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HIV infection: where are we today?

In 2022, there were 39 million people living with HIV:
•  37.5 million adults(15 years or older) 
• 1.5 million children(0–14years).

  
53% of all people living with HIV were women and girls

At the end of December 2022, 29.8 million people (76% of all 
people living with HIV) were accessing antiretroviral therapy, up 
from 7.7 million in 2010. 

New HIV infections have been reduced by 59% since the peak in 
1995.

AIDS-related deaths have been reduced by 69% since the peak 
in 2004 and by 51% since 2010. 

   
 

   
 

 

Global HIV data 

 

Source: UNAIDS 2023 epidemiological estimates. 

  

 

2000 2005 2010 2021 2022 

People living 
with HIV 

26.6 million  
[22.6 million - 
31.2 million] 

28.9 million  
[24.5 million - 
33.8 million] 

31.5 million  
[26.7 million - 
36.8 million] 

38.7 million  
[32.8 million - 
45.2 million] 

39.0 million  
[33.1 million - 
45.7 million] 

New HIV 
Infections 

2.8 million  
[2.2 million - 3.8 

million] 

2.5 million  
[1.9 million - 3.3 

million] 

2.1 million  
[1.6 million - 2.8 

million] 

1.4 million  
[1.1 million - 1.8 

million] 

1.3 million  
[1.0 million - 1.7 

million] 

New HIV 
Infections 
(Adults, aged 
15+) 

2.3 million  
[1.7 million - 3.1 

million] 

2.0 million  
[1.5 million - 2.6 

million] 

1.8 million  
[1.4 million - 2.4 

million] 

1.3 million  
[950 000 - 1.7 

million] 

1.2 million  
[900 000 - 1.6 

million] 

New HIV 
Infections 
(Children, aged 
0-14) 

530 000  
[360 000 - 830 

000] 

480 000  
[330 000 - 750 

000] 

310 000  
[210 000 - 490 

000] 

140 000  
[96 000 - 220 

000] 

130 000  
[90 000 - 210 

000] 

AIDS-related 
deaths 

1.7 million  
[1.3 million - 2.4 

million] 

2.0 million  
[1.5 million - 2.7 

million] 

1.3 million  
[970 000 - 1.8 

million] 

660 000  
[500 000 - 920 

000] 

630 000  
[480 000 - 880 

000] 
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Figura 1 - Nuove diagnosi di infezione da HIV e incidenze corrette per ritardo di notifica (2012-2022)

Figura 2 - Incidenza delle nuove diagnosi di infezione da HIV per genere, età e anno di diagnosi  
(2012-2022) 

Anno di diagnosi

N
uo

ve
 d

ia
gn

os
i p

er
 1

00
.0

00
 re

si
de

nt
i

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

M 15-24 anni
M 25-49 anni

F 25-49 anni
F 15-24 anni

M +50 anni
F +50 anni

20

25

15

10

5

0

Sezione Figure 
HIV

38

V. Regine, L. Pugliese, M. Ferri et al.



HIV infection: where are we today?



HIV infection: where are we today?

Not Ist Super Sanità 2023;36(11)



Management of HIV infection in 2024

ART is the cornerstone of HIV care and should be initiated at or close to diagnosis.
There are 4 initial combination regimens for antiretroviral-naive patients and several others that can be used in certain 
clinical scenarios, which allows individualization of treatment. 

Short- and long-term adverse effects and drug–drug interactions can be managed proactively. 

The new england  
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BACKGROUND
Data from randomized trials are lacking on the benefits and risks of initiating 
antiretroviral therapy in patients with asymptomatic human immunodeficiency 
virus (HIV) infection who have a CD4+ count of more than 350 cells per cubic 
millimeter.

METHODS
We randomly assigned HIV-positive adults who had a CD4+ count of more than 
500 cells per cubic millimeter to start antiretroviral therapy immediately (imme-
diate-initiation group) or to defer it until the CD4+ count decreased to 350 cells 
per cubic millimeter or until the development of the acquired immunodeficiency 
syndrome (AIDS) or another condition that dictated the use of antiretroviral 
therapy (deferred-initiation group). The primary composite end point was any seri-
ous AIDS-related event, serious non–AIDS-related event, or death from any cause.

RESULTS
A total of 4685 patients were followed for a mean of 3.0 years. At study entry, the 
median HIV viral load was 12,759 copies per milliliter, and the median CD4+ 
count was 651 cells per cubic millimeter. On May 15, 2015, on the basis of an 
interim analysis, the data and safety monitoring board determined that the study 
question had been answered and recommended that patients in the deferred-initi-
ation group be offered antiretroviral therapy. The primary end point occurred in 
42 patients in the immediate-initiation group (1.8%; 0.60 events per 100 person-
years), as compared with 96 patients in the deferred-initiation group (4.1%; 1.38 
events per 100 person-years), for a hazard ratio of 0.43 (95% confidence interval 
[CI], 0.30 to 0.62; P<0.001). Hazard ratios for serious AIDS-related and serious 
non–AIDS-related events were 0.28 (95% CI, 0.15 to 0.50; P<0.001) and 0.61 (95% 
CI, 0.38 to 0.97; P = 0.04), respectively. More than two thirds of the primary end 
points (68%) occurred in patients with a CD4+ count of more than 500 cells per 
cubic millimeter. The risks of a grade 4 event were similar in the two groups, as 
were the risks of unscheduled hospital admissions.

CONCLUSIONS
The initiation of antiretroviral therapy in HIV-positive adults with a CD4+ count 
of more than 500 cells per cubic millimeter provided net benefits over starting 
such therapy in patients after the CD4+ count had declined to 350 cells per cubic 
millimeter. (Funded by the National Institute of Allergy and Infectious Diseases 
and others; START ClinicalTrials.gov number, NCT00867048.)

a bs tr ac t

Initiation of Antiretroviral Therapy in Early Asymptomatic  
HIV Infection

The INSIGHT START Study Group*  
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Figure 2. Primary and Secondary End Points.

Shown are Kaplan–Meier estimates of the cumulative percentages of patients with the composite primary end point  
(a serious AIDS-related or serious non–AIDS-related event, including death) in the two study groups (Panel A). 
 Secondary end points included serious AIDS-related events (Panel B), serious non–AIDS-related events (Panel C), 
death from any cause (Panel D), and grade 4 events (Panel E). Grade 4 events were defined as potentially life-
threatening symptomatic events that were not attributable to AIDS and that required medical intervention.
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The cell biology of HIV-1 latency and reboundPage 3 of 38Mbonye and Karn  Retrovirology            (2024) 21:6  

combined with the short half-life (< 1 d) of T cells that 
produce most of the plasma virus results in a rapid and 
steep decline. During the second phase, viral decline 
slows due to the slower turnover  (t1/2 = 14 d) of addi-
tional infected cell populations, which are often assumed 
to include macrophages [9]. After ~ 3 months of therapy, 
plasma viral loads are usually below the threshold of 
detection by conventional assays, but viral persistence 
can be monitored by looking for infected T cells carry-
ing intact proviruses [33]. These assays show that  CD4+ 
T cells with intact proviruses decay with a half-life of 
19  months [34], which is still shorter than that of the 

latently infected cells that persist on long-term ART, esti-
mated to have half-lives of about 44 months [35, 36].

The extended half-life of the viral reservoir seen dur-
ing long-term ART is a consequence of complex cel-
lular dynamics regulating the host T cells, resulting in a 
pseudo-steady state (Fig. 1B). Studies of proviral integra-
tion sites demonstrate that the HIV reservoir is main-
tained mainly through clonal expansion of memory T 
cells [37, 38]. This cellular proliferation is counter-bal-
anced by persistent low-level rates of viral reactivation 
and ensuing cell death [37–40].

 Productively
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 Cell loss due to Cytopathicity
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Stimulation
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Memory T cells 
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Fig. 1 HIV reservoir formation and dynamics. A The reservoir is established primarily in memory  CD4+ T cells arising during the transition of infected 
effector cells to achieve immunological memory. Naïve cells become activated during HIV-1 infection due to HIV-1 itself and other antigenic stimuli. 
The resulting activated effector cells are ideal targets for productive HIV-1 infection. A large fraction of the infected effector cells will not survive, 
but an important subset become quiescent and transition to a memory cell phenotype, thereby silencing HIV-1. B The primary mechanism 
for reservoir persistence is due to the clonal expansion of partially activated latently infected cells due to homeostatic proliferation driven by IL-7 
or antigen stimulation. Different viral clones reactivate and expand under different conditions, with some clones being reduced or eliminated due 
to viral cytopathic effects. The result is a gradual simplification of the clonal population as demonstrated by recurring integration site sequences 
(denoted in the figure by different colors for the proviruses)
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HIV tissue reservoirs

microglial cells and perivascularmacrophages in the
brain [43] by RNA and DNAscope in situ approaches.
However, viral RNAhas been demonstrated predom-
inantly within vaginal [39] and urethral macro-
phages [44] of ART suppressed individuals.
Moreover, cells harboring inducible replication
competent HIV has been shown to be specifically
enrichedwithin urethralmacrophages isolated from
ART suppressed individuals undergoing elective
gender reassignment surgery [44] as compared to

CD3þ penile urethral cells of the same individuals,
suggesting the major contribution of these cells to
the total reservoir in these tissues (Fig. 1). Interest-
ingly, recent evidences indicated that tissue macro-
phages may persist long-term through self-renewing
capacity [45], were relatively resistant to viral cyto-
pathic effects [46] and to cytotoxic T lymphocytes
(CTL) killing [47], and could contain inducible rep-
lication competent viruses, highlighting their con-
tribution as relevant tissue reservoirs [37].

FIGURE 1. Schematic representation of potential HIV tissue reservoirs in the body: The figure represents the complexity of the
HIV reservoir in terms of its cellular composition, broad anatomical distribution and transcriptional status during ART. Major
HIV reservoirs depicted include: blood, lymphoid tissues, i.e. spleen, lymph nodes, gut-associated lymphoid tissues (GALT),
bone marrow, lungs, genitourinary systems and central nervous system (CNS). Proposed cellular reservoirs within blood and
tissues are depicted. Cell types are color-coded; HIV-infected cells are depicted harboring integrated HIV DNA;
transcriptionally active HIV-infected cells are shown with dashed red lines. ‘cTfh’ refers to circulating T follicular helper cells;
‘GI’ refers to gastrointestinal tract. ‘M’ refers to male genitourinary system and ‘F’ refers to female genital tract.

Strategies for targeting residual HIV infection
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Models of HIV functional cure

Viremia in HIV-1 Elite Controllers • JID 2009:200 (15 September) • 987

Figure 2. Antibody responses to human immunodeficiency virus type 1
(HIV-1) in elite controllers. Mean plasma virus load is plotted against (A)
the number of virion proteins recognized by HIV-1 antibodies (Ab), as de-
tected by Western blot; (B) the mean neutralizing antibody 80% inhibitory
dose (ID80) titer; and (C) the breadth of neutralizing antibody response, as
measured by number of heterologous HIV-1 Env-pseudoviruses neutralized
by patient plasma. Statistical analysis was performed using the nonpara-
metric Spearman test.

Figure 3. CD8+ T cell responses in elite controllers. A, Correlation be-
tween plasma virus load and total magnitude of the CD8+ T cell response,
measured by enzyme-linked immunospot assay and presented in spot form-
ing cells (SFC) per peripheral blood mononuclear cells (PBMCs). B,61 ! 10
Total breadth of the CD8+ T cell response, presented as the number of
peptides targeted throughout the entire proteome. Statistical analysis was
performed using the nonparametric Spearman test.

for each individual ranged from !20 to 264, with individual
neutralizing antibody ID80 titers ranging as high as 1497. The
breadth of neutralizing antibody responses ranged from 0 to
11 individual antibody-specific responses, with an average of
2. The potency and breadth of neutralization of heterologous
virus directly correlated with the plasma HIV-1 RNA level
( and for potency; and forr p 0.46 P ! .01 r p 0.41 P ! .01

breadth) (figure 2B and 2C). These data indicate that even the
very low level of viremia found in elite controllers is directly
correlated with the breadth and potency of the neutralizing
antibodies response.

Absence of correlation between HIV-1–specific CD8+ T cell
responses and virus load among elite controllers. We pre-
viously demonstrated that the overall breadth and magnitude
of HIV-1–specific CD8+ T cell responses in elite controllers is
lower than that in individuals with higher virus loads, albeit
with a large amount of heterogeneity in responses, with both
the highest and lowest responses detected in elite controllers
[8]. To determine whether varying degrees of low level plasma
viremia correlate with the responses, we used a single time point
to compare HIV-1 RNA levels with the magnitude and breadth
of CD8+ T cell responses (figure 3A and 3B). For the 53 in-
dividuals examined, neither the magnitude ( ;r p 0.22 P p

) nor breadth ( ; ) of response correlated with.10 r p 0.19 P p .15
plasma virus load. Responses were heterogeneous even among
those with HIV-1 RNA levels of !0.2 copies/mL, with total
magnitudes ranging from 200 to 13,660 SFCs and breadth
ranging from 2 to 50 individual peptide-specific responses.
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Figure 1. Plasma human immunodeficiency virus type 1 (HIV-1) RNA load
distribution among 83 elite controllers (A). The cut off level of 0.2 copies/
mL is represented by the dotted red line. The median values are indicated
with the black horizontal bar. The arithmetic mean HIV-1 RNA virus load
for each subject is shown. Open circles represent patients with longitudinal
HIV-1 RNA values; filled circles represent subjects with single time point
virus load determinations. B, Longitudinal HIV-1 RNA virus load in 31 elite
controllers. Each line represents 1 study subject. Subjects with all HIV-1
RNA measurements !1 copy/mL are shown with asterisks ( ).n p 6

trasensitive commercial assays, whereas 4 individuals had ap-
parent “blips” 150 RNA copies/mL at the time the plasma was
obtained for the single-copy assay. Thirty (36%) of 83 indi-
viduals had HIV-1 RNA levels of !1 copies/mL; in 25 (30%)
individuals, virus could not be detected with a single mea-
surement (!0.2 copies/mL).

We next used the single-copy assay to measure longitudinal
plasma samples from 31 of these individuals, including 11 in
whom the initial viral load measurement result was !0.2 copies/
mL. Follow-up ranged from 85 to 420 days (mean duration,
232 days) and included 2–8 measurements (mean, 3 measure-
ments) per subject (figure 1B). The majority of individuals
showed fluctuations in plasma HIV-1 RNA levels, 5 had tran-
sient viral “blips” 150 copies/mL, as described elsewhere in elite
controllers [8]. Of 11 persons with RNA levels below the limit

of detection by the single-copy assay who were studied lon-
gitudinally, 6 had levels !1 copy/mL at all time points measured.
For 4 of these, the values were all !0.2 copies/mL, whereas 2
subjects had arithmetic mean RNA values of 0.4 and 0.6 copies/
mL, respectively. Of the 4 with undetectable RNA levels in this
assay (!0.2 copies/mL), we were able to sequence virus from
2 and confirm that there were no primer mismatches. These
data show that viremia can be detected in the majority of elite
controllers, but there are rare individuals in whom the level of
plasma virus is persistently below the ability to measure, even
by an assay that is 250-fold more sensitive than current com-
mercial assays.

The breadth and potency of HIV-1 antibody responses in-
versely correlates with plasma viremia. We previously dem-
onstrated that elite controllers have very low levels of heter-
ologous neutralizing antibodies, compared with individuals
with higher virus loads, suggesting that HIV-1 replication drives
the production of heterologous neutralizing antibodies [14]. To
determine the effect of extremely low-level viremia on HIV-1–
specific antibody responses, Western blot was performed in all
individuals, and detection of antibodies to gp120, gp160, gp41,
p18, p24, p31, p40, p51, p55, and/or p65 was recorded. All elite
controllers had detectable responses to multiple proteins (range,
2 to 10 proteins), and the majority of individuals (77%) had
antibodies against all proteins tested. The most common an-
tibodies detected were gp120 and gp160, which were detected
in all individuals, followed by p24, p40, and gp41, which were
present in 98%, 96%, and 93% of individuals, respectively. The
least commonly detected antibodies were p18, p31, and p65,
which were found in 80%, 84%, and 86% of individuals, re-
spectively. One individual had only 2 antibodies detected
(gp120 and gp160) in 2 tests performed over a 76-day period,
at a time when the individual’s level of plasma viremia was
!0.2 copies/mL. Analysis of all individuals together indicated
that the number of bands detected correlated directly with
plasma HIV-1 RNA levels and that full Western blot reactivity
was present in all persons with plasma viral loads of 113 copies/
mL ( ; ) (figure 2A).r p 0.38 P ! .01

Marked heterogeneity in neutralizing antibody responses
among elite controllers has also been described elsewhere, with
some individuals having broad responses and others having
minimal or no neutralizing antibodies [8]. To determine
whether the level of plasma HIV-1 RNA was associated with
differences in neutralizing antibodies, we tested plasma samples
from all subjects against a standard reference panel of 12 pri-
mary clade B HIV-1 viruses [15]. Despite high-level inhibition
of the neutralization-sensitive laboratory strain SF162 (data not
shown), elite controllers’ plasma exhibited limited cross-neu-
tralization against nearly all of the primary reference viruses.
ID80 titers against a MuLV-negative control pseudovirus were
below the cut off of !20 in all individuals. The average ID80
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Models of HIV functional cure
Post-Treatment HIV-1 Controllers with a Long-Term
Virological Remission after the Interruption of Early
Initiated Antiretroviral Therapy ANRS VISCONTI Study
Asier Sáez-Cirión1*, Charline Bacchus2, Laurent Hocqueloux3, Véronique Avettand-Fenoel4,5,
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Abstract

Combination antiretroviral therapy (cART) reduces HIV-associated morbidities and mortalities but cannot cure the infection.
Given the difficulty of eradicating HIV-1, a functional cure for HIV-infected patients appears to be a more reachable short-
term goal. We identified 14 HIV patients (post-treatment controllers [PTCs]) whose viremia remained controlled for several
years after the interruption of prolonged cART initiated during the primary infection. Most PTCs lacked the protective HLA B
alleles that are overrepresented in spontaneous HIV controllers (HICs); instead, they carried risk-associated HLA alleles that
were largely absent among the HICs. Accordingly, the PTCs had poorer CD8+ T cell responses and more severe primary
infections than the HICs did. Moreover, the incidence of viral control after the interruption of early antiretroviral therapy was
higher among the PTCs than has been reported for spontaneous control. Off therapy, the PTCs were able to maintain and, in
some cases, further reduce an extremely low viral reservoir. We found that long-lived HIV-infected CD4+ T cells contributed
poorly to the total resting HIV reservoir in the PTCs because of a low rate of infection of naı̈ve T cells and a skewed
distribution of resting memory CD4+ T cell subsets. Our results show that early and prolonged cART may allow some
individuals with a rather unfavorable background to achieve long-term infection control and may have important
implications in the search for a functional HIV cure.
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Introduction

HIV-1 infection is normally characterized by sustained viral
replication and a progressive loss of CD4+ T cells, leading to
AIDS. Combined antiretroviral therapy (cART) suppresses viral
replication and drastically reduces morbidity and mortality [1].
However, cART does not eradicate infected cells [2], and plasma
viremia generally rebounds quickly after treatment is discontinued
[3]. The existence of a few HIV-infected patients who spontane-
ously controlled HIV replication to undetectable levels for many
years (HIV controllers [HICs]) suggests that a functional HIV cure
or remission might be possible. However, how or whether other
patients can achieve an HIC-like status is unclear.

