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ABSTRACT Acute HIV-1 infection is characterized by high viremia and massive de-
pletion of CD4� T cells throughout all tissue compartments. During this time the la-
tent viral reservoir is established but the dynamics of memory CD4� T cell subset
development, their infectability and influence on disease progression during acute
HIV-1 infection has not been carefully described. We therefore investigated the dy-
namics of CD4� T cell memory populations in the RV217 (ECHO) cohort during the
acute phase of infection. Interestingly, while we found only small changes in central
or effector memory compartments, we observed a profound expansion of stem cell-
like memory CD4� T cells (SCM) (2.7-fold; P � 0.0001). Furthermore, we demon-
strated that the HIV-1 integration and replication preferentially take place in highly
differentiated CD4� T cells such as transitional memory (TM) and effector memory
(EM) CD4� T cells, while naive and less mature memory cells prove to be more resis-
tant. Despite the relatively low frequency of productively infected SCM, we suggest
that their quiescent phenotype, increased susceptibility to HIV-1 integration com-
pared to naive cells and extensive expansion make them one of the key players in
establishment and persistence of the HIV-1 reservoir. Moreover, the expansion of
SCM in acute HIV-1 infection was a result of Fas upregulation on the surface of na-
ive CD4� T cells. Interestingly, the upregulation of Fas receptor and expansion of
SCM in acute HIV-1 infection was associated with the early viral set point and dis-
ease progression (rho � 0.47, P � 0.02, and rho � 0.42, P � 0.041, respectively). Taken
together, our data demonstrate an expansion of SCM during early acute HIV-1 infec-
tion which is associated with disease outcome.

IMPORTANCE Understanding the immunopathology of acute HIV-1 infection will
help to develop eradication strategies. We demonstrate here that a CD4� T cell
memory subset expands during acute HIV-1 infection, which is associated with dis-
ease progression.

KEYWORDS CD4 T cell, Fas, SCM (stem-cell-like memory), acute infection, human
immunodeficiency virus, latent reservoir, memory population

During the first weeks of HIV-1 infection, virus exponentially replicates to high levels
and disseminates throughout all tissue compartments (1, 2). Moreover, during this

period a preferential depletion of more than half of all memory CD4� T cells in all tissue
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compartments occurs, suggesting major and irreparable damage to the immune
system (3, 4). With limited control over viremia, CD4� T cell count partially recovers but
does not reach comparable levels prior to infection. Over the course of chronic HIV-1
infection, the CD4� T count further slowly declines, with an average CD4� T cell loss of
50 cells/�l/year, which ultimately leads to the clinical onset of AIDS (5, 6). The early start
of antiretroviral treatment (ART) preserves CD4� T cells and maintains important helper
function (7, 8). Indeed, individuals infected with HIV-1 have almost comparable life
expectancy to HIV-1-negative individuals when treated early and effectively (9). How-
ever, HIV-1 infection is still a chronic infection, and there is no promising approach for
a cure. Even after decades of fully suppressed viremia HIV-1 remains integrated into the
genome of a small reservoir of latently infected cells. Several studies have investigated
the properties of the latent reservoir. It has been shown that seeding of a latent
reservoir occurs surprisingly early, as soon as 3 days after the HIV-1 transmission (8, 10).
The primary target of HIV-1 integration during this period are CD4� T cells. It is
important to consider that these cells do not represent a homogenous population but
can be compartmentalized according to their function or maturation status. The
maturational profile of CD4� T cells has been conceptualized as a linear model in which
long-lived immature cells gradually develop into short-lived memory CD4� T cells with
effector properties (10, 11). Currently, there are six generally accepted and well defined
subsets (stated from least to most mature): naive cells, as well as stem cell-like memory
(SCM), central memory (CM), transitional memory (TM), effector memory (EM), and
terminal effector (TE) CD4� T cells (12, 13). Indeed, not all CD4� memory T cell subsets
equally harbor HIV-1 in their genome, and some have a longer life span than the others.
It has been shown that in chronic untreated HIV-1-positive individuals, CM harbor the
largest amount of HIV-1 (14). This picture remains the same even after years of
treatment (11, 15). Interestingly, however, while SCM make only minor contribution to
the overall reservoir of HIV-1 in chronic infection, they appear to play a major role in
long-term persistence of latent HIV-1 infection. The pronounced importance of SCM as
a reservoir is based on their quiescent phenotype, high proliferative capacity, high
per-cell HIV-1 DNA content, and the slow decay of HIV-1 DNA in these cells (10, 11, 16).
The estimated half-life of HIV-1 DNA within SCM was shown to be almost two times
longer than in CM, increasing the contribution of this subset to the reservoir with
prolonged antiretroviral therapy (11). Overall, these findings suggest distinct roles of
CD4� T cell memory subsets in the establishment of latent infection, indicating the
importance of investigating CD4� T cell memory subsets during the early days of HIV-1
infection. Here, we analyzed CD4� T cell memory subset dynamics in peripheral blood
of acutely HIV-1-infected individuals and their susceptibility to HIV-1 infection. Further-
more, we demonstrate how these temporal changes in subset frequencies and differ-
ences in infectibility influence progression and persistence of the disease.

