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HIV-2 infection is associated with low-to-undetectable plasma viral load, broad and sustained specific
antibody and T cell responses, and a slow course of CD4 T cell decline, even in the absence of antiretroviral
therapy (ART). Here, we investigated the secondary lymphoid organs of people with HIV-2 (PWH2) as
compared to people with HIV-1 (PWH1) and seronegative subjects. We found active HIV-2 replication and

ﬁe&’/ words: major disruption of lymph node architecture in PWH2, also attested by the alterations that we demon-
HIV-2 strated in the blood counterparts of follicular T and B cells. These findings were corroborated by in vitro

infection assays using tonsil organ cultures and HIV-2 or HIV-1 primary isolates with distinct co-receptor
usage, CCR5 or CXCR4, which showed significant HIV-2 cytopathogenicity associated with post-transcrip-
tional control of HIV-2 replication, revealed by high titres of cell-associated viral DNA and mRNA transcripts
but reduced HIV-2 protein production. Overall, our findings support a major impact of HIV-2 on secondary
lymphoid tissue organisation throughout the disease course, stressing the relevance of this neglected in-
fection to understand host-pathogen equilibrium in retroviral zoonoses and to identify strategies towards a

functional HIV cure.
© 2026 The Authors. Published by Elsevier Ltd on behalf of British Infection Association. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction HIV-2 disseminates and establishes viral reservoirs similarly to

HIV-1,°"° and, notably, follicular helper T cells (TFH) are also key

Lymph nodes are the main sites of HIV replication and for the
mounting of specific immune responses."” Lymph node architecture
and function also determine lymphocyte homeostasis and HIV dis-
ease progression."> Nevertheless, the lymph node pathology asso-
ciated with naturally occurring HIV-2 infection, the non-pandemic
form of HIV/AIDS, remains poorly characterised.” ®
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HIV-2 reservoirs.'” Notwithstanding this, viremia is typically low to
undetectable in people with HIV-2 (PWH2) before the initiation of
antiretroviral therapy (ART).”!' The reduced plasma viral load ex-
plains the low transmission rates and the confinement of HIV-2 in-
fection to West Africa and related countries like Portugal,*'' and the
prediction of its progressive decline in countries even without access
to ART.'” Importantly, untreated PWH2 feature a slow progressive
disease with limited impact on survival,”>'* despite systemic in-
flammation and the observed direct correlation between CD4 de-
cline and upregulation of immune activation markers, as in PWH1."!
HIV-2-specific responses were shown to be polyfunctional and

0163-4453/© 2026 The Authors. Published by Elsevier Ltd on behalf of British Infection Association. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).


http://www.sciencedirect.com/science/journal/01634453
www.elsevier.com/locate/jinf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jinf.2026.106760
https://doi.org/10.1016/j.jinf.2026.106760
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinf.2026.106760&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinf.2026.106760&domain=pdf
mailto:asousa@medicina.ulisboa.pt
mailto:ana.e.sousa@gimm.pt

S.M. Fernandes, G.B. Farias, A.R. Pires et al.

maintained throughout the disease course, encompassing both
neutralising antibodies (nAbs)'®>~'® and helper'®?° and cytotoxic?'??
T cell responses. Therefore, HIV-2 has been explored as a model for a
functional HIV-1 cure.”**~%°

Several findings support an impact of HIV-2 on lymph nodes and
germinal centres (GCs). The nAb titre correlated with a contraction
of the circulating memory B cell compartment,”® and a loss of both
switched and unswitched memory B cells was found in PWH2 as
compared to both PWH1 and seronegatives.”” HIV-2 infection also
induces CD4 cell tropism to lymph nodes,® and generalised lym-
phadenopathy.'#?>?8-3% However, it remains unclear whether it
follows the histologic patterns described in PWH1, namely, follicular
hyperplasia followed by progressive follicular involution and diffuse
effacing of the lymph node organisation with GC disruption and
lymphocyte depletion at AIDS.! We investigated here the impact of
HIV-2 in the lymph nodes and in the circulating follicular T cell
compartment of PWH?2.

Patient and methods
Human samples

This work gathered rare samples of PWH?2 living in Portugal, the
non-African country with the highest HIV-2 prevalence.'"*! After a
multicentric retrospective study of archived lymph node samples
from Portuguese hospitals excluding cases of tuberculosis or neo-
plasia, we identified 3 biopsies from cervical lymph nodes of ART-
naive PWH2, namely: i) 55 y female (744 CD4 T cells/pl, 7278 HIV-2
RNA cps/mL, Hospital de Sdo Bernardo, Setiibal) with lymphadeno-
pathy and fever, who subsequently started ART and remained
asymptomatic for the 13 y follow-up; ii) 58 y female (255 CD4 T
cells/ul, undetectable viremia, Hospital de Santa Maria (HSM),
Lisbon) who developed lymphadenopathy 6 y after the diagnosis of
HIV-2 infection, started ART 3 y after the biopsy, and remained
asymptomatic for the 22 y follow-up; and iii) 46 y male (73 CD4 T
cells/ul, undetectable viremia, Hospital Santo Anténio, Porto) with
fever and generalized lymphadenopathy, irregular follow-up, poor
adherence to ART, with death occurring within 1 y after the lymph
node biopsy. These biopsies were compared with those collected at
HSM, from 12 PWH1 in the workup of lymphadenopathy with the
final pathology diagnosis of reactive lymphoid hyperplasia (9 with
male sex assigned at birth, age range 36-66 y with a median of 53 y,
median CD4 T cell counts of 328 cells/ul with limits 50-610 cells/ul,
median viremia 5580 RNA cps/mL with limits 27-43400 RNA cps/
mL, which was undetectable in the 4 out of the 9 patients under ART
before the biopsy), and from 7 seronegative individuals mainly col-
lected during elective surgery (4 with male sex assigned at birth, age
range 26-85 y with a median of 66 y). Peripheral blood samples
were collected from 20 PWH2 and 19 PWH1 under follow-up at
HSM, and 21 age-matched seronegative subjects, whose clinical and
epidemiological features are depicted in Table 1. Buffy-coats were
obtained from blood donors through the Instituto Portugués do
Sangue e Transplantacdo (IPST). HIV-2 viremia was quantified at the
Molecular Biology Laboratory in Egas Moniz Hospital, Lisbon, Por-
tugal.’” Tonsil tissue specimens were obtained during routine pae-
diatric tonsillectomy performed at HSM. All participants or their
legal representatives provided written informed consent. The study
was approved by the ethical board of the Centro Académico de
Medicina de Lisboa (CAML), and the ethical boards of the other
above-mentioned hospitals.

