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Introduction: Hepatitis C virus (HCV) infection remains a leading cause of
morbidity and mortality in people with human immunodeficiency virus (HIV).
Liver fibrosis progression is more rapid in people with HIV/HCV coinfection
compared to HCV monoinfection and the rate of resolution of liver fibrosis after
HCV cure is unknown in people with HIV. Invariant natural killer T (iNKT) cells are
enriched in the liver and play important roles in initiating immune responses to
hepatotropic pathogens and promoting healing following injury. It was recently
reported that the pro-healing CD4+ iNKT cells are preferentially infected and
depleted in early HIV infection, but this effect on HCV-related liver disease
outcomes is unclear.

Methods: Here we examined and compared peripheral blood iNKT cells from
people with HIV/HCV coinfection and people with HIV and HCV monoinfection
or no infection (controls). We evaluated the iNKT cells’ expansion potential and
phenotype using an unbiased Uniform Manifold Approximation and Projection
(UMAP) and clustering based approach.

Results: We observed that circulating iNKT cells from people with HIV and HIV/
HCV coinfection have impaired expansion to T-cell receptor (TCR) stimulation.
We also observed an enrichment of the CD8+ and CD57+ iNKT subsets, which
are thought to represent terminally differentiated iINKT cells. HCV monoinfection
on the other hand minimally impacted iINKT phenotypes compared to controls.

Discussion: The changes observed in iINKT phenotype and proliferative ability in
people with HIV/HCV coinfection suggest an impairment that may be
contributing to the enhanced pathogenesis during coinfection and could
inform novel therapeutic approaches.

KEYWORDS

HIV, iNKT, HCV, HIV/HCV coinfection, flow cytometry

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1469473/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1469473/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1469473/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1469473/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1469473&domain=pdf&date_stamp=2025-04-22
mailto:guido.ferrari@duke.edu
mailto:susanna.naggie@duke.edu
https://doi.org/10.3389/fimmu.2025.1469473
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1469473
https://www.frontiersin.org/journals/immunology

Nettere et al.

Introduction

Invariant natural killer T (iNKT) cells represent a low-
frequency type of alpha-beta T cell that can robustly respond to
pathogens without initial priming (1). iNKT cells have a fixed V(D)]
rearrangement of Vo24-Jol8 in human with restricted B-chain
usage, most commonly VB11 (2). This T-cell receptor (TCR) does
not recognize peptides presented in major histocompatibility
complex (MHC) I or II but rather recognizes glycolipids
presented in CDI1d, an MHC-like molecule expressed by
hepatocytes and several other antigen-presenting cells (3, 4). In
humans, the frequency of iNKT cells among circulating
lymphocytes is small, ranging from 0.1% to 0.5%, whereas their
frequency is 10-fold higher in the liver (range 1%-5%) (5). Their
enrichment in tissues, especially the liver, places them at an
important interface for liver-associated pathogens. In response to
pathogens and lipid dysregulation, iNKT cells can rapidly recognize
glycolipids in CD1d and generate a cytokine-mediated cytotoxic
response. The differentiation stages of iNKT cells can be defined
based on the expression of CD4 and CD8 markers. CD4+/CD8-
iNKT cells represent a naive/early subset, double-negative iNKT
cells are a more mature effector cell, and CD4-/CD8+ are thought
to be terminally differentiated effectors (6). The CD4+ iNKT cells
are thought to recruit monocytes via IL-4 and IL-13 secretion for
liver repair following injury, whereas the CD8+ iNKT cells are
thought to participate more in proinflammatory and antipathogen
responses, although these divisions are not fully established (7, 8).

Our understanding of the role of iNKT in human disease is
rather limited because of the low circulating frequency in the
periphery, which often requires the collection of large volumes of
blood to meaningfully evaluate this population. iNKT cells are
known to expand in acute hepatitis C virus (HCV) infection, and
humanized mouse models have suggested that they play a protective
role in acute HCV infection (9-12). However, they have also been
implicated in promoting the pathogenesis of several fibrinogenic
liver diseases including metabolic dysfunction-associated
steatohepatitis (MASH) and metabolic dysfunction-associated
steatotic liver disease (MASLD) through chronic inflammation (5,
13-17). CD4+ iNKT cells are highly susceptible to human
immunodeficiency virus (HIV) infection and are rapidly depleted
in acute infection (18-21); however, it is unknown to what degree
antiretroviral therapy (ART) aids their restoration.

