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Summary eBioMedicine
Background The CCR5 (R5) to CXCR4 (X4) coreceptor switch in natural HIV-1 infection is associated with faster 2023;98: 104867
progression to AIDS, but the mechanisms remain unclear. The difficulty in elucidating the evolutionary origin of ~ PvPlished Online xxx

the earliest X4 viruses limits our understanding of this phenomenon. https://doi.org/10.
1016/j.ebiom.2023.

104867
Methods We tracked the evolution of the transmitted/founder (T/F) HIV-1 in RV217 participants identified in acute

infection. The origin of the X4 viruses was elucidated by single genome amplification, deep sequencing and
coreceptor assay. Mutations responsible for coreceptor switch were confirmed by mutagenesis. Viral susceptibility
to neutralization was determined by neutralization assay. Virus CD4 subset preference was demonstrated by
sequencing HIV-1 RNA in sorted CD4 subsets.

Findings We demonstrated that the earliest X4 viruses evolved de novo from the T/F strains. Strong X4 usage can be
conferred by a single mutation. The mutations responsible for coreceptor switch can confer escape to neutralization
and drive the X4 variants to replicate mainly in the central memory (CM) and naive CD4 subsets. Likely due to the
smaller viral burst size of the CM and naive subsets, the X4 variants existed at low frequency in plasma. The origin of
the X4 viruses preceded accelerated CD4 decline. All except one X4 virus identified in the current study lost the
conserved V3 N301 glycan site.

Interpretations The findings demonstrate co-evolution of HIV-1 antigenicity, coreceptor usage and CD4 subset
targeting which have implications for HIV-1 therapeutics and functional cure. The observations provide evidence
that coreceptor switch can function as an evolutionary mechanism of immune evasion.
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Research in context

Evidence before this study

The correlation between HIV-1 coreceptor switch and faster
progression to AIDS has been well demonstrated. However,
the molecular mechanisms responsible for coreceptor switch
remains poorly understood. We searched PubMed, without
language restrictions from database inception to May 3, 2023,
using the terms “HIV” and “coreceptor switch”. The search
yielded 212 publications, including 32 reviews. While previous
studies provided evidence that the earliest CXCR4 (X4)
variants evolved de novo from the pre-existing CCR5 (R5)
viruses, no studies have demonstrated the evolutionary
pathway of coreceptor switch of the transmitted/founder
(T/F) virus. Consequently, it remains a matter of debate
whether the earliest X4 viruses originated de novo from the R5
tropic T/F virus, or were initially transmitted, archived, and re-
emerged later when the immune system waned, as discussed
in several recent reviews. The difficulty in elucidating the
evolutionary origin of the earliest X4 variants also hampers
our understanding of the biological mechanisms driving
coreceptor switch, as well as the causal link between
coreceptor switch and accelerated CD4 depletion. While a
widely accepted hypothesis is that the loss of CCR5-expressing
CD4" T cells drives coreceptor switch, to our knowledge, no
study has proven that the CCR5 positive CD4 subsets were
depleted or decreased before the origin of the X4 virus in vivo.
Emerging evidence showed that X4 viruses of both HIV-1 and
HIV-2 are relatively resistant to V3 specific neutralizing
antibodies (NAbs). These studies have raised the possibility
that humoral responses could drive coreceptor switch.
However, no studies have demonstrated how the X4 variants
originated from the T/F virus and why they tend to be
resistant to V3 NAbs.

Added value of this study

The RV217 cohort which has frequently collected samples
from participants identified very early in acute HIV-1 infection
provides a unique opportunity to better understand the
phenomenon of coreceptor switch. By tracking the genetic
and phenotypic evolution of the T/F HIV-1 in three RV217
participants, we visualized the evolutionary process of
coreceptor switch of the T/F HIV-1 with high resolution. The
findings demonstrated that the earliest (founder) X4 variants
originated de novo from the R5 tropic T/F strains and had
impaired ability in using CCR5. A single mutation is sufficient
to confer strong X4 usage on the cognate T/F virus. The
driver mutations responsible for coreceptor switch can confer

Introduction

Despite the demonstrated correlation between HIV-1
coreceptor switch and faster progression to AIDS, the
underlying mechanisms have not been clearly eluci-
dated. Several fundamental questions remain. First, it
is unclear whether the earliest X4 viruses evolved de
novo from the RS tropic T/F viruses or were initially

escape to autologous neutralization or V3 specific broadly
neutralizing antibodies (bNAbs). The driver mutations
promoted the X4 viruses to replicate mainly in the central
memory and naive CD4 subsets, while the R5 viruses
remained predominant in the effector memory (EM) and
transitional memory (TM) CD4 subsets. The X4 variants
existed at low frequency in plasma as compared to the co-
existing R5 viruses, which is likely due to the smaller viral
burst size of the naive and CM CD4 subsets as compared to
the more activated EM and TM subsets. Determination of the
evolutionary origin of the X4 variants allowed us to
demonstrate that an X4-using phenotype is a causal factor,
rather than a consequence of accelerated CD4 depletion.
Among the total of 21 participants studied, those harboring
X4 viruses had significantly faster CD4 decline.