Immunohistochemistry
Archived lymph node biopsy specimens were all formaldehyde-

fixed and paraffin-embedded (FFPE). Three-micrometre tissue sec-
tions were obtained using a Leica microtome (RM2145). Sections for
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single immunohistochemistry staining were deparaffinized and
submitted to heat-induced epitope retrieval (HIER). Samples were
stained with the following antibodies to identify different cell sub-
sets (clone and supplier in brackets): anti-CD3 for T cells (F7.2.38,
Dako), anti-CD4 for helper T cells (SP35, Cell Marque), anti-CD8 for
cytotoxic T cells (1A5, Leica), and anti-IgD (DRN1C, Leica) for B cells,
anti-CD21 for follicular dendritic cells and B cells (1F8, Dako), anti-
CD68 for macrophages (PG-M1, Dako), anti-Foxp3 for regulatory T
cells (236/E7, eBioscience). Staining was revealed with DAB (3,3’-
diaminobenzidine) oxidation (brown) by horseradish peroxidase
(HRP). Double immunohistochemistry staining, using anti-CD4
(SP35, Cell Marque) and anti-Ki67 (B56, BD) to identify cycling CD4 T
cells, was performed using the Ventana BenchMark ULTRA auto-
mated system and revealed through Fast Red (with alkaline phos-
phatase) and DAB (by HRP) oxidation (red and brown, respectively).
All slides were counterstained with Harris’ Haematoxylin (Bio-
Optica) and mounted with Quick-D mounting medium (Klinipath)
for single staining, or Glycergel (Dako) for double staining.
Haematoxylin-eosin (H&E, histological architecture) and Gomori
(reticulin network) stains were blindly evaluated by a trained pa-
thologist and scored according to their degree of architectural da-
mage. Samples infected with HIV-1 and HIV-2 were stained with
anti-p24 (KAL-1, Dako) or anti-p27 (MAb ARP396/397; P.
Szawlowski, NIBSC, Centre for AIDS Reagents, Medical Research
Council [MRC]), respectively, incubated with a peroxidase-diami-
nobenzidine detection system (EnVision; Dako), and counterstained
with Harris’s Haematoxylin (Bio-Optica). Additionally, in situ hy-
bridization (ISH) targeting HIV mRNA was performed using the
chromogenic single-plex RNAscope™ 2.5 HD Assay BROWN
(#322370, Bio-Techne) for archived FFPE lymph node samples from
PWH2 and PWHI1, both with antisense probes for gag-pol mRNA,
namely a catalogue probe for HIV-1 (Probe-HIV-gagpol, #317691,
Bio-Techne) and a custom-made probe for HIV-2, built for a con-
sensus of preserved gag-pol regions (Probe-V-HIV2-gagpol-C1,
#1108531-C1, Bio-Techne). Samples were first assessed for RNA
preservation using a positive control probe for PPIB (peptidylprolyl
isomerase B) housekeeping gene and specificity of probe binding
was compared with a negative control probe for bacterial dapB
(dihydrodipicolinate reductase gene of Bacillus subtilis).

Image analysis of lymph nodes

Whole slide imaging with Hamamatsu NanoZoomer-SQ Digital
Slide Scanner was performed for H&E, Gomori, im-
munohistochemistry and RNAscope stainings. Images were scanned
at 400X optical magnification (with digital magnification up to
800X). Image screening and analysis was done with NDP.view2
software (v2.9.29). For germinal centre circularity analysis, the
whole-slide images were analysed with Fiji/Image] software (version
1.52Kk). An object mask was generated for each lymph node, using the
CD21 staining as the colour threshold for germinal centre mapping.
GC Shape quantification was obtained using the tool Shape
Discriminator Maps from BioVoxxel Toolbox© (BioVoxxel_Plugins-
2.0.1, Jan Brocher).