Liver disease, especially viral-associated liver disease, is a major
cause of morbidity and mortality in people with HIV (PWH) (22).
PWH have worse liver-related outcomes with HCV infection
compared to those without HIV, even with viral suppression on
ART (23, 24). We hypothesized that HIV infection alters both the
circulating and tissue-resident iNKT compartment and may enhance
HCV pathogenesis. To address a fundamental question of how iNKT
cells are impacted by HIV and HCV viral infections, with particular
interest in the role of coinfection, we collected peripheral blood
samples from people with HIV, HCV, and HIV/HCV and assessed
the phenotype of these cells and their ability to expand in response to
stimulation with their cognate ligand. We performed our analyses
using an unbiased Uniform Manifold Approximation and Projection
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(UMAP)-based approach for various iNKT surface markers that
reflect their activation, maturation, and terminal differentiation. We
observed that HIV and HIV/HCV coinfection was associated with
major shifts in the circulating iNKT compartment and decreased the
ability of these cells to expand to stimulation. We concluded that HIV
infection significantly alters the circulating iNKT compartment
toward TCR downregulation, terminal differentiation, and
replicative senescence. We believe that this may reflect the ability of
tissue-resident iNKT cells to engage and respond to HCV-infected
hepatocytes and promote healing following injury.

Materials and methods
Participant information

This is a prospective cohort study in which adult patients (>18
years of age) with HIV/HCV coinfection and HIV or HCV
monoinfection were identified from the Duke Infectious Diseases
Clinic and approached for interest in participating in the study and,
if interested, completed an informed consent process. Volunteers
without HIV or HCV were also recruited through the Duke Clinical
Research Volunteer Registry to serve as a control population. The
proposed research was approved by the Duke Institutional
Review Board.

The study population inclusion criteria included CD4 > 350
cells/mL and HIV viral suppression on ART for >1 year for the
people with HIV infection and evidence of HCV viremia with either
qualitative or quantitative HCV RNA PCR documented in the
electronic health record and no history of HCV cure for people
with HCV infection. Exclusion criteria included active hepatitis B
virus (HBV) infection (defined as detectable HBV surface antigen),
other active viral infection, and receipt of any medication that alters
the immune system including chemotherapy, immunosuppressants,
and immunomodulatory agents.

After the provision of informed consent, participants’ whole
blood was collected by venipuncture, and minimal clinical
information was collected including demographics, most recent
CD4 count and HIV viral load, and ART regimen.

Cell preparation and stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood, processed using standard Ficoll gradient
separation, and cryopreserved in liquid nitrogen within 8 hours
from collection. Cells were thawed with warmed Roswell Park
Memorial Institute (RPMI) supplemented with 10% Fetal Bovine
Serum (FBS) and penicillin, streptomycin, gentamicin, and L-
glutamine (complete media) and resuspended at 10 (6)/mL. Cells
were rested overnight in complete media (resting), or stimulated for
2 weeks with 50 U/mL IL-2 (unstimulated) or 2 weeks with 50 U/
mL IL-2 and 100 ng/mL of alpha-galactosylceramide (alpha-gal),
and cultured for 2 weeks at 37°C and 5% CO,. The culture medium
was replaced every 3-4 days for the duration of the experiments.
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Flow cytometry staining and acquisition

