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Summary
Background B cell follicles are immune-privileged sites where intensive HIV-1 replication and latency occur, pre-
venting a permanent cure. Recent study showed that CXCR5+ NK cells in B cell follicles can inhibit SIV replication
in African green monkeys, but this has not been reported in HIV-1 infected patients.

Methods Lymphocytes and tissue sections of lymph node were collected from 11 HIV-1 positive antiretroviral ther-
apy (ART)-naive and 19 HIV-1 negative donors. We performed immunofluorescence and RNA-scope to detect the
location of CXCR5+ NK cells and its relationship with HIV-1 RNA, and performed flow cytometry and RNA-seq to
analyze the frequency, phenotypic and functional characteristics of CXCR5+ NK cells. The CXCL13 expression were
detected by immunohistochemistry.

Findings CXCR5+ NK cells, which accumulated in LNs from HIV-1 infected individuals, expressed high levels of acti-
vating receptors such as NKG2D and NKp44. CXCR5+ NK cells had upregulated expression of CD107a and b-che-
mokines, which were partially impaired in HIV-1 infection. Importantly, the frequency of CXCR5+NK cells was
inversely related to the HIV-1 viral burden in LNs. In addition, CXCL13—the ligand of CXCR5—was upregulated in
HIV-1 infected individuals and positively correlated with the frequency of CXCR5+ NK cells.

Interpretation During chronic HIV-1 infection, CXCR5+ NK cells accumulated in lymph node, exhibit altered
immune characteristics and underlying anti-HIV-1 effect, which may be an effective target for a functional cure of
HIV-1.

Copyright � 2021 The Authors. Published by Elsevier B.V. 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-1 remains a major global public health issue, and,
worldwide, has claimed almost 33 million lives to date.1

Although anti-retroviral therapy (ART) effectively sup-
presses HIV-1 replication, HIV-1 cannot be eliminated
by ART due to the persistence of latent reservoirs which
are sequestered from treatment.2 B cell follicles, in par-
ticular, constitute the major sanctuary for HIV-1 and
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simian immunodeficiency virus, given the exclusion of
immune effector cells and limited penetration of
ART.3�7 A functional, and permanent, cure for HIV-1
may result from the discovery of a new immune subset
with potent anti-HIV activities, which can target these
sequestered reservoirs of viral hosts.8

NK cells play an important role in innate immune
responses to HIV-1 infection, and can inhibit HIV-1 rep-
lication via cytotoxic elimination of HIV-1 infected cells,
and secrete cytokines and chemokines.9�11 The role of
NK cells in inhibiting HIV-1 replication and delaying
disease progression is well documented. Kazer et al.
found that two HIV-1 patients who maintained a low
plasma viral load without ART for 33 months had a
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Research in context

Evidence before this study

It is well known that B cell follicles within lymph node
(LN) serve as the primary site for HIV-1 replication, par-
tially attributed to the exclusion of immune effector
cells in B cell follicles, however, most of the studies
investigating the characteristics of immune subsets are
performed with blood. The functional cure for HIV-1
may result from a discovery of a new immune subset
with potent anti-HIV activities, which can target the
immune privilege sites. CXCR5+ NK cells were reported
to migrate into and control simian immunodeficiency
virus (SIV) replication in lymph node follicles in African
green monkeys. However, the characteristics and func-
tions of CXCR5+ NK have not been reported in human
studies. The limited access to lymph node tissues from
HIV-1 infected patients, especially viremic individuals,
poses great challenges to understanding the immune
response during HIV-1 infection.

Added value of this study

In this study, viremic HIV-1 infected and HIV-1 negative
LN samples were applied to clarify the immune charac-
teristics of follicle-located CXCR5+ NK cells. We showed
that CXCR5+ NK cells accumulated during HIV-1 infec-
tion and negatively correlated with HIV-1 viral burden
in LNs. CXCR5+ NK cells have higher expression of acti-
vating receptors such as NKG2D, NKp30, NKp44, and
NKp46, and upregulated secretion of CD107a, IFN-g and
b-chemokines (CCL3, CCL4, CCL5). In addition, the upre-
gulated CXCL13 may promote CXCR5+ NK cells accumu-
lation in B cell follicles during HIV-1 infection.

Implications of all the available evidence

Our research, for the first time, demonstrated the accu-
mulation, altered immune characteristics, and underly-
ing anti-HIV-1 effect of CXCR5+ NK cells in LNs during
chronic HIV-1 infection, suggesting that CXCR5+ NK cells
may be a promising target for functional cure of HIV-1.
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greater proliferation of NK cells within the first week of
infection compared with typical progressors.12 Studies
have also shown that uninfected HIV-1-exposed individ-
uals show increased NK cell activity.13,14 Additionally,
expression of HLA-B and KIR3DS1, genes involved in
NK activity which are responsible for leukocyte antigens
and killer cell immunoglobulin-like receptors, has been
shown to delay the progression of HIV-1 infection to
AIDS.15 In a humanized mouse model of HIV-1 infec-
tion, an IL-15 (a cytokine which induces NK cell prolifer-
ation) superagonist was used to effectively block HIV-1
infection in an NK cell-dependent manner.16 However,
the studies mentioned above were mainly performed in
PBMCs or animal models.