Analysis of HIV infection of tonsil organ cultures (TOCs)

Tonsil tissue pieces were placed on Millicell cell culture inserts
(Millipore) in a 6-well plate containing 1250 ul of TOC medium
(complete medium with 15%FBS, 1 mM sodium pyruvate, and 1%
minimal essential medium nonessential amino acids [all from
Gibco]). A third of the medium was replaced every 2 to 3 days. HIV
infection was performed by placing a 5 pl drop containing 3 ng RT of
virus on top of each TOC. The following viruses were used: HIV-
192us660 and HIV-260415 K (bOth CCR5 tropic), as well as HIV-195HT1599
(CXCR4 tropic) provided by the Multicenter AIDS Cohort Study, NIH
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Table 1
Clinical and epidemiological data of the cohorts for the ex vivo blood studies.
Seronegative PWH2 PWH1
Numbers [male/female] 21 [11/10] 20 [3/17] 19 [9/10]
Age, years 51+2.1 (33-65) 59+2.7 (34-76)" 54+2.6 (25-73)
Ethnicity, caucasian/other 21/0 4/16 14/5
Time on ART, years NA 6.6%1.5 (1-20)* 11.5+1.8 (1-24)
% CD4 T cells 48.3+1.8 (36.7-63.5) 31.5+2.5 (16.0-56.8)"** 24.9+1.6 (12.5-41.2)"**

CDA4 T cells/ul 1154 £ 93 (642-2703)
% CD8 T cells 229+1.3 (8.3-31.9)
CD8 T cells/ul 546 +45 (174-901)

CD4/CD8 2.38+0.28 (1.26-6.91)

TFH cells/ul 183 + 17 (77-405)
TFR cells/ul 28 +3 (10-60)
TFC cells/ul 10+2 (3-39)
ESR, mm NA

C reactive protein, mg/dL NA

IL-6 pg/mL NA

p-dimers, ng/mL NA

p2m, mg/L NA

Ferritin, ng/mL NA

TG; mg/dL NA

565 56 (164-1115)""*
331 £2.4 (11.6-56.2)"*
594 + 71 (278-1470)
113 £0.15 (0.29-2.80)***
86+9 (31-195)"*

10£2 (2-27)***

173 (5-56)"

4719 (5-120)

0.49 +0.13(0.04-2.52)
5.16 % 1.02(1.50-22.00)
0.83+0.13 (0.15-2.15)"
2.93+0.61 (1.32-13.47)
133 +20 (20-299)

107 +7 (58-180)

509 + 40 (224-843)"*
46.9+2.9 (28.3-81.6)"*"
980 + 100 (445-2363)""*
0.59+0.06 (0.15-1.09)""*
95+ 13 (38-258)***
111 (3-24)

26+5 (5-85)"

2747 (2-120)
0.36+0.09 (0.05-1.63)
5.87+2.28 (1.60-46.10)
0.34+0.04 (0.19-0.76)
2.53+0.33 (1.31-7.36)
157 £ 44 (24-784)

116 £ 14 (14-250)

Data are Mean + SEM with limits in brackets (min-max), unless otherwise indicated. NA, not applicable. Data were compared using Mann-Whitney test. Statistical differences

between a given PWH cohort and seronegative controls:
*, p<0.05

** p<0.01

*** p < 0.001.

Statistical differences between PWH1 and PWH2:

§, p <005

§8, p <0.01

Reference values for ESR: <20 mm; C reactive protein: < 0.5 mg/dL; IL-6 < 1.5 pg/dL; p-dimers: 0.0-0.5 pg/dL, 2m (p2 microglobulin): 0.8-3.0 mg/dL; ferritin: 13-150 ng/mL TG

(triglycerides): <150 mg/dL.

AIDS Reagent Program, Division of AIDS, NIAID, NIH; HIV-250q4,
previously represented as PTHCC20/2004 and 19/2004, kindly pro-
vided by Nuno Taveira.'®** Viral stocks were propagated in pools of
isolated peripheral blood mononuclear cells (PBMCs) stimulated for
3 days with phytohemagglutinin (PHA; 5 pg/mL; Sigma) and main-
tained with human recombinant interleukin-2 (IL-2;10 U/mL; from
Maurice Gately, Hoffman-La Roche Inc., through the NIH AIDS Re-
agent Program), as described previously.>* Virus in cell-free culture
supernatants was quantified by measuring reverse activity (RT)
using SYBR Green Product-Enhanced RT (SG-PERT), previously de-
scribed.'®** On day 7, TOCs were mashed and the obtained cell
suspensions stored as cell pellets at =80 °C, for viral readouts and
immediately analysed by flow cytometry. Surface staining was per-
formed for 20 min at room temperature, including fixable viability
dye (eBioscience) for dead cell exclusion. Cells were subsequently
fixed, permeabilized and intracellularly stained using the Foxp3
staining kit (eBioscience), as described previously,> using the anti-
human monoclonal antibodies (mAbs) listed in S1 Table, see sup-
porting information. Gag protein production was quantified using
KC57 (Beckman Coulter), an antibody that detects both HIV-1 and
HIV-2 Gag.” Cells were acquired at a LSRFortessa (BD Biosciences)
and data were analysed using Flow]o Software (V10.4, TreeStar).

