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Introduction
Chronic HIV infection changes the microarchitecture and cellular 
composition of  lymph nodes (LNs) (1). Microanatomical transfor-
mations include disruptions to follicular reticular cell conduits (2) 
and follicular DC (FDC) networks (3), progressive loss of  follicular 
B cell architecture (4), and alterations in the phenotype and func-
tion of  T and B cells that can persist despite antiretroviral therapy 
(ART) (5–8). Presumably, the loss of  stromal cells and altered tis-
sue architecture has an important effect on optimal germinal center 
(GC) development. Follicular helper T cells (Tfh) cells are a sub-
set of  CD4+ T cells defined by low expression of  CCR7 and high 
expression of  the chemokine receptor CXCR5, the costimulatory 
receptors programmed cell death 1 (PD-1) and ICOS (9), and the 
lineage commitment transcription factor B-cell lymphoma 6 (Bcl-6) 
(10). Among other functions, these cells are critical for the initia-
tion and maintenance of  germinal center reactions, which is where 

somatic hypermutation — a process necessary for the generation of  
high-affinity Abs — takes place (11). Nonhuman primate (NHP) 
studies of  SIV infection have found that Tfh cells can be detected as 
early as 14 days after challenge (12). Furthermore, CXCR5hiPD-1hi 
CD4+ T cells accumulate in the blood and LNs in the chronic stage 
of  the disease in NHPs (13) as well as in humans (14). Despite this 
expansion of  Tfh cells, people living with HIV (PLWH) have dimin-
ished neutralizing antibody (NAb) responses against HIV, a profile 
associated with HIV-associated impairments in Tfh cell function 
(5, 15). However, whether such functional impairments correlate 
with altered B cell follicle architectures and to what extent the latter 
can affect the development of  cross-neutralizing and broadly neu-
tralizing antibodies (bNAbs) against the virus itself  in chronic HIV 
disease remain unclear.

The generation of  bNAbs is a critical goal of  HIV vaccination 
strategies, as these can neutralize diverse viral isolates. Recent cura-
tive research highlights their potential use as therapeutics for HIV 
treatment (16). These Abs that cross-react with heterologous viruses 
have been found to arise in a subset of  PLWH (10%–30%) follow-
ing 2–3 years of  infection (17), exhibit unusual structural changes 
to the antigen binding regions and surrounding framework regions, 
and have a high degree of  somatic hypermutation (18–20). High 
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23% of sera was observed, whereas 76% of  
sera had either low (16%–33% of isolates) or 
no measurable activity, and we observed a 
similar pattern in the extended panel screen-
ings. Cross-neutralization of 45% of isolates 
or more at an ID50 of greater than 40 was 
observed in 25% of sera (high activity), while 
26% of sera could cross-neutralize 20%–40% 
of isolates (medium activity) and 50% of  
sera could cross-neutralize less than 15% of  
isolates (low or no activity) (Figure 1A).

On the basis of  these findings and on overall tissue and LN cell 
suspension sample availability, a total of  33 participants with (n = 
17) or without (n = 16) cross-neutralizing activity were selected for 
further study (Table 1 and Supplemental Tables 1 and 2). Participants 
were categorized as Ns if  their serum neutralizing activity in the 
extended panel was medium or high (>20% of isolates), or as NNs 
if  their serum neutralization activity was less than 5% (Figure 1A 
and Supplemental Figure 1B). Since neutralization breadth has been 
previously shown to depend on the nature of  bNAb lineages involved 
(27), we sought to determine whether known bNAb lineages were 
represented in the Ns. We performed computational fingerprinting 
analysis using a neutralization fingerprinting algorithm (NFP) that 
predicts the epitopes targeted by neutralizing serum by matching pat-
terns of  neutralization to those of  known bNAbs (28). In the sera 
from Ns, we detected signal (cutoff  0.25) (29) for 1 or more of  the fol-
lowing: VRC01-, 8ANC195-, PGT18- 10E8-, and PGT151-like Abs 
(Supplemental Figure 1C). Therefore, known bNAb lineages were 
represented in the serum neutralizing activity in Ns.

Cross-neutralization is associated with a greater degree of  B cell follicle 
preservation and GC formation. HIV acquisition causes morphologi-
cal changes in the microarchitecture of  LNs that affect the ability 
of  B cell follicles to perform their function over time (30). Whether 
reduced cross-neutralization could be associated with anatomical 
changes is not well understood. Therefore, we examined the fea-
tures of  B cell follicle anatomy that were differentially represented 
in participants with and without serum cross-neutralizing activity. 
First, the areas of  follicular regions of  interest (ROIs), defined by 
the expression of  CD20 (Figure 1B and Supplemental Figure 1D), 
were evaluated in our cohort and compared with benign HIV-neg-
ative participants’ LNs that were characterized by mature follicles 
(follicular hyperplasia) (Supplemental Table 1). We found that 
the calculated areas were substantially (P = 0.0798) higher in the 
control and NN participants compared with the N participants, 
indicating a higher degree of  follicular hyperplasia in NNs, in line 
with previous data (4) (Figure 1B and Supplemental Figure 1D). 
Although not significant, we found a trend for higher circularity of  
follicular ROIs in N participants compared with NN participants 
(Supplemental Figure 1D).

We then evaluated additional elements associated with HIV dis-
ease including the overall B cell follicle cellularity, extent of  Ki67hi/lo 

CD20hi/dim areas as a surrogate of  GCs, and FDC network preserva-
tion (31, 32). FDC networks were identified using the anti-CNA.42 
Ab, which is highly specific for a fixative-resistant, evolutionarily 
conserved, glycosylated antigen that is expressed mainly on FDCs 
(33). We found a similar degree of  overall cellularity — defined as the 
total number of  nucleus-positive cells measured within CD20hi/dim  

HIV plasma viremia, low total CD4+ T cell counts, high frequencies 
of  Tfh cells early in infection, and low frequencies of  Tregs have all 
been associated with the induction of  bNAbs in PLWH (21–24). 
Extrafollicular (Treg) and follicular (Tfr) regulatory CD4+ T cells 
accumulate in the LNs of  untreated PLWH and suppress Tfh and 
B cells, which impair GC reactivity and IgG production (25). How 
these dynamics translate at the tissue level in the context of  chron-
ic HIV viremia in individuals with and without bNAb production, 
however, remains poorly understood.

