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One Sentence Summary: Expression properties and responsiveness to latency reactivation agents
of individual HIV-1 proviral clones within polyclonal populations are masked by dominant clones
and influenced by proviral proximity to certain epigenetic marks and by Vpr, a viral factor not

previously known to affect latency and reactivation.
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Abstract:

Cell culture models suggest that the HIV-1 viral protein R (Vpr) is dispensable for latency
establishment. However, whether Vpr affects the persistent proviral landscape and responsiveness
to latency reversing agents (LRAs) is unclear. Here, integration site landscape, clonal dynamics,
and latency reversal effects of Vpr were studied by comparing barcoded vpr+ and vpr- populations
arising after infection of Jurkat cells in vitro. The results showed that individual integrant clones
differed in fractions of LTR-active daughter cells: some clones gave rise to few to no LTR-active
cells while for others almost all daughter cells were LTR-active. Integrant clones with at least 60%
LTR-active cells (high LTR-active clones) contained proviruses positioned closer to preexisting
enhancers (H3K27ac) and promoters (H3K4me3) than clones with <30% LTR-active cells (low
LTR-active clones). Comparing vpr+ and vpr- populations revealed that the vpr+ population was
depleted of high LTR-active clones. Complementing vpr-defective proviruses by transduction with
vpr 16 days after infection led to rapid loss of high LTR-active clones, indicating that the effect of
Vpr on proviral populations occurs post-integration. Comparing vpr+ and vpr- integration sites
revealed that predominant vpr+ proviruses were farther from enhancers and promoters.
Correspondingly, distances to these marks among previously reported intact HIV proviruses in
ART-suppressed patients were more similar to those in the vpr+ pool than to vpr- integrants. To
compare latency reactivation agent (LRA) responsiveness, the LRAs prostratin and JQ1 were
applied separately or in combination. vpr+ and vpr- population-wide trends were similar, but
combination treatment reduced virion release in a subset of vpr- clones relative to when JQ1 was
applied separately, an effect not observed in vpr+ pools. Together, these observations highlight
the importance of Vpr to proviral population dynamics, integration site landscapes, and

responsiveness to latency reversing agents.
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Introduction

HIV-1 establishes stable, long-lived reservoirs in patients treated with highly active antiretroviral
therapy (HAART). Within this reservoir, cells that contain transcriptionally silent replication
competent proviruses are inert to immune recognition and clearance as well as to current
antiretroviral therapies; thus, even optimally treated patients remain infected (1). A cure for HIV-
1 will require either ridding an individual of all infected cells (sterilizing cure) or reducing the

reservoir to levels that enable the patient’s immune control (functional cure).

Previous studies have demonstrated that latency establishment and maintenance is multifaceted
and can involve the depletion of cellular factors such as the transcription factor NFkB, reduction
in the level of the positive transcription elongation factor b (pTEFD), sequestration of pTEFb by
the HEXIM/7SK RNA complex, the lack of CDK9 phosphorylation by CDK7 to promote pTEFb
assembly, and promoter occlusion due to transcriptional interference from upstream host genes (2-
7). The remodeling of the Nuc-1 nucleosome within the long terminal repeat (LTR) promoter,
modulation of chromatin accessibility by histone modifying enzymes, and/or methylation of CpG
sequences can also play roles in establishing and maintaining HIV-1 latency (8-10). Viral proteins
and genetic elements may also contribute to latency, including deficiency of the viral
transactivating protein Tat, which recruits pTEFb to the HIV promoter, deficiency of Rev, which
mediates the export of unspliced HIV-1 RNA to the cytosol, or mutations in TAR or RRE cis

acting RNA elements, which regulate these functions (11, 12).

Cure strategies that are under active investigation include “shock and kill” and “block and lock™.

In contrast to HAART, which prevents new infection, the shock and kill method involves inducing
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virus expression, with the intention that this will lead to either cytopathic death of reactivated cells
or host immune recognition and clearance (13). Some proposed approaches involve perturbing
cellular pathways with small molecules or stimuli that complement intracellular deficiencies and
can reverse HIV-1 latency in experimental models. For example, prostratin and phorbol 12-
myristate 13-acetate (PMA) can reactivate latent HIV-1 through activation of protein kinase C
(PKC), leading to an increase in the level of NFkB. Other latency-reversing agents (LRAs) include
those which act to increase the level of pTEFbD, including the BET bromodomains inhibitor JQ1
and a class of drugs known as ingenols. JQI notably inhibits the bromodomain of BRD4 and
prevents BRD4 from binding acelylated histones at promoters and specific enhancers, leading to
a decrease in lineage specific genes (14). Additional classes of LRAs act to modify the chromatin
environment: suberoyl anilide hydroxamic acid (SAHA) and entinostat being members of the class

that promotes a euchromatin state by inhibiting histone deacetylases (15-19).

The size of a patient’s latent reservoir is estimated to be between one in a million and three in ten
thousand resting memory CD4+ T cells (20). The rarity of latently infected cells in virally
suppressed individuals makes the study of in vitro latency models necessary. Tissue culture models
developed to study HIV-1 latency and reactivation differ from one another in that some utilize
infectious virus while others employ HIV-1-based reporters. Prominent among this later class are
systems like the widely used J-Lat clones, which assess LTR promoter activity by reporter gene
expression but lack HIV-1 genetic elements believed to be dispensable in HIV-1 latency (21-23).
One such element is the vpr gene, whose product has been shown to play roles in efficient viral
infectivity, enhances CCR5-tropic HIV-1 replication in humanized mice, acts as a coactivator of

the LTR and enhances HIV-1 transcription by Vpr-mediated ubiquitination and degradation of
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92  Phosphorylated CTD Interacting Factor I (PCIFI) (24-27). Vpr also causes cell-cycle arrest and

93 induces cell death through the depletion of the chromosome periphery protein CCDC137, and

94  induces widespread changes in host gene expression in CD4+ T cells (28-30). For these reasons,

95 some latency models use vpr-defective proviruses to allow the survival of cells harboring

96 transcriptionally active proviruses. Cultured over time to allow proviral transcriptional silencing,

97  these cells can then be used for reactivation studies (31-34).

98

99  Results from LRA reactivation studies using these models have been inconsistent, as demonstrated
100 by Spina et al.(35). This discordance may be due to differences in the models of latency used (22).
101  Some approaches used to produce silenced proviruses exclude latent clones that are established
102  shortly after infection (23, 36). Moreover, HIV-1’s semi-random integration site preference makes
103 it likely that in each model, the integrants in a particular clonal cell line being studied have unique
104  host chromosomal loci that may be subject to locus-specific regulation. The extent to which
105 integration sites influence the reactivation of latent proviruses has long been recognized but not
106  extensively explored (32, 37).
107
108 Molecules that are effective at reversing latency in various tissue culture models have been
109 identified, but evidence thus far suggests that these are either too toxic to be therapeutically useful
110 or that they fail to reduce the size of the latent reservoir in patients (19, 38-41). Fundamental
111  aspects of latency in patients, such as the size of the latent reservoir, remain poorly defined. Recent
112 studies have demonstrated that quantitative viral outgrowth assays (QVOA) underestimate the
113 latent reservoir while PCR-based quantitation can overestimate it due to the predominance of

114  defective proviruses (20), leading to ongoing efforts to improve reservoir quantification (42, 43).
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115  Since accurately measuring the latent reservoir is challenging in and of itself, it seems likely that
116  measuring changes in the latent reservoir before and after LRA treatment will be equally
117  challenging. Because HIV-1 latency can be established and maintained by multiple mechanisms
118  (4), an effective therapy will likely be one that disrupts multiple pathways.

