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Abstract  1 

The effectiveness of virus-specific strategies, including administered HIV-specific mAbs, to target 2 

cells that persistently harbor latent, rebound competent HIV genomes during combination 3 

antiretroviral therapy (cART) has been limited by inefficient induction of viral protein expression. 4 

To examine antibody-mediated viral reservoir targeting without a need for viral induction, we used 5 

an anti-CD4 mAb to deplete both infected and uninfected CD4+ T cells. Ten rhesus macaques 6 

infected with barcoded SIVmac239M received cART for 93 weeks starting 4 days post-infection. 7 

During cART, five animals received 5-6 anti-CD4 antibody administrations and CD4+ T cell 8 

populations were then allowed one year on cART to recover. Despite profound CD4+ T cell 9 

depletion in blood and lymph nodes, time to viral rebound following cART cessation was not 10 

significantly delayed in anti-CD4 treated animals compared with controls. Viral reactivation rates, 11 

determined based on rebounding SIVmac239M clonotype proportions, also were not significantly 12 

different in CD4 depleted animals. Notably, antibody-mediated depletion was limited in rectal 13 

tissue and negligible in lymphoid follicles. These results suggest that even if robust viral 14 

reactivation can be achieved, antibody-mediated viral reservoir depletion may be limited in key 15 

tissue sites.  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 
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Introduction.  1 

Combination antiretroviral therapy (cART) can effectively suppress ongoing HIV-1 2 

replication and dramatically improve the life expectancy of HIV-1 infected individuals (1). 3 

However, cART only inhibits new rounds of viral replication and does not affect cells that are 4 

already infected. Thus, a population of cells harboring replication-competent viral genomes, the 5 

majority of which are transcriptionally silent, or latent, can persist for the lifetime of the infected 6 

individual despite continued cART (2). Upon cART cessation, reactivation of one or more of these 7 

long-lived replication-competent viral genomes can lead to recrudescent viral infection (3). 8 

Lifelong cART is thus indicated for the overwhelming majority of HIV-1 infected people, but the 9 

prospect of lifelong daily drug treatment for nearly 40 million people worldwide raises 10 

considerable concerns over drug costs, access, compliance, and potential drug resistance 11 

emergence (4-6). Moreover, even with treatment, HIV-1 infected people continue to have elevated 12 

rates of non-AIDS morbidities, with elevated immune activation and inflammation levels that may 13 

be related to the persistence of virally-infected cells (7).  14 

 Given the effectiveness and safety/tolerability profile of modern cART, most efforts to 15 

eliminate cells harboring replication-competent viral genomes (i.e., viral reservoirs) are intended 16 

for use in individuals on cART (8). Because in treated individuals the majority of the remaining, 17 

intact viral genomes are latent, a successful virus-specific reservoir elimination approach will need 18 

to include reactivation of residual viral genomes to produce viral antigen that can be 19 

immunologically targeted (2). While a number of viral reactivation strategies have shown some 20 

activity in animal models and clinical studies (9-15), subsequent studies evaluating these same 21 

agents have indicated that their modest viral reactivation activity may be inconsistent, or may 22 

depend critically on the specific dosing strategy or underlying characteristics of the treated 23 
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population (16-20). Moreover, the difficulty in sampling and measuring the viral reservoir poses a 1 

major challenge for assessing the effectiveness of these agents, and thus even in studies where 2 

viral reactivation was apparently induced, it is not known what fraction of residual viral genomes 3 

may have been affected. Thus, a viral reactivation strategy that consistently and reliably reactivates 4 

a substantial portion of residual viral genomes in vivo has not yet been identified.  5 

The lack of a consistent and potent viral reactivation agent complicates evaluations of 6 

candidate reservoir targeting and elimination approaches, which often depend upon robust viral 7 

reactivation as a prerequisite for activity. Among the viral targeting approaches that have been 8 

proposed, antibody-based strategies are of particular interest due to their specificity and the 9 

potential for some antibodies to induce the elimination of targeted cells through Fc-mediated 10 

effector functions (21). Antibodies are also easy to administer with generally good safety and 11 

tolerability profiles (22). The potential for antibodies to mediate clearance of HIV-1 infected cells 12 

was recently demonstrated with passive administration of the broadly neutralizing antibody (bnAb) 13 

3BNC177 plus cART at the time of adoptive transfer of HIV-1 infected human T cells into 14 

immunodeficient mice (23). However, antibody-mediated clearance of persistent virus-infected 15 

cells in the setting of established virologic suppression on cART remains theoretical. Passive 16 

administration of the bnAb VRC01 to cART treated HIV-1 infected individuals had no 17 

demonstrable impact on the size of the persistent virus pool (24), though it is not clear if this 18 

reflects a limitation of antibody-based approaches, an inability to measure potential reservoir 19 

reduction accurately, or the absence of a concomitantly administered viral reactivation agent. 20 

Perhaps the most promising demonstration of administered antiviral antibodies directly impacting 21 

viral reservoirs was a study in which rhesus macaques were started on cART early (7 days) after 22 

intrarectal infection with a chimeric simian-human immunodeficiency virus (SHIV) and 23 
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subsequently treated with the bnAb PGT121, the TLR7 agonist GS-9620, or both (25). While 1 

provocative potential effects of the antibody and TLR7 agonist combination, including lack of off-2 

cART viral rebound in some animals, were shown (25), early cART initiation coupled with a 3 

limited initial viral inoculum precluded a direct demonstration of reduction or elimination of 4 

persistent virus-infected cells and the mechanism of durable off-cART aviremia remains unclear. 5 

 Since the identification and development of effective cART regimens that feasibly can be 6 

administered long term to nonhuman primates (NHP) (12,26), NHP models of cART-mediated 7 

virologic suppression have been highly useful for the study of persistent viral reservoirs and for 8 

the evaluation of viral eradication and functional cure strategies. Here, we evaluated an idealized 9 

antibody-mediated reservoir targeting strategy, targeting the CD4 molecule itself, rather than a 10 

viral protein, to deplete potential viral target cells irrespective of infection status. This approach of 11 

targeting a host cell-surface protein obviated the need for viral reactivation and antigen expression 12 

as a prerequisite for antibody binding. To ensure the establishment of a limited viral reservoir that 13 

might be more tractable for antibody-mediated clearance, cART was initiated early following a 14 

high dose intravenous challenge with the barcoded virus SIVmac239M (27). After allowing for 15 

partial recovery of the CD4+ T cells under cover of continued cART, treatment was discontinued 16 

and the impact of CD4 depletion on viral rebound evaluated. By utilizing SIVmac239M, we were 17 

able to evaluate the impact of CD4+ T cell depletion both by a conventional time-to-rebound 18 

approach and by using viral reactivation rate calculations based on the relative proportions of 19 

rebounding viral clonotypes (i.e., barcodes) (27-29), which maximize our sensitivity for detecting 20 

changes in the rebound-competent viral reservoir.   21 

 22 

 23 
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Results. 1 

Virologic suppression on cART.  2 

Ten Indian-origin rhesus macaques were intravenously infected with the barcoded virus 3 

SIVmac239M (27) and treated with an effective cART regimen (26) starting at 4 days post-4 

infection (dpi). Plasma viral loads (pVL) declined from peak levels (range 7.2 x 104-1.7 x 106 5 

vRNA copies/ml) measured on day 4-7 postinfection to <15 vRNA copies/ml within 23-44 days 6 

of cART initiation (Fig. 1A and Supplemental Fig. 1). The animals were then divided into a CD4 7 

depletion group (n = 5; mean pre-cART pVL = 1.3x105 vRNA copies/ml, range 5.4x104-2.1x105) 8 

and a control group (n = 5; mean pre-cART pVL = 1.5x105 vRNA copies/ml, range 5.9x104-9 

