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Spatial and functional diversity of innate 
lymphoid cells in the human female  
genital tract may contribute to antiviral 
responses to HIV
 

Alexandra Werner    1,2,3, Laura Moreno de Lara4,8, Aleah Holmes1,2,3,8, 
Siddharth Parthasarathy1, Genna E. Moldovan    3,5, Anna Borchers    4, 
Francisco J. Carrillo-Salinas4, Jared M. Fortier3,5, Vidya Iyer6,7, Alison Vogell6, 
Rebecca Jameson5, Jacquelyn Stephens    5 & Marta Rodriguez-Garcia    1,2,3 

Innate lymphoid cells (ILCs) are tissue-resident lymphocytes specialized in 
cytokine secretion that lack antigen-specific receptors. The contribution 
of ILCs to antiviral mucosal immunity in humans, particularly in the female 
genital tract (FGT), remains unexplored. Here we resolved human FGT 
ILC diversity by spectral flow cytometry and CITE-seq, spatial location 
within genital anatomical regions using ChipCytometry, and determined 
homeostatic function and antiviral responses. We uncovered spatial and 
functional specializations of genital ILC subsets under homeostasis, with 
compartmentalized age-related and pregnancy-related changes. CD161 
expression differentially discriminated ILC subsets preloaded with cytokines 
at steady state. We identified a unique NKp44+CCR6+ ILC3 subset in the 
endometrium that actively degranulated at homeostasis and was located 
in lymphoid aggregates surrounded by B cells and T cells. By contrast, ILC1s 
were found scattered, enriched in the ectocervix and located close to the 
epithelium. Following in vitro HIV stimulation, genital ILCs displayed rapid 
subset-specific antiviral responses. These findings reveal distinct tissue 
and subset-specific features of FGT ILCs and their capacity to immediately 
respond to viral stimuli, providing a foundation for future studies to 
determine the potential role of ILCs in mucosal immune protection in the FGT.

Women acquire human immunodeficiency virus (HIV) primarily 
through sexual transmission1. However, under non-inflammatory 
conditions, HIV transmission rates per sexual act are low (0.08%) but 
as high as 2.65% in the context of sexually transmitted infections2. Pro-
tective mechanisms in the FGT include intact epithelial barriers, mucus, 
secretions and innate immune cells3–8. Despite this knowledge, we 
still lack an understanding of the initial events of infection and how to 
enhance FGT mucosal protection. This is in part because initial mucosal 

host–pathogen interactions that determine whether infection is pre-
vented or established happen very quickly (within minutes) and cannot 
be captured in vivo. To develop effective preventative methods, it is 
imperative to dissect the early events of mucosal HIV acquisition and 
how the different innate immune cells respond to HIV in the female 
genital mucosa, one of the main portals of entry for HIV.

ILCs are tissue-resident lymphocytes that lack antigen-specific 
receptors and specialize in cytokine secretion. Helper ILCs are grouped 
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gap, we assessed ILC subsets using high-dimensional spectral flow 
cytometry. Genital ILCs were identified as CD45+ cells that lacked 
canonical lineage markers (CD3, CD19, CD11b, CD14, CD16, CD66b, 
CD11c) and expressed CD127 (IL-7R) (Fig. 1a), according to established 
definitions in other human mucosal surfaces. Our gating strategy 
excluded canonical natural killer (NK) cells, determined by lack of 
expression of NKp46 (CD335) and CD94 on ILCs, and lack of CD127 
expression on NK cells9 (Extended Data Fig. 1a,b). Additionally, NK cells 
expressed high levels of CD56 and CD94, whereas helper ILCs expressed 
low levels of CD56 throughout the FGT (Extended Data Fig. 1c,d). Our 
strategy excluded other rare cell types that may contaminate the ILC 
gate. We did not detect CD203c expression (a marker of mast cells and  
basophils30), CD34+ progenitor cells or CD123+ plasmacytoid dendritic 
cells (Extended Data Fig. 1e–g).

ILCs represented approximately 0.52% of the total mononuclear 
immune cells, with no differences between tissues, and the number 
of ILCs per gram of tissue was significantly higher in EM than in ECT 
(Fig. 1b).

Next, we quantified genital ILC subsets, according to the expres-
sion of CD294 (ILC2s), CD117 (ILC3s) or double-negative populations 
(ILC1s) as previously described10 (Fig. 1c). ILC1s and ILC3s were the 
main subsets present but showed compartmentalization, with ILC1s 
enriched in the END and ECT, while ILC3s were enriched within the EM 
(Fig. 1d). ILC2s displayed very low frequencies throughout the FGT 
(Fig. 1d), with more than half of the patients having less than 5% or no 
ILC2s (Fig. 1e). Genital T cells (CD3+) from the same samples displayed 
high CD294 expression (Extended Data Fig. 1h), demonstrating that 
the lack of CD294 expression on ILCs was a result of low ILC2 presence 
in genital tissues and not caused by faulty antibody staining. ILC3s 
displayed higher CD127 expression than ILC1s (Extended Data Fig. 1i).

Next, we assessed canonical transcription factor expression: T-bet 
(ILC1s), GATA-3 (ILC2s) and RORyt (ILC3s)10. ILC1s (CD294−CD117−) 
expressed T-bet, ILC2s (CD294+) expressed GATA-3 and ILC3s (CD117+) 
expressed RORyt (Fig. 1f). Approximately 80% of ILC1s were T-bet+, 
95% of ILC2s were GATA-3+ and 98% of ILC3s were RORyt+, consistently 
across samples (Fig. 1g). Our transcription factor expression patterns 
identified a small population of ILC1-like cells that do not express T-bet 
(Fig. 1f,g), similar to recent findings in other human mucosal surfaces19.

Lastly, we investigated cytokine production to define the functional 
status of ILCs in the genital mucosa under homeostatic conditions. In the 
absence of stimulation, intracellular staining showed IFNγ production 
by genital ILC1s (Fig. 1h; CD117−) and IL-22 by ILC3s (Fig. 1i; CD117+). IFNγ+ 
ILC1s and IL-22+ ILC3s represented about 10% and 45%, respectively, of 
each ILC subset across all tissues (Fig. 1h,i). Given that most immune 
cells do not constitutively produce IFNγ or IL-22, we compared cytokine 
expression in ILCs to unstimulated NK cells and T cells from the same tis-
sues. Interestingly, we observed that genital ILCs were the main produc-
ers of IFNγ and IL-22 under homeostatic conditions (Fig. 1j,k). Of note, 
genital ILCs did not constitutively produce IL-17, IL-5, IL-13 or NK-related 
cytolytic molecules such as Granulysin (Extended Data Fig. 1j,k).

In summary, genital ILC subsets are compartmentalized and 
loaded with specific antiviral cytokines under homeostatic conditions, 
suggesting potential roles in first-line antiviral mucosal protection.

into three main populations (ILC1s, ILC2s and ILC3s) that function-
ally resemble TH1, TH2 and TH17 CD4+ helper T cells9. ILC1s produce 
interferon-γ (IFNγ); ILC2s secrete IL-5, IL-13 and IL-9; and ILC3s produce 
IL-22 and IL-17 in response to stimuli9. Murine ILCs contribute to barrier 
integrity and mucosal protection against infection10, but ILCs in human 
mucosal surfaces and their contribution to mucosal protection remain 
largely uncharacterized11–13.

Tissue-specific adaptations, lack of lineage markers and overall 
rare presence make human ILC characterization difficult and high-
light the need to define human ILC subsets in their tissue of residence 
through combined molecular analyses11,14–16. Human ILCs are actively 
studied in the tonsils14,17–19, skin20, gastrointestinal13 and respiratory 
tracts12, but remain largely uncharacterized in the FGT. Helper ILCs have 
been described to a limited extent in the human endometrium (EM) 
and decidua during pregnancy21,22, but their role in mucosal protec-
tion throughout the non-pregnant FGT remains unknown. Studies of 
blood, gut and tonsils from patients infected with HIV have described 
ILC alterations in the context of chronic infection18,23,24; however, the 
genital mucosa, a major site for HIV infection, has not been investi-
gated25. Importantly, the role that ILCs have in mucosal HIV pathogen-
esis immediately after exposure, and whether they can respond to HIV 
stimulation, is completely unknown.

The immune system in the FGT is different from other mucosal 
surfaces, as it is uniquely conditioned and regulated by sex hormones 
to perform reproductive functions and protect against pathogens7. 
Each anatomical region of the FGT exhibits discrete histological, 
immunological and functional traits. The lower FGT, consisting of 
the ectocervix (ECT) and vagina, is covered by stratified squamous 
epithelial cells, populated by commensal microbes and serves as the 
area of semen reception7. By contrast, the upper FGT, which includes 
the uterine endocervix (END) and endometrium (EM), is lined with a 
single layer of columnar epithelium, has fewer commensal microbes 
and is specialized to facilitate embryo implantation and pregnancy7.

Previously, we demonstrated immune compartmentalization 
of T cell populations throughout the FGT, including differences in 
TH17 CD4+ T cell distribution and susceptibility to HIV infection26–29, 
emphasizing the importance of studying the entire FGT. Defining how—
throughout the FGT—ILCs maintain tissue homeostasis in a mucosa 
dually tasked with pathogen protection and reproduction, along with 
their response to HIV, will fill a gap in knowledge of mucosal defense 
against pathogens and open new avenues for therapeutic interventions.

