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Summary

Despite antiretroviral therapy (ART), HIV-1 persists in latently-infected CD4* T cells, preventing cure.
Antigens drive the proliferation of infected cells, precluding latent reservoir decay. However, the
relationship between antigen recognition and HIV-1 gene expression is poorly understood since most
studies of latency reversal use agents that induce non-specific global T cell activation. Here, we isolated
rare CD4* T cells responding to cytomegalovirus (CMV) or HIV-1 Gag antigens from participants on long-
term ART and assessed T cell activation and HIV-1 RNA expression upon co-culture with autologous
dendritic cells (DCs) presenting cognate antigens. Physiological presentation of cognate antigens induced
broad T cell activation (median 42-fold increase in CD154*CD69* cells) and significantly increased HIV-1
transcription (median 4-fold), mostly through the induction of rare cells with higher viral expression. Thus,
despite low proviral inducibility, physiologic antigen recognition can promote HIV-1 expression,
potentially contributing to spontaneous reservoir activity on ART and viral rebound upon ART
interruption.

Keywords: HIV-1 persistence, HV-1 latent reservoir, latency reversal, antigenic stimulation, dendritic cells.
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Introduction

Antiretroviral therapy (ART) effectively blocks viral replication, but HIV-1 persists in a small pool of
latently-infected resting CD4* T cells that harbor inducible, replication-competent proviruses!=. This
latent reservoir is the major barrier to cure. The reservoir was originally characterized with a quantitative
viral outgrowth assay (QVOA) in which resting CD4* T cells, which are non-permissive for viral replication,
are stimulated with agents that cause polyclonal T cell activation, including the mitogen
phytohemagglutinin (PHA) and the combination of anti-CD3 and anti-CD28 antibodies’?*. T cell activation
induces changes in the transcriptional environment that allow induction of latent proviruses. These
changes include nuclear translocation of the transcription factors NF-kB and NFAT, which bind the HIV-1
LTR and promote initiation of transcription®®. The QVOA has been used to demonstrate the extremely
slow decay rate of the reservoir’®??, which requires persons living with HIV (PWH) to maintain lifelong
adherence to ART. Interruption of ART leads to rapid viral rebound, presumably due to the activation of
latently-infected cells'®!*, Preventing rebound from the latent reservoir is a major goal of HIV-1 cure
research, but the nature of the stimuli that induce latent HIV-1 in vivo to cause rebound remains unclear.
One hypothesis is that encounter with cognate antigen (Ag) is the critical event leading to rebound. This
is a difficult hypothesis to test because the Ag-specificity of latently infected cells is largely unknown.

Although the role of Ag stimulation in viral rebound is unclear, there is now strong evidence that Ag plays
a key role in the persistence of the latent reservoir. The reservoir persists not through new infection
events, but rather through the long-term survival and proliferation of infected cells*>%, Potential factors
driving the proliferation of HIV-1-infected cells include encounter with cognate or cross-reacting
antigens?>?42> as well as homeostatic cytokines such as IL-7 and IL-15%°, and effects related to rare HIV-1
integration events into genes involved in cell survival or proliferation'®!%2’, Repeated exposure to Ags
derived from persistent viral infections, such as HIV-1 and cytomegalovirus (CMV), can drive extensive
clonal expansion of infected CD4* T cells with T cell receptors specific for the relevant antigens?%?*%8, This
clonal expansion may be partly responsible for the recent observation that the frequency of latently
infected cells appears to plateau or even increase in people who have been on ART for more than 20
years2,

While chronic Ag exposure can drive clonal expansion of infected cells in vivo, the role of Ag in latency
reversal is less clear. In vitro studies with polyclonal T cell activators indicate that cellular activation can
lead to proviral induction and productive infection. However, productively infected cells die rapidly due
to viral cytopathic effects and immune clearence?° as well as activation-induced cell death (AIDC)3.
Therefore, HIV-1-infected cells responding to recurrent Ag stimulation could be progressively lost.
However, the majority of infected cells in PWH on long-term ART are found in expanded clones?®,
suggesting some degree of uncoupling between T cell activation and HIV-1 expression. Previous work has
shown that some proviruses cannot be induced even after multiple rounds of maximal mitogen
stimulation ex vivo®?, but the relationships between Ag-mediated T cell activation, HIV-1 gene expression,
and cell proliferation remain unclear.

The study of HIV-1 gene expression in infected, Ag-responding cells is particularly challenging. First, the
frequency of infected CD4* T cells in peripheral blood and lymph nodes is low, typically less than 1 in 1000
cells, and the cells harboring inducible and intact HIV-1 are even less frequent333%, Second, the frequencies
of memory T cells responding to any particular Ag are also low, mostly ranging between 0.001 to 5%3>%.
As a result, most studies of HIV-1 latency reversal rely on ex vivo activation of CD4* T cells by stimuli that
induce polyclonal T cell activation®”3, These stimuli may not reproduce physiologic CD4* T cell activation
driven by Ag presented on professional antigen presenting cells such as dendritic cells (DC). Ag-driven
activation involves a complex interaction between an Ag-derived peptide presented by a major
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100 histocompatibility complex (MHC) molecule (denoted as pMHC) and the T cell receptor (TCR). The TCR
101 may behave as a mechanosensor®**, explaining how the cell can be triggered by recognition of a very
102  small number pMHC complexes on a DC. Polyclonal stimuli acting through the TCR bypass this
103 mechanosensing mechanism and may induce different transcriptional responses. Previous studies of Ag-
104  driven latency reversal*** have not used isolated Ag-responding cells and therefore cannot distinguish
105 between direct Ag-mediated latency reversal and bystander T-cell activation. Here, to investigate the
106 impact of Ag recognition on induction of HIV-1 gene expression in latently infected CD4" T cells, we
107 employed the ex vivo enrichment and expansion of CMV and HIV-1 Gag-reactive CD4* T cells from people
108 on ART. This approach allowed us to directly test whether Ag presented in a physiologic manner on
109 autologous dendritic cells (DCs) could reverse HIV-1 latency.

110
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111 Results
112 Enrichment and expansion of Ag-responding cells.

113  To understand whether physiologic encounter with pMHC complexes on autologous DCs can cause
114 latency reversal in Ag-responding CD4* T cells, we isolated CD4* T cells reactive to Ags derived from chronic
115 viral pathogens, specifically CMV or HIV-1 itself. We enrolled 10 participants who had been on suppressive
116  ART for a median of 11 years with no evidence of ongoing cycles of viral replication. Eight participants had
117 undetectable HIV-1 RNA in plasma, while participants P6 and P9 had persistent and intermittent non-
118 suppressible viremia (see Table S1 for participant characteristics). To isolate Ag-responding cells, between
119  4x107 and 9x107 CD8-depleted peripheral blood mononuclear cells (PBMCs) were stimulated with either
120  lysates of CMV-infected cells, with HIV-1 Gag protein, or peptides pools for 18 hours, as previously
121 described®#* CMV- or Gag-responding CD4* T cells were then isolated using two sequential column
122 enrichment steps with magnetic beads conjugated with anti-CD154 (CD40L) antibodies* (Figure 1A).
123 CD154 is transiently expressed on the surface of CD4* T cells following encounter with Ag. This method
124  has been used previously in the characterization of CD4* T cell responses to commensal and pathogenic
125  fungi and SARS-CoV-2364446:47

126  Cells from participants P1-P5 were stimulated with CMV antigens because of their known co-infection
127  with CMV and the previous characterization of their CMV-responding cells (P1-P4%), while cells from
128  participants P6-P10 were stimulated with HIV-1 Gag as they had readily detectable CD4* T cell responses
129  to Gag in preliminary screening experiments. CMV- or Gag-responding cells were detected in samples
130  from all 10 selected participants. The frequencies of Ag-responding cells, estimated based on cell input
131  and column yields, were 0.5-2.3% (Figure 1B). This is consistent with values previously determined for the
132  same donors by flow cytometric analysis of activation-induced marker (AIM) expression following
133 stimulation with the relevant Ags?. Enriched cell populations were then expanded ex vivo. The CD154
134  cells from the magnetic enrichment were irradiated and used as antigen-loaded cells to bolster the
135 proliferation of Ag-responding cells for 10-14 days, as previously described** (see Methods). Antiretroviral
136  drugs (10 nM dolutegravir (DTG), 10 uM emtricitabine (FTC), and 10 uM tenofovir (TDF)) were included in
137  the culture media to prevent de novo infection events. The expansion of Ag-responding cells resulted in
138 a >2 logyo increase in cell number (Figure 1C), allowing us to characterize the cells and their response to
139 subsequent stimulation. Since cell expansion ex vivo could skew the distribution of clonal populations, we
140 sequenced the T cell receptor B chain (TCRPB) repertoire of the expanded cell pools, and compared TCRB
141 frequencies to those of Ag-responding cells directly sorted from PBMCs of the same participants based on
142 upregulation of CD154 and CD69 in a previous study?°. As shown in Figure 1D, the hierarchy of the most
143 expanded clones of Ag-responding cells and the overall clonal population patterns were preserved,
144 indicating that the TCRP repertoires were stable over time in vivo and not significantly distorted by the
145  expansion in culture (Figures 1D and S1A). In participant P1, the Morisita index*® — a metric of sample
146  overlap— was high between AIM* sorted cells and those obtained by our enrichment plus expansion
147  protocol. The extent of TCRP overlap was also comparable between the cells sampled immediately after
148  CD154* enrichment, after expansion, and by direct sorting from previous time points (Figure S1A).
149  Similarly, analysis of TCRPB sequences for P2 and P3 showed strong correlation of clonal frequencies
150  between AIM+ sorted cells and enriched cells expanded ex vivo (Figure S1B). Together, these results
151  demonstrate that the enrichment and expansion protocol does not noticeably change the repertoire of
152  Ag-responding cells.

