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Abstract

Tyrosine kinase 2 (TYK?2) deficiency and loss or inhibition of kinase activity in men and mice leads to similar immune com-
promised phenotypes, predominantly through impairment of interferon (IFN) and interleukin 12 family responses. Here we
relate the transcriptome changes to phenotypical changes observed in TYK2-deficient (Tyk2~") and TYK2 kinase-inactive
(Tyk2%9°E) mice in naive splenic immune cells and upon ex vivo IFN treatment or in vivo tumor transplant infiltration. The
TYK?2 activities under homeostatic and both challenged conditions are highly cell-type-specific with respect to quantity
and quality of transcriptionally dependent genes. The major impact of loss of TYK2 protein or kinase activity in splenic
homeostatic macrophages, NK and CD8* T cells and tumor-derived cytolytic cells is on IFN responses. While reportedly
TYK?2 deficiency leads to partial impairment of IFN-I responses, we identified cell-type-specific IFN-I-repressed gene sets
completely dependent on TYK?2 kinase activity. Reported kinase-inactive functions of TYK?2 relate to signaling crosstalk,
metabolic functions and cell differentiation or maturation. None of these phenotypes relates to respective enriched gene
sets in the TYK?2 kinase-inactive cell types. Nonetheless, the scaffolding functions of TYK?2 are capable to change tran-
scriptional activities at single gene levels and chromatin accessibility at promoter-distal regions upon cytokine treatment
most prominently in CD8* T cells. The cell-type-specific transcriptomic and epigenetic effects of TYK?2 shed new light on
the biology of this JAK family member and are relevant for current and future treatment of autoimmune and inflammatory
diseases with TYK2 inhibitors.
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Abbreviations NES Normalized enrichment score

ATAC  Assay for transposase-accessible chromatin SOCS  Suppressor of cytokine signaling

CTL Cytotoxic T lymphocyte STAT  Signal transducer and activator of transcription
DA Differential accessibility TF Transcription factor

DE Differential expression TYK2 Tyrosine kinase 2

DEG  Differentially expressed gene WT Wild type

GSEA Gene set enrichment analysis
IFN Interferon

IL Interleukin Introduction

IRepG IFN-repressed gene

IRF IFN regulatory factor Tyrosine kinase 2 (TYK?2) is a member of the Janus kinase
ISG IFN-stimulated gene (JAK) family of non-receptor protein tyrosine kinases
ISRE  IFN-stimulated response element and confers signal transduction induced by a variety of
JAK Janus kinase cytokines and growth factors, including type I interferons

(IFN-I), interleukin (IL)—12, IL-22, IL-23 and, in a cell-
type- or differentiation stage-specific manner, IL-10 and
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IL-13. Depending on stimulus, cell type and cellular context,
TYK2-engaging receptor complexes are capable to activate
all seven members of the signal transducer and activator
of transcription (STAT) family [1]. Loss of TYK2 protein
or its kinase activity in humans and mice causes high sus-
ceptibility to microbial infection, which is mainly caused
by impaired production of IFNy in response to IL-12 and
IL-23 and defective IFN-I signaling [2-6]. TYK?2 also exerts
biological functions independently of its catalytic activity,
which is best described for the cell surface stabilization of
human IFNARI [4, 6]. In addition, kinase-independent func-
tions have been reported in the context of signaling pathway
cross-talks, basal mitochondrial functions [6, 7] and differ-
entiation/maturation of cells [8, 9].

Cellular homeostasis refers to the processes involved in
the maintenance of an intrinsic cellular steady state support-
ing viability and functionality [10]. Immune cells require
constant alertness under homeostatic conditions for a rapid
and adequate response to danger signals such as invading
pathogens or tissue damage [11-14]. Mammalian immune
cells do not rely on a simple switch between homeostatic
maintenance and danger response. Rather, they use gradual
signaling circuits with baseline activity under homeostatic
conditions, rapid upregulation of key signaling components
upon pathogen or damage recognition and return to steady
state by counter-regulation [15-17]. IFN-I were shown to
provide homeostatic alertness of the immune system [18, 19]
and we reported TYK2 to be required for the maintenance
of steady state levels of STAT1, a central constituent of the
IFN responses [20].

Tumor surveillance or cancer immunity refers to the
immune system's ability to specifically identify and elimi-
nate tumor cells on the basis of their expression of tumor-
specific antigens or molecules induced by cellular stress
[21-23]. We have identified a crucial role of TYK2 in NK
and T cell-mediated tumor cell elimination and in shaping
the tumor microenvironment in various cancer models [24,
25]. A meta-analysis in human cancer patients confirmed
the requirement for kinase-active TYK2 for a full-blown
cancer immunity [26]. A kinase-independent function of
TYK?2 was found in NK cells, in which kinase-inactive
TYK2 (TYK2X923E) restored in part NK cell maturation
and cytotoxicity against tumor cells in vitro and in vivo [8].

In the present work, we analyzed the transcriptomes of
Tyk2-deficient (Tyk2~") and Tyk2 kinase-inactive (ZTyk2X??%E)
splenic macrophages, NK and CD8" T cells under steady
state condition and upon IFNp challenge [27]. In addition,
we determined the cytolytic activity and the mitochondrial
activity of Tyk2™'~ and Tyk2X??’E CD8™ T cells and NK cells
and generated transcriptional profiles of both cell types upon
tumor infiltration. We found that in splenic homeostatic and
tumor-derived immune cells kinase-active TYK2 mainly
impacts on the IFN response gene signature. Under both
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homeostatic and challenged conditions TYK?2-dependent
genes differed between cell types. In addition, we identified
anovel role of TYK?2 in transcriptional repression. Scaffold-
ing functions of Tyk2X°**E CD8* T cells and macrophages
induced subtle changes of the transcriptome and the chro-
matin accessibility at promoter-distal regions upon IFNf
treatment, again in a cell-type-specific manner. Overall,
we describe a novel and irreplaceable activity of TYK?2 in
IFN-induced gene repression, a gross cell type specificity
of TYK?2-dependent gene signatures and fractions of genes
regulated independently of the kinase activity.

Material and methods
Mice

Tyk2™'= (B6N.129P2-Tyk2'™!Biat or B6.129P2-
Tyk2™1Bia'Tg(CMV-cre)1Cgn) [20, 28, 29] and Tyk2K?%3E
(B6.129P2-Tyk2 "m3-1(K923E)Biaty 13()] were on C57BL/6N
background and bred at University of Veterinary Medi-
cine Vienna under specific pathogen-free (SPF) conditions
according to FELASA guidelines. Housing conditions for
the assessment of homeostatic RNA profiles are described
in detail [27]. For the tumor transplant experiments
Tyk2~'= (B6N.129P2-Tyk2™!Biat) sex- and age-matched
(612 weeks) mice were used. Wild-type (WT, C57BL/6N)
mice were originally purchased from Janvier Labs.

Purification, analysis and IFNf treatment of primary
splenicimmune cells

Macrophages, NK cells and CD8* T cells from three pooled
spleens of WT, Tyk2X9?E and Tyk2~'~ mice were isolated,
FACS enriched and either directly used for RNASeq or
treated with IFNp as described [27]. For CXCR3 staining
spleen single cell suspensions were prepared by pressing
through 100 pm cell strainers. NK cells were isolated using
aDX5-labeled MACS® beads according to the manufac-
turer’s protocol (Miltenyi 130-052-501). Antibodies were
purchased from eBioscience (NK1.1 [PK136], CD3e [145-
2C11]) and BD Biosciences (CXCR3 [CXCR3-173]).
Analysis was performed with the BD FACSCanto II (BD
Biosciences) and the BD FACSDiva software version 8.