Here we used a multi-omics approach with high-dimensional flow 
cytometry, CITE-seq and ChipCytometry to deeply characterize the 
distribution and spatial location of helper ILCs throughout the human 
FGT, including the EM, END and ECT. Moreover, we defined the ability 
of ILCs to respond to HIV challenge in a subset-specific manner, sug-
gesting a role for genital ILCs in mucosal antiviral responses.

Results
ILCs reside in the female genital mucosa and are armed with 
antiviral cytokines at homeostasis
ILC presence and subset distribution under homeostatic conditions 
throughout the FGT remain uncharacterized. To address this knowledge 

Fig. 1 | ILC subsets reside in the female genital mucosa in a compartment-
specific distribution and are armed with antiviral cytokines at homeostasis. a, 
Representative gating strategy to identify genital lineage-negative, CD127+ ILCs. 
SSC-A, side scatter area; FSC-A, forward scatter area; FSC-H, forward scatter height; 
FMO, fluorescence minus one. b, Quantification of ILC percentage in EM (n = 26), 
END (n = 18) and ECT (n = 16) per total mononuclear cells and ILC number per gram 
of tissue (EM, n = 22; END, n = 17; ECT, n = 15 tissues). c, Contour plot showing ILC 
subset gating strategy. d, Comparison of percentage of ILC subsets in total ILCs 
across three tissues (n = 56). e, Pie charts indicating the percentage of patients  
with 0, <5% or >5% ILC2s in total ILCs (EM, n = 25; END, n = 16; ECT, n = 15). f, Contour 
plot showing ILC subsets along with matching histograms of transcription factor  

expression within the gated ILC subsets. g, Representative contour plots 
indicating percentage of ILC1s, ILC2s and ILC3s positive for T-bet, GATA-3 and 
RORyt, respectively. The FMO strategy was used to determine positive gates. 
Quantification of multiple donors (right): T-bet (n = 6), GATA-3 (n = 4) and RORyt 
(n = 4). h,i, Contour plot and quantification of IFNγ (n = 45 tissues: EM, n = 18; END, 
n = 10; ECT, n = 17) (h) and IL-22 expression in genital ILCs (n = 36 tissues: EM, n = 16; 
END, n = 9; ECT, n = 11) (i). j,k, Histogram of IFNγ (j) and IL-22 (k) expression in ILCs, 
CD3+ T cells, CD56hi CD127− NK cells and FMO. Each dot represents a biological 
replicate. Horizontal lines represent the median ± interquartile range (IQR). 
Statistical analysis was performed using the non-parametric Kruskal–Wallis test 
with Dunn’s post-test correction for multiple comparisons.
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Unbiased clustering reveals discriminatory markers of genital 
ILC subpopulations and markers of tissue residency
To further uncover discriminatory markers that define functional ILC 
subpopulations, we performed unbiased clustering of high-dimensional 
flow cytometry data.

Genital ILCs clustered closely based on tissue type 
(Fig. 2a, upper panel). Individual clustering per patient is shown in 
Extended Data Fig. 2a. ILCs from the EM (Fig. 2a,b, red) clustered more 
independently than ILCs from the END and ECT (Fig. 2a,b, blue and 
green), suggesting that endometrial ILCs are phenotypically more 
distinct than cervical ILCs.

Next, to uncover genital ILC subpopulations, we used unsuper-
vised clustering analysis (FlowSOM) to perform multivariate cluster-
ing of cells based on self-organized maps. ILCs were grouped into 
ten clusters that were overlayed on the opt-SNE plots (Fig. 2a, lower 
panel). This analysis identified tissue-dependent clusters, such as 
cluster 7 or 9, while others were intermixed (cluster 5 or 3) (Fig. 2a). 
To identify key drivers of clustering, we overlaid individual proteins 
on the opt-SNE plots (Fig. 2c). Most ILCs expressed high levels of 
CD69, a marker for tissue residency. Analysis of protein expression 
in each cluster identified surface markers that revealed anatomical 
differences, like CD161 and CXCR4 (Fig. 2c), and initial assignment 
of clusters to specific ILC subsets (Extended Data Fig. 2b). We also 
identified discriminatory markers for exploration of specific ILC 
clusters, mainly CD103, CCR6, CD161 and CD107a (Fig. 2a–c and 
Extended Data Fig. 2c). Importantly, stratification of functional 
markers (IFNy, IL-22 and CD107a) per individual patient and by tissue 
revealed tissue-specific differences and patient-to-patient variation 
(Extended Data Fig. 2d), indicating the need for further evaluation 
in a larger cohort.

Therefore, we validated our findings with a larger number of 
patients (n = 32). The majority of genital ILCs expressed CD69 (Fig. 2d), 
with no differences between anatomical sites (Fig. 2e). Additionally, 
a proportion of CD69+ ILCs co-expressed CD103 (Fig. 2d) with no dif-
ferences between anatomical sites (Fig. 2f) or ILC subsets (ILC1, ILC3) 
(Fig. 2g). ILC2s were excluded from these analyses because of low 

cell number and absence of this population in a large proportion of 
patients (Fig. 1c,d).

Our unbiased clustering analysis indicated high levels of co- 
expression between CD103 and CCR6, a chemokine receptor for CCL20,  
which is produced by genital epithelial cells31. CCR6 was highly 
expressed on ILC3s (Fig. 2h) and preferential to the EM (Fig. 2i). The 
majority of CD103+ ILC3s co-expressed CCR6 (Fig. 2j), allowing the 
discrimination of three unique ILC3 subpopulations based on CD103 
and CCR6 expression: CCR6−, CCR6+CD103− and CCR6+CD103+ ILC3s 
(Fig. 2j). A representative dot plot of CCR6 versus CD45 expression 
and corresponding fluorescence-minus-one control is shown to clarify 
the gating strategy (Extended Data Fig. 2e). Quantification of each 
ILC3 subset across the FGT showed enrichment of CCR6− in ECT and 
CCR6+CD103− in the EM, while the CCR6+CD103+ population remained 
constant across tissues (Fig. 2k).

CD161, a site-specific discriminatory marker identified in the 
opt-SNE plot, showed significant differential expression between 
endometrial and cervical ILCs (Fig. 2l,m) but similar expression 
between ILC1s and ILC3s (Fig. 2n). Furthermore, CD161 was preferen-
tially co-expressed on CD103+ ILC1s and ILC3s (Fig. 2o–q), particularly 
on the CD103+CCR6+ ILC3 subpopulations in the END and ECT (Fig. 2r).

CD161 and NKp44 discriminate functional ILC subsets at 
homeostasis
We next investigated potential associations between phenotypical 
markers (CD103, CD161 and CCR6) and functional specialization of ILC 
subsets. IFNγ production by ILC1s was independent of CD103 expres-
sion (Fig. 3a and Extended Data Fig. 3a), but significantly enhanced in 
CD161− ILC1s (Fig. 3b and Extended Data Fig. 3b). IL-22 production was 
highest in CCR6+CD103+ ILC3s compared to CCR6+CD103− and CCR6− 
ILC3s (Fig. 3c and Extended Data Fig. 3c). Furthermore, CD161+ ILC3s dis-
played enhanced IL-22 production (Fig. 3d and Extended Data Fig. 3d). 
These data suggest that CD161 is a relevant marker to discriminate ILC 
subsets with high cytokine production at homeostasis.

We next investigated ILC degranulation (CD107a expression) 
as an additional functional parameter detected in our unbiased 

Fig. 2 | Unbiased clustering reveals discriminatory markers of genital ILC 
subsets and markers of tissue residency. a, opt-SNE plots on concatenated total 
ILCs from three matched patients’ EM, END and ECT samples (top). FlowSOM 
clustering analysis overlayed onto the opt-SNE plot with ten distinct clusters 
(bottom). b, opt-SNE plot of total ILCs from three patients split by anatomical 
region. c, opt-SNE plot of total ILCs with individual protein expression overlayed. 
The color determines the intensity of expression (blue, low; red, high).  
d, Contour plot of CD103 and CD69 expression in blood and genital ILCs.  
e,f, Quantification of the percentage of CD69 (e) and CD103 (f) expressing genital 
ILCs. g, Quantification of the percentage of CD103+ ILCs by subset across tissues 
(n = 56 tissues). h, Representative histogram of CCR6 expression in each ILC 

subset. i, Quantification of CCR6 expression in ILC3s. j, Contour plot of CD103 and 
CCR6 expression in ILC3s (left) with CCR6 FMO. Quantification of ILC3 subsets  
in all tissues (right). k, Pie graph of the percentage of ILC3 subsets in total ILC3s.  
l, Percentage of CD161+ ILCs in each tissue. m, Contour plot of CD161 expression.  
n, Percentage of CD161+ ILC1s and ILC3s in the EM, END and ECT. o, Contour plot  
of CD161 and CD103 expression in ILC1s. p, Percentage of CD161+ ILC1s in CD103+ 
and CD103− ILC1s. q, Contour plot of CD161 and CD103 expression in ILC3s.  
r, Percentage of CD161+ ILC3s in CCR6+CD103+, CCR6+CD103− and CCR6− ILC3s. 
Each dot represents a biological replicate; n = 61 tissues. Horizontal lines represent 
the median ± IQR. Statistical analysis was performed using the non-parametric 
Kruskal–Wallis test with Dunn’s post hoc test correction for multiple comparisons.

