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SUMMARY

Multiple mechanisms operate to transform microenvironmental information into cellular adaptation, but how
environmental sensors mechanistically synergize to fine-tune natural killer (NK) cell functions is underex-
plored. Although the deletion of HIF-1a, the sensor for hypoxia, was shown to impact NK cell responses,
we here demonstrate that hypoxia-inflicted adaptations in NK cells are differentially hard-wired through
HIF-1a. The hypoxia-HIF-1a axis repressed NK cell oxidative metabolism and the response to IL-12/18
through transcription. However, the IL-12/18-induced IFN-y production was preserved under hypoxia. This
was attributed to the activation of the aryl-hydrocarbon receptor (AhR) that magnified the engagement of
the cMyc-mTORC1-IkB{ pathway, resulting in elevated IFN-y expression. NK cells harmonized AhR/HIF-
1a-mediated signals through defined transcriptional modules, also detected in similar microenvironments,
such as in solid tumors. Together, NK cell functions are fine-tuned through regulatory networks controlled

by environmental sensors, which act as superordinate checkpoints for NK cell outputs.

INTRODUCTION

The primary function of natural killer (NK) cells is the recognition
and elimination of stressed, infected, and malignant cells. This
process relies on the arrays of the receptors expressed on the
cell surface that deliver signals for cytotoxic function.” In addi-
tion, both soluble mediators and surface receptors can trigger
NK cells to produce cytokines® and assume auxiliary roles in im-
mune response. NK cell responsiveness toward pathological
threats is also determined by environmental cues sensed at
the cellular level. Both healthy and inflamed tissues are charac-
terized by sets of determinants that affect immune responses,
such as nutrient availability, tissue stiffness, oxygen tension or
acidity (pH).>® NK cells were shown to respond to these signals
by adapting their functional outputs.”~'® However, how different
signals derived from target cells and the environment are
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processed together, and how the different NK cell functions
are altered according to the received inputs, is not fully explored.

Tissues present a distinctive physiological concentration of
oxygen available to parenchymal and accessory tissue cells.'”
In pathological conditions, such as inflammation or cancer, avail-
able oxygen is scarce, leading to hypoxia.'* ' Cellular adapta-
tions to hypoxia are facilitated by hypoxia-sensitive transcription
factors (TFs), including HIF-1a (hypoxia inducible factor 1 sub-
unit alpha), which alter gene and protein expression to amend
to the newly met metabolic demands of the cell."* Hypoxia
was shown to alter functions of immune effector cells, including
NK cells'® "> and CD8* T cells.'®"'” HIF-1« was reported to regu-
late NK cell IFN-y production in hypoxia, as well as NK cell anti-
tumor,®'® anti-viral,'® and anti-bacterial responses.’® However,
the relative contribution of HIF-1a to hypoxia-inflicted functional
changes is not entirely clear.
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To perform its functions, HIF-1a interacts with numerous pro-
teins and transcriptional regulators,”’ and can affect gene
expression both directly and indirectly. Transcriptional activity
of HIF-1a is tied to dimerization with ARNT (HIF-1p), which re-
sults in a conformational change crucial for high-affinity DNA
binding of the complex.?> On the other hand, CBP/p300 acts
as a HIF-1a coactivator by increasing its acetylation and, thus
its transcriptional activity.”® Both ARNT and CBP/p300 can
also form a transcriptional complex with a ligand-activated TF
aryl-hydrocarbon receptor (AhR).>* AhR was initially identified
for its role in metabolizing xenobiotics and regulating the expres-
sion of cytochrome P450 enzymes.”® However, multiple studies
demonstrated its role in many physiological functions, including
immune cell regulation.?® Physiological ligands that can activate
AhR in these settings include tryptophan derivatives, such as ky-
nurenine,””*® as well as some dietary and microbial-derived
compounds.”®*° AhR has been shown to regulate mouse NK
cell IFN-y production, cytotoxicity,®’ and migration,* as well
as human NK cell development®*** and the expression of acti-
vating surface receptors.®® Due to shared interaction partners,
the functions of AhR and HIF-1x are closely associated.*®
Here, we show that NK cells harmonize AhR- and HIF-1a-derived
signals through segregated transcriptional modules, enabling
stimuli-dependent regulation of NK cell effector responses. Hyp-
oxia and HIF-1a regulated oxidative metabolism and the
response to cytokines IL-12/18 through transcription. Despite
transcriptional repression, the activation of AhR enabled the
preservation of IFN-y production under hypoxia, by enhancing
the expression of IL-12R chains and Nfkbiz (IkB{), and by
engaging the cMyc-mTORC1-IkB¢ pathway downstream of IL-
12 and IL-18 receptor activation. Therefore, we propose that at
the concurrence of hypoxia and propinquity of tryptophan or
its metabolites, AhR can act as a salvage checkpoint to maintain
proinflammatory NK cell output.

RESULTS

Hypoxia regulates metabolism- and function-associated
NK cell transcriptome

To investigate how NK cells adapt their functions when exposed
to hypoxia for prolonged time periods, we cultured mouse
splenic NK cells in normoxia (20% O,) or hypoxia (1% O,) for 7
days, and analyzed their transcriptomes. NK cells derived from
these cultures displayed a differential abundance of transcripts
that encode proteins involved in metabolism and NK cell effector
responses (Figure 1A). Hypoxia inflicted the transcriptional
repression of oxidative respiration, while increasing glycolysis
(Figures 1A and 1B), and regulated pathways related to the acti-
vation of various NK cell receptors (Figure 1C, left). Pathways
operating via CD3¢ (Cd247), Syk/Zap70 (Syk, Lcp2/SLP76),
PI3K (Pik3cd/p1108), and Vav (Vav2) were suppressed in hypox-
ia, indicating a repression of ITAM-mediated responses. In addi-
tion, we detected a lower abundance of transcripts affecting the
MAPK pathway and activation of NF-xkB (Nfkb1, Nfkb2, Nfkbia,
Nfkbib, Nfkbie, Rela, Relb), which support NK cell activation by
cytokines, such as IL-18°"7%° (Figure 1C, right). Suppression of
this pathway was further supported by higher amounts of
Irak3, encoding for a negative regulator of MyD88-dependent
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signaling.”’ In contrast, the amount of 1112rb2 (IL-12Rp2) was
higher in NK cells under hypoxia. These data indicate that hypox-
ia transcriptionally directs not only metabolic adaptation to low
oxygen concentration, but also has broad effects on the path-
ways that conduct NK cell effector outputs.