Implications of all the available evidence

The study demonstrates co-evolution of HIV-1 antigenicity,
coreceptor usage, CD4 subset targeting, and possibly the
reservoir landscape during natural HIV-1 infection, which have
direct implications for HIV-1 therapeutics and functional cure
approaches. The finding that immune escape mutation can
alter HIV-1 coreceptor usage and CD4 subset preference
emphasizes the need to maintain HIV-1 entry pathway
stability during the intervention. Our observations, together
with previous evidence that X4 variants are generally resistant
to V3 specific NAbs, provide evidence that HIV-1 coreceptor
switch can function as an evolutionary mechanism of
immune evasion. During the co-evolution of HIV-1 and the
humoral responses, certain variants may exploit genetic
pathways to evade the humoral response at the cost of CCR5
usage. Mutations which can confer X4 usage could be selected
for as compensatory mutations to maintain virus entry
capacity. Characterization of the co-evolution of HIV-1
coreceptor usage and autologous monoclonal antibodies
(mAbs) will be an important future direction. Given that the
overlap between virus antigenicity epitopes and receptor
binding sites is widely observed for viruses from diverse
families, and that many viruses have the potential to use
more than one receptor or coreceptor, we propose a
conceptual model to explain the co-evolution of virus
antigenicity and entry pathway termed “escape by shifting”.
The central hypothesis is that for viruses with entry pathway
flexibility, entry pathway alteration can function as an
evolutionary mechanism of immune evasion to maintain viral
entry capacity.

transmitted and archived. Second, the precise biolog-
ical condition driving coreceptor switch is poorly un-
derstood. Third, the causal relation between coreceptor
switch and accelerated CD4 depletion remains
controversial.

Although it is generally considered that the earliest
X4 viruses originated de novo from the pre-existing R5
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viruses,' the evolutionary pathway of coreceptor switch
of the T/F HIV-1 has not been documented. This limits
our understanding of the fundamental aspects of this
phenomenon, and consequently, the biological mecha-
nisms remain controversial. It has been hypothesized
that the depletion of the memory CD4" T cells, the
major target cells of the R5 HIV-1, could drive the
emergence of the X4 viruses in late infection stages.'”
However, studies on sequential viral isolates showed
that the first isolation of the syncytium-inducing (SI)
variants usually preceded the onset of CD4 depletion.**®
Moreover, the target cells-based hypothesis could not
explain why the R5 viruses tend to be predominant in
plasma while the X4 viruses tend to exist at low fre-
quency, even at late infection stages when the CD4
count was low, as observed in both subtype B and
CRFO01_AE HIV-1 infections.”"* Another hypothesis is
that X4 viruses could be better controlled by the im-
mune system, in particular the neutralizing antibodies
(NADs) and tend to emerge later when the immune
system waned."* However, as NADbs with diverse speci-
ficities were identified, emerging evidence indicated that
X4 variants from both HIV-1 and HIV-2 are more
resistant to neutralization, especially to V3 specific
NADs.'*"” Clearly, further efforts are needed to better
understand the mechanisms underlying coreceptor
switch, which has direct relevance to HIV-1 pathogen-
esis as well as therapeutic and cure strategies.

The availability of longitudinal samples soon after
HIV-1 acquisition in the RV217 cohort provides a
unique opportunity to determine the mechanisms un-
derlying coreceptor switch.' By tracking the genetic and
phenotypic evolution of the T/F HIV-1, we not only
elucidated how the earliest X4 variants originated from
the T/F viruses, but also identified the co-evolution of
HIV-1 antigenicity, coreceptor usage and CD4 subset
targeting underlying the phenomenon of coreceptor
switch. We propose a conceptual model to explain the
co-evolution of virus antigenicity and entry pathway
termed “escape by shifting”. The central hypothesis is
that for viruses with entry pathway flexibility, entry
pathway alteration can function as an evolutionary
mechanism of immune evasion to maintain virus entry
capability.

Methods

Study participants

Study participants were from the RV217 and RV254
cohorts who were identified in acute HIV infection'®"
(Supplementary Table S1). Among the 28 participants
identified in the RV217 Thailand cohort,”® 21 partici-
pants who had pre-ART PBMC and plasma samples
available up to at least two years from HIV-1 trans-
mission were included in this study. All participants
were infected by R5 tropic T/F viruses except for
participant 40700 who was infected by an X4 tropic T/F
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virus as phenotypically determined in previous
studies.””' Four phenotypically confirmed T/F env
clones, including one RS tropic and three X4 tropic,
were identified in the RV254 cohort. All study partici-
pants were infected by CRFO1_AE HIV-1 except for
participants 40168 and 2548758 who were infected by
CRF01_AE/B recombinant viruses (Supplementary
Table S1).