119

120 To date, there is limited evidence addressing whether or not mechanistically distinct classes of
121  LRAs affect all proviruses uniformly or have differential effects on individual proviral clones. In
122 this study, the clonal structure and influence of hundreds to thousands of individual proviruses’
123 host genomic loci on reactivation dynamics were investigated, with responses to distinct classes
124  of LRAs in latent vpr- and vpr+ proviral pools compared. The results revealed differences in the
125  clonal structures of populations that influenced total levels of reactivation and showed that the
126  aggregate properties of polyclonal populations misrepresented the behavior of individual
127  proviruses. Whether the presence of vpr affected integration at the time of infection or if its
128  subsequent expression altered the structure of polyclonal populations or influenced activities of
129  residual cells was examined. In response to dual treatment with JQI, which affects pTEFb
130 availability, and prostratin, which activates PKC, individual cell clones within polyclonal vpr-
131  provirus populations exhibited either enhanced, additive or repressed reactivation, while the
132 spectra of responses were more limited in type and magnitude in cell clones containing vpr+
133  proviruses. Together these findings suggest that Vpr plays a critical role in shaping
134  transcriptionally inactive proviral populations and in defining their LRA responsiveness.

135
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136  Results

137  vpr- and vpr+ proviral pools differed in numbers of LTR-active cells

138  To study the effects of Vpr on the responsiveness of individual proviruses in the absence of virus
139  spread, Jurkat cells were infected with distinguishable vpr+ or vpr- versions of the NL4-3
140  derivative shown in Fig. 1A (44). Using the EF 1o promoter to drive constitutive expression of the
141  puromycin resistance gene allowed selection of infected cells independent of LTR expression and
142  thus the retention of proviruses silenced shortly after infection. Each genomic RNA in the infecting
143  virus contained a unique 20b randomized “barcode” inserted in U3, which was duplicated in both
144  LTRs after reverse transcription and enabled tracking individual proviruses. We refer to the
145  barcodes as “zip codes” because in the context of proviruses, they report the genetic neighborhoods
146  of each integrant. Infected cell populations were passaged without cell cloning, thus generating
147  polyclonal integrant populations, within which transcriptionally active cells were identified using
148  LTR-driven GFP expression or by progeny genomic RNA in released Env- virions.

149

150  Previous work using zip coded vpr- derivatives of this vector has shown that for each integrant,
151  the clone gives rise to a mixture of cellular progeny that includes some GFP+ cells and some GFP-
152  cells (44), and that sibling cells switch between LTR-active (GFP+) and -inactive (GFP-)
153  expression phenotypes in a phenomenon we called “flickering”. To confirm that individual
154  integrant clones in the current study also contained clone-specific mixtures of GFP+ and GFP-
155  cells, single clones were isolated by limiting dilution from the vpr- pool and expanded, and cells
156 from each clone were then subjected to flow cytometry. Consistent with previously reported
157  differences in bimodal expression patterns among proviral clones, the results showed that each

158  clonal pool was comprised of both GFP+ and GFP- cells, with GFP+ proportions that differed
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159  among the clones: mostly GFP+ cells for some clones, and distinctly different GFP+ proportions
160  for others (S1B Fig.).

161

162  In the current study, four independent polyclonal integrant pools were established by infecting
163  roughly 5x10° Jurkat T cells at a multiplicity of infection of <0.0005 to ensure infected cells
164  contained one provirus per cell. Two of the pools contained vpr+ proviruses and two had integrants
165 lacking vpr. Flow cytometry analysis after fourteen days of expansion showed significantly fewer
166  GFP+ cells in the two vpr+ infected cell pools than in the two vpr- provirus pools (p=0.042, paired
167  t-test; <5% vs. 73% GFP+, respectively Fig. 1B, S1A Fig.). These fourteen days post-infection
168  cell pools were sorted into GFP+ and GFP- subpools, cellular DNA was harvested from an aliquot
169  of the sorted cells immediately after sorting, and the zip codes of integrants were amplified from
170  the cellular DNA and catalogued by high throughput sequencing.

171

172 After analyzing roughly three million sequencing reads per pool, zip codes were ordered by read
173  abundance. Determining how many unique barcodes were present in each GFP+ pool revealed that
174  similar numbers of zip codes (approximately 2000)—each indicative of a single integration
175 event—were detected in the GFP+ sorted cells from both vpr+ and vpr- pools, even though the
176  GFP+ fraction of total cells in the vpr+ pool was very low. This finding suggesting that the number
177  of GFP+ integrants initially established did not differ markedly between pools is consistent with
178  previous work in dendritic cells that indicated that the extent of proviral integration does not differ
179  depending on the presence or absence of Vpr (45).

180
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181  Combining population-wide GFP+ fractions in the unsorted cells with zip code read counts within
182  sorted sub-pool libraries allowed calculating the proportion of LTR-active cells within each cell
183  clone (Fig. 1C). Notably, for the top 500 most abundant clones in the unfractionated vpr+ and vpr-
184  pools, median GFP+ proportions were significantly lower in the vpr+ pool (p=0.0001, Mann-
185  Whitney U two-tailed test), indicating that most cells in the vpr+ pool were members of low LTR-
186 active clones (Fig. 1C). When GFP+ sorted cells from vpr+ and vpr- pools were cultured further,
187  no viable vpr+ GFP+ cells were detected after three days, and thus their clonal structures could
188 not be analyzed further. These results indicated that integration events that resulted in GFP
189  expression were equally likely in vpr+ and vpr- proviral pools when the cells were examined early
190 post-infection. However, the depletion of the Vpr+ GFP+ cell sub-populations suggested that
191  whenever cells flickered “on”, the resulting GFP+ cells died upon further cell culturing.

192

193  Vpr shapes the clonal structure of infected pools

194  Observing fewer GFP+ cells in the vpr+ pool than in cells with vpr- proviruses was not surprising
195  due to Vpr’s well-known cytotoxic effects. However, a small fraction of vpr+ GFP+ cells were
196  observed among unsorted vpr+ cells, even though sorted vpr+ GFP+ cells did not survive three
197  days of culture.

198

199  One plausible reason unsorted vpr+ populations contained rare GFP+ cells was that these cells
200 arose via recent phenotypic switches from clones that were largely inactive. To test this possibility,
201  zip codes in GFP+ and GFP- sorted subpools were compared for both vpr+ and vpr- integrants
202  (Fig. 1D). Ordering zip codes by their abundance and analyzing those that comprised the top 500

203  revealed that among vpr- cells, about 73.2% of all the zip codes were found in both subpools, while
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204 4% were observed only in GFP- cells and 22.8% only in the GFP+ subpool. In contrast, 86.2% of
205 the vpr+ cells’ zip codes were found in both subpools, with 13.8% observed only in the GFP-
206  subpool, and none of the zip codes found exclusively in the GFP+ subpool. This suggested that
207  the small fraction of GFP+ cells in the vpr+ pool (Fig. 1B; left panel) resulted from the recent
208  acquisition of LTR expression by cells from the larger GFP- cell pool. If the vpr- pool is assumed
209 to be relatively representative of a population that results when all clones are equally viable, this
210  suggests that when initially integrated, proviruses whose daughter cells were largely or always
211 GFP+ were the dominant class of clones.