In this study, we sought to address these questions by charac-
terizing Tfh cells, Tregs, and overall GC structure in PLWH. We 
performed a detailed characterization of  LN architecture and used 
flow cytometry, multiparametric confocal imaging, and single-cell 
RNA-seq (scRNA-seq) to elucidate the virological and immunolog-
ic signatures associated with the production of  cross-NAbs. Our 
results revealed that PLWH with high Ab neutralizing activity, 
termed “neutralizers” (Ns), have higher frequencies of  T central 
memory cells and Tfh cells and unique B cell follicle architecture 
compared with “non-neutralizers” (NNs). We observed that active, 
polarized GCs were more frequent in the tissues of  Ns and con-
tained transcriptionally distinct Tfh cells that could account for the 
neutralization activity between the 2 groups of  PLWH. Together, 
our results elucidate potential LN factors that contribute to the gen-
eration of  NAbs in PLWH. These insights can be used to develop 
therapeutics and vaccination strategies that promote the generation 
of  bNAbs in PLWH.

Results
Determination of  plasma neutralizing activity in study participants. To 
determine whether differences exist between LNs, particularly fol-
licles and germinal centers, with neutralizing and non-NAbs, we 
performed an analysis of  cross-neutralizing activity in the serum of  
a cohort of  147 ART-naive people living with chronic HIV infec-
tion. Given the false-positive outcome of  the applied neutralization 
assay for ART samples (26), we avoided using samples from treat-
ed PLWH. Participants were identified at the time of  diagnosis, 
and tissues were promptly collected before starting ART. Sera were 
initially screened against a mini-panel (Supplemental Figure 1A; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI192575DS1) that consisted of  the following 
6 isolates: Q259.17 (A); Q461.e2 (AD); TH976.17 (AE); YU2.DG 
(B); CH070.1 (BC); and 0013095-2.11 (C), and findings were then 
validated for a subset of  sera (n = 62) with an extended panel of  
20 HIV isolates from clades A, AD, AE, AG, B, BC, C, and D. We 
observed a range of  cross-neutralizing activities in the mini-panel 
screenings. Cross-neutralization of  50% of isolates (3 or more) in 

Table 1. Clinical characteristics of the study participants

Median (range)
Donor group No. of donors Age logVL CD4+ cells/μL % CD4+

ALL 33 29 (18–61) 5.13 (1.6–7) 348 (4–716) 17 (1–37)
NNs 16 26 (18–40) 5.42 (1.6–7) 415 (153–716) 24 (9–37)
Ns 17 31 (20–61) 4.96 (3.65–5.76) 279 (4–671) 12 (1–22)

All, all participants.
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CXCR3hi Tfh cells compared with CD57hi CXCR3lo Tfh cells in 
NNs (P < 0.0001), while a trend for higher frequencies of  CD57lo 
CXCR3hi Tfh cells in NNs as compared with Ns was also notable 
(Figure 2C). Similar findings were also obtained when data from 
samples with sufficiently representative Tfh cell numbers from NNs 
and Ns were dissected by t-distributed stochastic neighbor embed-
ding (t-SNE) analysis (Supplemental Figure 2D). We found a trend 
for higher representation of  CD57loCXCR3hi Tfh cells within the 
TIGIThiICOShiCD95hi phenotypic compartment in NNs compared 
with Ns (cluster/population 5) (Supplemental Figure 2D). On the 
other hand, a trend for a higher frequency of  the cluster bearing 
the CD57hiCXCR3lo signature was seen in Ns (cluster/population 
6) (Supplemental Figure 2D). Taken together, our data suggest an 
altered differentiation profile of  Tfh cells in NNs that was charac-
terized by an accumulation of  a less differentiated (CD57lo), Th1-
like (CXCR3hi) phenotype in NNs compared with Ns.

We next analyzed the prevalence of  Tfh cells within CD20hi/dim 
follicular areas of  the LNs in situ. Using immunofluorescence, we 
found higher normalized numbers of  bulk follicular CD4+ T cells in 
NNs than in Ns (Figure 2D and Supplemental Figure 3A). In con-
trast to total CD4+ T cells, PD-1hiBcl-6hi Tfh cells were substantially 
(P = 0.1320) increased in Ns compared with NNs (Figure 2D and 
Supplemental Figure 3B). Furthermore, the ratio of  Tfh to CD4+ T 
cells within the B cell follicles of  Ns was significantly higher than 
that for NNs (Figure 2D and Supplemental Figure 3B). We also 
examined whether a correlation existed between the normalized 
Tfh cell counts and the breadth of  serum cross-neutralization. Con-
trary to PD1hi Tfh cells, we found a significant correlation between 
PD-1hiBcl-6hi Tfh cells and the cross-neutralization breadth in all 
participants (R2 = 0.66, P = 0.0012) (Figure 2E). We observed a 
similar profile when the group of  Ns was analyzed separately (R2 
= 0.79, P = 0.0173), which also extended to PD-1hi Tfh cells (R2 = 
0.88, P = 0.0052) (Figure 2E). Overall, these results show that the 
development of  cross-neutralizing breadth was associated with a 
higher in situ prevalence of  PD-1hi and “effector” Bcl-6hi Tfh cells.

Cross-neutralization is associated with a molecular profile favoring the 
development and function of  Tfh cells. To identify molecular effector 
pathways that could trigger the functional differences observed 
when comparing Tfh cells from N and NN groups, we performed 
10X scRNA-seq on LN-derived cells (Figure 3A). Analysis of  lin-
eage biomarkers enabled the identification of  the main immune cell 
types (Supplemental Figure 4A). Further clustering was performed 

B cell follicles — in Ns as compared with NNs (Figure 1C). Next, 
we examined the extent of  GC preservation among tissues. For 
quantitation, we focused on Ki67, a marker of  proliferation and 
cell-cycle progression (34), as a lack of  Ki67 polarization in HIV 
GCs has previously been shown to associate with GC disorganiza-
tion (35). Analysis of  the area occupied by CD20hi/dimKi67hi B cells 
(denoted as GCs) versus the CD20hi/dimKi67hi/lo B cell area (denoted 
here as total follicle [F]) revealed a substantially (P = 0.0649) higher 
ratio of  GC/F in Ns than in NNs (P = 0.00115) (Figure 1C and 
Supplemental Figure 1E). Next, we extended our analysis to FDC 
networks and observed a trend for higher FDC areas in NNs as 
compared with Ns (Figure 1D) and a reversed trend for the FDC/F 
ratios (Supplemental Figure 1, F and G). Together, these findings 
suggest that neutralization activity in chronic HIV is associated with 
better-preserved follicular structures.

