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CXCR4-Using HIV Strains Predominate in Naive and Central
Memory CD4� T Cells in People Living with HIV on
Antiretroviral Therapy: Implications for How Latency Is
Established and Maintained

Michael Roche,a,b Carolin Tumpach,a,b Jori Symons,a Matthew Gartner,b Jenny L. Anderson,a Gabriela Khoury,a

Kieran Cashin,b Paul U. Cameron,a,c Melissa J. Churchill,b Steven G. Deeks,d Paul R. Gorry,b Sharon R. Lewina,c

aThe Peter Doherty Institute for Infection and Immunity, University of Melbourne and Royal Melbourne Hospital, Melbourne, Australia
bSchool of Health and Biomedical Sciences, RMIT University, Bundoora, Australia
cDepartment of Infectious Diseases, Monash University and Alfred Hospital, Melbourne, Australia
dDepartment of Medicine, University of California, San Francisco, California, USA

ABSTRACT HIV can persist in people living with HIV (PLWH) on antiretroviral therapy
(ART) in multiple CD4� T cell subsets, including naive cells, central memory (CM) cells,
transitional (TM) cells, and effector memory (EM) cells. Since these cells express different
levels of the viral coreceptors CXCR4 and CCR5 on their surface, we sought to determine
whether the HIV envelope protein (Env) was genotypically and phenotypically different
between CD4� T cell subsets isolated from PLWH on suppressive ART (n � 8). Single ge-
nome amplification for the HIV env gene was performed on genomic DNA extracts from
different CD4� T cell subsets. We detected CXCR4-using (X4) strains in five of the eight
participants studied, and in these participants, the prevalence of X4 strains was higher in
naive CD4� T cells than in the memory subsets. Conversely, R5 strains were mostly
found in the TM and EM populations. Identical sets of env sequences, consistent with
clonal expansion of some infected cells, were more frequent in EM cells. These ex-
panded identical sequences could also be detected in multiple CD4� T cell subsets, sug-
gesting that infected cells can undergo T cell differentiation. These identical sequences
largely encoded intact and functional Env proteins. Our results are consistent with a
model in which X4 HIV strains infect and potentially establish latency in naive and CM
CD4� T cells through direct infection, in addition to maintenance of the reservoir
through differentiation and proliferation of infected cells.

IMPORTANCE In people living with HIV (PLWH) on suppressive ART, latent HIV can
be found in a diverse range of CD4� T cells, including quiescent naive and central
memory cells that are typically difficult to infect in vitro. It is currently unclear how
latency is established in these cells in vivo. We show that in CD4� T cells from PLWH
on suppressive ART, the use of the coreceptor CXCR4 was prevalent among viruses
amplified from naive and central memory CD4� T cells. Furthermore, we found that
expanded numbers of identical viral sequences were most common in the effector
memory population, and these identical sequences were also found in multiple dif-
ferent CD4� T cell subsets. Our results help to shed light on how a range of CD4� T
cell subsets come to harbor HIV DNA, which is one of the major barriers to eradicat-
ing the virus from PLWH.

KEYWORDS CCR5, CXCR4, HIV, latency, tropism

The principal barrier to a cure for human immunodeficiency virus (HIV) infection is
the persistence of long-lived and proliferating latently infected CD4� T cells in

people living with HIV (PLWH) on antiretroviral therapy (ART) (1). Although HIV persis-
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tence on ART was initially thought to primarily involve resting, central memory (CM)
CD4� T cells, HIV can also persist in naive, stem memory (TSCM), transitional memory
(TM), effector memory (EM), and terminally differentiated (TD) CD4� T cells (2, 3).
Latently infected cells can persist on ART due to the long half-life of some cells, such
as naive and memory CD4� T cells, and also through proliferation leading to clones of
infected cells (4–6). However, the role of cellular maturation and differentiation in
maintaining the latent reservoir remains unclear. Defining how the latent reservoir is
established and how it persists during ART is critical to the design of approaches to cure
HIV infection.

The cellular tropism of HIV is determined by the viral envelope glycoproteins (Env),
and viruses are broadly classified based on which coreceptor Env engages; R5 viruses
use CCR5 exclusively, X4 viruses use CXCR4 exclusively, and R5X4 viruses can use either
coreceptor. The CD4� T cell subsets that can be persistently infected during ART
express different cell surface levels of CCR5 and CXCR4, with CCR5 being highest on EM,
then TM, CM, and, finally, naive CD4� T cells, where CCR5 is barely detectable. The
expression of CXCR4 is the opposite that of CCR5, with the highest levels on naive CD4�

T cells, then CM, TM, and EM cells (7–11). If latency is established primarily through
direct infection, one might therefore expect a relative enrichment of X4 variants in
naive and CM cells, with R5 variants enriched in TM and EM cells, in people on
long-term ART.

In this study, we sought to characterize Envs isolated from CD4� T cell subsets from
blood and tissue of PLWH on ART to define the relationship between viruses in each
subset based on coreceptor usage and Env function. In a cohort of PLWH who initiated
ART with a low nadir CD4� T cell count, we found that X4 strains were frequently
detected, largely in naive and CM T cells, while R5 strains were detected in EM and TM
cells. Expanded numbers of identical env sequences were most common in the EM cell
population, but these identical env sequences were also found in multiple different
CD4� T cell subsets. Our results are consistent with a model in which X4 HIV strains
infect and potentially establish latency in naive and CM CD4� T cells through a direct
mechanism, while R5 HIV strains preferentially infect more differentiated (TM and EM)
cells. Furthermore, consistent with previous reports, clonal expansion of more differ-
entiated infected cells (TM and EM) and potentially cellular differentiation contribute to
HIV persistence on ART.