CXCL13/CXCR5-mediated chemotaxis is crucial for
the homeostatic migration of lymphocytes into
lymphoid follicles.17-19 Recently, a subtype of CD8+ T
cells expressing CXCR5, termed follicular cytotoxic T
cells (Tfcs), were found to accumulate in lymph node B
cell follicles during chronic SIV/HIV-1 infection, and
appeared to curtail viral infection.20-24 However,
CXCR5 expression was lower in the HIV-1-specific CD8
subset, and most studies have shown that Tfcs have
weak cytolytic activity, which indicates that Tfcs may
instead have a role in noncytolytic mechanisms and are
non-HIV-1 specific.25-27 Furthermore, compared with
rhesus macaques, NK cells in SIV natural host AGMs
were more frequently observed in B cell follicles than
CD8T cells.28 Huot et al. identified a subset of CXCR5+

NK cells with activity in the B cell follicles of SIV-
infected nonpathogenic AGMs, which could explain
their lack of disease progression.29 This research
extends our knowledge of the control of SIV by follicular
NK cells. However, the characteristics and anti-HIV-1
activity of human follicular NK cells have not yet been
reported.

Here, we comprehensively characterize the location,
phenotype, and function of LN CXCR5+ NK cells in
HIV-1 infected individuals. In this study, for the first
time, we characterize a subset of follicle-located
CXCR5+ NK cells accumulated during HIV-1 infection,
which is inversely related to HIV-1 viral burden in LNs.
Our data revealed that CXCR5+ NK cells may be a prom-
ising target for immune control of HIV-1 infection.
Methods

Ethics statement
This study was approved by the Institutional Review
Board and Research Ethics Committees of the Fifth
Medical Center of the Chinese PLA General Hospital
(2016164D). Written informed consent was obtained
from all participants in accordance with the Declaration
of Helsinki.
Study participants
In this study, lymph node biopsies were collected from
11 untreated HIV-1 infected individuals and 19 HIV-1
negative individuals. The detailed information of these
individuals is shown in Table 1. LNs from HIV-1
infected individuals were mainly from cervical, ingui-
nal, or submandibular tissues. LNs from HIV-1 negative
individuals with breast cancer, thyroid cancer, or pleo-
morphic adenoma were used as controls, and histopath-
ological analysis was performed on cryosections to
establish the absence of tumor infiltration in these LNs.
Peripheral blood samples were obtained from 53 HIV-1+

untreated individuals and 20 HIV-1� healthy donors
from the Fifth Medical Center of the Chinese PLA Gen-
eral Hospital (Supplementary Table 1). Exclusion crite-
ria included pregnancy, coinfection with Hepatitis B
www.thelancet.com Vol xx Month xx, 2021



Patients No. Gender Age (year) HIV-1 status Specimen sites CD4 counts (cells/ul) pVL (copies/ml)

