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Distinct genetic clusters in HIV-1 CRF01_AE-infected patients 
induced variable degrees of CD4+ T-cell loss
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ABSTRACT CRF01_AE strains have been shown to form multiple transmission clusters 
in China, and some clusters have disparate pathogenicity in Chinese men who have 
sex with men. This study focused on other CRF01_AE clusters prevalent in heterosex­
ual populations. The CD4+ T-cell counts from both cross-section data in National HIV 
Molecular Epidemiology Survey and seropositive cohort data were used to evaluate the 
pathogenicity of the CRF01_AE clusters and other HIV-1 sub-types. Their mechanisms 
of pathogenicity were evaluated by co-receptor tropisms, predicted by genotyping 
and confirmed with virus isolate phenotyping, as well as inflammation parameters. 
Our research elucidated that individuals infected with CRF01_AE clusters 1 and 2 
exhibited significantly lower baseline CD4+ T-cell counts and greater CD4+ T-cell loss 
in cohort follow-up, compared with other HIV-1 sub-types and CRF01_AE clusters. The 
increased pathogenesis of cluster 1 or 2 was associated with higher CXCR4 tropisms, 
higher inflammation/immune activation, and increased pyroptosis. The protein structure 
modeling analysis revealed that the envelope V3 loop of clusters 1 and 2 viruses is 
favorable for CXCR4 co-receptor usage. Imbedded with the most mutating reverse 
transcriptase, HIV-1 is one of the most variable viruses. CRF01_AE clusters 1 and 2 have 
been found to have evolved into more virulent strains in regions with predominant 
heterosexual infections. The virulent strains increased the pressure for early diagnosis 
and treatment in HIV patients. To save more lives, HIV-1 surveillance systems should be 
upgraded from serology and genotyping to phenotyping, which could support precision 
interventions for those infected by virulent viruses.

IMPORTANCE Retroviruses swiftly adapt, employing error-prone enzymes for genetic 
and phenotypic evolution, optimizing survival strategies, and enhancing virulence levels. 
HIV-1 CRF01_AE has persistently undergone adaptive selection, and cluster 1 and 2 
infections display lower counts and fast loss of CD4+ T cells than other HIV-1 sub-types 
and CRF01_AE clusters. Its mechanisms are associated with increased CXCR4 tropism 
due to an envelope structure change favoring a tropism shift from CCR5 to CXCR4, 
thereby shaping viral phenotype features and impacting pathogenicity. This underscores 
the significance of consistently monitoring HIV-1 genetic evolution and phenotypic 
transfer to see whether selection bias across risk groups alters the delicate balance of 
transmissible versus toxic trade-offs, since virulent strains such as CRF01_AE clusters 1 
and 2 could seriously compromise the efficacy of antiviral treatment. Only through such 
early warning and diagnostic services can precise antiviral treatments be administered to 
those infected with more virulent HIV-1 strains.
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R NA viruses are adaptable as a result of frequent evolutionary changes, thus allowing 
them to adopt effective survival strategies and maintain a certain level of viru­

lence. Specifically, human immunodeficiency virus type 1 (HIV-1) exhibits a heightened 
mutation rate and has evolved into multiple sub-types and circulating recombinant 
forms (CRFs) during the global transmission process (1). These variants demonstrate 
diverse transmission routes, geographic distributions, and prevalence patterns (2). 
Noteworthy among them is CRF01_AE, a prominent CRF that exhibits global preva­
lence with a particular emphasis in Southeast and East Asia (3, 4). The extensive and 
rapid dissemination of the CRF01_AE strain plays a critical role in the diversity and 
complexity of HIV-1 infection in China, based on the National HIV Molecular Epidemiol­
ogy Survey (5). Moreover, CRF01_AE, subjected to years of adaptive selection within 
diverse high-risk cohorts, has progressively formed several stable transmission clusters, 
potentially characterized by varying degrees of virulence and rates of disease progres­
sion (6–9).

Extensive literature highlights significant differences in viral virulence among HIV 
sub-types, including CRF01_AE (10–13). Notably, CRF01_AE infections are associated 
with faster CD4 cell loss and shorter overall survival compared to other sub-types (8, 
14–17). The current consensus posits that the type of co-receptor binding to the cell 
is of paramount importance in influencing virulence, commonly serving as the mecha­
nism for variations in virulence between HIV sub-types or CRFs (18, 19). Earlier studies 
have shown that CRF01_AE-infected individuals typically exhibit a higher frequency of 
CXCR4 tropic virus infection (9, 20–22). Additionally, distinctions have been observed 
within CRF01_AE transmission clusters, specifically in men who have sex with men 
(MSM) clusters 4 and 5(13). However, considering the prevalence of CRF01_AE HIV-1 in 
China, studies show that each cluster seems to play a distinct role, exhibiting varying 
associations with specific risk groups and geographic regions (4). The current hypothesis 
posits that the heterogeneity within CRF01_AE clusters may contribute significantly to 
unique phenotypic expressions and pathogenicity, a causation attributed to the genetic 
determinants of the virus.

Measuring CD4+ T cells in peripheral blood is commonly used to assess HIV-1 disease 
progression. In this study, we systematically analyzed the trajectories of CD4+ T-cell 
counts within CRF01_AE clusters in the National HIV Molecular Epidemiology Survey 
(NHMES) database, adjusting for infection timelines to assess the viral impact on the 
immune system. Simultaneously, we observed key phenotypic trends and heritable 
properties driving changes in CRF01_AE variant virulence. It was revealed that patho­
genesis of the CRF01_AE variants was incredibly diversified; clusters 1 and 2 exhibit 
earlier CXCR4 co-receptor tropism shift due to genetic fitness, protein modifications, and 
structural features, which contribute to the exceptionally high virulence of these clusters 
compared with other CRF01_AE clusters and CRF07 and 08_BC.

RESULTS

CD4+ T-cell counts and their relative reduction in individuals infected with 
different CRF01_AE clusters

Herein, we assessed absolute CD4+ T-cell counts in three sets of HIV variants. At the 
time of diagnosis, CD4+ T-cell counts for 2,683 CRF01_AE-infected individuals were lower 
than those for 3,347 CRF07_BC-infected and 1,166 sub-type B-infected individuals (Fig. 
1A). In a preliminary study, we identified at least five genetic sub-clusters of CRE01_AE 
with different prevalence patterns (4). When comparing the four major clusters of 
CRF01_AE independently, which contribute significantly to the prevalence of heterosex­
ual transmission (HET) and MSM in China. Individuals infected with clusters 1 and 2 
exhibited considerably lower CD4+ T-cell counts than those infected with clusters 4 and 
5, although lower CD4+ T-cell counts were also found in cluster 4 patients compared 
to cluster 5 patients (Fig. 1B). Then, to determine whether age influenced this trend, 
patients were classified into 18–59 age groups. Figure 1C shows that CRF01_AE clusters 
1 and 2 still had lower CD4+ T-cell counts. As CD4+ T-cell counts decreased over time 
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FIG 1 Comparative evaluation of baseline CD4+ T cells and their reduction in HIV-1 sub-types and CRF01_AE clusters. (A) Differences in CD4+ T-cell count were 

assessed across serum samples from individuals infected with CRF01_AE (n = 2,683), CRF07_BC (n = 3,347), and sub-type B (n = 1,166) based on data from the 

National HIV Molecular Epidemiology Survey. (B) Comparison of CD4+ T-cell counts among different CRF01_AE clusters, including cluster 1 (n = 469), cluster 2 (n = 

131), cluster 4 (n = 1,174), and cluste r5 (n = 773). (C) Comparison of CD4+ T-cell counts among different CRF01_AE clusters based on individuals in

(Continued on next page)
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post-spontaneous infection, patients were classified into recent infection and long-term 
infection groups based on HIV-1 restriction antigen effectiveness testing. Baseline CD4+ 

T-cell counts were significantly lower in patients infected with clusters 1 and 2 compared 
to those infected with clusters 4 and 5 in both groups (Fig. 1D and E). Moreover, cluster 
4-infected patients had lower CD4+ T-cell counts compared with those infected with 
cluster 5. Overall, the data clearly reveal that the CRF01 AE clusters were different from 
each other; clusters 1, 2, and 4 resulted in significantly lower CD4+ T-cell counts during 
early infection.

RT/F values were used as a metric to calculate the relative decrease in CD4+ T-cell 
count associated with HIV-1 infection. In Fig. 1F, RT/F values of CRF01_AE clusters 1 
and 2 were 89.3% and 83.5%, respectively, which were higher than those of clusters 
4 and 5 (73.5% and 64.5%, respectively) (P < 0.05). A similar trend was observed in 
recent HIV infections, with RT/F values of clusters 1 and 2 (76.0% and 73.5%, respectively) 
considerably higher than those of clusters 4 and 5 (56.7% and 38.4%, respectively; P 
< 0.05; Fig. 1G). Collectively, comparing RT/F values revealed higher variations among 
CRF01_AE sub-clusters than comparing absolute CD4+ T-cell counts.