TFH differentiation assay in the presence of HIV-2 or HIV-1

PBMCs were isolated from buffy coats (BC) from blood donors
(Instituto Portugués do Sangue e Transplantagdo, IPST) via Ficoll-
Paque (Cytiva), and naive CD4 T cells were purified (> 85% purity) by
magnetic negative isolation (Human CD4 Naive T Cell Isolation Kit,
MojoSort; BioLegend). Naive CD4 T cells were labelled with Cell
Trace Violet™ (CTV, Invitrogen), and T cell receptor (TCR) stimulated
(1:4 DynaBeads Human T-activator CD3/CD28, Life Technologies)
overnight. After washing to remove stimuli, cells were incubated for
4 h with 235 PFU of dual-tropic viruses HIV-1 92/US/723 or HIV-2
CBL-23 primary isolates (from NIH AIDS Reagent Program). Cells
were subsequently cultured with immobilized anti-CD3 (5 mg/mL
Clone OKT3, eBioscience) and soluble anti-CD28 (1 mg/mL Clone

CD28.2, eBioscience) and supplemented with an optimized mix of
human recombinant cytokines known to promote TFH differentia-
tion,** namely IL-12 [10 ng/mL] + IL-1p [10 ng/mL] + IL-6 [25 ng/mL]
+ TGF-B [5 ng/mL] (all from PeproTech). In parallel, stimulated cells
and unstimulated cells were cultured with IL-2 [10 U/mL] and used
as controls. After 72 h (day 5), TCR stimuli was removed, and cells
were resuspended in fresh medium supplemented with either the
cytokine mix or IL-2 and maintained in culture for additional 48 h
(day 7). Cells were collected at days 5 and 7, stored at —80 °C for viral
readouts and immediately analysed by flow cytometry. Surface and
intracellular staining were performed using the antibody panels
listed in S2 Table, see supporting information, and previously de-
scribed protocols.'” Samples were acquired in a 3-laser spectral flow
cytometer Aurora (Cytek Biosciences) and analysed using Flow]o
Software (V10.4, TreeStar). Gated cells were exported as FCS files
into R (v4.1.2; R Foundation for Statistical Computing) and un-
supervised analysis performed as described below for the analysis of
blood samples.

Flow cytometry analysis of blood samples

After erythrocyte bulk lysis, whole-blood samples (5 M cells/
tube) were incubated with FcR blocking reagent (Miltenyi Biotec) for
15 min at 4°C. Staining was performed with antibodies listed in S3
Table, for 30 min at RT, and fixed with FACS Lysing solution (BD
Biosciences) at RT. PBMCs (2 M cells/tube), purified from heparinized
blood after a Ficoll-Paque (Cytiva) density centrifugation, were in-
cubated with surface antibodies and FcR Blocking Reagent for
25 min at RT and subsequently fixed and permeabilized with
Fixation/Permeabilization Buffer (eBioscience) for 30 min at 4°C.
Cells were then stained for 30 min at 4°C with the intracellular an-
tibodies listed in Supplementary Table 3. After fixation, all samples
were immediately acquired in a spectral flow cytometer Aurora
(Cytek Biosciences). Manual compensation was performed on
SpectroFlo® (version 3.0.1) and FCS files were exported. The fol-
lowing gating strategy was applied (FCS Express, v7.14.0020), lym-
phocytes were gated based on forward and side scatter, as well as
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doublets exclusion. T cells were gated as CD45"CD3*CD19"°¢GD"°¢, B
cells were gated as CD45"CD3°CD19". Gates were exported as FCS
files and imported into R (v4.1.2). Arcsinh transformation was ap-
plied to all files with flowVS (v1.34.0), followed by cleaning with
FlowAl (v1.32.0) and normalization based on landmark registration
with warpSet function from flowStats package (v4.14.1). Trans-
formed and normalized expression values were exported into fcs
files with the FlowCore package. UMAP was used as a dimensional
reduction method, based on the expression levels of all markers
except the ones used for the previous gating. FlowSOM (CATALYST
package, 1.26.0) was applied as clustering method. Clusters that here
present only in some individuals were merged, to avoid over clus-
tering.

Quantification of HIV DNA and mRNA by real-time PCR

DNA and RNA were extracted from cell pellets using the ZR-Duet
DNA/RNA MiniPrep Kit (Zymo Research) according to the manu-
facturer’s instructions. For gag mRNA quantification, 50 ng of total
RNA was used to synthesise cDNA using oligo(dT)20 and Superscript
III*RT (Invitrogen) as described previously.'®*® Real-time PCR was
performed using TagMan® Gene Expression Master Mix (Applied
Biosystems) with the primers and probes described in S4 Table, see
supporting information. Standard curves were generated from serial
dilutions of cDNA prepared from the mRNA of PBMCs of 3 different
healthy individuals (for GAPDH [glyceraldehyde-3-phosphate dehy-
drogenase] quantification) or plasmids containing the amplicons of
HIV-1 gag and CD3¥ (a kind gift from Rémi Cheynier) or of HIV-2 gag,
described previously.'>*® Quantification was performed using an
Applied Biosystems 7500 Fast real-time PCR system.

Statistical analysis

Statistical analysis was performed using Graph-Pad Prism (v9.5.0,
GraphPad Software) and R. For R, the ggpubr package (v0.6.0) was
used for statistical testing and ggplot2 (v3.5.1) for data visualisation.
For the lymph nodes data, the analysis was performed using IBM
SPSS Statistics 21 Software. Data were compared using one-way
ANOVA or Kruskal-Wallis was used to compare groups, and for post-
hoc comparisons, Bonferroni’s and Dunn’s tests were applied using
the Holm-Bonferroni correction. p values < 0.05 were considered
significant.