Ethics

Written consent was provided by all participants. The
study was approved by the local ethics review boards, the
Walter Reed Army Institute of Research, and the insti-
tutional review boards of the University of Maryland
School of Medicine (IRB approval number: HP-
00089353).

Single genome amplification

HIV-1 RNA in plasma was extracted using the QIlAamp
Viral RNA Mini Kit (Qiagen). The 3’ half HIV-1 genome
was amplified as described in appendix methods
(Appendix p 3). The PCR amplicons were directly
sequenced by the cycle sequencing and dye terminator
methods.

Determination of coreceptor usage

Coreceptor usage of primary viral isolates or pseudovi-
ruses were determined on NP-2 cells lines expressing
CD4 together with either the CCR5 or CXCR4 cor-
eceptors. To determine the coreceptor usage of primary
viral isolates, NP-2 cell lines were seeded in a 48-well
plate at a density of 2 x 10> cells per well one day
before infection. The next day, the cells were infected
with 200 pL undiluted viral isolates. After 6 h incubation
at 37 °C, the cells were washed 3 times and cultured in
fresh medium at 37 °C for 72 h. The p24 concentration
in the culture supernatant was measured three days post
infection (PerkinElmer). Virus infectivity was consid-
ered positive if the p24 concentration was at least three
times higher than the background concentration in
parental cell line. All infections were performed in
duplicates.

To determine the coreceptor usage of the pseudo-
virus, NP-2 cells were seeded in a 96-well plate one day
before infection at a density of 1 x 10° cells per well.
On the next day, the cells were infected with approxi-
mately 200 TCIDs, of each pseudovirus. After 6 h of
incubation at 37 °C, the cells were washed twice with
the culture medium and cultured at 37 °C for three
days. At 72 h post infection, the infected cells were
lysed, and the infectivity was determined by
measuring the relative luciferase units (RLU) in the
cell lysates using the Britelite plus system (Perki-
nElmer). Viral infectivity was considered positive if the
RLU value was at least 5-fold higher than the back-
ground value in the parental cell line. All experiments
were performed in triplicate. The NP-2 cell lines were
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kindly provided by Dr. Hiroo Hoshino and were not
validated further.

Neutralization assay

The neutralization activity of plasma samples and
monoclonal antibodies (mAbs) was measured by us-
ing a luciferase reporter system in TZM-bl cells.
Plasma samples were heat inactivated at 56 °C for
45 min. The inactivated plasma was diluted at a 1:3
serial dilution starting from 1:20. The mAbs were
diluted at a 1:3 serial dilution from a starting con-
centration of 25 pg/mL. The virus stocks were diluted
to a concentration that achieved approximately
150,000 RLU in the TZM-bI cells (or at least 10 times
above the background RLU of the cells control). The
serial diluted plasma samples or mAbs were then
incubated with the viruses for 1 h at 37 °C in duplicate
before the TZM-bl cells were added. The 50% inhib-
itory dilution (IDsg) was determined as the dilution at
which the relative luminescence units (RLUs) were
reduced by 50% in comparison to the RLUs in the
virus control wells after subtraction of the background
RLUs in cell control wells. The details for all mono-
clonal neutralizing antibodies (mAbs) were summa-
rized in Supplementary Table S2. The mAbs were not
validated further. The TZM-bl cell line was obtained
from the HIV Reagent Program (ARP-8129) and was
not validated further.

Statistical analysis

The neutralization sensitivity of different viral variants
was compared using a two-sample t test. The rate of
CD4 decline was determined using a linear mixed effect
model (LME). The LME model was hierarchical in the
sense that it estimated a population specific slope and
intercept with time, as well as subject-specific slopes and
intercepts. The longitudinal data contained CD4 data
from the earliest available time point to the last available
time point before ART initiation was used for the
analysis.

Role of the funders

The founders had no roles in study design, data collec-
tion, data analysis, data interpretation, or writing of the
report.

Results

We determined virus entry tropism for 20 Thai partici-
pants in the RV217 cohort at approximately two years
after HIV-1 transmission. Coreceptor assay using pri-
mary viral isolates identified X4 viruses in four partici-
pants (Supplementary Table S3). Of these four,
participants 40094, 40436 and 40257 were initially
infected by R5-tropic T/F viruses without evidence of
superinfection (Supplementary Fig. S1). Thus, their X4
variants most likely evolved from the T/F strains.

Participant 40100 was superinfected by an X4 variant at
day 262 (Supplementary Fig. S1).