CXCR4 usage varied among CRF01_AE clusters

CXCR4-tropic viruses are intricately linked to diminished CD4+ T-cell counts and the 
progression of the disease. Here, genotypic prediction was used to calculate the CXCR4/
CCR5-CXCR4-tropic virus ratio among CRF01_AE different clusters. We observed a higher 
prevalence of the CXCR4 phenotype in patients with CD4+ T-cell counts below 200 
(Table S1). In comparison to other clusters, patients in clusters 1 and 2 exhibited a 
higher proportion of individuals with CD4+ T-cell counts below 200 (Table S2). Overall, 
significant differences in the frequency of occurrence of CXCR4/CCR5-CXCR4 viruses 
were predicted in the CRF01_AE internal cluster, with cluster 1 (22.1%) and cluster 2 
(20.5%) having higher frequencies compared to cluster 4 (15.2%) and cluster 5 (6.8%) 
(Table S3). This trend implied that differences in CD4+ T-cell counts among CRF01_AE 
sub-clusters were substantially linked to differences in CXCR4 prevalence rates.

CXCR4 tropism among recently infected patients

Subsequently, we performed next-generation sequencing on recently HIV-infected 
individuals in the two cohort studies infected by CRF01_AE, CRF07_BC, and sub-type B 
to determine whether differences in CD4 counts among CRF01_AE sub-clusters could be 
attributed to high CXCR4 tropism (Fig. 2A). In patients recently infected with CRF01_AE, 
the numbers of patients infected with cluster 1, 2, 4, and 5 were 18, 8, 21, and 
9, respectively (Fig. S1). A total of 55,000 sequences were obtained on average per 
participant, and genotypes were predicted using Geno2pheno (Fig. 2B; Tables S4 and S5). 
Based on false-positive rate (FPR) distribution in viral quasi-species in individual plasma 
samples, the frequency of predicted CXCR4 virus in the CRF01_AE was higher than that 
in the non-CRF01_AE sub-types (such as sub-type B or CRF07_BC) (Fig. 2C, P < 0.001). 
Moreover, CXCR4 tropism was significantly more prevalent in CRF01_AE clusters 1 and 2 
than in clusters 4 and 5 (Fig. 2D, P < 0.05).

CXCR4 tropism was associated with low CD4+ T-cell counts

We subsequently conducted phenotypic validation of the genetic predictions through 
the isolation of the virus from peripheral blood mononuclear cells (PBMCs) obtained 

FIG 1 (Continued)

the age group of 18–59 years. (D) Comparison of CD4+ T-cell counts among different CRF01_AE clusters in the recent infection group. (E) Comparison of CD4+ 

T-cell counts among different CRF01_AE clusters in the long-term infection group. (F and G) Relative reduction in CD4+ T-cell counts among different CRF01_AE 

clusters. The middle bars, box, and whiskers indicate the median, interquartile range, and the 5th–95th percentiles, respectively. The non-parametric two-tailed 

Mann-Whitney U test was used to determine statistical differences in CD4+ T-cell count. The t-test was used to determine the mean RT/F difference in CRF01_AE 

clusters. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not statistically significant.
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from individuals belonging to the CRF01_AE clusters 1, 2, 4, and 5. A total of 48 distinct 
viral strains were successfully isolated from the PBMCs of individuals within the 
CRF01_AE cluster (Fig. 3A). In addition, 19 viral strains showed tropism to CCR5 only, 
while 16 viral strains were CXCR4/CCR5-tropic (Fig. 3B and C). Remarkably, cluster 5 
viruses were isolated only with the CXCR5 tropical phenotype. Inhibition experiments 
with the CCR5 inhibitor Maraviroc and the CXCR4 inhibitor AMD3100 further revealed 
that G19081 and G19248 entered exclusively using CXCR4 (Fig. S2). This suggests a 
higher prevalence of CXCR4 tropic viruses in CRF01_AE clusters 1, 2, and 4 compared to 
cluster 5, which is consistent with genotype prediction. Among individuals infected with 
the verified viral phenotype, CD4+ T-cell counts were significantly higher in CCR5-tropic 
viruses than in the CXCR4-tropic phenotype (Fig. 3C). These phenotypic data highlight 
the association between CXCR4 usage and lower CD4+ T-cell counts, prompting further 
investigation into the underlying sequence-based mechanisms of CXCR4 receptor 
selection.

FIG 2 Comparison of the predicted frequency of X-using strains among different HIV-1 sub-types and CRF01_AE clusters by next-generation sequencing. 

(A) Overview of the study participants. In the initial sample set; a total of 74 samples successfully met the screening criteria. This subset comprised 56 samples 

with pure CRF01_AE, 10 samples with CRF07_BC, and 8 samples with B sub-type infections. Next-generation sequencing was performed on plasma samples 

obtained from this selected population, and their peripheral blood mononuclear cells (PBMCs) underwent primary virus isolation. (B) Phylogenetic relationship of 

recently infected individuals in two cohort studies, including those infected with CRF01_AE clusters, CRF07_BC, and sub-type B viruses. The maximum likelihood 

tree was constructed using the most frequent haplotype sequences under the GTR + I + G site substitution model. Different colors represent sub-type sequences. 

(C and D) Heatmap depicting the frequency distribution of Geno2-pheno predicted false-positive rate (FPR) values in next-generation sequencing reads for each 

sample. The proportion of next-generation sequencing reads with Geno2pheno FPR of <2% in each sample was determined. Each dot indicates the frequency 

from a single individual. Two-tailed Mann-Whitney U test was employed to determine the statistical difference. ***P < 0.001, *P < 0.05, **P < 0.01, ***P < 0.001. 

NS, not statistically significant.
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FIG 3 HIV-1 isolation and phenotyping their co-receptor tropisms. (A) Replication dynamics of HIV strains isolated from infected peripheral blood mononuclear 

cells of patients infected with CRF01_AE clusters 1, 2, 4, and 5. P24 antigen levels in the supernatant of duplicate samples were measured to monitor viral 

replication. (B) Expression of green fluorescent protein (GFP) in GHOST.CXCR4 cells and GHOST.CCR5 cells, indicating the tropism of primary viral isolates in 

samples. (C) The baseline CD4+ T-cell counts of participants and false-positive rate (FPR) values from the Geno2Pheno method for predicting co-receptor usage. 

The comparison of CD4+ T-cell counts in individuals infected with CXCR4 and CCR5 viral phenotypes was performed using the two-tailed Mann-Whitney U test.
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FIG 4 Genetic features of CXCR4 sequences with phenotypic confirmation and structural analyses of 

co-receptor binding models. (A) Amino acid positions and net charge distribution in the V3 region of 

phenotype-confirmed primary viral isolates with CXCR4 usage. Crucial CXCR4 utilization-associated V3

(Continued on next page)

Research Article mBio

March 2024  Volume 15  Issue 3 10.1128/mbio.03349-23 7

https://doi.org/10.1128/mbio.03349-23


Genetic and structural properties of CXCR4 co-receptor usage

Because the env-V3 loop of the virus plays a crucial role in binding to the target cell 
co-receptor, we analyzed the env-V3 loop sequence properties of CXCR4 and CCR5 
viruses in clusters 1 and 2 to elucidate the molecular determinants for co-receptor 
switching. Unlike CCR5, most cluster 1 and 2 CXCR4 sequences lacked the N-linked 
glycosylation site at the beginning of the V3 loop (positions 6–8). Basic arginine (R)/lysine 
(K) and isoleucine (I) were more frequent in positions 6 and 8, respectively (Fig. 4A). 
Residual asparagine (N) was retained in the seventh position in all sequences, which 
was consistent with the CCR5 sequence. Cluster 4 CXCR4 sequences commonly exhibited 
N-chain glycosylation site deletions at positions 7 and 8. Combination substitutions, 
including serine (S) 11 and/or glutamine (Q) 18, and at least one basic amino acid residue 
(R/K), were more common in CXCR4 than in CCR5 sequences (Fig. 4A). CCR5 sequences 
exhibited glutamic (E) or aspartic (D) residues stably at position 25, with only cluster 1 
CXCR4 sequence showing K substitutions (Fig. 4A). Notably, cluster 4 CXCR4 sequences 
lacked basic amino acids R or K at both positions 11 and 25 of the V3 loop. This 
observation implies distinct evolutionary mechanisms for co-receptor switching within 
the CRF01_AE sub-clusters.

To further broaden our understanding of the specific sites within the V3 loop, 
we subsequently simulated the docking of the CXCR4 co-receptor with the V3 loop. 
Following extensive optimization between interaction interfaces and pocket structures, 
we were able to reconstruct the protein structure diagram of the CXCR4-V3 (CRF01_AE) 
complex (Fig. 4B). We observed that negatively charged residues were aligned near 
the V3 N-linked glycosylation site (positions 6–8), thus facilitating the interaction of 
positively charged residues (R or K) in the sequence with the CXCR4 receptor (Fig. 4C). 
As shown above, the residue I8 in the loop region was surrounded by hydrophobic 
residues, which could explain the substitution of T to I at position 8 in CXCR4 sequences, 
with residue T8 unsuitable for establishing a lateral hydrophobic environment in binding 
interactions. Meanwhile, residues at positions 11 and 18 within the CXCR4 sequence 
were also negatively charged around the ligand-binding interface, thereby contributing 
to the preferential occurrence of positively charged residue sites (R or K) in the virus 
(Fig. 4D and E). Further structural analysis revealed that residue R11 in CXCR4 virus 
may form salt bridges with glutamic (E)2, tyrosine (Y)188, and aspartic (D)193 residues, 
while R18 may form hydrogen bonds with I259, D261, and E288 in the CXCR4 co-recep­
tor. Moreover, position D/E25 showed less preference due to a less positively charged 
interaction environment at the docking site. K substitutions in CXCR4 allowed the residue 
K25 in the virus to form salt bridges with the N terminus of CXCR4 for efficient binding 
(Fig. 4F). Overall, the specific structural and interaction environment of the V3-loop sites 
may be critical for the generation of the CXCR4 phenotype in CRF01_AE clusters 1 and 2, 
which differed from the core locations, such as 13R and 32K, described in cluster 4 and 5 
(13).