212

213 High LTR-active clones’ proviruses are in close proximity to genome marks associated with
214  active gene expression

215  The finding that LTR-active vpr+ cells were rapidly lost suggested that proviruses that had
216  integrated into more active regions of the host genome might be selected against within polyclonal
217  vpr+ populations. Therefore, we compared the proximities of vpr+ and vpr- integration sites to
218 genomic features associated with active gene expression. First, zip code integration sites were
219  determined using cellular DNA harvested ten days after establishment of each pool and mapped
220 to 1171 and 1121unique sites in the human genome for vpr+ and vpr- respectively (see Methods).
221 Then, the proportion of zip codes located in genes versus those not in genes (as defined by
222  ENCODE for Jurkat cells (46) were compared (Fig. 2A, S2 Fig.). The results indicated that similar
223  majorities of integrants were established within genes regardless of whether or not vpr was present.
224  Next, vpr+ and vpr- integrants were compared for their proximity to specific genome marks
225  associated with active gene expression that have been reported to pre-exist in Jurkat cells (47). No

226  differences were found in distances to closest DNase I sensitivity sites, which are associated with

10
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227  open chromatin (Mann-Whitney U test, p=0.1854) (Fig. 2B). However, proximities to H3K27ac
228  (associated with enhancers) (Mann-Whitney U two-tailed test, p<0.0001) and H3K4me3
229  (associated with active promoters) (Mann-Whitney U two-tailed test, p<0.0001) marks differed
230  significantly, with proviruses from vpr+ pools farther from these marks (Fig. 2C-D).

231

232 Next, integrants from vpr- pool were grouped into high LTR-active clones (GFP+ proportion >=
233 60%) and low LTR-active clones (GFP+ proportion < 30%) and compared for their proximities to
234  H3K27ac and H3K4me3 (Fig. 3A). The results showed that high LTR-active clones were closer
235  to both marks than low LTR-active clones and suggested that the difference in integration site
236  proximity observed between vpr+ and vpr- proviruses is due to the survival of high LTR-active
237  clones in the absence of Vpr.

238

239  Because the vpr+ pool was devoid of high LTR-active clones, its high- and low LTR-active
240 integrants could not readily be compared. However, with the reasoning that abundances of residual
241  LTR-active clones would gradually diminish over time, the dynamics of the vpr+ pool were
242  examined by comparing samples harvested two weeks apart (Fig. 3B). Examination of the 100
243 most abundant zip codes in the vpr+ cell pool showed that only 68 of the top 100 zip codes on day
244 10 post-infection (time point 1, or TP1) were observed among the 100 most abundant zip codes on
245  day 24. When integration site proximities to H3K4me3 and H3K27ac marks of these zip codes
246  were compared, those that were absent from the top-100 on day-24 (time point 2, TP2) (Fig. 3C)
247  were significantly closer to H3K4me3 (p=0.0193, Mann-Whitney U two-tailed test), and tended
248  to be closer to H3K27ac marks (p=0.1581, Mann-Whitney U two-tailed test) than the TP 1 clones

249  that remained within the top-100 most abundant clones at TP2.

11


https://doi.org/10.1101/2021.10.08.463623
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463623; this version posted October 8, 2021. 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 4.0 International license.

250

251  The spectra of LRA responses among vpr+ and vpr- clones differed

252  Next, the reactivation properties of vpr- and vpr+ pools were compared and the behaviors of
253  individual proviral clones within the populations were determined. The latency reactivation agents
254  (LRAs) prostratin, a protein kinase C agonist, and JQ1, a bromodomain inhibitor, were applied
255  separately or in combination.

256

257  To examine reactivation in the total LTR-inactive cell sub-population of each pool, FACS-sorted
258  GFP- cells from both vpr+ and vpr- pools were subjected to prostratin (10 uM), JQ1 (2 uM), or
259  both drugs in combination for 24 hours. Reactivation was measured both by changes in the
260 frequency of GFP+ cells using flow cytometry and by the amount of virus release (Fig. 4A-B;
261  S3A-B Fig.). The results indicated that compared to single prostratin and JQ1 treatments, dual
262  treatment resulted in additive levels of reactivation in both vpr+ and vpr- populations by both
263  criteria compared to single prostratin or JQ1 treatment (Fig 4A shows reactivation monitored by
264  GFP+ cells and Fig. 4B shows virus release; left panel indicates reactivation for vpr+ and right
265  panel for vpr-). In dual LRA treatments for both pools, there was an approximately 4-fold increase
266  in GFP+ cells, while virus release increased by approximately 30-fold relative to DMSO control.
267  The most significant difference between vpr- and vpr+ pools was that the absolute amount of virus
268  release was 3-fold higher in vpr- pools, and the responsiveness to JQ1 was lower in the vpr+ pools.
269  The differences between pools in their extents of reactivation were not due to differences in cell
270  wviability (S3C Fig.). The observation that reactivation was enhanced by dual prostratin and JQ1

271  treatment is consistent with previous works by Boehm et al., and Darcis et al., using the same

12


https://doi.org/10.1101/2021.10.08.463623
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463623; this version posted October 8, 2021. 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 4.0 International license.

272 drugs in cell culture models of latency and ex vivo treated cells from HIV patients respectively
273 (21, 48).

274

275  To investigate the effects of the treatments on individual GFP- clones, total virus release was
276  quantified by p24 equivalent and cDNA was generated using viral genomic RNA upon LRA
277  treatment. Zip codes were amplified from the viral cDNA and also from an untreated aliquot of
278  the GFP- cellular DNA and high through-put sequenced. The results were normalized to calculate
279  average virus release per treated cell for each clone (Fig. 4C; S3D Fig.). Analysis revealed that
280  when cells were treated with both drugs, some clones in both the vpr+ and vpr- pools displayed
281  enhanced virus release per treated cell compared to single treatment conditions. Interestingly, both
282  proviral pools included a subset of clones that were not detectably reactivated by either prostratin
283  or JQ1 when the LRAs were applied alone, but that were reactivated upon dual LRA treatment.
284  Surprisingly, and only in the vpr- pool, reactivation levels observed under dual LRA conditions
285  were lower than those observed with single LRA use for a subset of clones (Fig 4C: right panel.
286  Compare, for example, vpr- JQ1 and Pros +JQ1 columns). These same patterns of reactivation
287  were observed when experiments were repeated using a second set of independently established
288  vpr- and vpr+ pools (S3D Fig.).

289

290 The finding that some clones were detectably reactivated by dual LRA treatment but not by either
291  prostratin or JQ1 alone was interesting. A possible explanation for this was that these clones were
292  in low abundance. If rare clones released little virus when prostratin and JQ1 were applied
293  separately, their release might only rise to a detectable level in the cDNA library when these drugs

294  were combined. However, the results showed that these were not rare clones. For example, the

13
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295  most abundant clone in the GFP- vpr- library (pool 2; clone number 3), which accounted for about
296  15% of the treated GFP- pool cells (Supplementary Table), was one of the clones for which
297  detectable virus was released only upon dual LRA treatment.

298

299  Complementation of the vpr-defective pool led to depletion of high LTR-active clones

300 As an additional test of the effects of Vpr on polyclonal population composition, a functional copy
301 of the vpr gene was added to cells harboring vpr- proviruses 16 days post-infection. This was
302 achieved by transducing the vpr- pool with a far-deficient lentiviral vector containing LTR driven
303  vpr, which also contained the fluorescent marker mKQO expressed from the constitutive SV40
304 promoter. This resulted in expression of Vpr only when a pre-existing vpr- provirus was
305 transcriptionally active. mKO expression was used as a proxy for vpr vector transduction, and
306 enabled cells that were successfully transduced to be sorted in the phycoerythrin (PE) channel (Fig.
307 5A). 48 hours post-transduction, an unsorted aliquot was saved while the remaining cells were
308  sorted to identify GFP- PE+ cells (S4 Fig.A-B) for work described below.