We tracked the evolution of the T/F viruses in par-
ticipants 40094 and 40257. Both participants were
infected by a single T/F virus as demonstrated by single
genome amplification (SGA) and deep sequencing
(Fig. 1 and Supplementary Figs. S2 and S3). This pro-
vided an ideal condition to determine the evolutionary
origin of the earliest X4 viruses (Participant 40436 was
infected by multiple T/F viruses. Due to rapid recom-
bination between different T/F lineages, it was not
possible to determine from which T/F lineage(s) the
earliest X4 viruses originated. Thus, we did not focus on
participant 40436 to study the evolutionary origin of the
earliest X4 variants). In 40094, the earliest potential X4
variants, which carried two amino acid substitutions at
the V3 N301 glycan site (N301K and T303I), appeared at
day 422 (Fig. 1). In 40257, the earliest suspected
X4 variants, which contained three mutations in V3
(S306R, Q313H and Q327R), emerged at day 264
(Supplementary Fig. S2). Coreceptor prediction using
Geno2Phoeno” indicated high likelihood of X4 usage of
these V3 variants (FPR = 1.7 for 40094; FPR = 0.2% for
40257). In these variants, most of the substitutions
outside of the V3 region were descended from the
earlier viruses (Fig. 1 and Supplementary Fig. S2).
These observations demonstrate that these earliest po-
tential X4 variants evolved de novo from the T/F
ancestor.

To phenotypically confirm whether these V3 variants
were the earliest/founder X4 viruses, we constructed env
clones which represented the consensus sequences of
these variants. For both participants, the consensus se-
quences exhibited strong CXCR4 usage and signifi-
cantly impaired CCR5 tropism in comparison to the
cognate T/F virus (15.3-fold and 6.0-fold reduction in
40094 and 40257, respectively) (Fig. 2a-b). In 40094, the
N301K/T303I mutations, which emerged together at day
422 conferred strong X4 usage on the T/F virus and
compromised the efficiency in using R5 (4.3-fold
reduction) (Fig. 2a). These two mutations were inde-
pendently sufficient to confer strong X4 usage and the
N301K mutation compromised CCRS5 tropism (Fig. 2a).
Reversion of these two mutations to the T/F sequence
nearly abrogated X4 usage of the founder X4 virus
(Fig. 2a). Further restoration of the V1/V2 regions to the
T/F sequence completely abrogated the X4 usage (the
“K301N/I303T.V1V2 Rev” mutant) (Fig. 2a). Introduc-
tion of the V1/V2 regions of the founder X4 virus into
the T/F virus (The “T/F. V1V2” mutant) could confer
weak X4 usage (Fig. 2a). In 40257, the three V3 muta-
tions emerged together at day 264 conferred strong X4
usage and significantly compromised CCRS tropism
(8.6-fold reduction) (Fig. 2b). Among them, only the
Q313H mutation in the V3 crown was able to confer X4
usage (Fig. 2b). Reversion of the V3 mutations to the
T/F sequence completely abrogated the X4 usage
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Fig. 1: The evolutionary pathway leading to coreceptor switch of the 40094 T/F virus. Longitudinal HIV-1 envelope (env) sequences of
participant 40094 were obtained by SGA. The evolutionary pathway of the T/F virus is illustrated by using the phylogenetic tree (left) and
highlighter plot (middle). Sequences from different time points (days since the first positive test for HIV-1 RNA) are color coded. The
phylogenetic tree was constructed using the maximum likelihood method. The earliest X4 viruses are indicated by black arrows. In the
highlighter plot, the black line on the top represents the T/F virus, and the red and green tics indicate non-synonymous and synonymous
substitutions as compared to the T/F strain, respectively. The V3 loop is highlighted in blue. In the V3 amino acids alignment (right), the X4
variants carrying the driver mutations are shown in red while the R5 variants are shown in black. The position of the driver mutations (the N301
glycan site) is shaded in red, and the driver mutations are indicated by black arrows.

(Fig. 2b). These results demonstrate that coreceptor To gain better insight into the origin of the founder
switch of the T/F HIV-1 can be triggered by a single = X4 viruses, we performed deep sequencing to track the
mutation. evolution of the variants carrying the driver mutations.
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Fig. 2: Determination of driver mutations responsible for coreceptor switch. In participants 40094 (a) and 40257 (b), the sequence of the
founder X4 virus is shown as the consensus sequence of the earliest variants carrying the driver mutations. Amino acid substitutions and
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Because plasma samples from the earliest time points
(day 2 for 40094 and day 4 for 40257) were not available
for the current study, the earliest plasma samples used
for deep sequencing were from day 16 and day 14
(around the time of peak viremia) for 40094 and 40257,
respectively. In both participants, these mutations could
be detected as random mutations at low frequency
during acute infection (Supplementary Figs. S4 and S5).
Similar to the majority of variants detected at acute
infection, the variants carrying the V3 mutations only
differed from the T/F virus by a single base initially.
Tracking their evolution showed that they were evolving
over time, as additional mutations appeared, some of
which became detectable by SGA at subsequent time
points (Supplementary Figs. S4 and S5). However, the
driver mutations persisted at low frequency until they
were strongly selected for within a short period of time.
This “deep evolutionary pathway” confirmed that the
founder X4 viruses evolved from the T/F virus in a
stepwise manner. It also indicated that coreceptor
switch of the T/F virus was driven by strong positive
selection favoring these V3 mutations.