Hypoxia-HIF-1a-reliant regulation of NK cell IFN-y
production is stimulus-dependent
To determine if transcriptional changes inflicted by exposure to
hypoxia resulted in the altered function of NK cells, we assessed
metabolic output, cytotoxicity, and production of IFN-y by NK
cells cultured in normoxia or hypoxia. NK cells cultured in hypox-
ia manifested reduced basal and maximal oxygen consumption
rates (Figure 2A). Alongside, we detected a reduced proportion
of both RMA-S (MHC class I-deficient) and RMA-Raely
(NKG2D-ligand overexpressing) tumor cells displaying caspase
3/7 activation in co-culture with NK cells derived from hypoxic
cultures (Figure 2B), indicating the effect of hypoxia on both
missing-self and NKG2D-mediated cytotoxicity. Similarly,
when stimulated via the activating receptor NK1.1 that engages
the Syk/Zap70 kinase pathway,”'*** lower proportions of NK
cells cultured in hypoxia produced IFN-y compared to nor-
moxia-derived controls (Figure 2C). However, hypoxia did not
affect either the frequency of cells producing IFN-y or the amount
of cytokine produced if NK cells were stimulated with IL-12 and
IL-18 (IL-12/18) (Figure 2D), despite the transcriptional repres-
sion of the pathway downstream of the IL-12 and IL-18 receptors
(IL-12R/18R) (Figure 1C, right). These data evidence that the
transcriptional regulation of oxidative metabolism and activating
receptor-affiliated pathways mirrors reduced NK cell function
under hypoxia. However, despite transcriptional repression,
NK cells cultured in hypoxia preserved the response to IL-12/18.
To identify and predict the activity of TFs regulating adaptation
to hypoxia, we performed TF inference analysis,”® which pre-
dicted low activity of proinflammatory programs driven by NF-
kB and IRF TFs, while regulatory factors, such as Erg, were pre-
dicted as active (Figure 3A). Our data also predicted the activation
of HIF-1a, which is stabilized in hypoxia and often referred to as a
master regulator of cellular adaptation to low oxygen tension.'*
HIF-1a likely coordinated changes in gene expression in cooper-
ation with other factors, resulting in modified cellular functions.
To determine how the divergent functional responses of NK
cells under hypoxia are affected by HIF-1a, we cultured control
or Hifta-deficient NK cells, derived from mice with a conditional
Hif1a deficiency in Ncri-expressing cells (Ncr1™ Hif1a™™, un-
der hypoxia, and determined their functional output. Compared
to controls, Hifla-deficient NK cells displayed an increased
basal and maximal oxygen consumption rate (Figure 3B). These
data corresponded to changes in the transcriptome detected
between control and Hif1a-deficient NK cells cultured under
hypoxia, with the latter displaying higher abundance of tran-
scripts related to oxidative phosphorylation, concomitant with
an overall reduction of transcripts related to glycolysis
(Figure S1B). Transcripts related to activating receptor signaling
were differentially affected by the absence of HIF-1a. Syk, Lcp2
(SLP76), and Vav2 were more abundant, indicating their tran-
scriptional regulation via the hypoxia-HIF-1a axis. However,
the amounts of cytotoxic effector molecule mMRNAs Gzmb and
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Figure 1. Hypoxia regulates metabolism and function-associated NK cell transcriptome

Mouse splenic NK cells were cultured in normoxia or hypoxia for 7 days, and then subjected to mRNA-sequencing.

(A) Volcano plot (left) indicates differential abundance of transcripts in NK cells cultured in hypoxia compared to NK cells derived from control cultures (normoxia).
Red - increased, blue — decreased transcript abundance (fold change > [1.25|, p-adjusted <0.05). Dot plot (right) indicates selected GO Biological Processes
affected by differentially abundant transcripts (NES, normalized enrichment score).

(B and C) Heatmaps show differentially abundant transcripts associated with metabolism (B), and response to activating receptor-triggering or stimulation with

the cytokines IL-12 and IL-18 (C).

Prf1 were reduced (Figure S1B). Consequent to this differential
regulation, NK cell cytotoxicity assessed via caspase 3/7 activa-
tion in tumor cells did not differ between control and Hif1a-defi-
cient NK cells (Figure 3C).

Next, we assessed IFN-y production triggered via the acti-
vating receptor NK1.1 or via IL-12R/IL-18R. Alike cytotoxicity,
IFN-y production triggered via NK1.1-engagement was not
affected (Figure 3D). In contrast, a higher proportion of NK cells

made IFN-y in the absence of HIF-1a (Figure 3E) when stimulated
with 1L12/18. In concert, Hifla-deficient NK cells presented
higher amounts of transcripts encoding for IL-12R, IL-18R, and
several members of the NF-xB signaling pathway (Figure S1B).

Together, our data show that activating receptor-mediated re-
sponses, including both cytotoxicity and IFN-y production, were
affected by hypoxia, but did not increase in the context of Hif1a
deficiency, indicating that several, but not all, hypoxia-inflicted
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Figure 2. Hypoxia-reliant regulation of NK cell IFN-y production is stimulus-dependent

Mouse splenic NK cells were cultured in normoxia or hypoxia for 7 days.

(A) Oxygen consumption rate (OCR) was measured upon the addition of Oligomycin (Oligo), Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and
rotenone/antimycin A (Rot/AA) at the indicated time points. Data represent OCR over time (left), or basal and maximal OCR (right), as mean + SEM, n =3, *po < 0.05

by paired t test.

(B) NK cells were incubated with tumor cells for 5h. FLICA reagent for the detection of caspase 3/7 activity was added for the last hour of the co-culture. Zombie
Aqua (ZA) reagent was used to label apoptotic cells. Frequency of apoptotic tumor cells with activated caspases was determined by flow cytometry. Data

represent mean + SEM, n = 3, “p < 0.05 by paired ¢ test.

(C and D) NK cells were stimulated with plate-bound aNK1.1 mAb (C) or with IL-12 and IL-18 (D) for 5h. Frequencies of IFN-y-producing NK cells were determined
by flow cytometry (left). Representative histogram plots of IFN-y expression are shown (right). Data represent mean + SEM, n =9, **p < 0.01 or not significant (ns)

by paired t test.

changes within these pathways were mediated solely by HIF-1a.
Indeed, the intersection of our two datasets, comparing the tran-
scripts affected by hypoxia (hypoxia vs. normoxia) with the tran-
scripts affected by HIF-1a under hypoxia (Hif1a-deficient vs.
control NK cells), suggests that approximately half of the tran-
scripts under hypoxia were directly or indirectly regulated by
HIF-1a (Figure S1A). The hypoxia-HIF-1a-axis regulated NK
cell oxidative metabolism and response to IL-12 and IL-18
through transcription. However, as IFN-y production induced
by IL-12/IL-18 was preserved under hypoxia and further boosted
in the absence of HIF-1a, we hypothesized the existence of a
mechanism that acts to maintain IFN-y production in response
to IL-12/IL-18, despite hypoxia-HIF-1a-driven transcriptional
repression of this pathway.

AhR activation elevates NK cell IFN-y production via the
cMyc-mTORC1 pathway

Among the pathways active in NK cells under hypoxia, xenobiotic
metabolism (Figure 1A, right) was among the most enriched,

4 iScience 29, 115492, April 17, 2026

indicative of activation of the ligand-induced TF AhR.?° In cell cul-
ture, AhR can be activated by endogenous ligands, which are
derived from metabolism of the amino acid tryptophan.***° Under
hypoxia, NK cells displayed higher expression of Ahr mRNA and
its target genes, including the canonical targets Tiparp and
Cyp1b1,"%" as well as Nfkb1 and Relb*®*® (Figure S2A). To
investigate the effects of AhR on NK cell effector responses, we
cultured NK cells from mice bearing conditional Ahr deficiency
in Ncri-expressing cells in tryptophan-free medium, and added
kynurenine, a degradation product of tryptophan, to activate
AhR.** AhR activation did not impact IFN-y production in
response to NK1.1-triggering (Figure S2E). However, in response
to IL-12/18, the frequencies of cells producing IFN-y, and the
amount of IFN-y produced, increased when Ahr-sufficient NK
cells were cultured in the presence of kynurenine (Figure 4A).
The selective effect of AhR on the IL-12R/18R pathway in NK cells
was in agreement with data obtained by the transcriptome anal-
ysis of Ahr-sufficient and AhR-deficient NK cells cultured in hyp-
oxia for 7 days. Dataset intersection with hypoxia-affected
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Figure 3. HIF-1a suppresses oxidative metabolism and IFN-y production in response to IL-12/18 under hypoxia

(A) Mouse splenic NK cells were cultured in normoxia or hypoxia for 7 days and then subjected to mRNA-sequencing. Heatmap shows the top 10 more or less
active transcription factor (TF) modules predicted based on differential abundance of transcripts.

