1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Sci Immunol. Author manuscript; available in PMC 2024 May 20.

-, HHS Public Access
«

Published in final edited form as:
Sci Immunol. 2023 December 08; 8(90): eadi3974. doi:10.1126/sciimmunol.adi3974.

Antigen-specific memory NK cell responses against HIV and
influenza utilize the NKG2/HLA-E axis

Stephanie Jost12, Olivier Lucarl, Esther Leel:2, Taylor Yoder!, Kyle Kroll2, Sho
Sugawaral2, Scott Smith!, Rhianna Jones!2, George Tweet!, Alexandra Werner?, Phillip
J. Tomezsko3, Haley L. Dugan3, Joshua Ghofranil, Philippe Rasclel:2, Marcus Altfeld4,
Michaela Miiller-Trutwin®, Paul Goepfert5, R. Keith Reevesl:2:3."

1Center for Virology and Vaccine Research, Beth Israel Deaconess Medical Center, Harvard
Medical School, Boston, MA 02115, USA

2Division of Innate and Comparative Immunology, Center for Human Systems Immunology,
Department of Surgery, Duke University School of Medicine, Durham, NC 27703, USA

3Ragon Institute of Massachusetts General Hospital, MIT, and Harvard, Cambridge, MA 02139,
USA

4Leibniz Institute of Virology, 20251 Hamburg, Germany

SInstitut Pasteur, Université Paris-Cité, HIV, Inflammation and Persistence Unit, 75015 Paris,
France

8University of Alabama at Birmingham, Birmingham, AL 35294, USA

Abstract

For over a decade, multiple studies have disputed the notion of natural killer (NK) cells as
purely innate lymphocytes by demonstrating that they are capable of putative antigen-specific
immunological memory against multiple infectious agents including two critical global health
priorities — human immunodeficiency virus (HIV) and influenza. However, the mechanisms
underlying antigen specificity remain unknown. Herein, we demonstrate that antigen-specific
human NK cell memory develops upon exposure to both HIV and influenza, unified by a
conserved and epitope-specific targetable mechanism largely dependent on the activating CD94/
NKG2C receptor and its ligand HLA-E, and confirm these findings by three rigorous assays.
We validated the permanent acquisition of antigen-specificity by individual memory NK cells
by single-cell cloning. We identified biomarkers of antigen-specific NK cell memory through
complex immunophenotyping by 30-parameter flow cytometry showing elevated expression of
KLRG1, a4p7, and NKG2C. Finally, we show individual HLA-E-restricted peptides that may
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constitute the dominant NK cell response in HIV-1- and influenza-infected persons /n vivo. Our
findings clarify the mechanisms behind antigen-specific memory NK cell responses, and suggest
they could be targeted for future vaccines, cure strategies, or other therapeutic interventions.

INTRODUCTION

RESULTS

Natural killer (NK) cells are lymphocytes classically considered part of the innate immune
system based on their ability to mediate very rapid and nonspecific responses to virally
infected or neoplastic cells. A plethora of studies have provided compelling evidence for
the significant contribution of NK cells to the immune control of human immunodeficiency
virus (HIV) and influenza virus infections (1-3), two of the most critical global health
priorities. NK cells represent a potent antiviral effector cell population that can promptly
respond to HIV and influenza exposure without the need for prior antigen sensitization. The
interest in harnessing NK cell functions for vaccine design and therapeutic interventions
against these pathogens has dramatically increased in recent years, largely driven by a series
of observations indicating that subpopulations of NK cells, called memory or adaptive NK
cells, manifest multiple different forms of durable adaptive capabilities (4). This includes
reports of true antigen-specific memory NK cells that can mediate recall responses against
multiple infectious agents including HIV (5-7) and influenza (5, 8-10). Adaptive NK cell
subsets have been associated with protective effects in people living with HIV (PLWH)(11-
14) and exposure to influenza antigens induces protective influenza-specific memory NK
cells in mouse models (5, 8). Thus, antigen-specific memory NK cells represent a third arm
of the immune system that can be targeted by prophylactic or therapeutic interventions.

To date, only a few studies support the existence of true antigen-specific recall responses
by NK cells in humans, which have been described against cytomegalovirus (CMV),
varicella zoster virus (VZV), hepatitis A (HAV) and B (HBV) virus, and bacillus Calmette-
Guerin (7, 15-19) and the opacity surrounding the mechanisms of memory NK cell
formation represents a major obstacle to harnessing adaptive NK cell functions. Herein,
we demonstrate that antigen-specific NK cell memory develops upon exposure to HIV

and influenza in humans, as well as provide mechanistic evidence for memory NK cell
recognition of target antigens at the single-cell and single-peptide level.

Evidence for human NK cells mediating HIV- and influenza antigen-specific responses.

Clear evidence of HIV- and influenza-specific recall responses by NK cells in humans

is lacking. We first tested HIV antigen specificity using a modified intracellular cytokine
staining (ICS) assay designed to uniquely quantify Gag-specific peripheral blood NK cells
in viremic PLWH or healthy donors by CD107a upregulation and IFN-y production against
autologous B lymphoblastoid cell lines (BLCL) pulsed with a pool of HIV Gag peptides
(Fig. 1A, Fig. S1A, Table S1). In PLWH, 0.5 to 6% of NK cells were reactive against

HIV Gag , mirroring responses found in SIV-infected rhesus macaques (RM)(6), whereas in
healthy donors, NK cell responses were generally undetectable above background. CD107a
upregulation and IFN-y production by HIV-specific NK cells were significantly correlated
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(Spearman r=0.8929; p=0.01), suggesting antigen-specific NK cell responses may not be
exclusively cytotoxic. The capacity of NK cells isolated from PLWH to specifically react
against HIV antigens was further confirmed using a flow cytometry-based cytotoxicity
assay. To do so, we assessed the killing of autologous BLCL pulsed with a pool of HIV