Previous studies showed that X4 viruses are more
resistant to V3 specific NADbs.!*"* Investigation of the ki-
netics of autologous neutralization showed that in both
participants, the V3 mutations were strongly selected for
when the autologous neutralization activity targeting the
T/F virus was increasing to the peak (Fig. 3a). Determi-
nation of the neutralization sensitivity of the founder X4
viruses demonstrated that they were immune escape
variants resistant to autologous neutralization before and
during the time when they were strongly selected in vivo,
while they can be neutralized by plasma samples from
later time points (Fig. 3a-b). We then determined the
impact of the V3 mutations on neutralization suscepti-
bility. The N301K/T303I mutations at the N301 glycan
sites, when introduced into the 40094 T/F virus, could
increase the susceptibility to autologous plasma [1.6-fold,
P = 0.038; two-sample t test] (Fig. 3b). However, as pre-
viously reported, this effect is likely due to the exposure of
other epitopes when the N301 glycan was removed.”
Restoration of the N301 glycan by the K301N/I303T
mutations could partially restore the neutralization sus-
ceptibility, indicating the existence of N301 glycan
dependent NADs in 40094 (Fig. 3b). Reversion of both the
N301 glycan site and the V1/V2 regions to the T/F
sequence (the K301N/I303T.V1V2 Rev mutant), which
fully restored the CCR5 phenotype (Fig. 2a), can further
restore the neutralization sensitivity of the founder X4

virus (Fig. 3b). Introduction of the V1/V2 regions of the
founder X4 virus into the T/F virus led to a 1.9-fold
reduction in neutralization sensitivity (data not shown.
The neutralization assay for the T/F. V1V2 mutant was
not repeated due to the availability of the plasma sam-
ples). In 40257, the S306R/Q313H/Q327R mutations
significantly decreased the susceptibility to autologous
plasma [2.2-fold, P = 0.0071; two-sample t test] (Fig. 3b).
Among them, only the Q313H mutation could signifi-
cantly reduce the neutralization susceptibility [1.8-fold,
P =0.023; two-sample t test] (Fig. 3b). We also observed
that the S306R/Q313H/Q327R mutations impaired the
infectivity of the 40257 T/F virus (84-fold reduction in
infectivity), indicating potential fitness cost incurred by
these three mutations (Supplementary Table S4). The
infectivity of the S306R/Q313H/Q327R mutant could be
restored when the V1/V2 mutations from the founder X4
virus were introduced (Supplementary Table S4), which
suggested compensatory effect of the V1/V2 mutations
during coreceptor switch as previously observed.” The
V1/V2 mutations did not confer further immune escape
to autologous plasma (data not shown). The reason why
the S306R/Q313H/Q327R mutations were selected
together in vivo in participant 40257 remains to be
determined.

Genetic substitution at the N301 glycan site is a
common route to evade V3 glycan NAbs.?**>** However,
mutations at the N301 glycan can confound plasma
neutralization due to the exposure of other epitopes.”
To better understand the impact of the N301K/T303I
mutations on neutralization susceptibility, we per-
formed neutralization assays using a panel of broadly
neutralizing antibodies (bNAbs) (Fig. 3c). The 40094
T/F viruses can be potently neutralized by bNAbs tar-
geting the CD4 binding site, the V2 bNAb PGT145, and
the V3 glycan bNAbs PGT126, PGT128 and PGT130
(Fig. 3c). However, the founder X4 virus was completely
resistant to all V3 glycan bNAbs and had reduced sus-
ceptibility to PGT145 (Fig. 3c). Mutations N301K/T303I,
when introduced into the 40094 T/F virus, conferred
complete escape to all V3 glycan bNAbs (Fig. 3c).
Reversion of the N301K/T3031 mutations to the T/F
sequence fully restored the susceptibility to all V3 glycan
bNADs (Fig. 3c). Further reversion of the V1/V2 regions
restored the sensitivity to PGT145 (Fig. 3c). These re-
sults demonstrate that the N301K/T303I mutations,
which are responsible for coreceptor switch in 40094,
are also the exact mutations conferring immune escape
to V3 bNAbs. Notably, the N301K/T303I mutant had

deletions in comparison to the T/F strain are indicated by red and gray tics, respectively. The V1, V2 and V3 regions are color coded. Part of the
V1, V2 and V3 regions spanning the genetic substitutions are shown. The numbers on the top show the HXB2 locations of the start and the end
of each fragment. The driver mutations responsible for coreceptor switch are shaded in red. Different genetic mutants are color coded. In panel
(a), the “K301N/I303T.V1V2" mutant had both the N301 glycan site and the V1/V2 regions restored to the T/F sequence. Coreceptor usage of
the T/F virus, the founder X4 virus, as well as each mutant was determined in NP2 cell lines. All experiments were performed in triplicate and