Results
Active viral replication and CD4 depletion in lymph nodes from PWH2

We performed a retrospective study of FFPE lymph nodes ar-
chived in major Portuguese hospitals, and, after excluding oppor-
tunistic infections and tumours, we identified 3 samples from ART
naive PWH2 at distinct disease stages, as assessed by the degree of
circulating CD4 T cell depletion, to investigate viral replication and
histologic alterations. As expected for PWH2,”!! viremia was un-
detectable or below 10,000 RNA cps/mL. Notwithstanding this, we
identified cells that stained positive for anti-p27 in all lymph nodes
(Fig. 1A), using an antibody for SIV Gag known to cross-react with
HIV-2 Gag.***> Moreover, in the two PWH2 with higher CD4 T cell
counts, the RNA was sufficiently well-preserved in the FFPE biopsies
to allow the evaluation of gag mRNA by RNAscope, allowing us to
document active viral transcription in both cases (Fig. 1B). We then
asked whether the ongoing viral replication was associated with CD4
T cell depletion in the non-germinal centre (GC) areas of the lymph
nodes. For this purpose, these samples were matched for age and
peripheral blood CD4 T cell counts to lymph node biopsies from 12
PWH]1, and 7 seronegative individuals (Fig. STA and S1B). We found a
decrease in the area stained for CD4 in the lymph nodes from PWH2
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in parallel to the decline in peripheral blood CD4 T cell counts
(Figs. 1C and 1D), which was accompanied by only a slight relative
increase in the proportion of the area stained for CD8, as compared
to PWHT1 (Figs. 1C and 1D, see also S1A). Notably, PWH2 featured no
decrease in percentages of the non-GC area that stained positive for
Foxp3, a marker for regulatory T cells (Tregs), as compared to both
PWHT1 and seronegative individuals (Figs. 1C and 1D, see also S1A).
Moreover, the ratio of CD4+/Foxp3+ stained areas was below the
median observed in seronegatives and in PWH1 grouped by circu-
lating CD4 T cell counts (Fig. 1D).

Overall, our findings support a progressive decline in CD4 T cells
in the non-GC regions of the lymph nodes of PWH2 in line with the
degree of peripheral blood depletion. Moreover, the data suggest a
better preservation of Tregs and less pronounced CD8 T cell expan-
sion than in PWH1, despite the evidence of cells with active HIV-2
replication.

Germinal centre disruption in lymph nodes from PWH2

Next, we focused our analysis on the GC areas of the lymph nodes
from PWH?2. Significant GC disruption was found irrespective of the
staining approaches (Fig. 2A), namely: structure evaluation (HE and
reticulin/Gomori), B cells (CD21, IgD), cell proliferation (CD4/Ki67),
CD8+ cell infiltration, follicular regulatory T cells (Foxp3) and mac-
rophage distribution (CD68). The GC disruption is particularly
marked in the PWH2 with 73 CD4 T cells/pl but was already observed
in the PWH2 with preserved circulating CD4 T cell counts (Fig. 2A).
In this context, it was not possible to develop algorithms to quantify
stained areas, but the disruption appears to be more marked than in
the lymph nodes from 3 PWH1 with comparable degrees of deple-
tion of circulating CD4 T cells (Fig. 2A). Additionally, we used the
CD21 staining to evaluate the area and shape of the GC in the lymph
nodes, as shown in Fig. 2B, as a quantitative estimation of the dis-
ruption of the lymph node architecture, rather than a functional
evaluation. The estimated values showed a loss of circularity of the
GC in the lymph nodes of PWH2, more marked or comparable to the
worst cases observed in lymph nodes from PWH1 (Fig. 2B).

Thus, our analysis of these 3 lymph nodes from PWH2 with a
wide range of blood CD4 T cell counts indicated that HIV-2 infection
may induce major GC disruption.

HIV-2 replicates in tonsil organ cultures and depletes TFH

To further investigate the impact of HIV-2 infection in lymphoid
tissues, we established an in vitro infection system using fresh tonsil
tissue (TOC, Fig. 3A), which has been shown to support infection in
the absence of exogenous stimuli.’®>” We selected both HIV-2 and
HIV-1 primary isolates with known co-receptor usage, CXCR4 or
CCR5, that have been used in our previous studies to investigate HIV
infection both in the human thymus®*® and in purified TFH from
human tonsils.'®