1 M 24 Positive Inguinal 538 11,400

2 M 22 Positive Cervical 325 66,818

3 M 37 Positive Cervical 460 NA

4 M 26 Positive Cervical 197 18,005

5 M 52 Positive Cervical 408 45,556

6 M 20 Positive Inguinal 373 3115

7 F 54 Positive Submandibular 308 46,220

8 M 65 Positive Cervical 552 498,649

9 M 23 Positive Cervical 136 1106

10 M 32 Positive Cervical 376 3466

11 M 43 Positive Cervical 419 24,468

12 F 80 Negative Axillary NA NA

13 F 40 Negative Cervical NA NA

14 F 49 Negative Axillary NA NA

15 F 47 Negative Axillary NA NA

16 F 61 Negative Submandibular NA NA

17 F 63 Negative Axillary NA NA

18 F 36 Negative Axillary NA NA

19 F 46 Negative Cervical NA NA

20 F 68 Negative Axillary NA NA

21 F 37 Negative Axillary NA NA

22 M 52 Negative Cervical NA NA

23 F 28 Negative Cervical NA NA

24 F 60 Negative Axillary NA NA

25 F 73 Negative Axillary NA NA

26 F 48 Negative Axillary NA NA

27 M 26 Negative Cervical NA NA

28 F 33 Negative Axillary NA NA

29 F 31 Negative Cervical NA NA

30 F 37 Negative Axillary NA NA

Table 1: Characteristics of study participants for LN samples.
NA: not available; M, male; F, female.
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(HBV) or Hepatitis C (HCV), and patients in a terminal
condition.
Sample processing and storage
PBMCs were isolated using Ficoll-Paque PLUS (GE
Healthcare, Piscataway, NJ, USA) density gradient cen-
trifugation and were used directly. Lymph node mono-
nuclear cells (LNMCs) were collected by mechanical
homogenization, all LN samples were processed uni-
formly. Plasma was stored at �80 °C and LNMCs were
cryopreserved in liquid N2.
Flow cytometry
All flow cytometry experiments were performed in the
Fifth Medical Center of the Chinese PLA General Hos-
pital. For phenotypic staining, PBMCs or LNMCs were
stained with the following antibodies: CD3-APC/
Fire750, CD14-APC/Fire750, CD20-APC/Fire750,
CD16-PerCP, CD56-PerCP, PD1-BV510, CD69-PE-CY7,
www.thelancet.com Vol xx Month xx, 2021
TIGIT-PE, CD32-PE, CD57-BV605 and NKp46-BV510.
These antibodies were obtained from BioLegend (San
Diego, CA, USA); while CD32-FITC, CXCR5-BV421,
NKG2D-PE-CY7, NKp30-AF647, and NKp44-PE anti-
bodies were purchased from BD Biosciences (San Jose,
CA, USA); NKG2A-FITC, NKG2C-PE, KIR3DL1-PE,
and KIR2D-PE from Miltenyi Biotec (Bergisch Glad-
bach, Germany) and CD56-APC from Tongsheng Shi-
dai (Beijing, China). For transcription factor staining,
cells were fixed and permeabilized using the Foxp3/
Transcription Factor Fixation/Permeabilization Con-
centrate and Diluent (eBioscience, San Diego, CA,
USA) and stained with the following antibodies: T-BET-
FITC (BioLegend), EOMES-APC (eBioscience), BCL-6-
PE-CY7 (BioLegend), and TCF-1-PE (BioLegend). For
intracellular cytokine staining, PBMCs were co-stimu-
lated with 10 ng/ml IL-12 (Peprotech, Rocky Hill, NJ,
USA), 20 ng/ml IL-15 (BioLegend), and 100 ng/ml IL-
18 (R&D, Minneapolis, MN, USA) for 24 h. Brefeldin A
and CD107a-FITC (BioLegend) were added in the last
6 h. Cells were then permeabilized and stained with the
3
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following antibodies: IFN-g-BV510 (BD Biosciences),
Perforin-PE-CY7 (BioLegend), Granzyme B-PE-CY7
(BioLegend), CCL3-FITC (eBioscience), CCL4-APC
(eBioscience), and CCL5-BV421 (BD Biosciences). After,
cells were stained at room temperature for 20 min and
washed with FACS buffer. Flow cytometry was per-
formed using FACS-Canto (BD Biosciences). Data were
analyzed using FlowJo version X (FlowJo, Ashland, OR,
USA). Detailed information on all antibodies used is
provided in Supplementary Table 2.
Image flow cytometry
PBMCs were stained with the following antibodies:
CD3-APC/Fire750 (BioLegend), CD14-APC/Fire750
(BioLegend), CD20-APC/Fire750 (BioLegend), CD56-
APC (Tongsheng Shidai) and CXCR5-BV421 (BD Bio-
sciences). Data were acquired using an Amnis Image-
StreamX Mark II Imaging Flow Cytometer (Amnis,
Seattle, WA, USA) and analyzed using the Amnis
IDEAS software v6.2 (Amnis).
Enzyme-linked immunosorbent assay (ELISA)
The plasma concentrations of CXCL13 were assessed
using CXCL13 ELISA kits (R&D) according to the manu-
facturer's instructions.
Immunohistochemistry and immunofluorescence
Paraffin-embedded sections of acetone-fixed LN biop-
sies were stained using the following primary antibod-
ies: CD56 (Abcam, Cambridge, UK), CXCL13 (ZSGB-
BIO, Beijing, China), CXCR5 (R&D), and CD20 (ZSGB-
BIO). Multiplex immunofluorescence staining was per-
formed using the PANO 7-plex immunochemistry kit
(Panovue, Beijing, China) according to the manufac-
turer's instructions. In brief, sections were stained with
a horseradish peroxidase-conjugated antibody, followed
by tyramide signal amplification. After labeling all anti-
gens, nuclei were stained with 4�6-diamidino-2-phe-
nylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA).
For immunohistochemistry, alkaline phosphatase stain-
ing was performed with the Mouse/Rabbit SAP Kit
(ZSGB-BIO) and alkaline phosphatase substrate kit
(SK-5300, Vector, Burlingame, CA, USA), and horserad-
ish peroxidase staining was performed with HRP-conju-
gated antibodies and 3,30-diaminobenzidine (ZSGB-
BIO). Both kits were used according to the man-
ufacturer’s instructions. The sections were counter-
stained with hematoxylin for 3 min. Images were
acquired with an Aperio VERSA 8 scanning system
(Leica Microsystems, Wetzlar, Germany) and CXCL13
average staining intensity was determined using
Aperio ImageScope software (Leica). Detailed infor-
mation for all antibodies used is provided in Supple-
mentary Table 2.
RNAscope in situ hybridization assay
The HIV-1 clade B anti-sense probe (catalog number
317,691) was designed by Advanced Cell Diagnostics
(Hayward, CA, USA). The RNAscope analysis was per-
formed as described in a previous publication.30 Images
were acquired with an Aperio VERSA 8 scanning sys-
tem (Leica Microsystems, Wetzlar, Germany) and RNA
average immunofluorescence intensity was determined
using Aperio ImageScope software (Leica).
Isolation of NK cells
Negative selection was adopted for obtaining NK cells
from LNMCs/PBMCs using the NK Cell Isolation Kit
(Miltenyi Biotech) according to the manufacturer’s
instructions. NK cells were then stained with CD3-APC/
Fire750, CD14-APC/Fire750, CD20-APC/Fire750,
CXCR5-BV421, and CD56-APC antibodies. Stained
CXCR5+ NK and CXCR5�NK cells were then sorted
using the MA900 Cell Sorter (Sony Biotechnology,
Tokyo, Japan).
Transwell migration assays
For the transwell migration assays, 600 ml serum-free
medium containing recombinant CXCL13 (Peprotech)
at 50 ng/ml was placed in the lower chamber of a 24-
well transwell plate with a pore size of 8 mm (Corning,
New York, NY, USA). 5 £ 105 NK cells isolated from
PBMCs were added to 100 ml serum-free medium in
the upper chamber. The cells were then incubated for
2 h at 37 °C. The proportion of CXCR5+NK cells in the
lower chamber was determined using flow cytometry.
Relative migration was calculated as the frequency of
CXCR5+ NK cells in the lower chambers of the CXCL13
group divided by the control group.
HIV-1 DNA detection
Total cellular DNA was extracted from LNMCs using
the Qiagen QIA Symphony DNA Mini kit (QIAGEN,
Valencia, CA, USA). Then, HIV-1 DNA was determined
using the SUPBIO HIV Quantitative Detection Kit
(SUPBIO, Guangzhou, China). Both kits were used
according to the manufacturer’s instructions.
RNA-seq
Total RNA was extracted from sorted CXCR5+ and
CXCR5� NK cells using a PicoPure RNA Isolation Kit
(Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s instructions. Whole-transcrip-
tome amplification and tagmentation-based library
preparation were performed using SMART-seq2, fol-
lowed by sequencing on a NextSeq 500 system (Illu-
mina, San Diego, CA, USA). Transcript abundance was
quantified using RSEM software (v1.2.22) supported by
STAR aligner software (STAR 2.5.1b) and aligned to the
GRCh38 human genome. The transcripts per million
www.thelancet.com Vol xx Month xx, 2021
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values were normalized among all samples using the
upper-quantile normalization method.
Statistics
Statistical analyses were performed using GraphPad
Prism 8.0 (GraphPad Software, CA, USA). The Mann-
Whitney U test (unpaired) and Wilcoxon signed-rank
test (paired) were used to compare median values when
comparing two groups. Nonparametric Spearman corre-
lation coefficient was used to assess the correlation
between the two variables. The numbers of samples per
group (n) are specified in the figure legends. In all anal-
yses, P values < 0.05 were considered statistically sig-
nificant.
Role of funding source
The funders had no role in study design, data collection,
data analyses, interpretation, or writing of the report.
Results