Cross-neutralization is associated with distinct phenotypic signatures 
of  Tfh cells. Having observed morphological differences in the LNs 
of  NNs and Ns, we next wanted to assess the cellular composition 
of  the LNs in these 2 groups. We performed flow cytometry on 
single-cell suspensions of  LNs and enumerated the frequencies of  
the following immune subsets: naive (CD27hiCD45ROlo) and non- 
naive (CD27hiCD45ROhi, CD27loCD45ROhi) CD4+ T cell subsets 
and PD-1hiCXCR5hi Tfh cells (Figure 2A and Supplemental Fig-
ure 2A). We found a significantly higher percentage of  non-naive 
CD27hi/loCD45ROhi T cells in N LNs than in NN LNs (P = 0.032) 
(Figure 2B). This was primarily driven by an increase in non- 
naive CD27loCD45ROhi cells (uO = 0.005) (Figure 2B). Between 
the latter frequencies and the recorded neutralization potencies, 
we observed a positive association which, although not significant 
(R2 = 0.1654, P = 0.1052), was suggestive of  correlated changes 
between these 2 factors (Figure 2B).

We found a balanced representation (percentage) of  non- 
naive CD4+ T cell subsets defined by the expression of  PD-1 and 
CXCR5 in Ns, while a gradual decrease from non-Tfh cells (PD-1lo 

CXCR5lo) to Tfh cells (PD-1hiCXCR5hi) was observed in NNs (Sup-
plemental Figure 2B). Furthermore, flow cytometric phenotyping 
of  the Tfh cell subset revealed significantly higher expression of  
several coinhibitory/costimulatory receptors (36–38) in Ns com-
pared with NNs (Figure 2C and Supplemental Figure 2C). With 
respect to CD57, a marker of  highly differentiated GC Tfh cells 
(39, 40) and CXCR3, a chemokine associated with a Th1-like Tfh 
cell signature, we found significantly higher frequencies of  CD57lo 

Figure 1. Cross-neutralization is associated with GCs displaying preserved features of maturation. (A) Diagram depicting the strategy employed for neu-
tralization screening (left) as well as the distribution of cross-neutralization breadth in the population of study, defined as the percentage of the number of 
isolates recognized with an ID50 of greater than 40 out of 20 isolates tested, in the cohort (pie chart) and among study participants (bar graph). (B) Repre-
sentative confocal images showing the distribution of CD20 (cyan) and Ki67 (magenta) in NNs and Ns. Total B cell follicle area quantification (CD20hi/dim) is 
shown as a superplot of both individual (faint background symbols) and mean ± SEM (bold foreground symbols) follicular measurements in control tissues 
(n = 6, gray), NN tissues (n = 6, blue), and N tissues (n = 6, red), as measured by quantitative imaging analysis and histocytometry. The different symbols 
represent different donors. For statistical comparisons using the mean measurements, a Kruskal-Wallis 1-way ANOVA was applied, followed by Dunn’s post 
hoc test to correct for multiple comparisons. P = 0.0798. Original magnification, ×40 (NA 1.3). Scale bars: 500 μm. (C) Superplots showing the number of 
total cells and GC/F ratios (areas) of both individual (faint background symbols) and mean ± SEM (bold foreground symbols) follicular measurements in NNs 
(n = 6, blue) and Ns (n = 6, red), as measured by quantitative imaging analysis and histocytometry. Data for each follicle represent total counts of JOJO-1+ (a 
fluorescent nucleic acid stain) events (total cells) normalized (Norm) to the total area (mm2) of follicles screened. The different symbols represent different 
donors. For statistical comparisons using the mean measurements, a Mann-Whitney U test was applied. P = 0.93; P = 0,0649. (D) Representative confocal 
images showing the distribution of FDC (red) in B cell follicles (CD20dim/hi areas, cyan) in NNs (n = 6) versus Ns (n = 6). Original magnification, ×40. Scale bars: 
100 μm), and a Superplot summarizing the FDC areas (mm2) measurements of both individual (faint background symbols) and mean ± SEM (bold foreground 
symbols) follicular measurements in NNs (n = 6, blue) and Ns (n = 6, red), as measured by quantitative imaging analysis and histocytometry. Different sym-
bols represent different donors. For statistical comparisons using the mean measurements, a Mann-Whitney U test was applied. P = 0.81.
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on the basis of  the expression of  CD4+ T cell–specific genes (Sup-
plemental Figure 4, B and C). We observed a significantly higher 
frequency of  Tfh cells in Ns, whereas the frequency of  naive CD4+ T 
cells was significantly higher in NNs than in Ns (Figure 3B), which 
corroborates our flow cytometric data (Figure 2). We then focused 
on characterizing the Tfh cell compartment. We observed higher 
transcription of  genes encoding critical regulators that promote Tfh 
cell differentiation (e.g., MAF, IL6ST, PDCD1, ICOS, and TOX2), 
stemness (TCF7), and interaction with GC B cells (CXCL13) in Ns 
compared with NNs (Figure 3C). Interestingly, Tfh cells from Ns 
had a significant upregulation of  Wnt signaling pathways as well as 
of  targets that are downstream of  TCF7L2, SMAD3,4 and STAT3, 
whereas NN Tfh cells were associated with significant upregulation 
of  type I and II IFN signaling and STAT6 target genes. All shown 
pathways were significantly different between the groups (P < 0.05) 
(Figure 3C). Of  note, Tfh cells from Ns exhibited significantly 
lower expression of  the hallmark apoptosis gene set (normalized 
enrichment score [NES] = 1.32, P = 0.05), driven by leading-edge 
genes such as TXNIP and ANXA1, supporting an enhanced survival 
potential of  these cells in Ns (Supplemental Figure 4, C and E). 
As a reference, analysis of  tonsillar single cells showed differential 
expression of  relevant genes among CD4+ T cell subsets (Supple-
mental Figure 4F). With respect to the potential CD4+ Treg tran-
scriptomics profile, genes like FOXP1, a cofactor for FoxP3 (41), 
and IRF1, an inducer of  type 1 regulatory Tr1 cells (42) and neg-
ative regulator of  Tfh cell differentiation (43), were upregulated 
in NN compared with N participants (Figure 3D). Furthermore, 
downstream targets for several established Treg inducers including 
STAT3, STAT5, STAT6 (44–47), MYC (48), SMAD3 (49), vitamin D 
receptor (VDR) (50), and FOXP3/FOXP1 were upregulated in NNs 
compared with Ns (Figure 3D). Our data indicate that, despite the 
significantly higher frequency of  FOXP3hi CD4+ T cells in Ns (Fig-
ure 3B), CD4+ T cells from NNs were characterized by a molecular 
profile favoring the development of  potential suppressor CD4+ T 
cells. When we validated molecules revealed by scRNA-seq analy-
sis with flow cytometry, we also observed significantly higher levels 
of  combined TCF1hiAHRhiCAV1hiCD130hi expression in Tfh cell 
subsets (PD-1hiCD57lo/hi) compared with naive CD4+ T cells (4.04% 
± 3.65% vs. 0.21% ± 0.13%, P = 0.0261) and compared with the 
PD-1loCD57lo CD4+ T cell subset (4.04% ± 3.65% vs. 0.17% ± 
0.17%, P = 0.0244) in tonsillar cell suspensions (Supplemental Fig-

ure 5A). In sum, our data suggest that Tfh cells from Ns expressed a 
molecular program that favored their differentiation and stemness.

