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Diminished cell proliferation promotes natural killer
cell adaptive-like phenotype by limiting FceRly

expression

Avishai Shemesh?@®, Yapeng Su*@®, Daniel R. Calabrese**®, Daniel Chen**’®, Janice Arakawa-Hoyt'®, Kole T. Roybal%>&2101@,

James R. Heath>12@®, John R. Greenland**@®, and Lewis L. Lanier?®

Human adaptive-like natural killer (NK) cells express low levels of FceRly (FcRy/'°") and are reported to accumulate during
COVID-19 infection; however, the mechanism underlying and regulating FcRy expression in NK cells has yet to be fully defined.
We observed lower FcRy protein expression in NK cell subsets from lung transplant patients during rapamycin treatment,
suggesting a link with reduced mTOR activity. Further, FcRy/'°" NK cell subsets from healthy donors displayed reduced
mTOR activity. We discovered that FcRy upregulation is dependent on cell proliferation progression mediated by IL-2, IL-15, or
IL-12, is sensitive to mTOR suppression, and is inhibited by TGFB or IFNa. Accordingly, the accumulation of adaptive-like
FcRy/'*" NK cells in COVID-19 patients corresponded to increased TGFP and IFNa levels and disease severity. Our results
show that an adaptive-like NK cell phenotype is induced by diminished cell proliferation and has an early prognostic value for
increased TGFp and IFNa levels in COVID-19 infection associated with disease severity.

Introduction

NK cells are innate lymphocytes with adaptive features, func-
tionally regulated by activating and inhibitory germline-
encoded receptors (Cerwenka and Lanier, 2016; Sun et al.,
2009; Schlums et al., 2015). The adaptor FcRy is encoded by
the FCERIG gene and forms homodimers or heterodimers with
the adaptor CD3¢. These adaptor dimers assemble a molecular
complex with the activating receptors CD16 (FcyRIII), NKp30, or
NKp46 on the cell surface of human NK cells (Lanier, 2009; Liu
et al, 2020). Human peripheral blood immature NK cells
(CD3-CD56PrightCD16"NKG2A*) express low FcRy levels,
whereas mature NK cells (CD3-CD56%™CD16*NKG2A*) show
increased FcRy expression (Cooper et al., 2001; Bjorkstrom et al.,
2010; Lopez-Verges et al., 2010). A subset of mature NK cells
designated adaptive NK cells is characterized by low or negative
FcRy expression and reduced expression of PLZF, Siglec-7, Syk,
CD161, NKG2A, NKp30, and NKp46 (Schlums et al., 2015; Lee
et al., 2015). CRISPR knockout of the FCERIG gene induces
adaptive-like features in human NK cells (Liu et al, 2020).
Adaptive or adaptive-like FcRy/°% NK cells are found in healthy

individuals’ peripheral blood and solid tissues including the lung
and exhibit stable long-term population frequencies (Muccio
et al., 2018; Brownlie et al., 2021).

The expansion of adaptive FcRy /% NK cells is associated
with human cytomegalovirus (HCMV) infection and higher
expression of the activating receptor CD94-NKG2C (Schlums
et al., 2015; Brownlie et al., 2021; Lee et al., 2015). However,
the adaptive NK cell phenotype is not confined to NKG2C-
expressing cells alone, and the stimuli driving their differenti-
ation are unknown (Liu et al., 2016). In vivo, anti-HCMV antibody
titers and HCMV UL40 peptide-induced CD94-NKG2C-dependent
NK cell activation correlate with increased frequencies of
adaptive NK cells in HMCV-infected individuals (Lee et al.,
2015; Rélle et al., 2018; Wu et al., 2013). Ex vivo CD16 stimu-
lation is suggested to expand adaptive FcRy/°¥ cells relative to
nonadaptive FcRyM8P NK cells due to the CD16 transmembrane
domain interaction with CD3Z homodimers (Schlums et al.,
2015; Lee et al., 2015; Liu et al., 2020; Lanier et al., 1991).
Adaptive or adaptive-like NK cells alter the risk for myeloma
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relapse (Zaghi et al., 2021; Merino et al., 2021), while in COVID-
19 infection patients with poor outcomes display an adaptive
NK cell expansion (Varchetta et al., 2021).

NK cell proliferation or expansion is regulated by IL-2, IL-15,
and IL-12 (Wang and Zhao, 2021; Wiedemann et al., 2020;
Shemesh et al, 2022), by the phosphorylation of STAT5
(pSTATS5), STAT4 (pSTAT4), and other STATs directly or indi-
rectly, and by the activation of mammalian target of rapamycin
(mTOR) complexes (Marcais et al., 2014; Anton et al., 2015;
Anton et al., 2020). Activation of the mTOR complex-1
(mTORC1) leads to ribosomal protein S6 phosphorylation at
position $235/236 (pS6S235/236) and regulates cap-dependent
protein translation and cell cycle progression (Marcais et al.,
2014). The mTOR complex-2 (mTORC2) phosphorylates AKT at
position S473 (pAKTS473), which inhibits FOXO1 activity, a
suppressor of cell cycle progression (Wang et al., 2018; Calnan
and Brunet, 2008). TGFB or IFNa can diminish NK cell prolif-
eration by various signaling pathways with or without inhibi-
tion of mTOR activity (Platanias, 2005; Viel et al., 2016; Gartel
and Tyner, 2002; Shemesh et al., 2022).

Here, we found a mechanism limiting FcRy protein upregu-
lation caused by diminished NK cell proliferation. Rapamycin
treatment of lung transplant patients, low mTOR activity, and
incubation of NK cells in the presence of rapamycin, TGFp, or
IFNa were, respectively, associated with lower FcRy expression
and an adaptive NK cell phenotype in healthy donors. Low FcRy
expression highly correlated with diminished cell proliferation.
Additionally, we showed that during COVID-19 infection, NK
cells with an adaptive-like phenotype increase in association
with higher TGFB and IFNa and disease severity. Our results
suggest that alteration in signaling pathways leading to dimin-
ished NK cell proliferation support an adaptive-like NK cell
phenotype. Further, in COVID-19 infection, early accumulation
of adaptive-like NK cells can serve as an early prognostic bio-
marker associated with increased inflammation.

Results

Rapamycin treatment is associated with reduced FcRy levels in
NK cells from lung transplant patients

mTOR activity influences NK cell differentiation (Margais et al.,
2014; Yang et al., 2018). Rapamycin is an immune-suppressive
agent used during solid organ transplantation with known
mTOR selectivity (Sarbassov et al., 2006; Augustine et al., 2007;
Calabrese et al., 2021). Therefore, we investigated if rapamycin
treatment can alter the frequency of human NK cell subsets by
comparing matched peripheral blood mononuclear cell (PBMC)
samples obtained from lung transplant patients before and
during rapamycin treatment (Fig. 1 A and Fig. S1 A). As a control
comparison, we analyzed samples from lung transplant patients
at least 1 yr after transplant while on standard immunosup-
pression but not rapamycin and matched for transplant indica-
tion. Using flow cytometry analysis, PBMCs were gated on live
CD45*dump~ (CD3-CD19-CD14-CD123CD4") NKp46*, CD56*
lymphocytes to identify NK cells, and then subgated the NK cells
into four subsets based on NKG2A and CD16 expression:
immature NKG2A*CD16-, immature NKG2A*CD16°%, mature
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NKG2A*CD16*, and mature NKG2A-CD16* (Fig. S1 B). Addi-
tionally, we examined markers associated with NK cell differ-
entiation (CD57, NKG2C, and FcRy), proliferation (Ki-67), and
mTORCI activity (pS63235/235). The percentage of NK cells within
the CD45* population significantly increased during rapamycin
treatment, possibly due to reduced T cell frequencies (Fig. S1 B).
NK cell subset analysis showed a significant increase in mature
NKG2A-CD16* CD57* cells (Fig. 1 B). NKG2C expression did
not correlate with FcRy expression levels (Fig. S1 C). All the
defined NK cell subsets displayed significantly lower FcRy
levels during rapamycin treatment (Fig.1 C and Fig. S1 D),
accompanied by a lower percentage of Ki-67* cells and rel-
atively fewer pS65235/236+ cells (Fig. 1, D and E). Overall, the
results show that rapamycin treatment is associated with
reduced mTOR activity, decreased cell proliferation, and
lower FcRy expression in human NK cells.