Gag peptides by untouched NK cells isolated either from PLWH or from healthy donors
(Fig. 1B, Fig. S1B). Significant anti-HIV Gag activity by NK cells could only be detected

in PLWH, while killing of BLCL pulsed with a pool of Epstein-Barr virus (EBV), CMV
and influenza peptides was comparable between PLWH and healthy individuals. Potent lysis
of major histocompatibility complex (MHC)-devoid K562 cells, a target cell line lacking
MHC commonly used to evaluate NK cell cytotoxicity and that triggers non-antigen-specific
stimulation, was similarly achieved by NK cells from PLWH and HIV-negative donors.
PLWH included patients on combination antiretroviral therapy (CART) with undetectable
viral loads, untreated viremic PLWH, as well as HIV elite controllers who achieve
spontaneous control of viral replication in the absence of treatment (Table S1). NK cells
from elite controllers with detectable HIV gag-specific cytotoxic activity displayed the most
potent responses observed. These data showed that NK cells that can specifically respond

to HIV antigens develop within PLWH and mediate potent anti-HIV activity, suggesting
that HIV-specific NK cells might significantly contribute to the control of HIV. Using a
similar 1CS-based assay as described above, we next measured the ability of human NK
cells to mediate antigen-specific responses to influenza, to which the vast majority, if not
all, healthy adults likely have pre-existing immune memory (20-22). Enriched NK cells
from donors were stimulated with peptide pools derived from the conserved matrix protein
1 (MP1) and nucleoprotein (NP) of the 2009 HIN1 pandemic strain (A/California/08/2009
and A/California/04/2009, respectively) (Fig. 1C, Fig. S1C). We detected positive NK cell
responses against influenza in approximately 45% of HIV-negative donors who provided
blood samples between 2017 and 2020. Altogether, these results suggested that peripheral
blood NK cells can mediate antigen-specific recall responses in humans, a hallmark of
memory.

Single-NK cell cloning confirms antigen-specificity of memory NK cells.

To further investigate the existence of antigen-specific memory NK cells that can efficiently
respond to HIV and influenza, and study these likely rare cells in more detail, we clonally
expanded individual peripheral blood NK cells from 19 PLWH (4 cART-treated and

15 viremic untreated) and 10 healthy adults (Fig. S2). Using a cytotoxicity assay, we
assessed the ability of single NK cell clones (NKCL) to lyse MHC-devoid K562 cells (to
confirm normal NK cell function) or autologous BLCL pulsed with a pool of self-peptides
(to exclude autoreactive NKCL), CMV pp65-, HIV Gag-, HIV Envelope (Env)-, and A/
California/04/2009 H1IN1 NP-derived overlapping peptides (Fig. 2, Fig. S3). As expected,
NKCL could potently lyse K562 cells. A fourth of NKCL from PLWH and half of

NKCL from healthy donors had little to no reactivity to unpulsed BLCL and/or BLCL
pulsed with a self-peptide control and were responding to viral peptide pools (Fig. S4).
Among these, approximately 25% of NKCL from PLWH (Fig. S4a—b) and 50% of NKCL
from healthy adults (Fig. S4C-D) displayed over 10% antigen-specific killing against HIV
Gag/Env or influenza NP, respectively. Strikingly, we were able to isolate NKCL with very
robust anti-HIV (up to 87% specific lysis against Env) or anti-influenza HIN1 NP (up to
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57% specific) cytotoxic activity. While HIV-specific responses could be detected in both
untreated and treated PLWH, the magnitude of antigen-specific killing was overall higher in
viremic untreated compared to treated participants (Fig. SSA-C). We could not detect HIV
antigen-specific killing above background mediated by NKCL generated from HIV-negative
healthy donors (Fig. S5D). Interestingly, among the 16 NKCL that displayed the highest
antigen-specific lysis against HIV, 5 NKCL (31%) had over 15% specific killing against
both HIV Env and HIV Gag or HIV Env and CMV pp65, while NKCL displaying over 50%
antigen-specific killing were able to respond to either Gag or Env but never both (Fig. 2E).
Together, these data demonstrate the existence of HIV- and influenza-specific NK cells in
humans and show that NK cells displaying true and robust antigen-specific killing are found
at the single cell level.

Mechanisms of memory NK cell target recognition and killing are largely dependent on the
activating NKG2C receptor.

To define the subset of peripheral blood NK cells that drives antigen-specific memory
responses, we compared expression levels of 21 cell surface receptors between NKCL
with anti-HIV Env/Gag activity and NKCL that did not react to those HIV antigens

using advanced multiparameter flow cytometry (Table S2). Phenotypic analysis revealed
that most HIV-specific NKCL express activating (i.e., NKp46, NKG2D, NKG2C) and
inhibitory (NKG2A, CD85j) receptors typically found on NK cells, trafficking markers
(i.e., a4p7, CXCR6, CCR5, CCR7), co-stimulatory molecules (i.e., 2B4, CD2, CD8), and
various levels of maturation/activation markers (CD57, KLRGL1, PD1, Tim-3, HLA-DR)
or killer-cell immunoglobulin-like receptors (KIRs) (Fig. S6-S7). Compared to NKCL
that did not react to HIV, HIV-specific NKCL had enhanced expression of KLRG1 and
a4f7 and lower expression of CCR5 (Fig. S7). Furthermore, analysis using a non-linear
dimensionality reduction algorithm (£#SNE) revealed distinct clustering for HIV reactive
and non-HIV-reactive NKCL, with HIV-reactive NKCL being partly associated with cell
clusters expressing high levels of the inhibitory receptor NKG2A or high levels of activating
NKG2C and/or inhibitory KIR3DL1 (Fig. 3A and Fig. S8).

NKG2C is an activating NK cell receptor that forms heterodimers with CD94, is usually
not co-expressed with its inhibitory counterpart NKG2A (23) (Fig. S14B), and interacts
with HLA-E bound to a peptide (24-27). High cell surface expression of NKG2C/CD94
has been consistently linked to long-lived NK cells endowed with adaptive capabilities
that develop upon human CMV infection (23, 28-31). Variants of CMV UL-40-derived
peptides that mimic canonical HLA class-1 (HLA-I)-derived leader peptides are presented
by HLA-E and finely tune adaptive NKG2C* NK cell functions (15, 18), suggesting
HCMV-specific recognition via the NKG2C/HLA-E axis. Moreover, we previously showed
that in non-human primates, HIV antigen-specific memory NK cell responses largely
depend on NKG2A/C (6). As HIV-specific NKCL were associated with high NKG2C
expression (Fig. 3A), we directly assessed the role of NKG2C in HIV antigen-specific
memory NK cell responses. HIV Env-specific NKCL which were all positive for NKG2C,
NKp30, and NKp44 were co-cultured with BLCL pulsed with HIV Env peptides in the
presence of blocking antibodies against these activating receptors and specific lysis was
measured (Fig. 3B, Fig. S9A). NKG2C blockade significantly decreased HIV Env-specific
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responses by NKCL, while blockade of natural cytotoxicity receptors either did not or
marginally impacted HIV-specific NK cell responses, corroborating our previous findings
(6). Furthermore, NKG2C knockdown in either HIV- or influenza-specific NKCL robustly
decreased or completely abrogated killing of BLCL targets pulsed by HIV Env and
influenza NP peptide pools, respectively (Fig. 3C-E). Accordingly, we found a positive
correlation between HIV Env-specific killing and influenza-specific killing by NKCL and
the proportions of NKG2C* NKCL (Fig. 3F-G and Fig. S9B) and expression of NKG2C
on NKCL (Fig. S9C-D), while these responses were not significantly associated with
expression of NKG2A (Fig. SOE-F). Altogether, our results confirm that antigen-specific
memory NK cell responses are largely dependent on NKG2C, likely indicative of an HLA-
E-dependent recognition mechanism.