Evolutionary dynamics and conservation of important sites involved in 
CXCR4 co-receptor usage

To understand the structurally conserved characteristics of CXCR4 usage among 
CRF01_AE subgroups, we analyzed sequence conservation of four cluster-related V3 

FIG 4 (Continued)

positions are highlighted in cyan. (B) Structural modeling of the binding site between the co-receptor 

CXCR4 and the V3 region using the docking model. The interfaces between co-receptor CXCR4 and V3 

are depicted with an overall side view and detailed in a close-up view (right boxed). (C–F) Detailed 

description of the interactions with the major sites of the V3 loop in the CXCR4 binding pocket. The 

surface of CXCR4 binding to V3 is displayed with negative (red colored) and positive (blue colored) 

electrostatic potentials. Key residues are depicted as sticks, and the overall structure is shown as a 

graphical representation.
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FIG 5 Conserved amino acid sites in the V3 region on the surface of the CRF01_AE clusters. (A) Surface depiction of conserved V3 amino acid residues in clusters 

1 (n = 521), 2 (n = 249), 4 (n = 597), and 5 (n = 341), colored from variable (teal) to conserved (fuchsia) as determined by Consurf analysis based on the available 

sequences (NHMES). The color gradient represents the level of sequence conservation determined based on the Consurf database. (B) Frequency of amino acids

(Continued on next page)

Research Article mBio

March 2024  Volume 15  Issue 3 10.1128/mbio.03349-23 9

https://doi.org/10.1128/mbio.03349-23


proteins from the NHMES. The N-linked glycosylation site (HXB2 positions N301–T303), 
as well as positions H308, K327, and E320, exhibited higher variability. Clusters 1 and 
2 had discrete patches in the variable region N301–T303, directly affecting CXCR4. The 
structural motifs at location S306, which were in contact with CXCR4 binding planes, 
were conserved in clusters 4 and 5 (Fig. 5A). Subsequently, the frequency of V3 amino 
acids among clusters was evaluated (Fig. 5B and C). Within the highly variable area, 
a higher frequency of basic amino acid residues N6K/R, T8I/K, S11R, D/E25K/R, and 
Q32K/R was found in clusters 1 and 2 compared to clusters 4 and 5 (P < 0.05), while 
relatively lower-frequency mutations were found in T13R (P < 0.05). Of particular interest, 
position Q18K/R displayed distinct mutation patterns. Clusters 1, 2, and 5 demonstrated 
markedly elevated mutation rates at this position relative to cluster 4. Concurrently, 
each column in the alignment of V3 nucleotide sequences underwent independent 
analysis, with entropy scores assigned to delineate the variability of specific positions. 
The outcomes revealed distinct variabilities at these specific positions across clusters, 
particularly showcasing heightened instability at critical points within clusters 1 and 2, 
notably at positions 8, 11, and 13, as compared to clusters 4 and 5. Notably, in contrast to 
clusters 1, 2, and 4, the virus within cluster 5 manifested overall stability, with crucial viral 
positions maintaining a stable state (Fig. 5D).

We also assembled C2–C4 region genes from diverse clusters, as their ancestral strains 
originated from CRF01_AE in Thailand. To observe the consistency and divergence in 
genetic evolution, we particularly included previously reported strains from Thailand (4). 
Our phylogenetic analysis showed distinct differentiation within this gene region among 
various subgroups, each forming densely clusters (Fig. 5E). Regarding phylogenetic 
relationships with Thai strains, clusters 1 and 2 appeared closely related, suggesting the 
retention of more maternal genetic characteristics. Conversely, cluster 5 was significantly 
diverged, presenting unique features. Additionally, in terms of sequence conservation 
within the conserved region, clusters 1 and 2 exhibited a relatively smaller degree of 
divergence when compared to the CRF01_AE ancestor sequences from Thailand. In 
contrast, clusters 4 and 5 displayed a more substantial level of divergence, with cluster 
5 showing a particularly pronounced increase in amino/nucleic acid divergence (Fig. 5F 
and G). Overall, these non-synonymous mutations conferred a more positive net charge 
in the V3 loop to cluster 1, 2, and 4 viruses. Thus, a highly variable core site and structural 
adaptations in the V3 loop may reduce the threshold for CCR5–CXCR4 conversion in 
clusters 1, 2, and 4 due to their higher net positive charge. However, viruses resembling 
cluster 5 exhibited a higher genetic and functional barrier to this conversion (Fig. 6).

Immune activation and pyroptosis in HIV-1-infected individuals with lower 
CD4+ T-cell counts

HIV-1 infection leads to progressive CD4+ T-cell depletion linked to inflammation in vivo 
(23, 24). Apoptosis accounts for approximately 5% of CD4+ T-cell depletion, while the 
remaining 95% involves pyroptosis in quiescent CD4+ T cells (23, 25, 26). The CXCR4 
genotype was shown to promote rapid disease progression, especially in individuals with 
lower CD4+ T-cell counts (Table S1). We further examined the expression of inflamma-
some genes in PBMCs to determine the level of pyroptosis in HIV-1-infected patients 
with low CD4+ T-cell counts. A significant upregulation of genes coding for NLRP3 (P < 

FIG 5 (Continued)

at key V3 positions related to the CXCR4-using phenotype in each cluster. Sequences from Thailand (n = 93) were obtained from the Los Alamos HIV sequence 

database (prior to the year 1999). (C)The exact frequencies are provided at the bottom. Differences in proportions or rates between clusters 1, 2 , 4, and 5 are 

assessed using the Cochran-Armitage trend test. (D) ENTROPY calculates the entropy of each position in an input sequence set. It is used to measure the relative 

variability of different positions or regions within the V3 loop gene of each cluster. The vertical axis signifies entropy scores, delineating the level of variability, 

while the horizontal axis denotes the position of amino acids within the env-V3 gene. (E) Based on a phylogenetic analysis of distinct clusters in China and 

early-stage CRF01_AE sub-type in Thailand (prior to the year 1999), an unrooted phylogenetic tree was constructed using sequences from the env C2-C4 region. 

(F and G) Nucleic acid and amino acid divergence in the V3 region for clusters 1, 2, 4 and 5 compared to the Thailand consensus sequence (generated from 93 

sequences). Statistical significance is determined by one-way analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not statistically significant.
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0.05), caspase-1 (P < 0.05), and caspase-3 (P < 0.02) was found in individuals with lower 
CD4+ T-cell counts (≤200) compared to those with higher CD4+ T-cell counts (>200) (Fig. 
S3A through C). Notably, caspase-1 and NLRP3 gene activations are essential for the 
inflammasome pathway and pyroptotic cell death, respectively. Moreover, we investiga­
ted the expression levels of interleukin (IL)-1β and IL-18 in the plasma of two groups 
of individuals. Results showed that higher expression levels of genes coding for IL-1β 
and IL-18 were found in individuals with lower CD4+ T-cell counts (Fig. S3D and E). Both 
IL-1β and IL-18 release indicated significant negative correlations with CD4+ T-cell counts 
(Fig. S3F and G). Thus, these CXCR4-infected individuals had a persistent inflammatory 
environment in vivo, and cell-dependent pyroptosis also played an essential role in the 
loss of CD4+ T cells in the initial stages of infection.

FIG 6 Schematic representation of the molecular model of the CD4-dependent HIV co-receptor tropism switch. The co-receptor tropism of HIV is determined by 

the sequence of the V3 structural domain. The envelope protein gp120 of HIV interacts with the CD4+ T receptor, leading to a conformational change in the V3 

loop. Depending on the amino acid sequence and structural characteristics of V3, the virus can bind to either CCR5 or CXCR4 co-receptors. Certain sub-types of 

viruses have a low threshold for co-receptor switching to CXCR4 tropism due to the net charge number and structural characteristics of the V3 loop. Other viruses 

possess a high conversion threshold and maintain CCR5 tropism, interacting with the CCR5 co-receptor over an extended period.
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DISCUSSION

The properties associated with the evolution of viruses to greater virulence have 
been broadly investigated, with the most recent example being the many variants 
of SARS-CoV-2 with differential transmissibility and varying degrees of risk (27, 28). 
Previous surveys on the heritability of viral load and CD4+ T-cell level loss made us 
identify that these characteristics may be altered by the presence of different variants 
of CRF01_AE (29). Moreover, genetic differences among T/F strains in some clusters 
have been previously described (13), but their manifestation in the broader sub-cluster 
population remains unclear. Herein, a large-scale NHMES study was conducted and 
showed significant differences in baseline CD4+ T-cell counts in HIV-1-infected patients 
with CRF01_AE clusters 1, 2, 4, and 5, driven by differences in strain virulence both in 
the earliest and latest stages of HIV infection. Lower CD4+ T-cell counts in clusters 1 and 
2 correlated with higher prevalence of CXCR4 viruses. Their mutations in the envelope 
region and structural characteristics may contribute to CXCR4 co-receptor selection 
preference and applicability. This also demonstrated that virulence is a feature of the viral 
cluster, not a confounding characteristic of infected individuals.