The frequency of CXCR5+ NK cells in HIV-1 negative LNs
The frequency and location of CXCR5+ NK cells in
human LNs are still not well understood. In this study,
16 HIV-1 negative (HIV-1�) LNs were enrolled and biop-
sied. Flow cytometry was used to analyze the frequency
of CXCR5+NK cells. The detailed gating strategies for
CXCR5+ NK cells are shown in Supplementary Fig. 1a.
We found a significantly lower frequency of NK cells (in
lymphocytes, P < 0.0001) and a higher frequency of
CXCR5+NK cells (in total NK cells, P < 0.0001) in LNs
than in PBMCs (Figure. 1a�c). Representative images
from image flow cytometry of CXCR5+ NK cells from an
HIV-1� individual are shown in Supplementary Fig. 1b.
Multiplex immunofluorescence staining demonstrated
that CXCR5+ NK cells were mainly located in B cell fol-
licles, while their CXCR5� counterparts were instead
mainly located in T cell zones (Figure. 1d).
Phenotypic and functional characteristics of CXCR5+

NK cells in HIV-1 negative LNs
Transcriptional profiling using RNA-seq revealed that
CXCR5+ NK and CXCR5� NK cells in HIV-1� LNs had
distinct gene signatures (Figure. 2a). Notably, CXCR5+

NK cells expressed higher levels of genes for NK activat-
ing receptors (KLRK1), chemokines (CCL3), and lower
levels of inhibitory receptors (KLRD1) and cytotoxic mol-
ecules (PRF1) than CXCR5� NK cells (Figure. 2a). It is
well established that CXCR5 expression is regulated by
a diverse array of transcriptional factors. The transcrip-
tion factors Blimp1 and E2A directly promote the
expression of CXCR5, while BCL6, TCF1, and E2A
inhibitory proteins ID2 and ID3 jointly regulate the dif-
ferentiation and development of Tfcs.20,21,31 Here, we
also found that CXCR5+ NK cells partially shared a
www.thelancet.com Vol xx Month xx, 2021
transcriptional profile with follicle-located cells such as
Tfc and T follicular helper cell (Tfh), manifested by the
higher expression of BCL6 and ID3, and the lower
expression of ID2 and CCR7 (Figure. 2a).

Using flow cytometry (Figure. 2b), we observed
increased expression in HIV-1� LNs of CD69
(P = 0.042), CD32 (P = 0.001), CD57 (P = 0.0078), PD-
1 (P = 0.02), and TIGIT (P = 0.0313) in CXCR5+NK cells
compared to their CXCR5� counterparts (Figure. 2c).
As NK cell function is modulated by a variety of activat-
ing/inhibitory receptors such as natural cytotoxic recep-
tor (NCR) and the NKG2/CD94 heterodimer family (C-
type lectin-like receptors),32,33 we surprisingly observed
higher expression of NK cell-activating receptors in
CXCR5+ NK cells, including NKG2D (P = 0.0047),
NKp30 (P = 0.0033), NKp44 (P = 0.0103), and NKp46
(P = 0.0013), while expression of the inhibitory receptor
NKG2A was lower (P < 0.0001) (Figure. 2d). In vitro
stimulation found that, compared with their CXCR5�

counterparts, CXCR5+ NK cells produced higher levels
of CD107a (P = 0.0007) and IFN-g (P = 0.0385), as well
as lower levels of granzyme B (P = 0.0196) (Figure. 2e).
Interestingly, we also observed significantly higher
expression of CCL3, CCL4, and CCL5 in CXCR5+ NK
cells (Figure. 2b, f). These b-chemokines are natural
ligands of CCR5, and can impede HIV-1 infection by
competitively binding to CCR5.34�36 Thus, our results
demonstrate that CXCR5+ NK cells displayed robust
secretory function and increased expression of activat-
ing receptors compared to their CXCR5� counterparts.