(B-E) NK cells were isolated from control Hif1a™" or Ncr1'°™ Hif1a™" mice and cultured in hypoxia for 7 days. (B) Oxygen consumption rate (OCR) was measured
upon the addition of oligomycin (Oligo), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and Rotenone/Antimycin A (Rot/AA) at the indicated time
points. Data represent OCR over time (left), or basal and maximal OCR (right), as mean + SEM, n = 3 individual animals (2 male, 1 female), *p < 0.05 by unpaired t
test. (C) NK cells were incubated with tumor cells for 5h at a 1:1 ratio for 5h. FLICA reagent for the detection of caspase 3/7 activity was added for the last hour of
the co-culture. Zombie Aqua (ZA) reagent was used to label apoptotic cells. Frequency of apoptotic tumor cells with activated caspases was determined by flow

cytometry. Data represent mean + SEM, n = 3, not significant (ns) by unpaired t test. (D-E) NK cells were stimulated with plate-bound aNK1.1 mAb (D) or IL-12 and

IL-18 (E) for 5h. IFN-y expression was determined by flow cytometry. Data represent mean + SEM, n =5 (D), n = 7 (E),

unpaired t test. See also Figure S1.

transcripts denoted that a quarter of these transcripts were
directly or indirectly regulated by AhR (Figure S2B). Among these,
only a limited number of transcripts related to metabolism and
activating receptor signaling were differentially detected in AhR-
deficient compared to control NK cells (Figure S2C). However,
Ahr-deficient NK cells showed consistently reduced numbers of
transcripts encoding IL-12R and IL-18R chains, as well as of
kB, a nuclear coactivator in the NF-kB pathway shown to directly
regulate the transcription of the Ifng gene in NK cells®
(Figure S2C). Correspondently, we detected reduced protein
expression of IL-18Ra in Ahr-deficient, but not in Hif1a-deficient

****p < 0.0001 or not significant (ns) by

NK cells, compared to their respective controls (Figure S2F).
These data indicate that pre-exposure to AhR-ligands could set
up the threshold for response to IL-12/18 by transcriptionally regu-
lating the expression of their receptors.

We have previously shown that, apart from the mobilization of
NF-kB, the stimulation of NK cells via IL-18R also led to the acti-
vation of the mammalian target of rapamycin complex 1
(mTORCH1), along with an upregulation of cMyc and IkB¢ expres-
sion.” Indeed, IL-12R/18R-triggering induced the phosphoryla-
tion of the ribosomal protein S6 (pS6) in a higher proportion of
NK cells compared to the activation of the NK1.1 receptor

iScience 29, 115492, April 17, 2026 5
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Figure 4. AhR activation elevates NK cell IFN-y production via cMyc-mTORC1 pathway

(A-C) Splenic NK cells were isolated from Rag2-deficient control (Ahr™™ or Ner1'°® Anr™ mice, and cultured in tryptophan-free media (-TRP) supplemented with
kynurenine (-TRP+KYN) for 7 days. NK cells were stimulated with IL-12 and IL-18 for 5h. Expression of IFN-y (A), phosphorylated-S6 (pS6) (B), cMyc, and kB¢
(C) was determined by flow cytometry. Representative histogram plots of IFN-y expression (A), and contour plots of IFN-y and pS6 co-expression (B) in NK cells
are shown. Fold-change of IFN-y, cMyc, and IkB{ expression relative to the expression in control Ahr"™ NK cells cultured in tryptophan-free media was calculated
for every independent experiment. Data represent mean + SEM, n =7 (A),n=6 (B), n =3, (C, up), n =6 (C, down); **p < 0.01, ***p < 0.001, and ***p < 0.0001 by
two-way ANOVA corrected for multiple comparison (Tukey) (A, up; B). “p < 0.05 by ratio t test with the false discovery rate (FDR) for multiple comparison
correction (A, down; C). MFI, mean fluorescence intensity. See also Figures S2 and S3.

(Figure S3A), and led to increased cMyc and IkB{ expression
(Figure S3B). To investigate if AhR affected NK cell response to
IL-12/18 via mTORC1, cMyc, and/or IkB{, we assessed pS6,
cMyc, and/or IkB( expression in AhR-sufficient and deficient
NK cells exposed to IL-12/18. AhR-sufficient NK cells exposed
to kynurenine displayed higher mTORC1 activation (measured
by pS6 expression) when stimulated with 1L-12/18 (Figure 4B,

6 iScience 29, 115492, April 17, 2026

left), which correlated with higher IFN-y expression (Figure 4B,
right). Concomitantly, the expression of cMyc and IkBg
increased in AhR-sufficient compared to AhR-deficient NK cells
when cultured in the presence of kynurenine (Figure 4C). The
importance of mTORC1 to initiate cMyc upregulation in IL-2/
12-stimulated NK cells was previously reported,®’ while 1kBt
was shown to bind to the Ifng promoter and promote Ifng
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mRNA transcription.®>? To explore if nTORC1, cMyc, and 1Bt
act as a sequential circuit downstream of AhR activation to sup-
port IFN-y production, we utilized Torin2 (mTORCH1 inhibitor) and
10058-F4 (inhibitor of cMyc:Max dimerization), and measured
IFN-y, pS6, cMyc, and kB¢ expression upon NK cell stimulation
with IL-12 and IL-18. The inhibitors marginally affected propor-
tions of NK cells producing IFN-y, but abrogated the kynure-
nine-mediated increase of the amount of IFN-y produced by
NK cells (Figure S3C). Further, Torin2 prevented the increase
of IkB¢ expression by IL-12/18 in kynurenine-treated NK cells,
indicating that mTORC1 acted downstream of AhR activation
and upstream of IkB{ (Figure S3D). In the presence of the
10058-F4 inhibitor, no mTORC1 activation was detected
(Figure S3D), suggesting that cMyc operates upstream of
mTORC1. Our analysis suggested that AhR likely does not affect
mTORC1 activation through the transcriptome (Figure S2D).
However, some cMyc target gene products were downregulated
in AhR-deficient compared to control NK cells (Figure S2D), sug-
gesting that cMyc expression might be affected by AhR, inde-
pendent of stimulation with IL-12/18.

Together, AhR exerts both transcriptional and non-transcrip-
tional executive roles in regulating the responsiveness of NK
cells to IL-12/18 and the amount of IFN-y produced,
respectively. AhR governs the transcription of kB¢ and IL-12R/
18R-chains mRNAs, assuring the higher responsiveness to stim-
ulation. Upon stimulation, AhR magnifies the engagement of
cMyc-mTORC1-IkB{ pathway, leading to elevated IFN-y
expression.

Deletion of Hif1a leads to an AhR-dependent boost of IL-
12/18-induced IFN-y production under hypoxia

Our data show that the absence of Ahr resulted in a lower num-
ber of transcripts encoding IkB(, IL-12R, and IL-18R chains
(Figure S2), thereby opposing the effect of HIF-1a (Figure 1C).
Hence, we postulated that AhR activation could be a mechanism
that acts to maintain IFN-y production in response to IL-12/IL-18,
despite hypoxia-HIF-1a-driven transcriptional repression. To
test this, we have generated mice with conditional deficiency
of both Hiffa and Ahr in Ncri-expressing cells (Ncr1‘™®
Hif1 afI/fI Ahrﬂ/ﬂ).