FcRy expression at steady state is associated with mTOR
activity

In healthy donors (HDs), reduced FcRy expression is reported in
immature and mature adaptive NK cells compared with FcRy
levels in mature nonadaptive NK cells (Hart et al., 2019). To
evaluate if reduced mTOR activity is associated with lower FcRy
expression, we analyzed FcRy expression and mTORC1/C2 ac-
tivity in steady-state (resting) NK cells by flow cytometry. Ad-
ditionally, we examined IL-2 receptor chain expression and
downstream STATs and PI3K signaling as IL-2 signaling can
influence FcRy expression and mTORC1/C2 activity (Pahl et al.,
2018; Wang and Zhao, 2021).

NK cells were isolated by negative selection from peripheral
blood to avoid inadvertent stimulation during cell processing
(Fig. 2 A). HDs were grouped into adaptive NK cell-positive HDs
(positive for mature NKG2A-NKG2CMePFcRy~ or FcRy'*w NK
cells, n = 4, all HCMV seropositive) or adaptive NK cell-negative
HDs (negative for mature NKG2A*NKG2C*FcRy /% NK cells
[Liu et al., 2016], n = 9 [3 HCMV-seropositive, 6 HCMV-
seronegative]; Fig. 2 A; and Fig. S2, A and B). In all HDs, im-
mature CD56P"8CD16~ NK cells expressed low FcRy levels (Fig.
S2 A; Hart et al., 2019). Adaptive NK cell-positive HDs exhibited
higher percentages of mature NKG2A-CD57* cells, associated
with NK cell maturation, relative to adaptive NK cell-negative
HDs (Fig. S2 D; Bjérkstrom et al., 2010). Adaptive NK cells dis-
played reduced PLZF, Syk, CD16l, Siglec-7, NKp30, and NKp46,
while immature NK cells displayed a differential expression
pattern with high levels of Syk, NKp30, NKp46, and CD25 (Fig.
S3, A and B; Schlums et al., 2015; Lee et al., 2015).

Therefore, in adaptive NK cell-positive HDs, we compared
cell signaling markers between immature CD56""82CD16- and
mature CD564™CD16* NK cells, further gated into the following
subsets: nonadaptive NKG2A~/*NKG2C FcRy"eh, adaptive
NKG2A-NKG2CPebFcRy!*", and adaptive NKG2A-NKG2Chigh
FcRy~, and between CD57- and CD57* cells within each of the
defined mature subsets (Fig. 2 B). As a control, in adaptive NK
cell-negative HDs, we examined the expression of signaling
markers associated with NK cell maturation in the defined
subsets: NKG2A*CD57-, NKG2A*CD57+, NKG2A-CD57-, and
NKG2A-CD57* (most mature; Fig. S2 D) to differentiate between
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Figure 1. FcRy levels in NK cells from lung transplant patients during rapamycin treatment. (A) Schematic of sample evaluation. PBMC samples from
lung transplant recipients before or during rapamycin administration (n = 4) were assessed for NK cell subsets. Control group = patients at least 1-yr post-
transplant and matched for transplant indication (n = 5). (B) Percentages of defined NK cell subsets and percentages of CD57* cells. Right: Representative
histograms of CD57 staining in the defined NK cell subsets (color-coded; NKG2A*CD16" [black], NKG2A*CD16' " [gray], NKG2A*CD16* [red], NKG2ACD16*
[orange]) before and during rapamycin treatment. (C) FcRy gMFI in the defined NK cell subsets, with representative histograms before and during rapamycin
treatment in the defined NK cell subsets (color-coded). (D) Percentages of Ki-67+ NK cells in the defined NK cell subsets, with representative histograms before
and during rapamycin treatment in the defined NK cell subsets (color-coded). (E) Relative pS6* NK cells in the defined NK cell subsets, with representative
histograms before and during rapamycin treatment in the defined NK cell subsets (color-coded). Statistical analysis was done between matched samples,

mean = SD, paired t test, parametric. ¥, P < 0.05; **, P < 0.01.

adaptive-associated or maturation-associated cell signaling al-
terations (Bjorkstrom et al., 2010).

STATSs phosphorylation, examined by pSTAT1Y7}, pSTAT4Y¢%3,
or pSTAT5Y6%¢ expression levels (Wiedemann et al., 2021),
were lower in the adaptive FcRy™ or FcRy!°¥ subsets relative
to nonadaptive mature NKG2C FcRyP8hCD57- NK cells
(normalization index = 1), and increased in immature
CD56PightCD16-FcRy!*" NK cells (Fig. 2 B and Fig. S3 B). In line
with the lower STATS activity, CD122 expression decreased with
the adaptive phenotype (Fig. 2 C). In HDs without adaptive NK
cells STATSs activity and CD122 expression were reduced with
NK cell maturation relative to immature NK cells (Fig. 2, D and
E). However, mature CD57* cells exhibited increased STATSs
activity relative to mature CD57- cells (Fig. 2 D) and further
reduced CD122 levels. Yet these changes did not translate to
changes in FcRy levels (Fig. 2, E and F; Bjérkstrom et al., 2010).
Therefore, we concluded that the reduced FcRy expression is not
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directly associated with reduced STATs activity or reduced
CD122 expression in peripheral blood adaptive NK cells.

PI3K activity (pAKTT398; Mace, 2018) showed no significant
differences between the defined adaptive NK cell subsets (Fig. 3
A and Fig. S3 B). However, mTOR activity measured by
pS652%5/236 (mTORCL) or pAKTS#7? (mTORC2; Wang and Zhao,
2021; Yang et al., 2015) was significantly lower in immature
CD56P"gPCD16- NK cells and adaptive FcRy'" or FcRy~ NK cell
subsets. Moreover, we detected reduced mTOR protein levels
while Bcl2 expression was high in adaptive NK cells (Fig. 3 A;
Barnes et al., 2020). In adaptive NK cell-negative donors, PI3K
activity decreased with cell maturation (Fig. 3 B). mTOR activity
(specifically mTORC2 [pAKTS47%]) was lower in immature NK
cells with no difference in mature NK cell subsets (Fig. 3 B).
mTOR protein decreased with maturation, and Bcl2 expression
increased (Fig. 3 B). These results indicated that the FcRy /oW
phenotype, observed in peripheral blood immature NK cells and
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Figure 2. FcRy expression at steady state is associated with mTOR activity. Purified primary NK cells were examined ex vivo, without additional
stimulation, for the indicated markers. n = number of donors, paired t test, parametric. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (A) Peripheral blood samples
were obtained from healthy donors. NK cells (CD3-CD56*CD16*) were purified by negative selection from peripheral blood samples and classified into Group 1
(adaptive NK cell-positive HDs [#1, 2, 80, 87; HCMV-seropositive]) and Group 2 (adaptive NK cell-negative HDs [#77, 82, 86, 88, 89, 91, HCMV-seronegative;
and 78, 84,85, HCMV-seropositive]). Gating strategy: CD3-CD56*CD16* NK cells were gated as immature CD56"8"CD16~ and mature CD564™CD16*. In
adaptive NK cell-positive HDs, mature NK cells were examined for NKG2C and FcRy expression and gated as NKG2ChighFcRynegative, NKG2Ch8hFcRylow, and
NKG2A*NKG2C"egativeF cRyhigh NK cells. For NK cell maturation, NK cells were gated as NKG2A versus CD57. (B) Relative expression of phospho-STAT17Y,
STATA4Y6%3, and STAT5Y%%4 in the indicated NK cell subsets in adaptive NK cell-positive HDs from 4 HDs. The gMF| values were determined for the indicated NK
cell subsets and were then normalized relative to the gMFI values measured for the mature nonadaptive NKG2C-FcRy"e€"CD57- NK cells in the same donor,
which were established as index = 1 (upper dashed line), index = 0.5 (lower dashed line). (C) Expression of CD122 in the indicated NK cell subsets in adaptive NK
cell-positive HDs. Right: Histograms of CD122 expression per NK cell subset for each donor (color-coded; horizontal dashed line = FMO control values).
(D) Expression of pSTAT1Y79%, pSTAT4Y693, and pSTAT5Y6%4 in the indicated NK cell subsets in adaptive NK cell-negative HDs. Violin plots. (E) Expression of
CD122 and FcRy in the indicated NK cell subsets in adaptive NK cell-negative HDs. Violin plots. (F) Schematic of examined signaling and associated markers in
the defined NK cells subsets.
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Figure 3. PI3K and mTOR activity in immature, mature, and adaptive NK cells. (A) Relative expression of pAKTT398 (PI3K activity), pS6523>/23¢ (mTORC1),
pAKTS#73(mTORC2), mTOR protein, and Bcl2 protein in the indicated NK cell subsets in adaptive NK cell-positive HDs. Expression was normalized relative to
NKG2C-FcRyM&"CD57- cells that are index = 1 (upper dashed line), index = 0.5 (lower dashed line). Paired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Right:
Single-cell expression of (left to right) pS6523%/23¢ or pAKT>*73 (log; values). Red bar = geometric mean + SD unpaired t test, two tails. *, P < 0.05; ***, P < 0.001.
(B) Expression of (left to right) pAKTT398 (PI3K), pS6523°/236 (mTORC1), pAKTS473(mTORC2), mTOR protein, and Bcl2 protein in the indicated NK cell subsets in
adaptive NK cell-negative HDs. Violin plots, paired t test, parametric. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Schematic of the examined signaling and