RESULTS
A rapid expansion of SCM during hyper-acute HIV-1 infection. To understand

the dynamics of long-term seeding of the HIV-1 reservoir in different T cell memory
compartments, we first determined the kinetics and changes of memory subsets in a
group of 24 individuals from the RV217 cohort (17). All individuals were HIV negative
during enrollment, giving the opportunity to determine changes in memory subsets
before and after infection. Moreover, having two time points prior to peak viremia,
dynamic changes in T cell subsets could be assessed in greater detail. We therefore first
assessed, longitudinally in all 24 subjects, changes in CD4� T cell phenotype and
memory subsets along the course of acute HIV-1 infection. Determination of probable
time point of HIV-1 infection and viral load monitoring was assessed as previously
described (18). We differentiated between the following CD4� T cell subsets: naive cells
(CCR7�, CD27�, CD95–, CD45RA�), SCM (CCR7�, CD27�, CD95�, CD45RA�), CM
(CCR7�, CD27�, CD95�, CD45RA�), TM (CCR7–, CD27�, CD95�, CD45RA�), EM (CCR7–,
CD27�, CD95�, CD45RA�), and TE (CCR7–, CD27�, CD95�, CD45RA�) (Fig. 1A). CD4� T
cell counts during acute HIV-1 infection dropped from a median of 855 to 472 cells/�l
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in the first 20 days of infection (P � 0.0001). Apart from decreased CD4� T cell counts,
flow-cytometric assessment of CD4� T cell memory subsets before and during acute
HIV-1 infection revealed dramatic changes in frequency of those subsets (Fig. 1B). In
particular, we observed an average of 2.7-fold increase in SCM and a 1.2-fold increase
in CM frequencies compared to baseline (P � 0.0001 and P � 0.0015, respectively)
during peak viral load. Interestingly, in 17 of 24 individuals, we also observed a
profound 2.4-fold (average of the 17 individuals) expansion of TE just before peak
viremia, but this was overall not significantly different in all subjects. Moreover, our data
demonstrated a significant increase in the frequency of naive cells at the early set point
of viral load on day 55 (average of 1.2-fold; P � 0.026) and a gradual depletion of EM
with progressing acute HIV-1 infection (average of 0.6-fold at the early set point;
P � 0.0001). While TE decreased into the chronic phase of HIV-1 infection back to
baseline levels, SCM and CM remained significantly expanded (average of 1.8-fold

FIG 1 Longitudinal changes in CD4� T cell subset frequencies during the acute phase of HIV-1 infection. (A) Gating strategy used to delineate memory CD4�

T cell subsets. (B) Average fold change in CD4� T cell subset frequency in peripheral blood of 24 acutely HIV-1-infected individuals. Superimposed is the course
of viral load development. (C and F) Average fold change (C) and average absolute change (F) in CD4� T cell subset frequency in HIV-1-infected cell cultures
of healthy donor PBMC. (D) The frequencies of proliferating CD4� T cells were not significantly higher in infected cell cultures compared to the uninfected
controls. (E) Fold changes in the frequencies of early apoptotic CD4� T cells showed no significant differences compared to the uninfected control. (G) The
frequency of naive CD4� T cells inversely correlates with the frequency of SCM on day 3 after the infection as confirmed by the Pearson’s correlation test. (H
and I) Changes in prevalence of CD95� CD4� T cells along the course of acute HIV-1 infection closely resemble those of SCM in clinical settings (H), as well
as in vitro (I). Statistical significance of changes in subset frequency at different time points was assessed by Kruskal-Wallis test.

SCM Expansion in Acute HIV-1 Infection Journal of Virology

July 2019 Volume 93 Issue 14 e00377-19 jvi.asm.org 3

https://jvi.asm.org


increase; P � 0.0007 and 1.1-fold increase; P � 0.012 at the early set point, respectively).
In contrast, TM frequencies did not significantly change during acute HIV-1 infection.
Taken together, in addition to CD4� T cell count reduction, we observed significant
changes in the CD4� memory subsets with a notable expansion of SCM.