We found that all isolates were able to infect the tissue as as-
sessed by cell-associated viral DNA and viral mRNA, as well as in-
tracellular Gag protein staining in the cell suspensions (Fig. 3B).
Although the levels of total viral DNA and mRNA did not show sig-
nificant differences between HIV-1 and HIV-2, as well as CXCR4- and
CCR5-using isolates, there was a clear trend to higher levels in HIV-
1x4 than in HIV-1gs, which was not observed with the HIV-2 isolates.
(Fig. 3B). In agreement, the proportion of CD4 T cells positive for Gag
protein was significantly higher in HIV-1x4 than in all the other
isolates (Fig. 3B, see also S2A and S2B). This finding was in line with
our previous data showing a posttranscriptional control of HIV-2
production upon in vitro infection of human thymocytes,** a process
that was subverted in the infection of stimulated PBMCs.** Im-
portantly, both HIV-2x4 and HIV-1y4 induced comparable levels of
cell death and CD4 loss, which were significantly higher than in the
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Fig.1. CD4 T cell depletion in non-GC areas and viral production in lymph nodes from PWH2. (A) Micrographs show immunohistochemistry staining (200X) of lymph nodes using
anti-p27 (ARP396/397, NIH); Amplifications (400X) of each selected area are shown in the right of each picture; Scale bar = 100 pm. (B) HIV-2 gag mRNA expression (brown)
evaluated by RNAscope 2.5HD Assay (100X, black bar = 250 pm), with a custom probe (Probe-V-HIV2-gagpol-C1, #1108531-C1, Bio-Techne) and haematoxylin for contrast staining
(blue). Amplifications of 200X (Scale bar = 100 pm) and insets at 400X (Scale bar = 50 pm). (C) Micrographs show immunohistochemistry staining (200X) of CD8, CD4 and Foxp3 in
the non-GC area of lymph nodes from PWH2 and a representative seronegative subject. Inset in the left upper quadrant shows an amplification (400X) of the white square area.
Scale bar = 100 um (D) Quantification of the non-GC area stained for CD4 (blue) and CD8 (green) in the top graph, Foxp3 in the middle graph, and the ratio of areas stained for CD4
and Foxp3 in the bottom graph in PWH2, as well as in PWH1 grouped accordingly to the blood CD4 T cell counts (>400 cells/ul, n=6; <255 cells/ul, n=6) and the grouped
seronegative individuals (n=7). Graphs show median and interquartile range. Numbers below refer to blood CD4 T cells/ul and age; ND - not done. Boxplots represent the median

and interquartile range. Bars represent the mean. No significant differences were found.

case of infections with HIV-2gs or HIV-1gs (Fig. 3C). Notably, none of
the isolates induced significant loss of Foxp3+ Tregs (Fig. 3C).

We next asked whether germinal centre cells were preferentially
targeted by HIV-2 infection. For this purpose, the cell suspensions
generated from TOCs on day 7 post-infection were stained with
CXCR5 and PD-1 and analysed as illustrated in Fig. S2A and S2B. All
virus isolates induced a significant loss of TFH, even though the
depletion was more marked in CXCR4-using viruses (Fig. 3D). There
were no significant differences between HIV-2 and HIV-1 isolates
using the same co-receptor (Fig. 3D). Notably, the follicular CD4 T
cells expressing Foxp3 (TFR) were better preserved (Fig. 3E), and
there was no loss of follicular CD8 T cells (TFC) in all the infection
conditions (Fig. 3F).

Overall, this model of short-term infection of lymphoid tissue
revealed a major impact of HIV-2 infection with follicular T cells as
the main targets.

Preserved TFH differentiation from naive cells infected with HIV-2

Next, we compared the impact of HIV-2 or HIV-1 on TFH differ-
entiation in vitro using an assay developed by Ueno.>* Naive CD4 T
cells were sort-purified from the peripheral blood of healthy donors
and infected with dual-tropic HIV-2 or HIV-1 primary isolates to
circumvent the impact of co-receptor usage, as outlined in Fig. 4A.
Comparable levels of cell-associated total DNA were found at 72 h
post-infection | day 5 (Fig. 4B). Notably, the profile of increase of the
frequency of CXCR5+ cells, a global TFH estimate, was comparable in
the presence of HIV-2 or HIV-1, with no apparent impact at day 5
and 7 (Fig. 4C, see also S3A). Additionally, we applied an un-
supervised approach (UMAP) to analyse the kinetics of expression of
a panel of markers associated with TFH function (Bcl-6, PD-1, ICOS,
0X40, CD57) and general markers of cell activation/differentiation
(CD45RA/RO, CD69, CD25, Foxp3, CCRG, CXCR3) along the culture.
We have also evaluated SAMHD1 expression, given its interplay with
BCL-6 in TFH differentiation,”® and the ability of the HIV-2 protein
Vpx to overcome its restriction and facilitate HIV infection in
quiescent naive cells.>®*°

As shown in Fig. 4D, the main determinant of the UMAPs was the
donor of the naive cells, as the evolution patterns were similar be-
tween the infection conditions. The detailed phenotype of the gen-
erated CXCR5+ cells confirmed the lack of significant impact of HIV-2
infection (Fig. 4E, see also S3B and S3C for comparison between day
5 and day 7 and additional markers).

Therefore, despite harbouring Vpx, the addition of HIV-2 to an in
vitro assay of TFH differentiation from naive CD4 T cells did not af-
fect yields or final TFH phenotype.

Perturbed circulating follicular compartment in PWH2

These findings prompted us to pursue the investigation of cir-
culating CXCR5+ T cells from PWH2, which are more accessible
counterparts of germinal centre follicular cells."’ We applied a
comprehensive spectral flow cytometry panel of markers of TFH
differentiation and immune activation to freshly collected blood
from 60 subjects (Table 1). Both PWH2 and PWH1 featured un-
detectable viremia under ART with comparable CD4 T cell counts,
but CD8 T cell counts were significantly higher in PWHT1 (Table 1).

The analysis of CXCR5+ cells revealed a significant decrease in
TFH (CXCR5+Foxp3"°6CD4+) and TFR (CXCR5+Foxp3+CD4+) with an
expansion of TFC (CXCR5+CD8+) in both PWH2 and PWH1 when
compared to seronegative individuals (Fig. 5A and Table 1).