4.2x105) balanced for pre-cART pVLs (Supplemental Fig. 1). Starting at approximately 30 weeks 10 

after cART initiation, each experimental group animal received the rhesusized in vivo CD4 11 

depleting antibody CD4R1 once every two weeks for a total of five to six administrations. After 12 

the final dose of CD4R1, the animals were maintained on cART for another 54 weeks. The control 13 

group animals were maintained on cART without antibody administration for the same cumulative 14 

duration. Plasma viral loads for all ten animals remained stably <15 vRNA copies/ml through the 15 

period of anti-CD4 antibody administration and until cART was discontinued after approximately 16 

93 total weeks of therapy (Fig 1A).  17 

 18 

CD4+ T cell Depletion and Recovery in Blood. 19 

 CD4+ T cells in blood were robustly depleted by anti-CD4 antibody administration. 20 

Absolute CD4+ T cell counts in the blood of experimental group animals declined by 96.3-100.0% 21 

during the CD4 depletion phase of the study (Fig. 1B). CD4+ T cell counts declined to nadir levels 22 

of 0 CD4+ T cells/μl in two of the five depleted animals, with a median nadir CD4+ T cell count of 23 
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3 CD4+ T cells/μl (range 0-28 CD4+ T cells/µl) for the experimental group. Naïve (CD95-) CD4+ 1 

T cells declined by 99.4-100.0%, central memory (CD95+ CD28+) CD4+ T cells declined by 94.0-2 

100.0%, and effector memory (CD95+ CD28-) CD4+ T cells declined by 100.0% for all five 3 

animals (Fig. 1C). Following the final dose of anti-CD4 antibody, animals were maintained on 4 

suppressive cART for 1 year to allow CD4+ T cells to recover so that virologic rebound kinetics 5 

would not be confounded by a lack of available target cells. CD4+ T cell counts in blood recovered 6 

slowly following the final dose of anti-CD4 antibody, returning to approximately half their pre-7 

depletion levels (mean recovery to 58.2% of pre-depletion levels, range 28.0-68.1%) by the final 8 

day of cART, 1 year after the final dose of anti-CD4 antibody (Fig. 1B). Despite incomplete 9 

recovery of total CD4 counts in the experimental group, the relative proportions of the naïve, 10 

central memory, and effector memory CD4+ T cell populations within these animals returned to 11 

their pre-depletion ratios after 8-9 months of recovery and were maintained at these relative 12 

proportions until cART release (Fig. 1C and Supplemental Fig. 2A). On average in the CD4 13 

depleted animals, naïve, central memory and effector memory cells constituted 56.2%, 40.7%, and 14 

3.1%, respectively, of the total blood CD4+ T cell population prior to depletion, while at pre-cART 15 

release, after CD4 cell recovery, these same populations constituted on average 53.3%, 42.7%, and 16 

4.1%, respectively. CD14+ monocytes, which express low levels of CD4, were not measurably 17 

depleted in blood by anti-CD4 antibody administration (Supplemental Fig. 2B). In the control 18 

animals, blood CD4+ T cell counts were essentially unchanged other than normal fluctuations over 19 

the course of the study, with mean CD4 counts that were approximately 4% higher at the pre-20 

cART time points compared with the pre-depletion time point (Fig. 1B and C, and Supplemental 21 

Fig. 2A). 22 
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Prior studies have shown that following experimental CD8+ cell depletion by 1 

administration of an anti-CD8α antibody in rhesus macaques, CD4+ T cells undergo a transient 2 

expansion consistent with a homeostatic proliferative response (30). Following anti-CD4 antibody 3 

administration and CD4+ T cell depletion, we observed an inverse expansion of CD8+ T cells in 4 

blood. CD8+ T cells increased by approximately 140% on average (range 75-242% increase) 5 

within 4 weeks of the final anti-CD4 antibody dose (Supplemental Fig. 2B). Thereafter, CD8+ T 6 

cell counts declined but remained elevated relative to pre-anti-CD4 administration time points 7 

(Supplemental Fig. 2B), perhaps due to the incomplete recovery of CD4+ T cells. 8 

  9 

CD4+ T cell Depletion and Recovery in Tissues. 10 

To evaluate CD4+ cell depletion in key tissue sites of SIV replication and reservoir 11 

establishment, we collected rectal pinch biopsies and excisional LN biopsies immediately prior to 12 

anti-CD4 antibody administration, following antibody doses 3 and 6, and 2-3 weeks prior to cART 13 

release. Antibody-mediated CD4+ T cell depletion was less robust and more variable within tissues 14 

than in blood. In rectal tissues, CD4+ T cell frequencies declined by 35.0-62.6% following anti-15 

CD4 antibody administration (Fig. 2A). When comparing CD4+ T cell frequencies following dose 16 

3 with the CD4+ T cell frequencies following dose 6, there was no evidence of additional 17 

cumulative depletion of CD4+ T cells with 3 additional anti-CD4 antibody administrations (Fig. 18 

2A). By one year after the final anti-CD4 administration, just prior to cART release, rectal CD4+ 19 

T cell frequencies partially or completely recovered in 4 of 5 depleted animals, ranging from 52.4% 20 

lower to 8.6% higher than pre-depletion levels. As expected, CD4+ T cell frequencies in rectal 21 

tissue of control group animals were essentially unchanged over the course of the study, with CD4+ 22 
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T cell frequencies just prior to cART release that ranged from 15.3% lower to 39.5% higher than 1 

the pre-depletion study time point.   2 

In LN tissues, CD4 depletion was more pronounced than in rectal tissue. Nadir CD4+ T 3 

cell frequencies in LN were 80.6-86.9% lower than the pre-depletion time point (Fig. 2B). For all 4 

five CD4-depleted animals, there was a greater reduction in LN CD4+ T cell frequencies after 6 5 

doses of anti-CD4 antibody when compared with CD4+ T cell frequencies following only 3 doses 6 

of antibody, suggesting that there may have been additional CD4+ T cell depletion with additional 7 

doses of anti-CD4 antibody (Fig. 2B). Further depletion of central memory cells (CD95+CD28+), 8 

which were initially more resistant to depletion and which have been shown to be a major source 9 

of residual viral genomes in the setting of suppressive cART (31-33), was the primary driver of 10 

this additional CD4+ T cell depletion (Fig. 2C and Supplemental Fig. 3). Prior to anti-CD4 antibody 11 

administration, mean naïve (CD95-) and central memory CD4+ T cell frequencies were 44.4% and 12 

11.8%, respectively, of total CD3+ T cells in LN (Fig. 2C). Following 3 doses of anti-CD4 13 

antibody, the mean frequency of naïve CD4+ T cells declined by 88% down to 5.6% of the total 14 

CD3+ T cell population but did not decline further after 3 additional anti-CD4 antibody 15 

administrations. By contrast, the mean frequency of central memory CD4+ T cells declined by only 16 

56% down to 5.2% of the total CD3+ T cell population after 3 doses of anti-CD4 antibody and 17 

declined by another 22% down to 2.7% of the total CD3+ T cell population in LN after 6 doses of 18 

anti-CD4 antibody (Fig. 2C and Supplemental Fig. 3). Like the recovery observed in blood, CD4+ 19 

T cell frequencies in LN tissue returned to approximately half their pre-depletion levels (mean 20 

recovery to 59.3% of pre-depletion levels, range 44.4-74.5%) within a year of the final anti-CD4 21 

dose. In control animals, CD4+ T cell frequencies in LN were relatively steady throughout the 22 

course of the study, with only minor changes consistent with sampling variability and 23 
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immunologic fluctuations. CD4+ T cell frequencies at the pre-cART release time point in LN in 1 

control animals ranged from 19.6% lower to 2.8% higher than the pre-depletion study time point. 2 