Emerging evidence shows that early treatment has long-term
benefits [4]. Treatment initiation during primary HIV-1 infection
(PHI) rather than during chronic HIV-1 infection (CHI) may i)
further reduce residual viral replication [5], ii) limit viral diversity
[6] and viral reservoirs [7], iii) preserve innate immunity and T
and B cell functions [8,9,10], and iv) accelerate immune
restoration [11]. Most relevant studies show that CD4+ T cell
counts are higher and that viral rebound occurs later (and at a
lower level) after the discontinuation of treatment that began
during PHI compared with treatment that began during CHI
[12,13]. Although in most cases, these advantages wane soon after
treatment interruption [14], the existence of individuals in whom
the viral load remains undetectable for several years after the
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available from 11 PTCs (Figure 4C). The HIV DNA was
detectable in the PBMCs from 7 out of 11 PTCs and in total
purified CD4+ T cells from 6 out of 10 PTCs (from whom enough
cells were recovered). The results were either reported as the
actual HIV DNA copy numbers/million cells or as an estimated
value calculated as 50% of the detection threshold value when
HIV DNA was not detected. As expected, the HIV DNA was 9-
fold higher in the CD3+CD4+ T cells than in the total PBMCs
(median 2.3 versus 1.3 log HIV DNA copies/million cells). Among
the CD4+ T cells, activated CD25+69+HLA-DR+ CD4+ T cells
were significantly more infected than resting CD4+ T cells (2.8
versus 2 log HIV DNA copies/million cells, p = 0.01). In contrast,
the CD32CD4+ monocytes were minimally infected, with the
total cell-associated HIV DNA level detectable in only 2 out of 10
samples (estimated median 2.3 log HIV DNA copies/million
monocytes). We also analyzed the reservoir distribution among the
resting naı̈ve (TN), central memory (TCM), transitional memory

(TTM) and effector memory (TEM) CD4+ T cell subsets from 11
PTCs (Figure 4C). Cell-associated HIV DNA was detected in only
2 out of 11 samples in the resting naı̈ve CD4 T cells (TN) (median
1.6 log HIV DNA copies/million TN, p = 0.001) and was lower
than in resting memory CD4+ T cell subpopulations. In contrast,
all resting memory CD4 T cells contained comparable levels of
cell-associated HIV DNA (2.5, 2.4 and 2.3 median log HIV DNA
copies/million in TCM, TTM and TEM cells, respectively).

To assess the presence of an inducible virus and the true nature
of this HIV reservoir, we used anti-CD3 and anti-CD28 in the
presence of IL-2 and IL-7 to stimulate the sorted resting CD4+ T
cell subpopulations of 7 PTCs from whom an adequate number of
cells was recovered (Figure 5). We observed a time-dependent
virus production upon in vitro stimulation in 5 of the 6 sorted
resting TCM, TTM and TEM subsets that were analyzed. We
detected virus production from at least one T cell subset from each
of the 7 tested patients. The failure to detect HIV production

Figure 4. Post-treatment controllers have very low levels of cell-associated HIV DNA which keep decreasing after treatment
interruption for some patients. A. Levels of cell-associated HIV-1 DNA (median and IQR) in 6 PTCs at PHI, just before or at treatment interruption
(TI), and the last available value obtained at a median of 6 years after cART discontinuation (Last). B. The evolution of cell-associated HIV DNA after
treatment interruption in PBMCs from 8 PTCs. The slope of the evolution of HIV-DNA levels after treatment interruption was calculated by linear
regression (lines) of the available sequential measures (symbols). Five PTCs experienced a decline of their cell-associated HIV-DNA levels (left); two
PTCs maintained stable levels and a positive slope was calculated for OR3 (right). C. Infection levels in various cell populations from 11 PTCs: PBMCs,
CD4+ T cells and monocytes; activated and resting CD4+ T cells; resting naı̈ve (TN), central memory (TCM), transitional memory (TTM) and effector
memory (TEM) CD4+ T cell subsets (see Figure S2 for the sorting strategy). The open symbols represent values below the threshold of detection. The
medians are represented. A, B, C. The results are expressed as the log10 HIV DNA copy numbers per million cells.
doi:10.1371/journal.ppat.1003211.g004

Post-Treatment HIV-1 Controllers
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capacity of CD8+ T cells from the PTCs to suppress HIV-1
infection was still weaker than that of the subset of HICs that did
not bear the HLA-B*27 or B*57 alleles (1.55 [0.71–3.28],
p = 0.002, n = 29).

PTCs have a low T cell activation status
We then examined the activation status of CD4+ and CD8+ T

cells from the PTCs by evaluating the expression of HLA-DR and
CD38. Because of the low or undetectable frequency of HIV-

Figure 1. Long-term control of viremia and stable CD4+ T cell counts in fourteen patients after interruption of antiretroviral
treatment initiated in primary HIV-1 infection. CD4+ T cell counts (in black) and plasma HIV-1 RNA viral loads (in blue) during the follow-up
after PHI diagnosis in the 14 PTCs included in the study. The detectable viral loads after treatment interruption are indicated in red. The gray areas
represent the periods during which the patients received cART.
doi:10.1371/journal.ppat.1003211.g001

Figure 2. Patients to become post-treatment controllers have higher viral loads and lower CD4+ T cell counts than HIV controllers
during primary HIV infection. CD4+ T cell counts (A) and plasma viral load (B) during the primary infection for the patients enrolled in the ANRS
PRIMO cohort who later exhibited spontaneous control of infection (preHIC; n = 8) [16], for the PTCs included in our study (n = 14) and for the patients
in the ANRS PRIMO cohort who did not control infection (n = 1,245). The median and the 10th and 90th percentiles are shown for each group.
doi:10.1371/journal.ppat.1003211.g002

Post-Treatment HIV-1 Controllers
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A cure for HIV-1 remains unattainable as only one case has been 
reported, a decade ago1,2. The individual—who is known as the 
‘Berlin patient’—underwent two allogeneic haematopoietic stem-cell  
transplantation (HSCT) procedures using a donor with a 
homozygous mutation in the HIV coreceptor CCR5 (CCR5∆32/
∆32) to treat his acute myeloid leukaemia. Total body irradiation 
was given with each HSCT. Notably, it is unclear which treatment 
or patient parameters contributed to this case of long-term HIV 
remission. Here we show that HIV-1 remission may be possible with 
a less aggressive and toxic approach. An adult infected with HIV-1 
underwent allogeneic HSCT for Hodgkin’s lymphoma using cells 
from a CCR5∆32/∆32 donor. He experienced mild gut graft-versus-
host disease. Antiretroviral therapy was interrupted 16 months 
after transplantation. HIV-1 remission has been maintained over 
a further 18 months. Plasma HIV-1 RNA has been undetectable 
at less than one copy per millilitre along with undetectable HIV-1 
DNA in peripheral CD4 T lymphocytes. Quantitative viral outgrowth 
assays from peripheral CD4 T lymphocytes show no reactivatable 
virus using a total of 24 million resting CD4 T cells. CCR5-tropic, 
but not CXCR4-tropic, viruses were identified in HIV-1 DNA 
from CD4 T cells of the patient before the transplant. CD4 T 
cells isolated from peripheral blood after transplantation did not 
express CCR5 and were susceptible only to CXCR4-tropic virus ex 
vivo. HIV-1 Gag-specific CD4 and CD8 T cell responses were lost 
after transplantation, whereas cytomegalovirus-specific responses 
were detectable. Similarly, HIV-1-specific antibodies and avidities 
fell to levels comparable to those in the Berlin patient following 
transplantation. Although at 18 months after the interruption of 
treatment it is premature to conclude that this patient has been cured, 
these data suggest that a single allogeneic HSCT with homozygous 
CCR5∆32 donor cells may be sufficient to achieve HIV-1 remission 
with reduced intensity conditioning and no irradiation, and the 
findings provide further support for the development of HIV-1 
remission strategies based on preventing CCR5 expression.

The HIV-1 epidemic continues and nearly 37 million people are 
living with HIV-1 worldwide3. Although over 21 million people with 
HIV-1 have access to lifelong antiretroviral therapy (ART)3, there is 
considerable drug-resistant HIV in both untreated4 and treated5,6 indi-
viduals in low- and middle-income countries and sustainability of ART 
programmes is uncertain7. Drug-free durable HIV-1 suppression is 
therefore an urgent global priority.

Thus far, the only documented case of sustained HIV remission is 
the Berlin patient, who received two allogeneic HSCTs using cells from 

a homozygous CCR5∆32 (CCR5∆32/∆32) donor1. This 32-base-pair 
deletion prevents CCR5 expression, rendering these cells resistant to 
infection with HIV variants that interact with the CCR5 coreceptor8.

The only other case of a patient with HIV-1 who was transplanted 
with CCR5∆32/∆32 cells and interrupted ART was the ‘Essen patient’9. 
In this case, ART was interrupted one week before allogeneic HSCT 
and rapid viral rebound of a pre-existing minority HIV-1 variant, which 
was able to infect cells through the alternative CXCR4 coreceptor, was 
observed three weeks later9,10. Such pre-existing CXCR4 variants were 
not observed in the Berlin patient11. Three other cases transplanted 
with wild-type CCR5 cells experienced viral rebound 12, 32 or 41 weeks 
after ART interruption despite a considerable reduction of the HIV 
reservoir12,13.

We report an individual diagnosed with HIV-1 infection in 2003, 
with a CD4 nadir of 290 cells mm−3 and a baseline HIV-1 plasma viral 
load of 180,000 copies per ml. ART was initiated with tenofovir diso-
proxil fumarate, emtricitabine and efavirenz in 2012.

In December 2012, the individual was diagnosed with stage IVb 
(nodular sclerosing) Hodgkin’s lymphoma. Hodgkin’s lymphoma was 
refractory to first-line chemotherapy (doxorubicin, bleomycin, vin-
cristine and dacarbazine) and a number of salvage regimens, including 
etoposide, methylprednisolone, cytarabine and cisplatin; anti-CD30 
monoclonal antibody (Brentuximab) and mini-LEAM (lomustine, 
etoposide, cytarabine and melphalan) were used. ART was switched 
to tenofovir disoproxil fumarate, emtricitabine and raltegravir during 
periods of chemotherapy for Hodgkin’s lymphoma; there was a 5-day 
episode of ART interruption in late 2015 with an HIV-1 plasma viral 
load of 1,500 copies per ml that did not reach the viral set point. On the 
basis of resistance mutations K65R and M184V in reverse transcriptase 
as well as E157Q in integrase, the regimen was switched to rilpivir-
ine, lamivudine and dolutegravir; viral suppression was subsequently 
achieved.

Mobilization of autologous peripheral blood stem cells failed despite 
the use of CXCR4 antagonists, thus precluding standard autologous 
HSCT. Complete metabolic remission as confirmed by computed 
tomography and positron-emission tomography criteria was achieved 
with ifosfamide, gemcitabine and vinorelbine (IGEV) chemotherapy 
in March 2016.

An unrelated (nine out of ten) donor was identified from an interna-
tional registry with one allelic mismatch at HLA-B by high-resolution 
HLA typing, who was CCR5∆32/∆32 (Extended Data Table 1 and 
Methods). No fully matched donors were identified in the registry. The 
patient underwent conditioning with lomustine, cyclophosphamide, 
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ara-C and etoposide followed by infusion of 3.6 × 106 CD34+ cells 
per kg. In vivo T cell depletion was achieved by anti-CD52 antibody 
(alemtuzumab), 10 mg daily for 5 days (days −7 to −3) before trans-
plantation and graft-versus-host disease prophylaxis used cyclo-
sporine-A with a short course of methotrexate. ART was continued 
throughout with rilpivirine, lamivudine and dolutegravir (Fig. 1a). 
Allogeneic HSCT was relatively uncomplicated and the patient was 
discharged on day 31 after transplantation. Reactivation of both 
Epstein–Barr virus and cytomegalovirus (CMV) occurred at day 85 
after transplantation, requiring treatment with anti-CD20 monoclo-
nal antibody (rituximab) and ganciclovir, respectively. At day 77 after 
transplantation, the patient presented with fever and gastrointestinal 
symptoms. Gastric, duodenal and colonic biopsies were consistent with 
grade 1 graft-versus-host disease, which resolved without intervention. 

Full-donor chimerism was achieved in the whole-leukocyte and CD3+ 
T cell fractions from day 30 after transplantation and maintained in 
both cell fractions throughout (Fig. 1b). Host genotype was homozy-
gous wild-type CCR5 before allogeneic HSCT, and became CCR5∆32/
∆32 after transplantation (Fig. 1c), with loss of CCR5 surface expres-
sion from circulating CD4 and CD8 T cells (Fig. 1d). At 180 days 
after transplantation, cyclosporine-A was discontinued. Computed 
tomography and positron-emission tomography scans at 120 days and 
365 days after transplantation confirmed complete metabolic remission 
with no subsequent relapse. Post-transplant white blood cell counts 
and lymphocyte subsets returned to pre-transplant levels (Extended 
Data Fig. 1), except for CD4 counts, which have been slower to recover 
(Fig. 1a).

ART was maintained after HSCT and analytical treatment inter-
ruption was initiated at day 510 (September 2017). Weekly analyses 
of plasma viral load were performed for the first three months and 
monthly thereafter. HIV-1 plasma viral load remained undetectable 
thereafter with a limit of detection of less than one copy of RNA per 
ml (Fig. 1a). Plasma concentrations of tenofovir disoproxil fumarate, 
lamivudine and dolutegravir were negative by high-performance liq-
uid chromatography at day 648 after transplantation, and a panel of 
all currently available antiretroviral drugs tested negative by liquid 
chromatography mass spectrometry at 973 days after transplantation. 
HIV-1 DNA associated with total peripheral blood mononuclear cells 
(PBMCs) fell below the limit of detection after transplantation (Fig. 1b). 
Total DNA in CD4 T cells at day 876 after transplantation was undetect-
able in all replicates by ultra-sensitive qPCR (<0.65 HIV LTR copies 
per million cells and <0.69 HIV-1 Gag copies per million cells) and 
in 7 out of 8 replicates of the ultra-sensitive HIV-1 LTR ddPCR14; in 
one replicate, a low-level signal was observed. Such occasional positive 
signals were also observed in the Berlin patient15 and may reflect a false 
ddPCR signal, potential contamination or evidence of very low levels 
of persistence of HIV-infected cells that either did not contain a fully 
replication-competent virus or were unable to lead to recrudescence 
given that the vast majority of target cells are incapable of being infected 
with the HIV CCR5-tropic variants of this patient (Fig. 2). HIV-1 DNA 
and RNA were also repeatedly undetectable in whole blood when tested 
with SAMBA II, a point-of-care isothermal amplification method (limit 
of detection, 284 copies per ml; 95% confidence interval, 214–378 cop-
ies per ml)16.

Blood was obtained for a modified quantitative viral outgrowth 
assay17,18 at 3 time points after HSCT on day 217 (on ART), days 678 
and 876 (off ART) after transplantation. Analysis of the quantitative 
viral outgrowth assays indicated that HIV-1 virus was undetectable  
on all occasions, giving an estimation of the reservoir in infectious 
units per million resting CD4 T cells of less than 0.286, less than  
0.309 and less than 0.063, respectively. Pooling the results from the 
3 quantitative viral outgrowth assays on a total of 24 million resting 
CD4 T cells gives an estimate of less than 0.029 infectious units per 
million cells.

We next sought to confirm that the post-transplant CD4 cells lacked 
expression of CCR5 and were resistant to HIV-1 infection (Fig. 2 and 
Extended Data Fig. 2). CD4 T cells from the study patient were chal-
lenged in vitro with the CCR5-tropic viruses Ba-L and ZM247, and 
productive HIV-1 infection over seven days was measured by (i) intra-
cellular staining for HIV-1 p24 protein (Fig. 2a, b) and (ii) infectivity of 
culture supernatants on indicator cell lines that respond to expression 
of the HIV Tat protein (Extended Data Fig. 2). In contrast to an HIV-
negative donor, post-transplant cells from the study patient could not 
be infected with the CCR5-tropic viruses Ba-L and ZM247 (Fig. 2a, b). 
The cells of the study patient were then challenged with the canonical 
CXCR4-tropic HIV-1 virus NL4-3. As expected, infection was observed 
in cells and supernatants from both the patient and an HIV-negative 
donor (control) (Fig. 2a, b and Extended Data Fig. 2).

To determine whether the study patient was infected with CCR5- or 
CXCR4-using virus (or both), we deep-sequenced the V3 loop in HIV-1 
envelope (the key determinant of coreceptor usage) and computational 
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RNA) and CD4 count over time. Numbers below blue data points 
indicate results of the ultrasensitive viral load assay. cART, combination 
antiretroviral therapy. 3TC, lamivudine; CsA, cyclosporine-A; 
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ara-C and etoposide followed by infusion of 3.6 × 106 CD34+ cells 
per kg. In vivo T cell depletion was achieved by anti-CD52 antibody 
(alemtuzumab), 10 mg daily for 5 days (days −7 to −3) before trans-
plantation and graft-versus-host disease prophylaxis used cyclo-
sporine-A with a short course of methotrexate. ART was continued 
throughout with rilpivirine, lamivudine and dolutegravir (Fig. 1a). 
Allogeneic HSCT was relatively uncomplicated and the patient was 
discharged on day 31 after transplantation. Reactivation of both 
Epstein–Barr virus and cytomegalovirus (CMV) occurred at day 85 
after transplantation, requiring treatment with anti-CD20 monoclo-
nal antibody (rituximab) and ganciclovir, respectively. At day 77 after 
transplantation, the patient presented with fever and gastrointestinal 
symptoms. Gastric, duodenal and colonic biopsies were consistent with 
grade 1 graft-versus-host disease, which resolved without intervention. 

Full-donor chimerism was achieved in the whole-leukocyte and CD3+ 
T cell fractions from day 30 after transplantation and maintained in 
both cell fractions throughout (Fig. 1b). Host genotype was homozy-
gous wild-type CCR5 before allogeneic HSCT, and became CCR5∆32/
∆32 after transplantation (Fig. 1c), with loss of CCR5 surface expres-
sion from circulating CD4 and CD8 T cells (Fig. 1d). At 180 days 
after transplantation, cyclosporine-A was discontinued. Computed 
tomography and positron-emission tomography scans at 120 days and 
365 days after transplantation confirmed complete metabolic remission 
with no subsequent relapse. Post-transplant white blood cell counts 
and lymphocyte subsets returned to pre-transplant levels (Extended 
Data Fig. 1), except for CD4 counts, which have been slower to recover 
(Fig. 1a).