The frequencies of IFN-y-producing Hif1a/Ahr-deficient NK
cells cultured under hypoxia did not increase upon stimulation
with IL-12/18, as observed for Hifla-deficient NK cells
(Figure 5A). Alongside, no increase in the frequency of pS6-ex-
pressing cells (Figure 5B), or cMyc (Figure 5C) and kB¢
expression (Figure 5D) was observed in IL-12/18-stimulated
Hif1a/Ahr-deficient NK cells, indicating that the cMyc-
mTORC1-IkB{ pathway could not be engaged in the context of
Hif1a-deficiency when AhR is absent, and therefore, no boost
of IFN-y production can be enforced. Moreover, culture of
Hif1a-deficient NK cells in tryptophan-free medium phenocop-
ied the response to IL-12/18 of Hifla/Ahr-deficient NK cells
(Figure S4A), further verifying that AhR activation was necessary
to boost IFN-y production in the context of Hif1a deficiency. In
contrast, the absence of Ahr in the context of Hif1a deficiency
altered neither NK cell oxygen consumption rates (Figure 5E),
nor IFN-y production in response to NK1.1-triggering
(Figure S4B).
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NK cells display HIF-1ax and AhR regulatory modules in
hypoxia and in solid tumor tissue of mouse and human
Our data show that the interplay of microenvironmental factors
via their cellular sensors can fine-tune NK cell responses, leading
to the selective suppression or activation of their effector re-
sponses. Our transcriptome analyses of Hif1a- and Ahr-deficient
NK cells indicated the existence of HIF-1a and AhR “regulatory
modules” that shape the NK cell transcriptome, and thereby their
functions. Thus, we aimed at determining common and/or
discrete HIF-1a and AhR “regulatory modules” by comparing
single (Hifla or Ahr)-deficient and double (Ahr and Hif1a)-defi-
cient NK cell transcriptomes. We cultured NK cells under hypox-
ia in tryptophan-sufficient medium to stabilize HIF-1a and permit
AhR activation and thus HIF-1a- and AhR-dependent gene tran-
scription. Differentially abundant transcripts grouped into up- or
downregulated modules driven by the respective NK cell geno-
types (Figure 6A). The data show that within these modules,
either AhR or HIF-1a exerted dominant regulatory roles, which
suggested that these pathways segregate to regulate transcrip-
tion in NK cells under hypoxia. The AhR module encompassed
genes/transcripts that were differentially regulated whenever
NK cells lacked Ahr, namely in both Ahr-deficient and Ahr/
Hif1a double-deficient NK cells. These included the previously
reported Ahr-regulated/target genes 1112rb1 and Kit**>°*°° as a
part of the AhR-up module (regulated by AhR, reduced when
NK cells are AhR-deficient), while the HIF-1a-up module
comprised its reported targets Aldoa and Ldha®® (Figure 6B).
Biological processes regulated by AhR-up module transcripts
included immune cell activation and signal transduction, while
HIF-1a-up module affected metabolism and cellular energy
(Figure S5C), consistent with its role in regulating NK cell meta-
bolism under hypoxia (Figures S5A and S5B).

When considering the IL-12R/18R pathway, we have
observed that HIF-1a exerted a dominant role in transcriptional
repression (HIF-1a down module) of genes encoding STAT4
(IL-12R signaling®), IL-18R chains, and NF-xB family, which re-
mained reduced in the absence of Hif1a, even when AhR was
active (Hif1a-deficient NK cells) (Figure 6C). A set of transcripts,
including Nfkbia, Nfkbib, Stat3, Jun, Irak2, and Map3k1, was
also regulated by HIF-1a independently of AhR (HIF-1a up mod-
ule). In contrast, transcripts encoding IL-12R chains, JAK2 (IL-
12R signaling®®), IkBt, and MAP2K4 kinase, which activates
p38,°° were suppressed by HIF-1a and upregulated in the pres-
ence of AhR (HIF-1a down AhR up module). In these settings,
p38 can support IL-18-, IL-12R/STAT4-and STAT1-mediated
IFN-y production®®®? and can activate the TFs NF-xB and
AP-1, thereby supporting lfng transcription.®*°* Together, our
data indicate opposing functions of HIF-1a and AhR on these
sets of genes, balancing their expression in a situation where
both factors are active.

As we defined these divergent transcriptional roles of AhR and
HIF-1a, converging into IFN-y production in response to IL-12/
18, we aimed at testing how AhR and HIF-1a operate these path-
ways under conditions when NK cells are exposed to both hyp-
oxia and AhR-ligands. In solid tumors, the activation of HIF-1«a
was shown to hamper the ability of NK cells to control tumor
growth.®"® It was also reported that the tryptophan-degradation
product kynurenine accumulated in tumor tissues of patients
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Figure 5. Deletion of Hif1a leads to an AhR-dependent boost of IL-12/18-induced IFN-y production under hypoxia

Splenic NK cells were isolated from control Hifta™", Hif1a™" Ahr"™ or from Ner1©' Hif1a™" and Ner1© Hif1a™" Anr™" mice, and cultured in hypoxia for 7 days.
(A-D) NK cells were stimulated with IL-12 and IL-18 for 5h. Expression of IFN-y (A), phosphorylated-S6 (pS6) (B), cMyc (C), and IkB¢ (D) was determined by flow
cytometry. Fold-change of cMyc and IkB( expression relative to the expression in Hif1 a™" NK cells was calculated for every independent experiment. Repre-
sentative histogram plots of the expression of indicated proteins in NK cells are shown. Data represent mean + SEM, n=5-8 (A), n=4 (B, C),n=3 (D), *p < 0.05,
**p <0.01, **p <0.001, and **p < 0.0001 by ordinary one-way ANOVA test corrected for multiple comparison (Tukey) (A-B); ratio t test with the false discovery

rate (FDR) for multiple comparison correction (C-D).

(E) Oxygen consumption rate (OCR) was measured upon the addition of oligomycin (Oligo), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and
rotenone/antimycin A (Rot/AA) at the indicated time points. Data represent OCR over time (left), basal and maximal OCR (right) as mean + SEM, n = 3, *p < 0.05,
**p < 0.01, and ***p < 0.001 by ordinary one-way ANOVA test corrected for multiple comparison (Tukey). See also Figure S4.

with cancer.®>® Therefore, we postulated that these modules
could operate in solid tumor-infiltrating NK cells, creating an acti-
vation-repression balance, as observed in vitro. To this end, we
leveraged published datasets analyzing tumor-infiltrating NK
cells in mouse® and human.®® The data indicated that, alike
in vitro, in mouse subcutaneous lymphoma, HIF-1a regulated
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NK cell metabolism, as the set of transcripts that was downregu-
lated in context of Hif1a deficiency in hypoxia in vitro was also
less enriched in Hifta-deficient tumor-infiltrating NK cells
compared to controls (Figure S6A). Similarly, a set of HIF-
1a-suppressed transcripts related to IL-12R/18R activation
(Figure 6C) was enriched in Hifla-deficient tumor-infiltrating
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NK cells compared to controls (Figure S6A). Enrichment of the
transcripts related to AhR activation (Table S2) did not differ be-
tween Hif1a-sufficient and deficient tumor-infiltrating NK cells,
consistent with a regulatory segregation of HIF-1a and AhR.
Nevertheless, the “HIF-1a down AhR up” module was enriched
in tumor-infiltrating NK cells when HIF-1a-mediated suppression
was not present (Figure S6A), consistent with our observations
in vitro (Figure 6C).

