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The HIV latent viral reservoir (LVR) remains a major challenge in the effort to find a cure for 
HIV. There is interest in lymphocyte-depleting agents, used in solid organ and bone marrow 
transplantation to reduce the LVR. This study evaluated the LVR and T cell receptor repertoire 
in HIV-infected kidney transplant recipients using intact proviral DNA assay and T cell 
receptor sequencing in patients receiving lymphocyte-depleting or lymphocyte-nondepleting 
immunosuppression induction therapy. CD4+ T cells and intact and defective provirus frequencies 
decreased following lymphocyte-depleting induction therapy but rebounded to near baseline 
levels within 1 year after induction. In contrast, these biomarkers were relatively stable over time 
in the lymphocyte-nondepleting group. The lymphocyte-depleting group had early TCRβ repertoire 
turnover and newly detected and expanded clones compared with the lymphocyte-nondepleting 
group. No differences were observed in TCRβ clonality and repertoire richness between groups. 
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Introduction
One of the major challenges in finding a cure for people living with HIV (PLWH) is the persistence of the inte-
grated provirus in latently infected cells (1). The latent viral reservoir (LVR) is established very early in infec-
tion, replenished continuously throughout viremic infection, and persists even with suppressive antiretroviral 
therapy (2, 3). One curative strategy proposed for HIV is to decrease or eliminate the LVR using a 2-step “kick-
and-kill” strategy. This strategy relies on using latency-reversing agents (LRAs) to activate viral gene expression 
in latently infected resting CD4+ T cells, which will allow for immunological clearance (4, 5). Multiple studies 
have shown that specifically targeting a single reactivation mechanism is insufficient to reactivate a significant 
amount of the LVR, suggesting that multiple LRAs may need to be used in combination to decrease reservoir 
size (6–8). However, even in the presence of combinations of LRAs, attempts at kick and kill have been largely 
unsuccessful, which may be due in part to insufficient “killing” of infected cells by the host’s natural immune 
response (9–11). In addition, even if  infected cells are killed, it is possible that these cells will be reconstituted 
by subsequent homeostatic proliferation and/or clonal expansion.

There has been interest in the potential of lymphocyte-depleting agents, such as antithymocyte globulin 
(ATG), for reducing the LVR by killing infected cells. ATG was part of the therapy received by the patient from 
Berlin who was cured of HIV with a CCR5-delta32 allogeneic stem cell transplant (12). The contribution of  
ATG to LVR reduction has been considered in the IciStem cohort of HIV+ allogeneic stem cell transplant recip-
ients (13, 14). However, with so few patients, the effect of ATG was unclear. ATG is routinely used as induction 
immunosuppression in people who undergo solid organ transplantation who are considered at increased risk 
for allograft rejection in early posttransplant period. Those at lower risk receive nonlymphocyte-depleting IL-2 
receptor antagonists, such as basiliximab, which blocks the activation of lymphocytes (15, 16).

The HOPE in Action Multicenter Consortium is a cohort of  PLWH undergoing kidney transplantation 
from donors with and without HIV (17) (Clinicaltrials.gov, NCT02602262 and NCT03500315). Induction 
immunosuppression use was varied in this cohort, providing a unique opportunity to quantify and character-
ize changes in the LVR in PLWH receiving a potent lymphocyte-depleting or killing agent. With the introduc-
tion of  the intact proviral DNA assay (IPDA), longitudinal measurements of  proviral intactness within the 
reservoir are able to be more easily analyzed (18). T cell clones can expand in response to antigen stimulation, 
including cells that harbor stably integrated HIV-1 proviruses (19, 20). Although the IPDA does not allow for 
exploration of  clonal expansion of  the HIV reservoir, TCRβ sequencing provides a rich surrogate for analyz-
ing T cell clonality and can provide insight into how induction therapies affect the total T cell population’s 
diversity. As such, the objective of  this study was to examine changes in the LVR and T cell receptor repertoire 
among patients who either received T cell–depleting induction therapies or nondepleting strategies.