 LN follicles are viewed as a sanctuary site for residual virally-infected cells during cART, 3 

perhaps due to the limited virus-specific CD8+ T cell surveillance that occurs therein (34-38). To 4 

examine the ability of antibodies to target and eliminate cells within different regions of the LN, 5 

we immunohistochemically stained fixed LN tissue sections for CD4. As shown in Figure 2D, 6 

depletion of CD4+ cells occurred primarily in the extrafollicular T cell zone, where the majority of 7 

the CD4+ T cells reside in LN. There were limited or no consistent changes in CD4+ T cells in B 8 

cell follicles following anti-CD4 administration, suggesting that T cells within the follicles were 9 

less susceptible to antibody mediated targeting and depletion.  10 

 11 

Changes in viral DNA in PBMC and tissues. 12 

 To assess changes in potential residual sources of virus associated with depletion of viral 13 

target cells, we quantified viral DNA (vDNA) in PBMC and in replicate rectal and lymph node 14 

tissue samples collected at the same time points as those used to assess tissue CD4 depletion (i.e., 15 

immediately prior to anti-CD4 antibody administration, after antibody doses 3 and 6, and 2 – 3 16 

weeks prior to cART release). We have previously shown that the overwhelming majority of 17 

persistent viral DNA genomes are intact in SIV infected macaques that initiate cART early post-18 

infection (39,40). To confirm that this finding applied to the current study animals, we performed 19 

near full-length (nFL) viral genome sequencing on viral DNA extracted from lymph node-derived 20 

mononuclear cells from one control group animal and one CD4 depletion group animal with the 21 

highest levels of viral DNA prior to anti-CD4 antibody treatment (ZJ39 and ZK40; see Fig. 3). 22 

Consistent with our prior findings, 80-88% of the viral genome sequences in these two animals 23 
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were intact (Supplemental Fig. 4). Prior to anti-CD4 antibody administration (at ~30 weeks post-1 

cART initiation), vDNA levels in all samples were low, consistent with the establishment of small 2 

viral reservoirs due to early cART initiation (41). In PBMC prior to CD4 depletion, mean vDNA 3 

levels in the CD4-depletion and control group animals were 4.9 (range 1.2 – 17.0) and 8.6 (range 4 

1.2 – 29.0) vDNA copies/106 cells, respectively (Fig. 3). After 3 doses of anti-CD4 antibody, 5 

PBMC vDNA levels in all five antibody treated animals declined to below the assay detection limit 6 

(<0.2 to <0.8 vDNA copies/106 cells), while PBMC vDNA could be detected in all five control 7 

animals at the same time point (mean 5.6 vDNA copies/106 cells). Apart from a single vDNA+ 8 

PBMC sample from one CD4-depleted animal after dose 6, vDNA remained below the assay 9 

detection limit in all five CD4 depleted animals through the duration of cART administration (Fig. 10 

3). Consistent with anti-CD4 administration directly depleting infected cells, this single vDNA+ 11 

sample after dose 6 was from animal ZK40, in which the pre-anti-CD4 vDNA levels were highest 12 

(17 vDNA copies/106 PBMC) and in which the extent of blood CD4 depletion was least robust 13 

(3.7% CD4+ T cells remaining at nadir vs 0.0 – 0.7% remaining at nadir in other animals). In the 14 

control group animals, vDNA decayed over the course of the experiment. After 93 weeks on cART, 15 

vDNA levels in PBMC declined to below the detection limit in two of five control animals and 16 

averaged 2.8 vDNA copies/ml in the remaining three control animals (Fig. 3). Notably, the control 17 

animal with the highest PBMC and LN vDNA levels was animal ZJ39, which had the highest pre-18 

cART peak viral load of the study animals (Fig. 1A). 19 

 In biopsies collected 30 weeks after cART initiation (immediately prior to CD4 depletion), 20 

vDNA levels were also low in rectal tissue, with no vDNA detected in two control group animals 21 

(<0.2 and <0.6 vDNA copies/106 cells) and in one CD4-depletion group animal (<0.3 vDNA 22 

copies/106 cells) (Fig. 3). Seven weeks later, following anti-CD4 dose 3, vDNA levels in two of 23 
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five CD4-depletion group animals were below the assay threshold sensitivity limit (<0.08 and 1 

<0.09 vDNA copies/106 cells), with mean vDNA levels of 0.09 vDNA copies/106 cells in the 2 

remaining three animals (Fig. 3). At the same time point, rectal samples from control group animals 3 

contained 0.3 vDNA copies/106 cells (mean). Following three additional anti-CD4 doses, vDNA 4 

was not detected in rectal tissue samples from 4 of 5 CD4 depleted animals (assay sensitivity 5 

cutoffs between 0.06 and 0.1 vDNA copies/106 cells) and was quantified at only 0.1 vDNA 6 

copies/106 cells in the fifth animal. In the control group animals at the same time point, vDNA was 7 

detected in rectal tissue of 4 of 5 animals at 0.27 vDNA copies/106 cells on average (mean).  One 8 

year later, just prior to cART release, vDNA levels were below the assay detection limit in all 5 9 

CD4-depetion group animals (<0.23 vDNA copies/106 cells) and in 3 of 5 control group animals 10 

(<0.24 vDNA copies/106 cells). In the remaining control group animals, quantifiable vDNA levels 11 

in rectal tissue prior to cART release were low (0.18 vDNA copies/106 cells and 1.1 vDNA 12 

copies/106 cells). 13 

 As was the case for PBMC and rectal tissue, LN tissue vDNA levels were low after 30 14 

weeks of cART prior to CD4 depletion, averaging 2.1 copies/106 cells in the 5 control group 15 

animals and 3.3 copies/106 cells in the 4 CD4-depletion group animals with quantifiable vDNA 16 

levels (Fig. 3). One CD4-depletion group animal, ZK31, had LN vDNA levels that were below the 17 

qPCR assay sensitivity limits throughout the study. CD4 depletion did not result in a clear 18 

reduction in vDNA levels in LN. Viral DNA levels in LN of the CD4 depletion group animals 19 

were 4.5—5.5-fold lower on average following anti-CD4 dose 3 and subsequent assessed time 20 

points when compared with the pre-depletion time point in the 4 animals that had quantifiable 21 

vDNA prior to CD4 depletion. However, vDNA levels in the LN of the 5 control group animals 22 

were similarly 2.1 – 5.8-fold lower at the same assessed later study time points when compared 23 
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with the pre-depletion time point, consistent with spontaneous decay of initially infected cell 1 

populations after prolonged cART, initiated early in infection (41). 2 

 Taken together, these findings confirm that early cART initiation resulted in the 3 

establishment of limited vDNA levels and demonstrate that anti-CD4 antibody-induced depletion 4 

of CD4+ T cells was able to deplete residual infected cells (i.e., those harboring viral DNA), 5 

particularly in PBMC and rectal tissues, though perhaps less so in LN tissues despite relatively 6 

robust depletion of CD4+ T cells overall in LN. 7 

 8 

Time to rebound. 9 

 Antiretroviral therapy was discontinued 54 weeks after the final dose of anti-CD4 antibody. 10 