HIV- and influenza-derived peptides bind HLA-E, the ligand for NKG2C, and potently
activate antigen-specific NK cells.

HLA-E presents largely conserved nonameric peptides derived from leader sequences of
other HLA-I molecules. However, pathogen-derived peptides have been shown to bind
HLA-E (32-35). To establish the relevance of an HLA-E-dependent recognition mechanism
in antigen-specific memory NK cell responses against two unrelated viruses, we first
screened for canonical peptides derived from HIV Env, Gag, and influenza NP that can
stabilize HLA-E at the surface of K562 cells stably expressing HLA-E*0101 but lacking
cell-intrinsic HLA-E-binding peptides (Fig. 4A, Fig. S10, Table S3). Peptide pulsing at
various concentrations revealed that among all tested peptides (84 for HIV Env, 60 for

HIV Gag, 18 for influenza NP), two HIV Env-derived and one influenza NP-derived
peptide could stabilize HLA-E to the same extent as the positive control (CMV UL40
VMAPRTLFL), with additional peptides derived from HIV Env (n=3), HIV Gag (n=5), and
influenza NP (n=5) conferring lower levels of HLA-E stabilization (Fig. 4A, Fig. S11A).
Using competition-binding assays, we could demonstrate that peptides known to strongly
bind HLA-E (VMAPRTLFL) could be displaced by a subset of HIV- and influenza-derived
peptides with enhanced potential to stabilize HLA-E on K562 cells, further supporting the
ability of these nonameric peptides to form stable complexes with HLA-E (Fig. S11B).

To evaluate the effect of HLA-E-binding peptides on antigen-specific NK cell function, we
compared Killing by NKCL from PLWH of BLCL pulsed with peptide pools covering

the whole HIV Gag and HIV Env with that of BLCL pulsed with single HLA-E-

binding peptides. Tested single peptides included HIV Env-derived VLKYWWNLL and
ILPCRIKQI or HIV Gag AISPRTLNA, a peptide that has been previously shown to
significantly bind HLA-E and affect NK cell function (32, 33) (Fig 4B-C, Fig S11C~

D, Fig. S12A-C). 4 out of 9 NKCL (44%) and 5 out of 6 NKCL (83%) reacted

to single HLA-E-binding HIV Gag- and HIV Env-derived peptides (range of positive
responses twice above the background: 6-21% Gag-specific and 6-22% Env-specific killing).
Similarly, we evaluated killing of BLCL pulsed with either pools of 15-mer overlapping
peptides encompassing the whole NP sequence or with TMDSNTLEL (all derived from
AJ/California/7/2009 H1N1), by 14 NKCL from 5 healthy donors (Fig. 4D-E, Fig S11C-D,
Fig. S12D-E). Nine NKCL (64%) reacted to TMDSNTLEL, among which 5 also displayed
responses against the NP pool (range of positive responses twice above the background:
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3-29% NP-specific killing). These results show that HIV Env-/Gag- and influenza NP-
derived nonamers can bind HLA-E and potently activate patient-and healthy donor-derived
memory NKCL. Importantly, NKG2C* NKCL generated from HIV-negative donors were
not able to react to HIV Env-derived HLA-E-binding ILPCRIKQI while a subset of them
responded to influenza NP TMDSNTLEL (Fig. 4F). This suggests that peptide presentation
through HLA-E is not sufficient to elicit killing by NKCL and that these responses likely
depend on pre-exposure to a specific viral antigen, indicative of antigen-specific memory.

Next, we sought to confirm the /n vivo relevance of the novel peptide responses we
identified among single-cell clones. We showed stimulation with newly identified HIV

Env- and influenza NP-derived HLA-E-binding peptides alone mostly promotes CD107a
upregulation on a subset of primary NK cells in PLWH and healthy donors, respectively,
with IFN-y being produced to a lesser extent (Fig.5A-D, Fig. S13, Fig. S14). Degranulation
responses to single HLA-E-binding peptides by NKG2C* NK cells were significantly higher
than those mediated by NKG2A* NK cells or by NK cells negative for both receptors

(Fig S14B-D). In healthy donors displaying enhanced CD107a upregulation on NK cells in
response to TMDSNTLEL, NK cell degranulation was significantly impaired upon NKG2C
blockade, further supporting a major role for the NKG2C/HLA-E axis in antigen-specific
NK cell responses (Fig. 5E). CD107a upregulation in NK cells correlates significantly

with NK cell-mediated cytotoxicity (36, 37) and in non-human primates, we also found a
correlation between HIV-specific killing by memory NK cells and CD107a upregulation by
memory NK cells (6). Thus, our results strongly indicate /7 vivo activation of cytotoxic
antigen-specific adaptive NK cells by single HLA-E binding nonamers.

Collectively, our work provides a dominant recognition mechanism underlying antigen-
specific recall responses mediated by NK cells in humans, which have the potential to be
harnessed for vaccine design or other therapeutic interventions.

DISCUSSION

Thus far, antigen-specific memory responses mediated by NK cells in humans have

been described in VZV-experienced adults (7) as well as in HBV-infected or HAV/HBV-
vaccinated individuals (17, 19). While the idea of primate NK cell memory has become
well-accepted among immunologists, there have been no reported mechanisms describing
how NK cells recognize and distinguish individual antigens, until now. Our study provides
mechanistic evidence of human NK cell memory against pathogens of global public health
importance that cannot currently be efficiently prevented by vaccination. We show that
HLA-E possesses the previously unappreciated ability to bind HIV and influenza peptides
and activate virus-specific NK cells. HLA-E has gained significant attention in the vaccine
field as broad MamurE restricted CD8* T cell responses have been implicated as immune
correlates of protection in RM vaccinated with a CMV-vectored SIV vaccine (38, 39),

and this overall function may be conserved between RM Mamu-E and human HLA-E
(40). Vaccine strategies that mobilize HLA-E could induce HIV- or influenza-specific
memory NK cells that recognize broad epitopes across viral antigens. One major issue

for the development of an HIV vaccine or a universal influenza vaccine is the considerable
variability of viral strains circulating among humans (41, 42). Antigen-specific NK cell
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responses relying on the NKG2/HLA-E axis is in accordance with the fact that in our
studies, some antigen-specific NKCL were able to potently react to several antigens from
the same as well as from different viruses. Further, we present primary HLA-E-mediated
responses for both pathogens which may represent dominant memory NK cell responses /n
vivothat could be further targeted. This feature could be highly beneficial for vaccine design
as it could allow a limited number of memory NK cells to target a broader range of HIV and
influenza strains than memory T cells.