Results
Characteristics of  the study participants. There were 88 kidney transplant recipients, with a median num-
ber of  3 follow-up visits (IQR, 3–4 visits). Approximately half  of  the recipients, 54% (n = 48), received  
lymphocyte-depleting immunosuppression induction therapy (Table 1). Each of  the groups were clini-
cally uniform, in that they met all eligibility requirements (i.e., must be on antiretroviral therapy [ART], 
must be virally suppressed). However, organ allocations were pseudorandomized. The median partici-
pant age was 54 years old (IQR = 48–63 years), 20% (n = 18) were female, and the majority were Black 
69% (n = 61). At time of  transplant, most participants were on integrase inhibitor–containing ART 
therapy (97%, n = 85), less than half  were on nonnucleoside reverse transcriptase inhibitor–containing 
ART therapy (33%, n = 29), and few were on protease inhibitor ART therapy (7%, n = 6). Baseline char-
acteristics of  study participants were similar among the immunosuppression induction groups (Table 1). 
Following transplantation, 97% (n = 85) of  participants were taking the immunosuppressant tacrolimus.

These findings suggest that, even with significant decreases in the overall size of the circulating 
LVR, the reservoir can be reconstituted in a relatively short period of time. These results, while from 
a relatively unique population, suggest that curative strategies aimed at depleting the HIV LVR will 
need to achieve specific and durable levels of HIV-infected T cell depletion.

https://doi.org/10.1172/jci.insight.162968
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Table 1. Characteristics of the 88 patients receiving kidney transplant

Total population  
(n = 88)

Lymphocyte-depleting  
induction immunosuppression  

(n = 48)

Lymphocyte-nondepleting 
induction immunosuppression  

(n = 40)
Baseline characteristics

Age at time of transplant (yr), median (IQR) 54 (48–63) 54 (47–63) 57 (50–63)
Male, n (%) 70 (80) 38 (79) 32 (80)
Female, n (%) 18 (20) 10 (21) 8 (20)
CD4+ T cell counts (per μL of blood), median (IQR) 521 (378–709) 506 (381–726) 542 (375–702)
HIV RNA < 200 copies/mL, n (%) 87 (99) 47 (98) 40 (100)
Duration of HIV infection (yr), median (IQR) 17 (11–26) 16 (9–25) 17 (12–26)

Race
Black, n (%) 61 (69) 36 (75) 25 (63)
White, n (%) 18 (20) 7 (15) 11 (28)
Other, n (%) 9 (10) 5 (10) 4 (10)

Ethnicity
Not Hispanic or Latino, n (%) 73 (83) 42 (88) 31 (78)
Hispanic or Latino, n (%) 15 (17) 6 (13) 9 (23)

HIV status of the organ received
Positive, n (%) 49 (56) 26 (54) 23 (58)
Negative, n (%) 39 (44) 22 (46) 17 (43)

Cytomegalovirus IgG Ab positive
Positive, n (%) 80 (91) 43 (90) 37 (93)
Negative, n (%) 6 (7) 3 (6) 3 (8)
Not available, n (%) 2 (2) 2 (4) 0 (0)

HepB IgG or total core Ab
Reactive, n (%) 35 (40) 17 (35) 18 (45)
Nonreactive, n (%) 46 (52) 25 (52) 21 (53)
Not available, n (%) 7 (8) 6 (13) 1 (3)

HCV Ab
Reactive, n (%) 11 (13) 6 (13) 5 (13)
Nonreactive, n (%) 76 (86) 41 (85) 35 (88)
Not available, n (%) 1 (1) 1 (2) 0 (0)

EBV capsid Ag IgG
Positive, n (%) 84 (95) 46 (96) 38 (95)
Negative, n (%) 2 (2) 1 (2) 1 (3)
Not available, n (%) 2 (2) 1 (2) 1 (3)

Syphilis treponemal Ab
Positive, n (%) 22 (25) 13 (27) 9 (23)
Negative, n (%) 58 (66) 29 (60) 29 (73)
Not done/missing, n (%) 8 (9) 6 (12) 2 (5)

Antiretroviral therapy
INSTI containing, n (%) 85 (97) 46 (96) 39 (98)
NNRTI containing, n (%) 29 (33) 16 (33) 13 (33)
Protease or cobicistat containing, n (%) 6 (7) 3 (6) 3 (8)
CCR5 antagonist, n (%) 2 (2) 2 (4) 0 (0)

Maintenance immunosuppression
MMF/MFA, n (%) 87 (99) 48 (100) 39 (98)
Tacrolimus, n (%) 85 (97) 45 (94) 40 (100)
Prednisone, n (%) 73 (83) 36 (75) 37 (93)

Categorical variables are presented as n (%); continuous variables are presented as median (IQR). Antiretroviral therapies are not mutually exclusive, and 
combinations maybe possible. Racial information for those described as “other” was collected from patients records and includes Puerto Rican as well as 
nonspecific, not reported, and not documented identities. Columns percentages may not sum to 100% due to rounding. ATG, antithymocyte globulin; INSTI, 
integrase strand transferase inhibitor; NNRTI, nonnucleoside reverse transcriptase inhibitor; MMF, mycophenolate mofetil; MFA, mycophenolate acid.

