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Abstract (250 words) 33 

  34 

HIV's ability to persist during suppressive antiretroviral therapy is the main barrier to cure. 35 

Immune privileged tissues such as the testes may constitute distinctive sites of HIV persistence, 36 

but this has been challenging to study in humans. We analyzed proviral burden and genetics in 37 

blood and testes of 10 individuals on suppressive therapy who underwent elective gender-38 

affirming surgery. HIV DNA levels in matched blood and testes were quantified by qPCR and 39 

subgenomic proviral sequences (nef region) were characterized from single templates. HIV 40 

diversity, compartmentalization and immune escape burden were assessed using genetic and 41 

phylogenetic approaches. Diverse proviruses were recovered from blood (396 sequences; 354 42 

nef-intact) and testes (326 sequences; 309 nef-intact) of all participants. Notably, the frequency 43 

of identical HIV sequences varied markedly between and within individuals. Nevertheless, 44 

proviral loads, within-host unique HIV sequence diversity, and immune escape burden correlated 45 

positively between blood and testes. When all intact nef sequences were evaluated, 60% of 46 

participants exhibited significant blood-testes genetic compartmentalization, but none did so 47 

when restricting to unique sequences per site, suggesting that compartmentalization, when 48 

present, is attributable to clonal expansion of HIV-infected cells. Our observations confirm the 49 

testes as a site of HIV persistence and suggest that individuals with larger and more diverse 50 

blood reservoirs will have larger and more diverse testes reservoirs. Furthermore, while the testes 51 

microenvironment may not be sufficiently unique to facilitate the seeding of unique viral 52 

populations therein, differential clonal expansion dynamics may be at play, which may 53 

complicate HIV eradication.  54 

 55 

56 
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Importance (150 words) 57 

 58 

Two key questions in HIV reservoir biology are whether immune privileged tissues, such 59 

as the testes, harbor distinctive proviral populations during suppressive therapy, and if so by 60 

what mechanism. While our results indicated that blood-testes HIV genetic 61 

compartmentalization was reasonably common (60%), it was always attributable to differential 62 

frequencies of identical HIV sequences between sites. No blood/tissue dataset retained evidence 63 

of compartmentalization when only unique HIV sequences per site were considered; moreover, 64 

HIV immune escape mutation burdens were highly concordant between sites. We conclude that 65 

the principal mechanism by which blood and testes reservoirs differ is not via seeding of 66 

divergent HIV sequences therein, but rather due to differential clonal expansion of latently-67 

infected cells. Thus, while viral diversity and escape-related barriers to HIV eradication are of 68 

broadly similar magnitude across blood and testes, clonal expansion represents a challenge. 69 

Results support individualized analysis of within-host reservoir diversity to inform curative 70 

approaches.   71 
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Introduction 72 

 The HIV reservoir, a small pool of primarily CD4+ T-cells that harbor replication-73 

competent virus despite long-term suppressive combination antiretroviral therapy (cART) (1), is 74 

the major barrier to cure. During untreated infection, HIV populations evolve within-host (2-5), 75 

and individual viral sequences are continually archived into the reservoir as integrated proviruses 76 

(6). There, they can persist long-term, either within the original infected cell or clonal 77 

descendants thereof (7-10). Much of our understanding of HIV persistence is derived from HIV 78 

sequences isolated from blood during long-term cART; these studies have revealed that the 79 

within-host HIV reservoir is genetically diverse (11-13), that it frequently contains immune 80 

escape mutations (14, 15), and that it commonly features clonally-expanded cell populations 81 

harboring identical proviruses (10, 16-19).   82 

 The HIV reservoir in blood however, may not reflect that within tissues. HIV reservoir 83 

composition in "immune privileged" sites, defined as those that are protected by physical barriers 84 

that limit immune cell trafficking (20) and/or that are equipped with mechanisms to suppress 85 

immune responses locally (21, 22), may be distinct from those elsewhere, but this has been 86 

challenging to study in healthy humans. The testes represent such a site (21, 23): non-human 87 

primate studies have demonstrated that cytokine responses of testicular T-cells to mitogen 88 

stimulation are lower than those of blood T-cells (24, 25); moreover, human testes harbor higher 89 

frequencies of CD39+ T-regulatory cells (21), which are capable of suppressing HIV-specific 90 

CD8+ T-cell responses (26). Despite this however, leukocyte populations, including central and 91 

effector memory CD4+ T-cells that represent potential viral targets, are nevertheless present in 92 

the testes (24).  Indeed, immunodeficiency viruses penetrate into the testes early during infection 93 
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(22, 27), and subsequently persist (22, 28-30). As such, the testes have been hypothesized to 94 

represent a distinctive HIV sanctuary site (21, 25). 95 

 A key outstanding question is whether proviruses persisting in testes are genetically 96 

distinct from those in blood, and if so, how. Blood-tissue genetic compartmentalization could 97 

arise a number of ways (31). It could happen if, during untreated HIV infection, tissue HIV 98 

populations replicated under reduced immune pressures and/or experienced limited subsequent 99 

mixing with blood: if this were the case, then provirus populations archived into blood and tissue 100 

HIV reservoirs would reflect their divergent evolution pre-cART. Genetically distinct HIV 101 

reservoirs could also arise as a result of restricted gene flow between compartments: for example 102 

if only a small number of HIV strains initially penetrated into tissue, descendant viral 103 

populations in tissue could form nested sub-clades within the more diverse populations in blood.  104 