RESULTS
env sequences cluster according to coreceptor tropism, not cell of origin. To

investigate the role of the HIV Env in HIV persistence on ART, we used single genome
amplification and sequencing to characterize env genes from blood and tissue collected
from PLWH on ART who were all male (Table 1). The demographics of this cohort have
been previously described (12–14). Briefly, the inclusion criteria for the study were
being on ART with a plasma viral load of �50 HIV RNA copies per ml for at least two
and a half years. Blood, lymph node (LN) excisional biopsy specimens, and rectal biopsy
specimens were collected while participants were on ART, and for some participants,
plasma was available prior to ART. The frequency of latently infected cells is highest in
lymph node and the gastrointestinal tract in PLWH on suppressive ART (14, 15), and

TABLE 1 Participant characteristics

Participant Age (yrs) No. of yrs on ARTa CD4 (cells/�l) Nadir CD4 (cells/�l)

1 58 11.2 489 87
2 65 6.0 735 227
3 61 10.1 672 547
4 50 12.7 696 147
5 60 13.3 1,145 314
6 70 10.0 866 665
7 59 4.2 416 75
8 43 2.7 408 134
aART, antiretroviral therapy.

Roche et al. Journal of Virology

March 2020 Volume 94 Issue 6 e01736-19 jvi.asm.org 2

https://jvi.asm.org


biopsy specimens were included to determine if tissue and blood contained different
env sequences.

We were able to amplify and sequence at least 5 env sequences for the majority of
subsets from each sample (61/71 [85%]) (Table 2). To understand the contribution of
defective env sequences, we first identified defective env sequences. The proportion
of hypermutated sequences detected was �10% in 6/8 participants, while participants
1 and 2 had relatively higher levels of hypermutated sequences (24.5% and 14.5%,
respectively) (Fig. 1A). The proportion of defective env sequences (determined by the

TABLE 2 env amplimers generated

Particant

No. of amplimers on indicated cell type or tissue

Naive

Central
memory
X3� R6�

Central
memory
X3� R6�

Central
memory
X3� R6�

Central
memory
X3� R6�

Transitional
memory

Effector
memory
PD1�

Effector
memory
PD1�

Lymph
node

Rectal
tissue

Plasma
(pretherapy)

1 —a 12 9 7 6 15 4 7 NAb 1 NA
2 19 14 21 9 15 11 17 10 NA 16 22
3 10 7 4 8 2 9 5 5 NA 6 13
4 13 9 12 13 9 19 NA 12 4 14 NA
5 19 10 4 8 2 9 9 16 12 4 NA
6 9 6 12 17 20 16 13 14 1 9 NA
7 6 7 —a 5 9 13 1 6 NA NA NA
8 5 14 11 11 6 14 NA 15 NA NA NA
a—, env sequences could not be recovered from this sample.
bNA, not available.
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FIG 1 Distribution of hypermutated and defective env sequences. (A and B) The proportions of hyper-
mutated sequences (determined by hypermut 2.0 program) (A) and defective sequences (hypermutated
sequences, sequences containing stop codons or deletions of receceptor binding sites) (B) as a percent-
age of total sequences are shown for all participants (identified as participants 1 to 8). (C) Frequency of
defective sequences in CD4� T cell subsets from blood and CD4� T cells isolated from either rectal or
lymph node tissue (tissue CD4�). Scatterplots were constructed with each participant represented by a
different color and symbol, and horizontal lines indicate the medians. Comparisons were made using the
Wilcoxon signed-rank test. *, P � 0.05. NV, naive; CM, central memory; TM, transitional memory; EM,
effector memory.
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presence of deleterious hypermutations, stop codons, frameshifts, or deletions encom-
passing receptor binding sites) was also higher in participants 1 and 2 (Fig. 1B), which
was related to the higher level of hypermutated sequences isolated from these
participants. The proportions of defective sequences were similar across all CD4� T cell
subsets in blood and total CD4� T cells in tissue, with the exception of an increased
proportion of defective sequences in TM cells from blood compared to that in naive
cells from blood and tissue CD4� T cells (Fig. 1C).

To determine if env sequences were genotypically distinct based on the cell of
origin, we constructed phylogenetic trees of env sequences for each individual after the
removal of hypermutated variants. Phylogenetic analysis showed that env sequences
did not cluster based on the cell of origin (Fig. 2). Consistent with this finding, we did
not observe compartmentalization between env sequences isolated from different
CD4� T cell subsets in the majority of participants, nor was compartmentalization
detected between blood- and tissue-derived env sequences (Table 3).

Although we did not observe genetic similarity in env sequences based on cell of
origin, we hypothesized that compartmentalization may occur based on env function or
phenotype. We therefore determined the coreceptor tropism of each env sequence
using the geno2pheno coreceptor prediction algorithm (16). CXCR4-predicted variants

FIG 2 Phylogenetic analysis of env sequences. Shown are maximum likelihood trees for env sequences isolated
from peripheral blood (naive, central memory, transitional memory, and effector memory), rectal tissue (total
CD4�), and lymph node (total CD4�) collected from PLWH on ART. For two participants, env sequences were
analyzed from plasma collected prior to the initiation of ART (3 months for participant 2 and 29 months for
participant 3). Red semicircles indicate CXCR4-using env clusters. The scale is number of nucleotide substitutions
per site.
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were detected in 5 of 8 participants, with a mean (range) percentage frequency of
46.2% (28.9 to 62.2%) of total env sequences. These five individuals harboring X4
variants had a lower median (range) CD4� T cell count nadir (147 [75 to 665] cells/�l)
than those with R5-only variants (547 [134 to 314] cells/�l). The levels of integrated HIV
DNA did not differ between the two groups (Fig. 3).

Visualization of X4 variants on phylogenetic trees demonstrated two patterns; the
X4 env sequences either formed monophyletic clusters distinct from R5 env sequences
in the same participants (participants 1, 2, 4, and 7) (Fig. 2), or they formed multiple

TABLE 3 Panmixia testsa

Comparison

Result for indicated participant

1 2 3 4 5 6 7 8

Pre-ART vs. naive — <0.0001 0.9900 — — — — —
Pre-ART vs. CM — <0.0001 0.9500 — — — — —
Pre-ART vs. TM — 0.0002 0.0290 — — — — —
Pre-ART vs. EM — <0.0001 0.0120 — — — — —
Pre-ART vs. LN — — — — — — — —
Pre-ART vs. RT — <0.0001 0.0047 — — — — —
Naive vs. CM — 0.4500 0.8700 0.2100 0.0750 0.0400 0.3100 0.8200
Naive vs. TM — 0.0066 0.0400 0.0110 0.0780 0.0071 0.0440 0.8200
Naive vs. EM — <0.0001 0.0022 0.0020 0.0130 0.0042 0.0850 0.0530
Naive vs. LN — — — 0.2700 0.0004 — — —
Naive vs. RT — <0.0001 0.0620 0.0008 0.5200 0.0130 — —
CM vs. TM 0.2500 0.0970 0.0089 0.5500 0.0300 0.0019 0.0006 0.4900
CM vs. EM 0.0690 <0.0001 0.0011 0.0025 0.0005 <0.0001b 0.0015 <0.0001b