In addition to the lack of mechanism previously described for NK cell memory, the field also
continues to search for comprehensive biomarkers to distinguish adaptive subpopulations

of NK cells from classical NK cells. CD49a, CXCR6, NKG2C, and suppressed gamma
signaling chain have been implicated to partially delineate these populations, but particularly
for true antigen-specific memory NK cells these phenotypes maybe be incomplete (43).
Notably, previous studies have identified markers for antigen-specific memory NK cells
associated with the liver, a putative site for antigen-specific NK cell maintenance (5, 7, 19),
while our studies focused on peripheral blood NK cells. This major difference may explain
why we did not observe any association between CXCR6 expression and antigen-specific
responses by NK cells. However, we document multiple phenotypes that advance biomarker
usage for NK cell memory. KLRG1 has been described as a marker of NK cell activation
(44), which defines subsets of memory-like NK cells with protective functions against
Mycobacterium tuberculosis (45) and subsets of NK cells that mediate antigen-specific
memory responses against HBV antigens (17). Upregulation of KLRG1 on HIV-specific
NKCL further suggests that KLRG1 might be a useful biomarker for identifying antigen-
specific memory NK cells among bulk NK cells. Additionally, although it did not reach
statistical significance, a4p7 expression trended to be upregulated on HIV-specific NKCL,
and this corroborates previous observations that HIV and SIV infection specifically mobilize
mucosal-homing NK cells (46, 47).

Not surprisingly, due to the mechanism described in these studies and others, NKG2C

was also highly expressed on memory NK cells, and we acknowledge a possible overlap
between antigen-specific memory NK cells described in this manuscript and the previously
described CMV-driven adaptive NKG2C* NK cell subsets. However, we want to emphasize
that true antigen-specific memory NK cells are scarce in the peripheral blood, and therefore
it is expected that only a minor portion of all NKG2C* NK cells are endowed with
antigen-specific memory features. Thus, these cells can also be found in CMV seronegative
individuals with low proportions of NKG2C* NK cells. A possible model to support the
scarcity of antigen-specific memory NK cells observed in our studies is that upon viral
infection, only a few viral peptides can be presented by HLA-E, and an even smaller
proportion of these peptides can mediate a potent interaction with CD94/NKG2C and
activate NK cells. This is supported by recent studies that identified CMV- and human-
derived peptides that stabilize HLA-E and selectively activate CD94/NKG2C+ NK cells
while mediating minimal inhibitory effects through CD94/NKG2A (48). Such rare events
that rely on strong activating viral ligands may trigger a first set of epigenetic alterations,
which affect the functionality of a small subset of CD94/NKG2C+ NK cells, similarly to
what has been proposed for CMV-driven adaptive NK cells (49). These epigenetic signatures
are further modified overtime as these NK cells are triggered by strong CD94/NKG2C

Sci Immunol. Author manuscript; available in PMC 2024 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jost et al.

Page 8

ligands from other infections or viral reactivation that modify the HLA-E ligandome and
generate, in our case, NK cells with enhanced responsiveness to viral peptides via CD94/
NKG2C stimulation.

Moreover, antigen-specific memory NK cell responses likely do not solely depend on the
NKG2C/HLA-E axis, and other pathways may be additive or alternative to this mechanism.
Besides triggering NK cell activation through interactions between HLA-I ligands and
activating NK cell receptors, influenza- or HIV-derived peptides may also disrupt inhibitory
signals mediated through NKG2A (33, 50) or other inhibitory molecules (51) and HLA-E
or their cognate HLA-I ligand, respectively, further promoting NK cell responses. This
possible mechanism is consistent with HIV-reactive NKCL being partly associated with
high expression levels of the inhibitory NKG2A and KIR3DL1 receptors (Fig. 3A and Fig.
S8), and with the fact that in our studies, potent NK cell responses to HLA-E stabilizing
peptides was occasionally observed in the absence of NKG2C expression. A potential role
for NKG2A in human NK cell memory is further supported by studies demonstrating that in
African green monkeys, the natural host of SIV, a subset of terminally differentiated adaptive
NKG2A+ NK cells displaying enhanced MHC-E-restricted cytotoxicity is associated with
control of SIVagm infection in secondary lymphoid tissues (52). Activating KIRs represent
another particularly important family of receptors that may regulate memory NK cell
function. Specific KIR genes expressed in conjunction with their HLA ligands have been
clearly associated with improved control of viral infections (53), and while the interaction
of inhibitory KIRs with HLA ligands has been studied in detail, ligands for most activating
KIRs remain elusive. Future studies beyond the scope of this work will be required to
determine if KIR-mediated recognition is complementary or independent to this highly
dominant HLA-E-dependent mechanism.

Overall, our efforts have addressed two major deficits to the field of immunology: we
demonstrated that a conserved and epitope-specific targetable mechanism predominantly
dependent on NKG2C/HLA-E underlies true antigen-specific memory NK cell responses in
humans, and, together with previous observations, our detailed phenotypic analyses suggest
that complex phenotypes may be the most effective at tracking antigen-specific memory NK
cells /n vivo rather than individual markers.

MATERIALS AND METHODS

Study design

The aim of this study was to identify memory NK cells that develop against HIV-1 and
influenza viruses in humans and to characterize the mechanisms underlying their antigen-
specific responses. We used high-dimensional flow cytometry, single NK cell cloning

and functional assays to interrogate protein expression and peptide-specific reactivity of
memory NK cell subsets. The data collectively supported the existence of antigen-specific
recall responses by human NK cells that mainly rely on the NKG2/HLA-E axis. For each
experiment, the number of biological replicates and statistical significance are indicated in
figure legends. Investigators were not blinded during experimental procedures due to the
nature of the study, but individual experiments were blinded to assessment of outcomes.
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Numbers of participants for ex vivo experiments were determined on the basis of previous
expertise.