153 Frequency and composition of proviruses within expanded Ag-responding cells.

154  To measure the frequency of HIV-1 infected cells among total and expanded Ag-responding CD4* T cells,
155 we used the intact proviral DNA assay (IPDA) *°. The IPDA is a droplet digital PCR assay that allows separate
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156  quantification of defective and potentially intact proviruses*. Prior to enrichment and expansion, the
157  frequency of cells carrying intact proviruses varied from 22 to 384 per 106 total CD4" T cells (median 131,
158 Figure 1E), consistent with previous studies?*°°. As expected, the frequencies of intact proviruses were
159  substantially lower than those of total proviruses (1174-7271 copies per 10 CD4* T cells, median 2723),
160 reflecting the small fraction of proviruses that are intact (median 3.5%, Figures 1E and S1C). Among Ag-
161 responding cells expanded ex vivo, the overall frequencies of cells with either intact or defective
162 proviruses were not significantly different from the frequencies in CD4* T cells from PBMCs (Figure 1E).

163 Intact proviruses were also highly variable across pools of expanded cells (median 238, range 12-4205
164  copies/10°cells). For example, in P6 and P9 the frequency of intact proviruses was >10% copies/10° cells,
165 likely due to dominant clones carrying intact proviruses among Gag-responding cells. We did not detect

166 intact proviruses within expanded CMV-responding cells in 3 out of 5 participants (Figure 1E). This may
167 suggest that intact proviruses in some participants (P1, P3 and P4) were either rare among CMV-
168 responding cells or did not proliferate as well as uninfected cells during the expansion, consistent with
169 recent observations that cells carrying intact proviruses may proliferate less upon stimulation ex vivo®..
170  Although the differences in the proviral frequencies between expanded Ag-responding cells and total
171  CD4* T cells from PBMCs were highly variable, the median ratio values were close to 2 (1.8 and 2.1 for
172 intact and total proviruses, respectively, Figure 1F). Taken together, these results demonstrate the striking
173 heterogeneity of proviral composition within Ag-responding cells.

174 Re-stimulation with antigen-loaded dendritic cells induces T cell activation.

175 At the end of expansion ex vivo, cells were washed and rested in basal media for three days in the
176 presence of antiretroviral drugs. After rest, we observed downregulation of the transient activation
177 markers CD25 and CD69, but some cells continued to express HLA-DR (Figure S2A). These results suggest
178  that the cells returned to a partially quiescent state, allowing us to characterize their response to cognate
179  Agand polyclonal activation.

180 In vivo, CD4* T cell responses to Ag are often initiated by contact with dendritic cells (DCs) presenting
181 processed forms of the relevant Ag>2. To test the Ag-reactivity in a physiologic manner, we generated
182 autologous, monocyte-derived DCs loaded with Ags of interest (CMV-lysate or HIV-1 Gag peptides and
183 GagP>® protein) or with the irrelevant Ag Keyhole limpet hemocyanin (KLH). Rested populations of
184  enriched, Ag-responding CD4" T cells were co-cultured with autologous, Ag-pulsed DCs. In addition, CD4*
185 T cells were cultured with DCs that had not been pulsed with any external Ag (NoAg). As positive controls,
186 CD4* T cells were treated in parallel with polyclonal activating stimuli including anti-CD3/CD28 beads (1:1
187  cell to bead ratio), PMA/lonomycin (PMA/I), or the protein kinase C (PKC) agonist bryostatin, a well-
188 studied LRA>3. As a negative control, some rested cell were left untreated (NoTx). After 18 hours, cells
189  from all conditions were analyzed by flow cytometry. We assessed activation of CD4* T cells by surface
190  expression of CD69 and CD154 on live cells (Figure 2A and Figure 2B). Although there was some basal
191  expression of CD69 in untreated cells and a modest increase by co-culture with unpulsed DCs, CD69 was
192  significantly upregulated by coculture with cognate Ag-loaded DCs (Figures 2A, 2B and S2B). Upregulation
193  of CD69 by Ag-loaded DCs was similar to that induced by PMA/I and anti-CD3/CD28 (median fold increase
194 in median fluorescence intensity (MFI) relative to NoTx was 6.78, 9.61, and 5.60, respectively, p=0.001)
195 (Figure S2B). Expression of the activation-induced costimulatory molecule CD154 was significantly
196 increased by polyclonal or Ag-specific stimulation (Figures 2A, 2B and S2C). Of note, although the
197  upregulation of CD69 and CD154 induced by PMA/I and CD3/CD28 was variable, it was not significantly
198  different from stimulation with cognate antigens (Figures 2C and 2D). Importantly, autologous DCs pulsed
199  with the relevant Ag caused an even higher fraction of cells expressing CD154 and CD69 (median 61, range
200  50-79%) compared to PMA/I (median 53, range 6-82%) (Figure S2D). In addition, Gag peptide pools and
201 whole recombinant GagP>® recombinant proteins led to comparable levels of T cell activation (Figure 2D),
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202  suggesting that Gag-reactive cells recognized epitopes as a result of antigen processing and presentation.
203 No increase in T cell activation was seen following exposure to DCs pulsed with KLH, confirming the
204  specificity of the cells obtained at the end of enrichment and expansion. Stimulation with bryostatin did
205 not cause significant increase in CD69*CD154" CD4* T cells (median 5.75%, Figure S2D). Overall, these
206 results indicated that the enrichment and expansion method yield a high fraction of CD4* T cells that can
207 be activated by re-exposure to their cognate Ag.

208  Encounter with cognate Ag engages pathways critical for HIV-1 reactivation.

209  Although Ag-pulsed DCs and non-specific stimulation led to a comparable increase of CD69*CD154" cells,
210  we hypothesized that the stimuli that bypass the physiologic Ag recognition mechanism mediated by the
211  aand B chains of the TCR or the early steps of TCR signal amplification (e.g. ZAP70) would induce distinct
212 signatures in transcriptional activation, which in turn could impact HIV-1 gene expression*! (Figure 3A).
213  To address this hypothesis, we performed bulk mRNA-sequencing on live CD4* T cells from 6 participants
214  after 18 hours of culture with the following conditions: no treatment (NoTx), unpulsed DCs (NoAg),
215 cognate Ag-pulsed DCs, anti-CD3/CD28, and PMA/I (Figure 3A, see methods). Global transcriptome
216  analysis showed clear clustering of samples based on culture conditions, with the NoTx and NoAg
217  conditions giving expression patterns that were clearly distinct from those seen with activating stimuli
218 (cognate Ag, CD3/CD28, and PMA/I). However, there were clear differences in patterns of gene expression
219 induced by cognate antigen and those induced by polyclonal stimuli (Figure 3B). To specifically investigate
220 downstream signaling, we narrowed the transcriptome analysis to genes whose promoters are targeted
221 by the transcription factors NF-kB and/or NFAT. These two transcription factors regulate effector
222 programs upon T cell activation and bind to the cis-acting elements of the HIV-1 LTR, driving viral gene
223 expression>®>*>% We compiled a list of 199 genes (125 for NF-kB and 89 for NFAT) based on transcription
224  factor-promoter binding data and review of the literature (see methods and Figure S3A). Principal
225 component analysis (PCA) based on this gene set showed that CD4* T cells clustered by the type of
226 stimulation, even among those causing T cell activation (Figure 3C). Interestingly, stimulation with cognate
227 antigens led to distinct clustering of CMV- and Gag-responding cells. Th17 and Th22 effector molecules
228  were among the most variable genes (IL17A, IL17F, IL22), likely reflecting the different composition of
229  polarized subsets between CD4 responses induced by CMV and HIV-1%>°7 | We next assessed differential
230  gene expression between cells stimulated with DCs loaded with cognate Ags, and non-specific stimulation
231  with anti-CD3/CD28 and PMA/I (Figure 3D and 3E and Figures S3B and 3SC). While there were only few
232  differentially expressed genes between cells treated with cognate Ag and anti-CD3/CD28 (6 and 3 NF-kB-
233 regulated genes (Figure 3D), and 2 and 7 NFAT-regulated genes (Figure S3B), respectively) we observed
234  increased expression of multiple NF-kB and NFAT target genes with PMA/| stimulation (Figures 3E and
235 S3C). These genes included effector molecules such as cytokines (/L2, TNF, CFS2[GM-CSF], IFNG, IL17) and
236 chemokines (CCL3, CCL4), and genes involved in cell survival and division (BCL2L1, and BCL2A1,
237  CCND1)%®%, Conversely, cognate Ags and anti-CD3/CD28 showed increased expression of genes involved
238 in regulatory responses (/IL10, IL4, IDO1, FOXP3) and immune exhaustion (HAVCR2, TOX).