The unsupervised analysis of TFH revealed a relatively similar
pattern of alterations in PWH, irrespective of virus type, when
compared to seronegative (Fig. 5B). Both PWH2 and PWH1 featured
significant: 1) underrepresentation of the cluster TFH11
(CXCR3™8CCR6"°8CCR4"PD1"°¢); 2) overrepresentation of the
clusters TFH1, TFH15, and TFH16, expressing the proliferating
marker Ki67 and PD-1, with variable levels of CXCR3, CCR6, and HLA-
DR; 3) overrepresentation of the cluster TFH6, showing a memory
stem-cell like phenotype, namely lack of CD45RO0 in the presence of
CD95 and CXCR3 (Fig. 5B). The only significant difference was a
lower expansion of cluster TFH12, expressing Ki67 without markers
of differentiation, in PWH2 than in PWH1 (Fig. 5B).

PWH2 also showed a profile of TFR alterations comparable to
those found in PWH1 (Fig. 6A), with a significant overrepresentation
of the TFR clusters 1 and 3-6, expressing Ki67, and under-
representation of the cluster TFR2 with a naive-like phenotype
(Fig. 6A).

Although our panel was designed to evaluate TFH and TFR, the
unsupervised analysis of TFC identified distinct profiles in the 3
groups with significant differences between PWH2 and PWH1
(Fig. 6B). The cluster TFC1 with stem-cell memory profile
(CD45R0"*4CD95+CCR7+CD127+CD31+CXCR3+CCR6"®8) was  sig-
nificantly expanded in PWH2 compared with both PWH1 and ser-
onegative individuals (Fig. 6B). Moreover, PWH1 featured an
overrepresentation of the cluster TFC8, expressing PD1, and an un-
derrepresentation of the cluster TFC7, expressing HLA-DR, CD39 and
CXCR3, compared with PWH2 and seronegative (Fig. 6B), supporting
differences in cytotoxic function that deserve future functional
evaluation.

Overall, PWH2 featured major alterations in circulating CXCR5+ T
cells in agreement with persistent alterations in lymph nodes.
Additionally, we showed that there were also imbalances in circu-
lating B cells, further supporting the GC disruption (Fig. S4A and
S4B). The unsupervised analysis of blood B cells revealed significant
overrepresentation of clusters B10 and B11 (both CD21lowCD38low)
and underrepresentation of cluster B4 (unswitched memory) in
PWH2 as compared to seronegative individuals (Fig. S4A and S4B).
Moreover, cluster B7 (switched memory) was significantly smaller in
PWH2 than in PWH1 and seronegative (Fig. S4A and S4B), in
agreement with our previous reports in other cohorts.’®?” Of note,
the serum levels of IgG4 were also lower in PWH2 than in PWHI1
(Fig. S4C), further supporting a sustained perturbation of germinal
centre responses.*>**

Altogether, the ex vivo analysis of circulating follicular T cells and
B cells from PWH2 revealed a major impact of HIV-2 on germinal
centres, in line with the alterations observed in the lymph nodes
from PWH2 and upon HIV-2 infection of tonsil organotypic cultures.

Discussion
We show here that the relatively benign course of HIV-2 infec-

tion is linked to remodelling of the secondary lymph nodes, sup-
ported by both direct evidence from lymph node biopsies of PWH2
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Fig. 2. Germinal centre disruption in lymph nodes from PWH2. (A) HE, Gomori, CD21, IgD, Ki67 (brown)/CD4(red), CD8, Foxp3 and CD68 staining of GC areas from PWH2, PWH1
(matched for blood CD4 T cells/ul and age) and a representative seronegative, from left to right, respectively (Magnification 200X; Scale bar = 100 um; ND - not done). (B)
Representative images of computer analysis for circularity of GCs defined by CD21 staining in lymph nodes from PWH2 and PWH1 paired for the degree of blood CD4 T cells, as
well as representative seronegatives (Magnification 84X; Scale bar = 2500 um); colour scale estimates circularity in which white colour represents value 1 - closer approximation
to the circle shape.
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Fig. 3. HIV-2 infection of tonsil organ cultures (TOCs). (A) TOCs were infected with HIV-2 and HIV-1 primary isolates using the specified co-receptors; cell suspensions were
generated at day 7 for RT-PCR and flow cytometry studies. (B) Viral parameters, namely: total cell-associated viral DNA (top); gag mRNA levels (centre); and frequency of KC57*
(Gag™) cells within CD4 T cells (bottom, defined as CD3*CD8"¢#). (C) Frequency of life cells (top), CD4" within T cells (centre, defined as CD3*CD8"°¢), and Foxp3* within CD4 T cells
(bottom). (D-F) Representative plots and graphs showing the frequency of: (D) Follicular helper cells (TFH; CXCR5*PD1") within conventional CD4 T cells (Foxp3"°CD8"°¢CD3");
(E) Follicular regulatory cells (TFR; CXCR5*PD1*) within Tregs (Foxp3*CD8"°CD3"); (F) Follicular cytotoxic cells (TFC; CXCR5+) within CD8 T cells (CD8*CD3"). Each dot colour in
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Fig. 4. TFH differentiation from naive cells upon in vitro infection with HIV-2 or HIV-1. (A) Experimental design illustrating the naive CD4 T cell isolation from peripheral blood,
their infection by dual-tropic HIV-2 and HIV-1 primary isolates, and stimulation protocol for TFH differentiation. (B) Total cell-associated viral DNA at day 5 and 7 upon HIV-2 and
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(NI) and infected by HIV-2 or HIV-1; each symbol represents a donor. (D) Comparison of the profile of cell differentiation at day 5 (red) and day 7 (blue), in the different donors and
conditions; unsupervised analysis of flow cytometry data using UMAP. (E) Phenotypical analysis of TFH (CXCR5+) at day 7 using UMAP, concatenated data from the 3 donors in

each condition are shown.
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are shown, namely: *<0.05, **<0.01, ***<0.001, and ****<0.0001.