CM vs. LN — — — 0.8500 0.0002 — — —
CM vs. RT — 0.0001 0.0027 0.0031 0.5000 0.0350 — —
TM vs. EM 0.7800 0.0370 0.0160 0.0630 0.1100 0.0100 0.0660 0.0230
TM vs. LN — — — 1.0000 0.1500 — — —
TM vs. RT — 0.1600 0.2500 0.0770 0.3100 0.1800 — —
EM vs. LN — — — 0.1500 <0.0001b — — —
EM vs. RT — 0.0043 0.2200 0.0190 0.4100 0.0170 — —
LN vs. RT — — — 0.3800 0.1000 — — —
aPanmixia tests were performed as previously described (45). A P value of �0.0001 was considered significant. Statistically significant results are underlined and in
boldface. —, panmixia test was not performed due to insufficient env sequences, as described in Materials and Methods.

bSignificance was lost when identical sequences were removed from analysis (participant 5 EM versus LN, P � 0.83; participant 6 CM versus EM, P � 0.0038; participant
8 CM versus EM, P � 0.57).
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distinct clusters within a larger R5 population (participant 6) (Fig. 2). The two distinct X4
clusters in participant 6 differed primarily in the V1/V2 region rather than the V3 loop
(data not shown) and may indicate two separate events when X4 viruses emerged. Our
data demonstrate env clustering in PLWH on suppressive ART based not on cell of
origin but upon predicted coreceptor phenotype.

CXCR4-using Envs are prevalent in naive and central memory CD4� T cells.
Analysis of the phylogenetic trees from the five participants with X4 HIV showed that
env sequences isolated from naive T cells were mostly excluded from branches of R5
viruses, while env sequences isolated from EM T cells were mostly excluded from
branches of X4 viruses. We therefore next investigated the proportion of X4 env
sequences within each CD4� T cell subset from these five participants. A gradient of
CXCR4 usage was observed across the spectrum of cell differentiation. The proportion
of total env sequences that were X4 tropic was highest in naive CD4� T cells (median,
86.06%), then CM (47.62%), TM (33.33%), and EM (13.04%) cells (Fig. 4A). To confirm this
gradient of coreceptor tropism at an individual sequence level, we analyzed the
false-positive rate (FPR) of each sequence from each CD4� T cell subset. The FPR is a
qualitative value provided by the geno2pheno program which defines the probability
of classifying a CCR5-predicted virus falsely as a CXCR4-predicted variant. The FPR was
lower in env sequences derived from naive cells than from CM (P � 0.0074), TM (P �

0.0001), and EM (P � 0.0001) T cells. These results are consistent with a reduction in
frequency of X4-tropic viruses as cells become more differentiated (Fig. 4B). We did not
detect any differences in the proportion of X4 env sequences or FPR within subsets of
CM cells that express either CXCR3 or CCR6 (Fig. 4C and D), nor were any differences
observed within subsets of EM cells that express programmed cell death protein 1
(PD1) (Fig. 4E and F). The frequency of X4 env sequences in total CD4� T cells from
rectal tissue was low (33.3%), similar to that in TM and EM cells from blood (Fig. 4G).
Conversely, the frequency of X4 env sequences in CD4� T cells from lymph node was
relatively high, although limited conclusions can be made given the relatively small
sample size (Fig. 4G; Table 2). The FPR was significantly higher for env sequences
isolated from rectal tissue (P � 0.0427) (Fig. 4H). To ensure that our analysis was not
biased by clonal expansion or proliferation, we reanalyzed the data using only unique
sequences or a set of identical sequences if the sequence was derived exclusively from
one cell subpopulation (and therefore was counted as a single sequence). Similar
results were obtained when using all sequences or only unique sequences (data not
shown). The coreceptor tropism of env sequences closely matched the receptor ex-
pression of CCR5 on these cell populations, with EM cells expressing the highest level
of CCR5 while naive cells expressed negligible levels of CCR5 (Fig. 5).

To confirm the predictions of coreceptor usage based on the geno2pheno algo-
rithm, we verified the coreceptor tropism of 108 env sequences from six participants
using a phenotypic assay. We created Env-pseudotyped luciferase reporter viruses and
tested their ability to mediate viral entry into U87-CD4/CCR5 and U87-CD4/CXCR4 cells.
The majority of env sequences could mediate entry into cells when pseudotyped onto
Env-deficient luciferase reporter viruses and were therefore functional (89.8%) (Table 4).
We saw high concordance between the genotypic prediction and phenotypic assess-
ment of coreceptor usage (98.9% concordance), with the majority of env sequences
classified by genotype as CXCR4 using capable of using both CCR5 and CXCR4
coreceptors in the phenotypic assay.

Together, our results demonstrate a clear segregation of env sequences from
different CD4� T cell subsets based on coreceptor tropism. Importantly, the coreceptor
usage was concordant with the known coreceptor expression on the cells, with the
highest proportion of X4 env sequences isolated from naive and CM cells, which express
high levels of CXCR4 but minimal CCR5 (7). X4 env sequences were isolated at a far
lower frequency from TM and EM cells, which express comparatively higher levels of
CCR5.