Fig. 3 | CD161 and NKp44 discriminate functional ILC subsets at homeostasis. 
a, Representative histogram (left) and contour plot (middle) of IFNγ expression 
in CD103+ and CD103− ILC1s with quantification of percentage of IFNγ+ ILC1s 
(right) (n = 30). b, Histogram and contour plot of IFNγ expression in CD161+ 
and CD161− ILC1s (left) (n = 30). Quantification of IFNγ+CD103− and CD103+ 
ILC1s based on CD161 expression (right). c, Histogram and contour plot of IL-22 
expression in ILC3 subsets (left) with quantification of percentage of IL-22+ ILC3 
subsets (right) (n = 30). d, Histogram and contour plot of IL-22 expression in 
CD161+ and CD161− ILC3s. Quantification of IL-22+CCR6+CD103+ and CCR6+CD103− 
ILC3s based on CD161 expression (right) (n = 30). e, Representative contour plot 
of CD107a expression in FMO (left) and EM (right) ILCs. f, Histogram of CD107a 
expression in ILCs, NK cells and T cells. g, Contour plot of CD107a and CD117 
in total ILCs. h, Contour plot of CD103 and CD107a in ILC3s. i, Histogram and 
contour plot of CD107a expression in all ILC subsets. j, Percentage of CD107a+ 
cells by ILC3 subsets. k, Percentage of CD107a+CCR6+CD103− ILC3s by tissue 
(n = 24 tissues). l, Contour plot of CD161 and CD107a expression (left) and mean 

fluorescence intensity (MFI) comparison between CD107a+ and CD107a− in  
n = 12 EM samples. m, Contour plot of NKp44 and CD117 (left) and percentage  
of NKp44+ ILC3s by tissue (right) (n = 17 tissues: EM, n = 7; END, n = 5; ECT, n = 5).  
n, Representative histogram of NKp44 expression in ILC subsets (left). 
Percentage of NKp44+ ILC3s by ILC3 subset (right) (n = 9 tissues). o, Contour plot 
of CD107a and NKp44 expression in EM (top) and END (middle) ILC3s. Percentage 
of NKp44+ ILC3s that are CD107a+ (bottom) (n = 10 tissues: EM, n = 5; END and 
ECT, n = 5). p, Contour plots representing IL-22 secretion during PMA stimulation 
for 1 h in NKp44+/− ILC3s. Graph on the right represents the percentage of ILC3s 
positive for IL-22 secretion with and without stimulation (n = 6 tissues). q, 
Representative contour plots of CD107a expression in genital NKp44+/− ILC3s 
with and without PMA stimulation. Graph on the right represents the percentage 
of ILC3s positive for CD107a with and without stimulation (n = 6). Each dot 
represents a biological replicate. Horizontal lines represent the median ± IQR. 
Statistical analysis was performed using the non-parametric Kruskal–Wallis test 
with Dunn’s post hoc test correction for multiple comparisons.
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analysis (Fig. 2c). Although CD107a is normally expressed on the cell 
surface following stimulation, we detected CD107a expression on a 
high percentage of genital ILCs in the absence of in vitro stimulation 
(Fig. 3e). Importantly, CD107a expression was limited to ILCs, while 
genital T cells and NK cells from the same unstimulated samples 
did not express CD107a (Fig. 3f). Further analysis demonstrated 
that degranulation was specific for ILC3s (CD117+; Fig. 3g), and par-
ticularly CCR6+CD103− ILC3s (Fig. 3h–j and Extended Data Fig. 3e). 
However, degranulation occurred primarily in the EM, with little to 
no CD107a expression in the END and ECT (Fig. 3k). Given that CD161 
identified ILC3s with high intracellular IL-22 (Fig. 3d), we assessed 
whether CD161 expression was also related to degranulation. How-
ever, endometrial CD107a+ ILC3s expressed significantly lower levels 
of CD161 (Fig. 3l).

As we observed a wide range of IL-22, IFNy and CD107a expression 
between patients, we investigated whether cytokine production and 
degranulation could identify patients with ‘highly functional’ ILCs. We 
performed correlations between IL-22, IFNγ and CD107a across patients; 
however, we did not detect any correlations (Extended Data Fig. 3f), 
suggesting that ILC subsets function independently of each other under 
homeostatic conditions.

To better define the ILC3 degranulating population, we evalu-
ated NKp44 expression, previously described in intestinal32, endo-
metrial and decidual ILCs21,22. NKp44 was exclusively expressed on 
ILC3s (CD117+) and was present throughout the FGT, although signifi-
cantly enriched in the EM (Fig. 3m). NKp44 expression was specific to 
CCR6+CD103− ILC3s (Fig. 3n), the same subset undergoing degranula-
tion (Fig. 3i,j). Consistently, NKp44+ ILC3s co-expressed CD107a and 
were found primarily at the EM (Fig. 3o), indicating ongoing endo-
metrial ILC3 degranulation at homeostasis. To explore whether the 
NKp44+ and NKp44− ILC3 subsets were able to rapidly secrete the IL-22 
stored intracellularly, and degranulate in response to stimulation, 
we performed a flow-cytometry-based IL-22 secretion assay. A small 
percentage of ILC3s secreted IL-22 under resting conditions (Fig. 3p, 
control), but IL-22 secretion was significantly increased in response 
to phorbol 12-myristate-13-acetate (PMA) stimulation (Fig. 3p, PMA). 
Moreover, NKp44− ILC3s secreted IL-22 in response to PMA stimulation 
(Fig. 3p), while NKp44+ ILC3s significantly upregulated CD107a expres-
sion after stimulation (Fig. 3q), indicating different functionalities 
between these two ILC3 subsets.

NKp44+ ILC3s reside in lymphoid aggregates within the EM
Our data indicate the presence of multiple ILC subpopulations within 
the tissue, each with distinct functional phenotypes. Given that ILCs 
are known to interact with the tissue environment and regulate other 
cell types, we investigated the spatial location and cell interactions 
of genital ILCs to understand the functional consequences for these 
distinct phenotypes. As ILCs lack canonical lineage markers and are 
difficult to accurately identify with conventional confocal microscopy, 
we used ChipCytometry to achieve multiplexed spatial fluorescence 
microscopy. Building on our flow cytometry data, we identified ILCs 
as lineage-negative (CD3, CD20, CD11c, CD14, CD16, CD66b) CD127+ 
cells (Extended Data Fig. 4a) and visualized functional ILC subpopula-
tions through the expression of CD117, CCR6, CD103, CD161 and NKp44 
(Extended Data Fig. 4a).

In the EM, we identified ILCs positioned within large clusters of 
CD45+ cells located near endometrial epithelial glands (Fig. 4a). These 
cell aggregates consisted largely of lymphocytes, including CD3+ T cells 
and CD20+ B cells. Within the lymphoid aggregates, we exclusively 
found ILC3s (CD117+) co-expressing CCR6 and NKp44 (Fig. 4a,b). We 
identified both CD161+ and CD161− NKp44+ ILC3s in the aggregates, 
closely interacting with CD4+ and CD4− T cells (CD3+), and B cells 
(CD20+) (Fig. 4b). Additionally, we observed clusters of NKp44+ ILC3s 
(CD161+ and CD161−) localizing to the edge of the glands present in the 
EM, interacting closely with epithelial cells (PanCk+) (Fig. 4c). We did 
not find NKp44− ILC3s within the aggregates (Fig. 4a–c). We identi-
fied CCR6+NKp44− ILC3s positioned close to endometrial epithelial 
glands, interacting with CD45− stromal cells but not in contact with 
T cells or B cells (Fig. 4d). To quantify the NKp44+ and NKp44− ILC3 
subsets, we selected regions of interest with ILC3s that contained 
lymphoid aggregates and those that did not (Extended Data Fig. 4b). In 
these regions, we counted the number of NKp44+/− ILC3s per area. The 
majority of NKp44− ILC3s were located outside of lymphoid aggregates, 
while almost all NKp44+ ILC3s were found in the lymphoid aggregates 
(Fig. 4e).

In the ECT, we primarily detected ILC1s (Fig. 4f,g). In contrast to 
the EM, the ILCs identified in the ECT did not cluster together and were 
not located within cell aggregates. CD161+ and CD161− ILC1s were pre-
sent close to the stratified ectocervical epithelium and preferentially 
interacted with T cells (Fig. 4f,g). CD103+ ILC1s were located closer to 
the basal layer of the stratified epithelium (Fig. 4g). To quantify ILC1 
subsets (CD161+, CD161− and CD103+) in the ECT, we selected areas of 
interest based on tissue location relative to the epithelium (intraepithe-
lial, subepithelial and deeper tissue; Extended Data Fig. 4c). ILC1s were 
located in the subepithelial or deeper tissue compartments, while no 
ILC1s were found within the epithelium (Fig. 4h). Furthermore, CD103+ 
and CD161− ILC1s were preferentially located in the subepithelial com-
partment, while CD161+ ILC1s were more abundant deeper in the tissue 
and did not express CD103 (Fig. 4h).