To determine if HIF-1a and AhR activation can be inferred in
human tumor-infiltrating NK cells, we selected transcripts
related to their activation (Table S2). The expression of HIF1A,
AHR, and selected candidates differed in NK cells derived from
various tumor types (Figure S6B). However, when analyzing tu-
mor NK cell subsets originally defined by Tang et al.,*® the
enrichment scores for both HIF-1a and AhR activation were high-
est in NK cells displaying cellular stress-related signatures
(DNAJB1), which were postulated to have spent the longest
time in the tumor tissue (Figures 6D and 6E). The DNAJB1-sub-
set not only showed the highest expression of the transcripts
related to HIF-1o and AhR activity, but also the highest amount
of IFNG (Figure 6F), suggesting that, despite being exposed to
hypoxia and stress, NK cells retained the ability to produce
IFN-vy. Together, these data indicate that in the context of the tu-
mor microenvironment, both HIF-1o and AhR sense their envi-
ronmental triggers and could regulate NK cell functionality.

DISCUSSION

NK cells are early responders to infection and transformation.
Particularly in the context of cancer, NK cells are considered
as major antigen- and MHC class I-independent immune effec-
tors that can be targeted and harnessed for therapy.®” NK cell re-
sponses require cell activation through sets of surface receptors
able to sense cellular stress and tissue and immune alarmins,
such as inflammatory cytokines. Like other innate immune cells,
NK cells can be activated via multiple germline-encoded cell sur-
face receptors.®® These include NK activating receptors, whose
ligands are typically expressed by stressed, infected, or trans-
formed cells, allowing their recognition and elimination, and
cytokine receptors, that sense the alerts from the surrounding
cells. The activation of NK cells is a product of signal integration
and results in cytotoxicity (target cell killing), and/or the produc-
tion of soluble mediators, of which IFN-y is considered a “signa-
ture cytokine” produced by NK cells.®>"" However, both the NK
cell ability to respond and the magnitude of their responses can
be affected by a multitude of signals deriving from their immedi-
ate environment. How these signals interplay and how they regu-
late NK cell responses at the molecular level is rather
underexplored.

The aptitude for NK cell activation in tissue can be dictated by
various tissue attributes, including available nutrients®’">"° or
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physical and chemical conditions, such as the concentration of
oxygen.®'® Several approaches have been undertaken to in-
crease NK cell functions in unfavourable conditions. For
example, IL-15 provided to CAR-expressing NK cells increased
their metabolic fitness and in vivo persistence in pre-clinical set-
tings.”* However, NK cells were eventually outcompeted by the
outgrowing tumor, suggesting that their cell-intrinsic regulatory
networks succumbed to the “environmental pressure,” and
that rewiring these operative systems might be beneficial to pro-
vide pro-fitness signals.

Both human and mouse NK cells are affected by hypox-
ia.® 15187576 Here, we show that hypoxia restrains oxidative
metabolism and the responses of NK cells mediated via acti-
vating receptors, including both cytotoxicity and cytokine pro-
duction. These functional outputs are likely conjured from the
transcriptional regulation, as the transcripts encoding the pro-
teins involved in both metabolic- and activating receptor-associ-
ated functions were reduced in NK cells exposed to hypoxia.
HIF-1a mediated only a fraction of the observed NK cell adapta-
tions to hypoxia, having the most significant effect on NK cell
metabolism. Hifla-deficient NK cells showed higher oxygen
consumption under hypoxia, but did not increase responses to
NK1.1-triggering, compared to controls. This can be explained
by the mobilization of other hypoxia-responsive pathways in
NK cells, of which we detected the plausible activation of several
regulatory networks. These data indicate that under hypoxia,
different transcriptional modules might be engaged to uphold
the governance over differential effector assemblies of NK cells.

In contrast to activating receptor-mediated outputs, under
hypoxia, NK cells preserved IFN-y production induced by cyto-
kine receptors for IL-12 and IL-18. Cytotoxicity is crucial for
the rapid elimination of infected or transformed cells early in
the immune response, while IFN-y has broader immunoregula-
tory effects, including increasing antigen presentation,’” macro-
phage activation,”® and T cell differentiation.”®*° In addition,
cytotoxicity can be rapidly triggered and quickly inhibited when
controlled at the level of granule release,®® while IFN-y produc-
tion involves multiple levels of control, including epigenetic regu-
lation, transcription, mRNA stability, and protein synthe-
sis.?%71:8183  preserving its production in the context of
hypoxia could therefore allow a broader impact of NK cells on
overall immune activation through crosstalk with other immune
cells.

Our data show that the unremitting responsiveness to IL-12/18
is attained through convoluted transcriptional and post-tran-
scriptional regulation. NK cells utilized sensing of tryptophan
and its derivatives by the ligand-activated TF AhR to surpass
HIF-1a-mediated suppression. Hypoxia/HIF-1a hindered IL-12/
18-induced IFN-y production via transcriptional suppression of
the IL-18R and NF-kB pathway. Despite the opposing effects
of AhR, the inhibitory effect of HIF-1a appears dominant.

differs in at least one group of NK cells with gene deficiency. (B) Examples of transcripts assigned to depicted modules across NK cells with different genotypes

are shown.

(C) Differentially abundant transcripts from “IL12 IL18 NFkB pathway” assigned to depicted regulatory modules.
(D-F) Relative abundance of transcripts related to HIF-1a and AhR activation (Table S2), or IFNG (F) in human tumor-infiltrating NK cell subsets.* Boxplots depict
combined enrichment scores (D) or median expression (F), and a heatmap (E) shows scaled expression for the individual transcripts. Data are generated using the

pan-NK cancer atlas (http://pan-nk.cancer-pku.cn). See also Figure S5.
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Instead, positive effects of AhR at the transcriptome level were
mainly inflicted on the expression of IL-12R, kB¢, and p38-acti-
vating kinase. IL-12 was reported to enhance IL-18R
expression,®*® while p38 can assist NF-xB-mediated Ifng tran-
scription,®® thus together counteracting HIF-1a-mediated effects.

While the aforementioned AhR-mediated effects acted via
transcriptome and preceded activation, thus setting the thresh-
olds for NK cells’ responsiveness to IL-12/18, AhR also exerted
transcriptome-independent regulation that manifested upon the
engagement of the IL-12R/18R. NK cells exposed to AhR-li-
gands were able to more efficiently engage the cMyc-mTORCH1
pathway in response to IL-12/18. mTORC1 and cMyc activity
in NK cells were closely linked to IL-15R signaling, which is
crucial for NK cell differentiation and homeostasis.®**° Howev-
er, they also regulate NK cell metabolic reprogramming,
whereby glucose uptake and glycolysis rates increase to sustain
NK cell effector functions.’®°" mTORC1 promotes protein syn-
thesis through its targets 4E-BP1 and S6K1,%? and the expres-
sion of nutrient transporters.?®°° Both mTORC1 and cMyc
were shown to support the expression of the amino acid trans-
porter SLC7A5, while in turn, SLC7A5-mediated leucine influx
contributes to mTORC1 activation.®™”? In T cells, SLC7A5 was
shown to mediate kynurenine uptake,”® advocating for the
connection between mTORC1, cMyc, and AhR. Although the
AhR-mTORC1 axis has been suggested to operate within malig-
nant cells,”*°> how AhR primes NK cells for enhanced cMyc-
mTORC1 activation remains to be determined.

We have shown that stimulation with IL-12/18 also induced the
expression of IkB{, a nuclear coactivator in the NF-kB pathway
shown to directly regulate the transcription of the Ifng gene in
NK cells.®%°?% The upregulation of IkB{ depended on AhR,
and its transcript expression was also reduced in unstimulated
Ahr-deficient NK cells. Inhibitors targeting mTORC1 and cMyc
prevented the IL-12/18-mediated upregulation of IkB¢, suggest-
ing convergence of AhR-cMyc-mTORC1 axis to IkBC. IkBC
expression is typically induced downstream of receptors
engaging the NF-xB pathway.?”?® Both mTORC1 and cMyc
were shown to contribute to NF-xB-dependent survival path-
ways in cells.®>'? In addition, they both converge in regulating
translation, which could affect the amount of kB¢ protein.