After either overnight or 2 weeks of incubation, cells were
resuspended and transferred to 5-mL Fluorescence activated cell
sorting (FACS) tubes. Cells were pelleted at 500 g for 5 minutes and
then washed with Dulbecco's Phosphate-Buffered Saline (DPBS)
twice before viability staining with a commercially available viability
dye (LIVE/DEAD Fixable Aqua Dead Cell Stain 1:800 dilution;
Invitrogen, Carlsbad, CA, USA; cat L34957). After two washes with
DPBS with 1% FBS, the cells were stained for 30 minutes at room
temperature with the following commercially available antibodies
and CD1d dextramer: CD57 BV421 (BD, San Jose, CA, USA; cat
564896), CD4 BV605 (BioLegend, San Diego, CA, USA; cat
317438), CD8 BV650 (BioLegend; cat 201041), V11 FITC
(BioLegend; cat 125905), CD1d phycoerythrin (PE) (Immudex,
Copenhagen, Denmark; cat XD8002), CD45Ro PE-TR (Beckman
Coulter, Brea, CA, USA; cat IM2712U), HLA-DR PerCP Cy5.5
(BioLegend; cat 307629), CD27 PeCy5 (eBioscience, San Diego, CA,
USA; cat 15-0279-42), V024 PeCy7 (Beckman Coulter; cat
A66907), CD38 AF700 (BioLegend; cat 303524), Vo24-Jal8 APC
(BioLegend; cat 342908), and CD3 APC-H7 (BD; cat 560176). Cells
were then washed twice with DPBS with 1% FBS, fixed with 1%
paraformaldehyde, and acquired using LSRII Fortessa within 24
hours. Flow cytometry gates were identified using concatenated
sample files, and phenotype analysis was conducted on populations
with 30 events or greater.

FlowKit and statistical analysis

Sample data were compensated and preprocessed in FlowJo
(10.10.0), and events in the iNKT gate were exported for

TABLE 1 Patient characteristics.
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downstream processing as FCS files. FCS files were read using the
FlowKit Python package (25), and event data were combined into a
single data frame with columns for groups (HCV, HIV, or HIV/
HCV), stimulation conditions (resting, unstimulated, and alpha-
gal), and scatter and fluorescent channels. Controls were not used
for UMAP projection due to a multiyear delay in collection to
prevent a batch effect. For visualization, UMAP (26) was used for
dimension reduction using the UMAP-learn package. Spectral
clustering on scaled event data was performed using the Leiden
algorithm (27) as implemented in the PhenoGraph package (28).
For reproducibility, a Jupyter notebook and the data necessary to
replicate FlowKit-generated figures in the manuscript were held in
the Ferrari-Pollara server according to Duke institutional
requirements and can be accessed upon request from the
administrators. Mean differences in surface expression of markers
and frequency were compared using paired Mann-Whitney U tests
with a Bonferroni correction.

Results
Study population

Twenty-six participants (HIV/HCV, n = 7; HIV, n = 7; HCV,
n = 6; control, n = 6) provided consent and were enrolled in this
prospective cohort study. The mean age was 51 (42-60) with 53.8%
(14/26) male and 84.6% (22/26) identified as Black/African
American (Table 1). For the people with HIV and HIV/HCV, the
mean CD4 was 746.7 (SD = 287), and ART regimens included 100%
nucleoside reverse transcriptase inhibitors (NRTIs), 7.1% non-
nucleoside reverse transcriptase inhibitors (NNRTIs), 35.7%
protease inhibitors (PIs), 35.7% integrase inhibitors (IIs), and

HIV HCV HIV/HCV Control
Number of participants (N) 7 6 7 6
Mean Age (range) 53 (42-59) 53 (45-60) 52 (45-60) 46 (42-51)
% Male 85.7% 33.3% 57.1% 33.3%
% Black 85.7% 66.6% 100% 83.3%

HIV VL < 20 ¢/mL 100%

100%

CD4 count 801.4 (530-1,274) 692 (413-1,264)
FIB-4 2.08 (1.05-2.72) 2.98 (1.36-8.58)
NRTI 100% 100%
NNRTI 0% 14.2%
PI 28.5% 42.9%
1I 42.9% 28.5%
Cocktail 57.1% 57.1%

HCYV, hepatitis C virus; FIB-4, fibrosis-4; NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor; PI, protease inhibitor; II, integrase inhibitor.
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57.1% cocktail. The median fibrosis (FIB)-4 for people with HCV
and HIV/HCV was 2.08 (1.05-2.72) and 2.98 (1.36-
8.58), respectively.

iINKT cells are present in lower frequency
and demonstrate impaired expansion to
TCR agonism in the setting of HIV and HIV/
HCV coinfection