Cross-neutralization is associated with a lower cell density of  IL-10hi 

CD25hiFoxP3hi follicular regulatory CD4+ T cells. Our transcriptomics 
analysis revealed a significantly higher frequency of  FoxP3hi cells 
in N compared with NN tissues (Figure 3B). We then used an in 
situ approach to quantify FoxP3hi CD4+ T cells in extrafollicular 
and follicular LN areas. In line with our scRNA analysis (Figure 
3B), we found a substantially (P = 0.1797) higher number of  nor-
malized FoxP3hi CD4+ T cells within the follicular areas in Ns com-
pared with NNs (Figure 3E, Supplemental Figure 3A, and Sup-
plemental Figure 5B). We further investigated the FoxP3hi CD4+ T 
cell compartment using CD25 (51) and IL-10, a cytokine that cor-
relates with increased Treg functionality and suppressive capacity 
(52) (Supplemental Figure 6A). Analysis of  CD25hiFoxP3hi CD4+ 
T cells revealed comparable normalized numbers of  extrafollicu-
lar CD25hiFoxP3hi CD4+ T cells among the 2 categories (Figure 
3F). However, there was a trend for lower numbers of  follicular 
CD25hiFoxP3hi CD4+ T cells (Tfr) and substantially lower cell den-
sity (P = 0.0823) of  follicular IL-10hiCD25hiFoxP3hi CD4+ T cells in 
the N tissues compared with the NN tissues (Figure 3, F and G). 
We found a significantly higher (P = 0.01691) ratio of  FoxP3hi/Tfh 
CD4+ T cells in Ns compared with NNs, whereas the opposite was 
the case when we calculated the CD25hiFoxP3hi/Tfh CD4+ T cell 
ratio (data not shown). Our data suggest a GC-specific effect, rather 
than a global effect, of  increased numbers of  functional IL-10–pro-
ducing Tfr cells in the follicles of  NNs, which may contribute to 
limited GC Tfh cell responses.

Cross-neutralization is associated with a higher degree of  viral evolu-
tion. To explore relationships between the aforementioned CD4+ T 
cell profiles and virus dynamics, we compared NN and N groups 
according to the plasma viral load (pVL), the prevalence of  HIV 
RNA+ cells quantified by ISH, and the intra-host diversity of  HIV 
env gene sequences. A trend, although not significant, for higher 
plasma viremia was found in NN LNs compared with N LNs (Fig-
ure 4A). The plasma viremia, however, did not correlate with the 
breadth of  NAbs (Figure 4A). When the in situ expression of  HIV 
mRNA was analyzed, we found significantly more HIV RNA+ cells 
(P = 0.0232) and a trend for higher levels of  total viral RNA (P = 
0.0704) in NN compared with N LNs (Supplemental Figure 6B). 
In line with the in situ analysis, more LN CD4+ T cells harbor-

Figure 2. Cross-neutralization is associated with an expansion of the LN CD4+ T cell memory compartment and a distinct Tfh cell phenotypic profiling. 
(A) Flow cytometry plots depicting the frequencies of naive and non-naive CD4+ T cell subsets in NNs and Ns within the CD3hiCD4hi gated populations. 
(B) Graphs showing the relative frequencies of naive and non-naive CD4+ T cell subsets in Ns and NNs (left panel) and the positive association (Pearson 
correlation) between the percentage of non-naive CD27loCD45ROhi CD4+ T cells and microneutralization ID50 titers as assayed against a 20 HIV isolate 
panel. (C) Cumulative flow cytometry plots showing the frequencies of the receptors TIGIT and ICOS, as well as of the CD57 epitope and CXCR3 within the 
PD-1hiCXCR5hi Tfh cell compartment in NNs and Ns, and frequencies of combined CXCR3 and CD57 expression. TIGIT, P = 0.0075; ICOS, P = 0.0160; CD57;  
P = 0.0225; CXCR3, P = 0.0420 (Mann-Whitney U test); NN CXCR5loCD57hi versus NN CXCR3hiCD57lo, P < 0.0001 (1-way ANOVA). ****P < 0.0001. (D) Confo-
cal images of follicles (CD20hi/dim) and GCs (CD20hiKi67hi) in NNs and N showing the distribution of CD4 (green), Tfh (CD4: green, PD-1hi: red) and Bcl-6+ Tfh 
(CD4: green, PD-1hi: red, Bcl-6hi: yellow) within the Ki67 follicular areas (magenta) and Superplots showing total GC-CD4, GC Bcl-6hi Tfh cell densities (cells 
per mm2) and GC Bcl-6hi Tfh/CD4 ratios of both individual (faint background symbols) and mean (bold foreground symbols) follicular measurements (± 
SEM) in NNs (n = 6 blue) versus Ns (n = 6 red) as measured by quantitative imaging analysis and histocytometry. Follicular area borders were determined 
based on the density of CD20 expression, whereas extrafollicular areas (T cell zone) were determined based on the density of CD4. Different symbols 
represent different donors. For statistical comparisons using the mean measurements, a Mann-Whitney U test was applied. P = 0.48; P = 0.132; P = 0.026. 
Original magnification, ×20. Scale bars: 60 μm left column; 30 μm right columns. (E) Regression plots showing the association between bulk Tfh and  
Bcl-6hi Tfh cells (normalized cell counts adjusted for mm2 of area screened) as quantified by confocal imaging analysis and histocytometry, and the breadth 
of neutralization expressed as the number of HIV isolates recognized among the 20 isolates tested. EF, extrafollicular area; F, follicular area. Mean ± SD 
values are shown in B and C and median values in D.
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pared with NN B cells (Figure 5C). NN B cells were found to upreg-
ulate type I and type II IFN and mTOR signaling, which could 
have a detrimental effect on GC B cell development (Figure 5C). 
Together, these data show that Ns were programmed for the devel-
opment and maintenance of  GC B cells. Furthermore, possible 
molecular targets that could mediate the interaction between GC B 
cells and Tfh cells were investigated across all 8 participants using 
the NicheNet package in R. Our analysis revealed novel putative 
“molecular pairs” that could mediate such interaction, including 
macrophage migration inhibitory factor (MIF) (ligand for CXCR4 
and CD74 and potential regulator of  B cells at trafficking, survival, 
and antigen presentation level) (54); integrin-β 8 (ITGB8) (unit of  
the avb8 integrin, a critical activator of  TGF-β) (55); and TGFB1/
SMAD3 (Figure 5D). Therefore, our analysis reveals molecules that 
could serve as targets for in vivo interventions aiming to strengthen 
the Tfh–B cell interaction and bNAb development.