309

310 Comparing the proportions of GFP+ cells in the parental vpr- pool to the proportions in the same
311  pool “reverted” to vpr+ by introduction of the vpr vector (hereafter referred to as the vpr pool)
312  showed a marked decrease in GFP+ cells between day-2 and day-14 post transduction (Fig. 5B).
313  This selective loss of GFP+ transduced cells corroborated observations with the vpr+ pool that
314  LTR-active cells were depleted in the presence of Vpr.

315

316  Proviral zip code abundances in unsorted vpr- and vpr® pools were then compared. Of the 500

317 most abundant clones in the vpr- pool, zip codes were split into two groups based on observed
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318 fold-change in relative abundance: those that were reduced by 10-fold or more in vpr®” (reduced
319 clones), and those with no observed reduction in their relative abundance upon vpr addition (not
320 reduced). A comparison between the “reduced” and “not reduced” groups revealed that nearly all
321  wvpr-pool clones that displayed high GFP+ proportions--that is, clones in which most member cells
322  displayed LTR activity-- were reduced in the vpr¢” pool (Fig. 5C).

323

324  The vpr® pool was then used to address whether vpr- pools rendered vpr+ by complementation
325  displayed reactivation patterns similar to those of the original vpr+ pools. Transduced GFP- vpr®¥
326  subpools were subjected to prostratin, JQ1, or dual prostratin-JQ1 treatment and analyzed by flow
327  cytometry and virus release (Fig. 5D). In general, the magnitude of reactivation in the transduced
328  cells was diminished across all treatment conditions relative to parental vpr- GFP- cells, with cells
329  responding less to JQI treatment than they did before Vpr addition. Consistent with expectations
330 if the phenotypes above reflected Vpr, transduced cells showed enhanced reactivation upon dual
331 LRA treatment (Fig. 5E; S4C Fig.). Notably, clones (such as clones numbered 53, 133, 161, 293,
332 420, etc.) that were highly responsive to JQ1 treatment in the parental untransduced vpr- pool, and
333  that differentiated the LRA responsiveness of the vpr- pool from the vpr+ pool, were highly
334  represented among those lost upon Vpr addition.

335

336  Genomic features of persistent intact proviruses in patients on ART are more similar to vpr+
337  than vpr- pool members

338 The proviruses in HIV patients on ART contain intact Vpr and have survived its selective

339  pressures. Having observed differences between vpr+ and vpr- viruses in cultured cells in terms
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340  of their reactivation patterns and proximity to genome features, we sought to determine which
341  class of these proviruses more closely resembled those in persistent clinical isolates.

342

343  To do this, previously published data on patients’ intact provirus integration sites (49) were
344  analyzed for their proximity to H3K4me3, H3K27ac, and DNase I hypersensitivity sites that have
345  been reported for Jurkat T cells and primary CD4+ T cells (see Methods) (47). When these
346  proximities were compared to those in the vpr- and vpr+ pools established here, prominent
347  proviruses in the vpr- pool, and not those in the vpr+ pool, were found to significantly differ from
348 the patient proviruses in their proximities to H3K4me3 and H3K27ac marks (Fig 6. A-B; S5 Fig.),
349  but not DNase I hypersensitivity sites (Fig. 6C). These results suggest that the integration site
350 distribution of persistent proviruses in patients across the tested genome marks was similar to those
351  observed in in vitro established vpr+ proviral populations but significantly different from what
352  was observed within vpr- proviral pools.

353

354  Discussion

355  This work describes how Vpr shapes the overall provirus population structure, dominant host
356 integration site landscape, and responsiveness to latency reversing agents in cultured cells. Cell-
357  based models are critical to latency reactivation agent drug discovery and other HIV persistence
358  work, but these models differ by cell type, form of HIV-1 used, whether they use isolated clones
359  or polyclonal populations, and other parameters. Studies using polyclonal pools may implicitly
360 assume that the pools contain an equivalent proportion of each proviral clone. However, as
361 demonstrated here and previously, even when clonal target cell lines are infected, pools rapidly

362 become dominated by a subset of proviral clones (44). Thus, population-wide trends may not
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363  apply to all clones. Similarly, because proviral clones differ in expression patterns, clonal latency
364 models’ HIV-1 expression properties may represent the biases of the investigators who chose the
365 clones more than selective pressures that shape the latent reservoir.

366

367  Primary CD4+ T cells are the closest tissue culture system to natural infection since CD4+ T cells
368  are the primary target of HIV infection. However, these cells only survive 2-4 weeks ex vivo unless
369 treated with antiapoptotic agents (38, 50) and do not proliferate unless stimulated. We previously
370  compared expression patterns of zip coded proviruses in primary CD4+ T cells to those in Jurkat
371 T cells, and observed indistinguishable spectra of expression patterns (44). However, extended cell
372  passaging was required in the current work. Thus, we chose to use Jurkat cells, which limits the
373  physiologic relevance of our findings, although Vpr has been noted to exert similar effects in
374  primary CD4+ and Jurkat T cells (51).

375

376  Because identifying latent cells is challenging, many experimental latency systems include
377  reporter genes and/or delete viral genes believed to be unnecessary for silencing and reactivation
378 (33, 34, 52). For example, two prominent studies that used barcoded proviruses to track virus
379  dissemination in animals used vpr- proviruses (33, 52). The impact of this variation is not well
380  understood.

381

382  The zip coded provirus approach used here enabled addressing Vpr effects by comparing vpr+ and
383  vpr- pools. vpr+ pools were found to contain significantly fewer GFP+ cells (indicative of
384 transcriptionally active proviruses) than did vpr- pools, but similar numbers of proviral clones were

385  detectable in both pools soon after their establishment. Consistent with previous findings (44), for
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386 some vpr- integrant cell clones, essentially all member cells displayed HIV gene expression (which
387  we designated high LTR-active clones); for other clones most cells did not express HIV (low LTR-
388 active clones), and a smaller number of clones displayed similar numbers of active and inactive
389 member cells. In contrast, within the most abundant vpr+ clones, most clonal member cells did
390 not express HIV genes (low LTR-active clones). These findings may help explain why estimates
391  of'the transcriptionally active fraction of HIV-1 infected cells vary among previous studies. Using
392  polyclonal vpr+ proviruses in vitro, Dahabieh et al. suggested that most integrated proviruses are
393 latent, even though it has been estimated that latent cells represent only a small fraction of total
394  infected cells in patients (29, 36, 53). Consistent with Dahabieh ef al., we found that HIV is
395 transcriptionally inactive in most infected cells that persisted in vpr+ populations, but our
396  additional work suggested this reflected the selective survival of low LTR-active clones.

397

398  Previous work has shown that within proviral clones, individual cells can shift from being silenced
399 to expressing their proviruses, while maintaining the overall proportions of their daughter cells
400 that possess active proviruses (37, 44, 54). For example, when barcodes are used to examine vpr-
401 proviral clones within polyclonal infected cell populations, individual member cells within each
402  clone either express HIV genes, as monitored by GFP reporter, p24 staining, or virion release, or
403  they do not express HIV. Although some diminution of LTR expression is observed over time, for
404  the most part each clone adopts a stable, heritable pattern of bimodal gene expression (44). The
405  current work showed vpr+ and vpr- polyclonal populations did not differ upon integration but
406  differed significantly in proportion of LTR-active cells after passaging. Together, these
407  observations suggest that the low proportion of transcriptionally active cells in vpr+ integrant

408 pools might reflect the selective depletion of high LTR-active clones (Fig.7); a notion that is further
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409  supported by observations in vpr® pools, which were vpr- pools that were complemented with a
410  Vpr expression vector. According to this model, although the proportion of total cells that were
411  GFP+ was significantly lower in polyclonal vpr+ integrant populations than in vpr- proviral pools
412  at 14 days, the spectrum of vpr+ integration sites was likely indistinguishable from vpr- clones
413  upon initial establishment.