associated markers in the defined NK cells subsets.

mature adaptive NK cells, is associated with reduced mTOR
activity (Fig. 3 C).

Peripheral blood FcRy/'>" NK cells exhibit a differential
FOXO1-EOMES-T-bet phenotype

mTORC2 suppresses the activity of the transcription factor
FOXO1, a positive regulator of the transcription factor EOMES
and a negative regulator of the transcription factor T-bet (Deng
et al., 2015; Gordon et al., 2012). Both EOMES and T-bet regulate
CD122 expression (Zhang et al., 2018). Therefore, we investi-
gated FOXOI activity in immature, mature nonadaptive, and
adaptive NK cell subsets by examining T-bet, EOMES, and
FOXOI1 protein expression. T-bet levels were significantly lower
in immature CD56P*18MCD16- and adaptive FcRy!°" or FcRy~ NK
cells relative to mature nonadaptive NK cells and similar to
mTORC2 activity (Fig. 4 A). Accordingly, immature NK cells
expressed higher EOMES and FOXOI1 levels, explaining the
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higher expression of CDI122. However, adaptive NK cells ex-
pressed low EOMES and FOXOI levels, explaining the decrease
in CD122 expression (Fig. 4 A). In adaptive NK cell-negative HDs,
T-bet levels increased with NK cell maturation, demonstrating a
different expression pattern relative to adaptive NK cells (Fig. 4
B; Bjorkstrom et al., 2010). However, and in line with the re-
duced CD122 levels, EOMES and FOXO1 expression decreased
with NK cell maturation, indicating that the reduction of these
proteins is not specifically associated with the adaptive NK cell
phenotype (Fig. 4 C). The results suggest a differential signaling
regulation associated with alteration in mTORC2-FOXOI activity
and reduced FcRy expression (Figs. 3 C and 4 C), whereas im-
mature FcRy!*" NK cells are CD122Pgh, mTORC2!°w, FOXO1high,
EOMEShh, and T-bet'*", and adaptive FcRy'®" or FcRy~ NK cells
are CDI122'°" mTORC2!°", FOXO1'*%, EOMES!", and T-betlo¥.
Mature nonadaptive NKG2A-CD57* NK cells, which are FcRyhih,
exhibited a CD122'°%, mTORC2b8b, FOXO1'*%, EOMES!", and
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Figure 4. FOXO1 activity in immature, mature, and adaptive NK cells. (A) Relative expression of T-bet, EOMES, or FOXO1 in the indicated NK cell subsets
in adaptive NK cell-positive HDs. Expression was normalized relative to NKG2C-FcRy"8"CD57- cells that are index = 1. Paired t test, parametric. *, P < 0.05; **,
P < 0.0L; ***, P < 0.001. Right: Single-cell expression of T-bet. Red bar = geometric mean + SD unpaired t test, two tails. *, P < 0.05; ***, P < 0.001.
(B) Expression of (left to right) T-bet, EOMES, and FOXO1 proteins in the indicated NK cell subsets in adaptive NK cell-negative HDs. Violin plots, paired t test,
parametric. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Schematic of the examined signaling and associated markers in the defined NK cell subsets.

T-bethig® phenotype, indicating increased activation (Zhang
et al., 2018). These results demonstrate the influence of FcRy
on mTOR activity or the effect of mTOR activity on FcRy
expression.

FcRy regulation is dependent on cell proliferation

The mTOR-FOXO1 axis, downstream of IL-2 or IL-15 stimula-
tion, positively regulates NK cell proliferation (Wang and Zhao,
2021). Therefore, we examined the relationship between IL-2-
mTOR-FOXO1 axis activity and FcRy expression levels. To
avoid biased results due to increased adaptive NK cell survival
(Barnes et al., 2020), we used purified NK cells from adaptive
NK cell-negative HDs (n = 6). We stimulated the cells with IL-2
and rapamycin (0.1 M), known to suppress mTOR activity, cell
proliferation, and T-bet expression in NK cells, and examined
FcRy expression (Sarbassov et al., 2006; Fig. 5 A and Fig. S3 C).
Further, we examined the contribution of FOXO1 activity by
chemical inhibition (FOXO1i; AS1842856 ICs, = 33 nM; Fig. 5 A).
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We then analyzed by flow cytometry for cell proliferation pro-
gression by dilution of a cell trace violet (CTV) dye and induction
of the proliferation marker, Ki-67, and examined T-bet and FcRy
levels.

Rapamycin-treated NK cells displayed reduced FcRy expres-
sion, cell proliferation, and T-bet expression relative to IL-2
alone. FOXOLli cotreatment significantly restored FcRy upregu-
lation, cell proliferation, and T-bet upregulation (Fig. 5 B).
Plotting FcRy expression relative to cell trace violet signal re-
vealed an increase in FcRy levels in highly proliferating cells
(Fig. 5 B.ii). Likewise, FcRy upregulation showed a significant
positive correlation to the percentage of Ki-67* NK cells (Fig. 5
C). Therefore, we concluded that mTOR activation downstream
of IL-2 receptor stimulation, leading to FOXO1 suppression (Fig.
S3 C), positively regulates FcRy expression in association with
cell proliferation rate.

TGFB mediates Smad-signaling, induces cell cycle suppres-
sion genes, and directly inhibits mTOR activity (Viel et al., 2016).
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Figure 5. Cell proliferation control FcRy upregulation. Purified primary NK cells from adaptive NK cell-negative HDs were stimulation as indicated and
examined for the expression of the specified markers. Number of donors (n = 6), paired t test two tails or Pearson correlation, two tails. *, P < 0.05; **, P < 0.01;
*** P < 0.001. (A) Schematic of the experimental design. Purified NK cells were cultured in the presence of IL-2 (300 U/ml) and the mTOR inhibitor rapamycin
(0.1 uM; or TGFB or IFNa [Fig. 6]) and FOXOL inhibitor at the indicated concentrations for 1 wk, and then examined for FcRy upregulation, cell proliferation
progression by CTV, induction of the proliferation marker Ki-67, and T-bet upregulation. Dead cells were gated out by viability dye. NK cells were gated as
CD3-CD56" cells. (B i) Analysis of (left to right) relative FcRy expression, relative CTV values, percentages of Ki-67+ cells, and relative T-bet expression. Mean +
SD, paired t-parametric. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Values were normalized to culture with IL-2 alone to minimize variations between donors. (B i)
Representative density plot (with grid lines) of FcRy expression vs. CTV values in the indicated conditions, showing increased FcRy expression in proliferating
cells. (C) Pearson correlation for each indicated condition between FcRy vs. percentage of Ki-67* cells (i) or FcRy vs. T-bet expression (ii). One tail. *, P < 0.05;