ART was maintained after HSCT and analytical treatment inter-
ruption was initiated at day 510 (September 2017). Weekly analyses 
of plasma viral load were performed for the first three months and 
monthly thereafter. HIV-1 plasma viral load remained undetectable 
thereafter with a limit of detection of less than one copy of RNA per 
ml (Fig. 1a). Plasma concentrations of tenofovir disoproxil fumarate, 
lamivudine and dolutegravir were negative by high-performance liq-
uid chromatography at day 648 after transplantation, and a panel of 
all currently available antiretroviral drugs tested negative by liquid 
chromatography mass spectrometry at 973 days after transplantation. 
HIV-1 DNA associated with total peripheral blood mononuclear cells 
(PBMCs) fell below the limit of detection after transplantation (Fig. 1b). 
Total DNA in CD4 T cells at day 876 after transplantation was undetect-
able in all replicates by ultra-sensitive qPCR (<0.65 HIV LTR copies 
per million cells and <0.69 HIV-1 Gag copies per million cells) and 
in 7 out of 8 replicates of the ultra-sensitive HIV-1 LTR ddPCR14; in 
one replicate, a low-level signal was observed. Such occasional positive 
signals were also observed in the Berlin patient15 and may reflect a false 
ddPCR signal, potential contamination or evidence of very low levels 
of persistence of HIV-infected cells that either did not contain a fully 
replication-competent virus or were unable to lead to recrudescence 
given that the vast majority of target cells are incapable of being infected 
with the HIV CCR5-tropic variants of this patient (Fig. 2). HIV-1 DNA 
and RNA were also repeatedly undetectable in whole blood when tested 
with SAMBA II, a point-of-care isothermal amplification method (limit 
of detection, 284 copies per ml; 95% confidence interval, 214–378 cop-
ies per ml)16.

Blood was obtained for a modified quantitative viral outgrowth 
assay17,18 at 3 time points after HSCT on day 217 (on ART), days 678 
and 876 (off ART) after transplantation. Analysis of the quantitative 
viral outgrowth assays indicated that HIV-1 virus was undetectable  
on all occasions, giving an estimation of the reservoir in infectious 
units per million resting CD4 T cells of less than 0.286, less than  
0.309 and less than 0.063, respectively. Pooling the results from the 
3 quantitative viral outgrowth assays on a total of 24 million resting 
CD4 T cells gives an estimate of less than 0.029 infectious units per 
million cells.

We next sought to confirm that the post-transplant CD4 cells lacked 
expression of CCR5 and were resistant to HIV-1 infection (Fig. 2 and 
Extended Data Fig. 2). CD4 T cells from the study patient were chal-
lenged in vitro with the CCR5-tropic viruses Ba-L and ZM247, and 
productive HIV-1 infection over seven days was measured by (i) intra-
cellular staining for HIV-1 p24 protein (Fig. 2a, b) and (ii) infectivity of 
culture supernatants on indicator cell lines that respond to expression 
of the HIV Tat protein (Extended Data Fig. 2). In contrast to an HIV-
negative donor, post-transplant cells from the study patient could not 
be infected with the CCR5-tropic viruses Ba-L and ZM247 (Fig. 2a, b). 
The cells of the study patient were then challenged with the canonical 
CXCR4-tropic HIV-1 virus NL4-3. As expected, infection was observed 
in cells and supernatants from both the patient and an HIV-negative 
donor (control) (Fig. 2a, b and Extended Data Fig. 2).

To determine whether the study patient was infected with CCR5- or 
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Mechanisms That Contribute to a Profound Reduction of the HIV-1
Reservoir After Allogeneic Stem Cell Transplant
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Background: The multifactorial mechanisms associated with
radical reductions in HIV-1 reservoirs after allogeneic hemato-
poietic stem cell transplant (allo-HSCT), including a case of HIV
cure, are not fully understood.

Objective: To investigate the mechanism of HIV-1 eradication
associated with allo-HSCT.

Design: Nested case series within the IciStem observational
cohort.

Setting: Multicenter European study.

Participants: 6 HIV-infected, antiretroviral-treated participants
who survived more than 2 years after allo-HSCT with CCR5 wild-
type donor cells.

Measurements: HIV DNA analysis, HIV RNA analysis, and quan-
titative viral outgrowth assay were performed in blood, and HIV
DNA was also measured in lymph nodes, ilea, bone marrow, and
cerebrospinal fluid. A humanized mouse model was used for in
vivo detection of the replication-competent blood cell reservoir.
HIV-specific antibodies were measured in plasma.

Results: Analysis of the viral reservoir showed that 5 of 6 partic-
ipants had full donor chimera in T cells within the first year after
transplant, undetectable proviral HIV DNA in blood and tissue,
and undetectable replication-competent virus (<0.006 infectious
unit per million cells). The only participant with detectable virus

received cord blood stem cells with an antithymocyte globulin–
containing conditioning regimen, did not develop graft-versus-
host disease, and had delayed complete standard chimerism in
T cells (18 months) with mixed ultrasensitive chimera. Adoptive
transfer of peripheral CD4+ T cells to immunosuppressed mice
resulted in no viral rebound. HIV antibody levels decreased over
time, with 1 case of seroreversion.

Limitation: Few participants.

Conclusion: Allo-HSCT resulted in a profound long-term reduc-
tion in the HIV reservoir. Such factors as stem cell source, condi-
tioning, and a possible “graft-versus-HIV-reservoir” effect may
have contributed. Understanding the mechanisms involved in
HIV eradication after allo-HSCT can enable design of new cura-
tive strategies.
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Combination antiretroviral therapy (cART) is unable
to eliminate HIV-1 infection despite effective vire-

mic control. This is attributable to a persistent latent HIV
reservoir, which is responsible for rapid rebound of
replication-competent virus after treatment interruption
(1). Efforts to develop an effective curative strategy are
needed to prevent long-term adverse effects of cART,
improve patients' quality of life, and eradicate the HIV
pandemic (2).

Allogeneic hematopoietic stem cell transplant (allo-
HSCT) has contributed to the only known case of com-
plete HIV-1 eradication (in the “Berlin patient”). The un-
derlying biological mechanisms are not fully understood,
although use of a donor with a homozygous mutation
in the HIV coreceptor CCR5 seemed to be key to pre-
venting HIV infection of the graft (3, 4). Other contrib-
uting factors may have been the conditioning regimen,

which destroyed some or all reservoir T cells; an immuno-
logic milieu favoring T-cell activation and reactivation of
latent HIV; greater effectiveness at blocking reactivated
virus spread by CCR5-mutated donor cells compared
with suppressive ART; and alloreactivity that could
have eliminated infected cells in the recipient (5).

However, transplant using CCR5 wild-type donors
also leads to a greater reduction in the latent reservoir
than is obtained with any other clinical intervention (6–
9). For example, despite the delayed viral rebound af-
ter interruption of cART that was observed in 2 HIV-
infected patients undergoing allo-HSCT from CCR5
wild-type donors (the “Boston patients”) (10), these
cases showed that allo-HSCT by itself was able to
achieve large reductions in the viral reservoir. Transplant-
associated mechanisms that reduce HIV latency and
thus may play a role in eliminating the virus need to be
understood to allow development of less invasive strat-
egies to eradicate HIV-1 infection that may be applica-
ble to the broader population of HIV-infected persons
without hematologic disorders requiring stem cell
transplant.
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in other studies (7, 19). Conversely, low virus levels
were consistently detected in blood samples from
IciS-01 (453 HIV DNA copies per million CD4+ T cells, 3
HIV RNA copies per milliliter of plasma, and 0.13 IUPM
[replication-competent virus]).

HIV was also undetectable in CSF and cells from
bone marrow, lymph node, and ileal biopsy specimens
in all participants, in line with previous observations in
blood (Figure 1 and Appendix Table).

Longitudinal Correlation of Hematologic and
HIV Reservoir Parameters

Five of 6 participants had undetectable HIV reser-
voirs (Appendix Figure 2, available at Annals.org). All 5
had peripheral blood progenitor cells as the graft
source; 4 developed GvHD; and all 5 achieved com-
plete chimerism in peripheral blood, bone marrow, or
T lymphocytes within the first year after transplant. Con-
versely, the only participant with a detectable HIV res-
ervoir (IciS-01) received a cord blood transplant with a
conditioning regimen that contained antithymocyte
globulin (ATG). This participant did not develop GvHD
and had mixed chimera in T cells up to posttransplant
month 18, as measured by standard methods.

Longitudinal follow-up of IciS-06 is shown in Figure
2. This participant showed mixed chimerism in periph-
eral blood in the first few weeks after transplant, with
concomitant detection of persistent reservoirs. By
month 3, the patient developed acute grade III GvHD
after withdrawal of immunosuppression coinciding with
achievement of full donor chimerism. Coincidentally,
residual viremia became undetectable in plasma. Cell-
associated HIV DNA was also undetectable at that
point, showing a 2-fold reduction in just 4 months. Clin-
ical data suggest that similar phenomena may have oc-
curred in the other 4 patients given that all had full

chimerism within 6 months after allo-HSCT and/or
GvHD (Table).

HIV-Specific Humoral Response
We explored HIV humoral response dynamics in

plasma samples after allo-HSCT (Appendix Figure 3,
available at Annals.org). All participants lost the p18
band. We observed no other missing bands in IciS-01;
however, IciS-03 and IciS-06 showed decreasing p31
antibody levels, and IciS-06 and IciS-17 lacked p55 and
p24 bands. More important, we did not detect any viral
antibodies in IciS-28 by month 88, suggesting that this
patient experienced seroreversion. Overall, a longer in-
terval after allo-HSCT seemed to be associated with
greater antibody clearance among patients receiving
cART. These data were confirmed with the low-
sensitivity VITROS analysis, which showed decreased
levels of HIV antibodies and a progressive loss over
time after allo-HSCT (Figure 3). IciS-28 also showed an-
tibody levels close to those of the HIV-negative donors.
Overall, the data suggest limited de novo humoral re-
sponses that could sustain the HIV-specific immuno-
globulin levels in the plasma of these patients.

Humanized Mouse VOA
We transferred large numbers of CD4+ T cells puri-

fied from the participants' peripheral blood to immuno-
suppressed mice to detect any replication-competent
blood cell reservoir (Figure 4, A). As a control, we also
transferred cells from an HIV-infected person who had
not undergone transplant, was receiving long-term
cART, and had a standard HIV reservoir size (1.6 IUPM)
(20).

We detected high levels of HIV RNA in the plasma
of humanized mice infused with control CD4+ T cells
(Figure 4, B). Cell-associated HIV DNA was also de-

Figure 1. HIV reservoirs measured in blood and tissues after transplant.
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and undetectable replication-competent virus (<0.006 infectious
unit per million cells). The only participant with detectable virus

received cord blood stem cells with an antithymocyte globulin–
containing conditioning regimen, did not develop graft-versus-
host disease, and had delayed complete standard chimerism in
T cells (18 months) with mixed ultrasensitive chimera. Adoptive
transfer of peripheral CD4+ T cells to immunosuppressed mice
resulted in no viral rebound. HIV antibody levels decreased over
time, with 1 case of seroreversion.

Limitation: Few participants.

Conclusion: Allo-HSCT resulted in a profound long-term reduc-
tion in the HIV reservoir. Such factors as stem cell source, condi-
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Combination antiretroviral therapy (cART) is unable
to eliminate HIV-1 infection despite effective vire-

mic control. This is attributable to a persistent latent HIV
reservoir, which is responsible for rapid rebound of
replication-competent virus after treatment interruption
(1). Efforts to develop an effective curative strategy are
needed to prevent long-term adverse effects of cART,
improve patients' quality of life, and eradicate the HIV
pandemic (2).

Allogeneic hematopoietic stem cell transplant (allo-
HSCT) has contributed to the only known case of com-
plete HIV-1 eradication (in the “Berlin patient”). The un-
derlying biological mechanisms are not fully understood,
although use of a donor with a homozygous mutation
in the HIV coreceptor CCR5 seemed to be key to pre-
venting HIV infection of the graft (3, 4). Other contrib-
uting factors may have been the conditioning regimen,

which destroyed some or all reservoir T cells; an immuno-
logic milieu favoring T-cell activation and reactivation of
latent HIV; greater effectiveness at blocking reactivated
virus spread by CCR5-mutated donor cells compared
with suppressive ART; and alloreactivity that could
have eliminated infected cells in the recipient (5).

However, transplant using CCR5 wild-type donors
also leads to a greater reduction in the latent reservoir
than is obtained with any other clinical intervention (6–
9). For example, despite the delayed viral rebound af-
ter interruption of cART that was observed in 2 HIV-
infected patients undergoing allo-HSCT from CCR5
wild-type donors (the “Boston patients”) (10), these
cases showed that allo-HSCT by itself was able to
achieve large reductions in the viral reservoir. Transplant-
associated mechanisms that reduce HIV latency and
thus may play a role in eliminating the virus need to be
understood to allow development of less invasive strat-
egies to eradicate HIV-1 infection that may be applica-
ble to the broader population of HIV-infected persons
without hematologic disorders requiring stem cell
transplant.
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which destroyed some or all reservoir T cells; an immuno-
logic milieu favoring T-cell activation and reactivation of
latent HIV; greater effectiveness at blocking reactivated
virus spread by CCR5-mutated donor cells compared
with suppressive ART; and alloreactivity that could
have eliminated infected cells in the recipient (5).

However, transplant using CCR5 wild-type donors
also leads to a greater reduction in the latent reservoir
than is obtained with any other clinical intervention (6–
9). For example, despite the delayed viral rebound af-
ter interruption of cART that was observed in 2 HIV-
infected patients undergoing allo-HSCT from CCR5
wild-type donors (the “Boston patients”) (10), these
cases showed that allo-HSCT by itself was able to
achieve large reductions in the viral reservoir. Transplant-
associated mechanisms that reduce HIV latency and
thus may play a role in eliminating the virus need to be
understood to allow development of less invasive strat-
egies to eradicate HIV-1 infection that may be applica-
ble to the broader population of HIV-infected persons
without hematologic disorders requiring stem cell
transplant.

See also:
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tected in blood and spleen cells from the same infected
mice (Figure 4, C and D). Conversely, none of the mice
infused with cells from the 6 allo-HSCT recipients had
detectable virus in plasma or cell-associated HIV DNA
in the blood or spleen after 4 to 13 weeks of follow-up.
Of note, median survival of the mice was 6 weeks (in-
terquartile range, 5 to 12 weeks). Also, the median of
maximum engraftment of human lymphocytes in the
mice was 34% (interquartile range, 15% to 45%).
Among engrafted human CD4+ T cells, activation levels
reached a median of 95% (interquartile range, 80% to
97%), suggesting optimal conditions for eventual HIV
reactivation (Appendix Figure 4, available at Annals
.org).

Because IciS-01 did not show reactivation, we also
tested cells from an HIV-infected person who did not
undergo transplant, was receiving cART, and had a sim-
ilarly small HIV reservoir (0.13 IUPM). HIV DNA (1000
copies per million cells) was detected in the spleen and
blood of mice with human cells transferred from this
person, proving the robustness of the technique.

This model suggested that immediate viral re-
bound was not likely after discontinuation of cART in
the 6 transplant recipients. Moreover, the virus in
IciS-01 might have low inducibility under in vivo physi-
ologic conditions.

DISCUSSION
Previous studies have shown that allo-HSCT can re-

sult in a significant reduction in the latent HIV reservoir
(6–9) and, in a unique case linked to transplant of
CCR5-mutated cells, even eradication of the virus (4,
19), making HIV cure a feasible target. However, the
specific mechanisms that contributed to the decline in

viral reservoirs in these persons are not fully under-
stood, in part due to scant experience with allo-HSCT in
HIV-infected persons. The IciStem consortium provides
an opportunity to exhaustively study HIV remission in
multiple HIV-infected persons who have undergone
allo-HSCT, including the 6 long-term survivors de-
scribed in this article. Not only have we confirmed the
reduction of the HIV reservoir in blood (6, 7), but 5 of 6
participants eliminated any measurable HIV reservoir,
as determined by highly sensitive techniques (10 to
100 times more sensitive than those used in previous
studies [21]) in lymph nodes, ilea, bone marrow, and
CSF.

The only patient who had a detectable reservoir
underwent cord blood allo-HSCT with an ATG-
containing conditioning regimen, did not develop
GvHD, and had longer persistence of recipient cells in
the T-cell compartment. All of the other participants,
who did not have a detectable reservoir, reached full
donor chimerism within a year, and 4 of them devel-
oped GvHD, although we cannot confirm that those
events converged in time for all of them. Exhaustive
follow-up of 1 of the participants with complete viral
clearance showed that HIV became undetectable coin-
cidentally with achievement of complete donor chime-
rism and development of GvHD.

These results are in line with those of previous re-
ports, where episodes of GvHD and achievement of
complete chimerism also coincided with substantial re-
ductions in the viral reservoir (4, 6, 7, 9). In contrast to
the Boston patients, the IciStem participants included
in our study were all free of immunosuppression at the
last follow-up with T-cell immune reconstitution and
had longer posttransplant survival. HIV-specific sero-

Figure 2. Peripheral blood standard donor chimerism, proviral HIV DNA, and plasma HIV RNA evolution after transplant in
IciS-06.
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Background: The multifactorial mechanisms associated with
radical reductions in HIV-1 reservoirs after allogeneic hemato-
poietic stem cell transplant (allo-HSCT), including a case of HIV
cure, are not fully understood.

Objective: To investigate the mechanism of HIV-1 eradication
associated with allo-HSCT.

Design: Nested case series within the IciStem observational
cohort.

Setting: Multicenter European study.

Participants: 6 HIV-infected, antiretroviral-treated participants
who survived more than 2 years after allo-HSCT with CCR5 wild-
type donor cells.

Measurements: HIV DNA analysis, HIV RNA analysis, and quan-
titative viral outgrowth assay were performed in blood, and HIV
DNA was also measured in lymph nodes, ilea, bone marrow, and
cerebrospinal fluid. A humanized mouse model was used for in
vivo detection of the replication-competent blood cell reservoir.
HIV-specific antibodies were measured in plasma.

Results: Analysis of the viral reservoir showed that 5 of 6 partic-
ipants had full donor chimera in T cells within the first year after
transplant, undetectable proviral HIV DNA in blood and tissue,
and undetectable replication-competent virus (<0.006 infectious
unit per million cells). The only participant with detectable virus

received cord blood stem cells with an antithymocyte globulin–
containing conditioning regimen, did not develop graft-versus-
host disease, and had delayed complete standard chimerism in
T cells (18 months) with mixed ultrasensitive chimera. Adoptive
transfer of peripheral CD4+ T cells to immunosuppressed mice
resulted in no viral rebound. HIV antibody levels decreased over
time, with 1 case of seroreversion.

Limitation: Few participants.

Conclusion: Allo-HSCT resulted in a profound long-term reduc-
tion in the HIV reservoir. Such factors as stem cell source, condi-
tioning, and a possible “graft-versus-HIV-reservoir” effect may
have contributed. Understanding the mechanisms involved in
HIV eradication after allo-HSCT can enable design of new cura-
tive strategies.

Primary Funding Source: The Foundation for AIDS Research
(amfAR).

Ann Intern Med. 2018;169:674-683. doi:10.7326/M18-0759 Annals.org
For author affiliations, see end of text.
This article was published at Annals.org on 16 October 2018.
* Drs. Salgado and Kwon share first authorship of the manuscript.
† Drs. Martinez-Picado and Diez-Martin share senior authorship of the
manuscript.
‡ For members of the IciStem Consortium, see the Appendix (available at
Annals.org).

Combination antiretroviral therapy (cART) is unable
to eliminate HIV-1 infection despite effective vire-

mic control. This is attributable to a persistent latent HIV
reservoir, which is responsible for rapid rebound of
replication-competent virus after treatment interruption
(1). Efforts to develop an effective curative strategy are
needed to prevent long-term adverse effects of cART,
improve patients' quality of life, and eradicate the HIV
pandemic (2).

