataset. pMHCs were ranked in their
1148 decreasing order of relative abundance in both control and infected systems and rank
1149 changes (ARank) were compared3’ to measure which peptides accounted for the

1150 differences between the two states.
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1151 Protein abundances in the cellular proteome were inferred from reporter ion intensities in
1152 the TMT experiments. Abundances were weighted by the predicted number of tryptic
1153 cleavage sites to infer normalized protein abundance. Proteins that significantly changed
1154  during infection were determined using Qlucore Omics Explorer as described for the

1155 ligandome above.

1156 Protein and ligandome log2- transformed fold-changes were compared to determine if
1157 protein expression levels directly impacted MHC-presentation. Ingenuity Pathway
1158  Analysis was used to determine cellular pathways significantly (-log10 p-value > 1.3, right-
1159 tailed Fisher's Exact test) perturbed during DENV infection using the log-transformed fold
1160 change and p-values associated with the proteins in the proteome dataset. Pathway-level
1161 changes reflected in the ligandome data were inferred in a similar manner using the log2-

1162 transformed fold change and p-value associated with the ligandome data.

1163  Structural characterization of proteins and peptides

1164 pMHCs derived from the DENV polyprotein were mapped on to the most homologous
1165 template available in the UniProt database - DENV-2 strain Thailand/16681/1984
1166 (accession P29990) to infer sequence features. Secondary structure and disorder
1167 propensities of host- and DENV- derived peptides in the ligandome and proteome
1168 datasets were calculated using VSL26°.70 and PSIPRED"™. In-house wrapper scripts were
1169 used to run these programs and to assign the peptide disorders. Peptides were assigned
1170 to 10 bins according to the helix or disorder propensity scores assigned by PSIPRED.
1171 Visualization of these data as contour plots of helix vs. disorder propensities was

1172 implemented in Plotly (https://plot.ly) using a custom R-script.
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1173 The tertiary structure of DENV polyprotein was predicted using homology modeling on
1174 the SwissModel (swissmodel.expasy.org) platform hosted on the Expasy server (Swiss
1175 Institute of Bioinformatics). Structures were visualized and annotated on Jmol

1176  (www.jmol.org).

1177 Peptide hydropathies were calculated as the length-normalized grand average of

1178 hydropathy (gravy-calculator.de) on the Sequence Manipulation Suite’?.

1179 Multiple Sequence Alignment of all complete DENV serotypes (1-4) sequences on
1180 UniProt was performed using BLASTp’3. Jalview’* was used to visualize aligned
1181 sequences and calculate the conservation score for each residue across the DENV

1182  polyprotein.

1183 Epitope-HLA in vitro binding assays

1184  Classical competition assays to quantitatively measure peptide binding to HLA A*03:01
1185 and B*35:01 class | MHC molecules were based on the inhibition of binding of a high-
1186 affinity radiolabeled peptide to purified MHC molecules. MHC purification and binding
1187 assays performed as detailed elsewhere?>. Briefly, 0.1 — 1 nM of radiolabeled peptide was
1188 co-incubated at room temperature with 1 uM to 1 nM of purified MHC in the presence of
1189 a cocktail of protease inhibitors and 1 uM (2-microglobulin. Following a two-day
1190 incubation, MHC-bound radioactivity was determined by capturing MHC/peptide
1191 complexes on W6/32 (anti-class I) antibody coated Lumitrac 600 plates (Greiner Bio-one,
1192  Frickenhausen, Germany), and measuring bound counts per minute (CPM) using the
1193 TopCount (Packard Instrument Co., Meriden, CT) micro-scintillation counter. In the case

1194  of competitive assays, the concentration of peptide yielding 50% inhibition of the binding
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1195 of the radiolabeled peptide was calculated. Under the conditions utilized, where [label] <
1196 [MHC] and IC50 = [MHC], the measured IC50 values are reasonable approximations of
1197 the true Kd values’®77. Each competitor peptide was tested at six different concentrations
1198 covering a 100,000-fold dose range, and in three or more independent experiments. As
1199 a positive control, the unlabeled version of the radiolabeled probe was also tested in each

1200 experiment.

1201 Exvivo IFN-y ELISPOT assays

1202 PBMCs were prepared from laboratory-confirmed DENV-seropositive donors from the
1203 Nicaraguan National Blood Bank and the Colombo National Blood Bank (SriLanka) as
1204  previously described’®. PBMCs (2x10° cells/well) were incubated in triplicates with 0.1
1205 mL of complete RPMI 1640 (Omega Scientific) supplemented with 5% human serum
1206 (Celigro) in the presence of HLA-matched peptide pools (2 upg/mL), as previously
1207 described?’. Briefly, following 20 hr incubation at 37°C, the cells were incubated with
1208 biotinylated IFNy mAb (mAb 7-B6-1; Mabtech) for 2 hrs and developed as previously
1209 described*’. Phytohemagglutinin (PHA) and A*03 and B*35 restricted CMV epitopes were
1210 used as positive control and HIV (A*03 and B*35) epitopes were used as negative

1211  controls.

1212 HLA-A*03 and B*35 tetramer staining and preparation

1213 HLA-A*03:01 and B*35:01 tetramers containing an ultraviolet-cleavable peptide’® were
1214  synthesized by the NIH Tetramer Facility. Seventeen DENV peptides were synthesized
1215 (ELIM Biopharmaceuticals). Potential HLA-A*03 or B*35-binding (predicted IC50 <

1216 500nM by netMHC3.4) binding peptides with A*03- and B*35- monomers were
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1217 exchanged, and multimerized with streptavidin-PE, APC, PECy7 or BV605 as previously
1218 described®. Peptides that bound both HLA-A*03 and HLA-B*35 with poor affinities were
1219 exchanged and multimerized to generate both A*03 and B*35 tetramers. PBMCs from
1220 three HLA-A*03 and four HLA-B*35 individuals (mutually exclusive) seropositive for
1221 DENV-2 were donated by Alessandro Sette at the La Jolla Institute for Allergy and
1222 Immunology. To determine background staining, we used T-cells from leukocyte
1223 reduction system chambers from a healthy untyped donor from the Stanford Blood
1224  Center. Tetramers generated from IEDB B*35 restricted peptides were pooled to allow
1225 multiplexing and address low donor cell numbers. Tetramer staining was performed as
1226  previously described®. HIV peptides RLRPGGKKK and NSSKVSQNY were used as
1227 A*03 and B*35 negative controls respectively, and CMV peptides TTVYPPSSTAK and

1228 IPSINVHHY were used as A*03 and B*35 positive controls.
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