239  To confirm the differential expression of key effector molecules between stimulation with cognate Ags
240 versus PMA/I, we measured IL2, IL10, TNFa, and IFNy protein concentrations in the culture supernatant
241  after 18 hours of stimulation (Figures 3F and 3G, and Figures S3D and S3E). The levels of secreted IL2 and
242  TNFa were significantly higher upon stimulation with PMA/I relative to DCs pulsed with cognate Ag
243 (Figures 3F and S3D). IFNy concentrations were similar between PMA/I and cognate Ags, while IL10,
244  known to mediate TCR-signaling negative feedback, was significantly increased only by TCR engagement
245  with cognate Ags, confirming RNA expression data.
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246 In summary, the transcriptome analysis indicated that exposure to cognate Ags engaged pathways critical
247  for viral reactivation. However, there were clear differences in patterns of gene expression induced by
248  cognate antigen compared to those induced by polyclonal stimuli, with the largest differences observed
249  with PMA/I. Treatment with PMA/I led to global changes in T cell transcription, including greater
250 magnitude and breadth of transcription from NF-kB and NFAT-regulated genes. These results highlight
251 the importance of directly assessing the ability of cognate antigens to induce HIV-1 gene expression.

252 Re-encounter with cognate Ag induces HIV-1 expression.

253  To study induction of HIV-1 expression by different stimuli, we exposed the enriched, expanded
254  populations of Ag-responded cells to different restimulation conditions and sorted CD154*CD69*
255 responding cells for nucleic acid extraction (workflow depicted in Figure 1A). When experimental
256 conditions lead to insufficient upregulation of activation markers (NoTx, NoAg, and KLH), we sorted total
257  live CD4* T cells (see gating strategy Figure S2E). To assess HIV-1 expression, we quantified cell-associated
258  polyadenylated (polyA) HIV-1 RNA transcripts, which include both unspliced and spliced HIV-1 mRNAs that
259  have been completely transcribed and polyadenylated®°2. The data were normalized by calculating cell
260  equivalents from corresponding measurements of the host gene RPP30 in genomic DNA*>,

261 Basal HIV-1 expression in the untreated condition (NoTx) varied greatly across participants (Figures 4A
262 and Figure S4A). The presence of measurable HIV-1 RNA in untreated cells (NoTx) is consistent with the
263  fact that some cells may not have returned to a completely quiescent state after the initial expansion, as
264  indicated by low level expression of CD69 activation marker captured by our gating strategy (Figure S2E).
265 Non-specific stimulation with PMA/I increased HIV-1 RNA expression in all 10 participants. Additionally,
266  stimulation with PMA/I caused higher upregulation of HIV-1 RNA compared to anti-CD3/CD28 in 7 out of
267 10 participants. Most importantly, physiological stimulation with cognate Ag processed and presented by
268  autologous DCs caused a statistically significant increase in HIV-1 RNA in 9 out of 10 study participants
269  compared to NoTx, NoAg and KLH controls (Figure 4A). The median fold changes in HIV-1 RNA relative to
270 NoTx upon stimulation with PMA/I and CD3/CD28 were 6.47 and 4.77, respectively, whereas upon re-
271 encounter with cognate Ag the median fold change was 3.98 (Figure 4B). Overall, re-encounter with
272 cognate Aginduced increased HIV-1 expression, but this increase showed inter-participant variability (fold
273 change to NoTx range, 0.83-58.4; p=0.017). We observed the highest increase in HIV-1 RNA relative to
274  NoTx for participant P3 (46.6-fold change; p<0.0001) and P4 (58.4-fold change; p<0.0001), whereas there
275  was no significant fold change for participant P9 (0.83; p=0.86) (Figure 4B). Increase in HIV-1 RNA was
276 specific to encounter with cognate Ag and statistically significant compared to NoAg and KLH (median fold
277 change to NoAg 3.64, p=0.0004, Figure 4C). Furthermore, our results showed a significant increase in HIV-
278 1 RNA/HIV-1 DNA ratio in PMA/I, anti-CD3/CD28 and cognate Ag stimulation compared to NoTx (median
279  values 4.43, 5.32 and 3.84, respectively) (Figure 4D). Additionally, to understand if pharmacological LRAs
280  can cause HIV-1 expression in our system, we measured HIV-1 RNA from sorted CD4* T cells upon
281  stimulation with bryostatin. Although bryostatin caused an increase in HIV-1 RNA in 5 out of 10 individuals,
282  this was not statistically significant (Figure S4B). Our results are consistent with previous studies which
283  showed single LRA treatment to be inefficient in reversing latent HIV-1 from PWH534,

284  Tounderstand the relationship between Ag-mediated T cell activation and latency reversal, it is important
285 to consider whether the efficiency of Ag processing and presentation by DCs affects the strength of T cell
286  responses®. Co-culturing CD4* T cells with DCs loaded with protein Ag resulted in induction of HIV-1 RNA
287  in 3 of 5 donors. The level of induction was lower than that observed with peptide-pulsed DCs, although
288  this decrease was not statistically significant (Figure S4C). Our results demonstrate that presentation of
289  epitopes derived from natural processing of the Gag P55 protein antigen by autologous DCs can reverse
290 latency in Gag-responding CD4* T cells.
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291  Wethen investigated whether levels of HIV-1 RNA correlated to T cell activation and frequency of infected
292  cells. The percentage of CD69*CD154" cells did not correlate with HIV-1 RNA levels normalized by infected
293 cell frequency (HIV-1 RNA/HIV-1 DNA) in either untreated cells (NoTx) or upon stimulation with PMA/I or
294  cognate Ag (Figure S4D), likely due to the similar levels of CD69 and CD154 expression among participants
295 in each condition. In addition, although T cell activation is required for latency reversal, the two processes
296  are, to some degree, uncoupled3?°15, As expected, we observed a significant correlation between HIV-1
297 RNA and the frequency of total proviruses (as calculated by IPDA, see Figure 1D) with both PMA/I and
298  cognate Ag stimulation (Figure S4E).

299 To determine whether stimulation with cognate Ag would also result in viral particle production, we
300 quantified HIV-1 RNA from viral particles in the supernatant from the co-culture experiments described
301  above (Figure 4E). We analyzed samples from five participants, but only two had detectable HIV-1 RNA in
302  supernatant, reflecting that most proviruses contributing to cell-associated RNA are defective®”®, In P3
303 and P6, we observed a significant increase in supernatant HIV-1 RNA copies upon stimulation with cognate
304 CMV and Gag, respectively, relative to culture with DCs left unpulsed or pulsed with KLH (Figure 4E). Upon
305 sequencing of HIV-1 RNA by limiting-dilution PCR, we identified a single variant in P3, matching the 5’-
306 Leader defective provirus integrated outside of the DELEC1 gene. Previous work from this participant
307 demonstrated that this provirus is integrated in a dominant CMV-reactive clone (Figure S4F)%. In P6 we
308 also detected a single variant, which matched one of the two proviruses contributing to cell-associated
309  RNA (Figure S4G).

310 Taken together, our data demonstrate that a significant increase in HIV-1 RNA expression occurs upon
311 stimulation with cognate Ag presented in a physiologic manner by autologous DCs. The median increase
312 in HIV-1 RNA was lower with cognate Ag than with PMA/I. Furthermore, the magnitude of T cell activation
313 as determined by upregulation of CD154 and CD69 among Ag-responding CD4*T cells did not predict the
314 levels of HIV-1 RNA expression. Finally, in the expanded pools containing proviruses capable of producing
315 viral particles, we showed an increased release of specific viral variants upon stimulation with cognate Ag,
316 suggesting that immune stimulation can contribute to the spontaneous transcriptional activity of the
317  reservoir observed in vivo®7°,

318 Cognate antigens and PMA/I induce comparable populations of infected cells.

319  To further characterize HIV-1 expression induced upon re-encounter with cognate Ag or stimulation with
320 PMA/I, we performed limiting dilution amplification and sequencing of cell-associated HIV-1 RNA from
321 the sorted CD154"CD69°CD4" T cells following restimulation to investigate whether similar populations of
322 infected cells were induced to express viral RNA following polyclonal or Ag-specific stimulation. We
323 obtained a total of 373 sequences from 6 participants, with an average of 62 sequences/participant
324 (Figures 5A and Figure S5). We hypothesized that if PMA/I induced latency reversal for a larger proportion
325 of proviruses, we would observe a higher number of distinct viral variants, including some than would not
326 be found upon stimulation with CMV or Gag. With both forms of stimulation, the majority of the HIV-1
327 RNA sequences were dominated by a single or a few variants (Figure 5A and 5B). In all cases, the most
328 abundant variants were detected in both stimulation with PMA/I and with cognate Ag, likely representing
329 highly expanded infected clones and/or high RNA-producing cells (Figure 5B and 5C). We observed no
330 difference between the proportions of identical sequences upon stimulation with PMA/I or cognate Ag
331 (Figure 5D, median values 0.92 and 0.88, respectively). In contrast, a heterogeneous set of HIV-1 RNA
332  sequences were recovered following stimulation of Gag-reactive cells from one participant, P8 (Figure
333  S5A), suggesting the presence of a broad population of HIV-1-infected, Gag-reactive clonotypes. However,
334  all of the most frequently recovered RNA variants were seen with both stimulations, and only rare RNA
335  variants were unique to either PMA/I or cognate Ag stimulation. To test whether HIV-1 RNA sequences
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336  obtained with two types of stimulations were equally skewed by dominant variants, we calculated the
337  Gini coefficient, a measure of distribution previously used to estimate oligoclonality of infected cells’. We
338  observed no significant difference in Gini index between stimulation with PMA/I and cognate Ag (Figure
339  5E) and the median percentage of sequences induced both with PMA/I and cognate Ag was 86.7% (Figure
340 5C). Importantly, the enrichment and expansion of Ag-responding cells allowed us to test different stimuli
341 with aliquots of the same cell population with comparable infection frequency and composition of
342  proviruses, something which was not possible in previous approaches**. Our results show that in
343 enriched populations of Ag-reactive cells, the same proviruses can be induced by T cell activation with
344  both cognate Ag and PMA/I.