Differential proviral distributions could also arise via unequal clonal expansion and/or 105 

contraction of latently HIV-infected cells in blood and tissue, either before or during cART. The 106 

latter would result in viral populations that are not different in terms of unique viral lineages, but 107 

rather different in terms of their frequencies of particular identical proviruses. Investigating 108 

blood-tissue genetic compartmentalization will shed light on the extent to which tissue 109 

microenvironments shape latent within-host HIV populations, and the extent to which the blood 110 

reservoir mirrors that elsewhere in the body, information that is relevant to the design of curative 111 

approaches guided by individualized analysis of within-host reservoir composition (32, 33).  112 

 While studies in non-human primates have compared genetic structures of within-host 113 

Simian Immunodeficiency Virus populations in male genital organs versus blood (28, 34), no 114 

studies to our knowledge have investigated this in healthy, HIV-infected humans. We thus 115 

investigate within-host proviral burden, genetic diversity and compartmentalization in 10 HIV-116 
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infected, cART-suppressed individuals undergoing elective bilateral orchiectomy for gender 117 

affirmation surgery (21, 23).   118 

 119 

Methods 120 

Study participants and ethics statement  121 

Blood and testicular tissues were donated by ten HIV-infected but otherwise healthy 122 

adults, aged 27 to 52, who underwent elective bilateral orchiectomy for gender affirmation 123 

(ORCHID cohort (21, 23)). At time of surgery, all participants had maintained viremia 124 

suppression on cART for at least 6 months, however full clinical histories (including infection 125 

date estimates) were unavailable. This study was approved by the Institutional Review Boards of 126 

the Research Institute of the McGill University Health Centre and Simon Fraser University. All 127 

participants provided written informed consent.   128 

Blood and tissue collection 129 

Peripheral Blood Mononuclear Cells (PBMC) were isolated from whole blood by Ficoll 130 

density gradient centrifugation and stored at -80°C until use. Testicular tissue was processed 131 

within one hour of surgery (21, 23). For genetic analysis, ~100μg tissue sections were snap-132 

frozen upon reception in liquid nitrogen; for histology, 10mm3 sections were embedded in 133 

Cryomatrix (ThermoFisher) before snap-freezing.  134 

Immunostaining 135 

Frozen embedded tissues were cut into 5 μm-thick sections (Leica CM3050S cryostat), 136 

fixed in acetone/methanol for 5 minutes at 4°C, stained overnight at 4°C using anti-CD3 and 137 

anti-CD4 (DAKO-Agilent) and exposed to conjugated Alexa-Fluor secondary antibodies 138 

(ThermoFisher) for 30 minutes at room temperature. Slides were counter-stained using 4',6-139 
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diamidino-2-phenylindole (DAPI) before mounting in Fluoromount-G (Southern Biotech). 140 

Images were acquired using a Nikon epi-fluorescent microscope with a Zyla sCMOS camera and 141 

analyzed using Image J 1.47g (National Institutes of Health). 142 

HIV quantification and sequencing 143 

DNA was extracted from CD4+ T cells negatively isolated from PBMCs (StemCell 144 

Technologies) and directly from snap-frozen tissue (Qiagen). HIV DNA burden was measured 145 

using a quantitative PCR assay capable of detecting a single viral genome per PCR reaction, 146 

where primers are located in the HIV LTR-gag region and are optimized for detection of 147 

multiple HIV subtypes (21, 35). For each participant, a minimum of 5 million PBMCs plus at 148 

least four tissue sections, two each from right and left testes, were allocated for HIV sequencing, 149 

with the exception of participant 8, for whom only two right testis sections were available. 150 

Genomic DNA was extracted from PBMCs directly (Invitrogen), whereas tissues were further 151 

sectioned into ~50μg fragments prior to genomic DNA extraction. HIV amplification was 152 

performed using single-genome amplification of a subgenomic fragment (HIV nef).  The nef 153 

gene was selected based on its relatively high within-host diversity, richness in phylogenetic 154 

signal, and its representativeness of within-host HIV evolution and diversity within the rest of 155 

the HIV genome (8). This gene also represents the one most likely to be intact within proviruses 156 

sampled during long-term cART (36). Single-genome amplification, performed using high 157 

fidelity enzymes (Roche ExpandTM HiFi) and oligonucleotide primers designed to amplify HIV 158 

sequences from all major subtypes, was achieved by endpoint dilution such that ~25-30% of the 159 

resulting nested PCR reactions were successful (8). Negative PCR controls, included in every 160 

amplification, always remained negative. Amplicons were sequenced on an automated DNA 161 

sequencer using BigDye v3.1 chemistry (Applied Biosystems). Chromatograms were basecalled 162 
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using Sequencher v5.0 (GeneCodes). Sequences exhibiting nucleotide mixtures, defects, or 163 

hypermutations (identified using Hypermut (37)) were excluded, as were sequences exhibiting 164 

evidence of within-host recombination (identified using RDP4 (38)).  165 

Sequences were codon-aligned using MAFFT (39) and edited in AliView v1.18 (40). For 166 

each within-host alignment, the best fitting substitution models for both genetic distance and 167 

phylogenetic-based tests were determined using jModelTest v2.1.10 (41). Phylogenies were 168 

inferred by approximate maximum likelihood using FastTree2 v2.1.10 (42) under the best 169 

available nucleotide substitution model (for participants 7 and 10, the generalized time reversible 170 

[GTR] model (43) with no rate heterogeneity among sites was the best fit; for all others a GTR 171 

model with rate heterogeneity using a gamma distribution was the best fit). Node support values 172 

were derived from 1000 bootstraps. Within-host phylogenies were mid-point rooted in FigTree 173 

v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and visualized with ggtree (44). 174 