Allogeneic hematopoietic stem cell transplant (allo-
HSCT) has contributed to the only known case of com-
plete HIV-1 eradication (in the “Berlin patient”). The un-
derlying biological mechanisms are not fully understood,
although use of a donor with a homozygous mutation
in the HIV coreceptor CCR5 seemed to be key to pre-
venting HIV infection of the graft (3, 4). Other contrib-
uting factors may have been the conditioning regimen,

which destroyed some or all reservoir T cells; an immuno-
logic milieu favoring T-cell activation and reactivation of
latent HIV; greater effectiveness at blocking reactivated
virus spread by CCR5-mutated donor cells compared
with suppressive ART; and alloreactivity that could
have eliminated infected cells in the recipient (5).

However, transplant using CCR5 wild-type donors
also leads to a greater reduction in the latent reservoir
than is obtained with any other clinical intervention (6–
9). For example, despite the delayed viral rebound af-
ter interruption of cART that was observed in 2 HIV-
infected patients undergoing allo-HSCT from CCR5
wild-type donors (the “Boston patients”) (10), these
cases showed that allo-HSCT by itself was able to
achieve large reductions in the viral reservoir. Transplant-
associated mechanisms that reduce HIV latency and
thus may play a role in eliminating the virus need to be
understood to allow development of less invasive strat-
egies to eradicate HIV-1 infection that may be applica-
ble to the broader population of HIV-infected persons
without hematologic disorders requiring stem cell
transplant.
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«To achieve the goal of a sterilizing cure, therefore, an approach is 
needed that can mimic the alloreactivity that reduces the HIV 

reservoir but is implemented in a context outside of a high-risk 
procedure such as the allo-HSCT.» 



Therapeutic vaccination strategies

Nature Medicine | Volume 28 | December 2022 | 2611–2621 2611

nature medicine

https://doi.org/10.1038/s41591-022-02060-2Article

Safety, immunogenicity and effect on viral 
rebound of HTI vaccines in early treated HIV-1 
infection: a randomized, placebo-controlled 
phase 1 trial

HIVACAT T-cell immunogen (HTI) is a novel human immunodeficiency virus 
(HIV) vaccine immunogen designed to elicit cellular immune responses to 
HIV targets associated with viral control in humans. The AELIX-002 trial was 
a randomized, placebo-controlled trial to evaluate as a primary objective 
the safety of a combination of DNA.HTI (D), MVA.HTI (M) and ChAdOx1.
HTI (C) vaccines in 45 early-antiretroviral (ART)-treated individuals 
(44 men, 1 woman; NCT03204617). Secondary objectives included 
T-cell immunogenicity, the effect on viral rebound and the safety of an 
antiretroviral treatment interruption (ATI). Adverse events were mostly mild 
and transient. No related serious adverse events were observed. We show 
here that HTI vaccines were able to induce strong, polyfunctional and broad 
CD4 and CD8 T-cell responses. All participants experienced detectable viral 
rebound during ATI, and resumed ART when plasma HIV-1 viral load reached 
e it her > 10 0, 000 copies ml−1, > 10 ,000 copies ml−1 for eight consecutive 
weeks, or after 24 weeks of ATI. In post-hoc analyses, HTI vaccines were 
associated with a prolonged time off ART in vaccinees without beneficial 
HLA (human leukocyte antigen) class I alleles. Plasma viral load at the end of 
ATI and time off ART positively correlated with vaccine-induced HTI-specific 
T-cell responses at ART cessation. Despite limited efficacy of the vaccines 
in preventing viral rebound, their ability to elicit robust T-cell responses 
towards HTI may be beneficial in combination cure strategies, which are 
currently being tested in clinical trials.

Therapeutic vaccines designed to enhance human immunodeficiency 
virus (HIV)-specific T-cell immunity have been postulated to be a key 
component of any HIV cure strategy1. Different therapeutic vaccine 
candidates have been shown to be safe, immunogenic and able to 
induce broad and functional T- and B-cell immune responses2–5. How-
ever, no reduction in HIV-1 viral reservoirs, prevention of viral rebound 
or suppressed viremia off ART have been reported in randomized, 

placebo-controlled trials of vaccines, given alone or in combination 
with latency-reversing agents5–7.

One potential reason for these suboptimal trial outcomes may 
have been T-cell immunogen designs and the induction of virus-specific 
T-cell responses with ineffective or insufficient antiviral activity. To 
overcome this, HTI (HIVACAT T-cell immunogen)-based vaccines were 
designed to induce functional HIV-1-specific T-cell responses that were 
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at the peak immunogenicity timepoint was higher after DDDMM in 
vaccinees with pre-ART HTI-specific responses compared to those 
without any HTI-detectable responses before ART initiation (median 
(range) of 2,203 (460–3,200) versus 808 (60–1,595) SFCs per million 
PBMCs, Mann–Whitney t-test, P = 0.0380), these differences were no 
longer statistically significant at ATI initiation (median (range) of 795 
(165–2,705) versus 595 (50–980) SFCs per million PBMCs, Mann–Whit-
ney t-test, P = 0.1012; Extended Data Fig. 2b). To determine whether 
HTI vaccination was able to shift the focus of the virus-specific T cells, 
the percentage of HTI-specific T-cell frequencies divided by the total 
HIV-1 proteome-specific T-cell frequencies was calculated at each time-
point. At the time of ATI start, the median (range) of 14% (0–50) versus 
67% (0–100) of the total anti-HIV-1 T-cell response was HTI-specific in 
placebo and vaccine recipients, respectively (Mann–Whitney t-test 
P < 0.001; Fig. 2d).

To further characterize the vaccine-induced T cells, intracellular 
cytokine staining for IFN-γ, GranzymeB (GzmB), interleukin-2 (IL-2) and 
tumor necrosis factor-α (TNF-α) was performed in samples obtained 
four weeks after the last CCM or placebo vaccination (week 28) with or 

without in vitro stimulation with four different peptide pools covering 
the HTI immunogen. T-cell lineage, phenotype, activation and exhaus-
tion surface markers were included in the panel. The results showed 
that HTI-specific responses, defined as the sum of the HTI-IFN-γ+ popu-
lations for each of the four HTI peptide pool stimulations, were both 
CD4 and CD8 T-cell-mediated (Fig. 2e). Polyfunctionality analyses 
showed that, compared to placebo recipients, vaccinees had a higher 
frequency of bi and three-function CD8 T cells expressing IFN-γ/GzmB 
or IFN-γ/GzmB/TNF-α, whereas CD4 T cells predominantly expressed 
combinations of IL-2, IFN-γ and TNF-α (Fig. 2f). Importantly, and despite 
the intense vaccination regimen used in the study (DDDMM-CCM), 
T-cell exhaustion markers were not increased in HTI-specific T cells in 
vaccinees compared to placebo recipients after completing the last 
series of vaccination (Supplementary Table 5).

Finally, we measured the in vitro antiviral capacity of CD8+ T cells 
by a standard viral inhibition assay (VIA)17 using autologous CD4+ T cells 
infected with two laboratory-adapted HIV-1 strains (BaL (R5 tropic 
virus) and IIIB (X4 tropic virus)) as well as with the autologous HIV 
virus. Median (interquartile range (IQR)) percentages of inhibition 
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AELIX-002, lower pre-ART pVL was not associated with longer time 
to first detectable pVL during the ATI, but it was positively correlated 
with time off ART. Importantly, in exploratory multivariate models, 
the association of vaccination with extended time off ART remained 
statistically significant, even after accounting for participants’ levels 
of pre-ART viremia and CD4/CD8 ratio.

Different approaches have been developed to establish 
high-throughput assays to quantify the replication-competent viral res-
ervoir relevant for cure-related trials, including the IPDA assay, which 
allows measurement of genetically intact proviruses and excludes the 
majority of defective proviruses22,23. In AELIX-002, although the intact 
proviral HIV-1 DNA declined preferentially over time relative to total 
proviruses, we did not detect differences in the reservoir decay from 
baseline to ATI associated with therapeutic vaccination, suggesting that 

such a reduction reflected natural decay curves due to early treatment15. 
In contrast to others who have reported an association between a delay 
in viral rebound and lower intact proviral DNA levels after vesatolimod 
treatment in viremic controllers24, we did not detect any correlation 
between levels of intact proviral DNA and time to viral rebound in our 
early-treated population. Of note, seven (17%) participants that entered 
the ATI period had no detectable levels of intact HIV-1 proviruses at the 
time of ART cessation and yet experienced viral rebound during the ATI.

Despite the extended vaccination regimen used in AELIX-002, vac-
cinations were safe and well-tolerated, and safety profiles were com-
parable to other HIV vaccines using the same vector platforms both in 
HIV-negative25 or HIV-positive individuals2. No serious related AEs or lab-
oratory abnormalities were observed after either DDDMM or CCM vac-
cinations, including any suspected vaccine-induced immune thrombotic 
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Fig. 3 | ATI period. a,b, Individual HIV-1 pVL during the 24 weeks of ATI, shown 
for all placebo (blue) or vaccine (red) recipients (a) and in those without 
any beneficial HLA associated with spontaneous viral control (b). Lines are 
interrupted at the week of ART resumption. Dotted lines represent the detection 
limit and the two different virologic thresholds for ART resumption (10,000 and 
100,000 HIV-1 RNA copies per ml, respectively). c, Proportion of participants 
without any beneficial HLA allele associated with spontaneous viral control in the 

placebo and vaccine arms remaining off ART following treatment interruption. 
The log-rank test is used for comparison between groups over the entire ATI 
period. The proportion of participants, delta and 80% CI are shown for week 22 
of ATI, before the last two vaccine recipients resumed ART for COVID-19-related 
reasons without fulfilling any per-protocol virological criteria. pVL, plasma viral 
load; ART, antiretroviral treatment.
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Safety, immunogenicity and effect on viral 
rebound of HTI vaccines in early treated HIV-1 
infection: a randomized, placebo-controlled 
phase 1 trial

HIVACAT T-cell immunogen (HTI) is a novel human immunodeficiency virus 
(HIV) vaccine immunogen designed to elicit cellular immune responses to 
HIV targets associated with viral control in humans. The AELIX-002 trial was 
a randomized, placebo-controlled trial to evaluate as a primary objective 
the safety of a combination of DNA.HTI (D), MVA.HTI (M) and ChAdOx1.
HTI (C) vaccines in 45 early-antiretroviral (ART)-treated individuals 
(44 men, 1 woman; NCT03204617). Secondary objectives included 
T-cell immunogenicity, the effect on viral rebound and the safety of an 
antiretroviral treatment interruption (ATI). Adverse events were mostly mild 
and transient. No related serious adverse events were observed. We show 
here that HTI vaccines were able to induce strong, polyfunctional and broad 
CD4 and CD8 T-cell responses. All participants experienced detectable viral 
rebound during ATI, and resumed ART when plasma HIV-1 viral load reached 
e it her > 10 0, 000 copies ml−1, > 10 ,000 copies ml−1 for eight consecutive 
weeks, or after 24 weeks of ATI. In post-hoc analyses, HTI vaccines were 
associated with a prolonged time off ART in vaccinees without beneficial 
HLA (human leukocyte antigen) class I alleles. Plasma viral load at the end of 
ATI and time off ART positively correlated with vaccine-induced HTI-specific 
T-cell responses at ART cessation. Despite limited efficacy of the vaccines 
in preventing viral rebound, their ability to elicit robust T-cell responses 
towards HTI may be beneficial in combination cure strategies, which are 
currently being tested in clinical trials.

Therapeutic vaccines designed to enhance human immunodeficiency 
virus (HIV)-specific T-cell immunity have been postulated to be a key 
component of any HIV cure strategy1. Different therapeutic vaccine 
candidates have been shown to be safe, immunogenic and able to 
induce broad and functional T- and B-cell immune responses2–5. How-
ever, no reduction in HIV-1 viral reservoirs, prevention of viral rebound 
or suppressed viremia off ART have been reported in randomized, 

placebo-controlled trials of vaccines, given alone or in combination 
with latency-reversing agents5–7.

One potential reason for these suboptimal trial outcomes may 
have been T-cell immunogen designs and the induction of virus-specific 
T-cell responses with ineffective or insufficient antiviral activity. To 
overcome this, HTI (HIVACAT T-cell immunogen)-based vaccines were 
designed to induce functional HIV-1-specific T-cell responses that were 
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Abstract: Background: Pembrolizumab is an immune checkpoint inhibitor against programmed cell
death protein-1 (PD-1) approved for therapy in metastatic melanoma. PD-1 expression is associated
with a diminished functionality in HIV-1 specific-CD8+ T cells. It is thought that PD-1 blockade
could contribute to reinvigorate antiviral immunity and reduce the HIV-1 reservoir. Methods: Upon
metastatic melanoma diagnosis, an HIV-1-infected individual on stable suppressive antiretroviral
regimen was treated with pembrolizumab. A PET-CT was performed before and one year after
pembrolizumab initiation. We monitored changes in the immunophenotype and HIV-1 specific-CD8+

T-cell responses during 36 weeks of treatment. Furthermore, we assessed changes in the viral reservoir
by total HIV-1 DNA, cell-associated HIV-1 RNA, and ultrasensitive plasma viral load. Results:
Complete metabolic response was achieved after pembrolizumab treatment of metastatic melanoma.
Activated CD8+ T-cells expressing HLA-DR+/CD38+ transiently increased over the first nine weeks
of treatment. Concomitantly, there was an augmented response of HIV-1 specific-CD8+ T cells with
TNF production and poly-functionality, transitioning from TNF to an IL-2 profile. Furthermore,
a transient reduction of 24% and 32% in total HIV-1 DNA was observed at weeks 3 and 27, respectively,
without changes in other markers of viral persistence. Conclusions: These data demonstrate that
pembrolizumab may enhance the HIV-1 specific-CD8+ T-cell response, marginally a↵ecting the HIV-1
reservoir. A transient increase of CD8+ T-cell activation, TNF production, and poly-functionality
resulted from PD-1 blockade. However, the lack of sustained changes in the viral reservoir suggests
that viral reactivation is needed concomitantly with HIV-1-specific immune enhancement.

J. Clin. Med. 2019, 8, 2089; doi:10.3390/jcm8122089 www.mdpi.com/journal/jcm
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3.3. Functional Switch from TNF to IL-2 Profile in HIV-1 Specific-CD8+ T-Cell Responses after Pembrolizumab
Follow Up

By using a detailed functional profile of cytokine production based on TNF, IFN�, CD107a
surface expression, and IL-2 expression, we analyzed the evolution of HIV-1 Gag-specific CD8+

T-cell responses overtime (Figure 2D,E). Pembrolizumab raised the cell’s polyfunctionality, expressed
as any combination of two or more cytokines, from 28.7% at w0 to 78.2% at w36 (Figure 2D).
Regarding combinations of three cytokines, although we observed peaks at w3 (24.9%) and w9 (22.3%),
these combinations remained high until the end of the study. Indeed, detailed analyses showed a
transient increase driven by HIV-1 specific-CD8+ T-cells expressing TNF (TNF+) during the first nine
weeks of pembrolizumab treatment. Nonetheless, the TNF dominated profile switched to an IL-2
dominant profile (IL-2+ and IL-2+IFN�+) since w9 (Figure 2E). In the short-term e↵ect, we found an
augment of TNF expressing cells (TNF+) at w18+1, concomitant with a reduction in IL-2+ production
(Supplementary Materials Figure S1D,E). However, the combination IL-2+IFN�+ seems to start to
raise at this timepoint. These data contrast with those from polyclonal stimuli where no changes were
observed. Thus, the initial release of TNF by HIV-1 specific-CD8+ T cells is switched to an IL-2 release
profile in the long-term antiviral response.

3.4. Transient Decays of Total HIV-1 DNA

To monitor the perturbation in the HIV-1 CD4+ T-cell reservoir induced by pembrolizumab,
we measured viral persistence by HIV-1 DNA, ca-HIV-1 RNA, and usVL. For all the analyzed samples,
we detected total HIV-1 DNA with a median IQR of 1008 (862–1141) copies/million CD4+ T cells.
We detected transient decays in total HIV-1 DNA from 1080 to 820 copies per million CD4+ T cells
(24%) at w3, and 727 copies per million CD4+ T cells (32%) at w27 (Figure 3A). However, after each
reduction, the levels of total HIV-1 DNA recovered to values similar to those of the baseline. Moreover,
the expression of cell-associated unspliced HIV-1 RNA in CD4+ T cells was stable over time in all
samples with a median level of 40 (36–47) ratio (HIV/TBP) x 1000 (Figure 3A).J. Clin. Med. 2019, 8, x FOR PEER REVIEW 8 of 12 
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HIV-1 DNA (squares) and cell-associated HIV-1 RNA (circles) in CD4+ T cells, measured by ddPCR;
(B) ultrasensitive viral load in plasma (triangles). Open symbols represent determinations below the
limit of quantification.