***, P < 0.001.

IFNa induces STATI and STAT4 signaling, increases mTOR ac-
tivity, and inhibits cell proliferation by elements such as IFNy
activation sites (Platanias, 2005). Therefore, we examined how
TGFp or IFNa influences FcRy expression in nonadaptive ma-
ture NK cells during IL-2 stimulation and cell proliferation (Fig.
S3 C). Further, we examined the contribution of FOXO1 inhibi-
tion during TGFP or IFNa treatment. Increased TGFfB or IFNa
concentrations suppressed FcRy upregulation relative to IL-2
stimulation alone (Fig. 6 A). IFNa stimulation increased mTOR
activity, indicating that mTOR activation alone is insufficient to
upregulate FcRy expression (Fig. S3, C and D). As expected,
TGFB or IFNa suppressed NK cell proliferation induced by IL-2
(Fig. 6, B and C). FcRy upregulation significantly correlated with
CTV dilution or increased percentage of Ki-67+ cells during TGF(
or IFNa treatment (Fig. 6, D and E). In contrast and in line with
mTOR activity, T-bet levels were suppressed by TGFB and in-
creased by IFNa (Fig. 6 F). FOXOli had a positive influence on
FcRy upregulation and on cell proliferation in cultures with low
TGFp or IFNa concentrations (Fig. 6, A-C), suggesting the in-
volvement of mechanisms suppressing FcRy expression and cell

Shemesh et al.

Regulation of FceRly expression in human NK cells

proliferation other than FOXO1 (Calnan and Brunet, 2008; Viel
et al., 2016; Platanias, 2005). We concluded that FcRy upregu-
lation is dependent on cell proliferation downstream of various
signaling pathways.

NK cells with an adaptive like-phenotype increase in the
presence of IFNa and TGFf during COVID-19 infection
Adaptive NK cell numbers increase with COVID-19 disease se-
verity and correlate with a poor outcome (Maucourant et al.,
2020; Varchetta et al., 2021). Both IFNa and TGFp levels in-
crease during COVID-19 infection and are associated with NK
cell dysfunction (Krdmer et al., 2021; Witkowski et al., 2021).
Our analysis of NK cell subsets by protein and mRNA expression
from a cohort of 139 COVID-19 patients with all levels of disease
severity (defined by the World Health Organization Ordinal
Scale [WOS] score: healthy donors = 0, mild = 1-2, moderate =
3-4, severe = 5-7; Su et al., 2020), at two different time points
(T1 = baseline; Fig. 7, T2 = acute; Fig. S4; Su et al., 2020), indi-
cated that the NK cell population changes with disease severity
towards mature nonproliferative NK cells (Fig. 7 A and Fig. S4
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Figure 6. TGFP or IFNa suppress FcRy upregulation with correlation to cell proliferation. Purified primary NK cells from adaptive NK cell-negative HDs
were stimulation as indicated (Fig. 5 A). Cultures with TGFB (5, 0.5, 0.05 ng/ml) or IFNa (125, 12.5, 1.25, 0.125 ng/ml) in the presence of IL-2 (300 U/ml) + FOXO1
inhibitor were performed as independent experiments. n = number of donors. Analysis of FcRy expression, CTV dilution, or Ki-67 induction, is displayed relative
to TGFB (left) or IFNa (right) concentrations. Mean + SD, paired t test, parametric. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (A) FcRy expression, gMFI levels.
(B) CTV gMFI levels (log,). (C) Percentage of Ki-67+ NK cells. (D) Pearson correlation between FcRy vs. CTV gMFI levels. IL-2 cultures without FOXO1 inhibitor.
Two tails, ****, P < 0.0001. (E) Pearson correlation between FcRy vs. percentage of Ki-67* NK cells. IL-2 cultures without FOXO1 inhibitor. Two tails, ****, P <
0.0001. (F) T-bet expression levels as an indicator of mTOR activity during IL-2 stimulation in the presence of the indicated TGFB (left) or IFNa (right)

concentrations. Two tails, ****, P < 0.0001.

A). Further, an IFNa gene signature (Kramer et al., 2021) and
TGFP or IL-15Ra plasma levels increased with disease severity
and corresponded with lower NK cell percentages in peripheral
blood and a reduction in the FcRy gene expression in the NK cell
population (Fig. 7 B and Fig. S4 B). Note that in the most severe
disease, no significant change was seen in FcRy gene expression
compared to healthy donors, which might result from patients’
death (Maucourant et al., 2020; Varchetta et al., 2021). Addi-
tionally, other adaptive NK cell-associated markers (e.g., PLZF
(zBTBI6), Siglec-7 (SIGLEC7), CD16l (KLRBI), NKp30 (NCR3),
NKp46 (NCRI), and Syk (SYK) exhibited reduced gene expres-
sion, while maturation markers (GZMB, BCLIIB) increased, and
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immature markers (GZMK) decreased, with no significant
changes in CD3{ (CD247) gene expression (Fig. 7 C and Fig. S4 D).
Changes in gene patterns associated with an adaptive NK cell
phenotype were significantly observed during the transition
from mild to moderate disease severity (Fig. 7 C and Fig. S4 D),
indicating a prognostic value for this early disease transition
(Maucourant et al., 2020). The results show that the increase in
NK cells with an adaptive-like phenotype during COVID-19 in-
fection accrues in parallel to increased levels of IFNa, TGFf, and
IL-15Ra. This implies that higher TGFP or INFa levels might
suppress IL-15-mediated cell proliferation and FcRy upregula-
tion, similar to their influence on IL-2.
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Figure 7. Increased IFNa gene signature and TGFB plasma levels during COVID-19 is associated with increased adaptive NK cell signature.
(A) Characterization of NK cell subsets in a COVID-19 cohort. UMAP embedding of all NK cells colored by unsupervised clustering (top right) and by selected
surface proteins (CD56, CD16, CD57 on top left three panels) and mRNA transcript levels of Ki-67 and FcRy. (B) Upper panels (left to right): IFNa response
transcriptomic signature score in NK cells, TGFB levels in plasma, and IL-15Ra plasma levels (as an indicator of IL-15 plasma levels). Lower panels (left to right):
IL-2 plasma levels, NK cell percentages in PBMC, and FcRy gene expression in NK cells across patients with different WOS COVID-19 disease severity scores at
baseline stage (T1). (C) Adaptive NK cell-associated gene expression for the markers (left to right: PLZF, Siglic-7, CD161, NKp30, NKp46, Syk; i) and maturation-
associated markers (left to right: GZMB, Bclllb, GZMK) and CD3Z (ii), within the NK cell population across patients with different WOS COVID-19 disease
severity score at baseline stage (T1). (D) FcRy levels in NK cells, purified from adaptive NK cell-negative HDs, following 5 days IL-15 culture (ng/ml) with anti-
CD16-coated beads relative to mouse IgG1 isotype-matched control-coated beads, with or without IFNa (10 ng/ml) or TGF (5 ng/ml). Right: Representative
histogram for FcRy expression in adaptive NK cell-negative HD (HD #77, red) relative to a control stimulated adaptive NK cell-positive HD (HD #80, black).
(E) FcRy levels in NK cells, purified from adaptive NK cell-negative HDs, after 5 days of IL-2, IL-15, or IL-12 + IL-18 culture with anti-CD16-coated beads relative
to mouse IgGl isotype-matched control-coated beads, with or without rapamycin (0.1 pM). Right: Representative histogram for FcRy expression in adaptive NK
cell-negative HD (HD #77, red) relative to a control stimulated adaptive NK cell-positive HD (HD #80, black). COVID-19 analysis: Mann Whitney U test, *, P <
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Ex vivo experiments: n = number of healthy donors, mean + SD, paired t test, two tails. *, P < 0.05; **, P <
0.0L; ***, P < 0.001.