Plasma viremia rebounded in all 10 study animals. In nine of 10 macaques, quantifiable viral RNA 11 

was first detected in plasma within four weeks of cART discontinuation (Fig. 4 and 5). Viral 12 

rebound was delayed in one CD4 depletion group animal (ZK08), with viral RNA first detected in 13 

plasma 98 days following cART cessation (Fig. 4 and 5). Although there was a trend toward a 14 

small delay in viral rebound in the CD4 depletion group animals, with a median time to first 15 

detection of viral RNA of 28 days (range 18 to 98 days) in the CD4 depletion group compared 16 

with 18 days for the control group animals (range 14 to 28 days), this difference between the 17 

groups was not significant (p = 0.13, log-rank test) (Fig 4).   18 

 19 

Viral reactivation rate determinations. 20 

 Because reactivation is a stochastic process, the time to initiation of successful viral 21 

replication from the rebound competent viral reservoir is intrinsically variable. Therefore, time-to-22 

rebound analyses are limited in their capacity to detect small changes in the size of the viral 23 
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reservoir (42,43). To determine if there were smaller differences in the viral reservoir sizes 1 

between the CD4-depletion and control groups that may not have been identifiable by time-to-2 

rebound analyses, we took advantage of the increased power afforded by the barcoded 3 

SIVmac239M virus system. Although cART was initiated at an early post-infection time point (4 4 

days), deep-sequencing of viral RNA in 0.7 ml of plasma (input 5,500-10,000 cDNA copies per 5 

animal) collected at peak viremia prior to cART initiation revealed a large number of replicating 6 

unique viral clonotypes in each of the 10 study animals (mean: 1,161 unique clonotypes per animal; 7 

range: 803—1,369) (Supplemental Figs. 5 and 6). After cART was released, 15 of the 41 unique 8 

viral clonotypes that rebounded across all 10 study animals were not previously detected at peak 9 

viremia (Supplemental Fig. 5), suggesting that our sequencing results from pre-cART peak viremia 10 

underrepresented the number of replicating viral clonotypes that were capable of forming rebound-11 

competent viral reservoirs and highlighting the very rapid and low viral load requirement for any 12 

given clonotype to become a long-lived reservoir.  13 

 We directly estimated the viral reactivation rate (27,29) for each animal based on the viral 14 

growth rate and the relative proportions of the rebounding clonotype constituents that comprised 15 

rebound viremia (Fig. 5). Notably, the animal with the greatest number of rebounding clonotypes 16 

(animal ZJ39 with 15 clonotypes) was also the animal with the earliest viral rebound, first detected 17 

at 14 days post-cART release (Fig. 5). By contrast, the rebounding virus in CD4-depletion group 18 

animal ZK08, which had a prolonged delay in viral rebound (98 days), contained only a single 19 

rebounding clonotype, consistent with an expectation that substantially delayed viral rebound 20 

would be characterized by infrequent viral reactivation events and thus a single rebounding viral 21 

clonotype (Fig. 5). Because reactivation rate calculations based on viral barcode sequencing rely 22 

upon differences in the relative proportions of multiple detected viral barcodes, a barcode 23 
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sequencing-based viral reactivation rate as was calculated for the nine other study animals could 1 

not be calculated using the available sequencing data for outlier animal ZK08. ZK08 was therefore 2 

omitted from barcode sequencing-based reactivation rate analysis and group comparisons. When 3 

comparing the determined viral reactivation rates for the CD4-depletion group animals with the 4 

control animals, there was a trend toward lower viral reactivation rates in the CD4 depletion group 5 

animals (median: one reactivation per 5.1 days, range: one reactivation per 1.6 – 8.5 days) 6 

compared with the control group animals (median: one reactivation per 2.0 days, range: one 7 

reactivation per 0.4 – 5.8 days), but this difference was not significant (p = 0.16, one-sided 8 

Wilcoxon rank-sum test, Fig. 6).  There was no significant correlation between CD4 levels in blood 9 

or LN at the time of cART discontinuation and the calculated viral reactivation rates for the study 10 

animals (Supplemental Fig. 7), suggesting that the degree of CD4 reconstitution was not associated 11 

with the viral reactivation rate.  12 

Although a viral reactivation rate could not be estimated for animal ZK08 based on viral 13 

barcode sequencing, it was clear based on the prolonged delay to viral rebound that the animal had 14 

a substantially lower reactivation rate than any of the other study animals. Animal ZK31, which 15 

initially had a single rebounding viral clonotype detected at 28 days off cART (not shown) with a 16 

second rebounding clonotype detected at ~26,000-fold lower proportion than the dominant 17 

clonotype in a higher viral load sample 7 days later (Fig. 5), had the lowest reactivation rate that 18 

could be estimated at one per 8.5 days. Even for this animal, the probability of an observed time-19 

to-detection of 98 days or more was highly unlikely (probability of 4.5x10-5, assuming a 13-day 20 

delay for drug wash-out and viral growth sufficient to reach detectable levels). To estimate bounds 21 

for the frequency of reactivation for animal ZK08, we used an alternative, though less precise 22 

approach based on the observed time to rebound (42). Based on this approach, the viral reactivation 23 
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rate would have to range from a maximum of one per 28 days to a minimum of one per 1,657 days 1 

for the observed time-to-detection to lie within the range expected for 95% of subjects. This large 2 

range in the estimate bounds for the reactivation rate highlights the imprecision inherent in 3 

reactivation rate determinations based only on time to rebound data and underscores the power 4 

and value of barcode sequencing-based reactivation rate determinations made possible by the 5 

SIVmac239M infection model. 6 

 7 

  8 
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Discussion. 1 

 The use of passively-administered monoclonal antibodies (mAbs) to deplete targeted cells 2 

in vivo is now well-established for the treatment of a variety of human diseases. Accordingly, 3 

passive administration of one or more mAbs with broad HIV-1 Env specificity and potential for 4 

Fc-dependent cytotoxicity has emerged as an obvious candidate approach to consider for 5 

eliminating persistent cells harboring replication-competent HIV genomes (21,44). However, the 6 

ability of an anti-HIV-1 antibody to induce target cell death will depend critically upon the 7 

expression of sufficient viral antigen on the cell surface to allow antibody binding and effector 8 

recruitment. Because the overwhelming majority of viral genomes that persist during cART are 9 

latent (2), concomitant robust induction of viral gene expression will be required to assess the 10 

potential of virus-specific antibodies to reduce the size of the persistent viral reservoir. As yet, a 11 

consistent and potent in vivo HIV/SIV reactivation strategy has not been identified, limiting our 12 

ability to evaluate antiviral antibodies or many other proposed virus-specific methods to deplete 13 

viral reservoirs. Additionally, even if robust viral reactivation were routinely achievable, the in 14 

vivo cell depleting activity of each individual mAb is unclear and may be difficult to demonstrate 15 

directly, potentially complicating the interpretation of studies that seek to assess the capacity of 16 

specific mAbs to reduce the viral reservoir. 17 

By using an antibody with an established and easily-measured capacity for target cell-18 

depletion in vivo (45), and by targeting a constitutively expressed host cell protein found on 19 

latently SIV infected cells, we were able to model antibody-mediated reservoir targeting without 20 

the confounding challenges of using an antiviral mAb. By theoretically targeting all CD4+ cells, 21 

irrespective of their infection status, we were able to non-specifically target all residual SIV 22 

infected cells because SIV infection requires cell-surface CD4 expression (46). Although CD4 23 
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surface expression can be downregulated by several different SIV proteins (47), during stable 1 

cART-mediated virologic suppression the majority of the remaining infected cells do not express 2 

viral proteins and thus would not be expected to downregulate CD4. To mitigate against possible 3 

CD4 downregulation by cells with spontaneously reactivating viral genomes during the period of 4 

anti-CD4 administration, 5 – 6 doses of anti-CD4 antibody were administered over a 10 to 12 week 5 

period, with the expectation that any cells expressing sufficient amounts of viral protein to 6 

downregulate CD4 would either return to quiescence and be targetable by subsequent CD4 7 

administrations or die from lytic viral infection or immune surveillance.  8 

Antiretroviral therapy was initiated in our study animals at 4 days post-infection to limit 9 

the size of the established viral reservoirs to a level that would be more tractable for demonstrating 10 

a potential reservoir depletion effect. Prior to CD4 depletion, at 30 weeks post-cART initiation, 11 

average cell-associated vDNA levels, determined by qPCR quantification of a small region of the 12 