Metabolic extracellular flux assay

MACS beads-enriched splenic NK cells of W7, Tyk2K923E,
and Tyk2~~ mice were expanded in RPMI 1640 complete
medium supplemented with 5000 U/ml IL-2 (Proleukin;
Novartis) for 7 days. Purity of NK cells was assessed by flow
cytometry and was typically 95-98% CD3e NK1.1"NKp46™*
cells of all living cells on the day of the experiment.
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Table 1 Reagents for agilent seahorse XF assays

Product Stock Manufacturer  Product number
Seahorse XFe96 Agilent 102601-100
FluxPaks
XF Seahorse medium Agilent 103576-100
PBS Sigma D8537
Ethanol absolute, Carl Roth 9065.4
99.9%
NaHCO; 0.1M Sigma-Aldrich S6014-1 KG
Corning Cell-Tak Cell- 1.58 pg/pl Corning 354,240
and Tissue Adhesive
pack
Pyruvate 100 mM  Agilent 103578-100
Glutamine 200 mM  Agilent 103579-100
Glucose 1M Agilent 103577-100

Expanded NK cells were counted and resuspended in
Agilent Seahorse XF RPMI medium (pH: 7.4, 5 mM Hepes;
Table 1). The medium was supplemented with 1 mM pyru-
vate, 2 mM glutamine and 10 mM glucose for Mito Stress
Test or only with 2 mM glutamine for Glycolysis Stress Test.
Per well, 180 pl containing 250 k cells were loaded onto a
Seahorse XFe/XF96 cell culture microplate pre-coated with
Cell Tak according to manufacturer’s instructions (Corning,
14.8 ug/ml) followed by centrifugation at 200 xg for 2 min
and subsequent resting for 45 min at 37 °C in a non-CO,
incubator. Oxygen consumption rates (OCR, pmol/min) and
extracellular acidification rates (ECAR, mpH/min) were
measured using the Seahorse XF-96 metabolic extracellu-
lar flux analyzer (Agilent). Oligomycin, carbonyl cyanide
p-trifluoro-methoxyphenyl hydrazone (FCCP), rotenone
and antimycin A (all from Sigma) were prepared as 2.5 mM
stock solutions in DMSO (Sigma, cell culture grade) and
diluted accordingly in the respective Seahorse XF RPMI
Medium prior to the assay. After 15 min of equilibration, and
measurement of basal respiration inside the XF-96 metabolic
extracellular flux analyzer (37 °C), cells were subjected to
2 uM oligomycin (Injection 1), after 15 min to 1 uM FCCP
(Injection 2) and finally to 1 pM rotenone and antimycin A
(Injection 3) for additional 15 min. In the Glycolysis Stress
Test, cells underwent exposure to 25 mM of glucose (first
injection) for a duration of 15 min, succeeded by a 15-min
treatment with 2 pM oligomycin (second injection), cul-
minating in the administration of 50 mM 2-deoxy-glucose
(third injection). The assays were stopped 30 min after the
last injection. Oxygen related to the mitochondrial ATP pro-
duction was calculated from the drop in OCR after blocking
mitochondrial ATP synthase with oligomycin, in relation
to basal respiration (OCR of the first 15 min of the assay).
Glycolysis is given as the change ECAR following the addi-
tion of 25 mM glucose to cells deprived of glucose and pyru-
vate for one hour. The glycolytic reserve corresponds to the

augmentation in ECAR subsequently to the inhibition of
ATP synthase (using 2 uM oligomycin). Glycolytic capacity
is determined by the ratio of the maximum achievable ECAR
(induced by 2 uM oligomycin) to the basal non-glycolytic
ECAR (observed after the introduction of 50 mM 2-deoxy
glucose, which inhibits glycolysis).

T cell cytotoxicity assays

Preparation of SIINFEKL reactive T cells and the in vitro T
cell cytotoxicity assay were performed as described previ-
ously [31]. In brief, peptide reactive or non-reactive T cells
were co-cultured with carboxyfluorescein succinimidyl ester
(CFSE, Molecular Probes, CellTrace™ CFSE Cell Prolifera-
tion Kit)-labeled OVA-expressing EG7 target cells in effec-
tor: target ratio 30:1, 15:1, 5:1 and 1:1. After 16 h the target
cell lysis was assessed by flow cytometry.

The in vivo T cell cytotoxicity assay was performed as
described previously [31]. In brief, mice were immunized
by s.c. injection of m-TRP2181-188 (Bachem) and the
adjuvant CpG-ODN 1668 (Eurofins). Seven days later they
received i.v. syngeneic splenocytes which were pulsed with
m-TRP2181-188, irrelevant peptide or left unpulsed, labeled
with three different concentrations of CFSE and mixed in a
1:1:1 ratio. After 18 h draining lymph nodes were isolated
and specific killing was assessed by flow cytometry.

Purification of NK and CD8* T cells from tumor
transplants

Tumor transplants were performed with the MC38 adeno-
carcinoma cell line [32, 33] as described previously [29].
Briefly, 10 MC38 cells were injected subcutaneously into
each flank and tumor growth was monitored every other
day. After 8—10 days tumors were isolated, weighed and cut
tumors were digested in DMEM complete medium contain-
ing 1 mg/ml of collagenase D from Clostridium histolyti-
cum (COLLD-RO, Sigma-Aldrich, cat. no. 11088858001)
and 0.05 mg/ml of DNase I (Sigma-Aldrich, cat. no.
11284932001) for 1 h in 37 °C. The digested tissue was
squeezed through 100 um cell strainers twice to obtain sin-
gle cell suspensions. CD45% cells were enriched/isolated by
magnetic separation using the MagniSortTM CD45 positive
selection kit (Thermo Fisher Scientific Cat. No. 8802-6865).

RNA-sequencing and ATAC-sequencing

RNA-seq and ATAC-seq experiments for naive splenic
immune cells and in vitro cultured short- or long-term IFNf-
treated cells were described previously [27]. For RNASeq
of tumor transplants cells were stained for CD45 (30-F11),
CD3e (145-2C11), NK1.1 (PK136) and CD8a (53-6.7) and
300 NK cells (CD45%, CD3e™, NK1.1%) or 300 CD8" T cells
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(CD45*, CD3e™, CD8a™) were sorted and lysed in buffer
containing 0.2% Triton X-100 solution (Sigma-Aldrich,
Cat. No. T9284) supplemented with RNAse inhibitor (1:20,
Takara Clontech, 2313A). Samples were stored at —80 °C.
RNA isolation, cDNA synthesis and RNASeq were per-
formed as for homeostatic samples [27].