345 Limiting-dilution analysis of HIV-1 RNA" cells supports low proviral inducibility regardless of stimulation.

346 Even though measuring cell associated HIV-1 RNA in bulk cultures of stimulated cells is a standard method
347  to study latency reversal®*’?, it does not provide information about differences in the induction of HIV-1
348 RNA at the single cell level. Indeed, the observed increases in HIV-1 RNA upon PMA/| or cognate Ag could
349  be the result of modest transcription from many cells, or high-level RNA production from a small number
350  of cells. Therefore, we optimized an assay to measure cell-associated HIV-1 RNA at the single HIV-1-
351 infected cell level based on magnetic bead RNA isolation and cDNA synthesis”. In brief, small pools of
352 cells were sorted into individual wells of 96-well plates, so that each well contained either zero or one
353 HIV-1 RNA positive cell. To each well, we added 5000 PBMCs from a healthy donor to improve RNA
354 recovery and spiked-in synthetic RNA as an internal control for RNA recovery. We then carried out RNA
355 isolation, genomic DNA digestion, cDNA synthesis, and digital PCR to measure the number of HIV-1
356 polyadenylated RNA and internal control RNA copies per well (Figures 6A, Figure S6A and S6B, and
357 methods). The assay sensitivity allows us to avoid pre-amplification, which could complicate the
358 quantification of HIV-1 RNA copies within each cell”*. We validated this method by quantifying
359 commercially available HIV-1 RNA standards in 2-fold dilutions and confirmed the linearity of the assay, a
360 60% recovery of input HIV-1 RNA, and a 95% likelihood of detecting cells with at least 18 HIV-1 RNA copies
361 (Figure S6C). The method is also specific, showed no evidence of inter-well cross-contamination between
362 HIV-1 positive and negative cells, and allows the censoring of wells with poor RNA recovery using the
363 internal RNA control (Figures S6D and S6E). To confirm this approach could detect changes in HIV-1
364  expression upon stimulation at the single infected-cell level, we first used well-characterized T cell lines
365 that carry an HIV-1 provirus, ACH2 and JLat”>’®. We assayed 45 singly-sorted ACH2 live cells that were
366  cultured for 24 hours with PMA/I or left untreated, and observed a significant change in the average
367 number of HIV-1 RNA copies/cell (15-fold increase, p<0.0001, Figure 6B). Additionally, to confirm we could
368  assess biologically relevant changes in HIV-1 expression, we analyzed individual unstimulated JLat10.6
369 cells, which contain a GFP reporter provirus, sorted based on low, intermediate, or high GFP intensity (28
370  cells for each group, Figure 6C). We detected a significantly higher percentage of HIV-1 RNA* cells among
371  those with high GFP intensity (Figure 6D) (96%, versus 35% and 3.5% for intermediate and low GFP
372  expression, respectively, p<0.001), which also contained significantly higher copies of HIV-1 RNA per cell
373  (p<0.0001).

374 We then applied this approach to the same ex vivo expanded CD4* T cells from which we
375 quantified HIV-1 RNA in bulk cultures after stimulation with PMA/I or DCs loaded with cognate Ag.
376 Expecting that only a small fraction of cells would be infected and transcriptionally active, we sorted small
377  pools of CD154*CD69* cells into microtiter wells (300 to 600 cells per well) so that less than 30% of wells
378  would contain an HIV-1 RNA* cell. Pools with the same number of total CD4" cells were sorted for samples
379  restimulated with DCs loaded with KLH. We studied 24 samples from 8 participants, with an overall RNA
380 recovery of 62% (standard deviation +8%) based on the internal control, and a total of 2244 individual
381  wells assayed (Figure S6F). As expected, most wells were HIV-1 RNA negative (80%), but we detected a
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382  significantly higher percentage of HIV-1 RNA* wells from samples treated with PMA/I or cognate Ag
383 compared to KLH (Figure 6E). Overall, the mean values of HIV-1 RNA copies/well were 12.06, 6.36, and
384 1.56 for cells treated with PMA/I, cognate Ag, and KLH, respectively (p=0.012). Moreover, we detected
385 more cells with higher copies of HIV-1 RNA from PMA/-I and cognate Ag-stimulated cells compared to
386  those treated with KLH (p=0.0003), which had a very few cells with >30 HIV-1 RNA copies (15% and 12%,
387  versus 3%, p=0.01, Figure 6F). Indeed, the direct comparison of HIV-1 RNA quantification from cells in bulk
388  versus cell at limiting dilution revealed that differences in HIV-1 gene expression were mostly driven by
389 rare cells with higher copies of HIV-1 RNA (>100 copies/cell). Figures 6G and 6H show a representative
390 example from participant P2, in which we detected high RNA-producing cells only with PMA/I and DCs
391 pulsed with CMV Ag. Conversely, in participant P9 only PMA/I induced high RNA-producing cells, in
392 agreement with the HIV-1 RNA quantification in bulk (Figures S6G and S6H). Overall, we detected rare
393 high-producing HIV-1 RNA* cells (>100 copies) in 5 out of 8 participants (Figure 6l), corresponding to only
394  3.8% of all HIV-1 RNA* cells. Because these cells are extremely rare among all CD4" T cells, bulk
395 measurements cannot provide this single-infected cell resolution, but they can be better suited to detect
396  differences among samples. In the pooled analysis of HIV-1 RNA* wells from all 8 participants, although
397 PMA/I had the highest occurrence of high RNA producing-cells and mean copies/well (58.6+256), the
398  difference in HIV-1 gene expression among the three groups did not reach statistical significance (p=0.14,
399 Figure 6l), likely reflecting the low proviral inducibility even among activated (CD69*CD154") cells. Finally,
400 to provide an estimate of HIV-1 RNA* cells among those infected, we calculated the percentage of positive
401  wells for HIV-1 RNA and the number of total proviruses spread across the plate (Figures 6J and S6l). We
402  estimated that only 15% (+6) of proviruses in cells activated with PMA/| or cognate Ag were positive for
403 HIV-1 RNA (averages of 8 participants were 14% and 17%, respectively, Figure 6J). Albeit low, this
404  percentage was significantly higher than CD4* T cells exposed to DCs pulsed with KLH (average 7% %3,
405 p=0.005). Even though exposure to cognate Ag and stimulation with PMA/| resulted in robust CD4* T cell
406 activation (as indicated by upregulation of IL2 mRNA expression and CD69 and CD154 activation markers),
407  we observed only a modest increase in HIV-1 expression with both bulk and single cell measurements
408 (median fold change 4.6 and 1.6, respectively) (Figure 6K).

409 Overall, the use of a limiting dilution assay helped us distinguish between low (1-10 copies/cell),
410 moderate (10-100 copies/cell) and high (more than 100 copies/cell) HIV-1 RNA producing cells. This
411  striking variation in viral gene expression among infected cells would have been missed with bulk RNA
412 assays or less sensitive single-cell approaches®. Additionally, stimulation with cognate Ag or PMA/I
413 similarly induced high RNA-producing cells, despite the low inducibility of proviruses persisting on long-
414  term ART, as shown in earlier studies.3?7”

415
416
417
418
419
420
421

422
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423 Discussion

424  Evenin PWH who have maintained optimal adherence to ART, the latent reservoir persists in resting CD4*
425  Tcells, including cells that have undergone clonal expansion. Indeed, previous work supports a major role
426  for antigen-driven clonal expansion in promoting HIV-1 persistence?®?*, and most of the HIV-1 reservoir is
427  made of expanded CD4* T cell clones®™>®192L78 These clones fluctuate in size over time, with temporal
428  dynamics resembling the expansion and contraction of immune responses upon Ag exposure’. Previous
429  work characterized HIV-1-infected, CMV-responding cells in PWH and showed that these populations
430  were dominated by large clones of infected cells?*. Understanding which immunological factors dictate
431  the capacity of infected clones to proliferate and survive is paramount for the development of novel
432  curative strategies. However, there is limited understanding of the linkage between Ag-mediated T cell
433  activation, infected cell proliferation, and the induction of HIV-1 gene expression. Although it is clear that
434 polyclonal T cell activation by mitogens, anti-CD3/CD28, or PMA/I can reverse latency, there has been
435 limited proof that, in purified populations of Ag-responding cells, exposure to Ag presented in a
436 physiologic manner by autologous DC can reverse latency. Studying Ag-mediated latency reversal is
437 challenging because of the low frequency of HIV-1 infected CD4" T cells specific for any particular antigen.
438 Here, we implemented a novel approach to: 1) expand the population of Ag-responding CD4* T cells to
439 study the infection rate and proviral composition among these cells; 2) determine whether encounter
440  with cognate Ag presented in a physiologic manner by autologous DCs can cause induction of HIV-1
441 expression; 3) compare the transcriptional activation and HIV-1 expression induced by cognate Ag versus
442 non-specific T cell activators in a controlled setting.