We assessed the frequency and phenotype of circulating iNKT
in all participants. To identify the iNKT cells in the PBMC
compartment, we utilized the strategy described in Figure 1A by
gating on live and CD3+ cells that bound a CD1d-alpha-
galceramine dextramer conjugated to PE. We assessed the
frequency and differentiation stages of iNKT cells in three
conditions: after overnight rest, after a 2-week culture with IL-2,

10.3389/fimmu.2025.1469473

and after a 2-week culture with IL-2 and alpha-gal, a TCR agonist
for iNKT cells (Figure 1B). We observed that people with HIV and
HIV/HCV had lower circulating frequencies of iNKT cells after
overnight rest (Figure 1C). Moreover, the frequency of the iNKT
cells in people with HIV and HIV/HCV only expanded an average
of 1.6- and 2.4-fold, respectively (overall range 0.16-9-fold), after
stimulation and in vitro culture compared to the 15.66- and 103-
fold average, respectively (overall range 1.9-181-fold), observed in
the people with HCV and the control group.

iNKT cells from people with HIV, HCV, and
HIV/HCV express distinct differentiation
markers

Focusing on only cells that bound CD1d, we used a Python-
based flow cytometry analysis platform, FlowKit, to evaluate the
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Methods overview and iNKT cell frequencies. (A) Identification of INKT cells with CD1d dextramer loaded with alpha-gal. iNKT cells were identified as live
T cells that bound the CD1d dextramer. (B) Patient samples were analyzed at fresh thaw (Resting), 2 weeks cultured with media alone (Unstimulated), or
cultured 2 weeks in alpha-gal (Alpha-Gal). (C) iINKT cells from people living without HCV or HIV and people living with HCV monoinfection had higher
resting frequencies and higher frequencies upon alpha-gal expansion than those from people living with HIV (Mann—-Whitney U with Bonferroni
correction, *p < 0.5, ** p < 0.01). iNKT, invariant natural killer T; alpha-gal, alpha-galactosylceramide; HCV, hepatitis C virus.
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phenotypes of cells from the three cohorts and three stimulation
conditions with chronic infection based on the expression of the
lineage, differentiation, and activation markers using unsupervised
Leiden clustering. As reported with the UMAP in Figure 2, we
identified 10 distinct clusters based on phenotypes of these cells
(Figure 2A). After subdividing the clusters based on disease state, it
became apparent that the cells of people from HCV clustered
separately from those with HIV and HIV/HCV (Figure 2B). The
evaluation of the distribution among stimulation conditions
revealed that resting and unstimulated cells clustered separately
from alpha-gal-stimulated cells in samples from people with HCV,
while in samples from PWH, resting, unstimulated, and alpha-gal
expanded iNKT cells clustered similarly (Figure 2B).

iNKT cells from people with HIV and HIV/
HCV are more likely to be CD8+ and CD57
+ and have downregulated TCRs
compared to those with HCV and controls

The relative expression levels of 10 markers selected to reflect
maturation and activation state as well as TCR expression levels
within each cluster are reported in Figure 3A. The CD4+ CD8- cells
represent the early/naive iNKT cells, double negative represents the
effector, and CD8 single positive represents terminal differentiation.
CD57 is a marker for exhaustion and terminal differentiation, and
Va4, VP11, and Vo24-Jol8 (Jal8) represent the individual TCR
chains and the rearranged TCR. CD38 and HLA-DR are markers of
activation, and CD27 in combination with CD45RO defines central