RNA-seq analysis

Raw sequence quality check was performed using FastQC
(Andrews S. (2010). FastQC: a quality control tool for high
throughput sequence data. Available online at: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc). Fifty base
pair long RNA single-end reads were trimmed with Trimmo-
matic (version 0.32) [34] and aligned to the Mus Musculus
reference genome assembly version mm10 using STAR (ver-
sion 2.7.1) [35]. Transcript quantification was performed by
counting uniquely aligned reads in exons using the function
summarizeOverlaps from the GenomicAlignments package
(version 1.6.3) in R (version 3.2.3) [36]. Gene annotations
were based on the Ensembl GENCODE Basic set (genome
build GRCm38 release 93) [37]. Gene names were assigned
using org.Mm.eg.db (Carlson M (2019). org.Mm.eg.db:
Genome wide annotation for Mouse. R package version
3.8.2; DOI: 10.18129/B9.bioc.org.Mm.eg.db) The read
counts were normalized by DESeq2 correcting for library
size [38]. Differential expression analysis was performed
using DESeq2. Genes with averaged normalized counts
below 10 were excluded from further analysis. Genes were
considered as significantly differentially expressed if the
false discovery rate (FDR) was below a threshold of 0.05 and
the absolute log2FC value was above or equal to 1. Count
plots of single genes were generated using the DESeq?2 func-
tion plotCounts that normalizes counts of a single gene by
sequencing depth and adds a pseudocount of 1/2 to allow
for log scale plotting. Heatmaps were generated using the R
function pheatmap from pheatmap (version 1.0.12, https://
cran.r-project.org/web/packages/pheatmap/index.html) on
logarithm transformed count data (DESeq2 function nor-
mTransform), using euclidian distance for both rows and
columns, and the complete clustering method. Plots were
generated using ggplot2 (version 3.4.1, https://ggplot2.tidyv
erse.org).

ATAC-seq analysis

Raw sequence quality check was performed using fastqc
(Andrews S. (2010). FastQC: a quality control tool for high
throughput sequence data. Available online at: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc). Fifty base
pair long ATAC single-end reads were trimmed as for RNA-
seq analysis and aligned to the Mus Musculus reference
genome assembly version mm10 using bowtie2 (version
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2.2.4) [39]. Primary alignments with mapping quality
greater than 30 were retained. ATAC-seq peaks were called
using MACS (version 2.7.6) [40] on each individual sample.
Peaks were aggregated into a list of consensus peaks using
the function reduce of the package GenomicRanges (ver-
sion 1.38.0) in R (version 3.6.1) [36]. Consensus peaks that
overlapped with blacklisted genomic regions (downloaded
from https://github.com/Boyle-Lab/Blacklist/tree/master/
lists) were discarded [41]. Quantitative measurements were
obtained by counting reads within consensus peaks using the
function summarizeOverlaps from the GenomicAlignments
(version 1.22.1) package in R (version 3.6.1) [36]. Promoter
regions were defined as the regions 200 bp upstream and
200 bp downstream of a transcription start site (TSS, ‘pro-
moter’) and the enhancer regions were defined as the regions
3 kb and upstream and 3 kb downstream (‘promoter proxi-
mal enhancer’). Differential accessibility analysis was per-
formed using DESeq?2 as described for the RNA-seq data.
Heatmaps were generated using the R function heatmap?2
from the package gplots (version 3.1.3). Plots were gener-
ated using ggplot2 (version 3.4.1).

Gene set and functional terms enrichment analysis

Gene set enrichment analysis (GSEA) was performed using
GSEA 4.1.0 against MSigDB v7.2 gene set collections: H
Hallmark [42] on DESeq2 pre-ranked gene lists. Enriched
gene sets were considered significant if their FDR was less
or equal 0.05. Motif and functional terms enrichment analy-
sis was conducted using homer v4.11 [43] on gene lists iden-
tified by DESeq2 and again used a FDR threshold of 0.05 to
assess significance.

Gene lists

The list of interferon-stimulated genes (ISG) and IFN-
repressed genes (IRepG) was compiled based on the vari-
ous resources including Interferome v2.0 [44], Reactome
Knowledgebase [45], Gene Ontology (GO) [46], Molecular
Signatures Database (MSigDB) [42] and the ISGs published
by Mostafavi et al. [47]. IRepG were collected from [47—49].
Robust, tunable and common mammalian ISG [50, 51] were
converted to murine orthologs using Ensembl (https:/www.
ensembl.org). The list of JAK-STAT signaling components
was compiled according to the following reviews [24, 52,
53]. The list of NK and CD8* T cell effector genes was com-
piled based on the following references [54—65]. Members of
the gene families not mentioned in the reviews but expressed
in mice were added to the gene list. The categorization of the
gene families was done based on HUGO Gene Nomencla-
ture Committee (HGNC, https://www.genenames.org) and
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checked for expression in mice with Ensembl (GRCm39),
NCBI (Mus musculus), IGV (mouse GRCm38/mm10) [66].

Validation of Stat expression by RT-qPCR

RNA from CD49b DX5" MACS-purified NK cells (Milte-
nyi, 130-052-501) was isolated using peqGOLD TriFast
reagent (PEQLAB, 30-2010), and reverse transcription
was performed using iScript First Strand cDNA Synthesis
Kit (Bio-Rad, 1708891BUN). The quantitative PCR was
performed with a Stratagene MX3000 instrument (Agi-
lent Technology, Boebelingen, Germany) using Ube2d2 as
housekeeping gene as described [30].

The following primers were used: Ube2d2-forward 5’
-AGG TCC TGT TGG AGA TGA TAT GTT-3', Ube2d2-
reverse 5" TTGGGAAATGAATTG TCA AGA AA-39,
Ube2d2-probe 59-CCA AAT GAC AGC CCC TAT CAG
GGT GG-3'.

The following QIAGEN assay kits were used: Statl
(Mm_Statl_2_SG QuantiTect Primer Assa, QT01149519),
Stat2 (Mm_Stat2_1_SG QuantiTect Primer Assay,
QT00160216), Star3 (Mm_Stat3_1_SG QuantiTect Primer
Assay, QT00148750), Stat4 (Mm_Stat4_1_SG QuantiTect
Primer Assay, QT00103005).

Additional statistical tests

One-way ANOVA with Bonferroni post hoc test was per-
formed using GraphPad Prism® version 5.0, 6.0 or 8.0
for Mac (GraphPad Software). Statistical significances
are indicated for each experiment (¥*p <0.05, **p <0.01,
*#%p <0.001, ¥***p <0.0001).

Results

TYK2 and kinase-inactive TYK2 impact on naive
immune cell transcriptomes in a cell-type-specific
manner

TYK?2 signaling has been extensively studied in various
immune, inflammatory and cancer settings [1, 6, 24, 67]. A
systematic and comparative analysis of the impact of TYK2
on the transcriptome of innate and adaptive primary immune
cells has been only performed for peritoneal macrophages
and splenic B cells [47, 68, 69]. A distinction between
kinase-dependent and -independent effects of TYK2 on the
transcriptome level has not been made.

This study builds on a systems-wide analysis of all STATSs
and other JAK signaling constituents in homeostatic and
perturbed immune cells [27]. The impact of JAK-STAT on
the transcriptomes was determined from splenic immune

cells, since the largest secondary lymphoid organ governs
a plethora of hematopoietic and immunological func-
tions [70]. Bulk RNA-seq was performed of CD8* T cells,
NK1.1" natural killer (NK) cells and F4/80" macrophages
FACS-purified from WT, Tyk2™~ and Tyk2X°?E mice as
representatives of the lymphoid and myeloid lineages. WT
and Tyk2-mutant immune cell transcriptomes were also
compared under IFN-treated and tumor-derived conditions
(Figs. 1A, S1A [27],).

The effect of the Tyk2 mutants on epigenetic cell states
was assessed at the level of chromatin accessibility (ATAC-
seq) for IFNp-treated CD8" T cells. In total, we in-depth
analyzed transcriptome profiles of 104 samples and chroma-
tin accessibility profiles of 26 samples (Table S1; [27]). To
determine the effects of TYK2 and TYK2X°%*E on transcrip-
tomes and epigenomes of the cell types, differential expres-
sion (DE) and accessibility (DA) analyses were performed
by comparing Tyk2™~ vs WT cells (TYK2 knockout effect,
KOvsWT), Tyk2K923E vs WT (TYK2 kinase-inactive effect,
KEvsWT) and Tyk2™"~ vs Tyk2X°?3F (TYK2 mutations effect,
KOvsKE) (Fig. 1B and following).