Our data indicate that the functional markers CD103, CD161 
and NKp44 also associate with ILC spatial location and potential cell 
interactions.

Genital ILC subsets are regulated by age and prior pregnancies
Given that we observed anatomical compartmentalization and high 
donor-to-donor variability in genital ILC distribution and phenotype, 
we investigated whether ILCs are modified according to age and repro-
ductive parameters. To determine age-associated effects on ILCs, we 
performed correlation analyses. As women age, the percentage of ILCs 
in total mononuclear cells decreases in ECT but remains unchanged 
in EM and END (Fig. 5a). However, ILC subset analysis showed an 
age-dependent switch in subset distribution in the EM specifically, 
with a reduction in ILC1 percentage (Fig. 5b) concomitant with an ILC3 
increase (Fig. 5c), while ILC subset distribution in the END and ECT was 
not affected by age (Fig. 5b,c). Given these differential effects in the EM, 
we investigated whether prior pregnancies affected ILC frequency. 
First, we compared donors who were never pregnant to donors who had 
at least one pregnancy, but no differences were found (Fig. 5d). How-
ever, we observed that time after last pregnancy positively correlated 
with ILC percentage in the EM. Donors who were recently pregnant had 

Fig. 4 | NKp44+ ILC3s reside in lymphoid aggregates within the EM.  
a, Representative image of lymphoid aggregates in the EM (top) and zoomed 
in (bottom). PanCK (white) identifies epithelial cells; DAPI (blue) identifies 
nuclei. b, Representative image of NKp44+ ILC3s at 10 µm. Images are separated 
by channels. Red arrows denote CD161+ ILC3s; white arrows denote CD161− 
ILC3s. c, Zoomed-in image of NKp44+ ILC3s in the aggregate near PanCK+ cells. 
d, NKp44− ILC3 in the EM. e, Quantification of NKp44+ and NKp44− ILC3s per 
area (log10 scale) in regions of interest (ROIs) that contained ILC3s: lymphoid 
aggregates (LA; n = 5 ROIs) and non-lymphoid aggregates (non-LA; n = 15 ROIs). 

Horizontal lines represent the median ± IQR. f, CD103−CD161+ ILC1s in the ECT. 
g, CD103+CD161− ILC1s in the END near the epithelium; n = 3 donors, with nine 
tissues total (EM, END and ECT for each). h, Number of CD161+, CD161− and 
CD103+ ILC1s per area (log10 scale) in ROIs containing ILCs: intraepithelial (n = 3 
ROIs including the entirety of the epithelium from three patients), subepithelial 
(n = 5 ROIs) and deeper tissue (n = 7 ROIs). Each dot represents one ROI. ROIs from 
three patients were used. Horizontal lines represent the median ± IQR. Kruskal–
Wallis test with Dunn’s post hoc test correction for multiple comparisons.
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lower numbers of endometrial ILCs than donors not recently pregnant 
(Fig. 5e). We observed no trend with donors who were never pregnant. 
Importantly, the effect of time after last pregnancy on ILC frequency 
was selective to the EM (Fig. 5e, top graph).

The CD161 ligand (LLT1) is highly expressed on trophoblastic cells 
in the placenta33, so we investigated whether CD161 expression on 
ILCs was modulated by reproductive parameters. CD161 expression 

on endometrial ILCs negatively correlated with time after pregnancy, 
suggesting that as time passes from pregnancy, genital ILCs lose expres-
sion of CD161 (Fig. 5f). Interestingly, CD161 expression was not modified 
with age (Fig. 5g), suggesting that regulation of CD161 expression over 
time is associated with pregnancy only. To further explore this possi-
bility, we compared CD161 expression in previously pregnant versus 
never-pregnant donors. We found that ILCs from previously pregnant 

a

20 30 40 50 60 70
0

1

2

3

4

5

IL
C

s 
(%

)

20 30 40 50 60 70
0

1

2

3

4

P = 0.003
r = –0.7

20 30 40 50 60 70
0

1

2

3

4

5
Endometrium Endocervix Ectocervix

P = 0.001
r = –0.51

0

20

40

60

80

100

20 30 40 50 60 70
0

20

40

60

80

100

20 30 40 50 60 70

IL
C

1s
 (%

)

b

20 30 40 50 60 70
0

20

40

60

80

100

P = 0.003
r = 0.51

0

20

40

60

80

100

20 30 40 50 60

IL
C

3s
 (%

)

70
0

20

40

60

80

100

20 30 40 50 60 70
Age (years)

20 30 40 50 60 70
0

20

40

60

80

100c

0

1

2

3

4

5

IL
C

s 
(%

)

1+0

0

1

2

3

4

5

IL
C

s 
(%

)

1+0

0

1

2

3

4

5

IL
C

s 
(%

)

1+0

d

Pregnancies

En
do

m
et

riu
m

En
do

ce
rv

ix
Ec

to
ce

rv
ix

P = 0.0085
r = 0.54

1

0.8

0.6

0.4

0.2

0

Time after pregnancy (years)
0 5 10 15 20 25

3

1

2

0

IL
C

s 
(%

)
IL

C
s 

(%
)

0 5 10 15 20 25

Never 
pregnant

0 5 10 15 20 25
0

1

2

3

4

5

IL
C

s 
(%

)

e

0 5 10 15 20 25
0

20

40

60

80

100

0 5 10 15 20 25
0

20

40

60

80

100

C
D

16
1+  (%

)

0 5 10 15 20 25
0

20

40

60

80

100

C
D

16
1+  (%

)

20 30 40 50 60 70
0

20

40

60

80

100

C
D

16
1+  (%

)

20 30 40 50 60 70
0

20

40

60

80

100

Age (years)

C
D

16
1+  (%

)

P = 0.01
r = –0.53

C
D

16
1+  (%

)

20 30 40 50 60 70
0

20

40

60

80

100

C
D

16
1+  (%

)

f g

Never 
pregnant

En
do

m
et

riu
m

En
do

ce
rv

ix
Ec

to
ce

rv
ix

Time after pregnancy (years)

0

20

40

60

80

100

C
D

16
1+  (%

)

1+0

Pregnancies

1+0
0

20

40

60

80

100

C
D

16
1+  (%

)

1+0
0

20

40

60

80

100

C
D

16
1+  (%

)

h
Age (years) Age (years)

Age (years) Age (years) Age (years)

Age (years) Age (years) Age (years)

P = 0.029

Fig. 5 | Age and prior pregnancies modify genital ILC subsets distribution.  
a, Spearman correlation of percentage of ILCs in mononuclear cells with age in 
the EM (n = 31), END (n = 21) and ECT (n = 22). b,c, Correlation of percentage of 
ILC1s (b) and ILC3s (c) in each tissue (EM, n = 31; END, n = 20; ECT, n = 22).  
d, Comparison of the percentage of ILCs in mononuclear cells between donors 
with and without prior pregnancies (EM, n = 30; END, n = 21; ETC, n = 21).  
e, Correlation of the percentage of ILCs in mononuclear cells in each tissue 
with time since last pregnancy. f, Correlation of percentage of CD161+ ILCs in 
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ECT, n = 15; never-pregnant: EM, n = 6; END, n = 6; ECT, n = 6). g, Correlation of 
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all correlations; non-parametric Mann–Whitney U-test for comparisons of two 
groups. All tests were two-sided.
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donors in the ECT expressed higher levels of CD161 (Fig. 5h). These 
results show that genital ILCs are modified throughout the lifespan and 
with reproductive function in a compartmentalized manner in the FGT.

ILCs rapidly respond to HIV stimulation with transcriptional 
changes
To define the antiviral potential of genital ILCs, we performed CITE-seq 
on enriched genital mixed-cell suspensions before and after in vitro 
HIV stimulation for 30 min. This approach allowed us to determine 
the single-cell whole transcriptome profile along with surface protein 
expression concurrently immediately following HIV exposure and 
bypass fluorescence-activated cell-sorting, a prolonged process that 
can modify the phenotype of immune cells sensitive to their tissue 
microenvironment34.

To identify ILCs, we selected immune cells (CD45+; encoded by 
PTPRC) and filtered out cells positive for lineage markers based on 
surface protein expression (CD3, CD11b, CD11c, CD14, CD15, CD16 and 
CD19) (Fig. 6a). Within this population, we selected three clusters of 
interest that expressed IL7R for further analysis (clusters 3, 4 and 5)  
(Fig. 6b). We validated our selection by confirming expression of previ-
ously described ILC genes, such as KLRB1, ZNF683 and ITGAE15 (Fig. 6c), 
and exclusion of genes associated with NK cell transcriptional signa-
tures, such as EOMES, NCAM1 and NCR1 (ref. 35), which were enriched in 
IL7R-low clusters (clusters 0, 1, 2, 6; Fig. 6d). This indicated that clusters 
3, 4 and 5 are enriched for helper ILCs, and we proceeded to further 
characterize these ILC-enriched clusters.