Genetic compartmentalization tests and other statistical analyses 175 

As there are different ways to define genetic compartmentalization (e.g. as genetic 176 

heterogeneity, or the presence of distinct lineages, between two viral subpopulations), 177 

compartmentalization tests occasionally yield discordant results (45). As recommended, we 178 

applied more than one test and classified a dataset as “compartmentalized” only when both tests 179 

agreed (45).  We employed one genetic distance-based test (46) and one tree-based test (47), 180 

both implemented in HyPhy v2.22 (48). For the distance-based test, we employed Hudson, Boos 181 

and Kaplan's nonparametric test for population structure (46), a test that has been validated for 182 

within-host HIV datasets (49) including from the reservoir, where it is sometimes referred to as 183 

the "nonparametric test for panmixia" (49-51). This test compares the mean pairwise distances 184 

between sequences from different versus the same subpopulation (compartmentalization is 185 
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supported if mean pairwise distances of sequences from the same subpopulation are smaller than 186 

those from different subpopulations) and computes the KST statistic whose values range from 0 187 

(denoting no compartmentalization) to 1 (denoting complete compartmentalization). Statistical 188 

significance, expressed as a p-value, is assessed via a population-structure randomization test. 189 

Using jModelTest v2.1.10 (41) we identified the Tamura-Nei 1993 (TN93) nucleotide 190 

substitution model as the best fitting distance-based model available in HyPhy v2.22 (48); this 191 

model is also is consistent with previous applications of this test to within-host HIV datasets (45, 192 

52). For the tree-based test, we used the Slatkin-Maddison test (47). This test determines the 193 

minimum number of between-compartment migrations to explain the distribution of 194 

compartments on the tree tips: the smaller the number, the stronger the support for 195 

compartmentalization. Statistical significance is assessed via a lineage permutation test. 196 

Importantly, because identical HIV sequences (especially those present in abundance, and whose 197 

frequencies differ between sites) increase the likelihood of compartmentalization detection (53), 198 

we analyzed each dataset two ways: overall, and with identical sequences collapsed down to a 199 

single copy per compartment. 200 

HLA class I sequence-based typing was performed to allele-level resolution (54). HLA-201 

associated adapted (inferred HLA-escaped) and non-adapted (inferred HLA-susceptible) 202 

polymorphisms in HIV subtype B were defined using a published list derived from analysis of 203 

linked HIV/HLA genotypes from an independent cohort of 1888 subtype B-infected individuals 204 

(55). HLA-restricted, optimally-described CTL epitopes in participants' provirus sequences were 205 

defined using the Los Alamos HIV Molecular Immunology Database with current updates (56), 206 

where epitopes restricted by HLA alleles closely related to the participants' allele(s) were 207 
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identified as putative epitopes (55). Correlations were assessed using Spearman's correlation. P-208 

values < 0.05 were considered statistically significant.  209 

Data availability 210 

Genbank accession numbers for intact sequences are MK301609 to MK302069 and 211 

MK849402 to MK849612.  212 

 213 

Results 214 

HIV characterization in blood and testes 215 

 At time of blood and tissue sampling, all participants had maintained plasma viremia 216 

suppression on cART for ≥6 months. At this time, blood HIV DNA levels in participants ranged 217 

from 11 to 4003 (median 512, Interquartile Range [IQR] 100-1111) HIV DNA copies/106 CD4+ 218 

T cells. The presence of CD4+ T-cells in testes was confirmed by immunostaining (Figure 1A). 219 

Testes HIV reservoir size, quantified in terms of viral copies per total cell equivalent (CD4+ T-220 

cells were not isolated from tissue), ranged from trace quantities to 198 copies/106 cells (median 221 

3, IQR 0.4-10 copies/106 cells) in right testis and trace quantities to 39.2 copies/106 cells (median 222 

1, IQR 0.4-15 copies/106 cells) in left testis (Figure 1B). HIV DNA loads in right and left testis 223 

correlated significantly between participants (Spearman's r=0.73, p=0.03, not shown). HIV DNA 224 

levels in blood and testes, calculated as the mean of right and left sections, also correlated 225 

marginally between participants (Spearman’s r=0.54, p=0.1) (Figure 1C).  226 

 In total, 722 subgenomic HIV sequences (nef) were isolated by single-genome 227 

amplification from blood (N=396) and at least one tissue section (N=326) for all 10 participants, 228 

even those for whom testes HIV DNA loads were below the limit of quantification (participants 229 

7 and 10). Even though different tissue sections were used for HIV DNA quantification and 230 
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sequence recovery, testes HIV DNA levels correlated with the total number of HIV sequences 231 

retrieved from ~100μg tissue (Spearman's r=0.61; p=0.07, not shown), suggesting the absence of 232 

major location-based sampling biases. After removal of 50 defective and/or hypermutated 233 

sequences and 9 putative within-host recombinants, 663 intact nef sequences remained: 354 (26-234 

45 per participant, median 34, IQR 31-40) from blood and 309 (4-99 per participant, median 16, 235 

IQR 10-35) from testes (Table 1). For eight participants (1-5, 7, 9 and 10), intact nef sequences 236 

were isolated from both right and left testes, however for participant 6 only the right testis 237 

yielded sequences and for participant 8, only right testis sections were available for analysis. Due 238 

to the modest number of testes nef sequences recovered for some participants, our primary 239 

analysis combined all within-host testes sequences together regardless of sampling location, 240 

though we tested the validity of this assumption in participants for whom sufficient data were 241 

available (see below).  242 

 All participants harbored both unique HIV nef sequences (observed only once) and 243 

identical nef sequences (observed more than once), but at markedly different frequencies (Table 244 

1). This can be visualized by plotting each participant's total number of unique sequences as a 245 

function of their total number of sequences collected (Figure 2). While for some, notably 246 

participant 6, unique sequences continued to be recovered during sampling, for many others (e.g. 247 

participant 1), ongoing sampling largely yielded sequences that had been recovered previously. 248 