SIV gag gene, were <10 vDNA copies/106 cell equivalents in PBMC. By comparison, in a prior 13 

study we found that cell-associated vDNA levels were ~100 – 300-fold higher in animals that 14 

started cART at 4 weeks post-infection and were treated for a comparable duration (10). Studies 15 

evaluating the “intactness” of residual vDNA genomes in HIV-1 infected humans on suppressive 16 

cART have suggested that similar qPCR quantification of a small region of the viral gag gene is 17 

an inaccurate measure of the replication-competent viral reservoir because the overwhelming 18 

majority of the residual viral genomes contain gross defects such as deletions and APOBEC-19 

hypermutated regions (48,49). However, in contrast to the human subjects evaluated in these 20 

studies, nearly all of whom started cART well into chronic infection and/or received cART for 21 

many years before genome intactness was analyzed (48,49), the SIV infected macaques on this 22 

study initiated cART early post-infection. Consistent with our prior work evaluating viral genome 23 
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intactness in SIV infected macaques on cART (39,50), the current study animals possessed a high 1 

proportion (>80%) of intact residual viral genomes, suggesting that standard gag qPCR can 2 

adequately approximate intact viral genomes within this system. Our vDNA data therefore suggest 3 

that our use of early cART to limit the size of the established viral reservoir size in our study 4 

animals was successful. Because the established viral reservoirs were so small, with many 5 

virologic parameters below assay detection levels in the control animals, additional 6 

characterizations beyond those presented here of the reservoir changes associated with CD4-7 

depletion and recovery were not possible. 8 

Despite the small reservoirs established in our study animals, profound antibody-mediated 9 

depletion of CD4+ T cells in blood and lymph nodes did not meaningfully reduce the rebound-10 

competent viral reservoir, as assessed by the time to viral rebound or more sensitive viral 11 

reactivation rate calculations. Our findings highlight potential limitations of antibody-mediated 12 

depletion of HIV/SIV infected cells that should be carefully considered. We show that antibody-13 

mediated depletion of CD4+ T cells in the gut, where most CD4+ T cells reside, is far more limited 14 

than in blood and LN. Even within LN tissue, where the overall extent of CD4+ T cell depletion 15 

was substantial, CD4+ T cell depletion was minimal in B cell follicles, sites previously identified 16 

as key sanctuaries for viral persistence during cART (37,38). While it is currently unclear why 17 

antibody-mediated cell depletion was more limited in these tissue sites, we suspect that antibody 18 

penetrance into the relevant tissues was not the primary limitation. Using fluorophore-labeled 19 

antibodies, Schneider and colleagues have shown that passively administered antibodies have 20 

biodistribution patterns similar to endogenous antibodies, including antibody penetrance into 21 

intestinal tissues (51). There were also apparent disparities in the sensitivity of different CD4+ T 22 

cell subsets to antibody-mediated depletion. Although central memory CD4+ T cells were 23 
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relatively well-depleted in blood and LNs, they appeared to be somewhat more resistant to 1 

depletion than naïve or effector memory CD4+ T cells. Given the enrichment of residual 2 

replication-competent viral genomes in central memory CD4+ T cells (31-33), it will be important 3 

to identify approaches to improve upon the degree of depletion for this key cell type. We observed 4 

a trend toward additional incremental depletion of central memory CD4+ T cells with additional 5 

antibody administrations, suggesting that the resistance of central memory CD4+ T cells to 6 

antibody mediated depletion may be overcome through alternative antibody dosing strategies. 7 

Although myeloid lineage cells also represent a potentially infectable CD4+ cell type that may be 8 

resistant to antibody-mediated depletion, and indeed we observed no evidence of depletion of 9 

monocytes in blood following anti-CD4 administration, during early SIV and HIV infection the 10 

overwhelming majority of infected cells are T cells (45,52-56). This is particularly true for 11 

SIVmac239, a strictly T cell tropic virus that only infects substantial numbers of macrophages in 12 

a subset of animals late in infection in association with progression to clinical disease (57). Thus, 13 

infected macrophages are unlikely to have contributed appreciably to the overall viral reservoirs 14 

established within our study animals.  15 

A single animal in the CD4-depletion group, animal ZK08, had a substantial delay in time 16 

to viral rebound, with vRNA first detected in plasma at 98 days post-cART discontinuation, 17 

compared with plasma vRNA first detected within 14 – 28 days for all other study animals. It is 18 

not clear if this delay in viral rebound was due to baseline infection parameters, extent of CD4 19 

depletion, or a combination of these and/or other factors in this animal. Prior to cART initiation, 20 

ZK08 had only the fifth lowest pVL of all the study animals, at 1.2x105 vRNA copies/ml. Within 21 

the CD4 depletion group, three of the animals, including ZK08, had virtually indistinguishable 22 

pretreatment pVLs ranging from 1.2 – 1.5x105 vRNA copies/ml. Similarly, vDNA levels in PBMC 23 
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and tissues in ZK08 prior to CD4 depletion were low but were comparable to multiple CD4-1 

depletion group and control group animals. The extent of CD4 depletion in this animal was also 2 

not demonstrably superior to the other CD4 depletion group animals. Nadir CD4+ T cell counts in 3 

blood of ZK08 were 3 cells/µl compared with two CD4 depletion group animals that had nadir 4 

CD4+ T cell counts of 0 cells/µl. In LN, there was an 87% reduction in overall CD4+ T cell 5 

frequency following depletion for both ZK08 and animal ZK40, with a similar 86% reduction also 6 

measured for animal ZK21. Likewise, CD4+ T cell depletion in LN follicles was not measurably 7 

superior in animal ZK08 compared with the other CD4 depletion group animals. In rectal tissue, 8 

the extent of depletion for ZK08 was second highest at a 53% reduction, compared with a 63% 9 

reduction in CD4 cell frequency for animal ZK21.  10 

As would be the case for any proposed reservoir reduction strategy, it is possible that clonal 11 

expansion of infected cells reconstituted some fraction of the infected cell population that was 12 

depleted. We maintained our study animals on cART for one year following the final anti-CD4 13 

antibody administration to allow CD4+ T cells to reconstitute to avoid the potential confounding 14 

effect that a lack of available target cells might have on measures of viral rebound. However, 15 

during this period of CD4 recovery, it is possible that SIV infected cells expanded in parallel with 16 

the total CD4 population. Because vDNA levels were so low in our animals prior to cART release 17 

(no vDNA detected in PBMC and <3 vDNA copies/106 cell equivalents in LN in 5 of 5 CD4 18 

depleted animals), we were not able to evaluate whether there was evidence of reservoir 19 

reconstitution through expansion of SIV infected clones. Prior to CD4 depletion, low but 20 

quantifiable levels of vDNA were detected in PBMC of all 10 study animals.  However, prior to 21 

cART release, following CD4 depletion and reconstitution, PBMC vDNA was not detected in any 22 

of the CD4 depleted animals, while 3 of 5 control animals had low but quantifiable levels of PBMC 23 
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vDNA. These results suggest that if clonal expansion of SIV infected cells occurred in our CD4 1 

depleted study animals, the magnitude of expansion may have been limited. After administering 2 

the same CD4 depleting antibody to rhesus macaques receiving cART initiated during chronic SIV 3 

infection, which allowed higher baseline viral DNA levels it be established, Kumar and colleagues 4 