414

415 A little-discussed problem with transcriptionally silenced provirus models is that they tend to
416  “spontaneously revert” during passage and generate small proportions of cells with
417  transcriptionally active proviruses (37, 55). Our previous work and findings here suggest an
418  explanation slightly different from “spontaneous reversion” for the appearance of LTR-active cells
419 in passaged latency model cells. As evident from quantifying phenotypic switching within
420  expression-sorted polyclonal subpopulations, the phenotypes of active- and inactive-
421  subpopulations of each clone are not static, but instead equilibrate in a phenomenon we call
422  flickering. This suggests most LTR-inactive cells are not stably silenced but rather represent the
423  transient off-state of an on-off continuum. If so, “spontaneous reversion” by a small subset of
424  latency model cells, like the low proportion of GFP+ cells in the current study’s vpr+ pool, might
425  more accurately be viewed as the programmed equilibration of a low LTR-active clone than the
426  outlier behavior in a subset of silenced cells.

427

428  Comparing integrants that dominated passaged vpr+ and vpr- pools suggested Vpr selects against
429  proviruses proximal to genome marks associated with active gene expression. Consistent with
430 previous work, vpr+ and vpr- pools showed no difference in preference for integration into actively

431  transcribed genes (56-58). However, predominant vpr+ proviruses, which represented clones with
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432  the largest numbers of daughter cells, were farther from the closest enhancer or promotor than
433  were predominant vpr- proviruses. Importantly, zip codes of high LTR-active clones were closer
434  to enhancers and promoters than those that had low GFP+ proportions. Furthermore, these clones
435  diminished over time in the vpr+ pool and were disproportionately depleted in vpr® pools, upon
436  the addition of vpr to the vpr- pools.

437

438  We also compared the effects of LRAs on vpr+ and vpr- proviral populations as well as individual
439  clones. LRA responses vary among latency models (35), thus suggesting that combining
440  mechanistically distinct LRAs might broaden treatment efficacy (10, 40, 59, 60). Here, when
441  treatment with prostratin, which increases NFkB, was compared to JQ1, which enhances pTEFb
442  availability, individual clones were affected to differing extents. Contrary to the expectation that
443  dual treatment would enhance reactivation, prostratin plus JQ1 dual treatment suppressed some
444  proviruses in the vpr- pool but did not display this phenotype in the vpr+ pool. The suppressed
445  proviruses tended to be relatively close to promoters and enhancers, possibly suggesting a
446  transcriptional interference role in this effect (3, 61). The adoption by the vpr®” pools of the vpr+
447  pool’s patterns of responsiveness to LRAs further corroborated the role of Vpr: even in this very
448  limited analysis of two drugs’ effects.

449

450  Analysis here suggested a correlation between LTR-active clones and integration positions relative
451  to certain epigenetic marks. To address the relationship of these observations to persistent
452  populations in vivo, where survival during cell proliferation shapes the reservoir (62), we mapped
453  distances to pre-existing marks for previously published integration sites of intact, inferred to be

454  intact, or large proviruses in three patients on antiretroviral therapy (ART) (49), and compared this
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455  to integration site distances in our vpr+ and vpr- pools. This analysis indicated that proximities of
456  vpr+ proviruses to the tested features were significantly more similar to those observed in patients
457  than were vpr- pool members. This suggests that the observed effect of vpr in our in vitro system
458 may also contribute to shaping the persistent latent reservoir in patients. If so, existing animal
459  studies that have studied latency and reactivation using vpr- proviruses may largely be tracking
460 the properties of proviruses that are eliminated during natural infection (52).

461

462

463

464

465

466  Materials and Methods

467  Tissue culture of cell lines

468 Two immortalized mammalian cell lines were used in this study. Human Embryonic Kidney
469 (HEK) 293T and Jurkat cells were purchased from ATCC (Cat No. CRL3216 and TIB-152
470  respectively). Both cell lines were preserved as frozen stocks. 293T cells were cultured in
471  Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS)
472  (Gemini) and 125 uM gentamycin. Jurkat cells were cultured in RPMI media supplemented with
473  10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM glutamine and 55 uM pB-
474  mercaptoethanol. To propagate cells, frozen 1 ml aliquots of each cell line were thawed rapidly in
475  37° C water bath and added to 9 ml of their respective pre-warmed media. After mixing

476  gently, cells were centrifuged at 2500 rpm for 5 minutes. Supernatant was discarded and the cell

477  pellet was resuspended gently in pre-warmed media and plated in an appropriately sized tissue

21


https://doi.org/10.1101/2021.10.08.463623
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463623; this version posted October 8, 2021. 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 4.0 International license.

478  culture plate. HEK 293T cells were sub-cultured when confluency was between 75-100%. Jurkat
479  cells were passaged such that the cell concentration was maintained between 8 x 103 and 1 x 10°
480  cells/ml.

481

482  Zip coded vector and virus production

483  Zip coded vector DNA templates were generated by digestion of previously described modified
484  “inside-out” forms of GKO, which here are called GPV+ and GPV- (44, 63), with Clal and Mlul.
485  The resulting 11.4 kb DNA fragment, which was devoid of plasmid backbone, was gel purified

486  using QIAquick Gel Extraction Kit (Cat No./ID: 28706 Qiagen, Germantown, MD). A 304 bp

487  insert fragment was generated by PCR with with GPV™ or GPV™ as template for vpr+ and vpr-
488  respectively, Phusion High-Fidelity DNA Polymerase (New England Biolabs, Inc., Ipswich, MA),
489 and primers 5’-GACAAGATATCCTTGATCTGNNN
490 NNNNNNNNNNNNNNNNNGCCATCGATGTGGATCTACCACACACAAGGC-3° and 5’-
491 CGGTGCCTGATTAATTAAACGCGTGCTCGAGACCTGGAAAAAC-3’. The 11.4 kb and
492 304 bp degenerate barcode containing fragments were joined by Gibson assembly using HiFi DNA
493  assembly mix (New England Biolabs) in a molar ratio of 1:5. 3 ug of the resulting covalently
494  closed circular DNA was directly co-transfected with 330 ng of pHEF-VSV-G (Addgene Plasmid
495  #22501) into 70% confluent monolayer of 293T cells in a 10 cm dish using polyethylenimine
496  (Polysciences Inc, Warrington, PA.) at 4X total transfected DNA in 800 ul 150 mM NaCl. DMEM
497  was replaced with 4 ml RPMI1640 medium with 10% FBS and 1% Pen/strep 24 hours post
498 transfection and culture media was harvested by filtering through a 0.22 pum filter (Fisher

499  Scientific. Cat. No. 09-720-511) 48 hours post-transfection.
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500
501  Generation of zip coded proviral pools

502 1000 pl virus-containing media was mixed with polybrene at a final concentration of 0.5 pg/ml

503  and brought to a total volume of 2000 ul by addition of RPMI. This infection mixture was added

504 to 5 x 10° Jurkat cells and incubated in two wells of a 12-well plate at 37 C with 5% CO, for 5