the error bar shows the standard deviation (SD).
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Fig. 3: Kinetics of autologous neutralization activity and the impact of driver mutations on neutralization susceptibility. (a) Kinetics of
autologous neutralization activity against the T/F virus and the founder X4 strain. The time frame when the earliest (founder) X4 virus became
detectable in plasma by SGA is highlighted in green. (b) Neutralization susceptibility of the founder X4 viruses to autologous plasma and the
impact of V3 mutations on neutralization susceptibility. For each participant, plasma samples with the highest neutralization activity against the
autologous T/F virus were used for the neutralization assay (day 422 for 40094; day 264 for 40257). The mean titer of three independent
neutralization assays is shown and the error bar represents the SD. The statistical significance was determined by using a two-sample t test. P
value < 0.05 is considered to be statistically significant. (c) Neutralization susceptibility of the 40094 T/F virus, the founder X4 virus, as well as
different genetic variants to a panel of bNAbs. The IC5, (ng/mL) of each bNAb is shown. The murine leukemia virus (MuLV) was used as the
negative control.

increased sensitivity to PGT145 and the CD4 binding
site bNAbs (Fig. 3c), which could be due to the exposure
of the corresponding epitopes and might explain its
increased sensitivity to autologous plasma (Fig. 3b).

Neither 40094 nor 40257 developed neutralization
breadth. This limited the possibility to accurately predict
the neutralization specificity using the fingerprinting
assay. For participant 40436 who underwent coreceptor
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switch and developed neutralization breadth, finger-
printing assay predicted the exist of PGT128-like NAbs
in plasma.” Indeed, the X4-using variants isolated on
day 671 from 40436 contained substitutions at the N301
glycan site as in 40094, a typical mutational route to
evade PGT128 family NAbs* (Supplementary Fig. S1).
This prompted us to determine the origin of the N301
glycan mutations in 40436 and their role in coreceptor
switch. Sequence analysis of longitudinal plasma sam-
ples from all available time points identified that the
earliest mutations at the N301 glycan site (N302K/
T303I) appeared at day 504 (Supplementary Figs. S6 and
S7). The two variants carrying the N302K/T303I muta-
tions were predicted to be X4-using by Geno2Pheno
(FPR = 0.7). Recombination analysis showed that all
sequences obtained at day 504, including these two
predicted X4 variants, were recombinants between
different T/F lineages (Supplementary Fig. S7a), and the
two predicted X4 variants were mainly derived by
recombination between T/F1 and T/F2 (Supplementary
Fig. S7a). Phenotypic characterization of one variant
demonstrated that it had strong X4 usage, impaired
CCRS usage, and was completely resistant to PGT128
neutralization (Supplementary Fig. S7b) (We did not
examine the other variant because the sequence had a
large deletion). Restoration of the N301 glycan site by
reversion mutations K302N/I303T restored both the
CCRS phenotype and the sensitively to PGT128 of the
founder X4 virus (Supplementary Fig. S7b). These data
demonstrate that, similar as in participant 40094, the
mutations at the N301 glycan site in 40436 are respon-
sible for both coreceptor switch and immune escape to
V3 bNAD.

We further investigated the neutralization sensitivity
for another six phenotypically confirmed X4 viruses
identified in the RV217 and RV254 cohorts. While most
of the RS tropic CRFO1_AE T/F viruses in the RV217
Thailand cohort can be neutralized by V3 bNAbs
PGT126, PGT128 and PGT130 as shown in our recent
study,” all X4 viruses identified were fully resistant to
bNADs of this class (Supplementary Fig. S8). These data
demonstrated that the resistant phenotype to V3 bNAbs
is specific for the X4 tropic viruses, instead of due to
an overall neutralization resistance of the CRFO1_AE
HIV-1.

In participants 40094, 40257 and 40436, the origin of
the founder X4 virus preceded an accelerated CD4
decline (Fig. 4a and Supplementary Fig. S9). In partic-
ipants 40094 and 40257, the origin of the founder X4
virus was also followed by a continuous increase of the
plasma viral load (VL) (Fig. 4a). Further analysis of the
CD4 subset dynamics in 40094 showed that the naive
and central memory (CM) CD4 subsets declined faster
than effector memory (EM) and transitional memory
(TM) CD4 subsets (Fig. 4a).