In addition, we characterized CXCR5+ NK cells in
HIV-1� PBMCs. Compared with CXCR5� NK cells, the
phenotypic and functional properties of CXCR5+ NK
cells were almost consistent with NK cells in HIV-1�

LNs, other than a significantly lower expression of per-
forin and CD16, while NKG2A and CD57 was not signif-
icant in PBMCs (Supplementary Fig. 2a).

As NK cells are highly heterogeneous, with diverse
immune functions which largely depend on their tissue
residency,37,38 the characteristics of CXCR5+ NK cells
from PBMCs and LNs were compared. We found
increased expression of CD69, CD32, NKG2A, NKp44,
and CD107a in CXCR5+ NK cells from LNs than from
PBMCs, while the expression of CD16, CD57, NKG2C,
granzyme B and perforin was lower in the former (Sup-
plementary Fig. 2b).

Collectively, these results demonstrate that CXCR5+

NK cells from HIV-1 individuals have distinct pheno-
typic and functional characteristics compared to
CXCR5� NK cells, and might exert potent anti-HIV-1
activity in LNs.
Altered frequency, phenotypic and functional
characteristics of CXCR5+ NK cells in HIV-1 infection
To clarify the effects of HIV-1 infection on CXCR5+ NK
cells, we further compared the frequencies of LN
5



Figure 1. Frequency and location of CXCR5+ NK cells in HIV-1 negative LNs. (a) Representative flow cytometry plots showing the fre-
quencies of NK cell and CXCR5+ NK cells in PBMC (upper) and LN (lower) from HIV-1� individuals. Numbers indicate the percentage
of gated cells. (b) The frequencies of NK cells (in lymphocytes) from PBMCs (n = 20) and LNs (n = 17) of HIV-1� individuals. (c) The
frequencies of CXCR5+ (in NK cells) from PBMCs (n = 20) and LNs (n = 19) of HIV-1� individuals. (d) Representative immunofluores-
cence image of HIV-1� LN (patient No. 20). Yellow boxes indicate areas with higher magnifications. Circled areas represent B cell fol-
licle limits. White arrows indicate individual CXCR5+ NK cells. Scale bar = 100 mm. Significant differences in b, c were calculated
using Mann-Whitney U test. ****P < 0.0001.
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CXCR5+ NK cells from untreated HIV-1 infected (HIV-
1+) and HIV-1� individuals. Although the overall fre-
quencies of LN NK cells were similar between the two
groups, there was a significantly higher frequency of LN
CXCR5+ NK cells in HIV-1+ individuals than in HIV-1�

individuals (Fig. 3a). Notably, CXCR5+ NK cells had
accumulated in the B cell follicles of HIV-1+ individuals
and not of HIV-1� individuals (Figure. 3b). In addition,
we found that NK number per area of GC was higher in
HIV-1+ individuals than HIV-1� individuals (Supple-
mentary Fig. 3a). Consistently, we also found that
an increase in the frequency of peripheral CXCR5+ NK
www.thelancet.com Vol xx Month xx, 2021



Figure 2. Phenotypic and functional profiles of CXCR5+ and CXCR5� NK cells in HIV-1 negative LNs. (a) RNA-seq were performed to
investigate the relative expression of indicated genes in CXCR5+ and CXCR5� NK cells from two HIV-1� LNs. (b) Flow cytometry
were performed to investigate the protein expression phenotypes of CXCR5+ and CXCR5� NK cells from HIV-1� LNs. (c) The expres-
sion of CD69 (n = 11), CD32 (n = 12), CD57 (n = 8), PD-1 (n = 11) and TIGIT (n = 7) on CXCR5+ and CXCR5� NK cells from HIV-1� LNs.
(d) The expression of NK surface receptors (NKG2A, n = 12; NKG2D, n = 5; NKp30, n = 5; NKp44, n = 5; NKp46, n = 5) on CXCR5+ and
CXCR5� NK cells from HIV-1� LNs. (e-f) The expression of (e) CD107a (n = 9), IFN-g (n = 9), granzyme B (n = 4), perforin (n = 9) and (f)
b-chemokines (CCL3, CCL4 and CCL5, n = 5) in CXCR5+ and CXCR5� NK cells which were stimulated with IL-12 (10 ng/ml), IL-15
(20 ng/ml) and IL-18 (100 ng/ml) for 16 h. Significant differences in b, c, d, e, and f were calculated using Wilcoxon signed-rank test.
*P < 0.05, ** P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3. Effect of HIV-1 infection on frequency, phenotypic and functional features of CXCR5+ NK cells in LNs. (a) The frequencies of NK
cells (in lymphocytes, left) and CXCR5+ (in NK cells, right) from HIV-1� (n = 19) and HIV-1+ LNs (n = 11). Representative flow cytometry plots
showing the frequencies of CXCR5+ NK cells from HIV-1� LN (left) and HIV-1+LN (right). Numbers indicate the percentage of gated cells. (b)
Representative immunofluorescence images showing the distribution of CXCR5+ NK cells in HIV-1� (left, patient No. 20) and HIV-1+ (right,
patient No. 4) LNs. (c) Flow cytometry were performed to investigate the protein expression phenotypes of CXCR5+ NK cells from HIV-1�

and HIV-1+ LNs. (d) The expression of CD107a in CXCR5+ NK cells from HIV-1� and HIV-1+ LNs, data represented as median with interquartile
range. (e) Co-expression of b-chemokines (CCL3, CCL4 and CCL5) in CXCR5+ NK cells between HIV-1� and HIV-1+ LNs, data represented as
median with interquartile range. (f) Flow cytometry were performed to investigate the phenotypic and functional features of CXCR5+ and
CXCR5� NK cells from HIV-1+ LNs. Scale bar = 100mm. Significant differences in a, d, and e were calculated using Mann-Whitney U test, and
g, f were calculated using Wilcoxon signed-rank test. *P< 0.05, ** P< 0.01, ****P< 0.0001.
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cells correlated with HIV-1 infection (Supplementary
Fig. 3b).

The dysfunction of circulating NK cells in HIV-1
infection has been widely reported, but the effects of
HIV-1 infection on NK cells in LNs remain unclear. We
compared the phenotypic and functional profiles of
CXCR5+ NK cells from HIV-1+ and HIV-1� LNs
(Figure. 3c). Significantly lower expression of CD107a
(P = 0.0111) and CCL5 (P = 0.0482) were found in HIV-
1+ LN CXCR5+ NK cells than in HIV-1� LN NK cells
(Figure. 3d, e). We also observed a lower expression of
CCL5 in HIV-1+ peripheral CXCR5+ NK cells than in
their HIV-1� counterparts (Supplementary Fig. 3c, d).
Besides, CXCR5+ NK cells in HIV-1+ PBMCs had lower
expression of IFN-g but higher expression of TIGIT,
perforin, and CCL4 than in HIV-1� PBMCs (Supple-
mentary Fig. 3c, d). Notably, the expression of CD107a
in peripheral CXCR5+ NK cells was negatively correlated
with plasma HIV-1 viral load, while the correlation was
not significant in CXCR5� NK cells (Supplementary
Fig. 3e).

We have previously compared the features of
CXCR5+ and CXCR5� NK cells from HIV-1� LNs
(Figure. 2b), but given the alterations in CXCR5+ NK
cell functionality during HIV-1 infection, further charac-
terization of CXCR5+ and CXCR5� NK cells from HIV-
1+ LNs was necessary. Consistent with HIV-1� LNs, we
also found higher expression levels of CD32, PD-1,
CD107a, and CCL3; and lower expression of NKG2A
and granzyme B on CXCR5+ NK cells from HIV-1+ LNs
compared with their CXCR5� counterparts, while the
expression of CD69, TIGIT, CD57, IFN-g, CCL4, and
CCL5 were not significantly different (Figure. 3f). In
addition, we compared the frequency and characteristics
of CXCR5+cells between HIV-1+ PBMCs and LNs. Con-
sistent with HIV-1� individuals, we also observed a
higher CXCR5+ NK cell frequency in HIV-1+ LNs than
paired PBMCs (Supplementary Fig. 3f), and found
increased expression of CD69, CD32, NKG2A, and
CD107a; and decreased expression of granzyme B and
perforin (Supplementary Fig. 3g). In summary, our
results indicate that, although HIV-1 provokes a dys-
function of cytokine production in CXCR5+ NK cells,
production is still significantly higher than in CXCR5�

NK cells.
CXCR5+ NK cells negatively correlated with HIV-1 viral
burden in LNs
Since HIV-1 is mainly replicated in B cell follicles, we
examined the association of CXCR5+ NK cells with
HIV-1 viral load in LNs. We found that there was a nega-
tive correlation between CXCR5+ NK frequencies and
HIV-1 DNA levels (P = 0.0187, r = �0.7356; Figure. 4a).
Furthermore, by performing HIV-1 RNAscope and
immunofluorescence staining, we confirmed that HIV-1
RNA-positive cells were enriched in B cell follicles
www.thelancet.com Vol xx Month xx, 2021
(Supplementary Fig. 4), which was consistent with our
previous work.39 Importantly, we observed a negative
correlation between NK cell count and HIV-1 RNA sig-
nal intensity inside the follicles (Figure. 4b, c). NK cells
in B cell follicles exclusively express CXCR5, so are
regarded as CXCR5+NK cells. These results suggest a
relation between the accumulation of CXCR5+ NK cells
and the suppression of HIV-1 in B cell follicles.
Upregulated CXCL13 was associated with CXCR5+ NK
cells during HIV-1 infection
CXCL13, a ligand of CXCR5, plays an important role in
the migration of follicular cells into B cell follicles.19 An
in vitro transwell assay confirmed that CXCR5+ NK cells
can migrate towards CXCL13 (Supplementary Fig. 5a).
Immunohistochemical staining (Figure. 5a) showed
CXCL13 expression inside B cell follicles is about 1.5
folds higher than outside, and the difference was more
pronounced in HIV-1 infected LNs (Figure. 5b). Further-
more, there was greater expression of CXCL13 in the
total LN or follicle area in HIV-1+ sections than in HIV-
1� sections (Figure. 5c). Since CXCR5+ NK cells accu-
mulated during HIV-1 infection, we further explored
the relationship between CXCL13 and CXCR5+ NK cells,
and found that the intensity of CXCL13 expression posi-
tively correlated with the frequency of LN CXCR5+ NK
cells (P = 0.0325, r = 0.7090; Figure. 5d). In addition,
we also found increased plasma CXCL13 levels in HIV-
1+ individuals than in HIV-1� individuals (P < 0.001)
(Supplementary Fig. 5b). There was also a positive corre-
lation between plasma CXCL13 concentration and the
peripheral CXCR5+ NK cell frequency (P = 0.0012,
r = 0.6717; Supplementary Fig. 5c). Our results suggest
that expression of CXCL13 was induced in LNs upon
HIV-1 infection, and the increased concentration gradi-
ent of CXCL13 in B cell follicles may promote CXCR5+