Based on the homeostatic spleen cell transcriptome data-
sets, we identified prominent cell-type- and mutant-specific
gene expression patterns (Fig. 1B, Table S2). For both Tyk2-
mutant mice macrophages showed a low number (> 90) of
differentially expressed genes (DEG) which are nearly exclu-
sively down-regulated (Fig. 1B, blue bars). The numbers of
DEG in NK and CD8* T cells were nearly threefold higher
(>200) and DEG showed up- and down-regulation. CD8*
T cells showed the highest effect of kinase-inactive TYK?2
on DEG. Overall the impact of the TYK?2 defects on up-
or down-regulated DEG generates three distinct categories
based on cell type and six patterns based on mutant-specific
effects (Fig. 1C): (i) in all three cell types knockout and
kinase-inactive effects overlap and show down-regulated
(pattern 1) and up-regulated (pattern 2) DEG; (ii) in NK
or CD8* T cells knockout or kinase-inactive effects over-
lap with WT in up-regulated DEG (pattern 3 and 4, respec-
tively); (iii) knockout or kinase-inactive effects only seen in
NK cells (pattern 5) or in CD8" T cells (pattern 6). Com-
parison of DEG in a cell-type- and genotype-specific manner
revealed that the loss of TYK?2 or its kinase activity affects
only few genes common to all cell types. All shared pro-
tein-coding DEG are IFN-stimulated genes (ISG) (Fig. 1D,
Table S2). The separation of DEGs in up- and down-regu-
lated genes does not alter these findings (Fig. S1B).

To determine the effects of global TYK2 knockout
and loss of kinase activity in the three cell types we per-
formed Gene Set Enrichment Analysis (GSEA) [71] against
MSigDB v7.2 Hallmarks gene set collection [42]. The top
negatively enriched pathways (FDR <0.05) in all cell types
and both genotypes were IFN alpha and gamma responses,
except for the Tyk2X??’E CD8* T cell transcriptome which
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Fig. 1 Experimental setup and transcriptional profiles of splenic mac-
rophages, NK cells and CD8* T cells upon loss of TYK2 or its kinase
activity. A Scheme of experimental design with genetically modi-
fied mice (W7, wild type mice; KO, Tyk2‘/‘ mice; KE, Tyk2K923E
mice), collection of cells (M, macrophages; NK, natural killer cells;
CD8 T, CD8" T cells), treatments, next generation sequencing and
computational analysis. B Number of significantly (IFCI>2 or abso-
lute log2(FC)> 1, FDR <0.05) differentially expressed genes (DEG)
determined by DESeq2 in the indicated genotype comparisons;
upregulated (red) and downregulated (blue). C Heat map with scaled

only enriched for the IFN alpha response (Fig. 1E, Table S3),
This confirms the central kinase-dependent role of TYK?2 in
the IFN pathways. Each cell type showed additional specific
TYK2-dependent functions, notably with gross overlap upon
loss of TYK?2 protein or kinase activity (Fig. 1E, Table S3).

To further characterize the transcriptional signatures,
we performed transcription factor (TF) motif enrichment in
cis-regulatory elements of significantly DEG using Homer
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mRNA expression values (log2 cpm, counts per million) of DEG pat-
terns (1-6). D Venn diagrams of genotype comparisons and cell type-
specific DEG. E Highly represented pathways identified by gene set
enrichment analysis (GSEA) against MSigDB v7.2 Hallmark path-
ways. False discovery rates (FDR) are indicated. *GSEA returned 0
and -logl0(0) is infinity. F Hypergeometric Optimization of Motif
EnRichment (HOMER) cis-regulatory motif discovery of TYK2-
dependent DEG; FDR, transcription factor (TF) family and members
and the percent of genes with the enriched motifs are indicated

TF motif discovery (FDR <0.05; [43]) (Fig. 1F, Table S4).
Consistent with the reduction in ISG expression in TYK2-
mutant cell types, the most significant enrichments were for
IFN-stimulated response elements (ISRE) and IFN regula-
tory factor (IRF) motifs (FDR =0.0) which overlap [72].
While NK and CD8™ T cell signatures exclusively enriched
for ISRE/IRF motifs, macrophages showed a broader spec-
trum of binding sites. These included motifs for TFs driving
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E M KOvsWT M KEvsWT
* Interferon gamma response
* Interferon alpha response
Heme metabolism * Interferon gamma response
IL-6 JAK STATS3 signalling * Interferon alpha response
Inflammatory response Heme metabolism
Allograph rejection Allograph rejection
Complement Inflammatory response
3 2 1 0 1 0
-log10(FDR) -log10(FDR)
NK KOvsWT NK KEvsWT
L Interferon gamma response * Interferon gamma response
* Interferon alpha response * Interferon alpha response
* Allograph rejection Allograph rejection
MTORCH1 signalling Protein secretion
Protein secretion MTORC1 signalling
E2F targets Complement
2 1 0 4 3 2 1 0
-log10(FDR) -log10(FDR)
CD8 T KOvsWT CD8 T KEvsWT
* Interferon alpha response
Interferon gamma response
Spermatogenesis
G2M Cheokpoit * | ierferon apha response
2 1 0 2 1 0
-log10(FDR) -log10(FDR)
* GSEA returned 0 for these pathways and the -log10(0) is infinity
F M KOvsWT
Consensug motif FDR TF family Known TF (% of Target)
1] ACTTICA:TTI¢ 0 IRF ISRE (50.88%), IRF3 (63.16%), IRF2 (49.12%)
IRF, ETS:IRF, IRF8 (61.40%), IRF1 (47.37%), PU.1-IRF8
FAG ('.IéTG CTS»
2| = TITCAZIATEACTRE 0 bZIP:IRF __ [(36.84%), T1ISRE (14.04%), bZIP:IRF (31.58%),
3| TECTITCAZTATCACTRE | o ZF PRDM1 (38.60%)
4] SRGAASIGABAS 0 ETS:IRF PU.1-IRF (57.89%)
5 ECLCARACER 0.0008 IRF IRF4 (26.32%)
6 ACATCCIGSL 0.008 ETS SPDEF (43.86%)
7 AITTCCTG:s _ 0.0087 ETS EWS:ERG-fusion (35.09%)
8| SEFTICCELUAAST  0.0138 STAT Stat3+il21 (31.58%)
9 SACAGGARAT 0.0231 ETS EWS:FLI1-fusion (31.58%)
10 2TGASTCALS 0.0247 bZIP AP-1 (26.32%)
11]  &ZTTCCRCCAAS 0.025 STAT STAT4 (35.09%)
12 AITTTCCAZZ 0.0359 RHD NFAT (28.07%)
13 SCAGGAARLE 0.0471 ETS ERG (56.14%)
14]  SEETTCCARCAARE  [0.0471 STAT STAT1 (17.54%)
NK KOvsWT
Cons ensus motif FDR TF family Known TF (% of Target)
1] ASTTTCASTTIC 0.0001 IRF ISRE (10.64%)
2 GRAAGIGAAAST 0.0001 IRF IRF2 (13.83%)
3 GAAASTGAAAST 0.0002 IRF IRF1 (12.77%)
4] ACTTICESTTLG  [0.0017 IRF IRF3 (15.96%)
5 GRAASTCAAAST 0.0202 IRF IRF8 (17.02%)
CD8 T KOvsWT
Consensus motif FDR TF family Known TF (% of Target)
1] ASTTICASITIC 0.0019 IRF ISRE (8.08%)
2| GAAAGIGAAASL 0.0403 IRF IRF1 (9.09%)

Fig.1 (continued)
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myeloid lineage differentiation and macrophage-specific
functions (PRDM1/BLIMP-1 and ETS family or ETS:IRF)
[73-75] as well as for STAT homodimers which is expected
for an IFN signature but additionally supports dysregulated
STATS3 signatures in the absence of TYK?2 [76] (Fig. 1F,
Tables S3, S4).