To better understand the biological mechanisms, we
sequenced cell associated HIV-1 RNA in each CD4
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subset. While the R5 viruses were predominant in the
EM and TM subsets, the emerging X4 viruses were
enriched in the CM and naive subsets (Fig. 4b). The
analysis also revealed distinct cellular origins of the R5
and X4 viruses in plasma. While the R5 viruses mainly
originated from the EM, TM and CM subsets, the X4
viruses mainly originated from the naive and the CM
subsets (Fig. 4b). In both participants, the most frequent
sequence in the CM subset was X4 tropic, indicating a
replication advantage of X4 viruses in the CM cells
(Fig. 4b). Consistent with the genetic analysis, the
appearance of the founder X4 variants coincided with an
emerging cell associated RNA in the naive cells, which
was undetectable earlier, and a substantially increased
amount of cell associated RNA (20.5-fold) in the CM
cells (Supplementary Fig. S10). We did not measure the
dynamic changes of the cell associated RNA in 40257
due to sample availability, but it was also undetectable in
the naive cells before coreceptor switch (Supplementary
Fig. S10). Quantification of CCR5 and CXCR4 expres-
sion suggested that the compartmentalization was most
likely due to the differential expression of the two cor-
eceptors as previously reported”® (Supplementary
Fig. S11). It is important to note that there was no
depletion of the TM and EM subsets before coreceptor
switch in either participant (Fig. 4a). Thus, the origin of
the founder X4 virus could not be explained by the
depletion of the target cells of the R5 virus.

To better understand the distinct CD4 subset pref-
erences between R5 and X4 viruses, we quantified cell
associated RNA for another eleven participants for
whom the primary viral isolates showed R5 tropism.
Cell associated RNA was unexpectedly detected in naive
CD4" T cells in four participants (Supplementary
Fig. S12a). Sequencing of the viruses in naive cells
identified X4 variants in participants 40250 and 40168
(Supplementary Fig. S12b). While we were unable to
amplify the env region from naive cells for participants
40577 and 40503, deep sequencing of the plasma
identified low frequency X4 variants in 40577
(Supplementary Fig. S12b). This prompted us to deep
sequence the plasma for other participants for whom
the PBMC samples were not sufficient to perform cell
associated RNA assay. A low frequency of X4 viruses
was detected in 40123 (Supplementary Fig. S12b).
Notably, all X4 variants identified lost the conserved
N301 glycan site as in 40049 and 40436 (Supplementary
Fig. S12b). Among the total of 21 participants, those
harboring X4 viruses showed 2.9-fold faster CD4" T cell
decline (Fig. 5 and Supplementary Fig. S13). The
average rate of CD4" T cell decline was 0.23 cells/uL/day
in the RS group (95% confidence interval: 0.10-0.35)
and 0.67 cells/pL/day in the X4 group (95% confidence
interval: 0.38-0.96). Of note, participant 40700, who was
infected by an X4 tropic T/F virus, had the fastest rate of
CD4 depletion (Supplementary Fig. S13). These results
demonstrate distinct CD4 subset preferences of the R5
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and X4 HIV-1. The data also demonstrate that an X4-
using phenotype is a causal factor of accelerated CD4
depletion.

Discussion

Identification of the co-evolution of HIV-1 antigenicity,
coreceptor usage and CD4 subset preference advances
our understanding of the immunopathogenesis of
HIV-1. It is generally considered that X4 viruses are
more virulent because they can infect a broader range
of CD4+ T cells, including the naive subset which is
important for CD4 homeostasis and renewal.? Our
study provided further insights into the pathogenesis
of X4 tropic HIV-1. While the X4 viruses had a repli-
cation advantage in the naive and the CM subsets, they
could not outcompete the RS viruses in the EM and TM
subsets. The accelerated CD4 decline upon coreceptor
switch was mainly due to the loss of the naive and the
CM cells. These observations together provide direct
evidence that an altered CD4 subset targeting toward
the CM and naive cells could be a key factor in driving
the loss of CD4 homeostasis. Several mechanisms
could be involved. First, productive infection can kill
the cells directly.” Second, considering the relatively
quiescent or resting status of the naive and CM cells, it
is reasonable to hypothesize that a higher proportion of
the cells could be abortively infected than those infec-
ted productively. Abortive infections can induce
pyroptosis, which could in turn enhance immune
activation and inflammation.*® Third, the migration of
the X4 viruses into the naive and the CM cells would
increase the virus burden in lymph nodes due to the
expression of the homing receptor CCR7 on these
cells.”® While the exact mechanisms remain to be
determined, these observations indicate the impor-
tance of CD4 subset preference in influencing the CD4
virulence of HIV-1. Indeed, preferential sparing of the
CM CD4 subset is one potential mechanism for the
nonprogressive nature of simian immunodeficiency
viruses (SIVs) infection in their natural hosts.’' In
people with HIV infection, a lower infection level of
CM cells is a feature of long-term nonprogressors.* In
light of this, it will be necessary to determine the het-
erogenicity of CD4 subset targeting by the R5 HIV-1, as
well as its association with pathogenesis, immune
activation and reservoir landscape. The low frequency
of X4 viruses in plasma is likely due to the smaller viral

burst size of the naive and CM cells as compared to the
more activated TM and EM cells. This raises the
concern that X4 viruses could be underestimated in
people with HIV infection. Direct characterization of
the viruses in the naive and CM cells where the X4
viruses are enriched may enhance the sensitivity to
detect the X4 variants.