Naive and central memory cell derived CCR5-using Envs do not utilize CCR5
more efficiently. Given that R5 env sequences were also identified from naive and CM
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are the frequencies of env sequences predicted to use X4 as a percentage of total sequences (left) and
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cells, we hypothesized that these env sequences would have enhanced Env-CCR5
interactions due to the low CCR5 expression on naive and CM cells. We created
Env-pseudotyped luciferase reporter viruses from R5 env sequences isolated from
different CD4� T cell subsets and assessed their sensitivity to inhibition by the CCR5
antagonist maraviroc (MVC), as a means of comparing the efficiencies of CCR5 usage
between Envs (17). Envs with enhanced CCR5 usage would be expected to be less
sensitive to reductions in available CCR5 due to increases in MVC concentration and will
thus have higher MVC 50% and 90% inhibitory concentrations (IC50 and IC90) (18). We
created Env-pseudotyped reporter viruses from a range of representative R5 Envs
amplified from CD4� T cells from six participants (Table 4) and determined their
sensitivity to inhibition by MVC. We observed no difference in MVC sensitivity as
measured by IC50 (Fig. 6A) and IC90 (Fig. 6B) between R5 env sequences isolated from
naive, CM, TM, and EM cells. These data support the conclusion that env sequences
from naive and CM cells compared to env sequences from TM and EM cells do not have
enhanced interactions with CCR5.

CXCR4 usage is associated with enhanced tropism for resting CD4� T cells. To
further understand the importance of coreceptor usage in the direct infection of target
T cells, we assessed the ability of Envs isolated from different CD4� T cell subsets to
mediate infection into resting and activated CD4� T cells. We pseudotyped green
fluorescent protein (GFP) reporter viruses with Envs isolated from different CD4� T cell
subsets. The expression of GFP (an indicator of overall levels of infection) was higher
following infection of activated CD4� T cells than for resting CD4� T cells, as expected
(Fig. 7A). We did not observe any differences between infection of resting and activated
CD4� T cells based on whether Envs were isolated from naive, CM, TM, or EM CD4� T
cells. Interestingly, a subset of Envs were able to infect both resting and activated CD4�

T cells with similar efficiencies. We hypothesized that these Envs were capable of using
CXCR4, so we analyzed infection efficiency based on the Env coreceptor usage. R5 Envs
were restricted to infection of activated CD4� T cells (Fig. 7B and C). Conversely, X4
Envs were able to infect both resting and activated CD4� T cells (Fig. 7B and C). To
confirm that the differences in infection by X4 and R5 using Envs of resting and
activated CD4� T cells were due to the expression of CXCR4 and CCR5, we infected
both resting and activated CD4� T cells with six of the dual-tropic Envs we isolated in

FIG 4 Legend (Continued)
expression of PD1 and (E and F), and total CD4� T cells isolated from lymph node (LN) and rectal tissue
(RT) (G and H). Scatterplots were constructed with each participant represented by a different color and
symbol, and lines indicate the medians. For panels A, C, E, and G, comparisons were made using one-way
analysis of variance (ANOVA) with Tukey’s post hoc test for multiple comparisons. For panels B, D, F, and
H, the dotted line indicates the FPR cutoff for CXCR4 usage (5%). Comparisons were made using a
Kruskal-Wallis test with Dunn’s post hoc test for multiple comparisons. *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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TABLE 4 Genotypic and phenotypic characterization of coreceptor tropism by selected env sequences

Participant Subset Clone
Tropism
(genotype) FPRa

Viral entry (RLU)b
Tropism
(phenotype)U87-CD4/CCR5 U87-CD4/CXCR4

1 TM 16 X4 1.3 �� �� R5X4
CM X3� R6� 9 X4 1.1 �� �� R5X4
CM X3� R6� 2 X4 1.1 �� �� R5X4
TM 6 R5 50.2 ��� � R5
TM 15 X4 1.1 � � NFc

EM PD1� 6 R5 79.5 ��� � R5
CM X3� R6� 8 R5 23.9 � � NF
EM PD1� 9 R5 77.8 ��� � R5
EM PD1� 3 R5 23.9 ��� � R5
TM 18 X4 1.7 � � R5X4
CM X3� R6� 3 R5 23.9 ��� � R5
TM 17 R5 50.2 ��� � R5
EM PD1� 1 R5 23.9 ��� � R5
CM X3� R6� 3 X4 1.1 �� �� R5X4
EM PD1� 4 R5 77.8 ��� � R5

2 CM X3� R6� 12 R5 15.4 ��� � R5
EM PD1� 4 R5 23.6 ��� � R5
TM 3 R5 23.6 ��� � R5
EM PD1� 17 R5 13.1 � � NF
EM PD1� 8 R5 23.6 � � R5
TM 1 X4 1.7 �� ��� R5X4
NV 20 X4 1.7 �� ��� R5X4
NV 26 X4 1.9 �� ��� R5X4
NV 8 X4 1.7 �� ��� R5X4
NV 11 R5 13.1 ��� � R5
CM X3� R6� 14 X4 1.9 � �� X4
CM X3� R6� 9 X4 1.7 �� ��� R5X4
EM PD1� 6 R5 13.1 ��� � R5
TM 4 X4 1.7 ��� ��� R5X4
TM 6 R5 29.5 � � NF
EM PD1� 2 R5 20.8 ��� � R5
NV 14 X4 1.7 � � NF
CM X3� R6� 21 X4 1.7 �� ��� R5X4
CM X3� R6� 10 X4 1.7 �� ��� R5X4

3 TM 8 R5 17.8 �� � R5
TM 10 R5 17.8 �� � R5
EM PD1� 2 R5 21.4 �� � R5
EM PD1� 1 R5 17.8 ��� � R5
CM X3� R6� 6 R5 17.8 ��� � R5
CM X3� R6� 2 R5 17.8 �� � R5
NV 7 R5 17.8 �� � R5
NV 11 R5 17.8 �� � R5
TM 11 R5 17.8 ��� � R5
EM PD1� 1 R5 14.7 ��� � R5
CM X3� R6� 5 R5 17.8 �� � R5
CM X3� R6� 10 R5 17.8 � � NF
NV 1 R5 17.8 �� � R5
CM X3� R6� 4 R5 17.8 �� � R5
NV 8 R5 17.8 �� � R5
TM 12 R5 23.9 �� � R5
NV 4 R5 17.8 � � R5

4 TM 10 R5 8.1 ��� � R5
CM X3� R6� 1 X4 1.7 �� �� R5X4
CM X3� R6� 5 X4 1.7 �� �� R5X4
EM PD1� 14 R5 8.1 �� � R5
NV 1 X4 1.7 � � NF
NV 8 X4 1.7 �� �� R5X4
CM X3� R6� 10 R5 8.1 ��� � R5
TM 7 R5 8.1 � � NF
TM 20 X4 1.7 ��� �� R5X4