Discussion
A subset of  PLWH, independent of  vaccination, can develop NAbs 
against HIV (56). Although the characteristics of  a variety of  bNAbs 
have been previous explored, the human follicular/GC immune 
dynamics that mediate the development of  these Abs are largely 
unknown, mainly due to unavailability of  relevant LNs from PLWH.

HIV is associated with a wide spectrum of  lymphadenopa-
thies, including follicular hyperplasia, lysis and involution (4, 57, 
58). Our morphological analyses suggest that the follicular/GC 
areas of  Ns are better preserved, providing the ground for more 
efficient development of  GC immunoreactions. One could hypoth-
esize that the preservation of  follicular architecture, may reflect the 
in vivo function of  homologous bNAbs rather than representing a 
driving force for their development. The development of  NAbs in 
HIV or SHIV infection necessitates a long-term “synchronization” 
between the evolution of  the Env protein and the maturation of  
Env-specific Tfh cell responses (58). Given the previous reports, 
one should not expect natural infection-induced bNAb activity 
during the acute/early post -infection stages. Indeed, bNAbs were 
detected 44–47 weeks after SHIV infection in NHPs (59–61). A 
similar time window for the development of  anti-HIV bNAbs was 
found in PLWH (62). In our cohort, all PLWH participants were 

ing HIV mRNA, analyzed by scRNA-seq, were detected in NNs 
compared with Ns (Supplemental Figure 6C). A strong association 
between the FDC area and RNA+ virions was found both in Ns and 
NNs (Supplemental Figure 6D). We detected a higher intra-host 
env diversity in Ns than in NNs, based on entropy analysis using 
high-throughput, single-genome amplification and sequencing 
(HT-SGS) (53) (Figure 4B and Supplemental Figure 7A). Intra-host 
diversity of  env sequences in1 individual with a broad Ab neutral-
izing profile was among the highest entropy profiles (Supplemental 
Figure 7A). Of  note, although this association could be consistent 
with positive selection by env-specific Abs in Ns, we also observed 
higher intra-host env sequence entropy in Ns when considering only 
synonymous variation (Supplemental Figure 7B). Moreover, sev-
eral of  the env gene regions with particularly high entropy in Ns 
did not correspond to known bNAb epitopes (Figure 4B). Taken 
together, these findings suggest higher cumulative levels of  HIV 
evolution in Ns than in NNs.

Cross-neutralizing activity is associated with a higher in situ preva-
lence of  BC B cells expressing a molecular profile favoring GC development. 
Finally, we sought to assess whether HIV neutralization could be 
linked to a specific GC B cell profile. To this end, we analyzed the 
numbers of  GC B cells and total B cells (CD20hi/dim) in situ. Despite 
the comparable total numbers of  B cells between the 2 groups, 
we found a trend for higher normalized numbers (P = 0.2403) of  
CD20hiKi67+Bcl-6hi B cells in LNs of  Ns compared with NNs (Fig-
ure 5A and Supplemental Figure 8A). Furthermore, a significantly 
higher Tfh/B cell ratio (P < 0.0001) and a trend for higher Bcl-6hi  
Tfh/Bcl-6hiKi67hi B cell ratios were found in Ns compared with 
NNs (Supplemental Figure 8B). We further performed scRNA-seq 
on B cells to elucidate their transcriptomic profile. Further cluster-
ing based on the expression of  B cell–specific genes (Supplemental 
Figure 8C) revealed significantly higher GC B cell frequencies and 
lower naive B cell frequencies in N LNs than NN LNs (Figure 5B). 
This observation was further supported by the higher expression 
of  CXCR5 and CXCR4 in N LNs than NN LNs (Figure 5C). More-
over, we found increased expression of  factors promoting GC B cell 
differentiation (BACH1, STAT6), as well as the development of  the 
dark zone (DZ) B cell compartment (FOXO1, TGFB/SMAD2/4) 
and the response to local osmotic stress (NFAT5) in N B cells com-

Figure 3. Tfh cells are characterized by a molecular profile favoring their differentiation and longevity in cross-neutralization participants. (A) scRNA 
analysis workflow. DEG, differentially expressed gene. (B) UMAP projections of total CD4+ T cells with color-coded cell populations and CD4+ T cell sub-
populations identified and their percentages in NNs versus Ns. (C and D) Volcano plots and dot plots are shown to illustrate transcriptomic differences 
and pathway enrichment between Ns (Neut) and NNs (NonNeut). DEGs were identified using the MAST (hurdle model–based) test implemented in the 
FindMarkers function of the Seurat package in R. P values were adjusted by the Benjamini-Hochberg method, and genes meeting an adjusted P < 0.05 
and |log2fold change [FC]| > 0.5 are highlighted in the volcano plots. Blue and red dots in the volcano plots represent genes that are significantly downreg-
ulated or upregulated in Ns, respectively. The accompanying dot plots depict average scaled expression (z scores) and the percentage of cells expressing 
each gene within Tfh or Treg subsets. Color intensity reflects relative expression, while dot size indicates the fraction of expressing cells. NESs from the 
GSEA are shown separately for selected pathways and transcription factor target gene sets. (E) Representative confocal images showing FOXP3hi CD4+ T 
cells in extrafollicular and follicular areas in NNs versus Ns. FoxP3hi CD4+ T cells (white arrows) were defined by means of concurrent CD4 (green) and FoxP3 
(red) expression within CD20 (cyan) and Ki67 (yellow) double-positive areas. Original magnification, ×40; scale bars: 100 μm and 20 μm (enlarged images 
corresponding to the white dotted enclosures). Superplots showing the normalized per area imaged FoxP3hi CD4+ T cell numbers of both individual (faint 
background symbols) and mean (bold foreground symbols) follicular measurements (± SEM) in NNs (n = 6, blue) compared with Ns (n = 6, red), as mea-
sured by quantitative imaging analysis and histocytometry. The different symbols represent different donors. For statistical comparisons using the mean 
measurements, a Mann-Whitney U test was used. P = 0.1797. Superplots of CD25hiFoxP3hi (F, right) and IL-10hiCD25hiFoxP3hi (G, right) CD4+ T cells of both 
individual (faint background symbols) and mean (bold foreground symbols) follicular measurements in NNs (n = 6, blue) versus Ns (n = 5, red), as mea-
sured by quantitative imaging analysis and histocytometry. The different symbols represent different donors. For statistical comparisons using the mean 
measurements, a Mann-Whitney U test was applied (P = 0.426, P = 0.0823). Dot plots for extrafollicular (F, left) and whole tissue (G, left) data, where each 
participant tissue is represented by a circle of a different color. Mean values are shown in dot plots (E–G) and quartiles in box plots (F and G).
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function, and stemness, also supported by the significantly higher 
expression of  CD27, a survival factor for memory CD4+ T cells and 
necessary for long-lived T cells (64), compared with NN participants. 
Tfh cells from NNs expressed signs of  a less differentiated stage (high 
expression of  CD69, IL7R, and STAT6, a profile found in tonsillar 
pre-Tfh cells) that could be mediated, at least in part, by the higher 
expression of  FOXP1, a known negative regulator of  Tfh cell differ-
entiation (43) as well as by increased type I/II IFN signatures. Our 
data revealed increased type I and II IFN signaling signatures in both 
Tfh and B cells in NN participants. Type I IFN signaling could alter 
the differentiation of  CD4+ T cells toward a Th1 phenotype (65), in 
line with the reduction in numbers of  Bcl-6hi Tfh cells found in NN 
participants. The significant upregulation of  type I IFN molecular 
signatures in F/GCs from individuals with systemic lupus erythema-
tosus is associated with perturbed differentiation of  Tfh cells, espe-
cially the CD57hi Tfh cell subset (66). Whether this is a generalized 
mechanism dysregulating the F/GC immune dynamics in chronic 
inflammatory diseases needs further investigation.