NK cell enrichment through chemotaxis.
Discussion
Although NK cells play an important role during HIV-1
infection, there is a relative scarcity of research focusing
on the anti-HIV-1 effect of NK cells in LNs due to the
lack of access to HIV-1 infected samples. Previous stud-
ies have identified a population of CXCR5+ NK cells in
B cell follicles that could inhibit SIV replication and
potentially contribute to the lack of disease progression
in nonpathogenic AGMs.29 This has promise for the
development of novel HIV-1 treatments, and requires
further characterization of CXCR5+ NK cells in human
LNs. In this study, we demonstrated the location and
functional profiles of CXCR5+ NK cells in untreated
HIV-1 infected and HIV-1 negative individuals, reveal-
ing that CXCR5+ NK cells may inhibit HIV-1 virus pro-
liferation in B cell follicles in a noncytolytic manner.
Our findings showed that CXCR5+ NK cells may be a
9



Figure 4. Frequency of CXCR5+ NK cells in LNs is inversely related to virus burden in chronic HIV-1 infection. (a) Inverse correlation between CXCR5+ NK frequencies and HIV-1 DNA levels
(n = 10). (b) Representative immunofluorescence images showing the distribution of follicular NK cells (red) and viral RNA (green) in HIV-1+ LNs (patient No. 7). (c) Correlation between average
NK count and HIV-1 RNA MFI in follicles (n = 46) from three HIV-1+ LNs. HIV-1 RNA intensity and NK cell count per follicle area were expressed as the percentage of max value, each color repre-
senting a sample. Correlation in a, c were calculated using Spearman correlation coefficient. P and r values are presented. Scale bar = 100 mm.
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Figure 5. Increased CXCL13 expression level in LNs during HIV-1 chronic infection. (a) Representative immunohistochemistry staining of CXCL13 in HIV-1� (left, patient No. 20) and HIV-1+

(right, patient No. 6) LNs, circled areas denoting a B cell follicle. (b) Relative CXCL13 expression were calculated as the ratio of the average intensity per unit area between follicle area and
non-follicle area. (c) CXCL13 expression of HIV-1� and HIV-1+ individuals (left) and follicles (right). The follicles from the same individual are displayed in the same color, data represented as
median with interquartile range (left). (d) Correlation between mean CXCL13 intensity and CXCR5+ NK frequencies from HIV-1+ (red) and HIV-1� (blue) LNs. Scale bar = 100 mm. Significant dif-
ferences in b, c were calculated using Mann-Whitney U test. Correlation in d were calculated using Spearman correlation coefficient. *P < 0.05, ** P < 0.01.
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promising target for the future development of a func-
tional cure for HIV-1.

The CXCR5/CXCL13 axis is required for the migra-
tion of immune cells into B cell follicles. In our study,
we observed a concomitant increase in the frequency of
CXCR5+ NK cells and CXCL13 expression levels in LNs
from HIV-1+ individuals compared to HIV-1� individu-
als. Although CXCL13 expression is induced in many
cell types under inflammatory conditions,19 Tfh cells
were reported to uniquely produce CXCL13 in HIV-1-
infected secondary lymphoid tissues.40 Consistently,
our results indicate that CXCL13 expression is mainly
confined to B cell follicles. Furthermore, we observed a
positive correlation between the frequency of CXCR5+

NK cells and the intensity of CXCL13 expression. As
CXCL13 could induce the expression of CXCR5 mRNA
in PBMCs,41 the accumulation of CXCR5+ NK cells may
be attributed, at least in part, to the increased CXCL13
in HIV-1 infected LNs. In addition, other CXCR5-
expressing immune cells such as Tfh and Tfc cells have
also been reported to accumulate in LNs upon HIV-1
infection.24,42 Chronic HIV-1 infection is characterized
by persistent immune activation and inflammation, and
the inflammatory milieu may also promote the expan-
sion of CXCR5 expressing immune cells during chronic
HIV-1 infection. TGF-b has been shown to co-opt
STAT3-STAT4 signaling to promote Tfh cell differentia-
tion.43 TGF-b can also significantly increase the expres-
sion of CXCR5 in CD8+ T cells.23,44 In addition, chronic
inflammation may also induce the generation and
expansion of adaptive NK cells expressing TCF7, a tran-
scription factor involved in the regulation of CXCR5.45

Taken together, the inflammation which accompanies
HIV-1 replication or microbial translocation may lead to
the accumulation of CXCR5+ NK cells in LNs, to a cer-
tain degree.