https://doi.org/10.1172/jci.insight.162968
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Longitudinal trajectories in the latent viral reservoir and CD4+ T cell counts. At baseline, there was no dif-
ference in the distribution of  CD4+ T cell amounts by lymphocyte-depleting induction therapy groups; 
however, CD4+ T cell amounts were significantly lower in lymphocyte-depleting group compared with 
the lymphocyte nondepleting group 10–59 weeks after transplantation (Figure 1). There was a nonlinear 
trajectory of  CD4+ T cell counts over time in both the lymphocyte-depleting group and -nondepleting 
group. Before 25 weeks after transplant, there was a greater decline in log10 CD4+ T cell counts per week in 
the lymphocyte-depleting group (β = –0.0206 [95% CI, –0.0241, –0.0171]) than in the nondepleting group 
(β = –0.0044 [95% CI, –0.0080, –0.0007]) (difference in slope, β = –0.0163 [95% CI, –0.0213, –0.0112]) 
(Table 2). After 25 weeks after transplant, there was an increase in log10 CD4+ T cell counts per week in 
the lymphocyte-depleting group (β = 0.0062 [95% CI, 0.0045, 0.0079]) but not in the nondepleting group  
(β = 0.0000 [95% CI, –0.0018, 0.0018]) (difference in slope, β = 0.0062 [95% CI, 0.0037, 0.0086]).

Baseline distribution of  intact provirus and defective provirus frequencies per mL of  blood were sim-
ilar between lymphocyte-depleting and -nondepleting groups and became significantly different during 
weeks 10–24 (Figure 2). Log10 intact provirus frequencies declined faster over time before 25 weeks in 
the lymphocyte-depleting group than in the nondepleting group, and the difference of  slope was –0.0153 
(95% CI, –0.0257, –0.0049) (Table 2). There was a significant weekly increase of  log10 intact provirus 
frequencies in the lymphocyte-depleting group after 25 weeks (β = 0.0070 [95% CI, 0.0031, 0.0109]), but 
this rebound was not observed in the nondepleting group (β = –0.0032 [95% CI, –0.0072, 0.0007]). Simi-
lar trajectories were observed for defective provirus frequencies; the lymphocyte-depleting group showed 
a greater decline in frequencies before 25 weeks after transplant, and then frequencies increased faster 
than the nondepleting group after 25 weeks (Figure 2 and Table 2). It should be noted that these changes 
are most likely a reflection of  the drop in total CD4+ cells caused by lymphocyte-depleting treatments.

The trajectory of  intact provirus frequencies per million CD4+ T cells, defective provirus frequencies 
per million CD4+ T cells, and the ratio of  intact/defective provirus was similar between the lymphocyte- 
depleting and lymphocyte-nondepleting groups (Figure 3 and Figure 4 and Table 2). Similar inferences 
were observed among patients who did not experience rejection over follow-up (Supplemental Figures 1–4; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.162968DS1) 
within the lymphocyte-depleting therapy groups (Supplemental Figures 5 and 6), as well as between 
patients who received either an HIV+ or HIV– organ (Supplemental Figures 7 and 8).

Induction therapy effects on TCRβ repertoire. To examine the clonal changes in the overall CD4+ T cell 
population composition after induction, a subsample of  the study participants (n = 41) were examined using 
TCRβ sequencing. Of these participants, 49% (n = 20) received lymphocyte-depleting induction therapy. The 
median participant age was 53 years old (IQR, 47–59 years), 20% (n = 8) were female, and 71% (n = 29) were 
Black. A total of  138 samples was used, with an average of  3 visits per participant. (Supplemental Table 1).

No differences were observed in repertoire clonality or repertoire richness among the therapy groups 
at any time point following transplantation (Figure 5 and Supplemental Figure 9). Early after transplant, 
transplant recipients who received lymphocyte-depleting therapy had significantly higher repertoire turn-
over between baseline and 10–24 weeks than did patients who received lymphocyte-nondepleting therapy 
(P = 0.025); however, by 25+ weeks, repertoire turnover from baseline was not significantly different 
between the 2 treatment groups. Moreover, patients who received lymphocyte-depleting therapy had an 
increase in newly detected and expanded clones by 25–39 weeks (P = 0.026) compared with those who 
received nondepleting therapy. (Figure 5 and Supplemental Figure 9).