443 Dendritic cells are professional antigen presenting cells (APCs) critical for the initiation of adaptive
444 immune responses. Antigen-specific T cell receptors (TCRs) are constantly performing dynamic
445  surveillance for cognate peptides presented on the surfaces of APCs>%8%81, Encounter with cognate-pMHC
446 complexes and the formation of an immunological synapse are highly regulated multistage processes
447  which dictate physiologic T cell activation®>%%, A previous study emphasized the importance of cross-talk
448 between lymphocytes and DCs, including the CD40/CD40L (CD154) axis, in the context of HIV-1
449 reactivation®®. However, interpretation of the results was complicated by the lack of antiretroviral drugs
450 needed to distinguish latency reversal from viral replication®. In another study, stimulation of CD8-
451  depleted PBMCs with pools of peptides derived from HIV-1 and other common pathogens (CMV, EBV,
452  Candida, flu, tetanus) led to inconsistent latency reversal across patients. These findings suggested that
453 infected cells are not commonly enriched in any particular population of Ag-specific memory cells.
454  However, analysis was complicated by the rarity and heterogeneity of proviral populations across cells
455  susceptible to different stimulations, which prevented the comparison between peptide pools and non-
456  specific, positive controls (anti-CD3/CD28)*2. Here, we used CMV and HIV-1 Gag as frequently
457  encountered Ags and isolated CMV- and Gag-responding cells as previously described3**. We then
458  expanded these cells to quantify the frequency of genetically intact and defective proviruses in the
459  expanded populations by IPDA. Previous studies suggested that a subset of CD4* T cells specific to CMV
460 are less frequently infected — and spared during untreated infection — relative to cells with other
461 specificities due to high autocrine production of MIP1-B%. Conversely HIV-1-reactive cells may be
462  preferentially infected during acute infection and viral rebound®2* Despite the limited number of
463 participants, we did not find a significant difference in infection frequency between CMV- and HIV-1-
464 responding cells expanded ex vivo. Although we found enrichment for total and intact HIV DNA within Ag-
465 reactive cells in some participants, IPDA data showed striking heterogeneity across participants suggesting
466 disparate distribution of proviruses among CD4" T cells with distinct antigenic specificities. This notion
467  that the latent reservoir does not reside in CD4" T cells of only one subset or with recurring antigen
468  specificities was suggested in earlier work?%?#3242 |ndeed, our data showed that HIV-1 can persist in
469 memory CD4* T cells of diverse Ag-specificity. Despite the limited range of antigens tested in this study,
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470  our results suggest that the Ag-specificity of HIV-1 infected cells differs from person to person, and that
471 HIV-1 cure strategies that would reduce the antigenic stimulation of specific infected clones (e.g. reducing
472  exposure to CMV Ags with antivirals) would have little effect on the latent reservoir globally in most
473 individuals.

474  Upon restimulation of the expanded pools of Ag-reactive cells, we observed the highest upregulation of
475  CD154 and CD69 in cognate Ag-dependent manner in all participants, indicating that the enrichment and
476  expansion protocol gave a highly specific populations of CD4* T cells responsive to the relevant Ag.
477 Stimulation of CD4* T cells with anti-CD3/CD28 and PMA/I also led to significant increase in activation-
478 induced markers. However, transcriptome analysis demonstrated that stimulation with PMA/I, which
479  bypassesthe early regulatory steps in TCR signaling, results in significantly higher transcriptional activation
480 and expression of effector molecules (L2, TNFaq, etc.), whose genes are cooperatively regulated by NF-kB
481  and NFAT®>®® |ndeed, it is likely that because of this integration of kinase and calcium signaling, PMA/I is
482  one of the strongest HIV-1 latency reversing strategies ex vivo%®,

483 Using autologous DCs loaded with either CMV or HIV-1 Gag antigens, we demonstrated significant
484  increases of HIV-1 RNA expression in sorted CD154*CD69*CD4"* T cells relative to NoTx and NoAg controls
485 in cells from 9 out of 10 study participants. These results provide a direct demonstration that encounter
486  with cognate Ag in a physiologic context can increase expression of HIV-1 genes, a finding with direct
487  relevance for the critical question of what causes HIV-1 rebound upon treatment interruption.

488 Even though T cell activation is a prerequisite for latency reversal®, our data suggest that there is some

489  discordance between Ag-driven T cell responses and latency reversal. This observation is consistent with
490  studies demonstrating that for some proviruses latency reversal was achieved only after multiple rounds
491 of T cell activation!®32, and that other factors, such as proviral location, can further reduce viral expression
492  despite T cell activation and proliferation®®. In addition, we showed that higher infection frequency among
493  Ag-responding cells resulted in higher HIV-1 expression upon cognate Ag and PMA/I stimulation.

494 Although the increase in HIV-1 RNA was the highest with PMA/Iin 6 out of 10 individuals, the median fold
495  changes relative to NoTx upon PMA/I or Ag stimulation were not statistically different (Figure 4B). In
496  addition, there were no observed differences in the populations of proviruses induced by these stimuli.
497  Our sequencing data confirmed that stimulation with both PMA/I and cognate Ag frequently induced
498 identical HIV-1 RNA variants. Overall, our results show that at the level of individual infected cells,
499  physiologic stimulation with cognate Ag can induce HIV-1 gene expression to an extent comparable to
500 that seen with polyclonal activators like PMA/I despite the observed differences in the transcriptional
501 changes induced by these stimuli.

502  To examine differences in HIV-1 RNA induction at the single infected-cell level, we optimized a sensitive
503  assay that allows to quantify polyadenylated HIV-1 RNA from either individual cells or small pools at
504 limiting dilution for HIV-1 expressing cells. A similar approach was used in a previous study to quantify
505  viral RNA transcripts from single proviruses in individuals on ART receiving a short treatment with the LRA
506  romidespsin, which triggered a small number of memory CD4* T cells to become only marginally
507 transcriptionally active®. Conversely, we observed that stimulation of the Ag-responding expanded pools
508  with either PMA/I or cognate Ag led to the induction of rare cells with higher HIV-1 expression levels,
509  which contributed to the fold-increase in viral transcripts measured from CD4* T cells in bulk. Despite the
510 detection of these high HIV-1-expressing cells, our results point towards the overall low-inducibility of
511 proviruses that persist in individuals on long-term ART. Indeed, we estimate that after activation by TCR
512 signaling with different stimuli, only about 15% of infected cells expressed detectable levels of
513 polyadenylated HIV-1 transcripts (=10 copies/cell). This observation further supports a model in which the
514 HIV-1 reservoir persists in part due to a higher threshold for latency reversal®® relative to the
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515 transcriptional activation required for T cell responses. This allows most infected cells to proliferate and
516  deploy effector functions while avoiding immune recognition. Our findings also highlight the need to
517  develop new latency reversing agents that target HIV-1-specific regulators of RNA transcription rather
518  than broad T cell activation, as recently reported®**.

519 Previously, a direct comparison of HIV-1 gene expression upon polyclonal and specificimmune stimuli was
520 impossible, due to the much smaller proportion of cells reactive to a single antigen, and the difference in
521  the fraction of total and intact proviruses in responding populations. Our experimental design “leveled
522  the playing field”, allowing us to directly compare proviral inducibility in response to i) physiologic antigen
523 presentation by DCs versus polyclonal stimulation based on ii) CD3/CD28 engagement or jii) PKC/Calcium
524  signaling. These stimuli led to different patterns of transcriptional activation but ultimately caused similar
525 levels of T cell activation with detectable but restricted levels of HIV-1 gene expression. This result has
526 important implications for recent studies on reservoir persistence in long-term survivors who have been
527 on ART for more than 20 years. Integration site analyses paired to HIV-1 genome sequencing indicated
528  thatintact proviruses are progressively enriched in heterochromatic regions linked to deeper latency®>%?,
529  vyet our group has recently found many readily inducible infectious proviruses in such individuals!?, The
530 latter finding was based on the QVOA, which relies on latency reversal with the mitogen
531 phytohemagglutinin (PHA), raising the question of whether polyclonal activation with mitogens induced
532 proviruses that would not be induced in vivo. Here, we extend the results from a recent case report® and
533 show that Ag presented in a physiologic manner by autologous APCs can reverse latency and cause viral
534 particle production, further supporting that even proviruses that have been selected during long-term
535 ART can be reactivated and could contribute to viral rebound if ART is interrupted in the absence of
536 exceptional immune control.

537 In conclusion, this study shows how one of the fundamental functions of CD4* T cells — the constant
538 scanning and recognition of specific antigens — can affect the spontaneous transcriptional activity of the
539 HIV-1 reservoir during ART. Although HIV-1 persistence is maintained through latency, residual viral gene
540 expression driven by encounter with Ag may sustain anti-HIV-1 adaptive immunity®, contribute to
541  immune activation®, and give rise to residual viremia that can complicate ART management®. Most
542 importantly, our findings suggest that antigen recognition may affect the earliest events leading to viral
543 rebound when ART is stopped. Therefore, future studies are needed to develop interventions that would
544  eliminate virus-producing cells and prevent viral dissemination, since antigenic stimulation could
545  eventually overcome even deep proviral latency.