Expansion of SCM during acute HIV-1 infection is characterized by CD95
upregulation. To further study the phenomenon of SCM expansion in acute HIV-1
infection, we established an in vitro HIV-1-infected cell culture. For these experiments,
we isolated peripheral blood mononuclear cells (PBMCs) from eight healthy donors and
added inoculum containing infectious HIV-1 Ba-L virus in R10 media in the absence of
any activation agent. We next monitored changes in CD4� T cell memory subsets
immediately before the infection and during the first 14 days after infection using the
same phenotypic markers as described above. Strikingly, we observed almost identical
subset dynamics in our in vitro experiments as observed ex vivo in the RV217 cohort
(Fig. 1C). SCM peaked 3 days after infection with an average of 2.8-fold increase
compared to baseline (P � 0.0094), while CM increased by 1.2-fold (P � 0.035) at the
same time point. Both subsets remained elevated for the time of the experiment. TE,
TM, and EM also followed similar patterns, as observed in the clinical data. Similarly, the
frequency of naive cells contracted on day 3 but afterward slowly increased over time.

We wondered whether the expansion of SCM and CM could be explained by cell
proliferation or enhanced resistance to apoptosis. We therefore analyzed annexin V
binding by different CD4� T cell subsets, which allows for the detection of early
apoptotic cells (19). In addition, we labeled T cells prior to HIV-1 infection with
cell-membrane-permeable amine-reactive dye to track the proliferation of the cells
after infection. Interestingly, however, we did not observe proliferation of any cellular
subset during the time of infection (Fig. 1D). In addition, we also did not observe a
preferential loss or increase in apoptosis at any time point in any of these subsets (Fig.
1E). This indicates that the spike in SCM or CM is not due to a preferential loss of other
subsets. Taken together, SC and CM expansion in culture mimics the expansion of CM
and SCM observed in acute HIV-1 infection but is not due to the proliferative activity or
depletion of CD4� T cells.

SCM has been described as an important viral reservoir (10), and thus we further
investigated the expansion of SCM ex vivo and in vitro. We noticed that the expansion
of SCM was in parallel to a contraction in the naive T cell compartment (Fig. 1F) and that
there is an inverse correlation between the frequencies of both subsets on day 3 after
the infection of our cell culture (rho � – 0.91, P � 0.0017) (Fig. 1G). Furthermore, we
analyzed longitudinal changes in frequency of CD95� CD4� T cells during the acute
HIV-1 infection and found that they closely resemble those of SCM in both clinical
(average of 1.11-fold enrichment at its peak compared to baseline; P � 0.02) and in vitro
settings (average of 1.18-fold enrichment at its peak compared to baseline; P � 0.017)
(Fig. 1H and I, respectively). Indeed, the upregulation of the Fas receptor (CD95) on the
surfaces of naive CD4� T cells fully explained the expansion of the SCM compartment.
Taken together, our data indicate that the early upregulation of Fas receptor in acute
HIV-1 infection drives the development of SCM, an important part of the viral reservoir.

Highly differentiated memory CD4� T cell subsets are the most susceptible to
HIV-1 infection. It has been previously described that CM, TM, and EM subsets make
up most of the HIV-1 reservoir, while SCM seem to be less frequent but exclusively
persistent (10). We therefore determined HIV-1 infection and replication in different
CD4� T cell subsets to assess whether this early expansion of SCM is critical for the
immunopathogenesis of HIV. Identification of productively infected cells in our acute
HIV-1 infection cell culture model was carried out by flow-cytometric detection of
cytoplasmic p24 antigen and measured after 3, 7, and 14 days. As described above,
CD4� T cells were not activated or treated with any cytokines/chemokines. Three days
after infection, we observed that the first CD4� T cell subsets to become infected and
produce HIV-1 virions were those exhibiting a higher degree of differentiation, namely,
TM, EM, and TE, similar to those described in the literature (Fig. 2A). Differences in
infectibility of CD4� T memory cells between the subsets became significantly more
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apparent on day 7 after infection, with the p24� cell frequencies reaching an average
of 0.59% of the cell subsets CD4� T cells. TM, EM, and TE subsets continued to harbor
the highest percentage of p24� cells, closely followed by CM, while naive cells and SCM
proved to be much less prone to becoming productively infected. This pattern was
maintained throughout HIV-1 infection until day 14 (Fig. 2A). The differences in HIV-1
infection of the different CD4� T cell subsets became more apparent when we analyzed
the overall contribution (Fig. 2B). Most of the productively infected cells arose from the