The factors that the direct activation of HIF-1a and AhR,
namely —hypoxia and AhR-ligands, can coincide in various or-
gans, such as gut'®""'%? or liver,'%>"%* even in physiological con-
ditions. Liver is enriched in tryptophan and its derivatives, '%°
while AhR-ligands in gut originate from dietary sources, and
from both microbial and host metabolism.'°® During the course
of infection, oxygen concentration can drop further,” while tryp-
tophan is used by activated immune cells, leading to kynurenine
accumulation.’®” During infection, IL-12 and IL-18 play impor-
tant roles in NK cell activation and host protection.'%®'%° There-
fore, we predict that in these conditions, HIF-1a and AhR could
use the proposed modular segregation to regulate NK cell func-
tions. Hypoxia and accumulation of kynurenine are also readily
reported features of solid malignancies.'*®""° The depletion
of tryptophan and accumulation of kynurenine were reported
as detrimental for T cells, favoring the differentiation of regulatory
phenotypes.’""''? We have detected the expression of tran-
scripts related to IL-12R/18R activation regulated by HIF-1a
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and AhR in both mouse and human tumor-infiltrating NK cells.
The data indicate that NK cells displaying stress-related signa-
tures, which were postulated to infiltrate tumor tissue the
earliest,®® and therefore were exposed to the tumor microenvi-
ronment the longest, have enriched signatures for AhR- and
HIF-1a-mediated regulation of IL-12R/18R pathway. Interest-
ingly, these cells also showed the highest abundance of IFNG
transcript in the original publication by Tang et al.>® Similarly,
the signatures repressed by HIF-1a were enriched in mouse
Hif1a-deficient NK cell infiltrating lymphomas. We have previ-
ously shown that Hif1a-deficient NK cells were able to control
the growth of these tumors,® and therefore, therapeutic targeting
of HIF-1a in NK cells holds promise for enhanced anti-tumor re-
sponses. Our data, however, indicate that rather than sup-
pressed, the AhR pathway shall be reinforced in NK cells. While
AhR exerts rather inhibitory roles in the adaptive immunity,'"®
directly and indirectly, acting via dendritic cells,?®""* it was
rather reported to stimulate NK cells.>"*? Therefore, the thera-
peutic application of AhR inhibitors''® shall be carefully consid-
ered in the context of NK cell-sensitive tumors or combinatorial
therapies with NK cell therapeutics.

Together, we suggest that the segregation of the HIF-1a and
AhR pathways, and the potentially quaint AhR function in NK
cells, represent a corporate solution to prevail over the allied
impact of diverse inhibitory environmental conditions.

Limitations of the study

In this study, we identified a role of the TF AhR in regulating IFN-y
production by NK cells stimulated with inflammatory cytokines
IL-12 and IL-18. Although not confirmed by protein detection,
increased expression of Ahr and its activity under hypoxia was
inferred from the upregulation of its reported target genes. The
role of AhR in sustaining NK cell IFN-y production under hypoxia
was associated with its capacity to boost IFN-y production in the
absence of HIF-1a. This effect correlated with increased
mTORC1 activity and elevated expression of cMyc and IkBC.
While these responses were AhR-dependent, the precise mech-
anisms by which AhR engages mTORC1 and how it contributes
to cMyc, kB¢, and IFN-y expression in these settings require
further investigation.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Dr. Ana Stojanovic (ana.stojanovic@medma.
uni-heidelberg.de).

Materials availability

This study did not generate new, unique reagents. Mouse lines generated in
this study are available from the lead contact with a completed materials trans-
fer agreement.

Data and code availability
® RNA sequencing data generated in this study have been deposited in
the Gene Expression Omnibus (GEO) under accession number
GSE292263 and GSE292264.
@ This paper does not report original code.
® This paper analyses existing, publicly available data, accessible at
GEO: GSE123534 and at http://pan-nk.cancer-pku.cn.

iScience 29, 115492, April 17,2026 11



mailto:Ana.Stojanovic@medma.uni-heidelberg.de
mailto:Ana.Stojanovic@medma.uni-heidelberg.de
http://pan-nk.cancer-pku.cn

¢? CellPress

OPEN ACCESS

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Antibodies
anti-mouse IFN-y Brilliant Violet™ 650™ BioLegend 505832;
(XMG1.2) RRID: AB_11142685
anti-mouse IFN-y PE (XMG1.2) BioLegend 505808;

RRID: AB_315402
anti-mouse IFN-y FITC (XMG1.2) BioLegend 505806;

RRID: AB_315399
anti-mouse IFN-y PE-Cyanine7 (XMG1.2) BioLegend 505826;

RRID: AB_2295770
anti-mouse IFN-y APC (XMG1.2) BioLegend 505810;

RRID: AB_315403
anti-mouse IL-18Ra APC (A17071D) BioLegend 157908;

RRID: AB_2876539
anti-mouse Eomes Alexa Fluor™ 488 Thermo Fisher Scientific 53-4875-82;
(Dan11mag) RRID: AB_10854265
anti-mouse Eomes PE-Cyanine7 Thermo Fisher Scientific 25-4875-82;
(Dan11mag) RRID: AB_2573454
anti-mouse CD3e Brilliant Violet™ 421™ BioLegend 100335;
(145-2C11) RRID: AB_10898314
anti-mouse CD3¢ APC-Cyanine7 (145- BioLegend 100330;
2C11) RRID: AB_1877170
anti-mouse CD3e Birilliant Violet™ 785™ BioLegend 100355;
(145-2C11) RRID: AB_2565969
anti-mouse CD3¢ APC (145-2C11) BioLegend 100312;

AB_312676
anti-mouse kB¢ PerCP-eFluor™ 710 Thermo Fisher Scientific 46-6801-82;
(LK2NAP) RRID: AB_11149496
anti-mouse c-Myc/N-Myc PE (D84C12) Cell Signaling 35876S;

Technology RRID: AB_2631168

anti-mouse c-Myc Alexa Fluor™ 647 Cell Signaling Technology 45606S
(E5Q6W)
anti-mouse Phospho-S6 Ribosomal Protein Cell Signaling Technology 4851
(Ser®3%/2%%) Alexa Fluor™ 647 (D57.2.2E)
anti-mouse Phospho-S6 Ribosomal Protein Cell Signaling Technology 5316
(Ser235/236) PE
(D57.2.2E)
anti-mouse NK1.1 Brilliant Violet™ 785™ BioLegend 108749;
(PK136) RRID: AB_2564304
anti-mouse NK1.1 PE (PK136) BioLegend 108708;

RRID: AB_313394
anti-mouse NK1.1 FITC (PK136) BioLegend 108706;

RRID: AB_313392
anti-mouse NK1.1 Brilliant Violet™ 421™ BioLegend 108732;
(PK136) RRID: AB_10895916
anti-mouse NK1.1 APC (PK136) BioLegend 108710;

RRID: AB_313396
anti-mouse NK1.1 PE-Cyanine7 (PK136) BioLegend 108714;

RRID: AB_389363
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Rat IgG1 Isotype control Brilliant Violet™ BioLegend 400438;
650 (kRTK2071) RRID: AB_3097673
Rat IgG1 Isotype control PE (kRTK2071) BioLegend 400408;

RRID: AB_326514
Rat IgG1 Isotype control FITC (kRTK2071) BioLegend 400406;