(Continued on next page)
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the presence of MVC and AMD3100 (AMD), an antagonist of CXCR4 (19). Infection with
dual-tropic Env-pseudotyped viruses in the presence of MVC had minimal effect on
virus entry in both resting and activated CD4� T cells, suggesting that CXCR4 was the
primary receptor used by dual-tropic Envs (Fig. 7D). Infection in the presence of the
CXCR4 inhibitor AMD led to a 47% (�3.4%) reduction in viral entry in activated CD4�

TABLE 4 (Continued)

Participant Subset Clone
Tropism
(genotype) FPRa

Viral entry (RLU)b
Tropism
(phenotype)U87-CD4/CCR5 U87-CD4/CXCR4

EM PD1� 8 R5 8.1 �� � R5
EM PD1� 15 X4 1.7 �� � R5X4
CM X3� R6� 6 X4 1.7 �� �� R5X4
TM 5 R5 8.1 ��� � R5
CM X3� R6� 7 R5 8.1 ��� � R5
NV 3 R5 9.6 ��� � R5
TM 8 R5 8.1 �� � R5
EM PD1� 11 R5 9.6 ��� � R5
NV 4 X4 1.7 �� �� R5X4
NV 2 X4 1.7 � � NF
EM PD1� 7 R5 43.0 � � R5

5 NV 1 R5 17.1 ��� � R5
TM 2 R5 33.9 � � R5
CM X3� R6� 6 R5 17.1 ��� � R5
NV 2 R5 33.9 ��� � R5
TM 7 R5 23.6 ��� � R5
CM X3� R6� 8 R5 78.1 ��� � R5
CM X3� R6� 2 R5 23.6 ��� � R5
EM PD1� 1 R5 43.8 ��� � R5
NV 7 R5 21.3 �� � R5
TM 10 R5 23.6 ��� � R5
EM PD1� 19 R5 78.8 ��� � R5
CM X3� R6� 4 R5 43.8 ��� � R5
NV 6 R5 45.7 ��� � R5
CM X3� R6� 9 R5 33.9 � � NF
EM PD1� 8 R5 33.9 ��� � R5
EM PD1� 9 R5 43.3 ��� � R5
NV 10 R5 33.9 ��� � R5

6 EM PD1� 4 R5 11.4 ��� � R5
TM 7 R5 53.8 ��� � R5
TM 20 R5 11.4 ��� � R5
EM PD1� 3 R5 53.8 ��� � R5
EM PD1� 8 R5 23.6 �� � R5
NV 14 X4 0.7 � ��� X4
TM 15 R5 31.1 �� � R5
NV 9 R5 7.4 ��� � R5
NV 13 X4 4.8 ��� � R5
TM 4 X4 0.7 � � NF
NV 10 X4 0.2 � ��� R5X4
TM 12 R5 8.5 ��� � R5
EM PD1� 16 X4 0.2 � ��� X4
EM PD1� 5 R5 31.1 ��� � R5
CM X3� R6� 12 X4 0.2 � �� X4
CM X3� R6� 4 X4 0.2 � �� X4
CM X3� R6� 20 X4 0.2 � ��� R5X4
CM X3� R6� 4 R5 53.8 ��� � R5
CM X3� R6� 18 R5 7.4 ��� � R5
CM X3� R6� 11 R5 11.4 ��� � R5

Controls NL4.3 X4 0.5 � ��� X4
AD8 R5 35.3 ��� � R5
Mock � � � � �

aFPR, false-positive rate.
bRLU, relative light fluorescence: 0 to 104 (�), 104 to 105 (�), 105 to 106 (��), or 106 to 107 (���).
cNF, nonfunctional.
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T cells; however, entry in resting CD4� T cells was greatly reduced. These data indicate
that both CCR5 and CXCR4 are available on activated CD4� T cells for viral entry, while
only CXCR4 is available on resting CD4� T cells.

Identical expanded env sequences are more common in effector memory CD4�

T cells but are detected in all T cell subsets. In each participant we observed multiple
sets of identical env sequences, which we assume were from different cells, due to the
use of single genome amplification. We defined an identical sequence as a sequence
with at least one other identical sequence within the same individual. Overall, 27.9% of
all env sequences were identical. When identical sequences were stratified by cell
subset of origin, the proportion of total sequences that were identical was higher in EM
cells than in naive and CM cells from blood (Fig. 8A). We did not detect differences in
the proportion of identical sequences when CM cells were stratified based on the
expression of CXCR3 and CCR6 (Fig. 8B), or when EM cells were stratified based on the
expression of PD1 (Fig. 8C) given work showing that HIV was enriched in cells
expressing PD1 (12), or between sequences derived from lymph nodes and rectal tissue
(Fig. 8D), although our results may have been influenced by low numbers of env
amplified from some of the subsets (Table 2). Despite an increase in the proportion of
identical sequences in EM T cells, we did not detect a reduction in overall env diversity
in this subset (Fig. 8E).

We identified a total of 55 sets of identical sequences within the eight participants
studied and then determined which subsets and subpopulations were harboring
identical sequences. Interestingly, 58.2% of the sets of identical sequence contained
sequences derived from at least two different CD4� T cell subsets or subpopulations
(Fig. 9). For example, the same sets of identical env sequences (labeled set 4 from
participant 5) (Fig. 9) were isolated from naive, TM, EMPD1�, and EMPD1� CD4� T cells.
Some sets of identical env sequences were identified in only CM subpopulations
(21.8%) and EM subpopulations (20.0%). In addition, we detected 11 sets of identical
env sequences in CD4� T cells isolated from tissue (lymph node or rectal). In these sets
of identical sequences from tissue, 7/11 (63.6%) were found in both tissue- and
blood-derived CD4� T cells. Interestingly, in the 5 participants harboring dual-tropic
variants, we found that 63.4% of identical sequence sets were R5, while 36.6% were X4.
This was consistent with the overall level of R5 (53.8%) and X4 (46.2%) strains in these
participants. Of the 108 env sequences tested for functionality, 20 were from identical
sets of sequences, and 88 were unique sequences. Of the env sequences from identical
sets of sequences, 90% (18/20) produced functional Env proteins in our pseudotyping
assay (Fig. 9). Of the unique env sequences, 92% (81/88) were functional. These results
suggest that in our cohort of PLWH on ART, expanded HIV env sequences can be either
R5 or X4 and can harbor intact and functional envelopes at a frequency similar to that
of unique sequences.