Tfr cells regulate Tfh function by limiting their numbers and 
curtailing their ability to provide B help through ICOS costimu-
lation as well as IL-21 and IL-4 production (25, 51, 67). Since Tfr 
cells have been shown to expand both proportionally and numeri-
cally during HIV and SIV infection (25), we asked if  differences in 
neutralization could also be due to differences in the frequencies 
of  Treg and Tfr cell populations between the 2 study groups. We 

chronically infected. Presumably, the alterations in LN microar-
chitecture and cellularity most likely take place during the acute-
to-early chronic phase of  the infection. We argue that the pres-
ervation of  follicular structures and associated cellular/molecular 
profiles preceded the appearance of  bNAbs and guided their devel-
opment. However, one limitation of  our study is the overall young 
age of  the PLWH studied. Whether the described profiles apply 
also to older individuals, in which aging can significantly alter the 
F/GC structure and cellularity, is not known and needs investiga-
tion using relevant LNs.

Differentiation of  Tfh cells is a multiphase process driven 
by changes in gene expression due to intrinsic and surrounding 
microenvironmental cues that yield a cell pool with high hetero-
geneity (39). CD57hiPD1hi human Tfh cells have an augmented 
capacity to secrete IL-4, at least in vitro (39), presumably repre-
senting Th2-like Tfh cells. While there was a significant expan-
sion of  Th1-like (CD57loCXCR3hi) Tfh cells in the LNs of  NNs, 
a cluster signature encompassing Th2-like (CD57hiCXCR3lo) Tfh 
cells appeared more prominently in Ns (63). Therefore, NAb 
development in PLWH could be associated with a significant 
expansion of  Th2-like effector Tfh cells, in line with our previous 
data regarding the profile of  SHIV Env–specific Tfh cells in NHPs 
with neutralizing anti-SHIV antibodies (59).

Tfh cells from N LNs were characterized by significant upregula-
tion of  genes and molecular pathways favoring their differentiation, 

Figure 4. Higher viral evolution is associated with a lower in situ prevalence of actively transcribed virus in cross-neutralization participants. (A) pVLs 
in all study participants and association of VLs with neutralization breadth (number of isolates recognized out of the 20 isolates tested). Median values 
are shown. (B) Entropy-H(x) plot showing the location of positions with residue mismatches on alignment to the reference Env HIV sequence and the 
distribution of those mismatches over different HIV structural regions. Color shades denote distinct structural regions, and orange arcs the locations of 
gp120 variable loops.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2026;136(17):e192575  https://doi.org/10.1172/JCI1925751 0



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 1J Clin Invest. 2026;136(17):e192575  https://doi.org/10.1172/JCI192575

activation is beneficial for GC formation and for the generation of  
antigen-specific plasma cells (90–92). However, hyperactivation of  
the mTORC1 complex, fueled by sustained IFN signaling or oth-
er stimuli during chronic viral infection, restricts GC B cells in the 
DZ, which results in decreased access to antigen and Tfh cells in the 
LZ (91). Moreover, activation of  mTORC1 can induce class-switch 
recombination in murine B cells, favoring IgG1-expressing B cell 
clones (92, 93). Considering that the IgG1 isotype of  some bNAbs 
was reported to exhibit reduced neutralization capacity of  viral- 
escape HIV variants compared with IgG3 and IgA1 (94), we pro-
pose that sustained mTORc1 signaling might be a limiting factor for 
the generation of  potent neutralizing Abs. Together, our study sug-
gests that the development of  NAbs during chronic HIV infection is 
multifactorial and associated with (a) a “controlled” development 
and maturation of  follicular structures; (b) the in situ operation of  
molecular signals favoring the interaction between Tfh cells (“help”) 
and B cells (activation, maturation); and (c) a higher viral evolution, 
in line with our previous data (59). Viral infections, autoimmunity 
(66), and aging (95) could have a dramatic effect on these factors, 
ultimately impairing the efficacy of  vaccine-induced responses. We 
have recently shown that restoration of  vaccine-induced Abs in aged 
SIV-infected NHPs subjected to combined ART was associated with 
downregulation of  Tfh and B cell IFN signaling pathways (96). 
Newer strategies that build on GC biology and dynamics such as 
(a) germline-targeting vaccines (97) and (b) novel immunogens tar-
geting FDCs and a prolonged presence of  the immunogen within 
the GC area (98) are yielding promising results in this regard in pre-
clinical and clinical settings. Furthermore, establishing circulating 
biomarkers and surrogates of  the operation of  such signals within 
the LNs, especially the GCs, would be highly informative for the 
monitoring of  vaccine-induced Ab responses.

One limitation in our study is the small number of  participants 
with bNAbs that was analyzed, which mirrors the small percentage 
of  individuals with extremely broad and potent bNAb activity in 
clinical cohorts (~1%) (99, 100), and the rare occurrence of  PLWH 
who remain ART naive. Given these limitations, confirmation of  our 
findings in a second, validation cohort was not possible in the pres-
ent study. To overcome this limitation, we performed parallel experi-
ments using multiple platforms and observed correlative relationships 
across and within our small groups, which we believe strengthens our 
reported observations. A second limitation in our study is that the 
exact timing of  participant HIV acquisition could not be ascertained. 
As such, differences in the approximated lengths of  viral infection 
could exist. Even with this limitation, however, the requirement for 
a better-preserved follicular microarchitecture remains. Our analysis 
also elucidates B and T cell molecules that could represent novel tar-

found substantially fewer Tfr cells in Ns, suggesting that Tfh cells in 
N PLWH were exposed to a less immunosuppressive F/GC micro-
environment. On the other hand, Tregs exposed to local a inflam-
matory microenvironment adopt a strong suppressive function (68). 
The significant reduction in IL-10hiCD25hiFoxP3hi Tfr cells found in 
N participants compared with NN participants further corroborates 
a less inflammatory follicular environment in these individuals.