Discussion
The LVR remains the main barrier to a cure for HIV. PLWH undergoing organ transplantation allow for 
a unique opportunity to monitor relatively large changes to the LVR over time, due to the nature of  the 
induction therapies used to prevent organ rejection. In this study, participants treated with lymphocyte- 
depleting induction therapy experienced a significant initial reduction of  overall intact and defective pro-
virus that was more pronounced than any previous LRA-based study has demonstrated to our knowledge. 
However, the LVR was replenished to a level comparable to that of  lymphocyte-nondepleting participants 
and baseline levels by 1 year after transplant. This initial decrease was driven primarily by the loss of  
CD4+ T cells and not selective killing of  HIV-infected cells per se, as lymphocyte-depleting induction ther-
apies have polyclonal effects on the full T cell population and are not cell specific. Moreover, even with 
massive declines of  a log or more (>90%) in CD4+ T cell counts after initial lymphocyte-depleting therapy, 

https://doi.org/10.1172/jci.insight.162968
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intact versus defective proviral ratios, as well as overall CD4+ T cell clonality and repertoire turnover, did 
not change significantly, suggesting that even if  a small total number of  latently infected cells remains in 
the LVR, it is enough to reestablish the reservoir, even when a patient remains on fully suppressive ART.

Studies have shown that infected peripheral CD4+ T cells contribute to viral rebound (21, 22). Replen-
ishment of  CD4+ T cells following depletion strategies could be partially explained by clonal expansion of  
infected cells (23, 24). Moreover, the ratios of  intact-to-defective provirus per million CD4+ T cells were 
comparable between therapy groups, and remaining defective provirus could contribute to the persistence 
of  the LVR. Previous reports have found that some defective proviruses can be transcribed in vivo, con-
tributing to viral protein production and immune activation (24–26). The lack of  a dramatic shift in the 
intact-to-defective proviral ratio at later time points suggests possible homeostatic proliferation in both 
intact and defective proviruses. However, all patients were on immunosuppressive therapies, which could 

Figure 1. Longitudinal trajectories of CD4+ T cell counts per μL of blood following kidney transplant. (A) CD4+ T cell counts were measured 
longitudinally from time since transplant among patients who received lymphocyte-depleting or -nondepleting treatment. Each line represents 
an individual, and each dot represents a time point. Blue and red lines represent the locally estimated scatter plot smoothing (LOESS) curves 
for lymphocyte-depleting and -nondepleting groups, respectively. Gray shaded areas represent the 95% CI of the LOESS curves. (B) Comparisons 
between therapy groups were further analyzed and subdivided into time bins. Each dot represents an individual analyzed within a time bin. Box 
plots represent the IQR. Medians are represented by horizontal lines in the boxes. The lower and upper whiskers represent 1.5 times the IQR beyond 
the quartiles. P values were estimated by Wilcoxon’s rank-sum test.

https://doi.org/10.1172/jci.insight.162968
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also influence intact and defective proviral rebound. Thus, more studies evaluating immunosuppressive 
effects on proviral homeostatic proliferation should be addressed.

PLWH have decreased CD4+ T cell populations, and studies have shown that those on short-term 
ART regimens (3 months) were unable to restore TCR diversity, compared with healthy individuals 
(27, 28). When evaluating TCR diversity, lymphocyte-depleting therapy correlates with early repertoire 
turnover, almost certainly due to the massive decrease in overall T cell populations initially, followed 
by clonal expansion of  often newly detected TCR rearrangements to compensate for loss of  T cells. 
Although this significant change in repertoire diversity in lymphocyte-depleting therapy–treated individ-
uals was observed, there were no changes in the proportion of  HIV-infected cells, as observed by the 
ratio of  intact-to-defective proviral frequencies. Additionally, no differences in clonality, or repertoire rich-
ness were observed among patients treated with lymphocyte-depleting therapies. This could be partially 
explained by the broad targeting of  lymphocyte-depleting therapy, and even with a proportional decrease 
in CD4+ T cell counts, ratios of  intact to defective provirus did not change. Clonal expansions and con-
tractions are common, and although proportions may alter overtime, clonotypes harboring inducible pro-
viruses persist during prolonged ART (29). Although this provides a longitudinal analysis of  the TCR 
repertoire complexity in response to induction therapies, future studies will need to link how induction 
therapies affect both TCR repertoire and HIV clonality.