These data based on subgenomic sequencing of env are consistent with prolifera-
tion of infected CD4� T cells on ART, as reported in previous studies (4, 6, 20), and with
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the notion that this occurs most commonly in EM cells. However, the presence of
identical expanded env sequences in different CD4� T cell subsets and in cells express-
ing different levels of CXCR4 or CCR5 is consistent with maturation or differentiation of
infected cells also occurring on ART. Furthermore, the presence of identical expanded
env sequences amplified from CD4� T cells from blood and tissue is consistent with
trafficking of infected expanded clones between blood and tissue compartments.

DISCUSSION

Our results demonstrate that in PLWH on ART who initiate ART with a low nadir CD4
T cell count, HIV env genes are not uniform across different T cell subsets and in blood
and tissue, as assessed by coreceptor tropism. CXCR4 usage was most common in env
genes isolated from naive and CM CD4� T cells, consistent with the relatively high
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expression of CXCR4 on these cells. Conversely, env from TM and EM cells was
predominantly R5 tropic, consistent with the relatively high expression of CCR5 on
these cells. Furthermore, infection with pseudotyped viruses containing R5 Env oc-
curred in activated CD4� T cells only, while pseudotyped viruses containing X4 Env
could infect both resting and activated CD4� T cells. This observation is likely due to
the reduced availability of CCR5 on resting CD4� T cells. We observed sets of identical
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env sequences in different T cell subsets; however, sets of identical sequences were
concentrated in the EM cells, suggesting that clonal expansion occurred most com-
monly in EM cells. The majority of these expanded env sequences also encoded
functional Env proteins.

We detected X4 Envs in five of eight participants. This is not a surprising finding
considering all participants were treated during chronic infection and the majority had
low nadir CD4 T cell counts (Table 1). The presence of relatively high proportions of X4
env in naive and CM CD4� T cells raises the question of whether CXCR4 usage is
required for efficient infection of these cell subsets, even in participants who initiate
ART early following infection. As X4 strains typically emerge during later stages of
disease, this might suggest that early ART leads to a relative sparing of the naive and
CM T cell compartments from infection. A previous study compared the frequencies of
infected naive and CM CD4� T cells in PLWH on ART following treatment in acute and
chronic infections but found no difference in the level of HIV DNA, although the authors
did not specifically assess the frequency of X4 HIV strains (21). Studies in a cohort of
PLWH who can successfully control virus to low levels after cessation of ART (post
treatment controllers) suggested that early ART may limit the frequency of infected
naive and CM CD4� T cells (22, 23). Others have shown that when X4 variants are
present, there is a higher level of HIV DNA and inducible replication-competent
provirus in naive CD4� T cells— both on and off ART (24–27). Furthermore, in vitro
experiments have shown that infection of naive T cells primarily occurs with X4 strains
(28–30). Given the clear detection of X4 env in cells that express CXCR4, and that only
viruses pseudotyped with X4 Env led to efficient infection of resting CD4� T cells, our
data support a model in which latency is established in naive and CM cells following
direct infection of these cells. Conversely, R5 env was predominantly amplified from
cells that express CCR5, such as EM and TM cells. In addition, pseudotyped viruses with
R5 Env were largely only able to infect activated CD4� T cells.

In the three participants who harbored only R5 env, HIV DNA was detected in all T
cell subsets (Fig. 3), and when R5 Envs isolated from naive and CM subsets were used
to pseudotype reporter viruses, the virus did not use CCR5 more efficiently or gain the
capacity to infect resting CD4� T cells. R5 Envs typically do not mediate infection of
naive cells in vitro, and this may be related to the very low levels of CCR5 expression
on these cells (7, 8, 10, 28, 29). We also detected negligible levels of CCR5 on naive
CD4� T cells. Consistent with our findings, previous studies have also detected R5 env
from naive T cells isolated from PLWH both on and off ART (3, 25).

While X4 env was more commonly found in CM cells in our study, R5 env was also
detected in these cells. CM CD4� T cells express relatively low levels of CCR5, but when
activated, they increase their expression of CCR5 (31). Interestingly, low CCR5 expres-
sion in some nonhuman primates infected with simian immunodeficiency virus (SIV)
has been associated with a relative sparing of infection of the CM population (32). In
studies of Env strains resistant to CCR5 antagonists, enhanced CCR5 usage was asso-
ciated with tropism for CM (10, 11). However, in contrast to these studies, we did not
find any variation in CCR5 usage of Envs isolated from CM.

We propose several explanations for how infected naive and CM T cells are estab-
lished on ART. The first is through direct infection of naive and CM with X4 variants due
to the high levels of CXCR4 on these cells (7). The second is that an activated CD4� T
cell is infected with an X4 or R5 strain, survives, and then reverts to become either an
infected naive or CM CD4� T cell (33). Reversion of EM to CM is a process called
dedifferentiation, which occurs through epigenetic reprograming, at least in CD8� T
cells (34). Whether this occurs in CD4� T cells remains unclear. The third is the direct
infection of cells transitioning from EM to CM with R5 using viruses due to a temporary
upregulation of CCR5 (31). Finally, direct infection of memory CD4� T cells with an R5
virus is possible but in the presence of an additional stimulus, such as dendritic cell
contact, as we have previously shown in vitro (35, 36). Although these pathways could
explain R5 infection of CM CD4� T cells, they would not explain our findings of R5
infection of naive CD4� T cells.
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Our sequence analysis showed that identical sets of env sequences were more
frequently detected in EM cells than in naive and CM CD4� T cells. Identical sets of env
sequences were also identified in multiple T cell subsets. In fact, the majority of
identical sets of env sequences (59.3%) were detected in at least two different T cell
subsets. Our data are consistent with proliferation of infected cells being an important
mechanism for viral persistence during ART (4, 5, 37), particularly in EM cells (20). Our
observation of identical sets of env sequences found across multiple different T cell
subsets is in agreement with other studies with participants on ART (20) and with HIV
controllers (38). These data suggest that infected cells can undergo maturation and
differentiation and survive. Our observation that identical sequences can be found in
subpopulations of CM cells based on CXCR3 and CCR6 expression further supports this
model, as the findings are consistent with infection of a precursor population prior to
differentiation into Th1 (CXCR3�) or Th17 (CCR6�) cells. Interestingly, the bulk of
identical sets of env sequences we detected contained intact env sequences that were
functional. Indeed, recent evidence has shown that infected cells with intact proviruses
can proliferate without producing virus (4).