and indirect signs, namely the perturbed phenotype of blood folli-
cular lymphocytes and the impact of HIV-2 infection in organotypic
in vitro cultures using tonsil tissue. These findings help uncover the
mechanisms underlying the unique host-HIV-2 equilibrium,* char-
acterised by a slow rate of disease progression without a significant
impact on mortality,'>'* and low-to-undetectable plasma viral load
despite disseminated viral reservoirs’~® and persistent immune ac-
tivation.'"#44°

We revealed significant ongoing viral replication in the lymph
nodes using RNAscope, in agreement with a previous study ex-
amining 12 PWH2, which found a two-to-five-fold higher total
proviral DNA in lymph node mononuclear cells than in PBMCs.® HIV-

10

2 has been shown to have poor fitness and high cytopathogenicity in
primary cells and tissues as compared to HIV-1 and SIV,*®*’ in line
with the results provided here on HIV-2 infection of tonsil organ
cultures. Moreover, the tonsil infection results confirmed our pre-
vious data generated using thymic infection assays,’> supporting a
post-transcriptional control of HIV-2 replication in primary cells
without exogenous stimulation. Notably, the regulation of HIV-2
translation was shown to be distinct from HIV-1.*? This distinct
regulation likely impact on the efficiency of the viral production, and
was associated with the accumulation HIV-2 RNA in stress granules
in the absence of active translation.*” The post-translational control
may also be linked to the cell-intrinsic response induced by the HIV-
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are shown, namely: *<0.05, ** <0.01, ***<0.001, and ****<0.0001.
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2 capside.”” Interestingly, HIV-2 originated from multiple zoonotic
transmissions of the SIVsm from sooty mangabeys to humans in
West Africa,* but no significant impact on the lymph nodes was
reported in the non-primate natural hosts of SIVsm despite the high
viremia.”" This finding further emphasise the relevance of HIV-2
infection to untangle the contribution of inflammatory components
and cell-autonomous immunity to the pathology
ﬁndings.'ﬂ9,4().46,50,52—54

The distinct cytopathogenicity’®“” likely also impacts antigen pre-
sentation°®>*>* and the sustainability of the specific re-
sponses.'>1619-2126 In this study, we did not address in parallel the
specific HIV-2 responses, known to be broad and sustained in
PWH2."°~? Our work paves the way for future studies combining T and
B cell receptor sequencing with new omics approaches® >’ that are
expected to spatially decipher the underlying mechanisms with im-
plications for the development of therapeutic nAbs, engineered T cells
and vaccines.”®*° Additionally, these novel approaches may capture the
transcriptomes of cells expressing viral mRNAs,”*°”%° uncovering the
biology of HIV-2-infected cells.

It is worth noting that we have previously shown that the gut
mucosa integrity is preserved in PWH2, as well as the mucosal CD4 T
cells, despite the presence of local active HIV-2 replication.”® Thus,
distinct tissue repair mechanisms are likely operating in secondary
lymphoid organs and in the gut-associated lymphoid tissue in PWH2.

The prolonged infection also likely contributed to the disruption
of the lymph node architecture and shaped the lymphocyte com-
partment in PWH2. Our results are in line with a previous study
addressing the circulating follicular cell counterparts using a less
extensive panel,’’ as well as with our previous data on the loss of
memory B cells.”®?” The significant imbalances found in the blood
TFH phenotype warrant further functional validation, particularly
regarding correlation with antibody titres, as has been done in
PWH1 who were able to control the viremia, elite controllers,°? and
viremic.”> We were unable to reveal a possible direct impact of the
presence of HIV-2 on TFH differentiation, although these data should
be interpreted with caution, given the limitations of the in vitro
assays to address the differentiation of TFH from human naive CD4 T
cells.**%* The TFR imbalances were remarkably similar in PWH2 and
PWH1, despite our finding of relatively better preserved Foxp3+ cells
in the evaluated lymph nodes of PWH2 and the expected role of TFR
in GC regulation.”! We found a significant expansion of TFC and
relative enrichment of cells with a stem-cell-like phenotype in
PWH2, though our flow panel was not designed for cytotoxicity or
stemness evaluation. Lymphoid tissue CD8 T cells have been emer-
ging as determinants of pathology and HIV-1 control.”>®>~%® Thus,
TFC arose as the key population to be further explored using spatial
omics, in parallel with specificity and functional assays, to decipher
the HIV-2-associated lymph node pathology.

Although our study was not designed to investigate the clinical
features, immune phenotype and virological parameters of PWH2
under ART, the gathered results may help inform clinical decisions,
given the paucity of data.®”

Our investigations were constrained by sample size and the lack of
longitudinal data due to the low prevalence of HIV-2 infection outside
West Africa, where it is endemic.’’ We showed, nevertheless, using
combined approaches that HIV-2 has a major impact on secondary
lymphoid tissue organisation. The neglected HIV-2 infection re-
presents an underexplored natural model to understand retroviral
zoonoses and to identify strategies towards a functional HIV cure.
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