Table 2. Longitudinal changes in biomarkers comparing lymphocyte-depleting and -nondepleting induction therapies in kidney 
transplant recipients

Biomarker slope per unit per 
week (95% CI)

Biomarker slope per unit per 
week (95% CI) Difference of slope (95% CI)

 < 25 weeks ≥25 weeks  < 25 weeks vs. ≥25 weeks
CD4+ T cell counts per μL

Lymphocyte-depleting induction therapy –0.0206 (–0.0241, –0.0171)A 0.0062 (0.0045, 0.0079)‡ 0.0268 (0.0222, 0.0314)A

Lymphocyte-nondepleting induction therapy –0.0044 (–0.0080, –0.0007)* 0.0000 (–0.0018, 0.0018) 0.0044 (–0.0004, 0.0092)
Difference of slope depleting vs. nondepleting 
induction therapy

–0.0163 (–0.0213, –0.0112)A 0.0062 (0.0037, 0.0086)A –

Intact provirus per mL of blood
Lymphocyte-depleting induction therapy –0.0234 (–0.0306, –0.0162)A 0.0070 (0.0031, 0.0109)A 0.0305 (0.0208, 0.0401) A

Lymphocyte-nondepleting induction therapy –0.0081 (–0.0156, –0.0007)B –0.0032 (–0.0072, 0.0007) 0.0049 (–0.0050, 0.0148)
Difference of slope depleting vs. nondepleting 
induction therapy

–0.0153 (–0.0257, –0.0049)C 0.0103 (0.0047, 0.0158)A –

Defective provirus per mL of blood
Lymphocyte-depleting induction therapy –0.0240 (–0.0296, –0.0184)A 0.0090 (0.0063, 0.0116)A 0.0330 (0.0257, 0.0403)A

Lymphocyte-nondepleting induction therapy –0.0054 (–0.0113, 0.0005) –0.0003 (–0.0031, 0.0026) 0.0051 (–0.0025, 0.0128)
Difference of slope depleting vs. nondepleting 
induction therapy

–0.0186 (–0.0267, –0.0105)A 0.0093 (0.0053, 0.0132)A –

Intact provirus per million CD4+ T cells
Lymphocyte-depleting induction therapy –0.0028 (–0.0089, 0.0033) –0.0000 (–0.0035, 0.0035) 0.0027 (–0.0054, 0.0109)
Lymphocyte-nondepleting induction therapy –0.0039 (–0.0103, 0.0024) –0.0030 (–0.0065, 0.0005) 0.0009 (–0.0074, 0.0093)
Difference of slope depleting vs. nondepleting 
induction therapy

0.0012 (–0.0076, 0.0100) 0.0030 (–0.0020, 0.0079) –

Defective provirus per million CD4+ T cells
Lymphocyte-depleting induction therapy –0.0034 (–0.0075, 0.0006) 0.0021 (0.0019, 0.0040)B 0.0055 (0.0003, 0.0108)B

Lymphocyte-nondepleting induction therapy –0.0009 (–0.0052, 0.0033) –0.0013 (–0.0033, 0.0008) –0.0003 (–0.0059, 0.0052)
Difference of slope depleting vs. nondepleting 
induction therapy

–0.0025 (–0.0084, 0.0034) 0.0034 (0.0006, 0.0061)B –

Ratio of intact/defective provirus
Lymphocyte-depleting induction therapy –0.0012 (–0.0033, 0.0010) –0.0013 (–0.0025, –0.0002)B –0.0001 (–0.0029, 0.0027)
Lymphocyte-nondepleting induction therapy 0.0004 (–0.0018, 0.0026) –0.0009 (–0.0020, 0.0002) –0.0013 (–0.0040, 0.0015)
Difference of slope depleting vs. nondepleting 
induction therapy

–0.0016 (–0.0047, 0.0015) –0.0004 (–0.0020, 0.0012) –

Outcome biomarkers were log10 transformed, with the exception of the ratio of intact/defective provirus. A single mixed-effect model was used for each 
biomarker shown. Models included a random intercept and slope for individuals, assuming an unstructured covariance matrix, and were adjusted for age 
(continuous) and sex. P values were determined by Wald tests. AP < 0.001, BP < 0.05, CP < 0.01.