Notably, there was no significant relationship between the frequency of unique sequences 249 

recovered from blood and testes within a given participant (Wilcoxon signed rank test p=0.5; 250 

Figure 1D). Participants 1 and 2 represented the most extreme examples of this: whereas 70% of 251 

HIV nef sequences isolated from participant 1's blood were unique, the sequences isolated from 252 

testes were almost all (92%) identical, whereas for participant 2 the opposite was true (Table 1). 253 
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This indicates that one cannot generalize, based on location alone, where identical HIV 254 

sequences are more likely to be observed.  In blood, we observed a highly significant positive 255 

correlation between HIV DNA levels and unique HIV nef sequence frequency (Spearman's 256 

r=0.90, p=0.0008; Figure 1E). This supports the notion that larger blood reservoirs tend to be 257 

more genetically diverse (as opposed to more highly clonally expanded). In contrast, no 258 

significant correlation between HIV DNA levels and unique nef sequence frequency was 259 

observed in testes; in fact the relationship trended in the opposite direction (Spearman’s r= -0.49, 260 

p=0.2; Figure 1F). This indicates that, in contrast to blood, the relationship between reservoir 261 

size and diversity in testes is less straightforward.  262 

 A phylogeny inferred from an alignment comprising all intact HIV nef sequences plus 263 

select subtype reference strains confirmed that each participant's sequences formed monophyletic 264 

clades with high (≥99.7%) bootstrap support, and revealed that participants 1-9 harbored HIV 265 

subtype B while participant 10 harbored subtype C (Figure 3). Though all within-host 266 

phylogenies featured both unique and identical HIV nef sequences, tree topology and diversity 267 

varied markedly between individuals (Figure 4). Participant 2's phylogeny was remarkable in 268 

that 25 of the 26 nef sequences isolated from blood were identical, but those testes were diverse 269 

(though the other lone unique blood nef sequence was also quite distant from the others) (Figure 270 

4A). Of note, the abundant blood nef sequence was also recovered from both right and left testes; 271 

in addition there was a second nef sequence that was independently recovered from both testes. 272 

Participant 6 harbored diverse HIV nef sequences within both blood and right testis (no 273 

sequences were recovered from the left testis), and exhibited the highest within-host diversity 274 

overall (Figure 4B). Nevertheless, identical nef sequences, including three examples of identical 275 

sequences isolated from both blood and right testis, were identified. Participant 5 harbored 276 
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multiple closely-related monotypic clades, including one sequence that was abundant in both 277 

testes (and was detected in independent samplings thereof) and that was also present in blood, 278 

alongside other diverse sequences in blood and tissue (Figure 4C). Participants 1 and 9 were 279 

notable in that they both featured a large, genetically distinct monotypic clade detected solely in 280 

testes (in participant 1, this sequence was detected in both testes while in participant 9 it was 281 

detected in right testis only) yet both also featured other identical HIV nef sequences that were 282 

isolated from both blood and testes (Figures 4D, 4E). Participant 8 featured six clusters of 283 

identical sequences, four of which were detected solely in blood and two of which were detected 284 

in both blood and right testis (a left testis section was not available for this participant) (Figure 285 

4F). Participant 3 harbored four clusters of identical sequences - one large one that was found 286 

predominantly in blood but that was also recovered from right testis, and three others that were 287 

exclusively observed in either blood or tissue (including one sequence observed in both right and 288 

left testis) (Figure 4G). Of all individuals studied, participants 4, 7 and 10 exhibited the most 289 

limited within-host diversity (participant 10's proviruses were the least diverse of all, suggestive 290 

of early cART initiation; of note this individual, the only one for whom some clinical 291 

information was available, had been diagnosed only 3 years prior) (Figures 4H-J). Nevertheless, 292 

like all others studied, participants 4,7, and 10 also featured at least one identical HIV nef 293 

sequence isolated from both blood and testis.  294 

 We next investigated the extent to which testes HIV DNA diversity correlated with that 295 

in blood. Because identical sequences will artificially lower average pairwise HIV diversity 296 

measures (and our data already indicate that identical sequence distributions varied markedly 297 

between compartments), we collapsed identical sequences down to a single copy per 298 

compartment and computed median within-host patristic (tip-to-tip phylogenetic) distances 299 
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between all pairs of sequences sampled from each site. Median within-host patristic distances 300 

were 2.25×10-2 (IQR 1.83×10-2-3.70×10-2) substitutions per nucleotide site in blood and 2.33×10-301 

2 (IQR 1.79×10-2-4.05×10-2) in testes, values that correlated significantly with one another 302 

(Spearman's r=0.94, p=0.0002; Figure 5). These results indicate that the diversity of unique HIV 303 

sequences in testes generally reflects that in blood.   304 

HIV genetic compartmentalization 305 

 Our major objective was to assess whether proviral sequences in blood and testes exhibit 306 

significant population structure or "genetic compartmentalization". As the presence of identical 307 

sequences influences compartmentalization detection (especially if their distribution varies 308 

markedly across sites), we analyzed the data two ways: by including all sequences ("overall") 309 

and by collapsing identical sequences down to a single copy per compartment ("unique"). 310 

 When assessing within-host datasets overall, both distance- and tree-based tests agreed 311 

that 6 of 10 participants (1-5, 9) displayed significant blood-testes HIV genetic 312 

compartmentalization while participants 7 and 8 did not (Figure 6A and Table 2). For 313 

participants 6 and 10, the distance-based test did not detect compartmentalization but the tree-314 

based test did; as per our predefined criteria these participants' overall datasets were deemed not 315 

compartmentalized. Notably, all six participants whose overall datasets were deemed 316 

compartmentalized harbored at least one abundant identical HIV nef sequence that predominated, 317 

or was exclusively found in, one compartment (Figure 4).  318 

 Importantly however, when analysis was restricted to unique nef sequences per site, no 319 

participant retained consistent evidence of compartmentalization between blood and testes 320 