In order to determine the e↵ect of pembrolizumab on HIV-1 reactivation, we measured HIV-1 RNA
by ultrasensitive viral load. We detected HIV-1 RNA in 50% of analyzed plasma samples. Interestingly,
rather than seeing the production of new virions, we observed a reduction of viremia below the limit
of detection (0.8 copies/mL) at w3 and w27 (Figure 3B). This decrease in HIV-1 RNA was concomitant
to the transient reduction of total HIV-1 DNA observed. When we evaluated the short-term e↵ect of
pembrolizumab at w18+1, we found levels of total HIV-1 DNA and ca-HIV-1 RNA within the same
magnitude than at w18 (Supplementary Materials Figure S1F). Thus, we found transient decreases of
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His CD4+ T-cell count was 544 cells/µL and plasma HIV-1 RNA was suppressed (<40 copies/mL).
The subject had never presented any AIDS-associated illness. Genotyping of HLA class I loci indicated
homozygosity for HLA-A*02, HLA-B*07, and HLA-C*07. HLA class II loci showed homozygosity for
HLA-DRB1*15, and HLA-DQB1*06.
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Longitudinal analysis in years of CD4+ T-cell count (blue circles) and HIV-1 viral load (red circles) 

Figure 1. Clinical follow-up and impact of pembrolizumab administration in an HIV-1-infected
individual on active antiretroviral treatment (ART) who developed metastatic melanoma;
(A) Longitudinal analysis in years of CD4+ T-cell count (blue circles) and HIV-1 viral load (red
circles) since HIV-1 diagnosis. Light orange area indicates the time on ART and dark orange area depicts
the time of pembrolizumab administration under ART. Blue arrow indicates melanoma diagnosis.
Top bar represents the cycles of pembrolizumab administrations and the biological samples that were
analyzed at 0, 3, 9, 18, 27, and 36 weeks. Black lines indicate measures in CD8+ T-cell immunophenotype,
total HIV-1 DNA, cell-associated (CA) HIV-1 RNA and, ultrasensitive viral load in plasma (HIV-1 RNA
(usVL); (B) coronal (left panel) and axial (right panel) images of positron emission tomography with
2-deoxy-2-(fluorine-18) fluoro-d-glucose integrated with computed tomography (18F-FDG PET/CT).
B1–B3 images depict the lesions before pembrolizumab administration (27 September 2016) by the
increased uptake of 18F-FDG in the right axillary lymphoid node and local soft tissue invasion in
pleura and osteoblastic spine metastasis. B4 and B5 panels show serial imaging after one year of
pembrolizumab administration (27 September 2017) of axial baseline and indicating sustained complete
metabolic response and the resolution of the lesions. For B1 to B5, white arrows indicate the localization
of the metastatic lesions of melanoma; (C) changes in total CD8+ T cells after the first pembrolizumab
administration in weeks; (D) changes in CD8+ T-cell subsets; (E) analysis of total CD8+ T cells expressing
HLA-DR+/CD38+; and (F) CD8+ T-cell subsets expressing HLA-DR+/CD38+. TN, naïve; TCM, central
memory; TTM, transitional memory; TEM, e↵ector memory; TE, e↵ector. Results are expressed as the
mean of two measurements. RAL, Raltegravir; TDF/FTC, truvada.
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Abstract: Background: Pembrolizumab is an immune checkpoint inhibitor against programmed cell
death protein-1 (PD-1) approved for therapy in metastatic melanoma. PD-1 expression is associated
with a diminished functionality in HIV-1 specific-CD8+ T cells. It is thought that PD-1 blockade
could contribute to reinvigorate antiviral immunity and reduce the HIV-1 reservoir. Methods: Upon
metastatic melanoma diagnosis, an HIV-1-infected individual on stable suppressive antiretroviral
regimen was treated with pembrolizumab. A PET-CT was performed before and one year after
pembrolizumab initiation. We monitored changes in the immunophenotype and HIV-1 specific-CD8+

T-cell responses during 36 weeks of treatment. Furthermore, we assessed changes in the viral reservoir
by total HIV-1 DNA, cell-associated HIV-1 RNA, and ultrasensitive plasma viral load. Results:
Complete metabolic response was achieved after pembrolizumab treatment of metastatic melanoma.
Activated CD8+ T-cells expressing HLA-DR+/CD38+ transiently increased over the first nine weeks
of treatment. Concomitantly, there was an augmented response of HIV-1 specific-CD8+ T cells with
TNF production and poly-functionality, transitioning from TNF to an IL-2 profile. Furthermore,
a transient reduction of 24% and 32% in total HIV-1 DNA was observed at weeks 3 and 27, respectively,
without changes in other markers of viral persistence. Conclusions: These data demonstrate that
pembrolizumab may enhance the HIV-1 specific-CD8+ T-cell response, marginally a↵ecting the HIV-1
reservoir. A transient increase of CD8+ T-cell activation, TNF production, and poly-functionality
resulted from PD-1 blockade. However, the lack of sustained changes in the viral reservoir suggests
that viral reactivation is needed concomitantly with HIV-1-specific immune enhancement.
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Highly active antiretroviral therapy (HAART) can suppress HIV replication to undetectable levels
in plasma, but it is unlikely to eradicate cellular reservoirs of virus. Immunotherapies that are
cytolytic may be useful adjuncts to drug therapies that target HIV replication. We have gener-
ated HIV-specific CD4+ and CD8+ T cells bearing a chimeric T-cell receptor (CD4!) composed of
the extracellular and transmembrane domain of human CD4 (which binds HIVgp120) linked to
the intracellular-! signaling chain of the CD3 T-cell receptor. CD4!-modified T cells can inhibit
viral replication, kill HIV-infected cells in vitro, and survive for prolonged periods in vivo. We
report the results of a phase II randomized trial of CD4! gene–modified versus unmodified T cells
in 40 HIV-infected subjects on HAART with plasma viral loads < 50 copies/ml. Serial analyses of
residual blood and tissue HIV reservoirs were done for 6 months postinfusion. No significant
between-group differences were noted in viral reservoirs following therapy. However, infusion
of gene-modified, but not unmodified, T cells was associated with a decrease from baseline in
HIV burden in two of four reservoir assays and a trend toward fewer patients with recurrent
viremia. Both groups experienced a treatment-related increase in CD4+ T-cell counts.
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highly active antiretroviral therapy

INTRODUCTION

Combination antiretroviral therapy can durably suppress
HIV-1 replication [1]. However, despite undetectable levels
of virus in plasma, replication-competent virus persists in
chronically infected, long-lived cellular reservoirs in all
patients [2–5]. Furthermore, drug-mediated suppression of
virus replication may be incomplete [5,6], and drug-resist-
ance mutations have been shown to develop in the absence
of sustained rebound of plasma viremia [7]. These obser-
vations indicate that antiretroviral therapy alone is unlikely
to eradicate HIV. Immune-based therapies that are cytolytic

and have the potential to eradicate reservoirs of chroni-
cally HIV-infected cells may be a useful adjunct to current
drug therapies that simply inhibit viral replication.

An effective immune response to chronic viral infec-
tions requires the expansion and maintenance of virus-spe-
cific CD4+ and CD8+ T lymphocytes. These cells are pres-
ent during early HIV infection and persist in some patients
who remain clinically stable for years (“long-term non-
progressors”) [8–10]. In contrast, HIV-specific immune
responses are absent in most patients with evidence of dis-
ease progression and fail to recover after the initiation of
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effective antiretroviral therapy
[11,12]. These data suggest that
virus-mediated destruction of the
anti-HIV cellular immune response
leads to disease progression and that
antiretroviral therapy alone may be
insufficient for reconstitution of an
effective immune response to HIV.

Adoptive transfer of virus-specific
expanded CD8+ T cells has shown
promise for the treatment of both
cytomegalovirus (CMV) [13] and
Epstein–Barr virus (EBV) [14,15]
infection. However, results in HIV
infection have been largely unsuc-
cessful [16–18]. This failure may be
due, in part, to difficulties in isolat-
ing and expanding major histocom-
patibility complex (MHC)–restricted
HIV-specific T cells from chronically
infected individuals. We therefore
developed a technique for rapid
generation of large numbers of HIV-
specific T cells using gene transfer
techniques to insert a chimeric T-
cell receptor, allowing for T-cell acti-
vation and signaling in an MHC-
unrestricted manner through the
chimeric receptor rather than the
native MHC-restricted CD3 T-cell
receptor complex. As described else-
where [19], we constructed an HIV-
targeting receptor using the trans-
membrane and extracellular
domains of human CD4 (which tar-
gets the gp120 component of HIV
expressed on the surface of HIV-
infected cells) and the !-subunit of
the CD3 T-cell receptor (the cyto-
plasmic domain involved in signal
transduction and T-cell activation).
In vitro, CD4!-modified T cells specif-
ically mediate the killing of HIV-
infected T cells [19] and suppress
viral replication in HIV-infected T-cell and macrophage cul-
tures [20]. During early phase I/II clinical studies, infusions
of CD4!-modified T cells from HIV-infected subjects (autol-
ogous cells) or identical twins of HIV-infected subjects (syn-
geneic cells) were well tolerated [21,22]. Gene-modified
CD4+ and CD8+ T cells were detected at relatively stable lev-
els in the circulation for as long as 42 weeks post infusion,
and trafficking to mucosal reservoirs of HIV was detected
in a subset of patients [21].

On the basis of these results, we undertook a random-
ized phase II study to determine the antiviral activity of
CD4!-modified CD4+ and CD8+ T cells. We selected

patients with undetectable plasma viremia because
immunotherapies, in general, have been shown to be most
effective in subjects with low disease burden [23]. This
hypothesis is further supported by observations that CD8+

T cells are capable of effectively suppressing HIV replica-
tion in latently infected CD4+ T-cell reservoirs in patients
whose viremia is controlled on HAART, but not in subjects
with substantial levels of plasma virus [24].

Because adoptive transfer of ex vivo–activated T cells
alone may have anti-HIV efficacy, we used unmodified T-
cell infusions as a control. Our primary objective was to
assess the antiviral efficacy of CD4!-modified T cells

TABLE 1: Baseline characteristics of patients in HIV-specific T-cell 
gene therapy study groups

Characteristic Gene modified Unmodified Pa

(n = 20) (N = 20)

Gender

Male 20 20
Female 0 0

Age (years)

Mean 39 43 0.18
Range (28, 54) (28, 59)

HIV infection (Years)

Mean 7.2 6.8 0.76
Range (1.2, 15) (1.5,18)

HAART therapy (Years)

Mean 1.5 1.7 0.27
Range (0.4, 3.0) (0.6, 3.0)

CD4+ count (cells/mm3)

Mean 409 435 0.60
95% CIb (345, 474) (366,505)

HIV coculture (log10 IUPMc)

Mean 1.67 1.65 0.91
95% CI (1.44, 1.90) (1.49, 1.82)
Percentage detectable at baseline 75 100

HIV DNA blood (log10 copies/"g DNA)

Mean –0.79 –0.77 0.92
95% CI (–1.08, –0.51) (–0.96, –0.59)
Percentage detectable at baseline 90 100

HIV DNA rectal (log10 copies/106 cells)

Mean 2.48 2.36 0.59
95% CI (2.21, 2.75) (2.03, 2.69)
Percentage detectable at baseline 100 90

HIV RNA rectal (log10 copies/"g mRNA)

Mean 1.41 1.40 0.97
95% CI (1.10, 1.72) (1.14, 1.66)
Percentage detectable at baseline 65 65

aP, test of significance (Wilcoxon).
bCI, confidence interval.
cIUPM, infectious units per million.

Phase II randomized trial of CD4 gene–modified versus 
unmodified T cells in 40 HIV-infected subjects on HAART with 
plasma viral loads < 50 copies/ml. 
Serial analyses of residual blood and tissue HIV reservoirs were 
done for 6 months postinfusion. 

No significant between-group differences were noted in viral 
reservoirs following therapy. 
Infusion of gene-modified, but not unmodified, T cells was 
associated with a decrease from baseline in HIV burden in two of 
four reservoir assays and a trend toward fewer patients with 
recurrent viremia 
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Introduction
Antiretroviral therapy (ART) significantly suppresses HIV-1 to an 
undetectable level in the blood, improves immune function, delays 
progression of the disease, and decreases mortality in patients 
infected with HIV-1 (1). However, some HIV-1 replication-compe-
tent proviruses comprise a latent reservoir, which is quite stable, 
with a half-life of 44 months, requiring nearly 73.4 years for com-
plete clearance (2, 3). In almost all individuals infected with HIV-1, 
plasma viral rebound predictably occurs within days after treatment 
interruption, resulting in the lifelong requirement for ART (4). To 

achieve durable suppression of viremia without daily therapy, var-
ious strategies have been proposed, including long-acting antiret-
roviral drugs (LA-ARVs), broadly neutralizing antibodies (bNAbs), 
and chimeric antigen receptor (CAR) T cells (5). In human clinical 
trials, viremic individuals who received bNAb therapies showed sig-
nificant reductions in viremia (6–8). Moreover, individuals infected 
with HIV-1 who received multiple infusions of VRC01 or 3BNC117, 
2 related bNAbs that target the CD4+ binding site on the HIV-1 enve-
lope (Env) spike, showed significant viral suppression for 5.6 or 9.9 
weeks, respectively, during analytical treatment interruption (ATI) 
of ART (9, 10). Furthermore, a combination therapy of 3BNC117 
and 10-1074 maintained the suppression of virus rebound for a 
median of 21 weeks (11). These findings suggest that immunothera-
py with CAR T cells, if HIV-1–specific and bNAb-derived, may also 
prevent virus rebound after ATI in individuals infected with HIV-1.

The CAR moiety is typically generated by coupling an anti-
body-derived, single-chain Fv domain to an intracellular T cell 
receptor zeta chain and costimulatory receptor-signaling domains. 
The clinical usage of CAR T cells resulted in complete remission 
in approximately 83% of patients with lymphocytic leukemia/lym-
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ART, and the engineered resistance to triple inhibitory receptors, 
including PD-1, Tim-3, and Lag-3, prevented CAR T cell exhaus-
tion and improved their efficacy in vivo (22, 27).

Here, we report the results of a phase I clinical trial to investi-
gate the effect of a single administration of bNAb-derived CAR T 
cells on virus rebound after the discontinuation of suppressive ART. 
We examined whether the adoptive transfer of bNAb-derived CAR 
T cells is safe and feasible, leads to long-term immune surveillance, 
and acts as a potential alternative to antiretroviral drugs to suppress 
viremia rebound after the discontinuation of ART.

Results
bNAb-derived CAR T cell treatment is safe and well tolerated. The 
clinical trial was divided into 4 parts: blood drawing and CAR T 
cell preparation, CAR T cell infusion, ATI, and ART reinitiation 
after viral rebound (Figure 1). The study enrolled 15 participants 
with chronic HIV-1 infection, all of whom were male, with a 

phoma (12). Compared with CAR T cells targeting tumor-associat-
ed antigens, such as CD19+ and CD20+, which are also expressed 
in normal B lymphocytes, the HIV-1–specific CAR T cells target 
the HIV-1 Env protein, which is only expressed on the surface of 
virus-producing cells (13–15). Previously, a strategy that fuses the 
extracellular domain of CD4+ with the intracellular domain of the 
CD3ζ chain (CD4ζ-CAR) was shown to be safe and feasible in indi-
viduals infected with HIV-1. However, the antiviral efficacy was 
modest, and durable control of viral replication in clinical trials was 
not observed (16–20). In recent years, third and fourth generation 
intracellular CAR moieties have been developed (12). Moreover, 
a number of preclinical studies on bNAb-derived HIV-1–specific 
CAR T cells, in vitro and in animal models, have shown the sup-
pression of viral replication or the reduction of virus-producing 
cells (21–26). In particular, we previously found that the VRC01-de-
rived CAR T cells effectively reduced the reactivated viral reservoir 
isolated from individuals infected with HIV-1 who were receiving 

Figure 1. Schematic of the clinical study. The clinical trial was divided into 4 parts: blood drawing and CAR T cell preparation, CAR T cell infusion, ATI, and 
ART reinitiation after viral rebound. The safety laboratory values and HIV-1 viral load were monitored at regular intervals throughout the study.

Table 1. Baseline clinical characteristics of enrolled participants

ID Age Sex Race Years since  
HIV-1 dx

Years since  
first ART

ART at  
screeningA

Reported CD4  
nadir

CD4 count  
(Scr)

HIV-1 RNA  
(cp/mL) (Scr)

Weeks to  
viral rebound

001 40 M Asian 7.4 7.5 TDF+3TC+RAL 272 551 <20 –
002 31 M Asian 4.0 3.9 TDF+3TC+EFV 267 842 <20 10
003 29 M Asian 2.1 2.1 TDF+3TC+DTG 342 407 <20 4
004 29 M Asian 4.8 4.6 AZT+3TC+EFV 160 416 <20 5
005 35 M Asian 6.6 4.0 TDF+3TC+EFV 343 441 <20 5
006 31 M Asian 6.7 4.4 TDF+3TC+LPV/r 52 620 <20 3
007 30 M Asian 4.8 4.6 TDF+3TC+EFV 277 597 <20 –
008 47 M Asian 5.5 5.6 TDF+3TC+EFV 253 709 <20 –
009 39 M Asian 9.4 5.7 TDF+3TC+EFV 211 440 <20 –
010 37 M Asian 7.1 4.7 3TC+LPV/r 83 693 <20 –
011 36 M Asian 4.0 3.9 TDF+3TC+EFV 63 380 <20
012 30 M Asian 7.4 2.8 TDF+3TC+EFV 285 729 <20 –
013 26 M Asian 3.1 3.1 TDF+3TC+EFV 378 467 <20 –
014 29 M Asian 3.5 3.5 TDF+3TC+EFV 353 752 <20 –
015 26 M Asian 2.1 1.8 TDF+3TC+EFV 465 684 <20 5
AAntiretroviral therapy was as follows: TDF, tenofovir disoproxil fumarate; AZT, zidovudine; 3TC, lamivudine; EFV, efavirenz; LPV/r, lopinavir/ritonavir;  
DTG, dolutegravir; RAL, raltegravir.
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Additionally, protective HLA-I alleles were detected in 6 
participants including 001 (B*58:01; B*27), 003 (B*52:01), 005 
(B*58:01; B*27), 010 (B*13:02), 013 (B*51), and 014 (B*51) (Sup-
plemental Table 7) (33). The durations of viral suppression in par-
ticipants 003 and 005 harboring protective HLA-B alleles were 4 
and 3 weeks, respectively. They did not show longer durations of 
viral rebound.

Long-term in vivo persistence of CAR T cell after adoptive transfer. 
In order to assess the duration of in vivo CAR T cell persistence, 
quantitative real-time PCR, using primers specific for the VRC01-
28BBz-shPTL CAR transgene, was performed on genomic DNA 
from various time points after CAR T cell infusions. As previously 
described, we also detected the in vivo persistence of CAR T cells 
at an earlier time in some patients (Figure 3A and Supplemental 
Figure 9) (34, 35). The peak level of modified CAR T cells detected 
was 5.7% to 0.5% among CD8+ T cells for the 14 patients imme-
diately after the infusions, and subsequently dropped to less than 
0.2% (Figure 3A and Supplemental Figure 9). Nevertheless, the 
modified CAR T cells were persistently detectable for more than 
44 weeks in all patients (Figure 3A).

To further assess the persistence of HIV-1 Env-specific CAR 
T cells after adoptive transfer, interferon gamma (IFN-γ) ELIS-
pot assays were performed by incubating the purified CD8+ T 
cells from participants infected with HIV-1 with the HIV-1NL4-3 
Env-expressing cell line at a 1:1 ratio without any additional anti-
genic peptide addition. As shown in Supplemental Figure 10, the 
numbers of IFN-γ–secreting T cells from all 14 participants after 
CAR T cell administrations were much higher than those from 
pre-CAR T cell treatment, suggesting that they could develop 
HIV-1 Env-specific but MHC-I–independent T cell responses after 
adoptive transfers. With the extension of the observation period 
to more than 30 weeks after CAR T cell administrations, although 
the numbers of IFN-γ–secreting T cells were decreased compared 

Meanwhile, as the ART was still used after the CAR T cell infu-
sions, the plasma HIV-1 levels in the non-ATI group were lower 
than the detection limit during the observation period.

To further analyze other relevant factors impacting viral 
rebound, we stratified the ART regimens at screening, 4 of the 6 
ATI participants (002, 004, 005, and 015) received NNRTI-con-
taining regimens (2 NRTI + 1 NNRTI) (Table 1). Their percentag-
es of virologic suppression (plasma viral load <200 copies/mL) 
after ATI were 100% and 25% at week 4 and week 8, respective-
ly. Correspondingly, the percentages of virologic suppression in 
historical control (n = 99) receiving NNRTI-containing regimens 
were 44% and 9% at week 4 and week 8, respectively, at the 
same viral load threshold (28). When we directly compared the 
proportions of virologic suppression in our study with historical 
control receiving NNRTI-containing regime by χ2 test and Fish-
er’s exact test, the results still showed a significantly higher pro-
portion of virologic suppression after CAR T administration in 
the NNRTI-receiving group than in historical control at week 4 (P 
< 0.0001) and week 8 (P < 0.0001) (Supplemental Figure 7). In 
participants 003 and 006, who were receiving non-NNRTI regi-
mens at screening, the plasma viral rebound occurred at week 4 
or week 3, respectively. Those receiving CAR T cell infusions on 
NNRTI background seemed to have a longer timing of virologic 
suppression. The reason might be associated to the prolonged 
half-life of NNRTIs. As the ATI cases are limited, we cannot con-
clude significant differences in durations of viral rebound among 
different ART regimes. When we compared the proportions of 
virologic suppression in our study (67% at week 4) to historical 
control by treatment during acute (28% at week 4, n = 32) or early 
infection (29% at week 4, n = 48), the results showed a signifi-
cantly higher proportion of virologic suppression than in either 
the acute (P < 0.0001) or early (P < 0.0001) treatment group 
(Supplemental Figure 8).