505  hours. Infected cells were then transferred to 10 ml falcon tubes and centrifuged for 5 minutes at
506 2500 rpm at 4 C. Following centrifugation, supernatants were replaced with fresh media and cell

507  pellets were resuspended and cultured in two wells of a 6-well plate at 37 C with 5% CO,. At 24

508  hours post-infection, puromycin was added to a final concentration of 0.5 pg/ml. The infected cells
509  were expanded into 6 cm culture plates without puromycin on day 5. Ten days post-infection, the
510 culture supernatant was replaced with fresh media and the cultures were divided into aliquots, to
511  be either frozen, prepared for integration-site sequencing or further expanded for four additional

512  days and sorted into GFP+ and GFP- subpools for subsequent experiments.
513  Construction of vpr+ lentiviral vector and its use

514 A 2933 bp in vitro DNA synthesized /IRES-vpr mKO fragment was ordered from Genewiz (South
515  Plainfield, NJ) using an IRES sequence from pTRIPZ-hDDX5/7 (Addgene Plasmid #71307) (64)
516 and vpr and mKO from GPV'. An HIV-1 lentiviral vector fragment was generated by Xbal and
517  Mfel digestion of pWA18puro (65) to remove its puromycin resistance cassette, and was gel
518 purified using QIAquick Gel Extraction Kit (Cat No./ID: 28706 Qiagen, Germantown, MD). The
519 resulting DNA fragments were joined by Gibson assembly using HiFi DNA assembly mix (New

520 England Biolabs) following the manufacturer’s protocol to generate pEA216-1. 10 ug of pEA216-
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521 1 was then co-transfected with 5 pg of the pCMVARS.2 helper plasmid (Addgene Plasmid
522 #122263) and 1 pg of pHEF-VSV-G into 70% confluent monolayers of 293T cells in a 10 cm dish
523  using polyethylenimine (Polysciences Inc, Warrington, PA.) at 4X total transfected DNA in 800
524  ul 150 mM NaCl. DMEM was replaced with 4 ml RPMI1640 medium with 10% FBS and 1%
525  Pen/strep 24 hours post transfection and culture media was harvested by filtering through a 0.22
526  um filter (Fisher Scientific. Cat. No. 09-720-511) 48 hours post-transfection. Parental vpr- pools
527  were infected with this filtered media and sorted 48 hours post-transduction to generate vpr-"¢¥
528  pools.

529

530 Indetermining the effect of Vpr addition on parental vpr- pools, zip code abundances in sequences
531  amplified from genomic DNA of parental vpr- GFP+ cells and from Vpr-transduced vpr¢* GFP+
532  cells were compared. Two categories of zip codes were defined: reduced zip codes were those that
533  were reduced 10-fold or more after Vpr transduction, whereas those with a change of 1.5-fold or
534 less in their relative abundances were regarded as not affected by vpr addition (Not reduced).

535

536 Flow cytometry and cell sorting

537  For Fluorescence Activated Cell Sorting (FACS) analysis by flow cytometry, Jurkat cells were
538  suspended in phosphate buffered saline (PBS) containing 1% FBS (FACS buffer). Dead cells were
539  excluded from all analyses and sorting experiments using propidium iodide (PI). Acquisition was
540 carried out on the FITC channel for GFP and PE channel for PI. Cell fluorescence was assessed
541  using BD LRS Fortessa (BD Biosciences) and data were analyzed using FlowJo software, version
542  10.6 (FlowJo, LLC., Ashland, Oregon). Infected cells were sorted into GFP+ and GFP- sub-

543  populations by flow cytometry using FACS Aria II (BD Biosciences, Franklin Lakes, NJ) or iCyt
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544  Synergy SY3200 (Sony Biotechnology, San Jose, CA) cell sorters at the flow cytometry core of

545  the University of Michigan.

546  Latency reversing agents and reactivation

547 JQI and prostratin were purchased from Sigma Aldrich. Each LRA was dissolved in DMSO
548  (Thermofisher) to produce stocks. For each experiment, stocks were added to culture medium to
549  achieve 2 uM JQI and 10 pM prostratin final concentrations. Dual LRA treatment was done by
550 adding the two LRAs to the same culture medium to achieve their respective single LRA
551  concentrations. For reactivation experiments, GFP- cells sorted on day 14 post-infection were co-
552  cultured with appropriate LRA for 24 hours. Cells were then centrifuged at 2000rpm, 4°C for 5
553  mins, cells pellets were washed twice with ice cold FACS buffer after being stained with PI for 5
554  mins at room temperature. The resulting cells were then washed and assessed by flow cytometry
555  and the p24 concentration of culture supernatants was measured by a reverse transcriptase assay.
556

557  Zip code sequencing libraries

558  Zip codes were amplified from the genomic DNA of infected cells as well as from the RNA of
559  virus released into cell media. Generation of zip coded sequencing libraries from infected cells
560  was initiated by harvesting DNA from an aliquot of 2x10° infected cells. Genomic DNA extraction
561  was carried out using the Qiagen DNeasy Blood & Tissue Kit (Qiagen, Germantown, MD). Zip
562  codes were then amplified by polymerase chain reaction (PCR) from 200 ng of DNA template
563  using Phusion ® High-Fidelity (HF) DNA Polymerase (New England Biolabs) in HF Buffer.
564  Primers were designed to flank the zip code region (primer sequences: 5°-

565 NNACGAAGACAAGATATCCTTGATC-3’ and 5’-NNTGTGTGGTAGATCCACATCG-3’).

566  Multiple copies of these primers were created, each with a unique pair of known, randomized

25


https://doi.org/10.1101/2021.10.08.463623
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463623; this version posted October 8, 2021. 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 4.0 International license.

567 nucleotides at the 5° end to confirm that no cross-contamination had occurred between samples.
568 Reactions were cycled for 29 times with 30 second extension at 72°C and a 59°C annealing
569  temperature. Zip code amplicons were purified using the DNA Clean and Concentrator-5 kit
570 (Zymo Research, CA. Cat. No. D4013) and eluted in 15 pL of Milli-Q ® H,0. To amplify zip
571 codes from virus, a tissue culture plate of infected cells was decanted into a conical tube and
572  centrifuged at 2500 rpm for 5 minutes. The virus-containing media was separated from the cell
573  pellet and passed through a 0.22 um filter. To concentrate virus, viral media was subjected to ultra-
574  centrifugation (25,000 rpm) for 120 minutes through a 20% sucrose cushion. Viral pellets were
575  then resuspended in 200 pl PBS and viral RNA was extracted using Quick-RNA Viral Kit (Zymo
576  Research, CA. Cat. No. R1034 & R1035) following the manufacturer’s protocol and eluted in 10
577  ul RNase-free water. cDNA was synthesized using 5 ul of the eluent as template using the U3
578 antisense primer 5> TGTGTGGTAGATCCACATCG-3" and M-MLV RT RNase [H-] (Promega,
579  WI. Cat. No. MR3681) following the manufacturer’s protocol. Zip codes were amplified from this
580 cDNA using conditions above. The zip code amplicons were then used to generate MiSeq libraries
581  for sequencing as described previously (44).