In summary, DEG analysis showed that the effect of
loss of TYK2 or its kinase activity on the transcriptomes
of NK and CD8" T cells is substantially higher than in mac-
rophages and that TYK2X°*E has the biggest effect in CD8*
T cells. In addition, TYK?2 in macrophages acts mainly as an
activator of transcription (down-regulated DEG) while in the
lymphoid cell types TYK2 showed transcription maintain-
ing and repressing (up-regulated DEG) functions. Common
for all three cell types were the perturbed IFN pathways
and DEG enrichment with ISRE/IRF/STAT(GAS) promoter
binding sites in the absence of TYK2 kinase activity. TYK2
kinase-independent functions were most prominent in CD8*
T cells and detectable at the single gene level, while GSEA
did not reveal gross switches in cell-type-specific pathways
or known TF binding sites.

TYK2 sustains a cell-type-specific pattern
of tonically expressed ISG

To further evaluate the IFN signatures, we compiled an
extensive list of more than 2000 genes (Table S5) that were
previously reported as IFN-stimulated genes (ISG) from sev-
eral resources (see Material and Methods). In addition, we
included the emerging class of IFN-repressed genes (IRepG)
[47-49] and tested our list against the transcriptomes of the
three cell types.

Under steady state conditions TYK2 has pronounced,
cell-type-specific effects on the ISG signature insofar as the
DEG in macrophages are almost exclusively ISG while in
NK and CD8™" T cells deregulated ISG are far less abun-
dant (Fig. 2A). The TYK2-dependent ISG signatures had
little communality between the cell types and a predominant
kinase dependence (Fig. 2B).

Robust ISG are common to most mammalian cells,
require only minute amounts of IFN, are activated even with
low surface receptor levels and are driven by ISRE and IRF
promoter elements [47, 50, 51]. At steady state, ISG (includ-
ing robust ones) differed between WT cell types (Fig. 2C,
robust ISG indicated). Genotype comparisons revealed a
clear effect of TYK2 on maintenance of basal ISG expres-
sion in all cell types (Fig. S2A, pattern 1). In NK cells and
CD8* T cells kinase-inactive TYK2 restores tonic expres-
sion of few ISG (Fig. S2A, pattern 4). All three cell types
also showed genes repressed by TYK?2 (Fig. S2A, pattern
2). To test the possibility that the kinase-active TYK?2 drives
the robust gene signature, whereas minor changes in ISG
expression are governed by TYK2X%E, we compared the
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respective lists [50, 51] of murine orthologs (Table S5) to
the DEG of the three genotypes and cell types. No difference
between the two classes of ISG with respect to the depend-
ence on kinase-active TYK?2 could be detected (Fig. S2B).
Figure 2D shows selected ISG, which on top of the cell-
type-specific expression in WT (grey box) show clear TYK?2
effects (blue boxes) in one of the respective cell types.

In conclusion we report that in each cell type TYK2
impacts on tonic IFN responses and exerts its activity also
in a cell-type-specific, i.e. context-dependent manner.
Macrophages show the lowest number of DEG upon loss
of TYK2 activity and nearly exclusively employ TYK?2 for
basal IFN responses. Tonic ISG signatures in WT cells show
some overlaps between cell types but are also highly cell-
type-specific even for genes previously described as robustly
induced. This indicates that all ISG with detectable expres-
sion in one cell type require different intensity of signaling
or varying TF activities for basal expression in another cell

type.

The JAK-STAT response machinery is differentially
expressed in naive WT cells and shows strongest
dependency on TYK2 in NK cells

JAK-STAT responses are autoregulated by positive and
negative transcriptional feedback loops, where STATSs are
capable to drive their own expression but also induce the
expression of counter regulators, e.g. SOCS, PIAS or PTP
proteins [77, 78]. Common JAK-STAT-SOCS signaling
modules can have diverse differentiational and cell fate
outcomes depending on the cytokine receptor activated
and the spatial temporal accessibility of gene sets [79].
To analyze the JAK-STAT circuitry in WT cells and in
dependence of TYK?2 we generated a gene list of TYK2-
engaging signaling components including signal promot-
ing as well as suppressing components (see Materials and
Methods and Table S6). All WT cells showed similar levels
of Tyk2 transcripts while Jak! transcripts were highest in
NK cells, Jak2 levels highest in macrophages and Jak3
was least abundant in CD8* T cells (Fig. S3 and Table S6).
The relative Statl levels were lowest in NK cells, Stat2-6
transcripts were low in NK and CD8* T cells, and Stat4
expression was low in macrophages. Macrophages showed
the highest relative expression of the STAT1-SOCS1
and the STAT3-SOCS3 modules, NK cells showed low-
est expression of the major IFN-responsive TF complex
ISGF3, which is composed of the subunits STAT1, STAT2
and IRF9, whereas CD8" T cells appear to be equipped
with low level of transcripts encoding counter regulators,
including SOCS, PIAS and PTP family members (Fig. S3
and Table S6). As expected from the general transcrip-
tional profile, TYK?2 in macrophages drives the expression
of the IFN response genes Irf7,9 and Statl,2 (DEG pattern
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Fig.2 TYK2-dependent IFN signatures in splenic immune cells
under steady state condition. A Percentage of IFN-stimulated genes
(ISG), up- (red) or downregulated (blue) among DEG (IFCI>2 or
absolute log2(FC)> 1, FDR <0.05). B Venn diagrams of genotype
comparisons and cell type-specific DE ISG. C Heat map with scaled

1) and has otherwise little effect (Fig. 3A top panel). NK
cells showed a considerable number of TYK2-dependent
DEG (patternl) at all levels of the response cascade, i.e.
receptor chains, Stats, Irfs and counter regulators (Ptpn6,
Piasl), which are reported ISGs (Table S5) or carry

mRNA expression values (log2 cpm, counts per million) of DE ISG
of WT macrophages, NK and CD8* T cells, ‘robust’ ISG [50] named,
arrows indicate ISG in (D). D Number of DESeq2 basemean reads
aligned to ISG, mean and standard deviation are shown, *p <0.05, **
p<0.01, *** p<0.001

STAT binding sites in their proximal promoter regions
[80]. Notably, the transcription of the STAT target genes
Socs2,3 and 1120ra seems to increase in the absence of
kinase-active TYK2 (DEG pattern 2, IRepG), albeit only
1120ra reaches our statistical significance levels (Fig. 3A