LNs harbor a higher viral burden than is found in the peripher-
al blood in the asymptomatic phase of  HIV infection (69–71). The 
FDC network is a stable “reservoir” of  highly infectious virus (72, 
73), supporting the maintenance of  a viral reservoir (74, 75), pos-
sibly through a TNF-α mechanism (76), even after ART initiation 
(77). Although our data suggest that the FDC-mediated support of  
HIV transcription was operating in both NNs and Ns, this process 
alone cannot explain the higher levels of  viral replication seen in the 
NNs. Previous studies have reported a modest positive association 
between HIV viral load (VL) and bNAb production (78), while oth-
ers did not, especially for higher VLs (79). In our study, we did not 
observe a positive correlation between the pVL and neutralization 
breadth, suggesting that the viral burden per se (copies/μL) could 
not fully account for the neutralization activity seen in Ns, which 
is in line with observations from other cohorts (80). We detected a 
greater evolution of  Env protein in Ns than in NNs, which corrobo-
rates previously published findings (59). It should be noted that the 
cross-sectional nature of  our study did not allow us to determine 
when these env variants may have appeared. Circulating viruses in 
the blood usually represent a mix of  viruses sensitive and resistant 
to the temporally coincident autologous bNAbs (81). In addition, 
most elite Ns, from whom several known bNAbs have been isolat-
ed, have detectable plasma viremia (82). In line with other studies 
in the field (83, 84), we found that donor neutralization activity 
mapped mainly to 1 or 2 specificities, which may not be sufficient to 
lower the contemporaneous virus levels in the plasma over the long 
term. As such, we cannot exclude the possibility that, at some point 
in infection, Ns may have harbored a higher VL. However, beyond 
the relative presence of  actively transcribed virus, our data indicate 
an augmented evolution of  the virus in Ns, critically contributing to 
the development of  bNAbs (58).

The transcriptional profiling indicates a higher prevalence of  DZ 
GC B cells and preservation of  an anatomically distinct DZ (upreg-
ulation of  FOXO1, CXCR4) in N compared with NN participants, in 
whom light zone (LZ) GC B cells may be more dominant (higher 
expression of  MTOR) (85–88). It is well established that type I and 
type II IFNs are potent activators of  the mTOR/PI3K pathway (89). 
During acute viral infections, an early boost of  both type I and II 
IFN-mediated signaling followed by PI3K/AKT/mTOR pathway 

Figure 5. GC B cells express a molecular profile favoring GC development in cross-neutralization LNs. (A) Representative confocal images showing the 
distribution of BCL-6 (yellow) and Ki67 (magenta) within the GCs of NNs and Ns. Original magnification, ×40 with 1% zoom; scale bars: 100 μm. Superplots 
show normalized CD20hi and Bcl-6hiKi67hiCD20hi B cell numbers of both individual (faint background symbols) and mean ± SEM (bold foreground sym-
bols) follicular measurements in NNs (n = 6, blue) versus Ns (n = 6, red), as measured by quantitative imaging analysis and histocytometry. The different 
symbols represent different donors. For statistical comparisons using mean measurements, a Mann-Whitney U test was applied (P = 0.588, P = 0.2403). 
(B) UMAP projections of B cell populations identified by scRNA analysis in total l ymph node mononuclear cells, color-coded by B cell category. (C) Volcano 
plots and dot plots of DEGs and NESs from GSEA for selection of B cell–specific ligands and transcription factors. The DEGs were calculated using the 
MAST (Hurdle model–based) test via the FindMarkers function using the Seurat package in R. P values were corrected using the Benjamini-Hochberg 
method and genes meeting an adjusted *P < 0.05 and (log2FC) > 0.5 are highlighted on the volcano plot. Dots in the volcano plots represent genes that 
were significantly downregulated (blue) or upregulated (red) in Ns. (D) Heatmap of pairwise Tfh–GC B cell interactions as identified through ligand-target 
analysis. Darker colors denote interactions corresponding to an increased regulatory potential.
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Diagnostics) and the RNAscope Multiplex Fluorescent Reagent Kit 
v2 (Advanced Cell Diagnostics). The assay was performed as previ-
ously reported (101) but without proteinase K treatment in order to 
preserve the human CD20 epitope. Confocal images were obtained 
on a Leica TCS SP8 confocal system, at 512 × 512 pixel density and 
×1 optical zoom using a ×40 objective (NA 1.3), unless otherwise 
stated. No frame averaging or summing was used while obtain-
ing the images. To ensure accurate representation and minimize 
selection bias, at least 50% of  the tissue was imaged. Fluorophore 
spillover, when present, was corrected by imaging tissues stained 
with single Ab-fluorophore combinations, and by creating a com-
pensation matrix via the Leica LAS-AF Channel Dye Separation 
module (Leica Microsystems) according to the user’s manual. Con-
focal images were analyzed with ImageJ software (102) and Imaris, 
version 9.5.0 (Bitplane). Histocytometric analysis was performed to 
generate quantitative data from the images, as previously described 
(32, 39, 101). Fragmented follicles, follicles partially on edge, and 
follicles with indeterminate boundaries were excluded from the 
analysis. To define FDCs, we used the mAb CNA.42, which rec-
ognizes a 120 kDa formalin-resistant, evolutionarily conserved gly-
cosylated antigen that is mainly expressed on FDCs (33). In LNs, 
FDCs form intricate interdigitating networks on the surface of  
which antigen is trapped (103). To define these networks, we per-
formed network area surface calculation using the Imaris software 
(Bitplane) surface creation module. The number of  FDC-bound 
virions in RNAscope analysis was also measured using Imaris 
software. Quantitation was performed using the Spots creation 
feature after appropriately masking the vRNA+ channel to reveal 
colocalization with FDC surfaces. For RNA virion quantification, 
a thresholding diameter of  2 μm was used in a manner consistent 
with previous work in our laboratory (104).

scRNA-seq data analysis. FASTQ files were uploaded to Cell 
Ranger on the 10X Genomics cloud, and no depth normalization 
was carried out. The filtered count matrix was then analyzed using 
the Seurat package in R. Cell annotation was carried out using 
SingleR, and the reference expression dataset was derived from 
the MonacoImmuneData atlas from the celldex R package. Dou-
blet cells were removed from the analysis using the DoubletFinder 
package in R. Differentiation gene expression was assessed using 
the MAST R package. Clustered cells were visualized using uni-
form manifold approximation and projection (UMAP), and global 
differences between clusters were assessed using principal compo-
nent analysis (PCA).