FIG 2 Susceptibility of CD4� T cell subsets to HIV-1 infection increases with their maturation status. (A) Mean frequencies and ranges of
p24� cells within each of the analyzed subsets for every time point of monitoring. The data represent a summary from eight independent
experiments. The statistical significance of differences between the subsets was determined by two-way analysis of variance (ANOVA) and
is indicated by asterisks (*, P � 0.033; **, P � 0.0021; ***, P � 0.0002; ****, P � 0.0001). (B) The pool of productively infected CD4� T cells
mainly consists of TM, EM, and CM, as demonstrated by flow-cytometric measurement of the p24 antigen. Shown are the proportions of
p24� cells stemming from different subsets at each time point of cell culture analysis. (C) Scatter plot depicting the frequency of HIV-1
genome integration into the DNA of cells belonging to different CD4� T cell subsets, as measured by nested PCR. Statistical differences
were determined by one-way ANOVA.
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TM subset, followed by EM and CM, while contributions of naive cells, SCM, and TE
appeared to be modest, similar to previous ex vivo reports (14, 16, 20–23). Interestingly,
the frequencies of p24� CD4� T cells were highly variable between donors (ranging
from 0.06 to 0.002% on day 3, 2.14 to 0.001% on day 7, and 1.87 to 0.024% on day 14
after the infection), suggesting that the cells of some individuals are more susceptible
to HIV-1 infection than others (Fig. 2A). Overall, however, although SCM did become
infected, we mostly detected HIV-1 replication in CD4� T cells that were differentiated
into TM, TE, or CM.

We next assessed whether there are differences in infectibility and susceptibility to
productive infection among different CD4� T cell subsets. We therefore measured the
relative amount of integrated proviruses in the different CD4� T cell subsets in our cell
culture model. On day 14 after infection, we sorted CD4� T cells into different subsets
and isolated genomic DNA which was subsequently subjected to specific preamplifi-
cation of integrated proviruses by Alu-gag PCR, as previously described (24). The
relative amounts of resulting amplicons were then quantified by quantitative PCR
(qPCR). The data revealed strikingly similar picture to the one derived from flow-
cytometric p24 antigen detection (Fig. 2C). Subsets with the highest frequency of
integrated provirus were TM, EM, and TE, followed by CM. Naive cells and SCM
harbored the smallest amounts of the provirus (Fig. 2C). Collectively, our data suggest
that HIV-1 provirus integration and viral replication preferentially take place in highly
differentiated CD4� T cells belonging to TM, EM, CM, and TE subsets. In contrast, naive
cells and SCM retain much lower levels of detectable HIV-1 integration and replication.

SCM expansion is associated with the progression of HIV-1 infection. Given the
infectibility of SCM in culture and previous reports of SCM being an important HIV-1
latent reservoir, we wanted to further assess the importance of SCM in the immuno-
pathogenesis of HIV-1. This was particularly interesting, since we observed in the acute
HIV-1 infection cell culture model two distinct groups of SCM expansion. One group
had expansion of SCM of �1.5-fold (low SCM; n � 5), while a second group had a
comparatively strong expansion of SCM of �3-fold (high SCM, n � 3) on day 3 after the
in vitro infection. When we compared the frequency of productively infected CD4� T
cells in both groups, we found a striking difference on days 7 and 14 after infection,
with significantly higher levels of p24� CD4� T cells in high SCM group (average of
1.4% versus 0.1% on day 7; average of 1.0% versus 0.1% on day 14), suggesting an
association between the expansion of SCM and the degree of infectibility of CD4� T
cells (Fig. 3A). To obtain a deeper insight, we compared the frequencies of productively
infected cells between the two groups for each CD4� T cell subset at each time point
of monitoring. While we did not observe any significant differences on day 3 after the
infection, there was a clear trend on days 7 and 14 showing that the high SCM group
tend to be more sensitive to HIV-1 infection, regardless of a subset, with the differences
being most profound in highly susceptible subsets (Fig. 3B). Given the higher degree of
productively infected CD4� T cells in individuals with the more prominent expansion
of SCM, we analyzed whether SCM expansion is also related to viremia during acute
HIV-1 infection. Strikingly, we observed a significant positive correlation (rho � 0.42,
P � 0.041) between the extent of SCM expansion and viral load at the early set point
of acute infection (Fig. 3C), indicating that SCM expansion in acute HIV-1 infection is not
only associated with a larger HIV-1 reservoir but also associated with a more rapid
course of disease progression. Moreover, we found a significant positive correlation
(rho � 0.47, P � 0.02) between the set point viral load and the frequency of bulk CD95�

CD4� T cells at the time of SCM expansion (Fig. 3D). Taken together, we observed that
SCM expansion occurring early in acute HIV-1 infection is significantly associated with
productive HIV-1 infection and disease progression.