COVID-19 infection leads to an antibody-mediated response  beads or with isotype-matched control mouse IgGl-coated beads.
(Yu et al., 2021). CD16 stimulation has been reported to mediate  NK cells were cultured in the presence of increasing IL-15 con-
adaptive FcRy /% NK cell expansion ex vivo and in vivo centrations with or without TGFB or IFNa. One adaptive NK
(Schlums et al., 2015; Lee et al., 2015). To examine the influence  cell-positive HD (#80, Fig. S2 A) was used as a control. CD16
of CD16 stimulation and cell proliferation on FcRy levels, we stimulation in the presence of TGFP or IFNa significantly re-
stimulated purified NK cells from adaptive NK cell-negative HDs  duced FcRy protein expression, which was upregulated by IL-15
with agonist mouse anti-human CD16 antibody (IgGl)-coated (Fig. 7 D). Stimulation of NK cells from an adaptive NK cell-
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positive donor (black) with anti-CD16 and low concentrations of
IL-15 led to an increase of FcRy-positive cells (Fig. 7 D), whereas
TGEFP treatment led to an increase in adaptive NK cells. A similar
observation was seen in NK cells from adaptive NK cell-negative
HDs (red, Fig. 7 D). Additionally, CD16 stimulation (in the ab-
sence of TGF or IFNa) of adaptive FcRy /1% NK cells relative to
nonadaptive NK cells, sorted for CD57 expression, indicated a
reduced cell proliferation capacity of adaptive NK cells in re-
sponse to CD16 and IL-2 stimulation (Fig. S5 A), which aligned
with reduced mTOR activation. Moreover, NKG2C stimulation
did not increase the percentage of FcRy-negative cells (Fig. S5 B).
mTOR inhibition, during CD16 stimulation and IL-2, IL-15, or IL-
12+ IL-18, led to a significant reduction in FcRy protein expres-
sion in NK cells from adaptive NK cell-negative HDs and relative
to an unstimulated adaptive NK cell-positive donor control
(black, Fig. 7 E). Thus, CD16 stimulation synergizes with cell
proliferation suppression to facilitate the acquisition of an NK
cell FcRy /1% adaptive-like phenotype.

Discussion

In this study, we discovered reduced FcRy protein expression in
peripheral blood NK cell subsets from human lung transplant
patients undergoing treatment with rapamycin. Further, we
observed that in healthy individuals, peripheral blood immature
and mature adaptive NK cells, which express lower FcRy levels,
display reduced mTOR activity. We further showed that cell
proliferation during IL-2 receptor stimulation is involved in
FcRy protein regulation. Thus, the strength of IL-2 receptor
stimulation, the level of mTOR activity, or/and modulation of
FOXOL1 activity that influence cell proliferation are all essential
for the regulation of FcRy protein expression (Wang and Zhao,
2021). We further showed that TGFB or IFNa stimulation sup-
pressed FcRy upregulation independently of mTOR or FOXO1
activity (Viel et al., 2016; Platanias, 2005). This shows that be-
sides mTOR activation and FOXO1 suppression, other signaling
pathways, such as Smad signaling (Viel et al., 2016) or STATI1
signaling (Platanias, 2005), which are reported to inhibit NK cell
proliferation, suppress FcRy expression (Liu et al., 2020; Kramer
et al., 2021; Witkowski et al., 2021; Shemesh et al., 2022). In line
with these results, we showed that the increase in mature NK
cells with an adaptive-like phenotype during COVID-19 infection
is associated with increased TGFf and IFNa levels and increased
disease severity. Further, suppressing NK cell proliferation
during CD16 stimulation diminished FcRy protein expression
and increased the acquisition of the FcRy~/°" phenotype re-
ported in adaptive NK cells (Pahl et al., 2018).

In healthy donors, mature adaptive NK cells and immature
NK cells displayed reduced mTOR activity. Additionally, adap-
tive NK cells have reduced CD122 surface levels and low FOXO1
expression. Consequently, in adaptive NK cells, limited IL-2 re-
ceptor signaling, mediated by lower CD122 expression and re-
duced mTOR activity (Margais et al., 2014), would lead to
diminished NK cell proliferation and lower FcRy expression in
this NK cell subset. Similarly, pSTAT4 and pSTATS5, which were
reported to induce genes necessary for NK cell proliferation and
are antagonized by Smad, STATI, or FOXO1, were decreased in
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adaptive NK cells and (Wang and Zhao, 2021; Calnan and Brunet,
2008; Ouyang and Li, 2011). This suggests the contribution of
STAT4 and STATS5 in FcRy upregulation are parallel to and un-
der the regulation of mTOR activity. In the context of IFNa or
TGFp signaling, pSTAT1 levels decrease with the adaptive phe-
notype but we could not detect evidence for Smad signaling in
adaptive NK cells from HDs (our unpublished data). Thus, the
contribution of IFNa or TGFB to the adaptive NK cell phenotype
in healthy donors is unclear. This might suggest an early dif-
ferentiation event associated with a chronic or severe viral in-
fection, as seen during COVID-19. However, we cannot exclude
the contribution of undiscovered mechanisms that suppress
mTOR activity in adaptive NK cells. These observations
demonstrate that the FcRy~/!1°¥ phenotype is regulated by
various signaling pathways associated with diminished
cell proliferation.

Our results indicate that the in vivo expansion of adaptive or
adaptive-like NK cells is not mediated by a higher cell prolifer-
ation rate as we have shown that proliferation results in the
upregulation, not down regulation, of FcRy expression. How-
ever, accumulation of adaptive or adaptive-like NK cells might
result from slow homeostatic proliferation mediated by contin-
uous activating receptor stimulation of these NK cells (Sun et al.,
2011; Steinbach et al., 2018). In humans, tissue-resident NK cells
display an adaptive-like phenotype (Brownlie et al., 2021). One
can speculate that tissue residency might promote diminished
NK cell proliferation to increase persistence and generate tissue-
specific adaptive-like NK cells with enhanced CD16-mediated
functions by inhibiting FcRy expression (Liu et al., 2020). In
contrast to humans, the accumulation of FcRy~/"°" NK cells does
not occur during murine cytomegalovirus (MCMV) infection
and the expansion of adaptive mouse NK cells, while several
reports show their existence and CMV-related expansion in
Rhesus macaques (Shah et al., 2018). This discrepancy might be
due to several reasons. Maturation of the immune system is
related to diverse microbial exposure (Tao and Reese, 2017),
which differs in humans and laboratory-housed inbred mice.
Variation in cytokine sensitivity between species might allow
the survival of human adaptive FcRy /1" NK cells (Lebrec et al.,
2013). Alternatively, the absence of FcRy /1°% NK cells in mice
may be due to differences in the MCMV model and HCMYV in-
fection (Sun et al., 2009) or differences in mouse NK cell acti-
vating receptor expression. For example, due to the lack of CD3{
signaling induced by CD16 in mouse NK cells (Shah et al., 2018;
Aguilar et al., 2022), the absence of NKp30 and NKG2C ex-
pression in mice (Hollyoake et al., 2005; Lanier et al., 1998), or
the requirement of CD3 signaling for receptor-mediated adap-
tive NK cell expansion or persistence in humans (Sun et al., 2011;
Shah et al., 2018).

Overall, our results suggest that the mechanism regulating
the expansion of mature adaptive or adaptive-like FcRy /oW
human NK cells differs from mouse Ly49H* NK cell or hu-
man NKG2C* NK cell expansion during early CMV infection
(Cerwenka and Lanier, 2016). Our observations align with a re-
duced NK cell proliferation associated with NK cell maturation
(Cooper et al., 2001), with biochemical analysis reporting FCERGI
promoter demethylation or regulation by cell cycle-related
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proteins (Correia et al., 2018; Takahashi et al., 2008; Tapias
etal., 2008), and with mouse NK cell expansion during MCMV
infection associated with increased PLZF levels and reduced
Bcl2 levels (Beaulieu et al., 2014; Viant et al., 2017).

One potential explanation for differences in mTOR activity in
NK cell subsets is the interplay between tonic signaling of acti-
vating or inhibitory receptors or the accumulation of putative
“exhaustion” markers (e.g., TIM3 or LAG3; Myers et al., 2019;
Anton et al., 2015; Holmes et al., 2021). In CD8* T cells, tonic
TCR-MHC signaling regulates cytokine sensitivity (Cho et al,
2010), which is reported to decrease in adaptive NK cells (Liu
et al., 2020), while PD-1 or inhibitory receptors can suppress
mTOR activity (Staron et al., 2014; Goodridge et al., 2019; Jia and
Bonifacino, 2019). However, overstimulation of activating re-
ceptors can also reduce mTOR activity in NK cells (Margais et al.,
2017). In the context of FcRy expression, FcRy knockout leading
to low NKp30 and NKp46 surface expression does not alter
human NK cell proliferation (Ki-67 expression) or cytokine
sensitivity, suggesting these changes are upstream of or parallel
to FcRy expression (Liu et al., 2020).