HT-SGS of  HIV env. Plasma samples were thawed at room tem-
perature, followed by a brief  centrifugation to collect liquid from 
the sides of  the tubes. RNA extraction from virions in the superna-
tant was conducted using the QIAamp Viral RNA Mini Kit (Qia-
gen, 52906), following the instructions provided by the manufactur-
er. Subsequent processing steps were similar to those described in 
our previous study (53).

Statistics. We compared differences between groups (controls, 
NNs, and Ns) in flow cytometry and histocytometry using non-
parametric, unpaired Mann-Whitney U and nonparametric 1-way 
ANOVA statistical tests (Kruskal-Wallis followed by Dunn′s mul-
tiple-comparison test). A parametric t test was used for the t-SNE 
cluster analysis, whereas data with more than 1 explanatory vari-
able were analyzed using 2-way ANOVA followed by Tukey’s post 

gets for interventions aiming to strength the Tfh–B cell interaction 
and Ab responses against pathogens or immunogens.

Methods
Sex as a biological variable. Details of  the sex of  the participants in the 
study are reported in Supplemental Table 1 (Clinical Information). 
Sex as a biological variable was not investigated in our study, since 
30 of  33 participants reported being male. The sex of  the partici-
pants mirrors the sex distribution in the clinical cohort from which 
the participants were drawn. Future work is needed to extend our 
findings in women.

Additional methods can be found in the Supplemental Methods.
pVL and CD4+ T cell counts. Plasma samples, LN cell suspen-

sions, and biopsy samples were obtained from untreated, chronical-
ly infected PLWH, with explicit written informed consent from the 
participants prior to donation. None of  the participants included 
in the protocol had active opportunistic infections, and all were 
HBV and HCV negative. LN biopsies were obtained from PLWH 
who had a palpable LN in the cervical area or a LN detected by 
ultrasound in the inguinal area. The pVL was quantified by auto-
mated real-time PCR using the m2000 system (Abbott). The range 
of  detection for pVL was 40–10,000,000 copies/mL. CD4+ T cell 
counts were determined by flow cytometry using the TruCount kit 
with the FACSCanto II instrument (BD Bioscience), according to 
the manufacturer’s instructions. Tonsillar and LN cell suspensions 
were stored at liquid nitrogen until further use.

Flow cytometric data acquisition and analysis. Surface and intracel-
lular staining of  LN- and tonsil-derived cells was carried out using 
the appropriate titrated Abs (Supplemental Table 3). Events were 
collected on a BD X50 Symphony (BD Biosciences), and electronic 
compensation was performed with Ab capture beads (BD Biosci-
ences). Data were analyzed using FlowJo, version 10.8.1 (TreeStar, 
BD). Dimensionality reduction analysis was performed using the 
t-SNE and FlowSOM plugins on FlowJo (Tfh cell populations). For 
t-SNE analysis of  Tfh cells, individual cell populations were manu-
ally gated in FlowJo, and fcs files were exported for each participant. 
Files were preprocessed to exclude batch-to-batch variations and 
concatenated to a single file downsampled to 11,481 cells/sample, 
yielding a file suitable for t-SNE analysis. t-SNE parameters were 
set to 1,000 iterations, learning rate: 2,818 and perplexity 30. Clus-
tering analysis using the FlowSOM plugin (FlowJo) was performed 
for the following 11 markers: T cell immunoreceptor with Ig and 
ITIM domains (TIGIT), ICOS, CD95, CD57, CXCR3, OX40, cyto-
toxic T-lymphocyte associated protein 4 (CTLA-4), programmed 
death ligand-1 (PDL-1), CD226, OX40L, T-cell immunoglobulin 
and mucin-domain containing-3 (TIM-3), for a grid size of  10 × 10, 
yielding 8 meta-clusters. For visualization, clustering results were 
overlayed on the t-SNE projection using the ClusterExplorer plugin. 
Differences in frequencies in FlowSOM-generated clusters were cal-
culated using an unpaired t test in GraphPad Prism (version 9.3.1).

Multiparameter confocal imaging-data acquisition and analysis. 
Unconjugated primary and secondary and conjugated Abs were 
used for the staining of  paraformaldehyde-fixed, paraffin-embed-
ded tissue sections (Supplemental Table 4). For viral RNA visu-
alization, RNAscope ISH was performed according to the manu-
facturer’s instructions for formalin-fixed, paraffin-embedded tissues 
using dedicated HIV RNA probes (catalog 416111, Advanced Cell 
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hoc comparisons. In those cases where the dependent variable was 
not normally distributed according to the Lilliefors and/or Shapiro- 
Wilk normality tests, a box-cox transformation was applied, and 
when the transformation did not render a normally distributed 
variable, the nonparametric Mann-Whitney U test for unpaired 
variables was used. GraphPad Prism (version 10.2.1), JASP (ver-
sion 0.18.3), and the program R studio (version 2023.06.2+561 
with the packages nortest [10.1-4] and ggplot2 [3.5.0]) were used 
to create the graphs and perform the t tests, Mann-Whitney U tests, 
and ANOVA tests, respectively. All quantitative data show the ± 
SD, except for the box plots, which show IQRs. Graphs comprising 
multiple ROIs (follicles) were visualized as SuperPlots, depicting 
both individual measurements and their corresponding mean ± 
SEM. Statistical analyses were conducted on the mean measure-
ments only. P values and probability values of  less than 0.05 were 
considered statistically significant.

Study approval. All samples from PLWH were procured with 
explicit written informed consent from participants prior to dona-
tion, adhering strictly to the principles outlined in the Declaration of  
Helsinki. The utilization of  these samples was formally sanctioned 
by both the research committee and the ethics in research com-
mittee of  the National Institute of  Respiratory Diseases “Ismael  
Cosío Villegas,” Mexico City as part of  the “C71-18” protocol. 
The control tissue samples were retrieved from the archives of  
the Institute of  Pathology of  Lausanne University Hospital, Swit-
zerland, and their use was approved by the ethics committee of  
the Canton de Vaud, Switzerland (protocol number 2021-01161). 
Anonymized, discarded pathologic tonsil specimens were obtained 
from Children’s National Medical Center (CNMC) under the aus-
pices of  the Basic Science Core of  the District of  Columbia Devel-
opmental Center for AIDS Research. The CNMC IRB determined 
that the study of  anonymized discarded tissues did not constitute 
“human subjects research.” Sample sizes were not predetermined 
by power calculations, and investigators were not blinded to group 
identity during the study.

Data availability. Supporting data values are available in the Sup-
porting Data Values file. The authors agree to share all publication- 
related data. For further information, contact the corresponding 
author. The scRNA-Seq data discussed in this publication were depos-
ited in the Gene Expression Omnibus (GEO) database (GSE288212).
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