DISCUSSION

Acute HIV-1 infection is characterized by a massive depletion of memory CD4� T
cells permanently damaging the immune system. It has been demonstrated that within
few days after the transmission, HIV-1 latently inscribes into CD4� T cells. The outcome
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is a small reservoir of CD4� T cells harboring latent, replication-competent HIV-1 DNA.
These cells persist during suppressive antiretroviral treatment and in case of inter-
rupted treatment cause rapid rebound of viremia. However, CD4� T cells do not
represent a uniform population but can rather be divided into subsets with strikingly
different roles in establishment and maintenance of HIV-1 latency. Especially interesting
in that manner are SCM that due to their stem-like properties greatly contribute to the
persistence HIV-1 reservoir. We show here that soon after the establishment of acute
HIV-1 infection an expansion of SCM occurs that is associated with factors of disease
progression and possibly serves as a substrate for seeding of the latent reservoir.

Studies conducted in nonhuman primates and humans demonstrated that HIV-1/
SIV-1 preferentially infects highly mature subsets, causing a reduction in their frequen-
cies during the acute phase of the disease. At the same time, less differentiated subsets,
such as naive cells and CM, are less likely to be infected but can be stimulated to
proliferate and expand (3, 25–28). In line with these findings, we found that the
frequencies of naive cells, SCM, and CM remain elevated during the late acute HIV-1
infection, whereas those of EM and TE progressively decrease. Importantly, we were
able to monitor CD4� T cell frequencies already during the first few days after the
establishment of infection, which allowed us to investigate the complexity of CD4� T

FIG 3 HIV-1 replicates more effectively in the CD4� T cells of individuals with profound SCM expansion. (A and B) Comparison of p24� cell frequencies between
the low and high SCM groups at each day of cell culture monitoring revealed striking differences within the entire CD4� T cell population (A), as well as within
the distinct CD4� T cell subsets (B). The statistical significance of differences between the data sets depicted on bar graphs was analyzed using two-way ANOVA
and is indicated by asterisks (*, P � 0.033; **, P � 0.0021; ***, P � 0.0002; ****, P � 0.0001). (C and D) The degree of SCM (C) and CD95� CD4� T cell (D) expansion
in the peripheral blood of infected individuals is positively associated with the viral load at the early set point of acute HIV-1 infection according to the Pearson’s
correlation test.
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cell memory subset kinetics in peripheral blood of acutely HIV-1-infected individuals in
more detail. Our data revealed a profound expansion of SCM. Expansion of SCM
occurred simultaneously with the viral load peak, which may be a critical time period
for the seeding of HIV-1’s reservoir in SCM (8).

Interestingly, our findings ex vivo were replicable in an infection assay in vitro, and
we found that the expansion of SCM subset is due to an upregulation of Fas receptor
on naive cells. Previous studies demonstrated increased CD95 density on the surfaces
of CD4� T cells during HIV-1 infection (29, 30), suggesting that CD95 upregulation on
CD4� T cells occurs as a result of increased tumor necrosis factor alpha and gamma
interferon secretion by CD4� T cells, which is in turn caused by HIV-1 envelope-
mediated cross-linking of CD4� molecules (31). However, it is unclear whether these
CD95� CD4� T cells already encountered cognate antigen and can therefore be
considered true antigen-experienced memory cells. This is also true for most of
publications investigating SCM during HIV-1/SIV-1 infection using similar methods and
will warrant further investigations (16, 23, 32, 33).