CCR5-tropic viruses are initially dominant in the earliest stages of AIDS both 
through mucosal and parenteral routes, followed by CXCR4 variants as immunodefi-
ciency progresses. Nearly 50% of sub-type B-infected individuals undergo co-receptor 
switching within approximately 5 years of infection, leading to a rapid decline in CD4+ 

T-cell count and accelerating AIDS progression. Numerous studies have observed that 
individuals infected with the CRF01_AE sub-type in China exhibit a higher proportion of 
CXCR4-tropic or R5 × 4-tropic viruses compared to those infected with non-CRF01_AE 
(8, 14, 17). This phenomenon is associated with an earlier occurrence of co-receptor 
switch and a faster disease progression time frame, particularly within the internal 
clusters of the CRF01_AE sub-types, where substantial differences in the dynamics of 
co-receptor switching are evident. Overall, the co-receptor switch in CRF01_AE clusters 
1 and 2 occurs much earlier compared to clusters 4 and 5, as well as other HIV-1 
sub-types. The World Health Organization designates individuals with a CD4+ cell count 
of 200 cells/mm³ as “advanced HIV disease” (30). Therefore, without timely intervention, 
it is anticipated that patients in clusters 1 and 2 of CRF01_AE will progress to advanced 
HIV disease relatively quickly from the time of infection. In older populations, the pace 
of progression to advanced HIV infection accelerates further, significantly increasing 
the risk of severe AIDS-related events, including death. Consequently, many individuals 
in clusters 1 and 2 may be diagnosed in the late stages of AIDS, with a poorer prog­
nosis despite treatment. Currently prevalent in MSM and HET populations, CRF01_AE, 
particularly clusters 1 and 2, is widely disseminated in the HET population, while clusters 
4 and 5 predominate in MSM (4, 6). In practice, significant delays in the time from 
infection to the initiation of treatment still exist among different risk populations. Thus, 
even in populations or regions with high awareness and monitoring of HIV-1 epidemiol­
ogy, the variations in the CRF01_AE cluster remain a noteworthy concern. CRF01_AE has 
different cell entry environments and immune pressures in different risk populations, 
together with the evolutionary potentiality of the virus itself, which results in distinct 
adaptive mutations in these virus clusters.

Co-receptor selection depends on properties of the V3 loop of gp120. A higher 
positive net charge in the V3 loop commonly leads to interaction with the CXCR4 
co-receptor, whereas a neutral net charge leads to binding to the CCR5 co-receptor (31–
33). The results of our study confirmed these features, with the CXCR4 receptor binding 
interface showing a more negative charge than the CCR5 binding site. Typically, amino 
acid substitutions with residues R or K at positions 11 and 25 confer the ability to use 
the CXCR4 receptor (rule 11/15). CXCR4 clusters 4 and 5 showed fewer R or K mutations 
at positions 11 and 25 of the V3 loop compared to clusters 1 and 2 viruses. Post-trans­
lational modification of the V3 loop also influences co-receptor usage. CCR5-tropic 
viruses are more frequently glycosylated, thus carrying more negative charges due to 
the complex branching and frequent sialylation of their glycans (34). Usually, N-chain 
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glycosylation events associated with a high positive charge in the V3 region disappear 
during tropism transition from CCR5 to CXCR4 strains (35). CXCR4 sequences of clusters 1 
and 2 mostly lack N-linked glycosylation sites at the beginning of the V3 loop (positions 
6 and 8), while cluster 4 deletions were mainly observed at positions 7 and 8. This 
demonstrated variance in co-receptor switching mechanisms within CRF01_AE clusters. 
Specifically, cluster 1 and 2 viruses are closer to the CRF01_AE ancestor strain based 
on the V3 sequence properties and structure, which are conducive to tropic switch. In 
contrast, the other sub-clusters favor CCR5 persistence to some extent, especially cluster 
5.

CD4+ T-cell depletion and chronic inflammation are the signature processes in the 
development of HIV, driving the progression of the entire disease (23, 24). Following 
recent studies, both pyroptosis and apoptosis of CD4+ T cells are associated with the 
progression of HIV-1 infection. The death of these cells could result in a substantial 
release of IL-1β and IL-18, potentially exacerbating chronic inflammation (26, 36). In this 
investigation, we meticulously assessed the levels of cellular pyroptosis and apoptosis 
in early-stage HIV-1-infected individuals. The results unveiled a discernible upregulation 
in the expression of genes intricately involved in both processes. Particularly salient is 
the augmented incidence of cellular pyroptosis or apoptosis in individuals displaying 
compromised CD4+ T-cell counts (≤200) during the nascent phases of infection, hinting 
at a potential synergistic mechanism contributing to cellular depletion. Notably, the 
deposition of pyroptotic proteins and inflammatory factors establishes a pernicious 
pathogenic cycle. In this intricate cycle, dying CD4+ T cells emit inflammatory signals, 
drawing an increased cellular cohort to undergo demise within the infected tissues 
and amplifying inflammatory responses. Interestingly, intriguing is the revelation in our 
study of the distinctive features of highly pathogenic viruses (clusters 1 and 2). The 
elevated rate of conversion to CXCR4-tropic viruses within these clusters precipitates 
a swift depletion of CD4+ T cells in infected individuals. Therefore, the emergence of 
highly pathogenic CXCR4-tropic viruses and the initiation of chronic inflammation stand 
as hallmark processes in the pathogenesis of HIV, propelling the swift progression of the 
disease. Our current findings unveil potential unexpected connections between these 
two processes in individuals infected with highly pathogenic viruses. While the direct 
relationship between the two remains unclear, they also conspire to create a malignant 
pathogenic cycle, resulting in heightened cellular mortality.

In conclusion, CRF01_AE sub-clusters exhibit remarkably complex phenotypes and 
clinical manifestations. Differences in their genetic properties, protein modifications, and 
structural features determine the co-receptor selection preferences and suitability, as 
well as the virulence of viral clusters. Regularly monitoring HIV-1 genetic evolution and 
phenotypic changes is crucial to understanding how selection bias across risk groups 
and long-term therapy influence the balance between transmissible and toxic trade-offs.

MATERIALS AND METHODS

Participants and study design

This observational cohort study was conducted at the National Center for AIDS/STD 
Control and Prevention and constitutes the largest HIV molecular epidemiology survey in 
mainland China. A total of 7,196 HIV/AIDS patients were included in this study through 
data collected from the NHMES in mainland China. The data referred to 2,683 CRF01_AE, 
3,347 CRF07_BC, and 1,166 sub-type B infections. All data from enrolled participants 
included HIV-1 sequence data and metadata such as transmission route, age at diagnosis, 
and baseline CD4+ T-cell count. Additionally, 74 cART-naïve individuals (cases) infected 
within 6 months were recruited for next-generation sequencing and primary virus 
isolation from two cohort studies: the Beijing Chaoyang District MSM cohort and the 
Guangxi Nanning observational cohort studies (Fig. S1).
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Relative reduction of CD4+ T-cell count in different cluster

To permit better direct comparison of individual CD4+ T count levels in infection, the 

RT/F 
Tℎealtℎy − TTℎealtℎy − TAIDS × 100  indicator was used to quantify the relative decrease in 

CD4+ T counts due to transmitted/founder (T/F) virus (37). T corresponds to the absolute 
CD4+ T-cell count, and Tℎealtℎy represents the pre-infection CD4+ T-cell count. Data from 
the CD4+ T-cell counts of healthy and uninfected adults in China were used in this 
study, with TAIDS = 200 cells/µL considered as the CD4+ T-cell count in the AIDS phase 
combined with other parameters described previously (37–39). RT/F was considered a 
more reliable indicator of disease severity than absolute CD4+ T-cell counts, with higher 
values indicating relatively more virulent strains.

RNA extraction and cDNA synthesis

Viral genomic RNA was extracted from 200 µL of plasma samples using the QIAmp 
Viral RNA Mini kit (Qiagen). The isolated RNA was then reverse transcribed using the 
Invitrogen SuperScript III reverse transcriptase kit (Thermo Fisher Scientific). Nested 
PCR was employed to amplify segments of the pol RT region (HXB2: nt2253–3554) 
and the env C2-C4 region (HXB2: nt7002–7541). Subsequent sequencing and sub-type 
consistency determination were carried out as previously described (13, 40).

Determination of HIV-1 infection status

The HIV-1 limiting-antigen avidity enzyme-linked immunoassay kit (Beijing Kinghawk 
Pharmaceutical) was used to discriminate recent and long-term HIV-1 infection. 
Confirmation tests in triplicates were conducted for each sample. Samples with an ODn 
value of >1.5 were categorized as long-term HIV infections, whereas those with ODn 
values ranging from 0.4 to 1.5 were classified as recent HIV infections.