Flow cytometry-based antigen-specific NK cell killing assay

EBV-transformed BLCL were generated as autologous targets for antigen-specific NK cell
assays using standard protocols. BLCL functional capacity was confirmed by processing of
DQ-Ovalbumin (Molecular Probes). K562 cells and autologous BLCL were labeled with
1uM CellTrace™ Violet Cell Proliferation Kit (Invitrogen) for 20 minutes according to
manufacturers’ instructions. CellTrace Violet-labelled BLCL were then pulsed for 1.5 hours
at 37°C with 2ug/mL HIV Gag (HIV-1 Consensus B; by the NIH AIDS Reagent Program)
or CEF (CMV, EBV and influenza)-derived overlapping peptide pools in culture medium
consisting in RPMI-1640 supplemented with 2mM L-glutamine, 100ug/ml streptomycin,
100U/ml penicillin and 5% human serum, washed with PBS and resuspended in culture
medium. Unpulsed BLCL served as internal control and were labeled with 2uM CellTrace™
CFSE Cell Proliferation Kit (Invitrogen) for 15 minutes according to manufacturers’
instructions, washed, and resuspended in culture medium. NK cells were purified using
AutoMACS NK cell enrichment kit (Miltenyi) and resuspended in culture medium with
0.1ng/mL recombinant human IL-15. 350,000-400,000 NK cells were co-cultured with
BLCL at 10:1 E:T ratio containing an equal mixture of pulsed target cells and unpulsed
control cells or K562 cells for 16 hours at 1M/mL, and subsequently stained using CD3-
A700 (UCHT1), CD19-BV711 (HIB19), CD16-BV785 (3G8), and CD56-PEcy7 (B159).
Specific lysis of BLCL was calculated as follows: (% sample lysis with NK effectors - %
basal lysis without NK effectors) / (100 - % basal lysis without NK effectors) (Fig. S2).

Analysis of primary NK cell responses to viral peptides by intracellular cytokine staining

To measure primary antigen-specific NK cell responses, cryopreserved PBMC from healthy
donors or PLWH were thawed and used either unfractionated or after CD3* T cell

depletion using the EasySep Human CD3 Positive Selection Kit 11 and the protocol for
Using EasySep Positive Selection Kits for Cell Depletion provided by the manufacturer
(STEMCELL Technologies). Autologous BLCL were pulsed for 1.5 to 2 hours at 37°C
with 2pg/mL of peptide pools consisting of 15-mer sequences with an 11 aa overlap
covering the complete sequence of HIV Gag (NIH AIDS Reagent Program) (Fig. 1A).
After washing, peptide-loaded BLCL were co-cultured with enriched NK cellsata 1:1 E:T
ratio at 37°C for 15 hours with CD107a-FITC (H4A3) (BD Biosciences). Unfractionated

or CD3-depleted PBMC were stimulated directly with 2ug/mL of peptide pools consisting
of 15-mer sequences with 11 aa overlap covering the complete sequence of the influenza
virus A/California/04/09(H1N1) NP (PepTivator, Miltenyi), A/California/08/2009(H1N1)
MP1 (PepMix, JPT Peptide Technologies), CMV pp65 (NIH AIDS Reagent Program), HIV
Env and HIV Gag (both from NIH AIDS Reagent Program), or with 20-40uM of single
nonameric synthetic peptides of >98% purity derived from influenza NP, HIV Env, HIV
Gag, or CMV UL40 (Thermofisher) without the addition of BLCL (Fig. 1C, Fig. 5, Fig.
S13). In some instances, 1ng/mL of recombinant human IL-15 (R&D) was also added

(Fig 1C, Fig 5C-E). Unfractionated PBMC or CD3-depleted PBMCs were co-cultured
with peptides at 37°C for 6 to 15 hours with CD107a-BV786 (BD Biosciences). 1uL/mL
GolgiPlug (BD Biosciences) and 0.7uL/mL GolgiStop (BD Biosciences) were added for
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the whole 6 hours of incubation or, when incubation lasted over 6 hours, for the last 2

hours of incubation. For blockade experiments, CD3-depleted PBMC were incubated for 10
minutes at room temperature with 2.5ug of Human BD Fc Block followed by 20 minutes at
37°C in the presence of 10ug/mL of anti-NKG2C purified antibody (R&D, clone 134522)

or isotype control antibodies prior to stimulation with peptides (Fig. 5E). At the end of the
incubation, cells were stained first with the LIVE/DEAD® Fixable Blue Dead Cell Stain Kit
(Invitrogen), then with BD Biosciences CD3-BV510 or CD3-A700 (UCHT1), CD14-BV421
(M5E2), CD19-BV421 (HIB19), CD16-APC-Cy7 (3G8), CD56-BV605 (NCAM16.2 or
B159), Beckman Coulter NKG2A-PE-Cy7 (Z199), and Miltenyi NKG2C-PE (REA205) to
gate on NK cell subsets, and finally fixed, permeabilized (Thermofisher Fix and Perm), and
stained with BD Biosciences IFN-y-FITC (B27) antibodies to detect intracellular cytokines.
In all assays described above, incubation in the presence of 5ug/mL of phytohemagglutinin
(PHA) or PMA/ionomycin were used as positive controls and unstimulated NK cells

or, when applicable, unpulsed BLCL served as negative controls and for background
subtraction. Positive responses were defined as %IFN-y+ or %CD107a+ NK cells twice
above the background (unstimulated/unpulsed) and over 1% after background subtraction. A
Fluorescence Minus One (FMOQ) control and PHA-stimulated PBMC were used to set the
gates for positive cytokine responses. Acquisition of data was performed on a BD LSRII
instrument or a FACSymphony Analyzer (X-50) (BD Biosciences). Data was analyzed using
Flow Jo v.10.8.1.

Generation of primary NK cell clones (NKCL)

Single primary human NK cells were cloned by limiting dilution or single-cell sorting
using a protocol adapted from a previously reported method (54) (Fig. S2). Briefly, NK
cells were isolated from fresh or cryopreserved PBMC via negative selection (EasySep

Cell Separation; StemCell Technologies), added to a mix of irradiated feeders consisting

of freshly isolated allogeneic PBMC combined with log-phase-growth RPMI 8866 cells
(Sigma-Aldrich) at a 10:1 ratio in cloning medium. NKCL were stained for flow cytometric
phenotyping using BD Biosciences CD3-A700 (UCHT1), CD16-APC-Cy7 (3G8), CD56-
BV605 (NCAM16.2), Beckman Coulter NKG2A-PE-Cy7 (2199), R&D NKG2C-PE
(134591), or Miltenyi NKG2C-PE (REA205). Only NKCL that were CD3"CD56" were
used directly for subsequent assays. Importantly, NKCL generated using this procedure
maintained their receptor profile and functional characteristics following expansion (Fig.
S2B-C). For instance, NKCL generated from the same individual differ in their response to
HLA-I-devoid K562 target cells, and, according to their KIR3DL1 expression, to 221 cells
expressing a single HLA-B allele (Fig. S2C).