To further understand CD4� T memory cell dynamics, we investigated the degree of
HIV-1 replication within the individual subsets and observed substantial differences in
HIV-1 infection of memory subsets. Similar to previous studies (3, 34–36), we found the
highest levels of HIV-1 replication in EM and TM and the lowest level in naive cells. The
main reason for the preferential infection of highly mature CD4� T cells is, supposedly,
different densities of CCR5 coreceptors on the surfaces of these cells (34). It has been
demonstrated that the degree of CCR5 expression in each subset increases with the
maturation status but slightly declines in TE (31, 34). Remarkably, we observed the
exact same pattern of HIV-1 replication and integration in different memory subsets.
When exposed to R5-tropic virus, naive cells proved to be the most resistant to
infection. The frequency of infected cells gradually increased in SCM, CM, and TE and
reached the highest level in TM and EM. Together with the effects of HIV-1 causing
expansion of some subsets, a different susceptibility to infection offers a tempting
explanation for observed CD4� T cell subset dynamics, since we observed a slow but
persistent decrease in the frequency of more susceptible subsets toward the end of the
acute phase of infection. The EM depletion that took place during this phase may also
be explained by Fas-mediated cell death since it has been previously demonstrated
that EM show higher susceptibility to Fas-mediated apoptosis compared to CM or naive
CD4� T cells (37, 38).

Interestingly, we did not observe an equal expansion of SCM or Fas receptor
upregulation in all donors. While the frequency of SCM greatly increased in some
individuals, others showed only little SCM expansion. However, SCM expansion was
highly associated with the level of productive HIV-1 infection. Furthermore, our clinical
findings revealed a positive correlation between the degree of SCM expansion and viral
load at the early set point of acute infection. It is surprising how well CD95 not only
describes the level of productively infected CD4� cells but also disease outcome. The
mechanism of this association remains unclear but it is plausible that Fas-mediated
killing of CD4� T cells, which is a reason for massive depletion of CD4� T cells during
acute HIV-1 infection, induces apoptosis of preferentially uninfected cells and a mech-
anism of bystander cell death (34, 39). This will relatively increase the frequency of
infected CD4� T cells.

Indeed, previous studies have shown that the expression of Fas receptor indicates
increased susceptibility to apoptosis (40, 41). It has been demonstrated that HIV-1 not
only causes the upregulation of Fas receptor expression but also sensitizes CD4� T cells
to undergo Fas/FasL-mediated apoptosis through the action of Tat and Env proteins
(42). Taken together, our results provide a detailed look at the dynamics of memory
CD4� T cell subsets during acute HIV-1 infection. Furthermore, we observed a signifi-
cant expansion of SCM during acute HIV-1 infection which is associated with the level
of productively infected CD4� T cells and disease outcome.
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MATERIALS AND METHODS
Study participants. Twenty-four acute HIV-1-infected participants, identified from the RV217 early-

capture HIV-1 cohort (ECHO), were selected for this study. The RV217 study is a multicenter, nonran-
domized clinical observational study, designed to describe the biological characteristics of acute HIV-1
infection in high-risk volunteers from Africa and Southeast Asia. The main criteria for selection of the
patients was the availability of samples collected before the infection and at minimum two time points
after the infection and prior to peak viremia. Further details about the study are already described
elsewhere (18).

For our in vitro experiments, PBMCs were obtained from the Blood Donation Center, Institute for
Transfusion Medicine, University Hospital, University Duisburg-Essen, Essen, Germany.

Ethics statement. All individuals participating in this study provided written informed consent.
Ethical approval was obtained from institutional review boards in each country, as well as the Human
Subjects Protection Branch at the Walter Reed Army Institute of Research, which approved the overall
protocol. The local IRB of the University Duisburg-Essen approved the performed laboratory testing and
in vitro studies.

Phenotypic analysis of clinical samples. Cryopreserved PBMCs collected at seven different time
points prior to and during the course of acute HIV-1 infection were thawed and used for this study. Cells
were stained for viability (Live/Dead Fixable Aqua; Life Technologies) and phenotypic surface markers,
including anti-CD4-Qdot605 (clone S3.5), anti-CD8a-PE-TR (clone 3B5), anti-CD14-Tri-Color (clone Tük4),
and anti-CD19-Tri-Color (clone SJ25-C1) (all purchased from Life Technologies); anti-CD3-APC-eF780
(clone UCHT1) and anti-CD45R0-eFluor-650NC (clone UCHL1) (all purchased from e-Bioscience); anti-
CD27-AF700 (clone O323), anti-CD28-biotin (clone CD28.2), anti-CD45RA-PerCP-Cy5.5 (clone HI100),
anti-CD57-FITC (clone HCD57), anti-CD95-AF647 (clone DX2), and anti-CD127-BV421 (clone A019D5) (all
purchased from BioLegend); and anti-CD56-PE-Cy5 (clone B159), anti-CCR7-PE-Cy7 (clone 3D12), and
anti-CXCR3-PE (clone 1C6/CXCR3) (all purchased from BD Biosciences). Stained cells were then incubated
with streptavidin-Qdot 800 conjugate (Life Technologies) and subsequently fixed with a 2% formalde-
hyde solution. Samples were acquired on BD LSRII (BD Biosciences) and analyzed using FlowJo (v9.7.5;
TreeStar).