https://doi.org/10.1172/jci.insight.162968
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This study has several limitations when applying these findings to the general community of  PLWH. 
All recipients were on induction immunosuppression, which is necessary to reduce the risk of  allograft 
rejection. However, these therapies can cause depletion of  both CD4+ and CD8+ T cells. For this study, only 
CD4+ T cells were analyzed. All recipients were on various immunosuppressants following transplantation, 
which could affect the ability of  the immune system to clear HIV-infected cells. Nevertheless, both groups 
appear to have equal usage of  the common immunosuppressant agents. Some samples were not able to be 
amplified using IPDA and, thus, had to be excluded. IPDA does not provide sequencing data, and there are 
currently no high-throughput assays that distinguish both reservoir intactness and HIV sequence. To properly  
analyze HIV sequence data, an increase in cellular materials to assess the changes in the reservoir would 
be required; due to limitations of  the amount of  sample available, TCR sequencing was used as a surrogate 
assay. This provides a robust analysis of  TCR repertoire complexity longitudinally in response to induction 
therapies but cannot link to HIV clonality. Of  the 88 patients examined with IPDA, only 41 patients had 
TCRβ sequencing analysis completed. Although sequencing was used to observe repertoire diversity, TCR 
specificity was not measured, and this is something that should be further explored. Although the CD4+ 
T cell reservoir is the most studied LVR reservoir, there are other types of  HIV reservoirs, such as myeloid 
reservoirs, that may have contributed to the reservoir rebound observed. Future studies will need to look at 
how induction therapies affect various reservoirs.

Taken together, these data demonstrate that, even in the presence of  dramatic T cell depletion, which 
included a significant decrease in the circulating LVR, the ratio of  intact-to-defective provirus did not 
change, and the LVR could be reconstituted in a relatively short period of  time. While there are several 

Figure 2. Intact and defective (3′and 5′) proviral frequencies per mL of blood following kidney transplant. (A) Intact and (B) defective proviruses 
were measured longitudinally from time since transplant among patients who received lymphocyte-depleting or -nondepleting treatment. Each line 
represents an individual, and each dot represents a time point. Blue and red lines represent the locally estimated scatter plot smoothing (LOESS) 
curve for lymphocyte-depleting and -nondepleting groups, respectively. Gray shaded areas represent the 95% CI of the LOESS curves. (C and D) 
Comparisons between therapy groups were further analyzed and subdivided into time bins. Each dot represents an individual analyzed within a time 
bin. Box plots represent the IQR. Medians are represented by horizontal lines in the boxes. The lower and upper whiskers represent 1.5 times the IQR 
beyond the quartiles. P values were estimated by Wilcoxon’s rank-sum test.
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important caveats to these findings, these data support the idea that achieving a functional cure using a 
kick-and-kill strategy will require both specific and durable elimination of  HIV-infected T cells. Given that 
to date no LRA has significantly reduced the overall amount of  latently infected cells in the body at the 
levels seen here in the lymphocyte-depleting therapy group, it is highly unlikely that this strategy alone 
will be successful in achieving a functional HIV cure.

Methods

Study population and procedures
HIV-infected kidney transplant recipients who received an organ from either an HIV-infected or unin-
fected donor were prospectively followed in a multicenter, nation-wide observational study and clinical 
trial (17, 30). Participants who had controlled HIV infection on ART, did not stop ART, had no active 
opportunistic infections, and had a CD4+ T cell count equal to or more than 200 cells per μL per federal 
guidelines were eligible for inclusion of  kidney transplant. For HIV-infected donor eligibility, there was 
no criteria for minimum CD4+ T cell count or viral load (31). PBMCs were collected from recipients as 
previously described (32). Briefly, PBMCs and plasma were collected at the time of  transplant (week 0) 
prior to immunosuppression induction therapy and at time points following transplant (approximately 13, 
26, 52, and 104 weeks after transplant, if  applicable). Patients must have had baseline PBMCs as well as 
at least 2 follow-up time points to be included in this study. Patients undergoing transplant were further 

Figure 3. Intact and defective (3′ and 5′) provirus frequencies per million CD4+ T cells following kidney transplant. (A) Intact and (B) defective provirus 
per million CD4+ T cells were measured longitudinally from time since transplant among patients who received lymphocyte-depleting or -nondepleting  
treatment. Each line represents an individual, and each dot represents a time point. Blue and red lines represent the locally estimated scatter plot 
smoothing (LOESS) curve for lymphocyte-depleting and -nondepleting groups, respectively. Gray shaded areas represent the 95% CI of the LOESS curves. 
(C and D) Comparisons between therapy groups were further analyzed and subdivided into time bins. Each dot represents an individual analyzed within a 
time bin. Box plots represent the IQR. Medians are represented by horizontal lines in the boxes. The lower and upper whiskers represent 1.5 times the IQR 
beyond the quartiles. P values were estimated by Wilcoxon’s rank-sum test.
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evaluated by types of  immunosuppressive induction therapy: either lymphocyte-depleting (i.e., ATG or 
alemtuzumab) or -nondepleting (i.e., basiliximab) therapy (Supplemental Table 2). Available data from 
baseline to 120 weeks (840 days) since transplant were included in the analysis.