Next-generation sequencing and analysis

The Illumina MiSeq library was prepared using a nested PCR approach. env C2–C5 
(HXB2: nt6954–7668) genes were amplified in the first PCR round (13). The obtained 
PCR products were used in the second PCR round for amplification after cleaning using 
a MinElute PCR Purification Kit (Qiagen). Primers with 8-nt Illumina index and adapters 
added at both ends were used in the second PCR rounds (Fig. S4; Table S6). Second-
round amplicons were purified by the KAPA PureBeads (Roche, Basel) and quantified 
using the KAPA SYBR FAST quantitative PCR (qPCR) kit (KAPA Biosystems) according to 
the manufacturer’s instructions. Prior to library sequencing, the 4-nM conjugate library 
was denatured with a sodium hydroxide solution and diluted with a hybridization buffer 
in the Miseq Reagent kit (Illumina). To increase library diversity, the denatured 40% PhiX 
control library (PhiX Control kit, version 3; Illumina) was added to each sample. The 
mixture was then added to the MiSeq Reagent kit and sequenced on the Illumina MiSeq 
system.

Raw data were processed and merged into fastq files using the FLASH software (41). 
The Galaxy server (https://usegalaxy.org/) was used for data quality control and filtering 
based on standard parameters (42). After trimming the primer region of each sample, 
samples with the same bases were combined into one haplogroup. The total frequency 
of each haplogroup was calculated, and the most common haplogroup was selected 
for further analysis. The most common haplotype in each sample was selected among 
all deep-sequenced individuals. To infer the phylogenetic relationship, a maximum-likeli­
hood approach with the gamma distribution for rate heterogeneity GTR + G + I model 
was used in IQ-TREE (version 1.6.12) (43). The alternate topologies of whole sequencing 
data were estimated using the Shimodaira-Hasegawa test.
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Viral tropism prediction

To determine viral tropism, the V3 loop region was analyzed using Geno2pheno 
algorithm tools (https://coreceptor.geno2pheno.org/). Consistent with previous studies 
and to ensure the reliability of our results, the critical threshold for the FPR of 
Geno2pheno was set at 2% for delineating viral phenotypes. Samples with FPR values of 
≤2% were designated as CXCR4 tropic or CCR5/CXCR4 (R5 × 4) dual tropic, while those 
with FPR values of >2% were classified as CCR5-tropic viruses (13, 44). The FPR value of 
each haplogroup obtained by next-generation sequencing was predicted for genotypic 
co-receptor. To ensure accuracy, only haplogroups with three or more occurrences of the 
V3 region within the same sample were used for prediction. The frequency distribution 
of FPR values for each sample was determined by analyzing the frequency of each V3 
haplotype among the total number of reads.

Primary virus isolation from peripheral blood mononuclear cells

PBMCs were isolated from peripheral blood by Ficoll-Paque (Amersham Biosciences, 
Uppsala, Sweden) density centrifugation and stored in liquid nitrogen. The primary virus 
was obtained by co-culturing 1 × 107 PBMCs isolated from HIV-1 infected individuals 
with an equal number of phytohemagglutinin (PHA; Murex, Kent, UK)-stimulated PBMCs 
from HIV-1-negative blood donors. The cell mixture was cultured in RPMI-1640 medium 
containing 10% fetal bovine serum (FBS), 20-U recombinant IL-2 (PeproTech), and 1% 
penicillin/streptomycin (Sigma-Aldrich, Milan, Italy) (45, 46), and maintained for 4 weeks 
with regular removal of half of the cell culture supernatant every 3 days and supplemen­
tation with fresh medium. Half of the entire cell mixture was discarded and replaced 
with fresh 5 × 106 PHA-stimulated PBMCs from HIV-negative subjects once a week. Viral 
isolation was monitored twice a week (on days 4, 7, 10, 14, 17, 21, and 24), and the p24 
antigen level in the culture supernatant was measured using a commercially available 
enzyme-linked immunosorbent assay (ELISA) kit to determine the growth dynamics of 
the primary virus. Cultures were considered positive for viral isolation when the p24 
antigen level exceeded the threshold value in two consecutive cultures.

Identification of co-receptor usage

To identify co-receptor usage, GHOST-CXCR4 and GHOST-CCR5 cell lines were generated 
from the human osteosarcoma cell line and stably expressed CD4 along with chemokine 
receptors CXCR4 or CCR5 (47, 48). GHOST cells were seeded at a density of 6 × 104 cells 
per well in 24-well plates (Corning Incorporated). After 24 h, the medium was removed, 
and undiluted primary viral isolates were added, along with 8-µg/mL diethyl-aminoethyl-
dextran (DEAE) to enhance infection efficiency. After 5 h of culture at 37°C, infected 
cells were washed with Dulbecco's modified Eagle medium (DMEM ) to remove residual 
viruses and then supplemented with DMEM containing 10% FBS at 37°C. Infected GHOST 
cells were cultured for 48 h, and GFP expression was assessed using a fluorescence 
microscope or a flow cytometer (BD FACSCalibur). Briefly, 15,000–20,000 cells were 
examined and collected, and the utilization of HIV-1 viral co-receptors was determined 
based on the rate of GFP expression. Generally, the average GFP fluorescence in infected 
cells is expected to undergo an approximately 2.5-fold change compared to uninfected 
cells (46). GHOST-CCR5 and GHOST-CXCR4 cells were used as positive controls, with XJ13 
and NL4-3 strains, respectively, while cells not infected with HIV-1 served as negative 
controls in each experiment (49). To validate the co-receptor utilization of the viruses, 
we also employed the CCR5 inhibitor Maraviroc (Sigma-Aldrich) and the CXCR4 inhibitor 
AMD3100 (Sigma-Aldrich). Treatment of GHOST cells with these antagonists occurred 1 h 
prior to infection, with final concentrations set at 2 nM and 2 µM.

Sequence variation analysis and structural model building

Sequences were aligned using the MUSCLE (version 3.8.4). The ProtParam online tool 
(https://web.expasy.org/protparam/) was used to determine the length of amino acids 
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and the number of charges in amino acid residues. To illustrate the characteristics of 
the V3 loop in each sub-type, a consensus nucleotide sequence was generated for each 
cluster using WebLogo (http://weblogo.threeplusone.com/). Additionally, to investigate 
the divergences in the dynamics of env-V3 sequences in different clusters, sequence 
divergence was calculated as the pairwise genetic distance (number of nucleotide 
substitutions per locus) between cluster sequence variants and the consensus sequence 
of the ancestral Thailand strain using TBtools (version 5.4.5) (50) and Entropy (https://
www.hiv.lanl.gov/content/sequence/ENTROPY/entropy.html).

The initial tertiary structure of HIV env-V3 was modeled using the SWISS-MODEL 
protein homology prediction tool, with the protein structure of env-gp120 (PDB ID: 
6NQD) serving as the template. The previous CXCR4 structure was also used to generate 
the initial template for the CXCR4-V3 protein complex docking model (51). Finally, 
analysis and identification of interactions and positions with signature variations were 
performed using PyMOL (version 2.5.0).

Real-time qPCR

Total RNA was extracted from infected PBMCs using the miRNeasy Mini Kit (Qiagen), and 
RNA was transcribed using PrimpScript RT-PCR Kit (TAKARA) according to the manufac­
turer’s instructions. qPCR was performed using 2 x SYBR Premix Ex TaqTM II (TAKARA). 
The ABI Prism 7900HT (Applied Biosystems) was used for qPCR reactions, and GAPDH 
was used as the internal reference (52). Fold changes in gene expression were calculated 
using the 2-ΔΔCt method.

IL-1β and IL-18 release assay

The levels of human IL-1β and IL-18 in plasma were measured using an ELISA Kit 
(Elabscience, Wuhan, China) following the manufacturer’s instruction. IL-1β and IL-18 
levels were expressed as picogram per milliliter.

Statistics

The data were analyzed using Statistical Package for the Social Sciences (version 24.0 
(IBM, Chicago, IL, USA). The association of virus tropisms within various CRF01_AE 
clusters was assessed through Pearson’s χ test and Cochran-Armitage trend test. 
Differences in proportions or rates between two groups were evaluated using the Mann–
Whitney U test or Fisher’s exact test. The linear relationship between two factors was 
determined based on Pearson’s correlation coefficients. All tests were two-sided (α = 
0.05), and differences were statistically significant if the P value was <0.05.

ACKNOWLEDGMENTS

We thank the contributing members of the Group for HIV Molecular Epidemiologic 
Survey in China, who participated in the National HIV Molecular Epidemiology Survey 
and helped collect the data materials. In addition, we thank the reviewers of this article 
for their important insights and suggestions during the review process. We also thank 
TopEdit (https://www.topeditsci.com/) for its linguistic assistance during the preparation 
of this article.

This work was supported by Science Priority Grants (2019SKLID602 and 
2021SKLID303) from the State Key Laboratory of Infections Disease Prevention and 
Control, the Ministry of Science and Technology of China (2018ZX10715008 and 
2022YFC2305201), Guangxi Bagui Honor Scholarship, and National Natural Science 
Foundation International/Inter-Organization Cooperation and Exchange Study-NSFC-VR 
Project (China and Switzerland) (grant number 81861138011).