(58) measured a decrease, rather than an increase in PBMC-associated viral DNA during CD4+ T 5 

cell recovery, suggesting that clonal expansion of virus-infected cells may not substantially 6 

reconstitute the infected cell population following depletion.  7 

Our findings have broad implications for the challenges that will face any HIV-1 reservoir 8 

eradication/reduction strategy, which to be successful will have to effectively target residual 9 

infected cells distributed throughout the tissues of the body that may be heterogeneous in their 10 

susceptibility to any given reservoir depletion approach. Our results also underscore the perils of 11 

evaluating reservoirs only in blood or only in limited tissue sites, as uniform effects across diverse 12 

tissues cannot be assumed. If only blood were assessed in this study, one might conclude that our 13 

CD4 depleted animals were cured of their SIV infection, as we did not detect vDNA in the PBMC 14 

of any of the five CD4 depleted animals. Nevertheless, virus rebounded readily in all five CD4 15 

depleted animals, with a delay in rebound only observed in a single animal.  16 

 In addition to obviating a requirement for robust viral reactivation as a prerequisite for the 17 

evaluation of antibody-mediated reservoir depletion, our approach of utilizing an in vivo cell 18 

depleting mAb with specificity for a host cell protein also avoided the confounding complication 19 

of uncertain in vivo cell depleting capacity for individual HIV-1 Env targeted mAbs. While several 20 

studies have demonstrated Fc-dependent effector functions for a number of HIV-1 mAbs in vitro 21 

(59), whether or not any given mAb will actually deplete target cells in vivo must be evaluated 22 

empirically and may be difficult to demonstrate unequivocally due to the limited number of 23 
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potential target cells. Here, by administering an antibody with well-characterized capacity for 1 

depleting targeted cells in vivo (45), we were able to readily and directly quantify the extent and 2 

duration of depletion of the targeted cell type in both blood and tissue sites.  3 

A recent study by Borducchi and coworkers suggested that administering the TLR7 agonist 4 

GS-9620 along with the bnAb PGT121 to SHIV infected rhesus macaques on early-initiated 5 

suppressive cART resulted in delayed viral rebound in a greater proportion of animals than 6 

PGT121 treatment alone (25). One possible explanation for this apparently synergistic effect is a 7 

TLR7 agonist-induced increase in antibody-mediated clearance of infected cells, particularly 8 

within tissues, perhaps through the upregulation of Fcγ receptor on monocytes/macrophages, as 9 

we recently showed in a separate study involving TLR7 agonist administration in rhesus macaques 10 

(18). However, quantitative depletion of viral reservoirs in vivo was not directly demonstrable 11 

within the context of the Borducchi et al. study due to limited viral reservoir size and limited 12 

available dynamic range for reservoir measurements, thus leaving the underlying mechanism of 13 

the observed effect unclear (25). Here, we establish the use of a well-characterized in vivo cell 14 

depleting mAb with specificity for a host cell protein as a model to evaluate antibody-based 15 

approaches for HIV-1 reservoir targeting, and to assess the capacity of proposed enhancing agents 16 

to improve depletions across tissues and cell subtypes. Future studies should seek to identify and 17 

evaluate approaches that measurably improve cell depletion across diverse tissues and relevant cell 18 

subtypes, with the goal of developing a consistent approach for analytic reservoir depletion in SIV 19 

infected, cART suppressed macaques that can serve as a positive control for studies evaluating 20 

clinically-relevant reservoir reductions strategies.  21 

  22 

  23 
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Methods. 1 

Animals and treatments. Ten purpose-bred, Indian-origin rhesus macaques (Macaca mulatta, ages 2 

3.1—5.5 years at study initiation, 7 males and 3 females) were housed at the National Institutes of 3 

Health and cared for in accordance with American Association for the Accreditation of Laboratory 4 

Animal Care (AAALAC) standards in an AAALAC-accredited facility (Animal Welfare 5 

Assurance number A4149-01). Prior to study initiation, all animals were free of cercopithecine 6 

herpesvirus 1, simian immunodeficiency virus (SIV), simian type-D retrovirus, and simian T 7 

lymphotropic virus type 1.  Nine of the study animals received enrofloxacin (10mg/kg, 8 

administered orally, once per day for 10 days), paromomycin (25mg/kg, administered orally, twice 9 

daily for 7 days), and fenbendazole (50mg/kg administered orally, once per day for 5 days) one to 10 

two months prior to SIV infection, while the tenth animal (DEDC) received the same regimen 11 11 

months prior to SIV infection. All ten animals were negative for the Mamu-B*08 and Mamu-B*17 12 

MHC alleles. Animals were each intravenously inoculated with 2.2x105 infectious units (titer 13 

determined on TZM-bl cells, as previously described (60)) of the barcoded virus SIVmac239M 14 

(27) and at 4 days post-infection started on a combination antiretroviral therapy (cART) regimen 15 

consisting of co-formulated tenofovir disoproxil fumarate (TDF), emtricitabine (FTC), and 16 

dolutegravir (DTG) (kindly provided by Gilead Sciences). The drug regimen was formulated and 17 

administered as previously described (26), except that FTC was administered at 40 mg/kg, rather 18 

than 50 mg/kg. After 30 weeks on cART, four animals (experimental group) received six doses of 19 

rhesusized depleting anti-CD4 antibody (CD4R1, NIH Nonhuman Primate Reagent Resource), 20 

administered subcutaneously to anesthetized animals at 25 mg/kg once every two weeks, 21 

concomitantly with continued cART. The fifth experimental group animal (ZK31) received the 22 

first five of these anti-CD4 doses but did not receive the sixth dose. Anti-CD4 antibody 23 
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administration was well tolerated in all five treated animals, with no adverse events noted. The 1 

control group was maintained on cART without anti-CD4 antibody. After the final dose of anti-2 

CD4 antibody, animals were maintained on cART for an additional 54 weeks; in total, animals 3 

received continuous daily cART for a total of ~93 weeks (~1.8 years). 4 

 5 

Sample collection and processing. Whole blood, peripheral lymph node (LN) biopsies, and rectal 6 

pinch biopsies were collected from anesthetized animals. Plasma for viral RNA quantification and 7 

sequencing and PBMCs for flow cytometric assays and cell-associated viral DNA (vDNA) 8 

quantification were prepared from blood collected in EDTA Vacutainer tubes (BD). Following 9 

separation from whole blood by centrifugation, plasma aliquots were stored at -80°C. After plasma 10 

separation, the cellular fraction of each whole blood sample was resuspended in PBS and PBMCs 11 

were then isolated by Ficoll-Paque Plus (GE Healthcare) gradient centrifugation. Portions of 12 

isolated PBMC samples were cryopreserved viably or as dry cell pellets. Rectal pinch biopsies 13 

were obtained using biopsy forceps by direct visualization. Freshly-collected LN and rectal tissue 14 

specimens were collected into tubes containing zirconium microbeads (for later tissue dissociation) 15 

and snap frozen in liquid nitrogen, or into tubes containing 4% paraformaldehyde or RPMI 1640 16 

medium supplemented with 10% or 5% FBS, respectively. Mononuclear cell suspensions were 17 

prepared from tissues collected in RPMI essentially as described previously (10).   18 

 19 

Plasma viral loads. SIV RNA in plasma was quantified using a qRT-PCR assay with a threshold 20 

quantification limit of 15 viral RNA (vRNA) copies/ml, as previously described (61).  21 

 22 
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Cell- and tissue-associated viral loads. Cell associated vDNA levels in PBMC and biopsy tissues 1 

were analyzed essentially as described previously, using a quantitative PCR assay targeting a 2 

conserved sequence in gag (62,63). Threshold sensitivity for this assay is dependent on the amount 3 

of input sample available for testing. For each sample type, the number of cell equivalents analyzed 4 

was as follows: 1.0x106 – 9.2x106 for PBMC, 5.5x106 – 5.1x107 for rectal tissue, and 1.1x107 – 5 