Human Subjects

De-identified and coded blood samples from the majority of HIV-negative healthy donors
used in this study were collected under IRB-approved protocols and delivered to us by
Research Blood Components, LLC or Zen-Bio, Inc. Additional healthy donors and all
PLWH were recruited from outpatient clinics at MGH and affiliated Boston-area hospitals,
at UAB University Hospital, and at Duke University Medical Center. The respective
institutional review boards approved this study, and all subjects gave written informed
consent. A total of 4 elite controllers, 27 untreated viremic chronic progressors, and 21
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cART-treated chronically infected PLWH were studied (Table S1). Elite controllers were
defined as having plasma HIV RNA levels of <50 copies/ml in the absence of antiretroviral
therapy, on at least three determinations over at least a year. Untreated viremic chronic
progressors were defined as subjects having untreated HIV infection for >1 year with plasma
viral loads of >2,000 copies/ml for at least 1 year; cCART-treated chronically infected had
HIV RNA levels below the limit of detection for standard assays. PBMC were isolated from
whole blood by Ficoll-Hypaque density gradient centrifugation. Presence of 1gG against
influenza A H1N1 (strain Beijing 265/95) and H3N2 (strain Sydney 5/97) antigens was
assessed in healthy donors with available cryopreserved plasma using the GenWay influenza
A 1gG ELISA kit (Genway Biotech). Plasma samples from PLWH were sent to Quest
Diagnostics for evaluation of 1gG and IgM against CMV.

Calcein acetoxymethyl (AM)-based antigen-specific NK cell killing assay for NKCL

Autologous BLCL were stained with 10um Calcein AM (Invitrogen) for 1 hour,

then washed three times prior to be pulsed with overlapping peptide pools

encompassing HIV-1 Consensus B Gag or Env (NIH AIDS Reagent Program),

influenza A/California/04/2009(H1N1) NP (PepTivator, Miltenyi Biotec), influenza A/
California/08/2009(H1N1) MP1 (PepMix™, JPT Peptide Technologies), CMV pp65 (NIH
AIDS Reagent Program), and Myelin-oligodendrocyte glycoprotein (MOG) negative control
(PepMix™, JPT Peptide Technologies) or with individual peptides. Peptide-pulsed BLCL
or mock-pulsed controls were then incubated with or without NKCL at a 5:1 E:T ratio.

For blockade experiments, 10ug/mL of the following blocking antibodies or isotype control
antibodies were added to NKCL prior to co-culture with BLCL: anti-NKG2C purified
antibody (R&D, clone 134522), anti-NKp44 purified antibody (BioLegend, clone P44-8),
anti-NKp30 purified antibody (BioLegend, clone P30-15), purified mouse 1gG1, x Isotype
control (MOPC-21) and purified Mouse 1gG2b, « Isotype control (MG2b-57). Supernatant
were harvested after 4 hours of incubation at 37°C. Release of CAM into the supernatant
was measured using the VICTOR3 multilabel plate reader or the VICTOR Nivo Multimode
Plate Reader (PerkinElmer) (excitation 485nm, absorption 530nm). The percent-specific
lysis was calculated as follows: (test release — spontaneous release)/(maximum release -
spontaneous release) x 100.

Advanced Polychromatic flow cytometry for the phenotypic characterization of NKCL

Cryopreserved NKCL were thawed and stained with antibodies detailed in Table S2.
Data were acquired on a FACSymphony A5 flow cytometer (BD Biosciences). Flow
Cytometry Standard (FCS) files were exported as FCS3.0 from DiVa 8.0.1. FCS files
were loaded and compensated in FlowJo by using single-stained controls (Compbeads
incubated with fluorescently conjugated antibodies). After compensation and gating, live
NKCL were exported as FCS3.0 files for subsequent t-SNE analysis using CytoDRAV
(https://github.com/ReevesLab/CytoDRAV).

HLA-E stabilization assay

A selection of nonameric peptides derived from subtype B HIV Gag (n=60) (GenBank
accession number ABR15476.1) and Env (n=84) (UniProtKB accession number
A0A16016K4) as well as influenza A/California/04/2009(H1N1) NP (n=18) (UniProtKB
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accession number C3W5S2) predicted to bind HLA-E*01:01 by the NetMHCpan 4.0 and
Immune Epitope Database servers were synthesized using the PEPotec Immuno Custom
Peptide Libraries service provided by Thermofisher Scientific (Table S3). Analyses were
conducted using influenza NP, HIV Gag, and HIV Env sequences matching those of the
peptide pools used in our functional studies. Crude synthetic peptides were used for the
initial screen (Fig. S10), while synthetic peptides of >98% purity were used to confirm
HLA-E stabilization and for all functional assays (Fig. 4-5, Fig. S11-13). The ability

of individual peptides to stabilize surface expression of HLA-E was assessed using K562-
HLA-E*01:01 transfectants generated in the laboratory of Dr. Michaela Miller-Trutwin
(52). These cells are engineered to express high levels of HLA-E while simultaneously
lacking cell-intrinsic HLA-E-binding peptides, and therefore serve as a cellular model

for HLA-E surface stabilization by exogenous peptides. K562-HLA-E*01:01 were pulsed
with 40uM of individual synthetic peptides for 16 hours at 26°C in serum-free IMDM.
Cell surface expression levels of HLA-E were assessed by flow cytometry staining using
anti-HLA-E-BV421 antibody (3D12). HLA-E expression upon pulsing with different viral
antigen-derived peptides was compared to that upon pulsing with positive control peptide
VL9 (VMAPRTLIL), a canonical CMV UL40/HLA-Cw3 leader sequence-derived peptide
that stabilizes HLA-E, and negative control peptide NLVPMVATYV, a CMV pp65-derived
nonamer that does not stabilize HLA-E. Data were acquired on an LSRII instrument (BD
Biosciences) or a FACSymphony Analyzer (X-50) (BD Biosciences), and analyzed using
FlowJo software v10.8.1 (Treestar).