K.L. and Y.S. conceived the study. K.L., Y.S., G.L., and W.Q. designed all the experiments. 
K.L., H.C., and J.L. collected the samples and performed all the experiments. K.L, Y.S., and 
Y.F. analyzed, interpreted the data, and drafted the manuscript. S. Liang, A.R., M.L., S. Li, 

Research Article mBio

March 2024  Volume 15  Issue 3 10.1128/mbio.03349-2316

http://weblogo.threeplusone.com/
https://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy.html
https://www.topeditsci.com/
https://doi.org/10.1128/mbio.03349-23


Q.C., Y.R., and H.X. collected and verified the underlying data. All authors reviewed and 
revised the manuscript extensively.

AUTHOR AFFILIATIONS

1Key Laboratory of Molecular Microbiology and Technology, Ministry of Education, 
College of Life Sciences, Nankai University, Tianjin, China
2National Key Laboratory of Intelligent Tracking and Forecasting for Infectious Diseases, 
National Center for AIDS/STD Control and Prevention, Chinese Center for Disease Control 
and Prevention, Beijing, China
3Guangxi Key Laboratory of Major Infectious Disease Prevention Control and Biosafety 
Emergency Response, Guangxi Center for Disease Control and Prevention, Nanning, 
China
4School of Medicine, Nankai University, Tianjin, China
5School of Public Health, Guangxi Medical University, Nanning, Guangxi, China
6School of Medicine, Zhejiang University, Hangzhou, China
7Changping Laboratory, Beijing, China

AUTHOR ORCIDs

Kang Li  http://orcid.org/0000-0001-7479-7989
Abdur Rashid  http://orcid.org/0000-0002-4539-5320
Guanghua Lan  http://orcid.org/0000-0002-5268-5772
Wentao Qiao  http://orcid.org/0000-0003-0449-694X
Yiming Shao  http://orcid.org/0009-0009-2270-095X

FUNDING

Funder Grant(s) Author(s)

MOST | National Natural Science Foundation of 
China (NSFC)

81861138011 Yiming Shao

Science and Technology of China 2022YFC2305201 Yiming Shao

Science and Technology of China 2018ZX10715008 Huanhuan Chen

AUTHOR CONTRIBUTIONS

Kang Li, Conceptualization, Data curation, Formal analysis, Investigation, Methodol­
ogy, Project administration, Resources, Software, Supervision, Validation, Visualization, 
Writing – original draft, Writing – review and editing | Huanhuan Chen, Data cura­
tion, Formal analysis, Investigation, Methodology, Project administration, Validation, 
Writing – review and editing | Jianjun Li, Data curation, Formal analysis, Investigation, 
Methodology, Resources, Writing – review and editing | Yi Feng, Data curation, Inves­
tigation, Methodology, Software, Visualization, Writing – review and editing | Shujia 
Liang, Investigation, Methodology, Resources | Abdur Rashid, Investigation, Methodol­
ogy, Visualization, Writing – review and editing | Meiliang Liu, Data curation, Investiga­
tion, Methodology, Writing – review and editing | Sisi Li, Data curation, Investigation, 
Methodology | Qingfei Chu, Resources, Visualization, Writing – review and editing | 
Yuhua Ruan, Resources, Supervision, Writing – review and editing | Hui Xing, Resources, 
Supervision, Writing – review and editing | Guanghua Lan, Conceptualization, Formal 
analysis, Resources, Supervision, Writing – review and editing | Wentao Qiao, Conceptual­
ization, Formal analysis, Project administration, Supervision, Writing – review and editing 
| Yiming Shao, Conceptualization, Data curation, Formal analysis, Funding acquisition, 
Project administration, Resources, Supervision, Writing – review and editing

Research Article mBio

March 2024  Volume 15  Issue 3 10.1128/mbio.03349-2317

https://doi.org/10.1128/mbio.03349-23


DIRECT CONTRIBUTION

This article is a direct contribution from Yiming Shao, a Fellow of the American Acad­
emy of Microbiology, who arranged for and secured reviews by Shibo Jiang, Shang­
hai Medical College and Institute of Medical Microbiology, Fudan University, and Ping 
Zhong, Shanghai Municipal Center for Disease Control and Prevention.

DATA AVAILABILITY

The relevant data that support the findings of this study are available on request 
from the corresponding author. The sequencing data from the HIV-positive individ­
uals are deposited in the National Center for Biotechnology Information GenBank 
under accession numbers PP098653–PP098724 and MH672692–MH673032. The protein 
structure data are available at the PDB under ID 6NQD and in reference 51. Remaining 
data are found in the supplemental material.

ETHICS APPROVAL

The study population was managed in strict accordance with national guidelines and 
regulations. Participants provided written informed consent.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental figures and tables (mBio03349-23-s0001.docx). Fig. S1 to S4; Tables S1 
to S6.

REFERENCES

1. Worobey M, Gemmel M, Teuwen DE, Haselkorn T, Kunstman K, Bunce M, 
Muyembe J-J, Kabongo J-M, Kalengayi RM, Van Marck E, Gilbert MTP, 
Wolinsky SM. 2008. Direct evidence of extensive diversity of HIV-1 in 
Kinshasa by 1960. Nature 455:661–664. https://doi.org/10.1038/
nature07390

2. Hemelaar J, Elangovan R, Yun J, Dickson-Tetteh L, Fleminger I, Kirtley S, 
Williams B, Gouws-Williams E, Ghys PD, WHO–UNAIDS Network for HIV 
Isolation Characterisation. 2019. Global and regional molecular 
epidemiology of HIV-1, 1990-2015: a systematic review, global survey, 
and trend analysis. Lancet Infect Dis 19:143–155. https://doi.org/10.
1016/S1473-3099(18)30647-9

3. Taylor BS, Sobieszczyk ME, McCutchan FE, Hammer SM. 2008. The 
challenge of HIV-1 subtype diversity. N Engl J Med 358:1590–1602. https:
//doi.org/10.1056/NEJMra0706737

4. Feng Y, He X, Hsi JH, Li F, Li X, Wang Q, Ruan Y, Xing H, Lam T-Y, Pybus 
OG, Takebe Y, Shao Y. 2013. The rapidly expanding CRF01_AE epidemic 
in China is driven by multiple lineages of HIV-1 viruses introduced in the 
1990s. AIDS 27:1793–1802. https://doi.org/10.1097/QAD.-
0b013e328360db2d

5. He X, Xing H, Ruan Y, Hong K, Cheng C, Hu Y, Xin R, Wei J, Feng Y, Hsi JH, 
Takebe Y, Shao Y, Jiang S, Group for HIV Molecular Epidemiologic 
Survey. 2012. A comprehensive mapping of HIV-1 genotypes in various 
risk groups and regions across China based on a nationwide molecular 
epidemiologic survey. PLoS ONE 7:e47289. https://doi.org/10.1371/
journal.pone.0047289

6. An M, Han X, Zhao B, English S, Frost SDW, Zhang H, Shang H. 2020. 
Cross-continental dispersal of major HIV-1 CRF01_AE clusters in China. 
Front Microbiol 11:61. https://doi.org/10.3389/fmicb.2020.00061

7. Li X, Liu H, Liu L, Feng Y, Kalish ML, Ho SYW, Shao Y. 2017. Tracing the 
epidemic history of HIV-1 CRF01_AE clusters using near-complete 
genome sequences. Sci Rep 7:4024. https://doi.org/10.1038/s41598-017-
03820-8

8. Li X, Xue Y, Zhou L, Lin Y, Yu X, Wang X, Zhen X, Zhang W, Ning Z, Yue Q, 
Fu J, Shen F, Gai J, Xu Y, Mao J, Gao X, Shen X, Kang L, Vanham G, Cheng 

H, Wang Y, Zhuang M, Zhuang X, Pan Q, Zhong P. 2014. Evidence that 
HIV-1 CRF01_AE is associated with low CD4+T cell count and CXCR4 co-
receptor usage in recently infected young men who have sex with men 
(MSM) in Shanghai, China. PLoS One 9:e89462. https://doi.org/10.1371/
journal.pone.0089462

9. To S-C, Chen J-K, Wong K-H, Chan K-W, Chen Z, Yam W-C. 2013. 
Determination of the high prevalence of Dual/Mixed- or X4-tropism 
among HIV type 1 CRF01_AE in Hong Kong by genotyping and 
phenotyping methods. AIDS Res Hum Retroviruses 29:1123–1128. https:
//doi.org/10.1089/aid.2013.0067

10. Kilmarx PH, Limpakarnjanarat K, Kaewkungwal J, Srismith R, Saisorn S, 
Uthaivoravit W, Young NL, Mastro TD. 2000. Disease progression and 
survival with human immunodeficiency virus type 1 subtype E infection 
among female sex workers in Thailand. J Infect Dis 181:1598–1606. 
https://doi.org/10.1086/315469

11. Nelson KE, Costello C, Suriyanon V, Sennun S, Duerr A. 2007. Survival of 
blood donors and their spouses with HIV-1 subtype E (CRF01 A_E) 
infection in northern Thailand, 1992-2007. AIDS 21 Suppl 6:S47–S54. 
https://doi.org/10.1097/01.aids.0000299410.37152.17

12. Rangsin R, Chiu J, Khamboonruang C, Sirisopana N, Eiumtrakul S, Brown 
AE, Robb M, Beyrer C, Ruangyuttikarn C, Markowitz LE, Nelson KE. 2004. 
The natural history of HIV-1 infection in young Thai men after 
seroconversion. J Acquir Immune Defic Syndr 36:622–629. https://doi.
org/10.1097/00126334-200405010-00011