@ Springer
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Fig.3 Expression levels of JAK-STAT signaling constituents under
steady state conditions. A Scaled mRNA expression values of
selected JAK-STAT signaling genes. B Number of DESeq2 basemean
reads aligned to selected JAK-STAT signaling genes, mean and stand-
ard deviation are shown. C mRNA levels of selected of JAK-STAT

middle panel). CD8" T cells do not depend on TYK2 for
basal expression of the JAK-STAT constituents (Table S6).
Figure 3B shows examples of cell-type- (Jakl, Irf3,8)
and TYK2-specific (Irf7,9, Cish) effects on genes in the
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signaling genes in NK and CD8* T cells measured by RT-gPCR and
shown as relative expression compared to the indicated housekeeping
gene and given as mean + SD. One-way ANOVA with Tukey multiple
comparison, *p<0.05, ** p<0.01, *** p<0.001

JAK-STAT signaling pathway. Impaired transcription of
Statl-4 in TYK2-mutant NK cells and—except for Star/—
unperturbed expression of the selected STATs in CD8* T
cells was validated by RT-qPCR (Fig. 3C).
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Taken together our comparison of JAK-STAT response
components revealed cell type specificity of tonic expression
levels and an impact of TYK?2 on a variety of positive and
negative feedback loop genes of the pathway, which provides
one fundamental mechanism for the observed cell-type- and
genotype-specific differences in gene expression. The pre-
dominant dependence of the tonic IFN response on TYK2
in macrophages is reflected by their exclusive loss of the
feed-forward ISG Stat1,2 and Irf7,9. While NK cells show
a broad TYK?2 dependence of the pathway circuitry, CD8*
T cells are grossly independent of TYK?2 activity. The differ-
ential equipment with pathway components might be owed
to their lineage specific requirements or reflect cell-type-,
cellular localization- and/or genotype-specific differences
under unperturbed conditions.

The transcriptional profile of homeostatic Tyk2~/~
NK cells mirrors their functional impairment
and is kinase-dependent

Tyk2-deficient mice show impaired NK cell maturation and
cytotoxicity [81], which is grossly attributed to NK cell-
extrinsic functions of TYK?2 [82] and can—at least in part—
be restored by kinase-inactive TYK2 [8]. So far, the analysis
of TYK2X?2E in cytokine responses in various cell types has
not revealed dominant negative or gain of function effects
[30, 83, 84]. In line with these findings GSEA of DEG did
not reveal indications for alternate JAK-STAT activities or a
switch to other signal response pathways (Fig. 1E, Table S3).
We analyzed the NK cell functions in detail by compiling
lists of NK cell effector genes and testing them against the
DEG of the mutants (Table S2, S6). The reduced maturation
and cytotoxicity state of Tyk2-mutant NK cells [8] grossly
correlates with the transcriptome data (Fig. 4A). Overall,
most NK cell marker and effector RNAs in both 7yk2-mutant
NK cells are down-regulated (pattern 1) while only few TF
and cytokine-related genes are up-regulated in the mutants
(Fig. 3A pattern 2). To further confirm the maturation defect
of mutant NK cells we validated protein levels of CXCR3,
which is preferentially expressed on immature NK cells [85].
Following the gene expression, Tyk2~~ and Tyk2%?**E NK
cells showed equally elevated levels of CXCR3 (Fig. 4B).
We previously reported an impact of TYK?2 on cellular
metabolism [86] and GSEA showed a significant negative
normalized enrichment score (NES) for mTOR signaling in
TYK2-mutant cells (Fig. 1E). A closer look at this hallmark
gene signature revealed that some genes were expressed sim-
ilarly to WT in a Tyk2 kinase-independent manner (Fig. 4C
pattern 4). Since mTOR regulates mitochondrial activities
[87, 88] and kinase-inactive TYK?2 suffices to maintain
basic mitochondrial respiration in immune cells [89], we
performed mitochondrial stress assays of in vitro expanded
Tyk2-mutant NK cells. Figure 4D shows the mitochondrial

dysfunction with respect to ATP production and basal res-
piration upon loss of TYK2 protein and kinase activity and
preliminary data indicate a normal glycolytic performance
(Fig. S4).

Summing up, the transcriptional profile of Tyk2™~ NK
cells explains to a substantial extend the cellular (dys-)func-
tions while Tyk2X°%E transrciptome provides no explana-
tions for functional restoration described previously [8, 30,
82]. TYK2 drives a basal mTOR signaling gene signature,
however, in contrast to B cells [89], kinase-inactive TYK?2 in
NK cells does not restore loss of basal mitochondrial func-
tions observed upon TYK?2 deficiency. This indicates that
also the kinase-independent functions of TYK?2 are cell-type
and/or context-dependent and TYK2—at least in NK cells—
acts post-transcriptionally and/or -translationally.

TYK2 kinase activity is required for CTL activity
while the basal effector gene signature of naive
CD8* T cells is TYK2-independent

Naive CD8" T cells from wildtype mice show varying
expression levels of effector and marker genes, indicating
that they receive varying extracellular cues and/or have dif-
fering threshold levels of intrinsic TFs to maintain basal
transcription of these genes. In this cellular state, a vast
majority of these genes does not depend on TYK?2 or its
kinase activity (Fig. S5A).

We and others demonstrated that Tyk2-deficient CD8* T
cells lack cytotoxic activity [90, 91]. We thus tested whether
kinase-inactive TYK?2 is capable to confer this activity and
found Tyk2X°E CD8* T cells to be indistinguishable from
knockout cells with respect to their impaired in vitro and
in vivo cytolytic capacity (Fig. 5A, B).

Notably, loss of Tyk2 results in a negative NES of
G2M cell cycle checkpoint genes which is not observed in
Tyk25923E cells (Fig. 1E lower panel). Moreover, direct com-
parison of the mutant cells (KOvsKE) reveals an additional
enrichment for E2F target genes governed by Tyk2K9?3E
(Table S4). Promoter analyses of DEG did not show other
significant enrichments than the expected ISRE/IRF motifs
(Fig. 1F). The cell cycle-specific signatures do not trans-
late to an obvious shift in the numbers of detectable WT or
mutant total T cells (CD3") or CD8* T cells in our FACS
experiments (Fig. S5B, S5C). This is supported by our pre-
vious report of unperturbed CD8* T cell proliferation in
Tyk2-deficient mice upon activation by antigen presentation
[91]. To further analyze the impact of TYK?2 on the num-
bers of functional CD8™ T cell subsets [92, 93] we deter-
mined the share of effector and central memory T cells in the
total CD8™ cells and again found no significant differences
(Fig. S5B, S50).

In conclusion TYK2 is not required for differentiation
stage and cytotoxicity gene expression in CD8* T cells.
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«Fig. 4 Transcriptional and functional profiles of splenic NK cells.
A Scaled mRNA expression values of selected effector genes (log2
cpm, counts per million); A/I, activating/inhibitory; genotype patterns
of DEG (1 and 2) are indicated. B CXCR3 cell surface expression of
splenic NK cells of naive mice analyzed by flow cytometry. Mean
percentages + SEM of CXCR3™ cells out of CD3e-NK1.17" cells from
two independent experiments are shown; n=12 for pooled experi-
ments per genotype. *** p<0.001. C Scaled mRNA expression val-
ues of leading genes in the mTORC] signaling Hallmark. D Agilent
Seahorse XF Cell Mito Stress Test of NK cells. NK cell representa-
tive oxygen consumption rate (OCR) curves are shown. Injections of
oligomycin, FCCP, and rotenone + antimycin A are indicated by grey
lines. NK cell ATP production and basal respiration were calculated
for WT, Tyk2™'~ and Tyk2X°%F cells (n=5) and are given as relative
values compared to WT (100%). Two-way ANOVA with Tukey mul-
tiple comparison was used to assess statistical significance, *p <0.05

Tyk2X°3E CD8* T cells show enrichment of cell cycle gene
signatures compared to knockout which do not translate into
an apparent altered activity state. In contrast to NK cells,
Tyk25923E CD8™ T cells show no restoration of cytolytic
activities.