Figure 2. Plasma viremia after discontinuation of ART in patients infected with HIV-1. (A) Schematic representation of the lentiviral vectors carrying a 
gp120-specific CAR moiety containing CD28 and 4-1BB (CD137) costimulatory domains, followed by a herpes simplex virus-1 thymidine kinase (TK) and a trun-
cated CD19 gene as the suicide genes. A combination of shRNAs, including sh-PD-1, sh-Lag-3, and sh-Tim-3, for preventing exhaustion and increasing the in 
vivo persistence of CAR T cells, was inserted into the vector. (B) Plasma viremia of participants in the study after the ATI of ART (n = 6). The limit of detection 
of HIV-1 RNA level in this assay was 20 copies/mL. (C) Kaplan-Meier curve of plasma viral suppression (< 200 copies/mL) after ATI in the trial participants.
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ART, and the engineered resistance to triple inhibitory receptors, 
including PD-1, Tim-3, and Lag-3, prevented CAR T cell exhaus-
tion and improved their efficacy in vivo (22, 27).

Here, we report the results of a phase I clinical trial to investi-
gate the effect of a single administration of bNAb-derived CAR T 
cells on virus rebound after the discontinuation of suppressive ART. 
We examined whether the adoptive transfer of bNAb-derived CAR 
T cells is safe and feasible, leads to long-term immune surveillance, 
and acts as a potential alternative to antiretroviral drugs to suppress 
viremia rebound after the discontinuation of ART.

Results
bNAb-derived CAR T cell treatment is safe and well tolerated. The 
clinical trial was divided into 4 parts: blood drawing and CAR T 
cell preparation, CAR T cell infusion, ATI, and ART reinitiation 
after viral rebound (Figure 1). The study enrolled 15 participants 
with chronic HIV-1 infection, all of whom were male, with a 

phoma (12). Compared with CAR T cells targeting tumor-associat-
ed antigens, such as CD19+ and CD20+, which are also expressed 
in normal B lymphocytes, the HIV-1–specific CAR T cells target 
the HIV-1 Env protein, which is only expressed on the surface of 
virus-producing cells (13–15). Previously, a strategy that fuses the 
extracellular domain of CD4+ with the intracellular domain of the 
CD3ζ chain (CD4ζ-CAR) was shown to be safe and feasible in indi-
viduals infected with HIV-1. However, the antiviral efficacy was 
modest, and durable control of viral replication in clinical trials was 
not observed (16–20). In recent years, third and fourth generation 
intracellular CAR moieties have been developed (12). Moreover, 
a number of preclinical studies on bNAb-derived HIV-1–specific 
CAR T cells, in vitro and in animal models, have shown the sup-
pression of viral replication or the reduction of virus-producing 
cells (21–26). In particular, we previously found that the VRC01-de-
rived CAR T cells effectively reduced the reactivated viral reservoir 
isolated from individuals infected with HIV-1 who were receiving 

Figure 1. Schematic of the clinical study. The clinical trial was divided into 4 parts: blood drawing and CAR T cell preparation, CAR T cell infusion, ATI, and 
ART reinitiation after viral rebound. The safety laboratory values and HIV-1 viral load were monitored at regular intervals throughout the study.

Table 1. Baseline clinical characteristics of enrolled participants

ID Age Sex Race Years since  
HIV-1 dx

Years since  
first ART

ART at  
screeningA

Reported CD4  
nadir

CD4 count  
(Scr)

HIV-1 RNA  
(cp/mL) (Scr)

Weeks to  
viral rebound

001 40 M Asian 7.4 7.5 TDF+3TC+RAL 272 551 <20 –
002 31 M Asian 4.0 3.9 TDF+3TC+EFV 267 842 <20 10
003 29 M Asian 2.1 2.1 TDF+3TC+DTG 342 407 <20 4
004 29 M Asian 4.8 4.6 AZT+3TC+EFV 160 416 <20 5
005 35 M Asian 6.6 4.0 TDF+3TC+EFV 343 441 <20 5
006 31 M Asian 6.7 4.4 TDF+3TC+LPV/r 52 620 <20 3
007 30 M Asian 4.8 4.6 TDF+3TC+EFV 277 597 <20 –
008 47 M Asian 5.5 5.6 TDF+3TC+EFV 253 709 <20 –
009 39 M Asian 9.4 5.7 TDF+3TC+EFV 211 440 <20 –
010 37 M Asian 7.1 4.7 3TC+LPV/r 83 693 <20 –
011 36 M Asian 4.0 3.9 TDF+3TC+EFV 63 380 <20
012 30 M Asian 7.4 2.8 TDF+3TC+EFV 285 729 <20 –
013 26 M Asian 3.1 3.1 TDF+3TC+EFV 378 467 <20 –
014 29 M Asian 3.5 3.5 TDF+3TC+EFV 353 752 <20 –
015 26 M Asian 2.1 1.8 TDF+3TC+EFV 465 684 <20 5
AAntiretroviral therapy was as follows: TDF, tenofovir disoproxil fumarate; AZT, zidovudine; 3TC, lamivudine; EFV, efavirenz; LPV/r, lopinavir/ritonavir;  
DTG, dolutegravir; RAL, raltegravir.
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of virus in 2 animals lends credence to our approach as being a
reasonable strategy to achieve durable ART-free remission of HIV-1
in infectedpatients, whereas theother 2 animals highlight the ability
of exhausted anti-HIV CAR T cells to respond favorably to check-
point blockade following exhaustion. This is the first report of
exogenous antigenboosting and immune checkpoint blockade to
expand anti-HIV CAR T cells in an NHP model. The clinical
implementation of our K562 cell line–based antigen boosting
approach could present regulatory challenges. However, analo-
gous approaches to deliver Env antigens (eg, utilizing various
nanoparticle-based strategies) have shown marked successes in
recent clinical trials (reviewed by Anselmo and Mitragotri62). Fur-
thermore, using recombinant protein and RNA-based antigen
delivery, similar boosting approaches have recently been described

for CAR T cells directed against solid tumors in mouse models.25,63

Our results are consistent with these data, indicating that similar
strategies may also be required for malignant targets in which in-
sufficient antigen is a primary barrier to efficacy.64-66 Additional
research will also be necessary to merge immune checkpoint
blockade with CAR T-cell therapies in clinical studies. Clinical trials
combining cancer-specific CAR T cells and immune checkpoint
blockade require substantially greater study. The reversal of T-cell
exhaustion following antibody-based PD-1 blockade in our study
was transient andmay not protect against latently infected cells that
recrudesce months or years after withdrawal of suppressive ART.
Notably, further development of CAR T-cell gene-editing ap-
proaches (eg, to directly inactivate PD-1 expression) are highly
promising and feasible in patients.67
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Figure 5. ART-free suppression of SHIV viremia followingCD4CART-cell therapy. In each panel, animal A15104 is blue, A15112 is green, A15106 is purple, and A15108 is red.
(A) Longitudinal plasma viral loads in animal A15104 and animal A15112 (Group 1) and animal A15106 and animal A15108 (Group 2). Gray boxes represent the.1 year duration of
ART suppression. (B) Time to detectable SHIV rebound after ART withdrawal. Colored circles correspond to color codes in panel A. Black circles represent control animals that
were infected with the same SHIV and suppressed for.1 year but did not receive CAR T cells or Env boost (P5 .014 calculated by using the Mann-Whitney test). (C) Overlays of
plasma viral load and total CAR T-cell frequency for each animal. Stars indicate plasma viral load values detected only in 1 of 2 assay replicates, and horizontal dotted line
indicates limit of detection for plasma viral load assay (30 copies/mL). Detectable rebound is defined as a sample with a value.30 copies/mL in both replicate polymerase chain
reaction reactions. In panels A and C, white circles represent CD4CAR T-cell administration; gray circles, Env boosting; and black circles, ART withdrawal.
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KEY PO INT S

l Exogenous cell-based
antigen overcomes
endogenous low-
antigen conditions to
boost virus-specific
CAR T cells in vivo.

l CAR T cells can control
viral replication after
ART withdrawal and
can be reactivated by
anti–PD-1
administration.

Chimeric antigen receptor (CAR) T cells targeting CD191 hematologic malignancies have
rapidly emerged as a promising, novel therapy. In contrast, results from the few CAR T-cell
studies for infectious diseases such as HIV-1 have been less convincing. These challenges
are likely due to the low level of antigen present in antiretroviral therapy (ART)-suppressed
patients in contrast to those with hematologic malignancies. Using our well-established
nonhuman primate model of ART-suppressed HIV-1 infection, we tested strategies to
overcome these limitations and challenges. We first optimized CAR T-cell production to
maintain central memory subsets, consistent with current clinical paradigms. We hy-
pothesized that additional exogenous antigen might be required in an ART-suppressed
setting to aid expansion and persistence of CAR T cells. Thus, we studied 4 simian/HIV-
infected, ART-suppressed rhesus macaques infused with virus-specific CD4CAR T cells,
followed by supplemental infusion of cell-associated HIV-1 envelope (Env). Env boosting
led to significant and unprecedented expansion of virus-specific CAR1 T cells in vivo; after

ART treatment interruption, viral rebound was significantly delayed compared with controls (P 5 .014). In 2 animals
with declining CAR T cells, rhesusized anti–programmed cell death protein 1 (PD-1) antibody was administered to
reverse PD-1–dependent immune exhaustion. Immune checkpoint blockade triggered expansion of exhausted CAR
T cells and concordantly lowered viral loads to undetectable levels. These results show that supplemental cell-
associated antigen enables robust expansion of CAR T cells in an antigen-sparse environment. To our knowledge,
this is the first study to show expansion of virus-specific CAR T cells in infected, suppressed hosts, and delay/control of
viral recrudescence. (Blood. 2020;136(15):1722-1734)

Introduction
The most successful chimeric antigen receptor (CAR) T cells
described to date are directed toward antigen-abundant targets
such as CD191 leukemia cells.1-3 In contrast, anti-HIV CAR T cells
are limited by insufficient viral antigen during suppressive anti-
retroviral therapy (ART), leading to inefficient activation, expan-
sion, and function.4-6 CAR T cells were originally characterized as a
potential therapeutic for HIV cure in human patients nearly 3
decades ago.4,5 Although these trials showed the long-term safety
and persistence of infused CAR T cells, no substantive expansion
or reduction in virologic status was observed.6

Recent advances in CAR T cells for the treatment of hematologic
malignancies (eg, as directed against the B-cell antigen CD19) have
aided in the optimization of CAR T-cell design, manufacturing, and

requirements for expansion and function.2,3 Notably, CD19 CAR
T-cell expansion and effector function are driven by an abundance
of CD191 tumor cells and high levels of surface-expressed antigen
per cell, numbering between thousands and tens of thousands of
molecules per cell depending on the leukemia.7 In stark contrast,
HIV-infected cells in ART-suppressed patients are exceedingly
rare, express significantly less viral antigen, and may reside pre-
dominantly in secondary lymphoid tissues, the gut, and the central
nervous system.8-11 Similar barriers likely contribute to the limited
success of novel CAR T-cell products directed against other
malignancies, namely solid tumors.12,13

We have developed a model of ART-suppressed HIV-1 infection
in rhesus macaques that is ideally suited to overcome limitations
associated with low-antigen targets for CAR T-cell therapies. We

1722 blood® 8 OCTOBER 2020 | VOLUME 136, NUMBER 15 © 2020 by The American Society of Hematology

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/136/15/1722/1760635/bloodbld2020006372.pdf by guest on 23 M

ay 2024

Blood 2020

In an in vivo assay using nonhuman primates, CD4+ CAR-T cells 
were genetically modified to knock out the CCR5 gene in order to 
protect the CAR-T cells from simian HIV (SHIV) infection 
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Multispecific anti-HIV duoCAR-T cells display broad 
in vitro antiviral activity and potent in vivo elimination 
of HIV-infected cells in a humanized mouse model
Kim Anthony-Gonda1*, Ariola Bardhi2*, Alex Ray2, Nina Flerin2, Mengyan Li2, Weizao Chen3, 
Christina Ochsenbauer4, John C. Kappes4,5, Winfried Krueger1, Andrew Worden1, 
Dina Schneider1, Zhongyu Zhu1, Rimas Orentas1†, Dimiter S. Dimitrov6‡,  
Harris Goldstein2‡, Boro Dropulić1‡

Adoptive immunotherapy using chimeric antigen receptor–modified T cells (CAR-T) has made substantial contri-
butions to the treatment of certain B cell malignancies. Such treatment modalities could potentially obviate the 
need for long-term antiretroviral drug therapy in HIV/AIDS. Here, we report the development of HIV-1–based 
lentiviral vectors that encode CARs targeting multiple highly conserved sites on the HIV-1 envelope glycoprotein 
using a two-molecule CAR architecture, termed duoCAR. We show that transduction with lentiviral vectors encoding 
multispecific anti-HIV duoCARs confer primary T cells with the capacity to potently reduce cellular HIV infection by 
up to 99% in vitro and >97% in vivo. T cells are the targets of HIV infection, but the transduced T cells are protected 
from genetically diverse HIV-1 strains. The CAR-T cells also potently eliminated PBMCs infected with broadly neutral-
izing antibody-resistant HIV strains, including VRC01/3BNC117-resistant HIV-1. Furthermore, multispecific anti- 
HIV duoCAR-T cells demonstrated long-term control of HIV infection in vivo and prevented the loss of CD4+ T cells 
during HIV infection using a humanized NSG mouse model of intrasplenic HIV infection. These data suggest that multi-
specific anti-HIV duoCAR-T cells could be an effective approach for the treatment of patients with HIV-1 infection.

INTRODUCTION
Adoptive immunotherapy using chimeric antigen receptor–modified 
T cells (CAR-T) has shown extraordinary success for the treatment 
of refractory B cell malignancies that express CD19, CD20, or CD22 
antigens (1–3). In contrast, past attempts using first-generation 
HIV-specific CAR-T cells for the treatment of HIV/AIDS were 
unsuccessful in humans despite demonstration of long-term per-
sistence of gene-modified T cells in HIV-positive patients (4–7). 
HIV infection of susceptible cells such as CD4+ T cells or macro-
phages is initiated by binding of the gp120 HIV envelope (Env) glyco-
protein to the CD4 receptor, which triggers conformational changes in 
Env that enable it to bind to CCR5 or CXCR4 proteins expressed on 
the surface of susceptible cells, penetrate the cell, and activate the 
HIV replication program (8).

The application of immunotherapeutic strategies to treat HIV 
infection has been limited by factors unique to HIV infection 
including the high mutation rate of reverse transcriptase, which 
enables the rapid emergence of immune escape variants mutated in 
HIV envelope–specific epitopes (9) and recurrence of viremia (10). 
First-generation anti-HIV CAR approaches used the extracellular 

region of the CD4 receptor as the targeting domain coupled with 
the CD3z T cell signaling domain to kill productively HIV-infected 
cells. However, it was revealed later that CD4-based CARs render 
the gene-modified T cells susceptible to HIV infection (11, 12). To 
overcome this limitation, several strategies to improve HIV-specific 
CAR-T cells were tested, including design of bispecific CAR-T cells 
(11), or CAR-T cells expressing a CD4z CAR in combination with 
either a gp41-derived fusion inhibitor (12) or CCR5 ablation (13). 
Moreover, anti-HIV CARs have been reengineered with 4-1BB or 
CD28 costimulatory signaling motifs to improve their in vivo 
persistence (14) and potency when combined with soluble broadly 
neutralizing antibodies (bNAbs) that recognize nonredundant 
gp120/gp41 epitopes (11, 13, 15, 16).

An alternative approach to using the extracellular region of the 
CD4 receptor for targeting the HIV envelope glycoprotein is a single- 
chain variable fragment (scFv) derived from bNAbs. However, one 
major drawback to developing bNAb-based CARs has been that 
their scFv antigen-binding domain generally requires further engi-
neering to account for reduced therapeutic effectiveness (17), and 
unlike the CD4 receptor, a single bNAb cannot fully neutralize all HIV 
isolates (18, 19). Recent clinical trials using bNAb monotherapies with 
VRC01, 3BNC117, or 10-1074 led to viral rebound upon antiretroviral 
therapy (ART) interruption in people with chronic HIV infection, but 
an antibody composed of multiple envelope-specific scFvs showed 
improved protection in a simian/human immunodeficiency virus  
macaque model (20–24). We recently reported that a hexavalent fusion 
protein consisting of an scFv-derived heavy chain–only domain, m36.4, 
which targets the highly conserved CD4-induced (CD4i) gp120 
co-receptor binding site, and mD1.22, an engineered mutant of the D1 
extracellular domain of CD4, mediates potent and broad in vitro and 
in vivo suppression of HIV infection in a humanized mouse model 
of HIV infection, where human HIV-infected and CAR-T cells are 
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Microbiology and Immunology and Pediatrics, Albert Einstein College of Medicine, 
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(D134D) fused together in a different orientation and without the 
CD3z T cell signaling motif on the C46 peptide. Therefore, the 
membrane-anchored C46 peptide should lack effector function.

Multispecific anti-HIV duoCARs are efficiently expressed 
on the surface of primary human T cells
Previously, we have shown that HIV-1–based LVs safely and effi-
ciently deliver an HIV-specific genetic payload to primary human 

T cells for the treatment of HIV-1–infected patients (5, 40–43). To 
test whether anti-HIV CARs could be efficiently delivered and ex-
pressed on the surface of primary T cells by LVs, we transduced 
HIV-naïve CD4+ and CD8+ T cells with the anti-HIV CAR LVs and 
evaluated the cells for CAR expression by flow cytometry detecting 
either the mD1.22 domain (Fig. 2A) or the C46 peptide (Fig. 2B). A 
figure exemplifying the gating strategy is provided in fig. S1. For 
monospecific and bispecific CAR-T cells, expression was determined 

Fig. 1. Illustration of the multispecific anti-HIV CAR architecture. (A) Gene structure of multispecific anti-HIV CARs encoded by LVs. The term monospecific, bispecific, or 
trispecific refers to the total number of binding specificities contained in the CAR molecule(s) within a single construct. For simplicity, each anti-HIV binder is assigned a number. For 
instance, mD1.22 = 1, m36.4 = 3, and C46 peptide = 4. The term monoCAR (M; one-molecule CAR architecture) or duoCAR (D; two-molecule CAR architecture) refers to the number 
of CAR molecules encoded by an LV and expressed in a single cell. For instance, a monoCAR containing the mD1.22 domain is referred to as M1, or a duoCAR containing the 
mD1.22 and m36.4 domains is called D13. An illustration of the Env gp120/gp41 trimer and putative target sites for each anti-HIV binder is shown on the right. (B) Cartoon illustra-
tion of each anti-HIV CAR used in the study. Monospecific CARs contain either mD1.22 (1) or m36.4 (3) fused to a CD8 ectodomain (EC), CD8 transmembrane domain (TM), 4-1BB 
costimulatory domain, and CD3z T cell signaling chain to form M1 or M3, respectively. The conventional bispecific CAR contains mD1.22 fused to m36.4 via a 3xG4S motif to form a 
one-molecule CAR construct (M13). The bispecific duoCAR contains the mD1.22-CAR and m36.4-CAR coexpressed in T cells using a two-molecule architecture (D13). In another 
iteration, the D134D construct contains the bispecific CAR (M13) in addition to the C46 peptide that is anchored to the T cell membrane but does not contain a CD3z T cell signaling 
chain (4D). Last, the trispecific duoCARs contain three specificities across two CAR molecules within a single cell. The first CAR contains the C46 peptide (4) fused to the N terminus 
of the mD1.22 (1) domain via a 3xG4S or 5xG4S linker (designated “S” for short or “L” for long) and a second CAR containing the m36.4 domain (3) to form D413S or D413L, respectively.
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lentiviral vectors that encode CARs targeting multiple highly conserved sites on the HIV-1 envelope glycoprotein 
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up to 99% in vitro and >97% in vivo. T cells are the targets of HIV infection, but the transduced T cells are protected 
from genetically diverse HIV-1 strains. The CAR-T cells also potently eliminated PBMCs infected with broadly neutral-
izing antibody-resistant HIV strains, including VRC01/3BNC117-resistant HIV-1. Furthermore, multispecific anti- 
HIV duoCAR-T cells demonstrated long-term control of HIV infection in vivo and prevented the loss of CD4+ T cells 
during HIV infection using a humanized NSG mouse model of intrasplenic HIV infection. These data suggest that multi-
specific anti-HIV duoCAR-T cells could be an effective approach for the treatment of patients with HIV-1 infection.
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antigens (1–3). In contrast, past attempts using first-generation 
HIV-specific CAR-T cells for the treatment of HIV/AIDS were 
unsuccessful in humans despite demonstration of long-term per-
sistence of gene-modified T cells in HIV-positive patients (4–7). 
HIV infection of susceptible cells such as CD4+ T cells or macro-
phages is initiated by binding of the gp120 HIV envelope (Env) glyco-
protein to the CD4 receptor, which triggers conformational changes in 
Env that enable it to bind to CCR5 or CXCR4 proteins expressed on 
the surface of susceptible cells, penetrate the cell, and activate the 
HIV replication program (8).