546 Limitations of the study

547  The major limitations of the study were the striking heterogeneity in proviral frequency and composition
548  within antigen-reactive cells across participants, the inability to determine the intactness of the induced
549 proviruses that contributed to both bulk and limiting-dilution RNA measurements, and the lack of
550 integration site data to study the impact of genomic location on proviral inducibility. In future studies, our
551 approach could be used to sort HIV-1-infected cells upon re-stimulation based on intracellular p24
552  staining®® or fluorescent in situ hybridization®®, allowing in depth characterization of proviruses in the
553 Ag-responding cells expanded ex vivo. Another technical challenge of this work was related to the use of
554  a polyclonal population of Ag-responding cells stimulated with lysates or peptide pools. This approach
555 prevented us from differentiating the contribution of TCR avidity, signaling strength and pMHC density to
556  proviral inducibility. However, the identification and manipulation of individual infected clones with
557  known specificity at the single epitope level is extremely challenging. An additional limitation of the study
558 is that it focused on only 10 individuals, including only 3 females; hence, the generalizability of our
559  conclusions to people of different ages, sexes, and ethnicities remains to be determined.
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578 Methods
579 Study participants

580  Characteristics of the study participants are provided in Supplemental Table S1. Participants were persons
581 living with HIV-1 (PWH) on suppressive ART initiated during chronic infection, with 8 out of 10 study
582 participants having undetectable plasma HIV-1 RNA levels (<20 copies/mL) for 8 or more years. Participant
583 P6 experienced intermittent periods of detectible viremia with a median level of 75 copies/ml (range <20-
584 300 copies/ml), despite optimal adherence and no drug resistance. Previous work from our group has
585 shown that P6’s nonsuppressible viremia is due to expanded CD4" T cells carrying multiple proviruses,
586 some with 5’-L-defects® (study participant ID P2%). Participant P9 experienced intermittent
587 nonsuppresible viremia despite optimal adherence since 2015 (mean HIV-1 RNA 26 copies/mL, median
588 <20copies/mL). Additional inclusion criteria were CD4* T cell count above 400 cell/uL and positive CMV
589  serology (participants P1-P5). Peripheral blood samples (up to 180 mL) were collected at the Johns
590 Hopkins Bartlett Specialty Clinic and processed to isolate PBMCs by Ficoll gradient separation. For
591 participants P4, P5, P9 and P10, leukapheresis was performed at University of Pennsylvania and University
592 of California San Francisco.

593 Enrichment of Antigen-responding cells

594  Antigen-responding cells were enriched using the previously described antigen-reactive T cell enrichment
595  (ARTE) method3®*. In brief, between 9 and 4 x 107 CD8-depleted PBMCs were resuspended in RPMI-1640
596 (GIBCO), supplemented with 10% (v/v) human AB-serum (Sigma Aldrich, , Germany) seeded into well
597 culture plates and stimulated with antigens for 18 h in presence of 1 mg/ml of anti-CD40 blocking antibody
598  (both Miltenyi Biotec, Germany) and costimulatory molecules (CD28/CD49d; BD Biosciences; 0.5 pg/mL)
599 as well as a cocktail of antiretroviral drugs (10 nM dolutegravir, 10uM tenofovir, and 10uM emtricitabine)
600  to prevent new infection events. Cells stimulated with either lysates of CMV-infected fibroblasts (Virusys,
601 10 pug/mL), overlapping Gag 15mer peptides (HIV-1 Gag peptide pool, JPT peptides, 1 ug/peptide/mL) or
602 Gag P55 protein (NIH reagents: HIV-1 llIB pr55 Gag Protein, ARP-3276 and HIV-1 NL4-3 pr55 Gag
603 Recombinant Protein, ARP-13385; 2.5 pug/ml). To study Gag-responding cells, we used 15mer overlapping
604 HIV-1 Gag peptides as well as whole protein to better simulate natural antigen processing and
605 presentation®. After 18 hours, cells were washed and labeled with CD154-Biotin followed by anti-Biotin
606 MicroBeads (CD154 MicroBead Kit; Miltenyi Biotec) and magnetically enriched by two sequential MS
607  columns (Miltenyi Biotec). Frequencies of antigen-responding T cells were determined based on the total
608  cell count of CD154* T cells after enrichment, normalized to the total number of cells applied on the
609  column.

610 Invitro expansion, preparation of dendritic cells (DCs) and re-stimulation of antigen-responding T cells

611  The negative cell fraction resulting from the CD154 magnetic enrichment was irradiated and used as
612 antigen-leaded, autologous feeders for cell expansion ex vivo. Purified CD154* T cells were expanded in
613 presence of 1:100 autologous antigen-loaded irradiated feeder cells in TexMACS medium (Miltenyi
614  Biotec), supplemented with 5% (v/v) human AB-serum (GemCell), 200 U/ml IL-2 (R&D) and 100 IU/ml
615 penicillin, 100 mg/ml streptomycin, 0.25 mg/ml amphotericin B (Antibiotic Antimycotic Solution, Sigma
616  Aldrich) and antiretrovirals. During expansion for 2 weeks, the medium was replenished, and cells were
617 split as needed. To generate monocyte-derived dendritic cells, we cultured autologous CD14* monocytes
618 isolated by positive selection (CD14 MicroBeads; Miltenyi Biotec) in X-Vivol5 medium
619  (BioWhittaker/Lonza), supplemented with 1000 IU/ml GM-CSF and 400 IU/ml IL-4 (both Miltenyi Biotec)
620  for 5 days. On the second day, CD14" cells were stimulated with the same antigens used for the CD154*
621 cell enrichment. Before re-stimulation, expanded T cells were rested in RPMI-1640 + 5% human AB-serum
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622  for 2 days. Expanded cells were re-stimulated in a coculture ratio of 1:1 with antigen-loaded fastDCs in
623 24-well flat bottom plates for 18 hours.

624  Flow cytometry

625 Cells were washed and incubated with FcgR Block (BD Pharmingen) at room temperature for 10 minutes,
626 and then stained for 30 minutes on ice with an APC-labeled antibody against CD3 (BioLegend; clone
627 UCHT1), phycoerythrinCy7—labeled (PE-Cy7—labeled) antibody against CD4 (BioLegend; clone RPA-T4),
628 BV421-labeled antibody against CD154 (BioLegend; clone 24-31), FITC-labeled antibody against CD69
629 (BioLegend; clone FN50), and PE-Cy5-labeled antibodies against CD14 (Thermo Fisher Scientific; clone
630 61D3) and CD16 (BioLegend; clone 3G8). Dead cells were excluded using propidium iodide. Cells stained
631  with single fluorophore-labeled antibodies, costimulation-only controls, and positive controls were used
632  to set sorting gates. Cells were sorted using either the Beckman Coulter MoFlo Legacy or the XDP cell
633  sorter. Arepresentative gating strategy and sorting logic is provided in Supplemental Figure S2E. Data was
634 analyzed using FlowJo v10 (Treestar, Ashland,OR, USA) software.

635 Extraction of genomic DNA (gDNA) and intracellular RNA

636 Sorted cells were collected and immediately lysed for nucleic acid extraction. Isolation of gDNA and cell-
637 associated RNA was performed based on previously published protocols®. For samples with more than
638 108 cells, QlAamp DNA Mini Kit (QIAGEN) was used for DNA isolation. NanoDrop 2000 and Qubit 3 Broad
639 Range (Thermo Fisher Scientific) were used to quantify gDNA concentrations.

640  Intact proviral DNA assay (IPDA)

641 Expanded cells were rested for 2 days and aliquots of 3-5 x 106 CD4* T cells were collected to isolate gDNA.
642  The IPDA was performed as previously described® . Because of sequence variation, a custom -probe was
643  designed for participant P2 (FAM-TGGCGTACTCACCAGG-MGBNFQ; Applied Biosystems), and a custom -
644  forward primer was designed for participant P2 (CAGGACTCGGCTTGCTGAGC)?. Copies of intact and
645  defective proviruses were corrected by DNA shearing and normalized to cell equivalents based on
646  RPP30%.

647  HIV-1 RNA quantification

648 Intracellular RNA was subjected to complementary DNA (cDNA) synthesis using random hexamer and
649  oligodT and the SuperScript lll First-Strand Synthesis System (Thermo Fisher Scientific) in order to measure
650 HIV-1 poly-adenylated RNA transcripts. cDNA was quantified using primers and probe previously
651 published®? and subjected to digital droplet quantification using the BioRad system. Data was analyzed
652 using QuantaSoft Analysis Pro. Data were normalized to copies per 10° cells by calculating gDNA cell
653  equivalents based on RPP30.

654  Single-Genome-Sequencing (SGS)

655 Cell-associated RNA was used for reverse-transcription with a gene-specific primer in Gag
656 (TGACATGCTGTCATCATYTCYTC). The cDNA was then subjected to end-point dilution and PCR-amplified,
657 and single-genome sequences were obtained from an 1,100-bp region spanning from U5 to Gag (HXB2
658 positions 584-1841), as previously described”. Outer and inner PCRs were performed as previously
659 published®’. PCR products were sequenced by sanger sequencing. Table S2 summarizes the oligos used in
660  this study.

661 Bioinformatics analysis of HIV-1 sequences.
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662 Raw data from Sanger sequencing were analyzed in Geneious to resolve base call conflicts and eliminate
663  sequences with poor quality or double peaks reflecting more than one HIV-1 variant per PCR reaction.
664  Sequence contigs were aligned with ClustalW®. ElimDupes was used to identify and collapse identical
665 sequences (https://www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html).  Neighbor-
666  joining (NJ) trees were constructed in MEGA 7.0 with a subtype-specific HIV-1 consensus as the
667 outgroup®. The phylogenetic structure was tested by bootstrap analysis (1000 replicates). To investigate
668 differences between RNA variants, we calculated
669 the Gini  coefficient of inequality in RStudio  with  the ineq R package
670  (https://cran.rproject.org/web/packages/ineq/index.html) and corrected for small samples. This
671 measurement of sample dispersion provides an estimate of whether the RNA variants within a sample are
672 evenly distributed in groups of different sequences (values approaching 0) or dominated by groups of
673 identical variants (values approaching 1).