Abundant research has delineated the effect of HIV-1
infection on peripheral NK cell functions and pheno-
types, but there are comparatively few studies concern-
ing the role of LN NK cells in HIV-1 infected patients.
In addition, there are many NK cell subtypes, as their
phenotypes vary according to their tissue origin and NK
cells are widely distributed throughout the human
body.37,46 In this study, we found that CXCR5+NK cells
have a tissue-resident phenotype, characterized by
greater expression of CD69 and PD-1, and stronger
functional activity with higher expression of CD107a,
which is consistent with the phenotype of CXCR5+ NK
cells in SIV-infected AGMs.29 CD69 has been con-
firmed to play an important role in maintaining
immune cells in tissues.47,48 As high levels of CD69
are expressed by NK cells in several tissues, it can be
considered a relevant marker for tissue-resident NK
cells.49 PD-1 and TIGIT are reported to be highly co-
expressed in lymphatic tissue, and we observed greater
expression in CXCR5+ NK cells.50 Notably, we also
observed greater expression of the activating receptors
NKG2D, NKp30, NKp44, and NKp46. Collectively,
these results demonstrate that CXCR5+ NK cells display
strong anti-HIV-1 and tissue-resident phenotypes. How-
ever, HIV-1 infection has been reported to induce the
dysfunction of circulating NK cells, characterized by the
expansion of a dysfunctional CD56negative subset, down-
regulation of surface activating receptors, impaired cyto-
toxicity, and inhibited secretion of chemokines and
cytokines.51�53 In our study, we also found that the
expression of CD107a and b-chemokines in LN
CXCR5+NK cells decreased during HIV-1 infection.
Despite the functional abnormalities, in HIV-1+LNs, we
still found higher expression of CD32, CD107a, and
CCL3, and lower expression of NKG2A in CXCR5+ NK
cells than in their CXCR5� counterparts (Figure. 3f).

There was an inverse relationship between CXCR5+

NK cell count and HIV-1 DNA/RNA levels within B cell
follicles, suggesting that this subset may exert an inhibi-
tory effect on the HIV-1 virus. In addition to the natural
cytotoxicity regulated by surface receptors, NK cells also
exert anti-HIV-1 activity by producing cytokines such as
IFN-g and b-chemokines. Here, we observed a greater
secretion of IFN-g and b-chemokines in CXCR5+ NK
cells than in their CXCR5� counterparts, while gran-
zyme B expression were observed to be lower in
CXCR5+ NK cells. Thus, we speculate that CXCR5+ NK
cells may inhibit the HIV-1 virus via a noncytolytic
mechanism. Noncytolytic mechanisms of immune con-
trol have been previously described in both HIV-1 and
SIV infections.27,54 Higher IFN-g production by NK
cells was associated with delayed HIV-1 disease progres-
sion in long-term non-progressors (LTNPs),55 and secre-
tion of b-chemokines by NK cells hampers the HIV-1
infectivity of target cells. In addition, studies have
shown that b-chemokines and IFN-g promote the accu-
mulation of NK cells in stimulated lymphatic
tissues.56�58 Even though our results indicated that
CXCR5+ NK cells exhibit robust secretion functions, the
mechanism by which CXCR5+ NK cells inhibit HIV-1
remains to be further explored. Although we observed
the negative correlation between follicular NK cells with
HIV-DNA/RNA levels within lymph nodes, the pres-
ence of CXCR5+ NK cells is not sufficient to stall disease
progression. As some patients have quite advanced dis-
ease progression and HIV viral RNA was observed in all
assessed lymph nodes. This is in stark contrast to the
virtual absence of viral RNA in AGM lymph node, and
the presence of CXCR5+ NK cells has been linked to
viral control within the lymph node and a lack of disease
progression in SIV-infected AGM.29 Thus, additional
immune factors may be present in AGM, but absent in
HIV-1-infected humans, are required to prevent disease
progression which warrants further investigation.

Our study has several limitations. First, there are
gender and regional differences in the source of lymph
node samples. Moreover, although we confirmed the
absence of tumor cells in HIV-1 negative LNs, we cannot
www.thelancet.com Vol xx Month xx, 2021
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rule out the possibilities that cancer would impact the
result. In addition, limited access to enough LN
CXCR5+ NK cells impedes the in vitro co-culture assay
to validate anti-HIV-1 effect of CXCR5+ NK cells. Fur-
thermore, we lacked longitudinal LN samples that could
provide definitive data concerning the effect of HIV-1
infection on CXCR5+ NK cells. Besides, the effect of
CXCR5+ NK cells in different phases of infection, espe-
cially in the early stage, and in other HIV-1-enriched tis-
sues, requires further exploration.

In this study, using untreated HIV-1 infected LN
samples, we clarified for the first time the locational,
phenotypic, and functional characteristics of human
CXCR5+ NK cells, and revealed their dynamics during
chronic HIV-1 infection. Our results indicate that B cell
follicle-located CXCR5+ NK cells accumulate during
HIV-1 infection and their cell count negatively correlates
with HIV-1 viral load in LNs. This research extends our
understanding of HIV-1 inhibition by follicular NK cells
in secondary lymphoid tissues, providing a novel target
for a functional cure of HIV-1.
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