(Figure 6B and Table 2). These observations are notable for two reasons. First, the observation 321 

that 40% of within-host datasets lacked any evidence of significant HIV population structure 322 

 on June 17, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


  

 

16 

between blood and testes overall, indicates that HIV proviral composition in testes is not always 323 

distinct from that in blood. Secondly, the observation that no participants exhibited evidence of 324 

blood-testes HIV compartmentalization when analysis was restricted to unique nef sequences per 325 

compartment strongly suggests that HIV population structure, when present, is driven by the 326 

differential distribution of identical sequences across blood and tissue, and not by the presence of 327 

distinct HIV lineages within these sites.  328 

Our primary analyses combined all sequences from a given site together. However, given 329 

that only a limited amount of biological material was analyzed, sampling biases are a potential 330 

concern. For participants 5, 6 and 7, independent PBMC aliquots were shipped and analyzed at 331 

different times, allowing us to investigate whether independent sampling of HIV nef sequences 332 

from blood yielded consistent distributions. It did in all cases: proviruses isolated from 333 

independent PBMC aliquots exhibited no evidence of compartmentalization by any method 334 

(Table 3), supporting their sampling from the same overall gene pool. Moreover, for seven 335 

participants (1, 3-5, 7-9) sufficient HIV sequences were isolated from different sections of the 336 

same testis (see tip label annotations in Figure 4), yielding eight opportunities to investigate 337 

whether independent samplings of the same site yielded consistent HIV sequence distributions 338 

(for participant 5, independent samplings of both right and left testes yielded sufficient sequences 339 

for evaluation). Of these eight within-testes datasets, consistent evidence of overall 340 

compartmentalization was only detected in one: the right testis of participant 7 (Table 3). Note 341 

that consistent support for within-tissue compartmentalization in participant 7's right testis did 342 

not remain after restricting to unique sequences (not shown), though limited statistical power is 343 

acknowledged. Phylogenetic segregation of the HIV sequences retrieved from these two 344 

independent samplings of the right testis is indeed apparent (Figure 4J), however further 345 
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sampling of additional tissue sections yielded HIV sequences that intermixed with these, and it is 346 

important to underscore that there was no support for compartmentalization between blood and 347 

testes within this participant (Figure 6). Together, these observations suggest that HIV sampling 348 

from blood and testes was not majorly biased by the specific aliquot or tissue section analyzed. 349 

For seven participants (1-5, 7, 9) we had sufficient HIV nef sequences to investigate 350 

compartmentalization between right and left testes. When analyzing overall within-host datasets, 351 

only participant 9 consistently exhibited between-testes compartmentalization (Table 2).  352 

However, after restricting analysis to only unique nef sequences per site, no consistent evidence 353 

of compartmentalization remained. Consistent with the results of our analyses of HIV sequences 354 

in blood and tissue, these results suggest that in the rare cases where population structure is 355 

observed between proviral populations in right and left testes, that this is driven by the 356 

differential distribution of identical sequences between sites.  357 

HIV immune escape in blood and testes 358 

Given that cellular immune responses are suppressed in the testes (21, 23), we wished to 359 

investigate whether blood and testes HIV sequences differed with respect to immune escape 360 

mutation burden. We investigated this two ways. Total escape burden was estimated by 361 

identifying all HIV codons associated with one or more host HLA allele(s) and classifying the 362 

HIV residue at that site as adapted (inferred escaped) or susceptible based on published lists of 363 

HLA-associated polymorphisms defined at the population level in HIV subtype B (55). As such, 364 

analysis was restricted to the 9 subtype B-infected participants. For each sequence, we calculated 365 

the % HLA-associated sites exhibiting an adapted (or possibly adapted) form, and computed the 366 

mean for each within-host dataset (e.g. participant 7’s dataset is 43% adapted to host HLA; 367 

Figure 7A). Next, we estimated within-host escape complexity by quantifying the percentage of 368 
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published or predicted optimally-described HLA-restricted CTL epitopes exhibiting within-host 369 

amino acid variation (e.g. 5/5 [100%] for participant 7). Both metrics correlated positively in 370 

blood and testes (Spearman's r=0.98, p=0.0001 for escape burden, Figure 7B; and Spearman's 371 

r=0.93, p=0.001 for escape complexity, Figure 7C). In fact, these values were highly concordant 372 

(Lin’s concordance coefficient for the data presented in Figure 7B was 0.97; 95% CI 0.90-0.99 373 

while that for Figure 7C is 0.95; 95% CI 0.80-0.99). Examples of the generally concordant 374 

nature of within-host HIV variation in key HLA-restricted epitopes in blood and testes are shown 375 

in Figure 7D. Consistent with previous reports (15), these examples also reveal that HLA-376 

susceptible and adapted forms of the same CTL epitope commonly co-exist in the reservoir: 6 of 377 

the 9 subtype B-infected individuals harbored at least one epitope where this occurred.  378 

 379 

Discussion 380 

 The availability of matched blood and tissue from our unique cohort (21, 23) allowed the 381 

first genetic exploration of the hypothesis that the testes constitute a distinctive HIV sanctuary 382 

site in healthy HIV-infected humans on suppressive cART (21, 25). Our study confirmed that 383 