Reduced mTORC2 activity is associated with memory T cell
differentiation through increased FOXO!l activity and main-
taining EOMES and CD122 expression (Zhang et al, 2016),
similar to immature NK cells. Short-lived effector CD8* T cells
are characterized as mTORMSMFOXOQ1loWT-bethigh similar to
mature nonadaptive NK cells. FOXOL1 activity suppresses T-bet
to promote memory CD8* T cells differentiation and mainte-
nance during chronic viral infections to prevent anergy (Rao
et al., 2012; Delpoux et al., 2018). Therefore, loss of FOXO1 ex-
pression with low mTOR activity might be associated with NK
cell anergy (Ardolino et al., 2014; Zhang et al.,, 2018). In our
analysis, peripheral blood adaptive NK cells were CD122!°"m-
TORCL/C2!°" FOXON®EOMES!"T-betlo"; therefore, showing
an NK cell “adaptive” signaling phenotype resembling effector-
memory, exhausted, and senescence CD8* T cells, distinct from
NK cell maturation associated with increased effector functions
(Lopez-Vergeés et al, 2010). Interestingly, an NK1.1-NKp46~
EOMES!*"T-bet!>” phenotype is reported for mouse NK cell
progenitors, which require IL-15- or IL-12-mediated signaling to
develop a mature NK cell phenotype and effector functions
(Zhang et al., 2018; Ohs et al., 2016). Thus, human adaptive NK
cell differentiation, reported to exhibit reduced cytokine sensi-
tivity (Liu et al, 2020), might indicate a reversion to a
progenitor-like signaling phenotype and might be less depen-
dent on IL-2 or IL-15 signaling for long-term survival (Sun et al.,
2011).

Low mTOR activity and T-bet expression dampen NK cell
responses against tumors and are associated with NK cell hy-
poreactivity (Gordon et al., 2012; Michelet et al., 2018; Mao et al.,
2016; Daher et al., 2021). Yet, adaptive NK cells show positive
antitumor responses dependent on HLA-E expression on tumors
and an individuals’ HCMYV serostatus (Merino et al., 2021; Anton
etal., 2015). In contrast, single-cell profiling of adaptive NK cells
suggests impaired functions (Zaghi et al., 2021). Others have
reported diminished NK cell functions associated with increased
IFNa or TGFB levels during COVID-19 (Krédmer et al., 2021;
Witkowski et al., 2021). Thus, the increased ex vivo activity
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associated with adaptive NK cells might be model specific and
dependent on ligand expression and cytokines in the microen-
vironment. Reduced NKp30 or NKp46 expression, regulated by
FcRy, is a poor prognosis marker in acute myeloid leukemia, is
associated with damped NK cell functions against several cancer
types, and might explain the low NK cell activity observed in
COVID-19 patients (Chretien et al., 2017b; Chretien et al., 2017a;
Romee et al., 2016; Zhuang et al., 2019; Walk and Sauerwein,
2019). We and others have shown that the increase in NK cells
with an adaptive-like phenotype during COVID-19 infection
accrues with a decrease in total NK cells, which might limit NK
cell antibody-mediated responses in vivo (Lanier et al., 1991; Yu
et al., 2021). According to our data, the increase in the adaptive-
like NK cell phenotype during COVID-19 infection might also
reflect an early prognostic marker and suggest blocking TGFP as
a therapeutic strategy (Witkowski et al., 2021). Our observations
also suggest that mTORC2 inhibition by specific antagonists
might improve in vivo NK cell functions mediated by CD16
(Rozengurt et al., 2014). In conclusion, our findings indicate that
the adaptive or adaptive-like FcRy /" NK cell phenotype is
regulated by multiple signaling pathways associated with di-
minishing NK cell proliferation and provide a strategy to
therapeutically manipulate adaptive or adaptive-like NK cell
immunity in COVID-19 infection.

Materials and methods

Lung transplant recipients’ samples

The University of California, San Francisco (UCSF) Institutional
Review Board (#13-10738; IRB) approved this study. PBMCs
were isolated from patients’ peripheral blood after they gave
informed consent. Lung transplant recipient standard mainte-
nance immunosuppressant therapy included tacrolimus, pred-
nisone, and mycophenolate mofetil. Tacrolimus troughs of
8-14 ng/ml were targeted during the first 12 mo after transplant
and 6-10 ng/ml after that. All subjects were started on 20 mg of
prednisone daily and reduced to a goal dose of 0.1 mg/kg over
the first postoperative year. Sirolimus (rapamycin) is used as
adjunctive therapy as a treatment for chronic lung allograft
dysfunction or recurrent episodes of acute cellular rejection.
In addition, sirolimus is prescribed as a calcineurin-inhibitor
sparing agent when recipients develop chronic kidney disease
or recurrent skin carcinomas. PBMCs were prospectively col-
lected and cryopreserved from lung transplant recipients during
routine clinic visits. Four subjects were identified with PBMCs
available before and during therapeutic sirolimus treatment,
which was targeted through blood drug levels. PBMCs were
available from five control lung transplant subjects that were at
least 1-yr post-transplant and matched for transplant indication.

Primary NK cells isolation

Primary human NK cells were obtained from healthy donors’
peripheral blood after donors gave informed consent in accor-
dance with approval by the UCSF IRB (#10-00265) or from
Plateletpheresis leukoreduction filters (Vitalant, https://vitalant.
org/Home.aspx). NK cell isolation was done by using the neg-
ative selection “RosetteSep Human NK Cell Enrichment
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Cocktail” kit (#15065; STEMCELL Technologies) according to the
company’s protocol. Adaptive NK cell-positive or -negative
healthy donors were identified by staining purified ex vivo
unstimulated NK cells for live (near infra-red-fixable dye-
negative cells) CD3- cells expressing surface CD56, CD16, CD57,
NKG2C, and NKG2A and intracellular FcRy.

Flow cytometry

Ex vivo NK cells (5 x 10% cells/well) or NK cells following the
specified stimulation were collected, and culture media was washed
out using flow buffer (PBS with 2% FCS). For surface membrane
staining, antibodies were resuspended in PBS + 2% FCS and incu-
bated with the cells for 30 min at 4°C at 50 pl/well. Dead cells were
excluded by labeling using Zombie-red (1:1,000, #77475; BioLegend)
or near-infra-red-fixable dye (1:1,000, #L34976; Invitrogen). Anti-
bodies were washed out by adding 150 ul/well of flow buffer. Fol-
lowing centrifugation at 600 g rcf for 5 min at 4°C, flow buffer was
discarded. For surface staining, samples were suspended in 300 pl
flow buffer and kept on ice until the sample was processed. For
intracellular protein expression, cells were incubated for 20 min at
4°C with 100 pl/well Cytofix/Cytoperm buffer (#51-2090KZ; Becton
Dickinson). Following incubation, cells were washed twice using
150 pl/well intracellular-staining Perm-Wash buffer (#421002; Bio-
Legend) diluted 1:10 in PBS, and centrifugation at 600 g rcf for 5 min
at 4°. Perm-Wash buffer was discarded after centrifugation. Anti-
bodies against intracellular markers were diluted in Perm-Wash
buffer and incubated with the cells for 60 min at 4°C. Following
incubation, cells were washed twice with 150 pl/well Perm-Wash
buffer. Before analyzing the samples for surface or/and intracellular
markers, cells were resuspended in a 300 pl flow buffer. Samples
were kept at 4°C until the sample was processed. Data acquisition
was performed using an LSR-II flow cytometer and analysis was
performed by using FlowJo.v10.