582

583  Integration site sequencing

584  Genomic DNA was extracted from vpr+ and vpr- cells 10 days post-infection using Qiagen
585  DNeasy Blood & Tissue kit (Qiagen) and 200 ng of DNA was sheared to 1 kb fragments using
586  Covaris M220 and micro- TUBE according to the manufacturer’s recommended settings (Covaris,
587  Woburn, MA). HIV-1 insertion site libraries were prepared and sequenced using methods
588  described previously (44). All sequence data has been deposited to the Sequence Read Archive

589  (SRA) under project accession PRINA76782.
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590

591  Quantification of virus release

592  Virions production was quantified using a real-time reverse-transcription PCR assay previously
593  described by Kharytonchyk et al (65). Briefly, viral lysates were prepared by adding 5 ul of culture
594  supernatant to 5 ul of lysis buffer. Using MS2 RNA as template, MS2 cDNA was synthesized with
595  viral lysates and quantified by real-time PCR in one reaction. Released virus was quantified and
596 normalized for p24 level based on values determined in parallel for reference samples.

597

598  Zip code quantification and analysis

599  Zip codes were identified and quantified from Illumina sequencing reads using a previously
600 described custom suite of tools implemented in Python (https://github.com/KiddLab/hiv-zipcode-
601  tools). Briefly, 2x75 bp paired reads were merged together using flash v1.2.11 [73]. Zip codes
602  were identified by searching for known flanking sequence (with up to 1 mismatch). Only candidate
603  zip codes with a length of 17-23 nucleotides were considered and the read count for each unique
604  zip code was tabulated. To identify sets of zip codes for further analysis, zip code families, which
605 account for PCR and sequencing errors, were determined by clustering together the observed
606 unique zip codes. Abundances for the zip codes were then determined by assigning unique zip
607  codes to the most abundant family whose sequence was within 2 mismatches and summing their
608  associated read counts. Only zip code families with corresponding data in the integration site data
609  were selected for further analysis.

610

611  For each latency reversal treatment condition, clonal virus release was determined by multiplying

612  the fractional abundances of zip codes from the cDNA sequencing libraries of each treatment by
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613  their corresponding sample’s pool p24 concentration, as measured 24 hours post LRA treatment.
614  The resulting clonal p24 values for each zip code in prostratin, JQ1, and combination prostratin-
615 JQI treated samples were divided by clonal p24 values defined for cell samples exposed only to
616  DMSO to determine fold change after LRA treatment.

617

618  Determination of chromatin marks

619 H3K27ac marks annotated for the Jurkat E-6-1 clone were sourced from http://chip-
620 atlas.org/view?id=SRX1041803, H3K4me3 and DNase I sensitivity sites datasets were

621 downloaded from the encode project (https://www.encodeproject.org/) with the identifiers

622 SRX1041803, and ENCFF304GVP for genome marks pre-existing in Jurkat cells, and
623 1iENCFF341XUX, ENCFFO053LHH (47). Bedtools was then used to map the distance to the closest
624  known annotated marks. Analysis of proximity to these genome marks was done using matplotlib
625 and scipy.stats packages in python and the results were exported into Graphpad Prism version
626  9.1.2 to plot graphs.
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839  Figure Legends
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840

841  Figure 1. Generation of zip coded HIV-1 proviral pools. Polyclonal cell pools containing vpr+
842  and vpr- proviruses were established in Jurkat T cells and compared. A. Schematic of vectors used
843  to produce zip coded virus (not to scale). Vectors were pseudotyped by co-transfection with pHEF-
844  VSV-G into HEK293T cells. The yellow shade in the 3° LTR indicates position of 20bp
845 randomized barcode in U3. B. Representative flow cytometry plots of polyclonal Jurkat T cells
846  generated by infection with barcoded vpr+ (left panel) or vpr- (right panel) viruses, that were
847  puromycin-selected for four days and expanded for an additional ten days. X axis indicates GFP
848  signal detected in the FITC channel; numbers in each gate indicate percent of cells gated GFP- or
849  GFP+. C. A comparison of the numbers of high and low LTR-active clones in vpr+ and vpr- pools.
850  The fractions of total cells in each clone that sorted GFP+ (LTR-active) were calculated for the

851  most abundant 500 clones in each pool by quantifying the fraction of each zip code (integrated
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barcode) in the GFP+ sorted cells’ genomic DNA to its quantity in the unsorted pool by high
throughput sequencing and normalizing for the percent of the unsorted pool that was GFP+. Violin
plots compare the GFP+ proportions (indicative of clones’ fraction of LTR-active daughter cells)
for the top 500 most abundant zip codes each pool. (p= **** indicated shows p<0.0001 Mann-
Whitney U two-tailed test.). D. Venn diagrams of the number of zip codes in GFP+ and GFP-
sorted sub pools for vpr+ and vpr- pools. The number in the white region indicates the number of
zip codes observed only in GFP- sorted cells, that in the light-green region of intersection
represents the number of zip codes that were present in both GFP+ and GFP- sorted cells, and the
number in the dark green region represents zip codes present in only the green sorted cells.
Reported zip codes represent those present in the top 78% and 88% of reads for vpr+ and vpr-

respectively when clones were ordered by read abundance.
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Figure 2. Comparison of integration sites in vpr+ and vpr- pools. Integration sites for both vpr+
and vpr- pool cells harvested 10 days post-infection were determined and distances to the nearest
genome features indicated were mapped and compared. A. Pie charts showing the percentage of
integration sites found within genes and those not found in genes for vpr+ and vpr- pools. B.-D.
Box plots showing pairwise comparisons between vpr+ and vpr- integration sites’ distances to the
closest: B. DNase I hypersensitivity site, C. H3K4me3, and D. H3K27ac. Mann-Whitney U two-
tailed test was conducted for pairwise comparisons for B-D (p= ns, and **** indicated shows

p>0.05 and p<0.0001 respectively).
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Figure 3. Integration site comparison within vpr+ and vpr- pools. A. The GFP+ proportion of
each zip code from the vpr- pool was determined by quantification of the abundance in GFP+ cells’
genomic DNA to the total abundance in the genomic DNA from unsorted cells. Zip codes with
GFP+ proportion >= 0.6 were binned as “High” and zip codes (595 zip codes) with less than 0.3
GFP+ proportions were binned as “Low” (222 zip codes). Pairwise comparison of the distance to
the closest H3K4me3 (left) and H3K27ac (right) marks. B. Schematic diagram showing changes
in vpr+ pools’ clonal composition over time. The number of zip codes in the top 100 most abundant

clones of the unsorted vpr+ pool sampled at time point one (TP1; 10 days post-infection) and the
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890 number of zip codes that remained in the top 100 clones at time point two (TP2: 24 days post-
891 infection) are indicated. Arrows from TP1 to TP2 indicates zip codes present at both time points.
892  Arrows with red crosses indicate zip codes that were no longer present in the top 100 clones.

893  C. Box plots comparing integration site distances to active chromatin marks for the vpr+ pools
894  over time. The closest H3K4me3 or H3K27ac mark for zip codes that were among the top 100
895  clones at both TP1 &TP2 and for the clones that were lost from the top 100 at TP2 are indicated
896  (p=ns, indicated shows p>0.05; Mann-Whitney U two-tailed test).

897
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Figure 4. Effects of LRAs on zip coded pools and clones. vpr+ and vpr- GFP- cell fractions
were exposed to 0.1% DMSO, 2uM JQI, 2uM prostratin, or to a combination of prostratin and
JQ1. Reactivation to GFP+ was measured at 24 hours post-infection by flow cytometry, and virus
release was quantified using a reverse transcriptase assay and normalized to define p24 levels. A.