13. Song H, Ou W, Feng Y, Zhang J, Li F, Hu J, Peng H, Xing H, Ma L, Tan Q, Li 
D, Wang L, Wu B, Shao Y. 2019. Disparate impact on CD4 T cell count by 
two distinct HIV-1 phylogenetic clusters from the same clade. Proc Natl 
Acad Sci U S A 116:239–244. https://doi.org/10.1073/pnas.1814714116

14. Li Y, Han Y, Xie J, Gu L, Li W, Wang H, Lv W, Song X, Li Y, Routy J-P, Ishida 
T, Iwamoto A, Li T, CACT0810 group. 2014. CRF01_AE subtype is 
associated with X4 tropism and fast HIV progression in Chinese patients 
infected through sexual transmission. AIDS 28:521–530. https://doi.org/
10.1097/QAD.0000000000000125

Research Article mBio

March 2024  Volume 15  Issue 3 10.1128/mbio.03349-2318

https://www.ncbi.nlm.nih.gov/nuccore/PP098653
https://www.ncbi.nlm.nih.gov/nuccore/PP098724
https://www.ncbi.nlm.nih.gov/nuccore/MH672692
https://www.ncbi.nlm.nih.gov/nuccore/MH673032
https://doi.org/10.1128/mbio.03349-23
https://doi.org/10.1038/nature07390
https://doi.org/10.1016/S1473-3099(18)30647-9
https://doi.org/10.1056/NEJMra0706737
https://doi.org/10.1097/QAD.0b013e328360db2d
https://doi.org/10.1371/journal.pone.0047289
https://doi.org/10.3389/fmicb.2020.00061
https://doi.org/10.1038/s41598-017-03820-8
https://doi.org/10.1371/journal.pone.0089462
https://doi.org/10.1089/aid.2013.0067
https://doi.org/10.1086/315469
https://doi.org/10.1097/01.aids.0000299410.37152.17
https://doi.org/10.1097/00126334-200405010-00011
https://doi.org/10.1073/pnas.1814714116
https://doi.org/10.1097/QAD.0000000000000125
https://doi.org/10.1128/mbio.03349-23


15. Li X, Zang X, Ning C, Feng Y, Xie C, He X, Takebe Y, Sun L, Guo Q, Xing H, 
Kalish ML, Shao Y. 2014. Molecular epidemiology of HIV-1 in Jilin 
province, northeastern China: emergence of a new CRF07_BC 
transmission cluster and intersubtype recombinants. PLoS One 
9:e110738. https://doi.org/10.1371/journal.pone.0110738

16. Li X, Xue Y, Cheng H, Lin Y, Zhou L, Ning Z, Wang X, Yu X, Zhang W, Shen 
F, Zheng X, Gai J, Li X, Kang L, Nyambi P, Wang Y, Zhuang M, Pan Q, 
Zhuang X, Zhong P, Meng Z. 2015. HIV-1 genetic diversity and its impact 
on baseline CD4+T cells and viral loads among recently infected men 
who have sex with men in Shanghai, China. PLoS ONE 10:e0129559. 
https://doi.org/10.1371/journal.pone.0129559

17. Chu M, Zhang W, Zhang X, Jiang W, Huan X, Meng X, Zhu B, Yang Y, Tao 
Y, Tian T, Lu Y, Jiang L, Zhang L, Zhuang X. 2017. HIV-1 CRF01_AE strain 
is associated with faster HIV/AIDS progression in Jiangsu Province, 
China. Sci Rep 7:1570. https://doi.org/10.1038/s41598-017-01858-2

18. Asjö B, Morfeldt-Månson L, Albert J, Biberfeld G, Karlsson A, Lidman K, 
Fenyö EM. 1986. Replicative capacity of human immunodeficiency virus 
from patients with varying severity of HIV infection. Lancet 2:660–662. 
https://doi.org/10.1016/S0140-6736(86)90169-8

19. Koot M, Keet IP, Vos AH, de Goede RE, Roos MT, Coutinho RA, Miedema 
F, Schellekens PT, Tersmette M. 1993. Prognostic value of HIV-1 
syncytium-inducing phenotype for rate of CD4+ cell depletion and 
progression to AIDS. Ann Intern Med 118:681–688. https://doi.org/10.
7326/0003-4819-118-9-199305010-00004

20. Jiao Y, Song Y, Kou B, Wang R, Liu Z, Huang X, Chen D, Zhang T, Wu H. 
2012. Primary CXCR4 co-receptor use in acute HIV infection leads to 
rapid disease progression in the AE subtype. Viral Immunol 25:262–267. 
https://doi.org/10.1089/vim.2012.0035

21. Li X, Zhu K, Li W, Fang K, Musa TH, Song Y, Du G, Gao R, Guo Y, Yan W, 
Xuan Y, Zhong P, Wei P. 2016. Coreceptor usage of Chinese HIV-1 and 
impact of X4/DM transmission clusters among recently infected men 
who have sex with men. Medicine (Baltimore) 95:e5017. https://doi.org/
10.1097/MD.0000000000005017

22. Ng KY, Chew KK, Kaur P, Kwan JY, Khong WX, Lin L, Chua A, Tan MT, 
Quinn TC, Laeyendecker O, Leo YS, Ng OT. 2013. High prevalence of 
CXCR4 usage among treatment-naive CRF01_AE and CRF51_01B-
infected HIV-1 subjects in Singapore. BMC Infect Dis 13:90. https://doi.
org/10.1186/1471-2334-13-90

23. Doitsh G, Greene WC. 2016. Dissecting how CD4 T cells are lost during 
HIV infection. Cell Host Microbe 19:280–291. https://doi.org/10.1016/j.
chom.2016.02.012

24. Finkel TH, Tudor-Williams G, Banda NK, Cotton MF, Curiel T, Monks C, 
Baba TW, Ruprecht RM, Kupfer A. 1995. Apoptosis occurs predominantly 
in bystander cells and not in productively infected cells of HIV- and SIV-
infected lymph nodes. Nat Med 1:129–134. https://doi.org/10.1038/
nm0295-129

25. Garg H, Joshi A. 2017. Host and viral factors in HIV-mediated bystander 
apoptosis. Viruses 9:237. https://doi.org/10.3390/v9080237

26. Tang D, Kang R, Berghe TV, Vandenabeele P, Kroemer G. 2019. The 
molecular machinery of regulated cell death. Cell Res 29:347–364. https:
//doi.org/10.1038/s41422-019-0164-5

27. Ju B, Zhang Q, Ge J, Wang R, Sun J, Ge X, Yu J, Shan S, Zhou B, Song S, 
Tang X, Yu J, Lan J, Yuan J, Wang H, Zhao J, Zhang S, Wang Y, Shi X, Liu L, 
Zhao J, Wang X, Zhang Z, Zhang L. 2020. Human neutralizing antibodies 
elicited by SARS-CoV-2 infection. Nature 584:115–119. https://doi.org/
10.1038/s41586-020-2380-z

28. He X, Hong W, Pan X, Lu G, Wei X. 2021. SARS-CoV-2 Omicron variant: 
characteristics and prevention. MedComm (2020) 2:838–845. https://doi.
org/10.1002/mco2.110

29. Wymant C, Bezemer D, Blanquart F, Ferretti L, Gall A, Hall M, Golubchik T, 
Bakker M, Ong SH, Zhao L, et al. 2022. A highly virulent variant of HIV-1 
circulating in the Netherlands. Science 375:540–545. https://doi.org/10.
1126/science.abk1688

30. Organization WH. 2021. Consolidated guidelines on HIV prevention, 
testing, treatment, service delivery and monitoring: recommendations 
for a public health approach. World Health Organization.

31. Kalinina OV, Pfeifer N, Lengauer T. 2013. Modelling binding between 
CCR5 and CXCR4 receptors and their ligands suggests the surface 
electrostatic potential of the co-receptor to be a key player in the HIV-1 
tropism. Retrovirology 10:130. https://doi.org/10.1186/1742-4690-10-
130

32. Shen HS, Yin J, Leng F, Teng RF, Xu C, Xia XY, Pan XM. 2016. HIV 
coreceptor tropism determination and mutational pattern identification. 
Sci Rep 6:21280. https://doi.org/10.1038/srep21280

33. Marichannegowda MH, Zemil M, Wieczorek L, Sanders-Buell E, Bose M, 
O’Sullivan AM, King D, Francisco L, Diaz-Mendez F, Setua S, Chomont N, 
Phanuphak N, Ananworanich J, Hsu D, Vasan S, Michael NL, Eller LA, 
Tovanabutra S, Tagaya Y, Robb ML, Polonis VR, Song H. 2023. Tracking 
coreceptor switch of the transmitted/founder HIV-1 identifies co-
evolution of HIV-1 antigenicity, coreceptor usage and CD4 subset 
targeting: the RV217 acute infection cohort study. EBioMedicine 
98:104867. https://doi.org/10.1016/j.ebiom.2023.104867

34. Schnur E, Noah E, Ayzenshtat I, Sargsyan H, Inui T, Ding FX, Arshava B, 
Sagi Y, Kessler N, Levy R, Scherf T, Naider F, Anglister J. 2011. The 
conformation and orientation of a 27-residue CCR5 peptide in a ternary 
complex with HIV-1 gp120 and a CD4-mimic peptide. J Mol Biol 
410:778–797. https://doi.org/10.1016/j.jmb.2011.04.023