For the peptide-binding competition assays, K562-E*01:01 cells were incubated overnight
at 26°C with VMAPRTLFL-FITC (Prolmmune Inc.) at 10uM and increasing concentrations
(from 10uM to 100uM) of non-FITC competitor peptides of =298% purity (TMDSNTLEL,
ILPCRIKQI, VLKYWWNLL, FLARSALIL, NLVPMVATV) were added to the culture
binding medium (IMDM, 1% Penicillin-Streptomycin, without FBS). The expression of
VMAPRTLFL-FITC bound to HLA-E was assessed by flow cytometry. Cells were acquired
using a FACSymphony Analyzer (X-50) (BD Biosciences), and FlowJo software (version
10.8.1, Tree Star, Ashland, OR) was used for all analyses.

siRNA-mediated specific knockdown of NKG2C in NKCL

200,000 to 1,000,000 NKCL per condition were plated and nucleofected with 5uM
SMARTpool human KLRC2 siRNA (Dharmacon Horizon Discovery) or non-targeting
siRNA negative control (Dharmacon Horizon Discovery). Nucleofection was conducted
using P3 Primary Cell 4D-Nucleofector X Kit (Lonza Bioscience) and the 4D-Nucleofector
X Unit (Lonza Bioscience, program code CM-137 (55)) according to the manufacturer’s
manual. After nucleofection, cells were cultured in pre-warmed recovery media (NK MACS
media (Miltenyi) supplemented with 500U/mL recombinant human IL-2 (R&D Systems)).
48 hours after nucleofection, an aliquot of NKCL was stained using BD Biosciences CD3-
AT700 (clone UCHT1), CD16-APC-Cy-7 (clone 3G8), CD56-BV605 (clone NCAM16.2),
Beckman Coulter NKG2A-PE-Cy7 (clone Z199), and Miltenyi NKG2C-PE (clone REA205)
to assess NKG2C expression via flow cytometry. Only NKCL displaying at least 70% knock
down of NKG2C were used in CAM cytotoxicity assays.
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Statistical tests used in this study include Wilcoxon signed-rank test, Mann-Whitney U/
test, Spearman nonparametric correlation, and Kruskal Wallis test, as specified in figure
legends. All reported p-values, except for Fig. 4A, are raw unadjusted p-values. Fig. 4A
p-values were adjusted using Dunn’s Correction. No confidence intervals were reported in
this study. Significance was determined using an unadjusted or adjusted p-value threshold
of 0.05. All statistical tests were performed in GraphPad Prism software as two-tailed tests.
Nonparametric tests were utilized due to data not being normally distributed. Bar graphs are
reported with mean plus standard error of the mean (SEM). Scatter dot plot bars represent
the median value of the data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Human NK cells mediate antigen-specific responses against HIV and influenza.
(A) Enriched NK cells from PLWH (N=7) or healthy donors (N=7) were co-cultured with

autologous BLCL that had been pulsed with 2ug/mL peptide pools derived from HIV Gag
(HIV-1 Consensus B; provided by the NIH AIDS Reagent Program) and NK cell responses
assessed by ICS. Dead cells were excluded. Dot plots show proportions of IFN-y* and
CD107a* NK cells after subtracting background (unstimulated). (B) Autologous BLCL were
pulsed with a pool of HIV Gag overlapping peptides or with the CEF (CMV, EBV and
influenza) control peptide pool and were labeled with the CellTrace Violet dye. Mock-pulsed
BLCL serving as intra-well controls were labeled with the green dye CFSE. Purified NK
cells from PLWH (N=12) or healthy donors (N=6) were co-cultured with BLCL at5:1 E:T
ratios (equal mixture of pulsed target BLCL and unpulsed control BLCL) for 16 hours,

and specific lysis of BLCL was determined by flow cytometry. Killing of HLA-deficient
K562 cells was used as additional positive control. (C) Enriched NK cells from 11 HIV-
negative healthy donors were incubated overnight with 2ug/mL peptide pools derived from
influenza A/California/04/2009(H1N1) NP and A/California/08/2009(H1N1) MP1 and NK
cell responses assessed by ICS. Dead cells were excluded. Dot plots show proportions of
IFN-y* and CD107a* NK cells after subtracting background (unstimulated). Full circle,
positive for IgG antibodies against influenza A by ELISA. Empty circle, not tested for the
presence of 1gG antibodies against influenza A. Asterisks, significant differences compared
to unstimulated controls. Data are represented as median and individual data points (A and
C) or mean = SEM and individual data points (B). Statistical significance was tested using
Mann-Whitney U test for comparisons between PLWH (HIV+) and HIV-negative donors
(HIV-) (A and B), or Wilcoxon signed-rank test for comparisons between unstimulated and
stimulated NK cells (C). * p<0.05.
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Fig. 2. Single-cell cloning of human antigen-specific NK cells.
Percentages of antigen-specific lysis by 133 NKCL generated from 19 PLWH against HIV

Env, HIV Gag and CMV pp65 (A) after subtracting background (mock-pulsed BLCL) and
(B) compared to non-specific killing of mock-pulsed BLCL for each NKCL. Percentages
of antigen-specific lysis by 28 NKCL generated from 10 healthy donors against influenza
H1N1 NP (C) after subtracting background (mock-pulsed BLCL) and (D) compared to
non-specific killing of mock-pulsed BLCL for each NKCL. Full circle, positive for 1gG
antibodies against influenza A. Empty circle, not tested for the presence of 1gG antibodies
against influenza A. CAM cytotoxicity assays were used to evaluate lysis after co-culture
of NKCL with autologous BLCL pulsed with indicated peptide pools. Non-specific lysis
was assessed by measuring Killing of mock-pulsed autologous BLCL, self-peptides-pulsed
BLCL (negative control) and HLA-E-deficient K562 cells (positive control). (E) Heatmap
of antigen-specific lysis after subtracting background for 16 NKCL from 8 PLWH with
the highest specific killing against HIVV Gag and/or ENV. NKCL generated from the same
PLWH are displayed in a unique color. NKCL displaying over 15% specific killing against
both HIV Env and HIV Gag or HIV Env and CMV pp65 are indicated in bold font.
Statistical significance was tested using Wilcoxon signed-rank test (B and D). ns, not
significant.
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Fig. 3. Human antigen-specific NK cell responses are associated with NK G2C expression.
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(A) Non-linear t-SNE (bh-SNE) plots of 14 NKCL from one untreated viremic PLWH,
showing distinct clustering for 7 HIV reactive and 7 non-HIV-reactive NKCL, with HIV-