CD4+ T-cells are present in testicular tissue and that HIV DNA could be detected in the testes all 384 

participants, though in two cases these were below quantification limits. Overall, testes proviral 385 

burdens measured in the present study were lower than those previously reported in an autopsy 386 

study of cART-treated individuals, however in the latter study some individuals had discontinued 387 

cART near the end of life, which could have increased proviral levels in tissue (30). Proviral 388 

burden in blood correlated with that in testes (Figure 1C), suggesting that individuals with larger 389 

blood reservoirs will tend to have larger tissue reservoirs (57). These observations confirm the 390 

testes as a site of HIV persistence during cART.   391 
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 Our results also yielded insights into within-host proviral diversity. First, identical HIV 392 

nef sequences, which are suggestive of clonal expansion, were observed at markedly different 393 

frequencies within and between participants. While in some (e.g. participants 1 and 5) a 394 

particular nef variant dominated within testes, in others (e.g. participant 2) a particular variant 395 

dominated in blood, while in yet others (e.g. participant 6) identical nef sequences were 396 

relatively rare. These observations are consistent with clonal expansion of latently-infected cells 397 

as a driver of HIV persistence during cART in many persons (10, 16-18, 58, 59). However, the 398 

frequencies of identical nef sequences followed no consistent pattern between blood and testes, 399 

suggesting that one cannot generalize, based on location alone, where clonally-expanded 400 

latently-infected cell populations are more likely to reside. Disregarding clonal expansion 401 

however, within-host blood and testes HIV diversity correlated significantly (Figure 5), 402 

suggesting that individuals with diverse blood reservoirs will also harbor diverse HIV sequences 403 

in testes.  404 

Our study also sheds some light on two outstanding questions: first, whether the within-405 

host testicular microenvironment may be distinct enough to influence proviral composition 406 

therein, and second, in the cases where blood-testes HIV genetic compartmentalization is 407 

detected, how this arises (31).  Our observations reveal that, while blood-testes genetic 408 

compartmentalization was reasonably common if one analyzed within-host HIV nef sequences as 409 

a whole (two established tests consistently deemed 60% of overall within-host datasets to be 410 

compartmentalized), no participant retained consistent evidence of blood-testes 411 

compartmentalization when only unique HIV nef sequences per compartment were analyzed. 412 

Strictly speaking therefore, testes proviral populations in the majority of cART-suppressed 413 

individuals do differ from those in blood, but only because of their unbalanced distributions of 414 
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identical sequences. This in turn suggests that the principal mechanism in which blood and testes 415 

HIV reservoirs differ from one another is not via seeding of divergent viral sequences therein 416 

pre-cART, nor due to restricted trafficking of viral lineages between blood and testes. Rather, 417 

our observations suggest that the extent and/or dynamics of proliferation of latently HIV-infected 418 

cells (and/or subsequent waning of descendant populations (10)) can differ substantially between 419 

blood and testes, and that this in turn drives the differences in HIV population structure between 420 

these sites. While it is tempting to speculate that the site harboring the sequence in abundance is 421 

where the clonal expansion occurred, and the other is where clonal descendants subsequently 422 

migrated, we cannot rule out that cells harboring identical HIV proviruses pre-existed in both 423 

sites as a result of a previous expansion and migration event, and that these underwent another 424 

expansion, in parallel, more recently. Our observation that HIV population structure, when 425 

present, is due to the differential distribution of identical sequences across anatomical sites, is 426 

consistent with studies of viral diversity within the female genital tract (53, 60). More broadly, 427 

our observations are consistent with the notion that major blood-tissue compartmentalization 428 

during cART, at least in terms of unique HIV lineages, may not be the norm (61-63). 429 

 At first glance, our finding that the composition of unique proviral lineages in testes does 430 

not differ significantly from that in blood may appear to contradict the former's status as an HIV 431 

sanctuary site (21, 64). The recovery of proviruses from testicular tissue of all participants 432 

however confirms the testes as a site of HIV persistence during cART. Rather, our results 433 

suggest that the testes microenvironment may not be sufficiently unique to persistently maintain 434 

distinct HIV lineages therein, at least not over the timecourse of cART suppression of the 435 

participants studied. Similarly, while reduced anti-HIV immune responses likely facilitate HIV 436 

persistence in the testes in general, our observation that HIV immune escape burden correlated 437 
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strongly between blood and testes (Figure 5) suggests that the extent of local 438 

immunosuppression may not be sufficient to markedly influence the immune escape landscape 439 

therein. However, there is an alternative explanation for the lack of genetic compartmentalization 440 

of unique HIV lineages between blood and testes: we cannot exclude the possibility that low-441 

level HIV replication may still occur in certain tissues, including testes, during cART, and that 442 

this could lead to the ongoing re-shaping of HIV populations persisting in blood.   443 

Other limitations of our study and data interpretation should also be acknowledged. 444 

Though proviral sequences were obtained via single-template amplification, only a subgenomic 445 

HIV region (nef) was analyzed due to the challenges of recovering HIV from testes (including 446 

from two participants for whom testes proviral loads were below quantification limits). As such, 447 

we cannot rule out that sequences that are intact within nef did not harbor defects elsewhere in 448 

the genome, nor can we definitively classify identical nef sequences as being derived from 449 

clonally expanded cell populations. As HIV sequences were isolated from PBMC or whole 450 

tissue, the specific immune cells harboring them are unknown. This may be particularly 451 

important for testes, which are rich in macrophages, which may be contributing to HIV 452 

persistence there (30). Limited sampling must be acknowledged, particularly from testes, which 453 

could compromise our power to detect compartmentalization. However, our independent 454 

recovery of the same sequence from separate testis sections, our lack of observation of 455 

compartmentalization within and between testes in 21/22 comparisons performed (Tables 2 and 456 