35. Pollakis G, Kang S, Kliphuis A, Chalaby MI, Goudsmit J, Paxton WA. 2001. 
N-linked glycosylation of the HIV type-1 gp120 envelope glycoprotein as 
a major determinant of CCR5 and CXCR4 coreceptor utilization. J Biol 
Chem 276:13433–13441. https://doi.org/10.1074/jbc.M009779200

36. Zhang C, Song JW, Huang HH, Fan X, Huang L, Deng JN, Tu B, Wang K, Li 
J, Zhou MJ, Yang CX, Zhao QW, Yang T, Wang LF, Zhang JY, Xu RN, Jiao 
YM, Shi M, Shao F, Sékaly RP, Wang FS. 2021. NLRP3 inflammasome 
induces CD4+ T cell loss in chronically HIV-1-infected patients. J Clin 
Invest 131:e138861. https://doi.org/10.1172/JCI138861

37. James A, Dixit NM, Douek DC. 2022. Transmitted HIV-1 is more virulent in 
heterosexual individuals than men-who-have-sex-with-men. PLoS 
Pathog 18:e1010319. https://doi.org/10.1371/journal.ppat.1010319

38. Kam KM, Leung WL, Kwok MY, Hung MY, Lee SS, Mak WP. 1996. 
Lymphocyte subpopulation reference ranges for monitoring human 
immunodeficiency virus-infected Chinese adults. Clin Diagn Lab 
Immunol 3:326–330. https://doi.org/10.1128/cdli.3.3.326-330.1996

39. Jiang W, Kang L, Lu HZ, Pan X, Lin Q, Pan Q, Xue Y, Weng X, Tang YW. 
2004. Normal values for CD4 and CD8 lymphocyte subsets in healthy 
Chinese adults from Shanghai. Clin Diagn Lab Immunol 11:811–813. 
https://doi.org/10.1128/CDLI.11.4.811-813.2004

40. Li QH, Wang FX, Yue C, Wang JY, Jin G, Zhang CL, Song B, Lin YL, Li HN, 
Feng SY, Liu SL. 2016. Molecular genotyping of HIV-1 strains from newly 
infected men who have sex with men in Harbin. AIDS Res Hum 
Retroviruses 32:595–600. https://doi.org/10.1089/AID.2016.0028

41. Magoč T, Salzberg SL. 2011. FLASH: fast length adjustment of short 
reads to improve genome assemblies. Bioinformatics 27:2957–2963. 
https://doi.org/10.1093/bioinformatics/btr507

42. Blankenberg D, Gordon A, Von Kuster G, Coraor N, Taylor J, Nekrutenko 
A, Galaxy Team. 2010. Manipulation of FASTQ data with Galaxy. 
Bioinformatics 26:1783–1785. https://doi.org/10.1093/bioinformatics/
btq281

43. Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. 2015. IQ-TREE: a fast 
and effective stochastic algorithm for estimating maximum-likelihood 
phylogenies. Mol Biol Evol 32:268–274. https://doi.org/10.1093/molbev/
msu300

44. Yu Y, Feng Y, Zhou Z, Li K, Hu X, Liao L, Xing H, Shao Y. 2023. Substitution 
of gp120 C4 region compensates for V3 loss-of-fitness mutations in 
HIV-1 CRF01_AE co-receptor switching. Emerg Microbes Infect 
12:e2169196. https://doi.org/10.1080/22221751.2023.2169196

45. Louwagie J, Delwart EL, Mullins JI, McCutchan FE, Eddy G, Burke DS. 
1994. Genetic analysis of HIV-1 isolates from Brazil reveals presence of 
two distinct genetic subtypes. AIDS Res Hum Retroviruses 10:561–567. 
https://doi.org/10.1089/aid.1994.10.561

46. Sun J, Ma L, Yu X, Huang Y, Yuan L, Shao Y. 2009. Replication and drug 
resistant mutation of HIV-1 subtype B' (Thailand B) variants isolated from 
HAART treatment individuals in China. Virol J 6:201. https://doi.org/10.
1186/1743-422X-6-201

47. Vödrös D, Tscherning-Casper C, Navea L, Schols D, De Clercq E, Fenyö 
EM. 2001. Quantitative evaluation of HIV-1 coreceptor use in the 
GHOST3 cell assay. Virology 291:1–11. https://doi.org/10.1006/viro.2001.
1163

48. Mörner A, Björndal A, Albert J, Kewalramani VN, Littman DR, Inoue R, 
Thorstensson R, Fenyö EM, Björling E. 1999. Primary human immunodefi-
ciency virus type 2 (HIV-2) isolates, like HIV-1 isolates, frequently use 

Research Article mBio

March 2024  Volume 15  Issue 3 10.1128/mbio.03349-2319

https://doi.org/10.1371/journal.pone.0110738
https://doi.org/10.1371/journal.pone.0129559
https://doi.org/10.1038/s41598-017-01858-2
https://doi.org/10.1016/S0140-6736(86)90169-8
https://doi.org/10.7326/0003-4819-118-9-199305010-00004
https://doi.org/10.1089/vim.2012.0035
https://doi.org/10.1097/MD.0000000000005017
https://doi.org/10.1186/1471-2334-13-90
https://doi.org/10.1016/j.chom.2016.02.012
https://doi.org/10.1038/nm0295-129
https://doi.org/10.3390/v9080237
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1002/mco2.110
https://doi.org/10.1126/science.abk1688
https://doi.org/10.1186/1742-4690-10-130
https://doi.org/10.1038/srep21280
https://doi.org/10.1016/j.ebiom.2023.104867
https://doi.org/10.1016/j.jmb.2011.04.023
https://doi.org/10.1074/jbc.M009779200
https://doi.org/10.1172/JCI138861
https://doi.org/10.1371/journal.ppat.1010319
https://doi.org/10.1128/cdli.3.3.326-330.1996
https://doi.org/10.1128/CDLI.11.4.811-813.2004
https://doi.org/10.1089/AID.2016.0028
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btq281
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1080/22221751.2023.2169196
https://doi.org/10.1089/aid.1994.10.561
https://doi.org/10.1186/1743-422X-6-201
https://doi.org/10.1006/viro.2001.1163
https://doi.org/10.1128/mbio.03349-23


CCR5 but show promiscuity in coreceptor usage. J Virol 73:2343–2349. 
https://doi.org/10.1128/JVI.73.3.2343-2349.1999

49. Hu X, Feng Y, Li K, Yu Y, Rashid A, Xing H, Ruan Y, Lu L, Wei M, Shao Y. 
2022. Unique profile of predominant CCR5-tropic in CRF07_BC HIV-1 
infections and discovery of an unusual CXCR4-tropic strain. Front 
Immunol 13:911806. https:​//doi.org/10.3389/fimmu.2022.911806

50. Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, Xia R. 2020. 
TBtools: an integrative toolkit developed for interactive analyses of big 
biological data. Mol Plant 13:1194–1202. https://doi.org/10.1016/j.molp.
2020.06.009

51. Tamamis P, Floudas CA. 2013. Molecular recognition of CXCR4 by a dual 
tropic HIV-1 gp120 V3 loop. Biophys J 105:1502–1514. https://doi.org/10.
1016/j.bpj.2013.07.049

52. Bandera A, Masetti M, Fabbiani M, Biasin M, Muscatello A, Squillace N, 
Clerici M, Gori A, Trabattoni D. 2018. The NLRP3 Inflammasome is 
upregulated in HIV-infected antiretroviral therapy-treated individuals 
with defective immune recovery. Front Immunol 9:214. https:​//doi.org/
10.3389/fimmu.2018.00214

Research Article mBio

March 2024  Volume 15  Issue 3 10.1128/mbio.03349-2320

https://doi.org/10.1128/JVI.73.3.2343-2349.1999
https://doi.org/10.3389/fimmu.2022.911806
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1016/j.bpj.2013.07.049
https://doi.org/10.3389/fimmu.2018.00214
https://doi.org/10.1128/mbio.03349-23

	Distinct genetic clusters in HIV-1 CRF01_AE-infected patients induced variable degrees of CD4+ T-cell loss
	RESULTS
	CD4+ T-cell counts and their relative reduction in individuals infected with different CRF01_AE clusters
	CXCR4 usage varied among CRF01_AE clusters
	CXCR4 tropism among recently infected patients
	CXCR4 tropism was associated with low CD4+ T-cell counts
	Genetic and structural properties of CXCR4 co-receptor usage
	Evolutionary dynamics and conservation of important sites involved in CXCR4 co-receptor usage
	Immune activation and pyroptosis in HIV-1-infected individuals with lower CD4+ T-cell counts

	DISCUSSION
	MATERIALS AND METHODS
	Participants and study design
	Relative reduction of CD4+ T-cell count in different cluster
	RNA extraction and cDNA synthesis
	Determination of HIV-1 infection status
	Next-generation sequencing and analysis
	Viral tropism prediction
	Primary virus isolation from peripheral blood mononuclear cells
	Identification of co-receptor usage
	Sequence variation analysis and structural model building
	Real-time qPCR
	IL-1β and IL-18 release assay
	Statistics