RRID: AB_326512
Rat IgG1 Isotype control PE-Cy7 BioLegend 400416;
(xRTK2071) RRID: AB_326522
Rat IgG1 Isotype control APC (kRTK2071) BioLegend 400412;

RRID: AB_326518
1gG XP® Isotype Control PE (DA1E) Cell Signaling Technology 5742
IgG XP® Isotype Control Alexa Fluor™ 647 Cell Signaling Technology 2985S
(DA1E)
IgG XP® Isotype Control Alexa Fluor™ 488 Cell Signaling Technology 2975
(DA1E)
Mouse IgG2a kappa Isotype Control Thermo Fisher Scientific 46-4724-82;

PerCP-eFluor™ 710 (BM2a)

RRID: AB_1834451

Chemicals, peptides, and recombinant proteins

10058-F4 Selleckhem Cat#S7153
2-Mercaptoethanol VWR Cat#0482
2-Mercaptoethanol Gibco Cat#31350
Golgi Stop™ BDBiosciences Cat#554724
Recombinant human IL-2 NIH Cat#1104-0890
Recombinant mouse IL-12 Peprotech Cat#210-12
Recombinant mouse IL-18 MBL International Cat#B002-5
Torin2 Selleckhem Cat#S2817
Zombie Aqua™ Fixable Viability Dye Biolegend Cat#423102
Cytofix/Cytoperm ™ buffer BD Biosciences Cat#554714
Phosflow Perm buffer III™ BD Biosciencs Cat#558050
L-Kynurenine Selleckhem Cat#S5839
LEAF™ Purified anti-mouse NK1.1 Biolegend Cat#108712
Critical commercial assays

eBioscience™ FoxP3 Transcription Factor Invitrogen Cat#00-5523-00

Staining Buffer Set

BD Cytofix/Cytoperm™ Fixation/
Permeabilization Kit

RNeasy® Mini Kit

Seahorse XF HS Mini FluxPak (PDL plates)
MACS® LS Columns

Vybrant™
Kit
CellTrace™ Violet Cell Proliferation Kit
Turbo DNA-free™ Kit

FLICA Caspase Apoptosis Assay

BD Biosciencs

QIAGEN

Aglient

Miltenyi

Thermo Fischer Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat#554714

Cat#74104
Cat#103724-100
Cat#130-042-401
Cat#Vv35118

Cat# C34557
Cat#AM1907

Deposited data

NK cells cultured in normoxia or hypoxia This paper GEO: GSE292263
Control or gene-deficient NK cells cultured This paper GEO: GSE292264
in hypoxia

Tumor-infiltrating control of Hif1a-deficient Ni et al.® 2020 GEO: GSE123534
NK cells

Experimental models: cell lines

RMA-S In house NA
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REAGENT or RESOURCE SOURCE IDENTIFIER

RMA-Raely In house NA

Experimental models: Organisms

Mouse: Janvier Labs RRID:IMSR

C57BL/6N (C57BL/6NR;) MGI:6236253

Mouse: In house NA

B6(MF;129)-Rag2"™'"2

Mouse: In house NA

B6(MF;129)-Rag2™'™2 Ptprca

Mouse: In house NA

C57BL/B6-Tg(Ncr1-iCre)28%SX! Aprtm3-18ra

Ragztm1Fwa

Mouse: In house NA

C57BL/B6-Tg(Ncr1-iCre)2655! Apytm3-1Bra

Mouse: In house NA

C57BL/6-Tg(Ncr1-iCre)?65

Hif1 atm’&sto

Mouse: In house NA

C57BL/6-Tg(Ncr1-iCre)?65SX! Apytms-1Bra

Hif{ atm3Rsio

Software and algorithms

GraphPad Prism 7 GraphPad https://www.graphpad.com/

FlowJo™ version >10.7.1 FlowJo™ LLC https://www.flowjo.com/

R version >4.3.1 R core team https://www.r-project.org/

R studio version >2023.09.01 build 494 Posit https://posit.co/

Bioconduct version > 3.18 NA https://bioconductor.org/

FastQC Babraham https://www.bioinformatics.babraham.ac.

trim_galore version 0.6.4

Kallisto version 0.46.1
Limma package

Fgsea version 1.32.2

Geneset version 0.2.7

ggplot2 version 3.5.1
Enhanced Volcano version 1.20.0

Pheatmap version 1.0.12

VennDetail shiny app

DecoupleR version 2.9.7

Seurat v4
Pan-NK cancer atlas

Bioinformatics

Babraham
Bioinformatics

Bray et a.''® 2016
Ritchie et al.’'” 2015

NA
NA

NA
NA

NA
NA
Badia-I-Mompel et al.*® 2022

Hao et al.''® 2021
Tang et al.”® 2023

uk/projects/fastqc/

https://github.com/FelixKrueger/
TrimGalore

https://pachterlab.github.io/kallisto/

https://bioconductor.org/packages/
release/bioc/html/limma.html

https://bioconductor.org/packages/
release/bioc/html/fgsea.html

https://cran.r-project.org/web/packages/
geneset/index.html

https://ggplot2.tidyverse.org/

https://github.com/kevinblighe/
EnhancedVolcano

https://cran.rstudio.com/web/packages/
pheatmap/index.html

https://www.bioconductor.org/packages/
devel/bioc/vignettes/VennDetail/inst/doc/
VennDetail.html

https://saezlab.github.io/decoupleR/
https://satijalab.org/seurat/index.html
http://pan-nk.cancer-pku.cn

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

C57BL/6N wild-type (WT) mice were purchased from Janvier. Rag2-deficient mice, Ncr1'°™ Ah

! (wild-type and Rag2-deficient),

Ncr1©™ Hif1a™™ and Ner1©® Ahr™™ Hif1a™™ mice were bred in house. Mice were housed at the Medical Faculty Mannheim under
specific-pathogen-free conditions, and in accordance with all standards of animal care. Male and female mice were used for cell
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isolation. Unless otherwise indicated, organs were pooled for cell isolation and downstream applications. All experiments were con-
ducted using age- and sex-matched experimental groups (treatment and genotype), with mice between 10 and 40 weeks of age.
Animal procedures and organ harvesting were authorized under internal licenses of the Medical Faculty Mannheim (I-23/31 and I-
19/21).

Cell lines
RMA-S and RMA-Rae1y cells were maintained in RPMI-1664 medium supplemented with 10% FBS, 1% L-glutamine, and 1%
Penicillin/Streptomycin (all from Gibco).

METHOD DETAILS

NK cell isolation and culture

Single-cell suspensions were obtained by mechanical disruption of spleen tissue, followed by centrifugation and red blood cell lysis
using buffered ammonium chloride potassium phosphate solution (ACK buffer). NK cells were isolated using magnetic cell sorting
(NK cell isolation kit, mouse, Miltenyi) according to the manufacturer’s instructions. NK cells were cultured in either RPMI-1640
(Gibco) or tryptophan-free RPMI-1640 media (Pan Biotech) supplemented with 10% FCS, 1% Penicillin/Streptomycin, 1%
L-glutamine, 1% MEM non-essential amino acids, 1 mM sodium pyruvate, 50 pM p-mercaptoethanol (all from Gibco), and 1700
U/ml of recombinant human IL-2 (NIH). Tryptophan-free media was supplemented with 100 uM of kynurenine (MedChem express),
when indicated. NK cell cultures were maintained under normoxia (20% O,) or hypoxia (1% O,). Splenocytes derived from Rag2-defi-
cient mice were resuspended in RPMI-1640 media and incubated at 37°C/5% CO, for 2h to remove adherent cells. Non-adherent
fraction (enriched in NK cells) was collected and cultured as indicated above.