3), our recovery of at least one identical HIV sequence from both blood and testes in each 457 

participant, and the observation that, for many participants, increased proviral sampling largely 458 

yielded sequences that had been recovered previously, suggest that our results are not simply 459 

attributable to biased and/or limited sampling. Furthermore, our qualitative observation that 460 
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blood and testes sequences were reasonably well-intermixed in all phylogenies (that is, that no 461 

dataset exhibited overt segregation by site) further supports the notion that these two sites do not 462 

differ substantively in terms of unique HIV lineage distribution. We must also acknowledge that 463 

limited within-host diversity can contribute to uncertainty in phylogenetic reconstruction (as 464 

evidenced by low bootstrap values for some nodes in the within-host trees), which could in turn 465 

influence the results of tree-based compartmentalization tests, but the relatively high 466 

concordance between tree- and distance-based tests (Figure 6, Tables 2 and 3) suggests this is 467 

not a major concern. As nef was sequenced, the possibility of differential distribution of 468 

antiretroviral resistance mutations across sites (as a result of reduced penetration of some 469 

antiretrovirals into testes (64)) could not be investigated. As clinical histories were unknown, we 470 

could not investigate correlates of blood-tissue HIV diversity and compartmentalization, nor can 471 

we rule out the possibility that evidence of genetic compartmentalization between blood and 472 

tissues may only become apparent after much more prolonged durations of cART suppression 473 

(e.g. as a result of latently-infected cells having different half-lives in blood vs. testes as a result 474 

of reduced immune surveillance in the latter).  Finally, proviral sequences could not be studied in 475 

context of pre-cART viral populations, as these samples were not available.  476 

In conclusion, and again noting the caveats associated with subgenomic HIV sequencing, 477 

our observation that unique proviral sequence distribution and immune escape mutation burden 478 

in testicular tissue is not unrepresentative of that within blood suggests that diversity and escape-479 

related barriers to HIV eradication are likely to be of broadly similar magnitude across these 480 

sites. However, the marked differences in the quantity and distribution of identical HIV 481 

sequences between hosts and between anatomical sites within-host, underscore the potential 482 
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challenges of differentially-distributed clonally-expanded latently-infected cell populations to 483 

HIV eradication.   484 
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Figure Legends 751 

Figure 1. Quantifying and characterizing the HIV reservoir in blood and testes.  752 

Panel A: Representative immunostaining of a frozen testis section (participant 5) showing cells 753 

expressing CD3 (red) or CD4 (green). Nuclei were counterstained with DAPI (blue). CD4 T cells 754 

(CD3+ CD4+) appear in yellow in the merged image. Panel B: HIV DNA loads, expressed in 755 

copies per million cells in whole tissue lysate, in left and right testes. ND=not determined. 756 

Trace=HIV DNA was detected but not quantifiable. Panel C: Marginal positive correlation 757 

between HIV DNA loads in blood and testes (where the latter is expressed as average of left and 758 

right measurements). Panel D: Unique HIV sequence distribution in blood and testes, matched 759 

by participant. Panel E: Significant correlation between HIV DNA load and unique HIV 760 

sequence distribution in blood. Panel F: Lack of significant correlation between HIV DNA load 761 

and unique HIV sequence distribution in testes.  762 

 763 

Figure 2. Relationship between the total number of unique HIV sequences collected per 764 

participant as a function of their total number of sequences collected. The dotted horizontal 765 

line denotes a hypothetical dataset where every sampled sequence is unique. 766 

 767 

Figure 3. Between-host HIV phylogeny. Numbers on branches indicate bootstrap values 768 

supporting within-host monophyletic clades. Scale in estimated substitutions per nucleotide site. 769 

NL4-3 and MJ4 are subtype B and C reference sequences, respectively. 770 

 771 

Figure 4. Within-host HIV reservoir diversity in blood and testes. Phylogenies, inferred from 772 

nucleotide sequence alignments (HIV nef), are midpoint rooted, with scales denoting estimated 773 
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substitutions per nucleotide site. Matched highlighter plots, made from amino acid alignments, 774 

show substitutions relative to the master sequence (the top sequence in the phylogeny). Symbols 775 

denote sampling location: blood (filled circle), right testis (open square), left testis (open 776 

diamond). Red "A" and black "B" markers in participants 1, 3, 4, 5, 7, 8 and 9 identify sequences 777 

collected from independent sections of the same testis (HIV genetic compartmentalization results 778 

for these within-tissue comparisons are summarized in Table 3). Bootstrap values between 70-779 

90% are reported to the left of their respective nodes; those > 90% are marked with asterisks.  780 

 781 

Figure 5. Significant positive correlation between blood and testes proviral diversity. 782 

Values represent average within-host patristic (tip-to-tip phylogenetic) distances between all 783 

pairs of sequences sampled from each site, after collapsing identical nef sequences down to a 784 

single copy per compartment.  785 

 786 

Figure 6. Genetic compartmentalization results for each participant. “Distance” denotes the 787 

results of Hudson Boos and Kaplan's nonparametric test for population structure, "Tree" denotes 788 

the results of the Slatkin-Maddison test, and “Consensus” denotes the final result 789 

(compartmentalization was declared only if both tests agreed).  Blue denotes 790 

compartmentalization, grey denotes no compartmentalization. Panel A ("overall") shows results 791 

when comparing all nef sequences from blood to all those from testes; Panel B ("unique") shows 792 

results with identical nef sequences collapsed down to a single copy per compartment.  793 

 794 

Figure 7. Immune escape landscape in blood and testes.   795 
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Panel A: Example of escape burden analysis using participant 7's HIV Nef amino acid 796 

alignments in blood and testes. Red, orange and blue represent HLA-adapted, possibly adapted 797 

and susceptible forms respectively.  For each sequence, the sum of HLA-adapted and possibly 798 

adapted sequences are divided by the total number of HLA-associated sites to yield the overall % 799 

adapted sites (values shown at the end of each sequence). These values are then averaged to yield 800 

site- and participant-specific averages. For viral sites associated with more than one HLA allele 801 