TYK2 is indispensable for an early and late
IFNB-repressed gene profile

IFN responses are tightly regulated by feed-forward and
counter-regulatory mechanisms and hence show character-
istic early and delayed gene activation patterns [72, 94, 95].
To cover both transcriptional activation states we treated
in vitro cultured WT and Tyk2-mutant cell types short- and
long-term with IFNf (Fig. 1A). We previously reported that
tissue context deprivation of immune cells leads to loss of
gene signatures driven by JAK-STAT in situ and single IFNf
treatment restores multiple JAK-STAT pathways, including
those not directly activated by the cytokine’s receptor [27].
Pairwise comparison of untreated versus treated WT and
Tyk2-mutant cell types showed the biggest effect in mac-
rophages (Fig. 6A, Table S2). All three WT cell types show
at both IFNp stimulation time points small overlapping gene
sets (Fig. S6A), while the majority of response genes was
cell-type-specific. The common ISG set greatly overlaps
with the robust genes shown in Fig. 2C.

Here, we focused on the early and late IRepG, a signa-
ture feature seen in all WT splenic cells, albeit to a vary-
ing extend (Fig. 6A, Table S2). NK cells have one set of
genes which is suppressed upon short-term treatment and
re-expressed to the tonic level during long-term stimulus;
a second set is suppressed only upon long-term treatment
and does not change expression upon short-term stimulus
(Fig. 6B). A similar pattern was observed in CD8" T cells,
albeit with a larger proportion of early suppressed genes
which showed greater heterogeneity in the uninduced state
and a smaller gene set which was repressed at long-term
treatment (Fig. 6B). Macrophage IRepG at both treatment

time points showed heterogeneity (Table S2). Notably, the
transcriptional repressive function of TYK2 appears to be
impartial, which contrasts its known partial effect on gene
activation [20, 96]. In accordance with our previous observa-
tion on up-regulated ISGs [30], kinase-inactive TYK2 had
no effect on the IRepG (Figs. 6B, S6B). The IRepG signature
shows some ‘common’ genes but is more cell-type-specific
than the IFN-induced signature (Fig. S6A). The comparison
of our data set with the published IRepG (Table S5) shows a
substantially expanded gene list especially for the long-term
IFN treatment (Table S2).

To gain insight in the regulation of the IRepG we per-
formed proximal promoter analysis of all down-regulated
DEG of NK cell and CD8* T cell IRepG. In accordance with
previous predictions [49], we found a strong enrichment for
SP1 TF binding and additional for KLF3, NFY and SP5
motifs (Fig. 6C, Table S4). GSEA of DEG revealed a signifi-
cant negative NES for cell cycle and metabolic processes in
NK cells at the late time point of IFNf treatment (Fig. 6D,
Table S3). Extending the functional enrichment analysis to
HOMER [43] by retaining the GO terms with a gene count
threshold of 2 as recommended [97] revealed IRepG enrich-
ment for pathways ‘gene expression’, ‘post-translational
modification’, ‘signaling through G protein-coupled recep-
tors (GPCR)’ and ‘cytokine/interleukin signaling’ in NK and
CD8* T cells after brief IFNp stimulation and in long-term
IFN-treated NK cells. Owed to the small size of IRepG,
CD8* T cells showed no GO terms (Table S4).

Of note, the initial identification of IRepG was in the
IFNy response and not in splenic immune cells [48, 49].
However, we and others have shown that type I and II IFN
have a large overlap in their potency to induce or repress
ISGs in various cell types [47, 98—101].

Summing up, our data confirm the partial TYK2 depend-
ence of most IFN-inducible genes, which, in analogy to the
steady state condition, is cell-type-specific. This is the first
notion of the absolute requirement of TYK?2 kinase activ-
ity for a cell-type-specific early and late IRepG signature.
The early IRepG are over-represented in the categories
‘suppression of cytokine/chemokine/growth factor signal-
ing’ and ‘general gene expression’ and likely function to
interfere with microbial replication or spread [49, 102]. The
late IRepG are over-represented in the category ‘inhibition
of cell cycle and metabolism’ and go in line with the well
described antiproliferative, apoptotic and metabolic activi-
ties of ISG [103-106].

Tumor-infiltrating NK and CD8* T cells depend
on kinase-active TYK2 for the expression of gene
signatures induced by the tumor microenvironment

We previously established the requirement for TYK2 in
various tumor surveillance settings [29, 81, 82, 91, 107].
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Fig.5 TYK2-dependent cytotoxicity of CD8" T cells. A SIINFEKL
peptide non-reactive (dashed line) or SIINFEKL peptide reac-
tive (continuous line) T cells were co-cultured with CFSE-stained,
OVA-expressing EG7 target cells at indicated effector:target ratios
(30:1, 15:1, 5:1, 1:1) and after 16 h specific lysis was assessed by
flow cytometry. Mean values+SEM of technical replicates from
one representative out of two independent experiments are shown.
B WT, Tyk2™~ and Tyk2%°*F mice were immunised with mTRP-2/

Therefore, we determined the transcriptomes of Tyk2-
deficient tumor-derived NK and CD8" T cells and asked
whether the observed functional restoration of Tyk2K923F
NK cells [8] becomes apparent at the transcriptional level
upon exposure to the complexity of the tumor microenviron-
ment. We used the MC38 adenocarcinoma transplantable
tumor model previously established in Tyk2™~ mice [29]
since it allows simple separation of tumor-infiltrating CD45"
hematopoietic cells from tumor cells. The total number of
significantly downregulated DEG in Tyk2~'~ and Tyk2K9%3E
NK cells was approximately twofold higher than in tumor-
infiltrating CD8* T cells (Fig. 7A). The Tyk2-mutant effect
in NK and CD8* T cells showed a substantial overlap with
213 and 118 genes, respectively (Fig. 7B), indicating no
gross impact of kinase-inactive TYK?2 on the transcriptome
of both cell types. Notably, the genes common for all geno-
type comparisons in both cell types are all ISG, i.e. direct
targets of the TYK2-STAT1/3 axis (Table S5) [24]. This
is in line with GSEA providing for both mutant genotypes
and cell types ‘IFN gamma’ and IFN alpha response’ as top
negative NES (Fig. 7C, Table S4).

All mutant cells showed loss of characteristics of WT'
tumor-infiltrating cytolytic immune cells (Fig. 7C), i.e.
hypoxia response [108], metabolic activities [109] and
various signaling modules [110, 111]. The detailed analy-
sis of NK cell marker and effector genes as well as JAK-
STAT signaling components revealed no gross changes in
the transcriptional pattern compared to the homeostatic or
IFN-induced conditions (Fig. S7A, S7B left panels). The
transcriptome of tumor-derived Tyk2X°?E NK cells does not
reflect their in vitro and in vivo anti-tumor activity [8]. As
expected from the results of the cytotoxicity assays TYK?2-
mutant tumor-derived CD8" T cells also show no striking
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differences in the expression of effector or JAK-STAT genes
(Fig. STA, S7B right panels). Notably, Tyk2-mutant CD8*
T cells and Tyk2X9>*E NK cells show a positive NES for
hallmark MYC targets (Figs. 7C, S7C). Tyk2%?>*E CD8* T
cells show negative NES of hallmarks G2M checkpoint and
E2F targets (Table S3). This goes along with the notion that
WT cells suppress these signatures upon IFN treatment (see
above). As expected from the prominent IFN signatures of
tumor-infiltrating NK and CD8" T cells, promoter analysis
of significantly DEG revealed enrichments for ISRE and IRF
motifs in both cell types (Fig. STD).