2.4x108 for LN tissue.  6 

 7 

Flow cytometry. Absolute counts of immune cell populations in whole blood and 8 

immunophenotyping of immune cells in whole blood and in freshly-isolated tissue suspension cells 9 

were determined by flow cytometry. Antibodies and reagents were obtained from BD Biosciences, 10 

unless indicated otherwise, and data analysis was performed using FCS Express (De Novo 11 

Software). Antibody panel validation and population gating were performed using fluorescence-12 

minus-one and corresponding biological controls, and flow cytometers were calibrated daily with 13 

BD Cytometer Setup & Tracking Beads. For absolute cell counting, EDTA-anti-coagulated whole 14 

blood (50 μl) was incubated for 20’ with the following antibody panel: CD20 Pacific Blue (2H7, 15 

BioLegend), CD28 Brilliant Violet (BV) 510 (CD28.2), CD45 FITC (DO58-1283), CD3 PE 16 

(SP34-2), CD95 PE-Cy5 (DX2), CD8α PE-Cy7 (SK1), CD4 APC (L200) and CD14 APC-Cy7 17 

(M5E2, BioLegend). Cells were then incubated for 10 minutes with 2 ml of 1X 1-step Fix/Lyse 18 

Solution (eBioscience), and then ~20,000 CD45+CD3+ gated cells were acquired per sample on a 19 

BD FACSVerse flow cytometer equipped with a volumetric flow sensor. Cell counts per µL of 20 

whole blood were calculated by correcting for dilution and dividing raw numbers by the sample 21 

volume acquired. For immunophenotyping, 100 μl EDTA-anti-coagulated whole blood or 1x106 22 

freshly-isolated tissue-suspension cells were incubated for 20 minutes with the following antibody 23 
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panel: CD20 BV605 (2H7, BioLegend), CD28 ECD (CD28.2, Beckman Coulter), CD56 PE-Cy5 1 

(B159), CD69 BV650 (FN50, BioLegend), CCR5 PerCP-Cy5.5 (HEK/1/85a, BioLegend), CD16 2 

BV785 (3G8, BioLegend), CD14 APC (M5E2, BioLegend), CD38 PE (OK10; NIH Nonhuman 3 

Primate Reagent Resource), CD95 BV711 (DX2, BioLegend), CD4 Pacific Blue (OKT4, 4 

BioLegend), HLA-DR Alexa Fluor 700 (L243, BioLegend), CD8α PE-Cy7 and CD3 APC-Cy7 5 

(SP34-2). Samples were lysed with 1X FACS Lyse buffer for 10 minutes, washed twice with PBS 6 

containing 0.5% bovine serum albumin and 0.05% NaN3 (PBA, Sigma) and then treated with 7 

Cytofix/Cytoperm buffer to fix and permeabilize the cells.  Samples were then washed with 1X 8 

Perm Wash buffer, incubated with 50 μl of intracellular staining panel containing Ki67 FITC (B56) 9 

antibody for 30 minutes, washed twice with 1X Perm Wash, resuspended in PBA and 10 

approximately 200,000 CD3+ T-cells were acquired for each sample using a BD LSR Fortessa X-11 

20 flow cytometer. 12 

 13 

Barcode sequencing and analysis. Plasma viral RNA was quantified by RT-PCR prior to 14 

sequencing on an Illumina Miseq. Briefly, viral RNA from plasma, or viral stock was extracted 15 

using QIAamp Viral RNA mini kit (Qiagen). cDNA was synthesized using SuperScript III reverse 16 

transcriptase (ThermoFisher) and the gene specific primer vpr.cDNA3 (5’ CAG GTT GGC CGA 17 

TTC TGG AGT GGA TGC 3’). The amount of cDNA template used for input normalization was 18 

determined by qPCR with primers VpxF1 5’-CTA GGG GAA GGA CAT GGG GCA GG-3’ at 19 

6082-6101 and VprR1 5’-CCA GAA CCT CCA CTA CCC ATT CATC-3’ at 6220-6199 and with 20 

a labeled probe (ACC TCC AGA AAA TGA AGG ACC ACA AAG GG). Prior to MiSeq 21 

sequencing, PCR was performed with a defined amount of input template (up to 500,000 22 

copies/sample) using vpxF1 and vprR1 primers containing an 8-nucleotide index sequence for 23 
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multiplexing, a spacer (4 random nucleotides) and the Illumina adaptor sequence (P5 and P7). PCR 1 

was performed using High Fidelity Platinum Taq (ThermoFisher) with the following reaction 2 

conditions: 94°C for 2 minutes, 40 cycles of 94°C for 15 seconds, 60°C for 1.5 minutes, and 68oC 3 

for 30 seconds with a final extension of 68°C for 5 minutes. The amplified DNA was purified and 4 

pooled prior to MiSeq sequencing (Illumina). Sequences were demultiplexed based on exact 5 

matches to the Illumina P5 index (one of 40). All sequences for each unique index read were then 6 

aligned to the first 28 bases of the vpr gene allowing for 2 nucleotide mismatches. The 34 bases 7 

directly upstream of the start codon for vpr were extracted, corresponding to the barcode. Since 8 

the number of template cDNA copies was quantified using qRT-PCR, the limit of detection for 9 

animal samples was set at the theoretical number of sequences resulting from a single template 10 

copy (1/template input). In rare cases, all minor barcode sequences (less than 0.5% of the total 11 

sequence reads) that were a single nucleotide different from another prevalent barcode in the same 12 

sample were excluded. For multiplexed samples, infrequent index hopping was also observed 13 

between multiplexed samples which were also excluded. Sequence analysis was performed using 14 

the Barcoded Analysis Tool (http://bit.ly/2OsiMiB): a custom web-based tool written in R (v3.3.3) 15 

to analyze barcoded viruses. 16 

 17 

Near full-length viral genome sequencing. Near full-length (nFL) viral genome sequencing was 18 

performed on viral DNA extracted from lymph node-derived mononuclear cells as described 19 

previously (50,64).  20 

 21 

Estimation of the reactivation rate. We used a previously described method to estimate the 22 

reactivation rate based on the relative frequencies of the rebounding clonotypes and the growth 23 
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rate of the virus in each animal (27,29). Assuming that the virus grows exponentially and that each 1 

clonotype, which differ only in the barcode sequence, has approximately the same growth rate, the 2 

reactivation rate can be estimated as  3 

𝑅𝑅 = 	
𝑔(𝑛 − 1)
∑ ln𝑅!"#$
!%$

, 4 

 5 

where n is the number of clonotypes, g is the growth rate, and 𝑅! is the ratio between the number 6 

of sequencing reads of clonotypes i and i+1, 𝑅! =	𝑆!/𝑆!&$. When possible, the clonotype ratio 7 

was assessed at a time point allowing maximum sequencing depth and at least two distinct 8 

clonotypes but prior to a substantial reduction in the growth rate of the virus population (see Figure 9 

5).  10 

Because the barcode-based method for estimating the reactivation rate requires at least two 11 

rebounding clonotypes, we used an alternative, previously described method to estimate the 12 

reactivation rate based on time-to-detection for animal ZK08, for which only a single rebounding 13 

clonotype was observed (42). For this approach, the average delay to viral detection after cART 14 

discontinuation is modeled as the sum of the average time between reactivation events, which is 15 

exponentially distributed, and a fixed delay due to drug wash-out and viral growth to detectable 16 

levels after reactivation. The probability of a time-to-detection of at least T days for a fixed delay 17 

of d days and a reactivation rate of r events per day is calculated as e-r(T-d). To estimate bounds for 18 

the likely reactivation rate based on time-to-detection, we determined the maximum and minimum 19 

reactivation rates for which the observed time to detection (minus the fixed delay) falls within the 20 