The application of immunotherapeutic strategies to treat HIV 
infection has been limited by factors unique to HIV infection 
including the high mutation rate of reverse transcriptase, which 
enables the rapid emergence of immune escape variants mutated in 
HIV envelope–specific epitopes (9) and recurrence of viremia (10). 
First-generation anti-HIV CAR approaches used the extracellular 

region of the CD4 receptor as the targeting domain coupled with 
the CD3z T cell signaling domain to kill productively HIV-infected 
cells. However, it was revealed later that CD4-based CARs render 
the gene-modified T cells susceptible to HIV infection (11, 12). To 
overcome this limitation, several strategies to improve HIV-specific 
CAR-T cells were tested, including design of bispecific CAR-T cells 
(11), or CAR-T cells expressing a CD4z CAR in combination with 
either a gp41-derived fusion inhibitor (12) or CCR5 ablation (13). 
Moreover, anti-HIV CARs have been reengineered with 4-1BB or 
CD28 costimulatory signaling motifs to improve their in vivo 
persistence (14) and potency when combined with soluble broadly 
neutralizing antibodies (bNAbs) that recognize nonredundant 
gp120/gp41 epitopes (11, 13, 15, 16).

An alternative approach to using the extracellular region of the 
CD4 receptor for targeting the HIV envelope glycoprotein is a single- 
chain variable fragment (scFv) derived from bNAbs. However, one 
major drawback to developing bNAb-based CARs has been that 
their scFv antigen-binding domain generally requires further engi-
neering to account for reduced therapeutic effectiveness (17), and 
unlike the CD4 receptor, a single bNAb cannot fully neutralize all HIV 
isolates (18, 19). Recent clinical trials using bNAb monotherapies with 
VRC01, 3BNC117, or 10-1074 led to viral rebound upon antiretroviral 
therapy (ART) interruption in people with chronic HIV infection, but 
an antibody composed of multiple envelope-specific scFvs showed 
improved protection in a simian/human immunodeficiency virus  
macaque model (20–24). We recently reported that a hexavalent fusion 
protein consisting of an scFv-derived heavy chain–only domain, m36.4, 
which targets the highly conserved CD4-induced (CD4i) gp120 
co-receptor binding site, and mD1.22, an engineered mutant of the D1 
extracellular domain of CD4, mediates potent and broad in vitro and 
in vivo suppression of HIV infection in a humanized mouse model 
of HIV infection, where human HIV-infected and CAR-T cells are 
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duoCARs. Together, we demonstrate 
that candidate multispecific anti-HIV 
duoCAR-T cells persist and continuously 
suppress in vivo HIV infection for up to 
30 days in mice after the initiation of 
infection while mitigating CD4+ T cell 
depletion during this period.

DISCUSSION
The major obstacles for developing curative therapies for HIV/
AIDS are the HIV latent reservoir and viral escape. Passive immuno-
therapies using a cocktail of bNAbs or engineered multivalent anti-
bodies directed against the HIV envelope have shown improved 
neutralization, breadth, and protection in vivo (18, 24, 25, 48) but 
lack long-term effects. Genetic modification of T cells by LVs 
(5, 40–43) that express molecules to generate anti-HIV CAR-T cells 
(11–16) represents an approach that may enable long-term control 
of viral load in the absence of ART, due to the known long-term 
persistence and immunosurveillance properties of T cells (33).

In this study, we developed a collection of LVs encoding conven-
tional and multispecific anti-HIV duoCARs. The goal of our study 
was to identify the most favorable architecture where multispecific 
anti-HIV CARs would have their most potent and broad anti-HIV 

effects for translation into the clinic. We hypothesized that the duoCAR 
architecture was important for sequential binding of epitopes, such 
as the co-receptor binding site, that becomes exposed after initial 
binding to the HIV envelope protein. We interrogated several putative 
constructs expressed by primary T cells using the duoCAR architecture 
and identified candidates that potently eliminated HIV-infected 
cells (up to 99% or more) in vitro. These studies identified that mul-
tiple binders targeting the HIV envelope were better than single 
targeting. The advantage of the duoCAR approach was demonstrated 
when gene-modified primary T cells were challenged with bNAb- 
resistant viruses, where anti-HIV duoCAR-T cells consistently dis-
played increased HIV inhibitory activity as a result of elimination of 
HIV-infected cells as compared to conventional monoCAR-T cells 
in vitro and in vivo. Furthermore, these CARs displayed very broad 

Fig. 8. Multispecific anti-HIV duoCAR-T cells 
display potent in vivo HIV-1 suppression and 
mitigate CD4+ T cell loss during persistent in-
fection. In vivo efficacy of bispecific and trispecific 
anti-HIV duoCAR-T cells against PBMCs infected 
with C.Du422.1-IMC virus after (A) 7 days and 
(B) 30 days of HIV-1 infection. Mice were intra-
splenically injected with 5 × 106 total CAR-T cells 
and 1 × 107 HIV-infected PBMCs on day 0. (C and 
D) Percentage of human CD4+ T cells detected 
by flow cytometry in the spleens of HIV-infected 
mice treated with UTD T cell control or duoCAR-T 
cells after (C) 7 days and (D) 30 days of HIV-1 in-
fection. (E and F) Percentage of human CD8+ T cells 
detected by flow cytometry in the spleens of 
HIV-1 infected mice treated with UTD T cell con-
trol or duoCAR-T cells after (E) 7 days and (F) 
30 days of HIV-1 infection. (G and H) Detection 
of duoCAR-T cells in HIV-infected spleens after 
(G) 7 days and (H) 30 days of HIV-1 infection. 
DuoCAR-T cells were detected in the spleens of 
HIV-infected cohorts by cFrag qPCR. For the 
7-day HIV study, two different donors were used 
to generate CAR-T cells. The error bars represent 
±SD (n = 9 mice for HIV-infected groups treated 
with UTD T cell control or CAR-T cells; n = 4 mice 
for the HIV-neg PBMC group). For the 30-day HIV 
infection study, the experiment was performed 
using one donor to generate CAR-T cells. The 
error bars represent ±SD (n = 5 mice for HIV- 
infected groups treated with UTD T cell control 
or CAR-T cells; n = 2 mice for the HIV-negative 
PBMC group). Statistical analysis was performed 
by one-way ANOVA followed by Tukey’s posttest 
analysis. Significance is considered P < 0.05, and 
only significant P values are plotted.
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infection while mitigating CD4+ T cell 
depletion during this period.

DISCUSSION
The major obstacles for developing curative therapies for HIV/
AIDS are the HIV latent reservoir and viral escape. Passive immuno-
therapies using a cocktail of bNAbs or engineered multivalent anti-
bodies directed against the HIV envelope have shown improved 
neutralization, breadth, and protection in vivo (18, 24, 25, 48) but 
lack long-term effects. Genetic modification of T cells by LVs 
(5, 40–43) that express molecules to generate anti-HIV CAR-T cells 
(11–16) represents an approach that may enable long-term control 
of viral load in the absence of ART, due to the known long-term 
persistence and immunosurveillance properties of T cells (33).

In this study, we developed a collection of LVs encoding conven-
tional and multispecific anti-HIV duoCARs. The goal of our study 
was to identify the most favorable architecture where multispecific 
anti-HIV CARs would have their most potent and broad anti-HIV 

effects for translation into the clinic. We hypothesized that the duoCAR 
architecture was important for sequential binding of epitopes, such 
as the co-receptor binding site, that becomes exposed after initial 
binding to the HIV envelope protein. We interrogated several putative 
constructs expressed by primary T cells using the duoCAR architecture 
and identified candidates that potently eliminated HIV-infected 
cells (up to 99% or more) in vitro. These studies identified that mul-
tiple binders targeting the HIV envelope were better than single 
targeting. The advantage of the duoCAR approach was demonstrated 
when gene-modified primary T cells were challenged with bNAb- 
resistant viruses, where anti-HIV duoCAR-T cells consistently dis-
played increased HIV inhibitory activity as a result of elimination of 
HIV-infected cells as compared to conventional monoCAR-T cells 
in vitro and in vivo. Furthermore, these CARs displayed very broad 

Fig. 8. Multispecific anti-HIV duoCAR-T cells 
display potent in vivo HIV-1 suppression and 
mitigate CD4+ T cell loss during persistent in-
fection. In vivo efficacy of bispecific and trispecific 
anti-HIV duoCAR-T cells against PBMCs infected 
with C.Du422.1-IMC virus after (A) 7 days and 
(B) 30 days of HIV-1 infection. Mice were intra-
splenically injected with 5 × 106 total CAR-T cells 
and 1 × 107 HIV-infected PBMCs on day 0. (C and 
D) Percentage of human CD4+ T cells detected 
by flow cytometry in the spleens of HIV-infected 
mice treated with UTD T cell control or duoCAR-T 
cells after (C) 7 days and (D) 30 days of HIV-1 in-
fection. (E and F) Percentage of human CD8+ T cells 
detected by flow cytometry in the spleens of 
HIV-1 infected mice treated with UTD T cell con-
trol or duoCAR-T cells after (E) 7 days and (F) 
30 days of HIV-1 infection. (G and H) Detection 
of duoCAR-T cells in HIV-infected spleens after 
(G) 7 days and (H) 30 days of HIV-1 infection. 
DuoCAR-T cells were detected in the spleens of 
HIV-infected cohorts by cFrag qPCR. For the 
7-day HIV study, two different donors were used 
to generate CAR-T cells. The error bars represent 
±SD (n = 9 mice for HIV-infected groups treated 
with UTD T cell control or CAR-T cells; n = 4 mice 
for the HIV-neg PBMC group). For the 30-day HIV 
infection study, the experiment was performed 
using one donor to generate CAR-T cells. The 
error bars represent ±SD (n = 5 mice for HIV- 
infected groups treated with UTD T cell control 
or CAR-T cells; n = 2 mice for the HIV-negative 
PBMC group). Statistical analysis was performed 
by one-way ANOVA followed by Tukey’s posttest 
analysis. Significance is considered P < 0.05, and 
only significant P values are plotted.
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Targeting HIV infected cells

A key factor makes CAR-T cell therapies more successful in the blood cancer 
scenario. 

Blood malignancies are characterized by uncontrolled multiplication of the 
target cell, which translates into an enormous amount of antigen, and this 
makes the cell more easily accessible for the CAR-T cells to elicit a cytotoxic 
response. 

In contrast, the fact that the amount of antigen in people with HIV on cART is 
lower requires a more greatly target-specific approach to CAR-T cell therapy. 
In a context of suppressive cART therapy, HIV-infected cells are mostly 
transcriptionally silent, and this translates into minimal amounts of available 
targets for CAR-T cells. 
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ABSTRACT
Despite the advent of combined antiretroviral therapy (cART), the persistence of viral reservoirs remains a major barrier to cur-
ing human immunodeficiency virus type 1 (HIV-1) infection. Recently, the shock and kill strategy, by which such reservoirs are
eradicated following reactivation of latent HIV-1 by latency-reversing agents (LRAs), has been extensively practiced. It is impor-
tant to reestablish virus-specific and reliable immune surveillance to eradicate the reactivated virus-harboring cells. In this re-
port, we attempted to reach this goal by using newly developed chimeric antigen receptor (CAR)-T cell technology. To generate
anti-HIV-1 CAR-T cells, we connected the single-chain variable fragment of the broadly neutralizing HIV-1-specific antibody
VRC01 to a third-generation CAR moiety as the extracellular and intracellular domains and subsequently transduced this into
primary CD8! T lymphocytes. We demonstrated that the resulting VC-CAR-T cells induced T cell-mediated cytolysis of cells
expressing HIV-1 Env proteins and significantly inhibited HIV-1 rebound after removal of antiviral inhibitors in a viral infectiv-
ity model in cell culture that mimics the termination of the cART in the clinic. Importantly, the VC-CAR-T cells also effectively
induced the cytolysis of LRA-reactivated HIV-1-infected CD4! T lymphocytes isolated from infected individuals receiving sup-
pressive cART. Our data demonstrate that the special features of genetically engineered CAR-T cells make them a particularly
suitable candidate for therapeutic application in efforts to reach a functional HIV cure.

IMPORTANCE
The presence of latently infected cells remains a key obstacle to the development of a functional HIV-1 cure. Reactivation of dor-
mant viruses is possible with latency-reversing agents, but the effectiveness of these compounds and the subsequent immune
response require optimization if the eradication of HIV-1-infected cells is to be achieved. Here, we describe the use of a chimeric
antigen receptor, comprised of T cell activation domains and a broadly neutralizing antibody, VRC01, targeting HIV-1 to treat
the infected cells. T cells expressing this construct exerted specific cytotoxic activity against wild-type HIV-1-infected cells, re-
sulting in a dramatic reduction in viral rebound in vitro, and showed persistent effectiveness against reactivated latently infected
T lymphocytes from HIV-1 patients receiving combined antiretroviral therapy. The methods used in this study constitute an
improvement over existing CD4-based CAR-T technology and offer a promising approach to HIV-1 immunotherapy.

HIV-1 replication can be efficiently suppressed with combined
antiretroviral therapy (cART). However, treatment must be

maintained throughout the lifetime of the patient, as this virus can
persist in a stable latent reservoir, constituting a major barrier to
the establishment of an HIV-1 cure. To date, many strategies have
been proposed for the eradication of HIV-1 reservoirs (1–3). Re-
cent efforts have focused on the reactivation of HIV-1-harboring
cells with special latency-reversing agents (LRAs), which expose
the virus-infected cells to the immune system without global T cell
activation. This modality is also known as the shock and kill strat-
egy (4–9). It is well known that HIV-1 can quickly acquire muta-
tions to evade immune recognition (10–12). Several studies have
indicated that CD8! T lymphocytes in infected patients on cART
lack HIV-1-specific or effective immune responses and cannot
completely eliminate latently infected cells, even after successful
reactivation (13, 14). Therefore, the reestablishment of potent an-
tiviral immunity is required for an ultimate kill strategy to eradi-
cate viral reservoirs (7).
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One day following treatment, the activated CD4! T cells were
cocultured with VC-CAR-T or control effector cells generated
from autologous CD8! T lymphocytes. We found cell-associated
viral RNA levels to be significantly decreased by VC-CAR-T cells
in both PHA- and LRA mixture-activated CD4! T lymphocytes
(Fig. 7B), while control CD8! T cells from the same subjects
showed only minimal or significantly diminished effects (Fig. 7B).
When cocultures were maintained over a length of time, viral
replication was seen to be persistently and effectively inhibited by
VC-CAR-T cells (Fig. 7C). These results demonstrate that VC-
CAR-T cells can recognize and effectively eliminate autologous

reactivated HIV-1-infected CD4! T cells from patients receiving
suppressive cART.

DISCUSSION
Despite decades of effort, clinical progress in the treatment of
HIV-1 infection remains limited principally by high viral muta-
tion rates and the persistence of latently infected cells (51–53). In
the present study, we combined an extracellular domain derived
from the scFv of the HIV-1 bNAb VRC01 and a third-generation
CAR moiety to develop novel MHC-independent, anti-HIV-1
VC-CAR-T cells. These cells exhibited specific antiviral activity

FIG 7 Elimination of reactivated HIV-1 latently infected CD4! T lymphocytes from HIV-1-infected individuals receiving suppressive cART. (A)
Experimental design. (B) On day 0, CD4! T cells from HIV-1-infected patients were stimulated by PHA-M or by a combination of specific LRAs (SAHA
plus bryostatin-1). After 1 day, 1 " 106 CD4! T cells were mixed with autologous VC-CAR-engineered or control CD8! T cells at a 1:1 ratio. On day 3,
cells were collected and viral RNAs were isolated and amplified by real-time qRT-PCR with primers SK38 and SK39. The cutoff for cell-associated viral
RNA is 800 copies ml#1. (C) The cultures were further tested for the presence of p24 with viral outgrowth by ELISA at the indicated time points. (B and
C) Data reflect means $ SEM. P values were calculated using the two-tailed unpaired Student’s t test with equal variances (n % 3). *, P & 0.05; **, P & 0.01;
***, P & 0.001.

Novel CAR-T Cells and HIV-1 Latent Infection

November 2016 Volume 90 Number 21 jvi.asm.org 9721Journal of Virology

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/jo

ur
na

ls.
as

m
.o

rg
/jo

ur
na

l/j
vi

 o
n 

23
 M

ay
 2

02
4 

by
 2

.2
28

.2
39

.8
3.

One day following treatment, the activated CD4! T cells were
cocultured with VC-CAR-T or control effector cells generated
from autologous CD8! T lymphocytes. We found cell-associated
viral RNA levels to be significantly decreased by VC-CAR-T cells
in both PHA- and LRA mixture-activated CD4! T lymphocytes
(Fig. 7B), while control CD8! T cells from the same subjects
showed only minimal or significantly diminished effects (Fig. 7B).
When cocultures were maintained over a length of time, viral
replication was seen to be persistently and effectively inhibited by
VC-CAR-T cells (Fig. 7C). These results demonstrate that VC-
CAR-T cells can recognize and effectively eliminate autologous

reactivated HIV-1-infected CD4! T cells from patients receiving
suppressive cART.

DISCUSSION
Despite decades of effort, clinical progress in the treatment of
HIV-1 infection remains limited principally by high viral muta-
tion rates and the persistence of latently infected cells (51–53). In
the present study, we combined an extracellular domain derived
from the scFv of the HIV-1 bNAb VRC01 and a third-generation
CAR moiety to develop novel MHC-independent, anti-HIV-1
VC-CAR-T cells. These cells exhibited specific antiviral activity

FIG 7 Elimination of reactivated HIV-1 latently infected CD4! T lymphocytes from HIV-1-infected individuals receiving suppressive cART. (A)
Experimental design. (B) On day 0, CD4! T cells from HIV-1-infected patients were stimulated by PHA-M or by a combination of specific LRAs (SAHA
plus bryostatin-1). After 1 day, 1 " 106 CD4! T cells were mixed with autologous VC-CAR-engineered or control CD8! T cells at a 1:1 ratio. On day 3,
cells were collected and viral RNAs were isolated and amplified by real-time qRT-PCR with primers SK38 and SK39. The cutoff for cell-associated viral
RNA is 800 copies ml#1. (C) The cultures were further tested for the presence of p24 with viral outgrowth by ELISA at the indicated time points. (B and
C) Data reflect means $ SEM. P values were calculated using the two-tailed unpaired Student’s t test with equal variances (n % 3). *, P & 0.05; **, P & 0.01;
***, P & 0.001.