We determined that clusters 3, 4 and 5 contained both ILC1 and 
ILC3 signatures (Fig. 6e–h). ILC1-associated genes such as ITGA1, 
ZBTB16, IKZF3 and TBX21 (refs. 14,15) were expressed across the uniform 
manifold approximation and project plot of genital ILCs (Fig. 6e). We 
also identified signature genes of intraepithelial ILC1s, such as PRDM1 
and CD160 (Fig. 6f), previously described in the gut15. ILC3 signature 
genes were also detected throughout (KIT, AHR, CCR6 and LTB)14,15 
(Fig. 6g). Additionally, genital ILCs expressed lymphoic tissue inducer 
(LTi)-associated genes such as GPR183 and NRP1 (refs. 36,37) (Fig. 6h).

To determine whether HIV exposure induces transcriptional 
changes in genital ILCs, we performed differential gene expression 
analysis between control and HIV-stimulated conditions in our ILC 
clusters. We identified genes upregulated and downregulated within 
30 min following HIV exposure (Fig. 6i). Genital ILCs upregulated 
expression of PRIM1 and CXCL8, which are important for cell prolif-
eration and chemoattraction of myeloid cells, respectively. We also 
detected significant upregulation of PLEK (pleckstrin) (Fig. 6j), encod-
ing a substrate for PKC in leukocytes, and an important intermediate in 
the secretion and activation pathways of proinflammatory cytokines 
like TNF and IL-1β38. Consistently, genital ILCs significantly upregulated 
IL1B and TNF, as well as IL1R2, encoding the IL-1 decoy receptor (Fig. 6j). 
Additionally, ILCs upregulated BCL2A1, encoding an anti-apoptotic pro-
tein, and CD52, encoding a surface glycoprotein involved in lymphocyte 
migration and activation. ROMO1, encoding a protein that increases 
reactive oxygen species (ROS), was also upregulated, suggesting ILCs 
respond to HIV through the increase in ROS (Fig. 6j).

We also identified genes downregulated with HIV stimulation 
(Fig. 6k). Genital ILCs downregulated expression of CYGB and RHOBTB3, 
both involved in limiting ROS production (Fig. 6k). Genes involved in 
preventing proliferation (UBA7 and CNOT3) and cell death (NINJ1) were 
also downregulated. DGAT1 expression, involved in the formation of 

lipid droplets responsible for creating an immunosuppressive environ-
ment, was also downregulated (Fig. 6k).

To further understand the overall genital ILC response to HIV, we 
performed Gene Ontology analysis of the statistically significant genes 
(P ≤ 0.05) upregulated after stimulation and expressed in at least 10% 
of cells. Analysis of the upregulated genes, such as IL7R, TNF, NLRP3, 
CD226 and SLC11A1, contributed to a term associated with regulation 
of the adaptive immune response through somatic recombination 
of immune receptors. We detected many pathways associated with 
innate immune processes. Genes like NCKAP1L, IL1B, CXCL8, PDE4B 
and CSF3R contributed to biological processes related to neutrophil 
chemotaxis (Fig. 6l). HCK, IL1B, PDE4B, TNF and TICAM1 were involved in 
the term cellular response to lipopolysaccharide, suggesting potential 
activation of TLR4 by HIV39. We also detected terms associated with cell 
surface signaling, indicating that ILCs are undergoing an immediate 
response to the virus. Additionally, multiple pathways associated with 
ROS production were upregulated in response to HIV (Fig. 6l).

Overall, in response to HIV stimulation, genital ILCs triggered tran-
scriptional signatures involved in inflammatory responses (cytokines 
and ROS), innate immune responses and cell proliferation.

ILCs respond to HIV through cytokine secretion and surface 
receptor modulation
Given that our data demonstrate that ILCs transcriptionally respond to 
HIV, we wanted to characterize the interactions between HIV and ILCs 
and the elicited responses at the protein level. First, we investigated 
HIV receptors. ILCs are not considered HIV-target cells, and whether 
they express HIV receptors is controversial23,40. Our flow cytometry 
analysis (Fig. 2c) demonstrated the presence of CD4+ ILCs in the FGT. 
Therefore, we further investigated HIV receptor expression in genital 
ILCs in a larger cohort. ILCs expressed CD4 at low levels compared to 
CD4+ T cells from the same tissue (Fig. 7a). CD4 expression was enriched 
on ILCs from the END and ECT compared to the EM (Fig. 7a,b) and was 
preferentially expressed on ILC1s (Fig. 7c). CD4+ ILC1s were primarily 
CD161 low or negative (Fig. 7d). To verify our flow cytometry results with 
untouched cells, we investigated CD4 expression through ChipCytom-
etry and identified CD4+ ILC1s in the ECT (Fig. 7e). Evaluation of classical 
co-receptors showed that CCR5 was expressed by a portion of ILCs, with 
no tissue differences, but enriched on ILC1s (Extended Data Fig. 5a). 
By contrast, CXCR4 was broadly expressed in all ILCs and enriched 
in the ECT compared to the EM (Extended Data Fig. 5b). CD4/CCR5 
co-expression is critical for mucosal HIV acquisition41. We detected a 
small percentage of ILCs co-expressing both receptors, primarily in 
END and ECT (Fig. 7f), suggesting potential viral entry through classical 
HIV receptors in a small subset of genital ILCs.

Next, we investigated initial ILC responses to HIV challenge 
(30 min) at the protein level. This time was chosen to reveal immediate 
ILC responses to HIV before viral infection or replication and determine 
whether genital ILCs can use their pre-formed cytokines as a first-line 
defense in antiviral responses.

After HIV challenge, we detected a reduction in intracellular IFNγ 
content together with increased degranulation (CD107a expression) 
in ILC1s (Fig. 7g). Interestingly, these changes were specific to CD161− 
ILC1s, the subset with high intracellular cytokine content at homeo-
stasis (Fig. 3b), but we detected no response in CD161+ ILC1s (Fig. 7g). 
IFNγ intracellular expression in CD161⁻ ILC1s following HIV stimula-
tion decreased by 83.15% relative to control (Extended Data Fig. 5c). 

Fig. 6 | ILCs rapidly respond to HIV stimulation with transcriptional changes. 
a, Representative uniform manifold approximation and projection (UMAP) 
visualization of lineage-negative genital cells. b, UMAP plot of IL7R expression in 
lineage-negative genital cells from the EM, END and ECT. c,d, Gene expression of 
common human ILC (c) and NK-cell-associated genes (d). e–h, Gene expression 
for ILC1 (e), intraepithelial ILC1 (f), ILC3 (g) and LTI-like cells (h). i, Volcano plot 
of differentially expressed genes between control and HIV. Paired comparisons 

were done with the Wilcoxon non-parametric test (two-sided). Red indicates 
P ≤ 0.05. j,k, Transcripts significantly upregulated (j) and downregulated (k) in 
response to HIV in genital ILCs. Red denotes HIV-stimulated; blue represents 
control. All have adjusted P ≤ 0.05. l, Gene Ontology terms from upregulated 
genes (P ≤ 0.05) with HIV stimulation. Fisher’s exact test with false discovery rate 
(FDR) correction. FDR is shown by color; bubble size is the number of genes. n = 3 
tissues (EM, END, ECT).
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Fig. 7 | ILC subsets respond to HIV through cytokine secretion and surface 
receptor alterations. a, Representative contour plot of CD4 expression in  
genital T cells, EM, END and ECT ILCs. b, Percentage of ILCs expressing CD4 for 
each tissue type across all patients (n = 60 tissues: EM, n = 24; END, n = 19;  
ECT, n = 19). c, Percentage of CD4+ ILC1s and ILC3s in each tissue (n = 60 tissues: 
EM, n = 24; END, n = 18; ECT, n = 19). d, Comparison of CD161 MFI between CD4+ 
and CD4− ILCs (n = 60 tissues). e, Representative image of a CD4+ ILC1 in the ECT. 
f, Representative contour plot of CD4 and CCR5 co-expression on ILCs (left) and 
quantification (right) (EM, n = 24; END, n = 24; ECT, n = 19). g, Histogram of IFNγ 
(top) and CD107a (bottom) expression in CD161+ and CD161− ILC1s. Quantification 
of intracellular IFNγ and CD107a in control and HIV-stimulated ILC1s (n = 9). The 
connecting line represents one patient. h, Contour plot showing CD4 and CD107a 
expression in control ILC1s and stimulated with HIV and gp120. Quantification of 
CD4+ ILC1s with and without HIV stimulation (right) (n = 10 tissues). i, Percentage 

of CD161− ILC1s that were CD4+ (left), IFNγ+ (middle) and CD107a+ before and  
after gp120 stimulation (n = 9 tissues) j, Histogram of IL-22 (top) and CD107a 
(bottom) expression in CD161+ and CD161− ILC3s. Quantification of intracellular 
IL-22 and CD107a in control and HIV-stimulated ILC3s (right). The connecting  
line represents one patient (n = 9). k, Contour plot representing CD161 and 
NKp44 expression on endometrial (top left) and ectocervical (bottom left)  
ILC3s stimulated with and without HIV. Percentage of CD161hi (top right) (n = 12 
tissues) and NKp44+ (n = 6 tissues) (bottom right) ILC3s with HIV stimulation.  
l, Percentage of IL-22+ (top) and CD107a+ (bottom) CD161+ ILC3s with and without 
gp120 stimulation (n = 8 tissues). Each dot represents a biological replicate. 
Horizontal lines represent the median ± IQR. Statistical analysis was performed 
using the non-parametric Kruskal–Wallis test (two-sided) with Dunn’s post hoc 
test correction for multiple comparisons. Paired comparisons were done with the 
Wilcoxon non-parametric test (two-sided).