Our findings, together with previously available ev-
idence, supports that HIV-1 coreceptor switch can
function as an evolutionary mechanism of immune
evasion. This is based on multiple lines of evidence.
First, the mutations responsible for coreceptor switch
were strongly selected for at the peak of autologous
neutralizing activity and conferred escape to neutrali-
zation. Second, both the N301 glycan site and V3
crown are common targets for V3 specific NAbs.** The
footprints of these NAbs overlap with the CCR5 bind-
ing region.'" Third, the founder X4 viruses were im-
mune escape variants with impaired CCR5 tropism.
Fourth, phenotypically confirmed X4 viruses from
different HIV-1 subtypes, including those investigated
here and in previous studies, are in general resistant to
V3 NAbs."" These findings together support the
following scenario underlying the phenomenon of
coreceptor switch: During the co-evolution of HIV-1
and host immune responses, certain variants exploit
genetic pathways to evade autologous neutralization at
the cost of CCRS5 usage. In this case, mutation(s) which
can confer CXCR4 usage will compensate for the
impairment of CCRS5-mediated entry, and thus be
selected for in the quasispecies to maintain virus entry
capacity.

Indeed, the overlap between virus antigenic epitopes
and receptor binding sites is widely observed for viruses
from diverse families, and it has become increasingly
apparent that many viruses have the potential to use
more than one receptor or coreceptor (i.e., have entry
pathway flexibility).* Potential co-evolution of virus an-
tigenicity and receptor specificity has been observed for
other viruses in vitro, such as the foot-and-mouth dis-
ease virus,’* although evidence from natural viral in-
fections remains lacking. These lines of evidence
prompted us to propose a conceptual model termed
“escape by shifting” (Supplementary Fig. S14). The
central hypothesis is that for viruses with entry pathway
flexibility, entry tropism alteration can function as an
evolutionary mechanism of immune evasion in vivo. We
coin the term “receptor tropism space” to describe the

X4 viruses emerged is highlighted in green. In 40094, the time after ART initiation is highlighted in red. (b) Phylogenetic trees and highlighter
plots showing the evolutionary relationship between cell associated HIV-1 RNA and the plasma viruses. The cell associated HIV-1 RNA in each
(D4 subset were sequenced by next-generation sequencing using the Illumina MiSeq. Ten unique sequences with the highest frequency in
each CD4 subset are shown. Sequences from different CD4 subsets are color coded. The red arrows indicate the most frequent sequence in each
subset. In the highlighter plot, the driver mutations responsible for coreceptor switch are shaded in red.
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Fig. 5: Significantly faster CD4 decline in participants harboring
X4 viruses. (a) CD4 dynamics of participants harboring X4 viruses.
(b) CD4 dynamics of participants without the evidence of harboring
X4 viruses. (c) The rate of CD4 decline of the RS and X4 groups were
determined by a linear mixed effect model. The average rate of CD4
decline for each group was shown.

repertoire of receptors that could be utilized by a virus.
Under the immune pressure, a virus explores its “re-
ceptor tropism space” while exploring the sequence
space and fitness landscape. During this process, certain
variants can achieve immune escape by altering the re-
ceptor they use. Regarding the molecular mechanism,
we hypothesize two possible mutational pathways. First,
an immune escape mutation itself could confer novel
receptor usage (mutations at the N301 glycan could be
an example). Second, when an immune escape muta-
tion compromises the usage of the original receptor,
mutations which can confer novel receptor usage could

be selected as compensatory mutations to restore viral
entry capacity. Exploring the escape by shifting scenario
in different viral infections may provide insights into
viral pathogenesis and therapeutic and prevention stra-
tegies. It may also shed light on how viruses gain zoo-
notic potential in natural reservoir species.

The limitation of the study is relatively small
number of participants infected by a single clade.
Longitudinal phenotype characterization of more par-
ticipants is required to understand whether the
evolutionary dynamics of coreceptor switch we
observed here is generalizable to more participants
infected by different HIV subtypes. Existing evidence
indicate that the co-evolution of HIV-1 antigenicity,
coreceptor usage and CD4 subset targeting is not a
specific phenomenon for CRFO1_AE HIV-1. First, the
N301 glycan site, which is essential for V3 glycan NAbs
neutralization, is also an important determinant for
coreceptor usage for different HIV-1 subtypes.”** A
previous study showed that mutations at the N301
glycan site were enriched in the X4 viruses from sub-
type A, B, C, D and CRF01_AE.* Second, resistance to
V3 NAbs was reported for diverse HIV-1 subtypes as
well as for HIV-2."#">"” Third, a recent study on sub-
type B HIV-1 showed that the X4 variants were pre-
dominant in the CM and naive CD4 subsets in the
reservoir in people on ART.* Thus, characterization of
the co-evolution of HIV-1 antigenicity, entry pathway
and the reservoir landscape for participants infected by
different HIV-1 subtypes will be an important future
direction which has implications for therapeutics and
functional cure. The study also emphasizes the need to
better understand the impact of immune escape mu-
tations on viral pathogenesis beyond immune escape
itself.
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