HCV D

10.3389/fimmu.2025.1469473

memory (CD45RO+ CD27+), effector memory (CD45RO+ CD27
-), and naive/early (CD45RO— CD27+) sets for conventional T
cells. We next investigated the distribution of phenotypes among
disease states and stimulation conditions (Figure 3B). For HIV in
the resting condition, 40.7% of the cells belonged to cluster 1, which
was defined by CD8 single positivity. In contrast, for HCV in resting
condition, the majority (67.5%) of cells were grouped in cluster 5,
which was characterized by CD4 dim, CD8-. The HIV/HCV
coinfection cohort in resting condition was much more similar to
the HIV monoinfection cohort. In the HIV and HIV/HCV cohorts
in the resting state, there was also a significant contribution of
clusters 2 and 8. Cluster 8 was defined by very high CD57
expression, which was only minimally represented in HCV
monoinfection. The unstimulated conditions between the three
cohorts with chronic infection largely looked like their
corresponding resting conditions but with the expansion of
populations 3 and 6, which correspond to resting cells as well.
The most significant differences between cohorts were observed
in the alpha-gal-stimulated condition. For people with HCV, there
was a large shift in the distribution of cells from cluster 5 to clusters
0,4, and 7 (37.2%, 19.5%, and 13.7%, respectively). Clusters 0 and 7
were phenotypically similar and were defined by CD38
upregulation, high expression of TCR components, and CD4
single positivity. Cluster 4 appeared to be a double-negative
population, likely following the normal progression of activation
and maturation as has been previously described (7, 8). These cells
were behaving as the literature has suggested, with TCR agonism
causing expansion (Figure 1D), activation, and progression through
the normal maturation pathway. In contrast, in people with HIV

HCV. resting HCV, unstim HCV, alpha-gaker

HV, resting HIV, unstim HV, alpha-galcer

HIV
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HIVIHCV

Confected. aipha gaker
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AT
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FIGURE 2

Unstim Alpha-Gal

Cluster distribution of iNKT cells and cluster phenotypes. (A) UMAP with 14 different clusters of iNKT cells based on surface marker expression.
(B) UMAP indicating the location of cells (black) from each combination of disease state and stimulation condition. iNKT, invariant natural killer T;

UMAP, Uniform Manifold Approximation and Projection.
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Expression level of markers by cluster and distribution of clusters among disease states and stimulation conditions. (A) Markers (rows) relative Median
Fluorescence Intensity (MFI) (bar width) in each cluster (columns). Bar horizontal height is proportional to log MFI. (B) Percentage of iNKT cells in
each combination disease state and stimulation condition belonging to each cluster. iNKT, invariant natural killer T; HCV, hepatitis C virus.

monoinfection, the resting and activated conditions were nearly
identical with their cluster contributions, indicating the minimal
impact of the additional stimulus on surface marker expression.
HIV/HCV looked like the additive effect of both infections, with
phenotypes of each condition represented in the distribution of cells
among clusters. Interestingly, the one exception to this was the lack
of significant expansion of cluster 4, which represents the effector
population, which iNKT cells in HIV and HIV/HCV did not seem
to achieve.
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iNKT cells from people with HCV more
closely resemble iINKT cells from controls
than iNKT cells from people with HIV

Next, we aimed to compare the phenotypic differences observed
from UMAP-based clustering to traditional binary gating and
compare this to the phenotypes from controls. We focused on the
alpha-gal-stimulated condition because we observed the largest
phenotypic differences between groups after stimulation under
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these conditions, and the iNKT cells from the resting and
unstimulated conditions from people with HIV were of very low
frequency and thus had less sensitivity for analysis (Figure 1C). In
accordance with the UMAP clusters, we saw that people with HIV
and HIV/HCV had higher frequencies of terminally differentiated
iNKT expressing CD8 (Figure 4A) and CD57 (Figure 4B). The cells
from these individuals also showed lower levels of TCR components
Va24 and Vb111, which suggests TCR downregulation following
activation (Figure 4C), and lower frequencies of CD38+ cells upon
activation (Figure 4D), which suggests an impaired activation
profile and mirrors their limited expansion potential (Figure 1C).
Taken together, these data suggest that compared to HCV
monoinfection and controls, iNKT cells from people with HIV
and HIV/HCV are more anergic to stimulation.