5th and 95th quantiles, respectively. To obtain the maximum possible reactivation rate, we set the 21 

fixed delay to 13 days on account of the earliest viral rebound being observed at 14 days. 22 

 23 
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Immunohistochemical staining of tissue sections. Immunohistochemistry (IHC) was performed as 1 

previously described (65). Briefly, IHC on LN biopsy tissues was performed on 5-μm tissue 2 

sections. Heat-induced epitope retrieval was performed by heating sections in 0.01% citraconic 3 

anhydride containing 0.05% Tween-20 then incubated with antibody diluted in blocking buffer 4 

overnight at 4°C or for one hour at room temperature. Antibodies used were to CD4 (1:200, Rb, 5 

Abcam) and a combination myeloid lineage antibody pair to CD68 (1:500, Ms, Biocare Medical) 6 

and CD163 (1:500, Ms, Leica). Slides were then washed in 1× TBS with 0.05% Tween-20, with 7 

endogenous peroxidases blocked using 1.5% (v/v) H2O2 in TBS, pH 7.4, for 5 min. Sections were 8 

then incubated with rabbit Polink-1 horseradish peroxidase (HRP) and mouse Polink-2 alkaline 9 

phosphatase (AP) and developed with Immpact DAB (3,3′-diaminobenzidine; Vector 10 

Laboratories) followed by Warp Red (Biocare Medical) according to manufacturer’s 11 

recommendations. All slides were washed in water, counterstained with haematoxylin, mounted 12 

in Permount (Fisher Scientific), and scanned at high magnification (x200) using the Aperio CS 13 

System (Leica) to generate high-resolution data from the entire tissue section. Representative 14 

regions of interest (0.4 mm2) were identified and high-resolution images extracted from these 15 

whole-tissue scans. The percentage area positive for positive cells was quantified using Photoshop 16 

(Adobe Systems), Noiseware (Imagenomic), and Fovea Pro (Reindeer Graphics). 17 

 18 

Statistics. Statistical analysis was performed using GraphPad Prism for Windows, version 8.3.1 19 

(GraphPad Software, 2019) or in R (66). P-values less than 0.05 were considered significant. 20 

 21 

Study Approval. All work involving research animals was conducted under a protocol approved 22 

by the Institutional Animal Care and Use Committee of the National Cancer Institute (Protocol 23 
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AVP-047) and adhered to the standards of the Guide for the Care and Use of Laboratory Animals 1 

(National Research Council. 2011. Guide for the care and use of laboratory animals, 8th ed. 2 

National Academies Press, Washington, DC) in accordance with the Animal Welfare Act. 3 

 4 
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Figures and Figure Legends. 1 

Figure 1 2 

 3 

Figure 1. Plasma viral load suppression and CD4 depletion in blood. A) SIV RNA was 4 

quantified in longitudinal plasma samples using a qRT-PCR assay with a threshold quantification 5 

limit of 15 vRNA copies/ml. Shown are the values for the first 94 weeks of the study, which include 6 

pre-cART time points and approximately 93 weeks on cART (gray shaded region). B, C) 7 

Longitudinal cell counts in blood for (B) total CD4+ T cells and for (C) naïve (CD95-), central 8 

memory (CM, CD95+CD28+), and effector memory (EM, CD95+CD28-) CD4+ T cell subsets are 9 

shown. Values shown in C are means +/- the standard error of the means for all five animals within 10 

each group. Red arrows show the timing of 6 anti-CD4 antibody administrations to the CD4 11 

depleted group. CD4-depleted experimental group animals are shown with red plots; control 12 

animals are shown with blue plots. 13 

 14 
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Figure 2 1 

 2 

 3 

Figure 2. CD4 depletion in tissues. A, B) The frequency of CD4+ T cells as a percentage of total 4 

CD3+ T cells in rectal (A) and lymph node (B) tissues was determined by flow cytometry at the 5 

indicated time points. Values were normalized to the pre-CD4 depletion time point (30 weeks post-6 
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cART initiation) for CD4-depleted (red) and control (blue) animals. C) The frequency of naïve 1 

(CD95-), central memory (CM, CD95+CD28+), and effector memory (EM, CD95+CD28-) CD4+ 2 

T cells as a percentage of total CD3+ T cells in lymph nodes was determined by flow cytometry at 3 

the indicated time points for CD4-depleted (red) and control (blue) animals. D, left) Representative 4 

images showing immunohistochemical staining for CD4 (brown) and CD68/CD163 (red) in lymph 5 

node sections from a CD4-depleted animal and a control animal at the indicated time points. B cell 6 

follicles are indicated with dashed borders. Scale bars = 200 µm. D, right) Quantitation of 7 

immunohistochemical CD4 staining in B cell follicles and T cell zone regions of lymph node 8 

tissues collected at the indicated time points from CD4-depleted (red) and control (blue) animals. 9 

The data in A, B, and D were statistically analyzed using a two-sample two-sided t-test. *, p < 10 

0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 11 

 12 

  13 



45 
 

Figure 3 1 

 2 

 3 

Figure 3. Cell- and tissue-associated viral DNA levels. Viral DNA quantification in PBMC (left 4 

panel), rectal pinch biopsy samples (center panel), and LN biopsy samples (right panel) are shown 5 

for CD4-depletion (red symbols) and control (blue symbols) group animals at the indicated time 6 

points. Determined vDNA levels were normalized based on input diploid genome cell equivalents 7 

(Cell Eq) assayed for each sample determined by the duplex quantification of the copy number of 8 

a host cell gene within the same sample extraction. Open symbols represent samples in which no 9 

vDNA was detected, with the symbol plotted at the threshold sensitivity limit for that sample based 10 

on the number of cell-equivalents assayed. 11 
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Figure 4 1 

 2 

 3 

Figure 4. Time to rebound. Shown are Kaplan-Meier curves depicting comparison of time to first 4 

viral RNA positive blood sample (>15 vRNA copies/ml plasma) following cART cessation for 5 

CD4 depleted (red) and control (blue) group animals (n=5 per group). The data were statistically 6 

analyzed using a Mantel-Cox test. 7 
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Figure 5 1 

 2 

 3 

Figure 5. Viral rebound after cART cessation. SIV RNA was quantified in longitudinal plasma 4 

samples using a qRT-PCR assay with a threshold quantification limit of 15 vRNA copies/ml. 5 

Shown are the values spanning the final two weeks of cART (gray shaded region) and the time 6 

period following cART discontinuation for each of the 10 study animals. For each animal, deep 7 
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sequencing was used to determine the number and relative proportions of the viral clonotypes, 1 

shown in inset plots, present in the circled time point. Each bar in the inset plots represents a single 2 

clonotype, with its log relative proportion shown. The clonotype proportions and viral loads at the 3 

circled time points were used to calculate a viral reactivation rate for all animals other than ZK08. 4 

For ZK08, because only a single clonotype was detected at the two time points indicated by dashed 5 

circles, the viral reactivation rate was estimated using a different probabilistic model (see 6 

methods). Control animals are shown with blue plots; CD4-depleted experimental group animals 7 

are shown with red plots. 8 
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Figure 6 1 

 2 

 3 

Figure 6. Comparison of calculated viral reactivation rates. Viral reactivation rates (i.e., the 4 

number of days between each productive viral genome reactivation) were calculated (27,29) for 5 

each study animal based on the relative frequency of rebounding viral barcode clonotypes and the 6 

viral growth rate during the exponential growth phase of viral rebound. Data were statistically 7 

analyzed using a one-tailed Wilcoxon rank-sum test. 8 
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