Virus propagation. Infectious HIV-1 virus stocks for in vitro studies were generated as follows.
Cryopreserved PBMCs from healthy donors were thawed and cultured for 3 days in R10 medium (RPMI
1640 supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, penicillin [100 U/ml],
and streptomycin [100 �g/ml]) containing 1 �g/ml of phytohemagglutinin (PHA). A total of 40 million
PHA-stimulated cells were resuspended in 4 ml of R10 medium, followed by the addition of 1 ml of HIV-1
Ba-L containing supernatant (NIH AIDS Reagent Program). Inoculated cell suspension was incubated at
37°C and 5% CO2 for 2 h and gently swirled every 20 min. After a wash with R� medium (RPMI 1640
supplemented with 2 mM L-glutamine, penicillin [100 U/ml], and streptomycin [100 �g/ml]), the infection
cycle was repeated with a fresh vial of viral inoculum. Infected PHA-blasts were then thoroughly washed
and resuspended at a density of 2 million cells/ml. The levels of p24 protein in the culture supernatant
were monitored every 3 days by enzyme-linked immunoassay (HIV-1 Gag p24 Quantikine ELISA kit; R&D).
When the p24 concentration exceeded 50 ng/ml, cell-free supernatant was harvested and stored at
– 80°C.

HIV-1-infected cell cultures. A total of 100 million of freshly isolated PBMCs from healthy donors
were resuspended in RAB medium (RPMI 1640 supplemented with 10% heat-inactivated human male AB
serum, 2 mM L-glutamine, penicillin [100 U/ml], streptomycin [100 �g/ml], and interleukin-2 [50 IU/ml])
and inoculated with the amount of HIV-1 Ba-L virus stock, corresponding to 100 ng of p24. The final
volume of inoculated cell suspension was 5 ml. Uninfected controls were treated equally with exception
of the infectious inoculum which was substituted by R10 media. After two infection cycles were
performed as described in the virus propagation section, the cells were thoroughly washed with R�
medium, resuspended in 50 ml RAB medium, and incubated at 37°C and 5% CO2. Every 5 days, half of the
supernatant was aspirated and replaced by fresh RAB medium.

Phenotypic analysis of HIV-1-infected cells. A sample of 4 million cells was collected from our
HIV-1-infected cell cultures, as well as uninfected controls, right before the infection was performed and
on days 3, 7, and 14 after the infection. Collected cells were subjected to negative immunomagnetic
CD4� T cell isolation (CD4� T cell isolation kit, human; Miltenyi Biotec) according to the manufacturer’s
instructions. Cells were then washed in a serum-free medium and stained with Live/Dead dye (Zombie
Aqua fixable viability kit; BioLegend) to exclude nonviable cells. Next, cells were stained with the
following antibodies against surface antigens that allowed for the discrimination between CD4� T cell
memory subsets: anti-CD45RA-BV785 (clone HI100), anti-CCR7-PE-Cy7 (clone G043H7), anti-CD27-BV605
(clone O323), and anti-CD95-APC (clone DX2) (all purchased from BioLegend). Early apoptotic cells were
labeled with annexin V-FITC (BioLegend) in a suitable buffer (annexin V binding buffer; BioLegend),
washed with the same buffer to prevent dissociation of annexin V, and fixed and permeabilized (Fix/Perm
kit; BD Biosciences). HIV-infected cells were detected using anti-p24-PE antibody (clone kc57; Beckman
Coulter) and washed with phosphate-buffered saline (PBS). Samples were kept at 4°C throughout the
procedure, incubation times for labeling were 15 min with exception of 30 min for p24 staining. All
antibodies and other staining reagents were used in pretitrated concentrations. Labeled cells were
acquired on BD FACS Celesta flow cytometer (BD Biosciences) and analyzed with FACSDiva software (BD
Biosciences). Compensation was performed with single-stained capture beads (CompBeads; BD Biosci-
ences). At each time point, possible fluctuations in laser intensity were checked using multi-fluorescence
calibration beads (Rainbow calibration particles; BioLegend), and detection voltages were accordingly
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adjusted to maintain equivalent fluorescence readings throughout the experiment. Data were analyzed
with FlowJo, v9.4.1 (TreeStar).