Our study had some limitations. First, we recruited participants with low nadir CD4�

T cell counts. As a consequence, the detection of CXCR4-using variants in five of the
eight participants was not surprising but may not translate to PLWH who initiate ART
with high CD4 counts. Second, as this was a cross-sectional study, we were unable to
make any conclusions in relation to the relative contributions of clonal expansion,
differentiation, and direct infection to how HIV persists on ART. Follow-up studies using
longitudinal sampling will be important to better understand these mechanisms. Third,
in the absence of full-length proviral sequencing (39), we were unable to determine
whether the env genes described here are from intact proviruses. As most defective
proviruses are either hypermutated or contain large internal deletions (40), we analyzed
993 defective proviral sequences obtained from PLWH on ART and treated during
chronic infection (https://psd.cancer.gov/). A total of 717 defective sequences (72.2%)
would not be detected using our PCR approach. Hence, we conclude that our PCR and
sequencing approach is likely to enrich for intact proviruses, although it is possible that
these env sequences came from viruses with defects in other genes. Finally, all
participants in this study were male, and whether these findings translate to women
living with HIV requires further investigation.

Taken together, our results demonstrate a significant role for coreceptor tropism in
HIV persistence on ART, with clear compartmentalization of infected T cell subsets on
the basis of coreceptor usage, concordant with the coreceptor expression on those
cells. These data are consistent with latency being established through direct infection
of naive and central memory CD4� T cells by CXCR4-using strains. Identical sets of env
sequences were found in multiple T cell subsets and subpopulations, consistent with
infection of a common precursor and differentiation or dedifferentiation of infected
cells. We therefore conclude that HIV persistence in different T cell subsets likely occurs
through multiple mechanisms, including differentiation, proliferation, and de novo
infection. This may potentially mean that different strategies will be needed to elimi-
nate these infected cells.

MATERIALS AND METHODS
Cell lines. The embryonic kidney cell line 293T, JC53 cells (41), and TZM-bl cells (42) were maintained

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum, 1% Glutamax,
and 1% penicillin-streptomycin. The astrocytoma cell lines U87-CD4/CCR5 and U87-CD4/CXCR4 were
maintained in DMEM supplemented with 15% fetal calf serum, 1% Glutamax, 1% penicillin-streptomycin,
1 �g/ml of puromycin, and 300 �g/ml of G418. Primary CD4� T cells were maintained in RPMI medium
supplemented with 10% fetal calf serum, 1% Glutamax, and 1% penicillin-streptomycin.

Study participants and nucleic acid isolation. Samples were obtained from 8 HIV-infected partic-
ipants enrolled in the SCOPE study at the University of California, San Francisco. These participants were
treated during chronic infection; all had HIV RNA levels of �40 copies/ml and had been virally
suppressed for �2 years. Participant characteristics, leukapheresis for obtaining blood CD4� T cells,
sorting of CD4� T cell subsets, and biopsy of rectal tissue and inguinal lymph nodes for tissue-derived
CD4� T cells have been described previously (12, 13). Briefly, using fluorescence-activated cell sorting,
CD4� T cell subsets from blood and total CD4� T cells from tissue were isolated. The surface markers
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used were as follows: naive (CD4� CD45RA� CD27� CCR7�), central memory (CD4� CD45RA� CD27�

CCR7�), transitional memory (CD4� CD45RA� CD27� CCR7�), effector memory (CD4� CD45RA� CD27�

CCR7�), and tissue total CD4 (CD4�). Central memory cells were further sorted based on expression of
CXCR3 and CCR6. Effector memory cells were further sorted based on expression of programmed cell
death protein 1 (PD1). The subpopulations of CM and EM subsets were sorted because we and others
have previously shown that the expression of PD1, CCR6, and CXCR3 on CD4� T cells from PLWH on ART
has been associated with enrichment of HIV DNA (12, 13). In a subset of participants, CD4� T cells were
sorted from rectal tissue (n � 6) and lymph node biopsy specimens (n � 3). Genomic DNA (gDNA) was
extracted from 105 to 106 cells using the AllPrep DNA/RNA microkit (Qiagen) according to the manu-
facturer’s protocol. Pretherapy plasma was obtained for two study participants 3 months (participant 2)
and 29 months (participant 3) prior to the initiation of antiretrovirals (ARVs). Viral RNA (vRNA) from 1 ml
of plasma was extracted using the QIAamp viral RNA minikit (Qiagen) according to the manufacturer’s
protocol. cDNA was synthesized using Superscript III (Invitrogen) and the subtype B-specific primer
envB3out (5=-TTGCTACTTGTGATTGCTCCATGT). The level of integrated HIV DNA in each CD4� T cell
subset was determined as previously described (2).

Single genome amplification for env. gDNA and cDNA were used as templates for single genome
amplification of gp160 as previously described (43). Briefly, a nested PCR approach was performed using
Platinum Taq HiFi (Invitrogen). The first-round primers were envB5out (5=-TAGAGCCCTGGAAGCATCCA
GGAAG) and envB3out. One microliter of first-round PCR product was transferred to the second-round
PCR using the primers envB5in (5=-TTAGGCATCTCCTATGGCAGGAAGAAG) and envB3in (5=-GTCTCGAGA
TACTGCTCCCACCC). The second-round forward primer (envB5in) was further modified with the addition
of CACC on the 5= end to allow for TOPO directional cloning. To ensure single-copy input, the template
nucleic acid was serially diluted to a point at which 2/8 nested gp160 PCRs were positive. The nested PCR
was then performed again at the selected template dilution using a full 96-well plate. Positive PCRs were
identified by gel electrophoresis, and the products were directly sequenced using Sanger sequencing.