Flow cytometry analysis of lung transplant patients
Lymphocytes in the PBMCs were gated as CD45* (#304024; Bio-
Legend), live cells (Zombie red-negative, #77475; BioLegend),
and singlet cells based on forward-angle light-scattering prop-
erties (forward scatter area vs. forward scatter height). Non-NK
cells were excluded by staining with anti-CD3 (#300318, RRI-
D:AB_314054; BioLegend), -CD19 (#302218, RRID:AB_314248;
BioLegend), -CD4 (#357416, RRID:AB_2616810; BioLegend), -CD14
(#301820, RRID:AB_493695; BioLegend), and -CD123 (#306042,
RRID:AB_2750163; BioLegend). NKp46* cells were gated as NKG2A
vs. CD16. NKG2A-negative CD16-negative cells were excluded as
they could not be defined as a specific NK cell subset. Anti-
bodies used to define NK cell subsets: anti-CD56 (#318322,
RRID:AB_893389; BioLegend), -NKp46 (#331936, RRID:AB_2650940;
BioLegend), -CD16 (#302038, RRID:AB_2561578; BioLegend), and
-NKG2A (#130-113-567, RRID:AB_2726172). Human Fc receptors were
blocked using human TruStain FcXTM (#422302, RRID:AB_2818986;
BioLegend).

Ex vivo unstimulated human primary NK cells signaling
molecules analysis

Freshly isolated, unstimulated human primary NK cells were
intracellularly stained for STATs phosphorylation (pSTAT1Y7°!,
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pSTAT4Y9%3, pSTAT5Y?%4), PI3K activity (pAKTT3°%), mTORCL
activity (pS65235/236), mTORC2 activity (pAKTS%73), mTOR, Bcl2,
T-bet, EOMES, or FOXO1 protein expression. Data from adaptive
NK cell-positive HDs were collected on the date of cell isolation
and normalized to minimize variations between donors due to
different isolation dates caused by the rarity of adaptive NK
cell-positive HDs (<10% of the human population). Data nor-
malization was performed by dividing the geometric mean fluo-
rescence intensity (gMFI) of each defined NK cell population
relative to live (near-infra-red-fixable dye negative cells) ma-
ture CD3-CD56%™CD16*CD57-NKG2C FcRyhigk NK cells (index =
1). Data normalization was additionally performed for adaptive
NK cell makers: PLZF, Syk, NKp30, NKp46, CD161, Siglec-7, and
ADAMIO or CD132. Adaptive NK cell-negative HDs data acqui-
sition was performed on the same date and therefore was not
normalized.

NK cell stimulation and cell division assays

Ex vivo unstimulated NK cells were labeled with CTV dye ac-
cording to the company’s protocol (#C34557; Invitrogen). The
assay was performed in 96-well round-bottom plates. Antibody-
coated beads were diluted 1:500 from stock (0.1 g antibody/ul)
in cytokine-free NK cell culture media and used at 50 ul/well.
IL-2, IL-15, IL-12, IL-18, TGFp, IFNa, FOXOL1i, or rapamycin were
prepared at x4 concentration and used at 50 pl/well. Accord-
ingly, 50-100 pl/well of cytokine-free NK cell culture media
were supplemented to reach a culture media volume of 150 pl/
well. At the final step, CTV-labeled NK cells were added at 5 x
10* cells/well, 50 ul/well, to reach a final volume of 200 ul/well.
NK cells were incubated at 37°C with 5% CO, for the assay du-
ration. CTV signal was analyzed by flow cytometry (LSR-IJ;
Becton Dickinson Immunocytometry Systems). For cell division
assays without activating receptor stimulation, the CTV signal
was analyzed on day 6, while with activating receptor stimula-
tion on day 5 due to variation in cell proliferation rate. Dead cells
were gated out by near-infra-red-fixable dye (1:1,000, #L34976;
Invitrogen). NK cell culture media was Good Manufacturing
Practices grade Stem Cell Growth Medium (CellGenix) supple-
mented with 1% L-glutamine, 1% penicillin and streptomycin, 1%
sodium pyruvate, 1% nonessential amino acids, 10 mM Hepes,
and 10% human serum (heat-inactivated, sterile-filtered, male
AB plasma; Sigma-Aldrich).

COVID-19 patient samples

Longitudinal blood samples from 139 COVID-19 patients (60
males and 79 females; 265 samples from 2 longitudinal blood
draws per patient) were analyzed through single-cell RNA se-
quencing (scRNA-seq) and CITE-seq analysis and plasma pro-
teomics (Providence St. Joseph Health with IRB Study Number
STUDY2020000175 and the Western Institutional Review Board
with IRB Study Number 20170658), as was previously described
(Suetal., 2020). All blood scRNA-seq data used in this study can
be found under the ArrayExpress accession number E-MTAB-
9357. One blood draw was collected shortly after the initial
clinical diagnosis (time = T1, diagnosis stage), and the second
blood draw was collected a few days later (T2, acute stage). The
severity of COVID-19 disease clinical status was assessed
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throughout a patient’s encounter in accordance with the nine-
point WOS and further classified into mild (WOS = 1-2); mod-
erate (WOS = 3-4), and severe (WOS = 5-7) groups.

Antibody-conjugated beads

Antibody-conjugated beads were prepared according to the
company’s protocol (Invitrogen Dynabeads Antibody Coupling
Kit) at 10 pg antibody for 1-mg beads. Following conjugation,
beads were resuspended in sterile PBS at an antibody concen-
tration of 0.1 ug/pl. Antibody conjugation was evaluated by flow
cytometry with APC-conjugated anti-mouse or -rat IgG. Anti-
human CD16 (#302002, mouse IgGlk; BioLegend) and mouse
IgGl isotype matched-control (UCSF Monoclonal Antibody Core,
clone MOPC-21) were used. Antibody-conjugated beads were
stored at 4°C.

Cytokines and inhibitors

All cytokines were resuspended in sterile PBS: human IL-2,
1,000 U/pl (TECINTM; teceleukin, ROCHE, generously provided
by NCI Biological Resources Branch); human IL-15, 250 pg/ml
(#247-IL/CF; R&D Systems); human TGFBL, 50 pg/ml (#580706;
BioLegend); human IFN o 2A (#78076; STEMCELL); human IL-12,
50 pg/ml (#219-I1L; R&D Systems); and human IL-18, 50 pg/ml
(#9124-IL/CF; R&D Systems). mTORCI inhibitor (Calbiochem; ra-
pamycin, #553210, ICso = 0.1 uM), and FOXO1 inhibitor Calbio-
chem (AS1842856, #344355, ICso = 33 nM) were suspended in
DMSO. Cytokines or inhibitors were stored at -20°C.

Antibodies

The following antibodies were used: BioLegend: APC-Cy7-conjugated
anti-CD3 (#300318, RRID:AB_314054), PerCep-Cy5.5 anti-CD56
(#318322, RRID:AB_893389), APC-conjugated anti-CD16 (#02012,
RRID:AB_314212), or BV-421-conjugated anti-CD16 (#302038, RRID:
AB_2561578) or PE-Cy7-conjugated anti-CD16 (#360708,
RRID:AB_2562951), and BV605-conjugated anti-CD57 (#393304,
RRID:AB_2728426) or APC-conjugated anti-CD57 (#322314, RRID:
AB_2063199). R&D Systems: PE- or APC-conjugated anti-NKG2C
(#FABI38P, RRID:AB_2132983 or #FABI38A, RRID:AB_416838—
generously provided by R&D Systems). NK cells were then
stained for intracellular expression with FITC-conjugated anti-
FcRy (#FCABS400F, RRID:AB_11203492; Millipore). For detection of
surface or intracellular proteins: BioLegend: APC-conjugated anti-
NKp30 (#325210, RRID:AB_2149449), APC-conjugated anti-NKp46
(#331918, RRID:AB_2561650), APC-conjugated anti-Siglec-7
(#339206), APC-conjugated anti-CD161 (#339912), APC-conjugated
anti-CD25 (#302610, RRID:AB_314280), APC-conjugated anti-CD122
(#339008, RRID:AB_2123575), PE-conjugated anti-CD132 (#338605,
RRID:AB_1279079), APC-conjugated anti-SYK (#644305, RRID:
AB_2687145), APC-conjugated anti-T-bet (#644813, RRID:AB_
10896913), and APC-conjugated anti-ADAMIO (#352705, RRID:
AB_2563172). R&D Systems: AF647-conjugated anti-PLZF
(#IC2944R) and AF647-conjugated anti-EOMES (#IC6166R).
Becton Dickinson: APC-conjugated anti-CD122 (Mik-B3, #566620,
RRID:AB_2869796), AF647-conjugated anti-pSTAT4-Y693 (#562074,
RRID:AB_10896660), AF647-conjugated anti-pSTAT5-Y694
(#612599, RRID:AB_399882), AF647-conjugated anti-pSTATI-Y701
(#612597, RRID:AB_399880), AF647-conjugated anti-Bcl-2 (#563600,
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RRID:AB_2738306), AF647-conjugated anti-Ki-67 (#558615,
RRID:AB_647130). Cell Signaling: AF647-conjugated anti-pSé-
S235/236 (#4851, RRID:AB_10695457), AF647-conjugated
anti-pAKT-T308 (#48646, RRID:AB_2799341), AF647-conjugated
anti-pAKT-S473 (#4075, RRID:AB_916029), AF647-conjugated anti-
mTOR (#5048, RRID:AB_10828101), and AF647-conjugated anti-
FOXOL (#72874, RRID:AB_2799829). Miltenyi-Biotech: APC-conjugated
anti-NKG2A (#130-114-089, RRID:AB_2726447) and PE-vio-770-
conjugated anti-NKG2A (#130-113-567, RRID:AB_2726172).