http://www.nature.com/natureimmunology


Nature Immunology | Volume 26 | November 2025 | 2030–2044 2042

Article https://doi.org/10.1038/s41590-025-02285-6

Additionally, granularity of CD161⁻ ILC1s, but not in CD161+ ILC1s, signif-
icantly decreased (measuring side scatter area; Extended Data Fig. 5d), 
suggesting granular release. Furthermore, genital ILC1s downregulated 
CD4 expression after HIV stimulation (Fig. 7h). As a control, genital 
T cells in the same sample did not downregulate CD4 upon 30 min of 
HIV stimulation (Extended Data Fig. 5e). To determine the mechanism 
for viral recognition, we performed stimulations with a CCR5-tropic 
gp120, the HIV glycoprotein that binds to CD4 and CCR5 (ref. 42). Fol-
lowing gp120 stimulation, we observed a significant increase in degran-
ulation (CD107a) in genital CD161− ILC1s, but only a non-significant 
trend for decreased intracellular IFNγ content and no CD4 downregu-
lation (Fig. 7i), suggesting that engagement of HIV receptors on ILC1s 
is only partially responsible for the observed effects.

Next, we evaluated ILC3 responses to HIV. Following HIV stimu-
lation, CD161+ ILC3s decreased intracellular IL-22 content, but not 
CD161− ILC3s (Fig. 7j). CD161⁺ ILC3s exhibited about a 49.4% decrease 
in intracellular IL-22 following HIV stimulation relative to control 
(Extended Data Fig. 5c). In contrast to ILC1s, ILC3s did not increase 
CD107a expression upon HIV stimulation (Fig. 7j), but granularity 
(side scatter area) was reduced in CD161+ ILC3s (Extended Data Fig. 5d), 
suggesting that IL-22 release is independent of CD107a. Additionally, 
we detected CD161 expression downregulation concurrently with 
NKp44 upregulation (Fig. 7k), suggesting a shift towards an activated 
phenotype43. Importantly, stimulation with gp120 did not elicit any 
IL-22 or CD107a responses on ILC3s (Fig. 7l), which lack CD4 expression 
(Fig. 7a). This lack of response suggests that recognition and response 
to HIV by ILC3s is not mediated through classical HIV receptors. Finally, 
we did not detect any changes in intracellular cytokines (IFNγ, IL-22) or 
degranulation (CD107a) in T cells or NK cells from the same samples 
within 30 min (Extended Data Fig. 5f), further emphasizing the signifi-
cance of the prompt response of ILCs to HIV stimulation.

Discussion
We investigated the role of ILCs in human mucosal immunity within the 
FGT. We defined multiple genital ILC subpopulations and unraveled 
previously unknown anatomical compartmentalization of subsets, 
spatial distribution and function. Our study demonstrates constitutive 
production of cytokines and degranulation in a subset-specific and 
tissue-specific manner at homeostasis and demonstrates the ability of 
genital ILCs to respond to HIV challenge immediately upon exposure 
throughout the FGT. These findings uncover critical roles for human 
genital ILCs in controlling mucosal immunity at homeostasis and ini-
tiating antiviral responses following HIV exposure.

The genital mucosa is unique and different from other mucosal sur-
faces owing to the tight, cyclical hormonal regulation of immune cells 
to optimize conditions for reproduction7. Despite the indication from 
a limited number of studies that ILCs may be important for pregnancy, 
ILCs in the female genital mucosa (human and murine) remain vastly 
uncharacterized. In humans, helper ILCs have only been partly char-
acterized in the EM or during pregnancy21,22, but their role in mucosal 
protection during homeostasis and in response to infection throughout 
the FGT is completely unknown. Here we identified two genital ILC1 
subpopulations (CD103+ and CD103−) and three ILC3 subpopulations 
(CCR6+CD103+, CCR6+CD103− and CCR6−) with tissue-dependent adap-
tations. Although CD103+ ILC1s may represent intraepithelial ILC1s as 
described previously in the gut44, genital ILC3s also express high levels 
of CD103 throughout. These data highlight the importance of studying 
each human mucosal site independently, as even within the FGT, ILCs 
possess tissue-specific phenotypes.

In our study, we uncovered that ILC1s and ILC3s constitutively 
produce IFNγ and IL-22, respectively, in the absence of stimulation. This 
production of cytokines seems to be enhanced in the FGT compared to 
other mucosal surfaces, as other studies reporting cytokine production 
by ILCs from lung12, gut13 and tonsil18 required in vitro stimulation to 
detect cytokines. Given that IFNγ and IL-22 are important for antiviral 

responses and epithelial barrier maintenance, our findings suggest 
that genital ILCs are preloaded with cytokines critical to provide an 
antiviral tissue state before pathogen exposure and represent a rapid 
source of cytokines to initiate antiviral responses. We speculate that 
this phenotype may reflect a specialized homeostatic state shaped by 
the unique tissue environment and immunological demands of the FGT, 
which must balance tolerance for sperm and potential embryo implan-
tation with defense against pathogens. This environment is subject to 
repeated microbial, inflammatory and hormonal fluctuations across 
the menstrual cycle, including cyclical changes in estrogen and proges-
terone that are known to modulate immunity and barrier integrity5,7. 
These factors may help maintain a partially activated ILC state that 
supports reproductive capacity while protecting tissue homeostasis. 
Future studies should examine how different hormonal, reproduc-
tive and inflammatory factors influence genital ILCs to determine the 
underlying mechanisms responsible for this ‘primed’ state in the FGT.

Moreover, we identified that CD161 expression was associated 
with high cytokine content in an opposite fashion between ILC1s and 
ILC3s. Although the role of CD161 in ILCs remains unclear, prior studies 
on NK cells indicate that engagement of CD161 with its ligand results 
in inhibited cytotoxicity and IFNγ secretion45. This would fit with our 
finding that CD161− ILC1s have increased production of IFNγ, but how 
CD161 expression influences ILC3 production of IL-22 deserves further 
investigation. Importantly, our findings provide a targetable molecule 
(CD161) to investigate the regulation of cytokine production by genital 
ILCs.

Another finding in our study is the identification of a unique 
LTi-like endometrial ILC3 subset (NKp44+CCR6+CD103−) in adult human 
EM that constitutively degranulates at homeostasis and is located 
within endometrial lymphoid structures, interacting closely with T cells 
and B cells. Interestingly, contrary to our findings, prior studies in 
decidua reported that NKp44− ILC3s were more LTi-like than NKp44+ 
ILC3s21. Unlike other mucosal surfaces, the female genital mucosa 
is not a classical mucosal inductive site, and the majority of T cells 
present are tissue-resident memory phenotype28,29,46. A previous por-
cine study has suggested that engagement of the natural cytotoxicity 
receptor NKp44 can lead to degranulation47. Location within lymphoid 
aggregates paired with constitutive degranulation selectively in the 
EM suggests that endometrial NKp44+ ILC3s are degranulating within 
lymphoid aggregates after engagement of ligands on T cells and B cells, 
potentially to control their function. It remains to be determined what 
NKp44+ ILC3s release through the CD107a-mediated degranulation 
pathway. Prior studies described lymphoid aggregate structures in 
the EM composed of B cells and memory T cells that cyclically develop 
during the menstrual cycle48. Whether sex hormones control NKp44+ 
ILC3s to drive the formation and disassembly of lymphoid aggregates 
warrants further investigation. The presence of NKp44+ ILC3s in these 
lymphoid aggregates, along with their degranulation capabilities, 
highlights their potential role in orchestrating immune responses 
outside of conventional cytokine secretion.

Interestingly, our analysis revealed changes in ILC diversity with 
age and prior pregnancies. These data support prior studies pointing to 
the involvement of ILCs in reproduction21,22, but our study adds a level 
of complexity by uncovering dynamic changes in the human endome-
trial immune environment between pregnancies. Age and reproduc-
tive history represent a source of inter-individual variability that may 
influence the functional properties of genital ILCs under homeostasis 
and in response to pathogens, with potential consequences for innate 
mucosal protection and susceptibility to infections. Future studies 
need to determine whether sex hormones or specific tissue factors 
induced during pregnancy influence ILC plasticity.