(e.g. Nef codon 105), the inferred escape profile is shown for the underlined allele. Panel B: 802 

Correlation between escape burden in blood and testes. Panel C: Correlation between epitope 803 

complexity, defined here as the % of known or predicted HLA-restricted CTL epitopes 804 

exhibiting amino acid variation, between blood and testes. Panel D: Examples of escaped and 805 

susceptible forms coexisting within known or predicted CTL epitopes within participants' 806 

reservoirs, where the height of the residue represents its frequency.   807 
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808 

Table 1. Participant HLA and HIV sequence characteristics 
 

ID HLA-A HLA-B HLA-C 
HIV 

Subtype 

Intact Blood 

Sequences 

Total N  

(N; % unique) 

Intact Testes 

Sequences 

Total N 

(N; % unique) 

1 A*32:01 - A*34:02 B*15:18 - B*52:01 C*07:04 - C*16:01 B 30 (21; 70%) 99 (8; 8%) 

2 A*23:01 - A*30:01 B*07:02 - B*42:01 C*07:02 - C*17:01 B 26 (2; 8%) 9 (7; 78%) 

3 A*02:01 - A*25:01 B*08:01 - B*18:01 C*07:01 - C*12:03 B 36 (10; 28%) 40 (24; 60%) 

4 A*11:01 - A*24:02 B*15:02 - B*35:03 C*08:01 - C*12:02 B 31 (20; 65%) 15 (12; 80%) 

5 A*02:01 - A*26:01 B*15:01 - B*38:01 C*03:04 - C*12:03 B 31 (20; 65%) 84 (21; 25%) 

6 A*33:01 - A*68:01 B*14:02 - B*44:02 C*07:04 - C*08:02 B 45 (40; 89%) 16 (15; 94%) 

7 A*24:02 - A*29:02 B*18:25 - B*27:05 C*01:02 - C*12:03 B 37 (16; 43%) 13 (9; 69%) 

8 A*02:01 - A*02:01 B*08:01 - B*44:02 C*05:01 - C*07:01 B 41 (23; 56%) 8 (5; 63%) 

9 A*02:01 - A*11:01 B*18:01 - B*27:04 C*07:04 - C*12:02 B 45 (25; 56%) 21 (8; 38%) 

10 A*26:01 - A*26:01 B*38:01 - B*51:01 C*12:03 - C*15:02 C 32 (7; 22%) 4 (3; 75%) 

TOTAL  354 (184; 52%) 309 (112; 36%) 
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Table 2. Blood-testes and right-left testis HIV genetic compartmentalization results 

Comparison Test Result 
Participant 

1 2 3 4 5 6 7 8 9 10 

 

 

Blood  

vs.  

Testes 

Overall 

Distance KST
a 0.61 0.53 0.09 0.06 0.17 0.01 0.002 0.02 0.26 0.11 

p value ** ** ** * ** NS NS NS ** NS 

Tree #Migrationsb 7 4 16 9 18 10 12 7 7 3 

p value ** ** ** * ** ** NS NS ** * 

 

 

Blood  

vs.  

Testes 

Unique 

Distance KST 0.10 0 0.04 0.01 0.004 0.01 0 0.02 0.10 0 

p value NS NS NS NS NS NS NS NS * NS 

Tree #Migrations 3 2 8 9 15 10 9 4 6 2 

p value ** NS NS NS NS * NS NS NS NS 

 

 

Right Testis 

vs. 

Left Testis 

Overall 

Distance KST 0.14 0.02 0.03 0.05 0  0  0.65  

p value * NS NS NS NS  NS  **  

Tree #Migrations 38 3 9 1 30  4  2  

p value NS NS NS * NS  NS  **  

 

 

Right Testis 

vs. 

Left Testis 

Unique 

Distance KST 0 0.02 0 0.07 0  0  0.21  

p value NS NS NS NS NS  NS  *  

Tree #Migrations 3 3 9 1 9  4  2  

p value NS NS NS * NS  NS  NS  

a Statistic produced by Hudson, Boos and Kaplan's nonparametric test for population structure, where 0 809 

indicates no compartmentalization and 1 indicates complete compartmentalization.  810 
b The number of migrations between compartments required to justify the input phylogeny, as defined by the 811 

Slatkin-Maddison test. The smaller the number, the stronger the support for compartmentalization. 812 

* denotes 0.01 <p < 0.05, ** denotes p < 0.01 813 

  814 
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Table 3. Genetic compartmentalization when sampling HIV sequences from the same site or tissue  815 

 816 

Comparison Test Result 
Participant 

1 2 3 4 5 6 7 8 9 10 

 

 

PBMC Aliquot A 

vs. 

Aliquot B 

Overall 

Distance KST
a     0.02 0 0    

p value     NS NS NS    

Tree # Migrationsb     9 11 13    

p value     NS NS NS    

 

 

Right Testis 

Location A 

vs.  

Location B 

Overall 

 

Distance KST   0.01  0  0.51 0.03 0.273  

p value   NS  NS  ** NS NS  

Tree # Migrations   12  5  1 3 6  

p value   NS  NS  * NS NS  

 

 

Left Testis 

Location A 

vs.  

Location B 

Overall 

 

Distance KST 0   0.09 0      

p value NS   NS NS      

Tree # Migrations 17   3 4      

p value NS   NS NS      

a Statistic produced by Hudson, Boos and Kaplan's nonparametric test for population structure, where 0 817 

indicates no compartmentalization and 1 indicates complete compartmentalization.  818 
b The number of migrations between compartments required to justify the input phylogeny, as defined by the 819 

Slatkin-Maddison test. The smaller the number, the stronger the support for compartmentalization. 820 

* denotes 0.01 <p < 0.05, ** denotes p < 0.01 821 

 822 
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