NK cell stimulation

NK cells were harvested at day 7 of the culture and stimulated for 5h with 1 ng/ml of murine IL-12 (Peprotech) and 20 ng/ml of murine
IL-18 (MBL International), or with plate-bound anti-NK1.1 antibody (Biolegend; clone PK136). Golgi Stop™ (BD biosciences) was
added to the cells after 1h of stimulation to allow intracellular accumulation of cytokines.

Flow cytometry

Cells were incubated with Fc-receptor-blocking reagent (10% supernatant of anti-CD16/CD32-producing hybridoma 2.4G2) for 15
minutes at 4°C, followed by incubation with fluorochrome-labelled monoclonal antibodies. For the intracellular staining, cells were
incubated with Fixation/Permeabilization solution (ThermoFisher Scientific) for 1h at 4°C in the dark. Fluorochrome-labelled mono-
clonal antibodies against intracellular antigens were incubated with the cells in permeabilization buffer (ThermoFisher Scientific).
Apoptotic cells were excluded by labelling with ZombieAqua™ reagent (Biolegend), according to the manufacturer’s instructions.
For the detection of phosphorylated proteins, cells were sequentially incubated with the Cytofix/Cytoperm™ buffer (BD Biosciences)
for 10 min at 37°C, Phosflow Perm buffer IlI™ for 30 min at 4°C, followed by Fc-receptor-blocking reagent and antibodies. Flow-cy-
tometry was conducted with LSRFortessa™ X-20 flow cytometer (BD Biosciences).

Assessment of NK cell cytotoxicity

NK cells were harvested at day 7 of the culture and then cultured with Cell-Trace™ violet-labelled (5 pM) tumor cells at a 1:1 ratio for
5h. To detect activation of caspase 3/7, FLICA™ reagent for the detection of caspase activity (Thermo Fisher Scientific) was added
for the last hour of the co-culture. Cells were collected and analysed by flow cytometry.

Analysis of NK cell metabolism

NK cells were collected and resuspended in non-buffered, phenol red-free RPMI media (pH 7,4) with glucose (10mM, Agilent),
L-glutamine (2mM, Glibco), and sodium pyruvate (1 mM, Agilent). Cells were added into poly-L-lysine-coated plates (XF PDL HS Min-
iplate, Agilent). Extracellular flux analysis of oxygen consumption and extracellular acidification were performed using HS Mini
Analyzer (Agilent). During assay, cells were sequentially treated with 10 pM oligomycin, 20 uM carbonyl cyanide-p-trifluoromethox-
yphenylhydrazone (FCCP), and combination of 10 pM rotenone and 10 pM antimycin A (all from Agilent).

RNA isolation, sequencing and data analysis

NK cells were harvested after 7 days of culture. Cells were lysed and RNA extraction was carried out using the RNeasy® Mini Kit
(Qiagen). Concentration of isolated RNA was determined by the Qubit™ 4 Fluorometer and RNA High Sensitivity (HS) kit (Invitrogen).
RNA quality was analysed by 2100 Bioanalyzer utilizing RNA 6000 Nano Kit (Agilent). RNA samples of RIN/RQN>9.2 were sequenced
by BGI (https://www.bgi.com/global).

The raw data were processed using R (version 4.4.2) and bioconductor (version 3.20) in Rstudio (version 2025.04.0). Quality control
of clean sequencing reads was performed using FastQC (Babraham Bioinformatics). Low-quality reads were removed using trim_-
galore (version 0.6.4). The resulting reads were aligned to the mouse genome version GRCm39, and counted using kallisto version
0.46.1.""° The count data was transformed to log2-counts per million (logCPM) using the voom-function from the limma package.''”
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Differential expression analysis was performed using the limma package version 3.62.1 in R. A false positive rate of a= 0.05 with the
false discovery rate (FDR) correction was taken as the level of significance. Volcano plots, heatmaps and Venn diagrams were gener-
ated using Enhanced Volcano package (version 1.20.0), the pheatmap package (version 1.0.12), and the browser version of the
VennDetail package, respectively. The heatmaps show Z-score-scaled normalized counts of differentially abundant transcripts
(Fold change > [1.25|, adjusted p-value < 0.05). The pathway analysis was executed with fgsea package, version 1.32.2. Dot plots
were generated using ggplot2 package (version 3.5.1). Transcription factor activity inference was performed using R package De-
coupleR (version 2.9.7).**

The genesets were obtained from the geneset package version 0.2.7 using pathway information from KEGG,''® Reactome'*° and
Gene Ontology Consortium.'?" All the gene signatures used in this study are provided in the Table S1.

To define HIF-1a and AhR regulatory modules (Figure 6), we selected all transcripts with the statistically significant abundance
(Fold change > [1.25|, adjusted p-value < 0.05) in at least one of the comparisons between gene-deficient mice and their respective
controls. For each transcript, the normalized counts have been z-scored, and the average z-score has been calculated. Mean z-score
was used to define regulatory modules as follows:

HIF-1a-up: (Ner1'©™Hif1a™™ and Ner1©' Hifta™™ Ahr"™ < (Hif1a™" and Hif1a™™ Ahr"™).

HIF-1a-down: (Ncr1©®Hifla™™ and Ncr1'©™ Hif1a™" Ahr"™ > (Hif1a™" and Hif1a™™ Anr"f).

AhR-up: (Ncr1©Ahr"™ and Ncr1©™ Hif1a™™ Anr"™ < (Ahr™" and Hif1a™™ Anr).

AhR-down: (Ncr1©Ahr™" and Ncr1'©™® Hifta™™ Ahr™™) > (Ahr™ and Hif1a™" Anr"/™).

To define the modules related to IL-12R/18R signaling, z-scored matrix of differentially abundant transcript within the “IL-12R IL-
18R NFkB signaling” pathway (Table S1) was used.

To identify the biological processes affected by the defined modules, over-representation analysis was performed on the 150 most
significant transcripts (based on the adjusted p-value deriving from gene-deficient mice and their respective controls comparison)
with fgsea package (version 1.32.4), and the mouse MSigDB gene ontology biological process gene set (version v2025.1). Dot plots
were generated using ggplot2 package (version 3.5.1).

Analysis of mouse and human single-cell transcriptome data
Single-cell dataset GEO: GSE123534° was analysed and visualized using the Seurat R package (version >4.3.0)." '® For quality con-
trol, features detected in less than three cells, and cells with more than 7,000 and less than 200 genes with non-zero counts, were
filtered out. All cells having more than 20% of mitochondrial gene counts or more than 0.5% of haemoglobin counts were excluded.
The integration of the samples was performed using Harmony. '>? Subsequently, the integrated cells were clustered using the umap
method. Scores for the gene signatures of interest were calculated using AddModuleScore in seurat.

To analyze the enrichment of our signatures (Table S2) in tumor-infiltrating NK cells of cancer patients, we utilized pan-NK cell can-
cer atlas®® (http://pan-nk.cancer-pku.cn). Multigene geometric means for the signatures were calculated and plotted across the clus-
ters defined in the original publication by Tang et al.®®

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were tested for normal distribution using Shapiro-Wilk test, followed by evaluation using an appropriate test and a correction
for multiple comparison testing, when necessary (detailed in Figure legends). Data are shown as mean + SEM; n denotes the number
of independently performed experiments. Organs from individual animals were pooled before cell isolation, culture, and analysis, un-
less indicated otherwise. Experimental groups were considered significantly different when*, p < 0.05, **, p <0.01, ™, p <0.001 and
= p < 0.0001. Analysis of sequencing-derived data was detailed in STAR Methods section.
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