For the TCRβ sequencing, patients who had at least 100 ng residual DNA remaining following 
the IPDA at baseline and at least 1 follow-up time point (minimum of  26 weeks after transplant) were 
evaluated by TCRβ sequencing.

Laboratory testing
IPDA. IPDA was performed by AccelevirDx using DNA extracted from isolated CD4+ T cells from cryopre-
served PBMCs as previously described (18). Total CD4+ T cells were isolated via immunomagnetic selec-
tion (EasySep Human CD4+ T cell Enrichment Kit, Stemcell Technologies) and genomic DNA isolation 

Figure 4. Ratio of intact/defective provirus frequencies following kidney transplant. (A) Intact-to-defective proviral ratios were measured longitudi-
nally from time since transplant among patients who received lymphocyte-depleting or -nondepleting treatment. Each line represents an individual, and 
each dot represents a time point. Blue and red lines represent the locally estimated scatter plot smoothing (LOESS) curve for lymphocyte-depleting and 
-nondepleting groups, respectively. Gray shaded areas represent the 95% CI of the LOESS curves. (B) Ratios were further summarized by time point and 
compared by therapy group. Blue lines indicate participants who received lymphocyte-depleting therapy, and red lines indicate participates who received 
nondepleting therapy. Each dot represents an individual analyzed within a time bin. Box plots represent the IQR. Medians are represented by horizontal 
lines in the boxes. The lower and upper whiskers represent 1.5 times the IQR beyond the quartiles. P values were estimated by Wilcoxon’s rank-sum test.
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(Qiagen, QIAamp DNA Mini Kit). IPDA is a duplex droplet digital PCR (ddPCR) assay that interrogates 2 
informative regions in the HIV genome that are frequently deleted or hypermutation in defective proviruses 
(18). The first region is the packaging signal for which successful amplification produces a fluorescence in 
the FAM channel. The second region is the RRE amplicon within the env gene. Successful amplification 
produces fluorescence in the VIC channel. Droplets positive for FAM only are scored as 3′ defective provi-
ruses. These include proviruses with APOBEC-3G hypermutation and/or a 3′ deletion. Droplets positive 
for only VIC were scored as 5′ defective proviruses. Droplets positive for both were scored as intact pro-
virus. Double-negative droplets contained no provirus or rare proviruses with defects in both amplicon 
regions. To account for DNA shearing, an additional ddPCR was run, targeting a host gene with amplicons 
the same distance apart as the packaging and RRE amplicons. The ratio of  dual-to-single fluorescence 
droplets for this reaction was used to calculate a DNA shearing index and correct for shearing (18).

TCRβ sequencing. TCRβ sequencing was used in parallel with IPDA to measure clonal changes in T 
cell repertoire due to various induction therapies. Patients who had at least 100 ng residual DNA remain-
ing following the IPDA and baseline, with at least 1 follow-up time point were used for TCRβ sequenc-
ing. TCRβ sequencing was performed with Adaptive Biotechnologies immunoSEQ assay (Survey) using 
genomic DNA of  CD4+ T cells from patients to look for longitudinal changes in the diversity and clonality 
of  the total T cell population after transplant. Clonality, richness, and repertoire turnover were determined 
using computational biology services from Adaptive Biotechnologies. Briefly, clonality was calculated 
using Simpson Clonality, where values were calculated between 0 and 1, which quantifies the range of  