Given that the initial immune responses triggered immediately 
after mucosal HIV exposure cannot be dissected in vivo, we investigated 
these responses using an in vitro model of mucosal HIV acquisition. 
Although ILCs have been studied in chronic HIV infection (in blood, gut 
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and tonsils)18,23,24, their potential involvement during initial mucosal 
exposure has not been investigated. Our study provides evidence 
that ILCs respond to HIV immediately after stimulation and represent 
a rapid source of effector cytokines in the FGT, a major portal of entry 
for HIV acquisition. Importantly, CD161 expression was a predictor of 
cytokine secretion by ILCs preloaded at homeostasis. IFNγ could have 
antiviral actions at multiple levels, including downregulation of CD4 
to inhibit HIV entry into cells49. Paired with our imaging evidence that 
ILC1s are tightly associated with T cells in the genital mucosa, IFNγ 
production by ILC1s may protect T cells from infection. However, we 
also observed rapid CD4 downregulation on ILC1s following HIV stimu-
lation, which could suggest viral internalization and susceptibility to 
infection. Whether ILC1s are targets for viral infection and replication 
remains controversial23,40 and deserves further investigation, as they 
may represent previously unrecognized targets for HIV acquisition. 
Additionally, although ILC3s did not express classical HIV receptors, 
we detected antiviral responses with a rapid switch from a homeostatic 
CD161+ phenotype to an activated NKp44+ phenotype. Interestingly, in 
chronically simian immunodeficiency virus-infected animals, NKp44+ 
ILCs negatively correlated with viral load, suggesting a protective effect 
of NCR+ ILCs50,51.

As our HIV stimulation assays were performed in the context of 
mixed-cell suspensions to mimic the mucosal environment, it remains 
undetermined whether genital ILCs directly recognize and respond 
to HIV or indirectly respond to inflammatory signals and secreted 
molecules from surrounding cells. Our attempts to purify genital 
ILCs resulted in low cell numbers, low viability, impure populations 
and artificial activation, as determined by increased CD107a expres-
sion and decreased intracellular cytokine content after the selection 
process. These technical issues represent a limitation of our study 
that prevented us from directly addressing this question and need to 
be overcome in future studies to obtain pure populations that accu-
rately represent the functional state of ILCs in genital tissues. However, 
regardless of whether the response is direct or indirect, our study dem-
onstrates that ILCs present in the genital mucosa are rapid responders 
following mucosal HIV exposure. Furthermore, although we speculate 
that ILC-mediated IFNγ and IL-22 responses could have a protective role, 
the biological role of this response for mucosal protection against HIV 
in vivo remains to be determined.

Overall, we demonstrate unique plasticity, location and functional 
roles for ILCs in the FGT at homeostasis, along with their ability to 
immediately respond to HIV challenge. These insights and our detailed 
phenotypic analysis pave the way for future research into the role of 
ILCs in human mucosal immunity and their potential involvement in 
HIV pathogenesis.
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Methods
Study subjects
Studies were performed with Tufts University and Wayne State Uni-
versity Institutional Review Board approval. HIV-negative women 
undergoing hysterectomies for benign conditions at Tufts Medical 
Center or Detroit Medical Center gave written informed consent before 
surgery. Approval to use tissues was obtained from the Committee 
for the Protection of Human Subjects. Hysterectomy samples from 
three patients were obtained through the National Disease Research 
Interchange. Tissue samples distal from the sites of pathology and with-
out pathological lesions were selected by pathologists. De-identified 
information about age, surgery indication, menstrual or menopausal 
status and reproductive history was collected. For patients obtained 
through the National Disease Research Interchange, only information 
about age was available. General characteristics of the patients are 
shown in Supplementary Table 1.

Tissue processing
Tissues obtained from hysterectomies included EM, END and ECT (n = 110 
tissues from n = 46 patients) and were transferred to the laboratory imme-
diately after surgery. Tissues were processed to obtain stromal mixed-cell 
suspensions with optimized protocols to preserve tissue intrinsic features 
of resident cells, as previously described4,8. In brief, enzymatic digestion 
was performed in a gentleMACS Dissociator (Miltenyi Biotec) using the 
Tumor Dissociation Kit, Human (Miltenyi Biotec) and 0.01% DNase (Wor-
thington Biochemical). After digestion, the tissues were filtered through 
100 μm, 70 μm and 30 μm filters (MACS SmartStrainers; Miltenyi Biotec) 
to separate epithelial cells from stromal cells. Cell suspensions then 
underwent red blood cell removal using human CD235a (Glycophorin 
A) MicroBeads (Miltenyi Biotec). Mixed-cell suspensions were used for 
high-dimensional spectral flow cytometry analysis.

Flow cytometry analysis
Mixed-cell suspensions were stained for surface markers with combi-
nations of anti-human antibodies shown in Supplementary Table 2. 
Dead cells were excluded with the LIVE/DEAD Fixable Blue Dead Cell 
Stain Kit (Invitrogen). Following surface marker staining, intracellular 
staining was performed by washing, fixing and permeabilizing cells 
(20 min), following instructions provided in the Cytofix/Cytoperm 
Plus kit (BD Biosciences), and then staining for intracellular cytokines 
for 30 min. For samples that underwent transcription factor staining, 
after surface staining, cells were fixed and permeabilized using the 
eBioscience Foxp3/Transcription Factor Staining Kit and stained for 
transcription factors for 30 min. Analysis was performed on a spectral 
flow cytometer, the five-laser Aurora cytometer (Cytek Biosciences) 
or the three-laser Northern Lights (Cytek Biosciences). Data were 
analyzed with OMIQ software (www.omiq.ai). Expression of surface 
markers is shown as a percentage of positive cells and the mean fluo-
rescence intensity. The fluorescence-minus-one strategy was used to 
establish appropriate gates. Unsupervised clustering analysis was per-
formed using OMIQ software (www.omiq.ai). Data from three patients 
with matching FGT tissues (EM, END and ECT) were manually gated 
as shown in Fig. 1a to identify total ILCs (lineage-negative CD127+). 
Then, opt-SNE52, a dimensionality reduction method, was applied for 
visualization, followed by FlowSOM53, a clustering algorithm to define 
genital ILC clusters based on marker expression.

Flow cytometry-based cytokine secretion assay
Secretion of IL-22 was determined using the flow-cytometry-based IL-22 
Secretion Assay–Detection Kit (PE) (Miltenyi). The kit was used accord-
ing to the manufacturer’s instructions with modifications. Mixed-cell 
suspensions were generated and incubated on ice with the IL-22 catch 
reagent. After 5 min, the CD45 Spark NIR 685 antibody was added to the 
mixed-cell suspension, and cells were diluted in warm media as recom-
mended. Cells were then stimulated with the Cell Activation Cocktail 

without Brefeldin A (a pre-mixed cocktail with PMA and ionomycin) 
(BioLegend) according to the manufacturer’s instructions. CD107a 
antibody was added, and the cells were incubated for 1 h at 37 °C with 
slow rotation as recommended. After 1 h, cells were washed according 
to the manufacturer’s instructions and incubated with the IL-22 detec-
tion antibody for 10 min as recommended. After 10 min, cells were 
labeled with the LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invitrogen) 
and incubated with antibodies for cell surface markers to detect ILCs 
as detailed in the ‘Flow cytometry analysis’ section.

ChipCytometry
The CellScape Precise Spatial Multiplexing platform was used for 
automated tissue staining and imaging (Canopy Biosciences, A Bruker 
Company). Tissues were fresh-frozen in OCT and sectioned before 
staining. In brief, tissue sections were loaded into CellScape Chips 
following the manufacturer’s instructions. Tissues were stained with 
two to three fluorescently labeled antibodies at a time, followed by 
high-dynamic-range image acquisition of each fluorophore at a reso-
lution of 182 nm per pixel. Fluorescent signal from all fluorophores 
was quenched through filtered photobleaching. Tissues were then 
washed with wash buffer and subjected to additional rounds of stain-
ing, imaging and photobleaching until all markers were completed. The 
antibodies used for staining are shown in Supplementary Table 3. Quan-
tification of the ILC3 subset location was done by selecting regions 
of interest in which ILC3s were present, and either contained lym-
phoid aggregates or did not. For ILC1 subset location quantification, 
regions of interest were categorized as intraepithelial, subepithelial or 
deeper tissue, and the presence of different ILC1 subsets was compared 
between these regions. The number of cells per area was counted. Areas 
with no detected ILCs were assigned an arbitrary value of 0.1 (instead 
of 0) to allow representation on a log scale.

HIV viral growth
HIV-1-BaL (R5) isolates were acquired from the AIDS Research and 
Reference Reagent Program at the Division of AIDS, National Institute 
of Allergy and Infectious Diseases, National Institutes of Health, with 
contributions from S. Gartner, M. Popovic and R. Gallo54, and were 
propagated in activated peripheral blood mononuclear cells as previ-
ously described55.

HIV and gp120 stimulation
For in vitro HIV-stimulation experiments, mixed-cell suspensions were 
stimulated with HIV-1 BaL for 30 min at a multiplicity of infection of 
0.5, after which residual virus was washed away. After washing, cells 
were stained for surface markers as indicated, followed by fixation and 
permeabilization (as described in the ‘Flow cytometry analysis’ section) 
and intracellular cytokine staining for 30 min. Data were acquired with 
the five-laser Aurora (Cytek Biosciences) or the three-laser Northern 
Lights (Cytek Biosciences). Stimulation with Recombinant BaL gp120 
(National Institutes of Health HIV Reagent Program, cat. no. 4961) at 
1 µg ml−1 was performed using the same methods as described above.