Bar graphs showing the frequency of GFP+ cells post LRA treatment (left panel for each pool)
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and B. the amount of virus released into culture supernatant (right panel for each pool) for the
indicated polyclonal pools. The error bars show the mean and standard deviation from two
experimental treatment repetitions. C. Heatmaps of the clonal (zip code) virus release per treated
GFP- cell (left: vpr+ pool and right: vpr- pool). Numbers at the left of each panel are clone
identifiers generated by ordering proviral zip codes in decreasing relative abundance, as
determined for the unsorted pools. Every row represents a unique cell clone’s response. The clones
were ordered from top to bottom by diminishing virus release per treated cell upon dual LRA

treatment. The color bar indicates the extent of release per treated cell in arbitrary units.
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926  Figure 5. Complementation of vpr- pools with Vpr expression vector. vpr was added to vpr-
927 pools and effects on clone sizes were determined by high throughput analysis. A. Schematic
928  diagram of the Tat-deficient Vpr expression vector (not to scale), which contains /RES-vpr under
929  the HIV-1 LTR promoter and an SV40 promoter-driven mKO fluorescent reporter. B. Bar graph
930  ofthe percent GFP+ cells for two vpr™ pools established in parallel at day-2 (2d) and day-14 (14d)
931  post-transduction with the Tat-deficient Vpr expression vector (p=0.0076, significant pairwise
932  comparison by paired t-test). C. Pairwise comparisons of GFP+ proportions between the clones
933  that were reduced (10-fold or more reduction in relative abundance) and those that were not
934  reduced (less than 1.5-fold reduction in relative abundance) after vpr addition (significant pairwise
935  comparison by Mann-Whitney U two-tailed test). D. Bar graphs showing the percent of GFP+ cells
936 24 hours post reactivation with JQ1, prostratin, and dual prostratin-JQ1 for the vpr® pool (left)
937  and vpr- pool (right). E. Heatmap of the clonal (zip code) virus release per treated GFP- cell of
938  vpr pool. Numbers at the left of each panel are clone identifiers generated by ordering proviral
939  zip codes in decreasing relative abundance, as determined for the unsorted pools. Every row
940 represents a unique cell clone’s response. The clones were ordered from top to bottom by
941  diminishing virus release per treated cell upon dual LRA treatment. The color bar indicates the
942  extent of release per treated cell in arbitrary units.
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952  Figure 6. Comparison of patients’ integration site features with vpr+ and vpr- pools.
953  Previously published HIV integration sites from three patients were used to determine base
954  distances to closest H3K27ac, H3K4me3, and DNase I sensitivity sites. Distances were compared
955  to those of vpr+ and vpr- pools. Box plots comparing base distances of vpr+, vpr-, and patients’
956  proviral integration sites to: A. H3K27ac, B. H3K4me3, and C. DNase [ sensitivity sites. (Kruskal-
957  Wallis test. p=ns, *, ** #*** #*%* jpdicate p>0.05, < 0.05,<0.01, 0.001, and 0.0001 respectively).
958
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968  Figure 7. Schematic model of the effect of Vpr on integrant populations’ proviral landscapes.
969  From left: proviruses are integrated at the same genomic positions (designated 1, 2, and 3 above
970 the small orange bars, which indicate proviruses) regardless of whether the infecting virus was
971  Vpr+ or Vpr-. Note that integrants 1, 2, and 3 differ in their distances to the closest chromatin
972  mark, which is indicated by a small diamond, which may affect their expression characteristics
973 and responses to LRAs. Next, infected cells divide to form cell clones. For clone 1, cells that
974  express HIV genes (indicated by green cell) are rare (low LTR-active clone) and for other clones,
975 more cellular members of each clone express HIV (eg: clone 3: high LTR-active clone). This

976  pattern of bimodal gene expression is an intrinsic property of each clone. The red Xs indicate that
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977  high LTR-active clone members are selectively depleted by Vpr. As a result, in the polyclonal

978  populations shown at right, low LTR-active clones are enriched in the vpr+ pool.
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984  S1 Fig. Comparison of the percent GFP+ of established cellular pools. vpr+ and vpr- cell pools
985 that were generated by infection of jurkat cells with zip coded vpr+ and vpr- viruses, puromycin-
986  selected for five days, and expanded for an additional ten days. A. Four clones were isolated by
987  limiting dilution of vpr- pool, expanded for 14 days and subjected to flow cytometry. The flow
988  plots show clonal pools 1-4 have different percent of GFP+ cells. B. Bargraph showing the percent
989  GFP+ cells of two vpr+ pools and two vpr- pools (p="* indicates p<0.05; paired t-test).
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1004  S2 Fig. Comparison of integration sites and GFP+ proportions between vpr- and vpr+ pools.
1005 A. Integration sites were sequenced and mapped to genes in Jurkat T cells. 92% of integration sites
1006  were found in genes and 8% were not in genes for vpr+ pool 2 (n=166) compared to 90% within
1007  genes and 10% not in genes for vpr- pool 2 (n=67).
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1017  S3 Fig. Cell viability and reactivation of additional vpr- and vpr+ pools. vpr+ and vpr- GFP-
1018  cells were exposed to 0.1% DMSO, 2uM JQ1, 2uM prostratin, and a combination of prostratin
1019 and JQI. Reactivation was measured at 24 hours post-infection by flow cytometry, and virus
1020 release was quantified by reverse transcriptase assay. A. Bar graphs showing the frequency of
1021  GFP+ cells post LRA treatment (left panel for each pool) and the amount of virus released into
1022  culture supernatant (right panel for each pool) for the indicated polyclonal pools. The error bars
1023  show the mean and standard deviation from two experimental replicates. (Ordinary One-Way
1024  ANOVA; p=ns, *** and **** indicate p>0.05, p<0.001, and 0.0001 respectively). The error bars
1025 show mean and standard deviation. B. Viability was determined by propidium iodide staining and
1026  the percent viability was measured relative to the viability of cells in DMSO control. C. A heatmap
1027  of virus release per cell for the indicated clones (left: vpr- pool 2 and right: vpr+ pool 2). Every
1028  column represents a unique cell clone’s response. The color bar indicates the extent of release in
1029  arbitrary units.
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S4 Fig. Sort gates for vpr-tranduced vpr- pools. Parental vpr- pools were transduced with Vpr-
expression vector. 48 hours post-transduction, cells were sorted into PE+ GFP- and PE+ GFP+
cells. Flow plots for show the gates for sorting of A. Vpr-transduced vpr- pool 1 (left), parental
vpr-pool 1 (right), B. Vpr- transduced vpr- pool 2 (left), and parental vpr- pool 2 (right). Quadrants
P6 and P5 were collected for further analysis. B. Pairwise comparison of the distance to the closest
H3K4me3 (left) and H3K27ac (right) marks of the zip codes that were similarly abundant at both
time points (TP1 &TP2) and those that were only abundant at the first time point (TP1). Mann-
Whitney two-tailed test p=ns and * indicate p>0.05 and p<0.05 respectively. C. A heatmap of virus
release per treated cell for vpr®”. The indicated clones in the first column are arranged from left to

right by diminishing virus release per dual treatment, and Pros means prostratin.
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1061  SS Fig. Comparison of patient integration site distance to the nearest H3K4me3 mark to vpr+
1062  and vpr- pools. Previously reported integration sites of intact proviruses from three HIV patients
1063  were mapped to the nearest pre-existing H3K4me3to in memory CD4+ T cells. Significant
1064  comparisons by Kruskal-Wallis test. p=ns, *, **_ #%* #*¥* jpdicates p>0.05, <0.05, <0.01, 0.001,
1065 and 0.0001 respectively.
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1076
1077 S Table. Table of zip codes, these clones’ fractions of abundance, and integration sites of vpr- and

1078  vpr+ pools
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