674 Quantification of HIV RNA in limiting dilution experiments

675  The limiting-dilution assay was developed based on a high-throughput, sensitive, and cost-effective
676 RNAseq protocol, named prime-seq, with minor modifications’®. Briefly, individual or small pools of cells
677  were sorted in 96-well plates (Eppendorf twin.tec PCR LoBind) in 50ul of lysis buffer, consisting in Buffer
678 RLT Plus (Qiagen, Ref#1053393) and 1% B-mercaptoethanol, with each well containing a cushion of 5000
679 uninfected PBMCs. Plates were stored at -80 °C until processed. In restimulation experiments of antigen-
680 reactive, expanded cells treated with PMA/| or Ag-loaded DCs, live CD154*CD69*CD4* T cells were sorted
681 in pools of 300-600 cells/well. As controls, total CD4* T cells treated with KLH-loaded DCs were sorted in
682 equal pools of cells/well. Upon thawing, cell lysates were treated with 20ug of Proteinase K and 1ul of
683 25mM EDTA and incubated at 50 °C for 15min. In addition, ~8000 copies of a synthetic RNA internal
684  control (IC) (see details below) were added to each well. The lysed samples were then treated with
685 cleanup beads, prepared as previously described’®, at a 1:3 ratio to maximize the recovery of RNA. After
686 an incubation of 5min at room temperature, cleanup beads were immobilized with a magnetic plate
687 holder and washed twice with 70% ethanol. Then, genomic DNA was digested on-beads using 1U of DNAse
688 | (NEB MO0303) at room temperature for 10 minutes. Following incubation, DNase was inactivated by
689  adding 1ul of 100mM EDTA and incubation at 65 °C for 5 minutes. After two washes with 70% ethanol,
690  beads were resuspended in 10ul of RT-solution, consisting of 30U of Maxima H Reverse Transcriptase
691 (Thermo Fisher EP0753), 1uM of template-switching oligo and 1uM of HIV-tailed oligodT primers, to
692 perform on-beads cDNA synthesis. The reaction was incubated at 42 °C for 1h and 30min. At the end of
693  cDNA synthesis, 10ul of 5mM Tris-HCl were added to each well and the plate was vortexed thoroughly to
694  ensure proper recover of cDNA from the beads. Finally, the samples were cleaned and concentrated in a
695 final volume of 10ul of 5mM Tris-HCl using cleanup beads in a 1:1 ratio. Five ul of cDNA were quantified
696  in a duplex digital PCR reaction targeting total HIV-1 polyadenylated RNA®® and the IC RNA. Digital PCR
697  reactions were run using the QlAcuity One Digital PCR System (Qiagen) in a 96-well 8.5k partitions
698  nanoplate, with an initial denaturation step of 95 °C for 2min, followed by 45 cycles each including 95 °C
699  for 15min and 58°C for 1h. Samples from participant P6 were run in 24-well 26k partition nanoplates.
700 Table S2 summarizes the oligos used in this study.

701  The analytical sensitivity of the assay was assessed by the quantification of 2-fold dilutions (input ranging
702  from 250 to 2 copies) of a validated HIV RNA standard (HIV Reagent Program, ARP 3443). Twenty-four
703 independent measurements were assayed for each point and the 95% and 50% hit rate were calculated
704 by Probit regression analysis. The performance and the ability of the assay to detect RNA starting from a
705  single HIV-1 RNA* cell was tested on singly sorted ACH-2 cells with or without stimulation with PMA/I for
706 12h, and on unstimulated single J-Lat 10.6 cells sorted based on low, mid, and high GFP expression (See


https://doi.org/10.1101/2024.02.27.582096
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.27.582096; this version posted March 1, 2024. 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-ND 4.0 International license.

707  Supplemental Figure S6). ACH-2 and Jlat10.6 cells were obtained from the HIV Reagent Program (ARP-349
708  and ARP-9849, respectively).

709  Synthetic RNA control

710  To properly account for RNA loss during the RNA extraction, we designed a control for recovery, consisting
711 in a synthetic RNA, spiked-in in each well before the extraction process. Briefly, we designed a gblock (IDT
712 DNA, Coralville, CA) of 2,728bp sharing homology with DENV NS3 gene, with the sequence being modified
713 to optimize the gblock synthesis. To introduce the T7 promoter primers required for the in vitro
714  transcription process, we used 100ng of the gblock in a PCR using 4ul of 10x Buffer, 2.5mM of MgS04,
715  0.25mM of dNTPs, 0.5 uM of primers and 1U of Platinum Taq High Fidelity DNA Polymerase (Invitrogen
716 11304102) in a final volume of 40ul. The reaction included an initial denaturation step of 94 °C for 2min,
717  followed by 45 cycles each including 94 °C for 20min, 55°C for 30min and 72 °C for 3min. After
718  amplification, the PCR product was purified using the PCR Clean-up kit (Macherey-Nagel 740609.250) and
719  quantified by Qubit dsDNA BR (Invitrogen Q33265). A total of 1ug of the purified PCR product was used
720  for in vitro transcription using the HiScribe T7 High Yield RNA synthesis (NEB E2040S), as recommended
721 by the manufacturer. Finally, the synthetic RNA was checked by electrophoresis and was quantified by
722 nanodrop. In addition, to give a precise estimate of copies/ul of the synthetic RNA, serial 10-fold dilutions
723  were quantified by digital PCR. At the beginning of the extraction, ~8,000 copies of synthetic RNA were
724  added to each well of the 96-well plate. For each experiment, synthetic RNA was added in three wells,
725 containing the healthy donor cell cushion but not the participant-derived cells, just before the cDNA
726 synthesis step, hence representing the 100% recovery control of RNA. We used two criteria to exclude
727  wells with poor recovery: 1) wells with a recovery <30% to the average of the synthetic RNA control and/or
728 2) wells with a recovery inferior to the average copies of IC RNA across the entire plate + 2 standard
729 deviation.

730  Multiplex ELISA

731  The supernatants from re-stimulation experiments were collected, stored at -80°C, and analyzed by
732 Legendplex Custom Panel (BioLegend) per the manufacturer’s protocol. Samples were acquired on an
733 Intellicyt iQue Screener Plus (Sartorius). Data was analyzed by FlowJo v10.8.1 (BD Bioscience).

734 RNA-sequencing

735 Bulk RNA sequencing was performed on samples from 6 study participants (P1, P4, P5, P6, P8, and P10).
736 We sorted 10,000 live CD4* T cells left untreated (NoTx), treated with anti-CD3/CD28, PMA/I, or
737 autologous dendritic cells without addition of antigens (NoAg) or pulsed with cognate antigens. Due to
738  technical challenges, the anti-CD3/CD28 sample from P1 and the NoAg sample from P6 were not collected.
739 Cells were sorted in lysis buffer, spun and stored at -80°C until processed. RNA isolation was performed
740 as previously described®. RNA quality was assessed using a Bioanalyzer RNA 6000 Nano Chip (Agilent
741  Technologies). All samples had an RNA quality number (RQN) higher than 8, with a mean RIN of 9.89
742 (range 8.9-10). TrueSeq stranded mRNA libraries (lllumina) were prepared by the Single Cell Genomics
743  Core at Johns Hopkins University and sequenced on an Illumina NovaSeq platform (1x100bp reads).
744  Sequencing reads were aligned to the reference human genome using STAR (v2.7.10) and annotated using
745  the hgl9 build of the genome (GRCh37). Next, the number of reads mapping to each gene was quantified
746 using RSEM (v1.3.3). RNA counts were imported into R (v4.1) where normalization for library size and
747  regularized-logarithmic transformation of counts was performed using DESeq2 (v1.34). Differential
748  expression analysis was performed with DESeq2. Differentially expressed genes were defined as any genes
749  with absolute log-fold changes (LFC) larger than 1.2 at a false discovery rate (FDR) of 0.05. The list of genes
750  targeted by the transcription factors (TF) NF-kB and NFAT was compiled based on previously published
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751  datal®10L102 Genes were selected if they are expressed in CD4* T cells, contain a TF-binding site in their
752 promoter and have been shown to directly interact with the TF (e.g., CHIP-seq data) (
753 https://www.bu.edu/nf-kb/gene-resources/target-genes/). Additional analysis and data visualization
754 were performed with iDEP v1.1 (https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-
755  018-2486-6).

756  TCRP sequencing. gDNA was isolated from CD4* T cells, quantified as described above, and diluted in Tris-
757  acetate-EDTA to a concentration of 10 ng/uL (for a total of up to 1 ug per sample). TCRB sequencing data
758  were generated using the ImmunoSEQ hsTCRB assay, version 4, in survey mode (Adaptive
759 Biotechnologies). Analyses on TCR data were conducted on the ImmuneAnalyzer platform (Adaptive
760 Biotechnologies).

761  Quantification and statistical analyses. Descriptive statistics, tests for normality, 2-tailed Student’s t-test
762  and one-way ANOVA tests were used to determine statistical significance using GraphPad Prism v9.0. P
763 values lower than 0.05 were considered significant, unless otherwise stated.

764 Data availability. HIV-1 sequences are available on GenBank (sequences were submitted, accession
765 numbers are pending). TCRP sequencing data can be accessed through the ImmuneAccess database (doi
766  pending). RNAseq data has been deposited to NCBI SRA and will be available after publication.

767  Study approval. The Johns Hopkins Institutional Review Board, the Wistar Institute, and the UCSF
768 Committee on Human Research approved this study. All study participants provided written informed
769 consent before enrollment.