Proliferation assay. To measure cellular proliferation, HIV-1-infected cell cultures were established
as described above. After two infection cycles, the cells were washed with R� medium, counted, and
resuspended in warm PBS at a cell density of 4 million/ml. For each ml of cell suspension, 5 �l of
proliferation dye (CellTrace Violet cell proliferation kit; Thermo Fisher) was added. Samples were
incubated at room temperature for 20 min and subsequently washed with five times the staining volume
of PBS containing 2% of heat-inactivated fetal calf serum. Labeled cells were finally resuspended in RAB
medium and further cultured as already described. Detection of proliferating cells among memory CD4�

T cell subsets was achieved as defined in the previous section, with the exception of the additional
fluorescence detection channel where proliferation dye was measured.

Measurement of integrated HIV-1 genomes by qPCR. HIV-1-infected cell cultures were established
as described above. On day 14 after the infection, cells were harvested and subsequently processed as
described above, with some modifications. Labeled cells were subjected to fluorescence-activated cell
sorting on BD FACSAria III cell sorter with FACSDiva software (BD Biosciences). Compensation was
performed with single-stained capture beads (CompBeads; BD Biosciences). A maximum of 1 million cells
was sorted for each CD4� T cell subset.

Genomic DNA from the sorted cells was isolated using a DNA purification kit (QIAamp DNA Micro kit;
Qiagen) according to the manufacturer’s protocol. A concentration of eluted DNA was determined
spectrophotometrically. To measure the relative amount of integrated HIV-1 genomes, nested PCR was
performed. Selective preamplification of HIV-1 genomes integrated into human DNA was achieved by
Alu-gag PCR. In this step alu-oligonucleotide hybridizes with Alu repeats in the human genome, whereas
the gag oligonucleotide hybridizes with the gag region of HIV-1’s genome, which results in exponential
amplification of only integrated HIV-1 DNA. Reactions were carried out in a final volume of 20 �l under
following conditions: sample DNA (2 ng/�l), alu oligonucleotide (600 nM), gag oligonucleotide (150 nM),
MgCl2 (3 mM), deoxynucleoside triphosphates (dNTPs; 300 �M each), KB extender for long amplicons (5%
by volume), 10� PCR buffer (10% by volume), and Platinum Taq DNA polymerase (0.1 U/�l). Thermal
program was set to 8 min of initial denaturation at 95°C, followed by 25 cycles of denaturation at 95°C
for 1 min, annealing at 50°C for 1 min, elongation at 72°C for 10 min and completed with the final
elongation step at 72°C for 15 min.

Real-time quantitative PCR was performed using 10 �l of the preamplification product in a 20-�l
reaction with the following composition: LTR forward oligonucleotide (260 nM), LTR reverse oligonucle-
otide (260 nM), MgCl2 (3.5 mM), dNTPs (300 �M each), LTR TaqMan probe (200 nM), 10� PCR buffer (10%
by volume), and Platinum Taq DNA polymerase (0.1 U/�l). Samples were analyzed on qTOWER2 real-time
PCR thermal cycler (Analytik Jena), with the program initiated by 1 min of denaturation at 95°C, followed
by 50 cycles of denaturation at 95°C for 20 s and annealing/extension at 60°C for 1 min. The fluorescence
intensity was scanned at the end of each annealing/extension step.

As a normalization standard �-globin DNA levels were assessed. Reactions were carried out in a final
volume of 20 �l, under following conditions: sample DNA (0.4 ng/�l), �-globin forward oligonucleotide
(500 nM), �-globin reverse oligonucleotide (500 nM), and innuMIX Green PCR MasterMix (Analytik Jena)
at 50% by volume. The thermal program was set to 2 min of initial denaturation at 95°C, followed by 50
cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min.

Oligonucleotide and TaqMan probe sequences were as follows: alu (forward oligonucleotide), 5=-GCC
TCC CAA AGT GCT GGG ATT ACA G-3=; gag (reverse oligonucleotide), 5=-GTT CCT GCT ATG TCA CTT CC-3=;
LTR forward oligonucleotide, 5=-TTA AGC CTC AAT AAA GCT TGC C-3=; LTR reverse oligonucleotide,
5=-GTT CGG GCG CCA CTG CTA GA-3=; LTR TaqMan probe, 5=-(FAM)-CCA GAG TCA CAC AAC AGA CGG
GCA CA-(BHQ)-3=; �-globin forward oligonucleotide, 5=-CCC TTG GAC CCA GAG GTT CT-3=; and �-globin
reverse oligonucleotide, 5=-TCA TGG CAA GAA AGT GCT CG-3=.
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