Sample preparation for multi-omic single-cell RNA 
sequencing with HIV stimulation
Single-cell transcriptome and surface antibody sequencing was per-
formed using the BD Rhapsody platform. Mixed single-cell suspensions 
from hysterectomy samples obtained from three genital tissues (EM, 
END and ECT) were enriched for innate immune cells by magnetic bead 
removal of CD3+, CD19+, CD235a+ red blood cells and fibroblasts as 
previously described8. Cells were incubated with HIV-BaL (multiplic-
ity of infection, 0.5) in XVIVO-15 or media alone for 30 min. Cells were 
washed to remove free virus and then incubated with oligo-conjugated 
antibodies (Supplementary Table 4) and barcoded sample tags. Cells 
were then washed twice in MACS buffer to remove unbound antibod-
ies and sample tags. Cells were counted and loaded onto separate 
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BD Rhapsody cartridges according to condition (HIV-stimulated or 
unstimulated controls). Next, polyA tail capture beads with unique 
molecular identifier barcodes were added to the microwells, followed 
by a lysis step to extract cellular RNA. Sequencing libraries were then 
created according to the manufacturer’s instructions.

Single-cell CITE-seq analysis
FASTQ files with unaligned reads were produced using the 
NovaSeq6000 instrument. Gene counts were obtained by aligning 
and annotating the reads to the human genome. Downstream analyses 
were accomplished using the Seurat R software package (v.5.1; http://
satijalab.org/seurat). After filtering out cells with a high mitochondrial 
content and low number of features, we performed scaling and normali-
zation using the SCTransform algorithm. Principal component analysis 
was used to reduce the dimensionality of the data. Uniform manifold 
approximation and projection was used for visualization. To identify 
genital ILCs, we filtered out cells with elevated expression of CD3, CD19, 
CD11b, CD11c, CD16, CD14 and CD15 surface proteins. Next, we identi-
fied ILC-enriched cell clusters through IL7R expression. Differentially 
expressed genes were identified from control and HIV-stimulated cells 
using the ‘FindMarkers’ function, considering genes that were found 
in at least 10% of the cells for at least one condition. Gene Ontology 
biological processes were produced with the Gene Ontology resource 
(https://geneontology.org) using a gene list of upregulated genes 
(P ≤ 0.05) with HIV stimulation, and pathways with a false discovery 
rate of ≤0.05 were chosen for visualization.

Statistics
Data analysis was performed using the GraphPad Prism 9.0 software. 
Comparison of two groups was performed with the non-parametric 
Mann–Whitney U-test or Wilcoxon paired test. Comparison of three or 
more groups was performed by applying the non-parametric Kruskal–
Wallis test followed by Dunn’s post hoc test to correct for multiple 
comparisons. A two-sided P value of <0.05 was considered statistically 
significant; exact P values are provided on the figures.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
CITE-seq data have been deposited in the NCBI Gene Expression Omni-
bus repository under accession number GSE279775. Source data are 
provided with this paper.

Code availability
No custom code was generated in this study.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Genital helper ILCs are distinct from NK cells.  
(a) Contour plot of CD335 expression in ILCs (left) and NK cells (right).  
(b) Contour plot of CD94 expression vs CD127 expression in lineage negative 
cells. (c) Contour plot of CD56 expression in lineage negative cells (left) with 
CD94 expression overlayed in color (middle). Quantification of CD94+ Lineage 
negative CD56 + CD127- cells and ILCs (right) (n = 6 tissues). (d) Quantification 
of percent of ILCs expressing CD56 (left). Percent of CD56 + ILC1s and ILC3s 
across tissues (right). EM = 22, END = 15, ECT = 16. (e) Contour plots of CD203c 
expression in each tissue comparing total CD45+ (top) and genital ILCs (bottom). 
Quantification of CD203c expression in CD45+ and ILCs (right) (n = 9 tissues). 
(f) Contour plot of cells expressing CD34 in total CD45- (top) and genital ILCs 
(bottom) (n = 6). (g) Contour plots depicting percentage of CD123 expression 
in total CD45+ lineage- but including CD11c+ cells (left) and CD45+ lineage- 

CD11c- cells (middle). Quantification of CD123 expression (right) (n = 3 tissues) 
(h) Representative contour plot depicting CD294 and CD4 expression in CD3+ 
cells (left) and ILCs (right). Percent of CD294 + T-cells (CD3+) in different donors 
(n = 43 tissues). (i) CD127 MFI comparison between ILC1s and ILC3s in all tissues. 
(n = 56 tissues). (j) Representative contour plot of IL-5 (left), IL-17 (middle), and 
IL-13 (right) expression in genital ILCs. (k) Contour plot of Granulysin expression 
in genital ILCs (left) and NK cells (right) (n = 56 tissues). Each dot represents a 
biological replicate. Horizontal lines represent the median ± IQR. Statistical 
analysis was performed using the non-parametric Kruskal–Wallis test (two-sided) 
with Dunn’s post-test correction for multiple comparisons. Paired comparisons 
were done with the Wilcoxon non-parametric test. *P < 0.05; **P < 0.01; 
****P < 0.0001.
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Extended Data Fig. 2 | Genital ILCs exhibit tissue- and patient-dependent 
protein expression differences. (a) opt-SNE plots on concatenated total ILCs 
from 3 matched patients’ endometrium, endocervix, and ectocervix samples 
stratified by patient. (b) FlowSOM clustering analysis overlayed onto the opt-SNE 
plot with ten distinct clusters with matched ILC subset type. (c) Heatmap of the 

ten distinct clusters (rows) depicting the markers of interest with their relative 
expression values (red is high expression, blue is low). (d) MFI of CD107a (top), 
IL-22 (middle), and IFN-y (bottom) by cluster. Shapes indicate tissue type, while 
color indicates patient. (e) Dot plot with an FMO (left) used to show detection of 
CCR6 in CD45+ genital cells (right).
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Extended Data Fig. 3 | Functionality of ILC subsets. (a) Contour plots depicting 
IFN-y expression in CD103+ (left) and CD103- (right) ILC1s. (b) Contour plots of 
IFN-y expression in CD161+ and CD161- ILC1s. (c) Contour plots of IL-22 expression 
in the three distinct ILC3 subsets, CCR6 + CD103-, CCR6 + CD103+, and CCR6-. 
(d) Contour plot of IL-22 expression in CD161+ and CD161- ILC3s. (e) Contour 
plot of CD107a expression in three ILC3 subsets and ILC1s. (f) Lack of correlation 

between percentage of IFN-y + ILC1s and IL-22 + ILC3s (top) (n = 32 tissues); 
endometrial CD107a + ILC3s and IL-22 + ILC3s (middle) (n = 11 tissues); and 
endometrial CD107a + ILC3s and IFN-y + ILC1s (bottom) (n = 11 tissues). Each dot 
represents one patient with both values. Spearman rank test (two-sided)  
for all correlations.
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Extended Data Fig. 4 | Quantification of genital ILCs with ChipCytometry.  
(a) Representative fluorescent images depicting lineage markers and ILC markers 
to identify ILCs. (b) Representative example of selected regions of interest  
(ROI) for quantification of ILC3s in the endometrium according to location  
within lymphoid aggregates or outside lymphoid aggregates. Yellow depicts a  

representative ROI with a LA (lymphoid aggregate) and red depicts represen
tative regions without lymphoid aggregates (non-LA). (c) Representative 
example of selected ROI in ectocervix for ILC1 quantification. Yellow depicts 
intraepithelial, red subepithelial, and white deeper tissue ROIs.
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Extended Data Fig. 5 | Genital ILCs respond to HIV. (a) Contour plot of CCR5 
expression in a fluorescent-minus-one (FMO), and genital ILCs (top). Percent 
of genital ILCs expressing CCR5 (bottom left), and percent of ILC1s and ILC3s 
expressing CCR5 (bottom right). EM (n = 17), END (n = 14), ECT (n = 15).  
(b) Contour plot of CXCR4 expression in T-cells and genital ILCs (top). Percent 
of genital ILCs expressing CXCR4 (bottom left), and percent of ILC1s and ILC3s 
expressing CXCR4 (bottom right). EM (n = 22), END (n = 17), ECT (n = 21). (c) Fold 
change in intracellular IFN-γ expression in CD161⁻ ILC1s (left) and IL-22 expression 
in CD161⁺ ILC3s (right) following HIV stimulation, normalized to their respective 
unstimulated controls (set to 1). Each line represents a matched individual tissue. 

Horizontal lines indicate the mean. Statistical significance was assessed using 
a one-sample Wilcoxon rank test. (d) Side scatter area comparison between 
control and HIV stimulated CD161+/- ILC1s and CD161+/- ILC3s. (n = 9 tissues) 
(e) CD4 and CD107a expression on CD3+ cells before and after HIV and gp120 
stimulation. (f) Percent of IFN-y+ (left), IL-22+ (middle), and CD107a+ (right) NK 
cells (CD56 + CD127-) and T-cells (CD3+) with (white) and without (black) HIV 
stimulation. Wilcoxon test (two-sided). Each dot represents a patient (n = 9). 
Horizontal lines represent the median ± IQR. Statistical analysis was performed 
using the non-parametric Kruskal–Wallis test (two-sided) with Dunn’s post-test 
correction for multiple comparisons. *P < 0.05; **P < 0.01.
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