Figure 5. TCRβ repertoire following induction immunosuppressive therapy. (A) Repertoire clonality, (B) repertoire richness, (C) repertoire turnover, and 
(D) newly detected and expanded clones were measured from time since transplant among patients who received lymphocyte-depleting or -nondeplet-
ing treatments. Each line represents an individual, and each dot represents a time point. Blue and red lines represent the locally estimated scatter plot 
smoothing (LOESS) curve for lymphocyte-depleting and -nondepleting groups, respectively. Gray shaded areas represent the 95% CI of the LOESS curves. 
One patient was an outlier in D and, therefore, was excluded from this analysis.
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mono- or oligoclonal dominance within the repertoire. This method weighs high-frequency clones more 
than other diversity metrics, making it more robust to sequencing depth. Repertoire richness was measured 
by computationally downsampling each sample to the lowest common template count (n = 1011 here) via 
random sampling without replacement and counting the number of  unique rearrangements observed in 
this downsampled repertoire. After downsampling 5 times, the average was then used. Repertoire turnover 
was quantified using Morisita’s index. This metric accounts for how many clones were present in both 
repertoires and similarity of  frequencies. Results ranged from 0 to 1, with 1 indicating 2 repertoires with 
identical clones and identical frequencies, whereas a value of  0 indicated completely unique repertoires. 
Finally, clonal expansion was assessed by comparing the frequencies of  each unique rearrangement within 
a sample to the frequency of  the same rearrangement in the week 0 sample from the same individual. A 
2-sided binomial test was used to test the null hypothesis that the rearrangement was present at the same 
frequency in a later sample as in the week 0 repertoire. For this analysis, P values were adjusted using the 
Benjamini-Hochberg procedure, with a false discovery rate cutoff  of  0.01. Any rearrangements passing this 
cutoff  were identified as significantly expanded or contracted.

Statistics
Baseline and follow-up characteristics of  the study population were summarized overall and stratified by 
lymphocyte-depleting and -nondepleting therapy groups using descriptive statistics. In all analyses, the 
time metric for follow-up time was days since kidney transplant; however, results were scaled to weeks to 
improve interpretability, where appropriate.

Outcomes of  interest included CD4+ T cell counts per μL of  blood, as well as biomarkers of  the LVR, 
including intact provirus, defective provirus, and ratio of  intact/defective provirus frequencies. Intact provi-
rus and defective provirus frequencies were analyzed in 2 units: frequency per mL of  blood and frequency 
per million of  CD4+ T cells. Provirus frequency per mL of  blood was calculated using the following equa-
tion: provirus frequency per mL of  blood = provirus frequency per million of  CD4+ T cell count/106.

All biomarker values, except ratio of  intact/defective provirus frequencies, were log10-transformed to 
approximate normal distributions. Levels of  each LVR biomarker were compared between lymphocyte- 
depleting and -nondepleting groups at baseline (week 0) and within categorical bins of  follow-up time 
(10–24, 25–39, 40–54, and ≥55 weeks after transplant) using Wilcoxon’s rank-sum tests. To visualize the 
effect of  lymphocyte-depleting therapies on the longitudinal trajectory of  each LVR biomarker over time, 
each biomarker was plotted over time stratified by lymphocyte-depleting therapy status with locally esti-
mated scatter plot smoothing and t-based approximation of  95% CIs. Linear slopes and corresponding 
95% CIs of  each LVR biomarker were estimated over time by mixed-effects linear spline models, with a 
knot at 25 weeks. This knot was selected based on visual inspection of  the data and to allow sufficient 
follow-up time to examine longitudinal changes both before and after the knot. Each model included time 
since transplant (scaled to 7-day or 1-week periods), with a knot at 25 weeks and interaction terms with 
the lymphocyte-depleting group to quantify the slope of  the trajectory of  each outcome over time in the 
lymphocyte-depleting and -nondepleting groups both before and after 25 weeks, as well as to quantify the 
differences between these slopes. These models were adjusted for age and sex and included random inter-
cepts and slopes assuming an unstructured covariance matrix to account for within-person correlation. 
Since rejection can impact the T cell response, sensitivity analyses were conducted, excluding participants 
who experienced kidney rejection during follow-up.

In a separate analysis, TCRβ sequencing was completed and repertoire clonality, diversity, turnover, and clonal  
expansion were evaluated over time in the lymphocyte-depleting and -nondepleting therapy groups both before 
and after 25 weeks. Samples were binned into the following discrete groups based on the time since transplant: 
weeks 0, 10–24, 25–39, 40–54, and ≥55. Within each bin, an unpaired Wilcox’s test was used to test for signifi-
cant differences in repertoire Simpson clonality and repertoire richness between participants in the lymphocyte- 
depleting group and those in the nondepleting group. For all non–week 0 samples, the same procedure was 
used to assess differences between the lymphocyte-depleting and -nondepleting therapy groups in Morisita’s 
index (when compared with the corresponding week 0 sample), the number of significantly expanded clones, 
the number of significantly expanded clones that were also undetected at week 0, and the sum frequency of  
this latter group of clones. No P value correction procedures were applied to the results of these statistical tests.

Missing data was handled using available cases, unless specified otherwise. All analyses were per-
formed in R 4.1 (R-Core Team) and Stata/MP (version 15.1, StataCorp).
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