Graphics and statistical analysis

Graphs were generated using GraphPad Prism 5 or Flow]Jo_V10.
Statistical analysis, as indicated in figure legends, was calculated
using GraphPad Prism 9 or Excel (Microsoft 365). *, P < 0.05; **,
P < 0.0L; **, P < 0.001; *™**, P < 0.0001. Statistical tests are
described in figure legends. All experiments were perfumed as
n 22 independent experiments.

Online supplemental material

Fig. S1 shows lung transplant patients’ clinical information, and
NK cell percentages and markers. Fig. S2 shows healthy donors’
NK cell gating strategy and donors’ information. Fig. S3 shows
characterization of ex vivo primary adaptive NK cells. Fig. S4
shows characterization of COVID-19 blood samples. Fig. S5
shows influence of CD16 or NKG2C stimulation on adoptive
FcRy % NK cells.
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Abbreviations:

ILD, interstitial lung disease; M, male; F, female; T, tacrolimus;
MMF, mycophenolate mofetil; P, prednisone; CKD, chronic
kidney disease; CLAD, chronic lung allograft dysfunction; ACR,

acute cellular rejection,

R = recipient, D = donor, DU = donor unknown, HCMV status =
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Figure S1. Lung transplant patients’ clinical information, and NK cell percentages and markers. (A) Lung transplant patients’ clinical status. (B i)
Representative flow cytometry gating analysis of matched samples from lung transplant recipients before (upper panels) or during (lower panels) rapamycin
treatment. NK cells were identified as live CD45*NKp46*CD3~, CD19-, CD14-, CD123-, and CD4~ cells, and subgated by NKG2A versus CD16 expression. (B ii)
Percentages of NK cells of CD45* cells. Mean + SD, one tail, **, P < 0.01 (c) Histograms of NKG2C expression in the defined NK cell subsets for each patient
before or during rapamycin treatment. (D) FcRy levels in specified NK cell subsets before or during rapamycin treatment per patient. Paired t test, one tail, *,

P < 0.05.
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Figure S2. Healthy donors NK cell gating strategy and donors’ information. (A) Representative dot plots showing gating of CD56PrehCD16",
CD569mCD16", expression of NKG2C vs. NKG2A and NKG2C vs. FcRy in CD569™CD16" cells, and CD57 expression in the defined NK cell subsets. HD #1, #2,
#80, #87: adaptive NK cell-positive HDs. HD #77 and HD #78 represent adaptive NK cell-negative HDs (without NKG2C"&" or FcRy~/' mature adaptive NK
cells). (B) HDs' age, sex, HCMV statues, and adaptive NK cell statues. (C) Expression of FcRy protein in CD56P8"CD16 relative to CD564™MCD16*NKG2A* NK
cells in adaptive NK cell-positive or -negative HDs. Right: Representative histograms of FcRy expression in immature CD56P8"CD16- NK cells relative to
mature NK cell subsets defined by NKG2C and FcRy expression (Fig. S2 A). Paired t-test, parametric. *, P < 0.05; ****, P < 0.0001. (D) Comparison of the
percentages of NK cell subsets defined by NK cell maturation (NKG2A*CD57- -> NKG2ACD57*) between adaptive NK cell-negative or —positive donors’
groups. Mean + SD, unpaired t test, two tails, *, P < 0.05; **, P < 0.01.
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Figure S3. Characterization of ex vivo primary adaptive NK cells. (A) Relative expression of adaptive NK cell-associated markers (FcRy, PLZF, Syk, CD161,
siglec-7, NKp30, and NKp46) or the metalloproteinase ADAM10 (reported to cleave CD122), or CD132 (IL-2Ry) in the defined NK cell subsets from adaptive NK
cell-positive HDs. Paired t test, parametric. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (index = 1 [upper dashed line], index = 0.5 [lower dashed line]). Statistical
calculation was preformed relative to NKG2C-FcRy"e" NK cells. (B) Representative histograms for CD25 (IL-2Ra), pSTATL, pSTAT4, pSTATS5, and pAKTT308
expression in CD56P8CD16™ and the specified CD569™CD16* NK cell subsets, ex vivo (FMO = fluorescence minus one control). (C) Schematic representation
of signaling pathways involved in FcRy regulation according to experiments preformed. Upper panels: Left, IL-2 or IL-15 stimulation; right, IL-2 or IL-15
stimulation and rapamycin. Lower panels: Left, IL-2 or IL-15 stimulation and TGFp; right, IL-2 or IL-15 stimulation and IFNa. Black line - activation, red line »
suppression, solid line — strong, dashed line - weak. (D) mTORCI activity, mTORC2 activity, and FOXO1 protein levels following 48 h of the indicated IFNa
stimulation. Paired t test, parametric. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Horizontal dashed line = FMO control values.
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Figure S4. Characterization of COVID-19 blood samples. (A) Complementary UMAPs of NK cell population density by gene expression subdivided by WOS
score: mild (1-2), moderate (3-4), and severe (5-6) in acute (T2) samples. (B) Upper panels (left to right): IFNa response transcriptomic signature score in NK
cells, TGFP levels in plasma, NK cell percentages with in all PBMCs. Lower panels (left to right): IL-2 levels in plasma, IL-15Ra levels in plasma, and FcRy gene
expression within all NK cells, across patients with different WOS COVID-19 disease severity score in acute (T2) stages. (C) Counts per K/ul of the indicated cell
types at baseline T1 (upper panels) and acute T2 timepoints (lower panels). (D) Maturation-associated markers (left to right: GZMB, GZMK, and Bcl11b) and
CD3Z gene expression (i), and adaptive NK cell-associated markers (left to right: PLZF, Siglec-7, CD161, NKp30, NKp46, and Syk; ii) within the NK cell
population across patients with different WOS COVID-19 disease severity score in acute stage (T2). Mann Whitney U test, *, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0001.
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Figure S5. Influence of CD16 or NKG2C stimulation on adoptive FcRy~/'*" NK cells. (A i) NK cell proliferation (CTV assay) of sorted CD57* vs. unsorted
CD57* adaptive vs. nonadaptive NK cells from HDs #1, #2 after stimulation with anti-CD16 + IL-2 (6 U/ml). (A ii) Normalized pS6 gMFI levels after 24 h of the
indicate stimulation in the defined mature NK cell subsets. Mean + SD. Paired t test, two tails, *, P < 0.05; **, P < 0.01. (B) FcRy levels of NKG2A~ NK cells in
donors with adoptive NK cells (Fig. S2). Cells were stimulated with anti-NKG2C-coated or mouse IgGl isotype-matched control-coated beads for 6 d in the
presence of increasing IL-2 concentrations. Mean + SD. Paired t test, parametric. *, P < 0.05.
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