reactive NKCL being partly associated with cell clusters expressing high levels of the

inhibitory NKG2A or high levels of activating NKG2C and/or inhibitory KIR3DLL1. (B)
Antigen-specific killing of HIV Env-pulsed BLCL by 6 NKCL in the presence of isotype
control or NKG2C blocking antibodies. Bars represent mean+SEM. Statistical significance

was tested using Wilcoxon signed-rank test. (C) Representative flow cytometry plots
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showing NKG2C expression on one NKCL 48 hours after nucleofection with a scramble
SiRNA control (Ctrl siRNA) or with siRNA targeting NKG2C. (D) Percentages of lysis

by 3 NKG2C+ NKCL reacting against HIV Env (left panel) and MFI of NKG2C on the
respective NKCL (right panel) from 2 PLWH 48 hours following nucleofection with sSiRNA
control or siRNA targeting NKG2C. (E) Percentages of lysis by 2 NKG2C+ NKCL reacting
against influenza NP (AJAnnArbor/6/1960(H2N2)) (left panel) and MFI of NKG2C on the
respective NKCL (right panel) from 1 healthy donor 48 hours following nucleofection with
siRNA control or siRNA targeting NKG2C. Percentages of NKG2C down-modulation are
indicated for each NKCL. Only NKCL displaying responses over 5% specific killing and

at least 1.5-fold above the background (unpulsed) after nucleofection with Ctrl SiRNA were
included in the analysis. (F), (G) Spearman correlation analysis between frequencies of
NKG2C* NKCL and specific killing of BLCL pulsed with HIV Env (F) or influenza NP,
MP1, or HA (G). Frequencies of NKG2C* NKCL were determined as the proportion of
NKCL beyond an arbitrary cut-off line set by at the right-hand side border of the NKG2C
histogram in FMO controls (See Fig. S9).
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Fig. 4. Human antigen-specific memory NK cell responses are mediated via recognition of HLA-
E-binding viral peptides.
(A) K562 cells stably expressing HLA-E*0101 were either left mock pulsed or pulsed for
16h with 40nm of nonameric peptides derived from HIV consensus B Gag or Env or from
AJ/California/04/2009(H1N1) NP. Controls included CMV pp65-derived NLVPMVATYV that
do not stabilize HLA-E (NEG), and VMAPRTLFL, a CMV/HLA-G leader sequence-derived
peptide that stabilizes HLA-E (POS). HLA-E surface stabilization was assessed by flow
cytometry. Bars represent the relative mean fluorescence intensity (RFI) + SEM of HLA-E
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on K562 HLA-E*01:01 cells pulsed with indicated individual peptides found to stabilize
HLA-E and pooled from at least 2 distinct experiments as compared to HLA-E expression
in the absence of peptide (No Peptide). The dotted line marks the cut off for increased
HLA-E expression, defined as the mean value plus 2 standard deviations of non-stabilizing
peptides. Asterisks, significant differences compared to K562 HLA-E*01:01 pulsed with
non-binding peptides (NEG). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Percentages
of peptide-specific lysis by 17 NKCL from 5 untreated viremic PLWH (B) after subtracting
non-specific lysis (killing of mock pulsed autologous BLCL) and (C), compared to non-
specific Killing of mock-pulsed BLCL for each NKCL. Percentages of peptide-specific lysis
by 14 NKCL from 5 healthy donors (D) after subtracting non-specific lysis (killing of mock
pulsed autologous BLCL) and (E), compared to non-specific killing of mock-pulsed BLCL
for each NKCL. CAM cytotoxicity assays were used to evaluate lysis after co-culture of
NKCL with autologous BLCL pulsed with peptide pools encompassing the whole HIV

Env, HIV Gag or HIN1 NP sequence or with indicated single HLA-E-binding nonameric
peptides derived from CMV UL40, HIV Gag, HIV Env, or HIN1 NP. (F) Percentages of
peptide-specific lysis by 27 NKCL from 7 HIV-negative healthy donors after subtracting
non-specific lysis (Killing of mock pulsed autologous BLCL). CAM cytotoxicity assays were
used to evaluate lysis after co-culture of NKCL with autologous BLCL pulsed with indicated
single HLA-E-binding nonameric peptides derived from HIV Env or HIN1 NP. NKG2C*
NKCL are indicated in red. Statistical significance was tested using Kruskal Wallis test with
Dunn’s multiple comparison test (A) or Wilcoxon signed-rank test (C, E and F).
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Fig. 5. HIV Env- and HIN1 NP-derived HL A-E-binding peptides elicit primary NK cell

responses.
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(A)(B) PBMCs samples from 12 PLWH (8 cART-treated and 4 untreated viremic) were
incubated for 16h with 2ug/mL of 1 pool of 15 amino acid (aa) peptides overlapping by
11 aa and spanning HIV Env or single HIV Env- and CMV UL40-derived honamers in
the presence of CD107a antibodies. GolgiStop and GolgiPlug were added for the last 2
hours incubation prior to surface and intracellular cytokine staining to measure CD107a
upregulation (A) and IFN-y production (B). Enriched NK cells from 19 healthy donors
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were incubated for 6 hours with 2ug/mL of 1 pool of 15 aa peptides overlapping by

11 aa and spanning HIN1 NP or 40uM of indicated single HIN1 NP-derived nonamers

in the presence of CD107a antibodies, GolgiStop and GolgiPlug to evaluate CD107a
upregulation (C) and IFN-y production (D) by ICS. NK cell responses to HLN1 NP-derived
TMDSNTLEL was evaluated in the presence of control or anti-NKG2C antibodies. Dot
plots represent proportions of actively degranulating, cytotoxic NK cells, as judged by cell
surface expression of CD107a (A, C left panel) or IFN-y producing NK cells (B, D)

after subtracting proportions of CD107a* and IFN-y* unstimulated NK cells, respectively.
Bars represent the median. Paired plots compare CD107a expression between unstimulated
and single-peptide-stimulated NK cells (C, right panels) or between NK cells stimulated
with HIN1 NP-derived TMDSNTLEL in the presence of isotype control or anti-NKG2C
antibodies after subtracting proportions of CD107a* unstimulated NK cells (E). NK cells
from all donors expressed NKG2C (PLWH: median 15.6%, range 2%-75%; healthy donors:
median 10.3%, range 2%-48%). Statistical significance was tested using Wilcoxon signed-
rank test (C and E).
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