Discussion

iNKT cells are a population of innate-like T cells with the ability to
rapidly respond to pathogens and aid in tissue repair, yet the roles of
these cells in viral disease progression are not yet fully understood.
iNKT cells are traditionally difficult to study in humans given their low
circulating frequency, and their role in HCV infection is even more
difficult to elucidate given the limited animal models (9, 29, 30). Using
clinically derived samples, we conducted an extensive unbiased analysis
to assess the proliferative capability and differentiation and activation
phenotypes of this cellular subset in people with chronic HIV and HCV
infection, including coinfection with both viruses. We discovered that
the circulating iNKT cells from people with HIV and HIV/HCV
coinfection have poor expansion and activation abilities upon
stimulation with alpha-gal and are phenotypically shifted toward
surface markers associated with terminal differentiation and anergy.
Taken together, our data suggest an anergic state due to HIV infection
that may impair antiviral response or impede healing following liver
injury. Our data complement our previous observations on the
increased aging phenotype of the circulating iINKT cells in people

10.3389/fimmu.2025.1469473

with HIV and their potential for tissue repair (31). Future steps for this
project will determine if these same differences hold true in the liver
resident iNKT cells, as well as evaluate the impact of race, sex, order of
infection, and antiviral regimen on these phenotypes and functions.
To examine the impact of HIV and HCV on iNKT phenotypes, we
performed an extensive analysis through the surface expression of T-cell
markers as well as their proliferative capacity to TCR agonism. In
humans, the characterization of INKT subpopulations in disease is
incomplete, partially due to the low circulating frequency, and this study
allowed for an unbiased approach to differentiate phenotypes using
FlowKit, the Python-based approach to unbiased clustering (25).
Moreover, FlowKit-based clustering can be tailored to the
specification of each application as well as robust control over data
representation and formatting. This study mainly aimed to compare
HCV to HIV/HCV coinfection, and, although we were limited in our
ability to include the healthy controls in this UMAP analysis due to the
collection and analysis being performed several years later, we could still
analyze the data to answer our initial question. We used samples
collected from people living without infection to validate the findings
of the UMAP-based method by applying traditional gating to the
original flow data, which supported the notion of a shift toward
anergy and senescence. The utilization of this software and the
techniques described to phenotype rare cellular subsets provide a new
path for future research in the field of chronic diseases. Overall, this
study revealed an impaired proliferative profile of the iNKT subset that
could be relevant for the design of immunotherapeutic approaches.The
changes observed in iNKT phenotype and proliferative ability in people
with HIV/HCV coinfection suggest an impairment that may be
contributing to the enhanced pathogenesis during coinfection and
could inform novel therapeutic approaches. While it is unknown if
there are therapies that could reconstitute iINKT functionality, the
concept of iNKT adoptive transfer has been widely explored in the
context of cancer immunotherapy. iNKT cells and CD1d are
monomorphic and have a low risk of graft-versus-host disease when
adoptively transferred (32-34). Several groups have trialed expanding
INKT cells ex vivo using alpha-gal and reinfusing them as a treatment
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FIGURE 4

Comparison of HIV, HCV, and HIV/HCV phenotypes to controls. (A—-D) Boolean gating of CD8, CD57, Va24/Vb1l, and CD38 with comparison to
controls in the alpha-gal-stimulated condition (Mann—Whitney U with Bonferroni correction, *p < 0.05, **p < 0.01). HCV, hepatitis C virus; alpha-gal,

alpha-galactosylceramide.
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for cancer, especially hepatocellular carcinoma given their propensity to
hone to the liver (2, 35). However, this approach appears to have been
limited, as the CD4— and CD8+ iNKT cells are the more cytotoxic
effector cells and are of lower frequency than the pro-repair CD4+ iNKT
cells (2, 30). In the setting of liver injury in the setting of HCV infection,
we would argue that the infusion and replacement of the lost CD4+
iNKT subset in people with HIV would be preferable and could be a
therapy that may be able to aid in liver regeneration during antiviral
treatment for HCV.

We observed differences in the phenotypic and proliferative
capabilities of the four cohorts of participants that are novel and
represent a key piece of knowledge in understanding how these cells
contribute to viral disease. We believe that this study provides a new
understanding of the alterations that the iNKT subset experiences in the
setting of HIV, HCV, and HIV/HCYV infections. A future direction of this
study will be to compare these surface phenotypes with gene expression
profiles using single-cell RNA sequencing to allow for pseudo time
analysis of these populations to determine their maturation pathways
within each clinical condition and in controls. We also need to determine
to what extent these phenotypical changes correlate with the liver resident
INKT cells as well as with liver pathogenesis.
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