Sequence analysis. A total of 722 env sequences were generated for this study (Table 2). env
sequences were interrogated for the presence of hypermutation using the Hypermut2.0 tool (https://
www.hiv.lanl.gov), and hypermutants were discarded from subsequent analysis. Inter- and intraindividual
alignments of the V1 to V5 regions of env (1,019 bp) were performed using Clustal W in CLC Main
Workbench (Qiagen). For phylogenetic analysis, maximum likelihood trees were constructed using MEGA
6 (http://megasoftware.net). The general time reversible plus gamma model of nucleotide substitution
was used. This model was selected by using the Los Alamos National Laboratory FindModel program
(https://www.hiv.lanl.gov). The phylogenetic tree structures were statistically supported by 100 bootstrap
replicates. Identical sequences were identified by calculating average pairwise distances in MEGA 6 and
confirmed with individual sequence alignments. Sequences differing by 1 bp were considered unique.
Our sequencing approach has a clonal predictive score of 83% (44). Diversity within subsets was
determined by calculating average pairwise distances in MEGA 7 using the maximum composite
likelihood model of nucleotide substitution (transitions and transversions). Variance estimation was
calculated using 1,000 bootstrap replicates. Genetic compartmentalization was determined by Panmixia
tests using 10,000 permutations as previously described (45). Diversity and compartmentalization tests
were performed in subsets with a minimum of 4 nonhypermutated env sequences. No contamination
was observed between participants. Coreceptor tropism was determined using the geno2pheno core-
ceptor prediction algorithm with a 5% false-positive rate (FPR) cutoff (16).

env cloning. Selected env PCR amplimers were cloned into the pcDNA3.1 Directional TOPO expres-
sion vector (Thermo Fisher Scientific) according to the manufacturer’s protocol. Clones containing the
correct insert were screened using a colony PCR approach.

Production and titration of Env-pseudotyped luciferase and GFP reporter viruses. Env-
pseudotyped luciferase or GFP reporter viruses were produced by transfection of 293T cells with
plasmids pcDNA3.1-Env and pNL4.3e-luc or pNL4.3e-GFP using Polyethylenimine (PEI) Max (Polysciences)
at a ratio of 1:4. Supernatants containing luciferase reporter viruses were harvested 48 h posttransfection,
filtered through 0.45-�m-pore-size filters, aliquoted, and stored at – 80°C. Supernatants containing GFP
reporter viruses were harvested 48 h posttransfection, filtered through 0.45-�m-pore-size filters, and
concentrated over a 25% (wt/vol) sucrose cushion via ultracentrifugation at 25,000 rpm for 2 h at 4°C. The
50% tissue culture infectious dose (TCID50) was determined by titration in JC53 cells (41) for luciferase
reporter viruses and TZM-bl cells for GFP reporter viruses as described previously (46, 47).

Coreceptor tropism assays. Env coreceptor tropism was determined by infection of U87-CD4/CCR5
and U87-CD4/CXCR4 with Env-pseudotyped luciferase reporter viruses as previously described (48).
Briefly, 1 � 104 U87-CD4/CCR5 or U87-CD4/CXCR4 cells were seeded per well into 96-well flat-bottom
plates. The following day, the cells were inoculated with 5-fold serial dilutions (neat to 1/125) of
Env-pseudotyped luciferase reporter viruses in a volume of 200 �l for 12 h. The viral inoculum was
removed and replaced with fresh medium, and the cells were incubated for a further 60 h. The level of
reporter virus entry was measured by luciferase activity in cell lysates (Promega) according to the
manufacturer’s instructions. Luminescence was measured using a FLUOStar microplate reader (BMG
Labtech). Background luciferase activity was determined using mock-infected cells that were inoculated
with medium only and by infections of U87-CD4/CCR5 cells with reporter viruses pseudotyped with the
X4-tropic Env NL4.3 and infections of U87-CD4/CXCR4 cells with reporter viruses pseudotyped with the
R5-tropic Env AD8.

Maraviroc sensitivity assays. Sensitivity to maraviroc (MVC) was determined by infection of
U87-CD4/CCR5 cells incubated with serial dilutions of MVC as previously described (49). Briefly, 1 � 104
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were preincubated with 5-fold serial dilutions of MVC (1,000 nM to 0.00256 nM) for a period of 30 min
prior to the addition of 100 TCID50s of Env-pseudotyped luciferase reporter viruses. The virus-containing
inoculum was washed off after 12 h, replaced with fresh medium, and further incubated for a total period
of 72 h. MVC was maintained throughout the experiment, and the dimethyl sulfoxide (DMSO) concen-
tration was consistent across all wells (0.1%). The level of reporter virus entry was determined as
described above, and virus entry in wells containing MVC was normalized to that of wells incubated with
DMSO. Inhibition curves were generated with a nonlinear function and least-squares analysis in Prism
(GraphPad). The IC50 and IC90 were determined from these curves.

T cell tropism assays. Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats of
HIV-negative healthy donors. Resting CD4� T cells were purified using the EasySep human CD4� T cell
isolation kit (StemCell Technologies) according to the manufacturer’s instructions. For each experiment,
�98% of the cells were CD3�, CD4�, and CD69�. Cells were either incubated in medium alone or
incubated in medium supplemented with 20 �g/ml of phytohemagglutinin (PHA) and 10 U/ml of
interleukin 2 (IL-2) for 48 h at 37°C. Subsequent to this, 5 � 105 resting or activated CD4� T cells were
infected with equivalent amounts of Env-pseudotyped GFP reporter viruses using spinoculation (1,200 �
g for 2 h at room temperature) in 100 �l. The viral inoculum was then removed, and cells were
maintained in RF10 supplemented with 1 U/ml of IL-2 for 5 days. Cells were then stained with a
LIVE/DEAD stain (Aqua DEAD cell stain kit; Life Technologies) and fixed with 1% paraformaldehyde. For
flow cytometry analysis, �100,000 events were collected on an LSR Fortessa flow cytometer (BD
Biosciences) and analyzed with FlowJo software (FlowJo LLC).

Data availability. The accession numbers for all sequences reported in this study are GenBank
numbers MK465705 to MK466337.
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