Novel CAR-T Cells and HIV-1 Latent Infection
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Targeting HIV infected cells

Latently infected cells from the reservoir are mostly resting memory CD4+ T 
cells, presenting a low proliferation rate, mainly by homeostatic proliferation 
through IL-7 and found in several anatomical locations such as the lymph 
nodes, gut-associated lymph tissue (GALT), genital tract, and brain. 

The brain and the lymph node B cell germinal centres are sanctuaries, meaning 
that the cells inside are protected from cART or CTL penetration, thereby 
hindering the complete eradication of the reservoir. 

Hence, it is important to both ensure efficient transport of the CAR-T cells to 
the tissue sanctuaries and to maintain their potent antiviral effect once the 
effector cells make contact with the reservoir. 
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Table 1. Overview of CAR-T cell clinical trials in HIV field.

Trial
Registration Study Title Start

Date Phase Country CAR
Generation

Type of
CAR Outcome Reference

-

Prolonged survival and tissue
trafficking following adoptive

transfer of CD4⇣
gene-modified autologous
CD4+ and CD8+ T cells in
human immunodeficiency

virus–infected subjects

1999 * Phase II USA First CD4⇣-
based

Validation of
the

feasibility
and antiviral

activity

Mitsuyasu
et al. Blood
2000. [28]

-

Long-term in vivo survival of
receptor-modified syngeneic

T cells in patients with
human immunodeficiency

virus infection

1999 * Phase I USA First CD4⇣-
based

Prove that
administra-

tion is
safe

Walker et al.
Blood 2000.

[24]

-

A phase II randomized study
of HIV-specific T-cell gene
therapy in subjects with

undetectable plasma viremia
on combination antiretroviral

therapy

2002 * Phase II
Randomized USA First CD4⇣-

based

Confirmed
safety and
feasibility,

but no effect
on HIV

reservoirs

Deeks et al.
Mol. Ther.
2002. [29]

NCT01013415

A phase I/II study of the
safety, survival, and

trafficking of autologous
CD4-⇣ gene-modified T cells
with and without extension

Interleukin-2 in HIV infected
patients

2001 Phase I Non-
Randomized USA First CD4⇣-

based

Safety and
long term

persistence
of modified

T cells

Scholler et al.
Sci. Trasl.

Med. 2012.
[30]

NCT03240328

The effect of CAR-T cell
therapy on the reconstitution

of HIV-specific immune
function

2017 Phase I China Third bNAb-
based

Long term
in vivo

persistence
and no safety

concerns

Liu et al. J.
Clin. Invest.
2021. [31]

NCT03617198

A pilot study of T cells
genetically modified by Zinc
Finger Nucleases SB-728mR
and CD4 chimeric antigen
receptor in HIV-infected

subjects

2019 Phase I
Randomized USA Second

CCR5
ZFN-

treated
CD4+

Ongoing -

NCT04648046

Safety and anti-HIV activity
of autologous CD4+ and

CD8+ T cells transduced with
a lentiviral vector encoding
bi-specific anti-gp120 CAR

molecules
(LVgp120duoCAR-T) in

anti-retroviral drug-treated
HIV-1 infection

2021
Phase I/IIa

Non-
Randomized

USA Second
CD4-
based

duoCAR
Ongoing -

* Submission date of publication because study start date is not available.

2.2. New Generations of CARs-T Cells
Several factors could explain the poor effect observed in the early experiments, such

as inefficient ex vivo treatment of CD8+ T cells [30]. Regarding CAR design, new alter-
natives gradually emerged to improve the first generation of CAR-T cells. The second
generation of CAR-T cells added intracellular co-stimulatory domains such as CD28 or
4-1BB to the CAR construct. These domains would be linked to the intracellular signal
transducing domain CD3⇣, contributing to lymphocyte activation, proliferation, sustained
response, and prolonged life of the CAR-T cells [32,33]. While the CD28 costimulatory do-
main promoted higher cytokine production and better control of virus replication in vitro,
CAR-T cells containing 4-1BB costimulatory domain performed better at controlling HIV
infection in vivo [34]. Third and fourth generations of CAR-T cells subsequently appeared.
Third-generation CARs combined different costimulatory domains to generate a stronger
response by augmenting cytokine production and, therefore, their killing ability [35].
Fourth-generation CAR-T cells, or T cells redirected for universal cytokine-mediated killing
(TRUCK) included an intracellular interleukin (IL)-12 domain in the corresponding CAR
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Table 1. Overview of CAR-T cell clinical trials in HIV field.
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Type of
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on combination antiretroviral

therapy
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Deeks et al.
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2002. [29]

NCT01013415

A phase I/II study of the
safety, survival, and

trafficking of autologous
CD4-⇣ gene-modified T cells
with and without extension

Interleukin-2 in HIV infected
patients

2001 Phase I Non-
Randomized USA First CD4⇣-

based

Safety and
long term

persistence
of modified

T cells

Scholler et al.
Sci. Trasl.

Med. 2012.
[30]

NCT03240328

The effect of CAR-T cell
therapy on the reconstitution

of HIV-specific immune
function

2017 Phase I China Third bNAb-
based

Long term
in vivo

persistence
and no safety

concerns

Liu et al. J.
Clin. Invest.
2021. [31]

NCT03617198

A pilot study of T cells
genetically modified by Zinc
Finger Nucleases SB-728mR
and CD4 chimeric antigen
receptor in HIV-infected

subjects

2019 Phase I
Randomized USA Second

CCR5
ZFN-

treated
CD4+

Ongoing -

NCT04648046

Safety and anti-HIV activity
of autologous CD4+ and

CD8+ T cells transduced with
a lentiviral vector encoding
bi-specific anti-gp120 CAR

molecules
(LVgp120duoCAR-T) in

anti-retroviral drug-treated
HIV-1 infection

2021
Phase I/IIa

Non-
Randomized

USA Second
CD4-
based

duoCAR
Ongoing -

* Submission date of publication because study start date is not available.

2.2. New Generations of CARs-T Cells
Several factors could explain the poor effect observed in the early experiments, such

as inefficient ex vivo treatment of CD8+ T cells [30]. Regarding CAR design, new alter-
natives gradually emerged to improve the first generation of CAR-T cells. The second
generation of CAR-T cells added intracellular co-stimulatory domains such as CD28 or
4-1BB to the CAR construct. These domains would be linked to the intracellular signal
transducing domain CD3⇣, contributing to lymphocyte activation, proliferation, sustained
response, and prolonged life of the CAR-T cells [32,33]. While the CD28 costimulatory do-
main promoted higher cytokine production and better control of virus replication in vitro,
CAR-T cells containing 4-1BB costimulatory domain performed better at controlling HIV
infection in vivo [34]. Third and fourth generations of CAR-T cells subsequently appeared.
Third-generation CARs combined different costimulatory domains to generate a stronger
response by augmenting cytokine production and, therefore, their killing ability [35].
Fourth-generation CAR-T cells, or T cells redirected for universal cytokine-mediated killing
(TRUCK) included an intracellular interleukin (IL)-12 domain in the corresponding CAR
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2.2. New Generations of CARs-T Cells
Several factors could explain the poor effect observed in the early experiments, such

as inefficient ex vivo treatment of CD8+ T cells [30]. Regarding CAR design, new alter-
natives gradually emerged to improve the first generation of CAR-T cells. The second
generation of CAR-T cells added intracellular co-stimulatory domains such as CD28 or
4-1BB to the CAR construct. These domains would be linked to the intracellular signal
transducing domain CD3⇣, contributing to lymphocyte activation, proliferation, sustained
response, and prolonged life of the CAR-T cells [32,33]. While the CD28 costimulatory do-
main promoted higher cytokine production and better control of virus replication in vitro,
CAR-T cells containing 4-1BB costimulatory domain performed better at controlling HIV
infection in vivo [34]. Third and fourth generations of CAR-T cells subsequently appeared.
Third-generation CARs combined different costimulatory domains to generate a stronger
response by augmenting cytokine production and, therefore, their killing ability [35].
Fourth-generation CAR-T cells, or T cells redirected for universal cytokine-mediated killing
(TRUCK) included an intracellular interleukin (IL)-12 domain in the corresponding CAR
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Abstract

People living with HIV have a higher risk of developing lymphoma. Outcomes

for people living with HIV with relapsed or refractory (r/r) lymphoma remain

poor. For this group of patients, chimeric antigen receptor (CAR) T-cell ther-

apy represents a new successful treatment strategy. However, people living

with HIV were not included in pivotal trials, so data are limited to case reports.

We searched the PubMed and Ovid technologies databases for literature until

1 November 2022 using the terms ‘HIV and CAR-T’, ‘HIV and lymphoma’
and ‘HIV and CAR-T and lymphoma’. Six cases with sufficient information

were included in the review. The mean CD4+ T-cell count before CAR T-cell

therapy was 221 cells/μL (range 52–629). The viral load was below the limit

of detection in four patients. All patients had diffuse large B-cell lymphoma

(DLBCL) and were treated with gamma-retroviral-based axicabtagene cilo-

leucel. Four patients developed cytokine-release syndrome (CRS) grade 2 or

less or immune effector-cell-associated neurotoxicity syndrome (ICANs)

grade 3–4. Four of six patients responded to CAR T-cell therapy (three com-

plete remissions, one partial remission). In summary, there are no clinical

reasons to restrict the use of CAR T-cell therapy in people living with HIV

with r/r DLBCL. According to the current data, CAR T-cell therapy was safe

and effective. In people who meet the standard criteria for CAR T-cell ther-

apy, this treatment approach could significantly improve the unmet need for

more effective treatment options for people living with HIV with r/r

lymphoma.
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INTRODUCTION

The probability of developing both non-Hodgkin lympho-
mas (NHLs) and/or Hodgkin lymphomas (HLs) is

Tessa Hattenhauer and Rebekka Mispelbaum contributed equally to
this work and share first authorship.

Received: 15 January 2023 Accepted: 9 May 2023

DOI: 10.1111/hiv.13514

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. HIV Medicine published by John Wiley & Sons Ltd on behalf of British HIV Association.

HIV Med. 2023;24:957–964. wileyonlinelibrary.com/journal/hiv 957

R E V I EW AR T I C L E

Enabling CAR T-cell therapies for HIV-positive lymphoma
patients – A call for action

Tessa Hattenhauer1 | Rebekka Mispelbaum1 | Marcus Hentrich2 |

Christoph Boesecke3,4 | Malte Benedikt Monin3,4

1Department of Oncology, Hematology,
Rheumatology and Immune-Oncology,
University Hospital Bonn, Bonn,
Germany
2Department of Internal Medicine III, Red
Cross Hospital Munich, Munich,
Germany
3Department of Internal Medicine I,
University Hospital Bonn, Bonn,
Germany
4German Centre for Infection Research
(DZIF), partner-site Cologne-Bonn, Bonn,
Germany

Correspondence
Malte Benedikt Monin, Department of
Internal Medicine I, Venusberg-Campus
1, 53127 Bonn, Germany.
Email: malte_benedikt.monin@
ukbonn.de

Abstract

People living with HIV have a higher risk of developing lymphoma. Outcomes

for people living with HIV with relapsed or refractory (r/r) lymphoma remain

poor. For this group of patients, chimeric antigen receptor (CAR) T-cell ther-

apy represents a new successful treatment strategy. However, people living

with HIV were not included in pivotal trials, so data are limited to case reports.

We searched the PubMed and Ovid technologies databases for literature until

1 November 2022 using the terms ‘HIV and CAR-T’, ‘HIV and lymphoma’
and ‘HIV and CAR-T and lymphoma’. Six cases with sufficient information

were included in the review. The mean CD4+ T-cell count before CAR T-cell

therapy was 221 cells/μL (range 52–629). The viral load was below the limit

of detection in four patients. All patients had diffuse large B-cell lymphoma

(DLBCL) and were treated with gamma-retroviral-based axicabtagene cilo-

leucel. Four patients developed cytokine-release syndrome (CRS) grade 2 or

less or immune effector-cell-associated neurotoxicity syndrome (ICANs)

grade 3–4. Four of six patients responded to CAR T-cell therapy (three com-

plete remissions, one partial remission). In summary, there are no clinical

reasons to restrict the use of CAR T-cell therapy in people living with HIV

with r/r DLBCL. According to the current data, CAR T-cell therapy was safe

and effective. In people who meet the standard criteria for CAR T-cell ther-

apy, this treatment approach could significantly improve the unmet need for

more effective treatment options for people living with HIV with r/r

lymphoma.

KEYWORD S

CAR T-cell therapy, CAR T-cells, DLBCL, HIV, lymphoma

INTRODUCTION

The probability of developing both non-Hodgkin lympho-
mas (NHLs) and/or Hodgkin lymphomas (HLs) is

Tessa Hattenhauer and Rebekka Mispelbaum contributed equally to
this work and share first authorship.

Received: 15 January 2023 Accepted: 9 May 2023

DOI: 10.1111/hiv.13514

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. HIV Medicine published by John Wiley & Sons Ltd on behalf of British HIV Association.

HIV Med. 2023;24:957–964. wileyonlinelibrary.com/journal/hiv 957

identified [31–36]. Three cases were excluded from the
analysis because data were insufficient (Table 1) [34,35].
We found no reports on the use of BCMA-targeted CAR
T-cells for the treatment of patients with HIV and multi-
ple myeloma. The average age of the patients was
54 years (range 47–66). The sex distribution was 20%
women and 80% men. The mean CD4+ T-cell count was
221 cells/μL (range 52–629). Viral load was below the
limit of detection in four patients, was 67/mL in one
patient, and was not documented in one patient. All
patients had DLBCL, and most patients received CAR
T-cell therapy as fourth-line therapy. If documented,
lymphocyte depletion was performed with fludarabine
and cyclophosphamide. All patients were treated with
gamma-retroviral-based axicabtagene ciloleucel. Four
patients experienced cytokine-releasing syndrome
(CRS) of grade 2 or less and immune effector-cell-
associated neurotoxicity syndrome (ICANS) of grade
3–4, and one patient showed no side effects. Four of six
patients responded to CAR T-cell therapy (three CR,
one partial remission). One patient was primarily refrac-
tory after 15 days, and one patient showed isolated disease

progression of the central nervous system with a systemic
CR at first staging after 4 months. The reported follow-up
data were limited, and the observation period after therapy
start was only 4 months or less, except for one case.

Emerging data

The interim analysis of a prospectively collected registry
study of anti-CD19 CAR T-cell therapy for patients with
HIV and B-cell lymphoma was presented at the 64th
annual meeting of the American Society of Hematology
2022. Data from 21 patients with HIV treated with axi-
cabtagene ciloleucel or brexucabtagene autoleucel
were described. The median CD4 count before CAR T-
cell therapy was 228 cells/mm3, and the median HIV
viral load, if reported, was 21 copies/mL. CRS occurred
in 69%, and ICANS occurred in 23% of patients. All
cases of CRS and ICANS resolved. The overall survival
at 6 months was 64%, which the authors deemed com-
parable to that in patients without HIV. The study is
ongoing [37].

FIGURE 1 CAR T-cell therapy. After T-cell apheresis, viral transfer of the CAR-encoding gene is conducted to express a specific CAR
on the surface of the T-cells. CAR T-cells are reinfused into the patient and induce a cytotoxic attack, resulting in lymphoma cell death [22].
CAR, chimeric antigen receptor. Adapted from Almåsbak et al. [22], figure created with BioRender.com.
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T cell status

A sufficient number of apheresed CD4+ T-cells is a critical aspect for successful CAR T-
cell production and for CAR T-cell function, and presumably for long-term effects 

TABLE 1 Use of CAR T-cell therapy in patients with HIV (n = 6).

Case References
Age
(years) Sex

Combined
ART

CD4+ T-cells
(cells/μL)

T-cells
(cells/μL)

Viral load
(copies/mL) Lymphoma CAR product

Side effects (grade)/
therapy

Response
(follow up)

1 [33] 47 m Yes 52 n.s. 67 DLBCL Axicabtagene
ciloleucel

CRS (grade 2)/
tocilizumab, steroid
ICANS (grade 3)/
steroid

CR (1 year)

2 [33] n.s. m Bictegravir/
emtricitabine/
tenofovir
alafenamide

127 n.s. Undetectable DLBCL Axicabtagene
ciloleucel

no CRS
no ICANS

CR (at least 28 days)

3 [31] n.s. n.s. n.s. 127 n.s. Undetectable DLBCL Axicabtagene
ciloleucel

n.s. CR (n.s.)

4 [32] 49 m Yes 170 847 Undetectable DLBCL Axicabtagene
ciloleucel

CRS (grade 1)/steroid
ICANS (grade 2)/
steroid

PR (PD after
2 months)

5 [36] 66 f n.s. 629 n.s. Undetectable DLBCL Axicabtagene
ciloleucel

CRS (grade 1)/steroid
ICANS (grade 2)/
steroid

PD (isolated CNS
recurrence after
4 months with
systemic CR)

6 [34] 53 m Yes n.s. n.s. n.s. DLBCL Axicabtagene
ciloleucel

CRS (grade 1)/
anakinra, steroid

ICANS (grade 3)/
anakinra, steroid

PD (after 15 days)

Abbreviations: ART, antiretroviral therapy; CAR, chimeric antigen receptor; CNS, central nervous system; CR, complete response; CRS, cytokine releasing syndrome; DLBCL, diffuse large B-cell lymphoma; f, female;
ICANS, immune effector cell-associated neurotoxicity syndrome; m, male; n.s., not stated; PD, progressive disease (including recurrent disease); PR, partial response.
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Low-level viraemia and blips 

In patients with cancer, especially when receiving chemotherapy, blips must be 
expected.

 
The occurrence of both conditions, low-level viraemia and/or blips, is considered a 
controlled HIV infection and is not a reason to exclude people living with HIV from CAR 
T-cell therapy. 



Drug-drug interactions

Current combined ART is mainly based on integrase inhibitors (particularly in 
people living with HIV undergoing cancer treatment), so the potential for drug–
drug interactions between combined ART and chemotherapy is low.

No interactions between ART and fludarabine/cyclo-phosphamide (standard 
lymphodepleting chemotherapy) have been described 

With regard to the pharmacology of CAR-T cells, an interaction with or direct 
influence of combined ART on CAR-T cells is not expected. 
 



Cytokine-release syndrome 

Interleukin (IL)-6, a proinflammatory cytokine, is assumed to induce a 
proinflammatory signalling pathway, which leads to CRS. 

Elevated IL-6 levels have been observed in people living with HIV. 

Since higher IL-6 levels have been shown to predict CRS, the higher cytokine levels 
of people living with HIV might be associated with an increased risk for CRS. 

The available case reports do not show a higher rate or grade of CRS in this patient 
group. 
However, low or undetectable viral loads are associated with lower IL-6 levels, a 
group the case reports are limited to. 
For a final evaluation of side effects of CAR T-cell treatment in people living with 
HIV, more data are urgently needed. 
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