770
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Figure 1. Experimental approach to study Ag-mediated T cell activation and induction of HIV-1 gene
expression. (A) Schematic of experimental design. Enrichment of Ag-responding cells based on magnetic
beads coated with anti-CD154 antibodies, and subsequent expansion ex vivo. Expanded cells were rested
and subjected to either non-specific T cell activators (anti-CD3/CD28 activation beads or PMA/I) or
cocultured with autologous monocyte-derived dendritic cells (DCs) loaded with either cognate Ag (CMV
lysates or HIV-1 Gag peptides), neoantigen (KLH), or no addition of antigen (NoAg). (B) Percentage of Ag-
responding cells among CD8-depleted PBMC estimated based on CD154 magnetic enrichment. (C) Cell
count of Ag-responding cells before and after expansion. (D) Distribution of TCRB sequences among Ag-
responding cells from participant P1 at the end of the enrichment and expansion protocol compared to
sequences obtained by overnight Ag stimulation of CD8-depleted PBMC and direct sorting of
CD69°CD154" T cells. Abundance of TCRB sequences of Ag responding cells after Ag-specific expansion
compared to direct sorting after overnight Ag-stimulation; representative scatter plot from participant P1.
Circles indicate percentage abundance of individual productive TCRB sequences in the two samples; the
orange dot represents a well characterized clonotype carrying a defective provirus integrated into the
MKL1 gene®®. Data on sorted cells are from a sample obtained 3 years prior to the current study?
(Simonetti et al, 2021) (E) Quantification of intact proviruses, proviruses with 3’ deletions and/or
hypermutation (3'del/HM), proviruses with 5’ deletions (5'del), and total proviruses in purified,
unstimulated CD4* T cells and in the expanded pool of Ag-responsive cells. Total proviruses were
calculated as the sum of intact, 3'del/HM, and 5'del proviruses. Horizontal bars represent median with
interquartile range. Significance was determined by paired t-test. (F) Intact and total proviruses within
expanded Ag-responding pools expressed as the fold change relative to purified CD4+ T cells isolated from
PBMCs. Each dot represents a value from one study participant. Open symbols indicate values below the
limit of detection. Horizontal bars represent median values.
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Figure 2. Activation of Ag-responding cells by exposure to different stimuli (A) Representative
histograms for CD69 and CD154 surface expression following 18 hours incubation of resting Ag-
responding cells. Results are shown for one representative participant (P5). Shaded region of the figure
legend represents coculture with DCs. (B) Representative flow cytometry plots showing upregulation of
CD154 and CD69 on CD4* T cells from a representative CMV-responding participant (P5). Top row:
response to no treatment (NoTx) or polyclonal activating stimuli. Bottom row: response to DC pulsed with
no Ag, an irrelevant Ag (KLH), or with CMV lysate. (C) Percentage of C154*CD69*CD4* T cells in expanded
pool of CMV-responding cells (left panel) and (D) Gag-responding cells (right panel) following an 18 hour
incubation with the indicated stimuli. Horizontal bars represent median with interquartile range.
Significance was determined by one-way ANOVA followed by Kruskal Wallis’s test for multiple
comparisons, *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. Distinct transcriptional activation in Ag-responding CD4* T cells upon encounter with cognate
Ag compared to PMA/I stimulation. (A) Schematic of TCR signaling network upon CD4" T cell activation
through Ag-presentation on the surface of DCs, anti-CD3/CD28 or PMA/I. (B) Heatmap of gene expression
and hierarchical clustering based on the Pearson correlation of the 100 most variable genes; Z-score cut
off was set at 4; the top 20 genes are labelled; scale bar indicates normalized relative expression. (C)
Principal component analysis (PCA) based on gene expression of NF-kB and NFAT target genes. (D) Volcano
plot of differentially expressed genes (DEGs) in cognate Ag versus anti-CD3/CD28 for NF-kB target genes
(E) Volcano plot of DEGs NF-kB target genes in cells stimulated with cognate Ag versus PMA/I. (F)
Normalized counts of /L2 expression (left) and supernatant protein levels of IL2 (right) in cells stimulated
with cognate Ag versus PMA/I.(G) Normalized counts of /L10 expression (left) and supernatant levels of
IL10 (right) in cells stimulated with cognate Ag versus PMA/I. (F-G) Each symbol corresponds to a study
participant. Horizontal bars represent median with interquartile range. All data shown as average of
technical replicates. Statistical significance was determined by unpaired t-test*P<0.05, **P<0.01,
***P<0.001, ****P<0.0001.
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Figure 4. Encounter with cognate Ag causes significant increase in HIV-1 expression. (A) Quantification
of HIV-1 polyadenylated RNA in CMV-responding cells (top panel; participants P1-P5) and Gag-responding
cells (bottom panel; participants P6-10) across different treatments conditions. Data reported as HIV-1
polyA RNA copies per million cell equivalents; error bars indicate standard deviation; circles indicate
technical replicates of ddPCR. Significance was determined by one-way ANOVA followed by Sidak’s test
for multiple comparisons. (B) HIV-1 RNA expressed as fold change relative to NoTx (C) HIV-1 RNA
expressed as fold change relative to NoAg. (B-C) Each colored circle represents the mean HIV-1 RNA value
for a single participant. Circle colors match participants’ IDs. Statistical significance between conditions
was determined by one-way ANOVA followed by Dunn’s test for multiple comparisons. (D) HIV-1 RNA
induction expressed as HIV-1 polyA RNA and HIV-1 DNA ratio for NoTx, PMA/I and cognate Ag. HIV-1 DNA
is used as a total number of proviruses calculated by IPDA (see Figure 1D). Single dot represents an
individual study participant. Horizontal bars represent median with interquartile range. Significance was
determined by one-way ANOVA followed by Dunn’s test for multiple comparisons. (E) Quantification of
virion-associated HIV-1 RNA in supernatant collected after 18-hour coculture of expanded Ag-responding
cells and autologous DCs loaded with NoAg, irrelevant Ag-KLH or cognate Ag, expressed as fold change to
NoAg. Statistical significance between conditions was determined by one-way ANOVA. *P<0.05; **P<0.01,
*#*P<0.001, ****P<0.0001.
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Figure 5. Stimulation with PMA/I and cognate Ag induce comparable populations of proviruses. (A)
Representative neighbor-joining phylogenetic trees of cell-associated HIV-1 RNA u5-gag sequences from
5 study participants. Sequences recovered from PMA/| treatment are represented in dark shade, whereas
those recovered after stimulation with cognate Ag are represented in light shade of corresponding color.
A branch distance of 1 nucleotide (1nt) is shown on the tree scale. (B-C) Percentage of sequences found
in both by PMA/I and cognate Ag for six study participants. The number of total recovered sequences is
indicated in the center of the respective pie chart. (D) Frequency of identical sequences within sorted
populations of either stimulation treatment for 6 study participants. (E) Gini oligoclonality index for 6
study participants. Horizontal bars represent median with interquartile range. (D-E) Horizontal bars
represent median with interquartile range. Statistical significance was determined by paired t-test.
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Figure 6. Quantification of HIV-1 RNA at single-infected cell resolution. (A) Experimental design; cells are
sorted into 96-well plates so that each well contains only one or no HIV-1 RNA positive cells, either by
single cell sorting or limiting dilution; a synthetic RNA spike-in is used to control for RNA recovery. (B)
Individual ACH2 cells were analyzed after 18 hours of culture with and without PMA/I (orange and blue
symbols, respectively); gray symbols indicate values below the limit of detection; error bars indicate
median and interquartile range; the difference between the two groups was assessed by Mann-Whitney
t-test. (C) Flow cytometry plot of unstimulated JLat 10.6 cells, showing sorting logic based on GFP
fluorescence intensity. (D) Analysis of individual JLat 10.6 cells sorted based on low, intermediate, or high
GFP expression; gray symbols indicate values below the limit of detection; error bars indicate median and
interquartile range; the difference between the three groups was assessed by Kruskal-Wallis test; pie
charts at the top represent the percentage of HIV-1 RNA* cells; the difference between the three groups
was assessed by Fisher’s exact test. (E) Percentage of all wells positive for HIV-1 RNA grouped by treatment
with PMA/I, cognate Ag or irrelevant KLH; numbers in parenthesis indicate the total wells analyzed. (F)
Percentage of wells grouped by HIV-1 RNA copies; the difference between the three groups was assessed
by Fisher’s exact test. (G) HIV-1 RNA quantification in bulk cells, as in Figure 4A, for participant P2; the
dashed horizontal bars indicate the mean value for cells without treatment (NoTx). (H) Limiting dilution
viral quantification assay for participant P2; black horizontal bars indicate mean values; gray symbols
indicate values below the limit of detection (9 copies/well) and numbers in parenthesis indicate the
number of negative wells; pie charts at the top indicate the percentage of HIV-1 RNA* wells; the difference
between the three groups was assessed by Fisher’s exact test. (I) Histograms showing the distribution of
HIV-1 RNA copies/well; dashed lines indicate the mean values. (J) Percentage of induced proviruses
calculated as the ratio between the number of positive HIV-1 RNA wells and total number of proviruses
seeded in each plate. Each dot represents one plate from each condition and study participant. Horizontal
lines represent median value. Significance was determined one-way ANOVA. Estimate of total cells and
proviruses screened in each plate; horizontal bars indicate mean values. (K) Comparison of fold changes
in IL2 mRNA expression, T cell activation-induced markers, and HIV-1 expression in bulk or at the single-
infected cell level, relative to negative controls; each dot represent experiments from one participant;
blue and magenta indicate stimulation with PMA/I and cognate antigens, respectively; circles and
diamonds indicate experiments with CMV and Gag-reactive cells; black bars and numbers indicate median
values.
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