In conclusion, the exposure of Tyk2-deficient NK and
CD8" T cells to the multiple soluble and cellular stimuli
during tumor infiltration shows the transcriptional profiles
expected for the previously described functional impair-
ment of the cells. As observed for the other conditions,
TYK2%2%E in both cell types does not induce transcriptional
profiles indicative for the restoration of WT or for the gain
of novel functions.

Chromatin accessibility and transcriptional profile
of IFNp-treateed CD8'T cells overlap and TYK2K923E
allows for chromatin remodeling

Recently we reported that IFNs rapidly increase chromatin
accessibility at many response loci [98, 99, 112]. Among
the immune cells analyzed, CD8" T cells show the big-
gest kinase-inactive effect of TYK2 on the steady state and
IFN-induced transcriptomes. We thus explored by ATAC-
seq (assay for transposase-accessible chromatin with high-
throughput sequencing) (i) whether the effect of the amplifier
kinase TYK?2 suffices to modify the chromatin architecture
upon IFN treatment and (ii) whether the TYK2X923E impact



Cell-type-specific requirement for TYK2 in murine immune cells under steady state and challenged...

Page150f25 98

on DEG in CD8* T cells translates into changes in chromatin
structure. ATAC-seq data of in vitro cultured CD8" T cells
short-term and long-term treated with IFNp or left untreated
[27] were used to annotate the DA promoter regions (200 bp
upstream and downstream of a transcription start site,TSS)
and proximal promoter enhancers (3 kb upstream and down-
stream of TSS exclusive + 200 bp). Using stringent signifi-
cance criteria (FDR <0.05 and abs(log2FC) > 1) the num-
ber of DA regions in all genotypes and treatment conditions
was rather low. In WT cells at the promoter region the over-
all number of DA regions was lower than at the enhancer
region and most changes became visible after long-term IFN
treatment while at the enhancer region significant DA also
appeared upon short-term treatment (Fig. 8A). At the pro-
moter region neither TYK2 nor its kinase-inactive version
are required for an increase of chromatin accessibility upon
IFN stimulus, albeit the accessibility change is lower than
in WT cells. This contrasts the enhancer regions where loss
of TYK2 results in loss of chromatin changes and kinase-
inactive TYK2 allows for some changes upon long-term
IFN treatment (Fig. 8B right panel, loci indicated on the
right side). Reduction of chromatin accessibility occurs only
in WT cells, which is in line with the strict dependence of
IRepG on Tyk2. The genes in WT cells showing congruent
behavior in ATAC-seq and RNA-seq are indicated on the left
side of the heatmaps (Fig. 8B and see above).

In summary, chromatin remodeling of IFN-treated CD8*
T cells in the absence of TYK2 grossly overlaps with the
RNA signature: the effect of kinase-active TYK2 on chro-
matin accessibility at promoter regions upon IFN treatment
is in line with the reduced but not abrogated transcriptional
up-regulation of ISG and the absolute requirement of TYK?2
for an IRepG signature. While at promoter-distant regions
chromatin changes were abrogated in the absence of TYK2,
at long-term IFN treatment TYK?2 showed scaffolding func-
tions at selected loci.

Discussion

The JAK family member TYK?2 is well known for its regula-
tion of inflammation and immunity to infection and cancer.
We recently reported that JAK-STAT signaling maintains
homeostasis of immune cells and seems to be also crucial for
the plasticity and vigilance of structural cells [27, 113, 114].
Here we investigate in detail the impact of TYK2 on com-
mon or cell-type-specific gene expression of macrophages,
NK and CD8" T cells under steady state, IFN-treated and
tumor-derived conditions. To the best of our knowledge, we
also provide the first detailed RNA signatures of kinase-
inactive TYK2 in innate and adaptive splenic and tumor-
derived immune cells.

Despite its engagement at various cytokine receptor com-
plexes [6], the predominant impact of TYK?2 in the investi-
gated immune cells under homeostatic conditions and upon
tumor infiltration is on IFN responses (Fig. 1, 7). This is
in line with our previous observations of TYK2 effects in
inflammatory macrophages [69]. Loss of TYK?2 in mice and
men leads to a partially reduced cytokine signaling strength
at the TYK2-engaging receptors [4, 6] and to a substantial
transcriptional decrease of STAT1 and other IFN response
TFs (Fig. 3). The positive regulatory loop of the IFN sign-
aling worsens the responsiveness to IFNs in TYK2-mutant
cells compared to other cytokine responses with absent or
less pronounced feed-forward loops.

As described previously [47, 114, 115], the baseline and
induced IFN signatures are split in highly cell-type-spe-
cific and common ISG (Figs. 2 and 6). The common ISG
show a robust and high amplitude of expression, are com-
mon to all mammals and include key regulators of the IFN
feed-forward loop such as Statl, Irf7, Irf9 and Uspl8 and
members of the Oas, Ifit, or Mx families [50, 51]. Note, that
also robust detectable ISG show some degree of cell type
specificity and TYK2-deficiency leads to variable degrees
of responsiveness among ISG under steady state and chal-
lenged conditions (Figs. 2, 6, 7).

Mechanistically, the cell type specificity of the ISG signa-
tures is governed by (i) the chromatin architecture, the cell
fate commitment and the transcriptional memory leading to
cell type-specific availability and/or usage of TFs [116-120],
(ii) the differing exposure of cell types to para- and autocrine
cytokines during their differentiation and in their respective
splenic environment [121, 122], (iii) the cell type-specific
feed-forward and feedback loops regulating key components
of the JAK-STAT pathway [18, 116, 123], including unusual
and/or non-phosphorylated STAT complexes [124-126],
and (iv) the cell type variation in signaling pathway cross-
talks and TF cooperativity [116, 127]. This leads to varying
availabilities of positive and negative regulatory cytokine
response modules in different cell types (Fig. 3). Of note,
for splenic immune cells it is established that the chromatin
architecture is shaped by basal, e.g. microbiome-induced,
type I IFN that acts at a distance and maintains their alert-
ness [128, 129]. Depending on their spatial localization,
splenic cells may be exposed to different type I IFN levels
[70].

Our recent data emphasize that the impact of JAK-STAT
on homeostatic and induced transcriptomes results not only
from positive control of gene expression, but also from gene
repression [27]. In contrast to the transcriptional amplifica-
tion, the repressive functions upon IFN stimulus are com-
pletely TYK2-dependent in NK and CD8* T cells (Fig. 6).
The underlying mechanisms are the known negative feed-
back loops of IFN signaling [130] and also direct effects at
promoter level such as the displacement of activating factors
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«Fig.6 IFNpP treatments of in vitro cultured macrophages, NK
and CD8" T cells. A Number of significantly DE genes (IFCI>2,
FDR < 0.05) that are either upregulated (red) or downregulated (blue)
at the indicated treatment time points as compared to untreated con-
trols. B Scaled mRNA expression values of IFNB-upregulated or
repressed genes (log2 cpm, counts per million) in NK and CD8*
T cells after 1.5 h or 20 h treatment. C Hypergeometric Optimiza-
tion of Motif EnRichment (HOMER) cis-regulatory motif discovery
of IFN-repressed genes (1.5 h and 20 h IFNp treatment combined)
from NK and CD8* T cells; FDR, transcription factor (TF) family
and members and the percent of genes with the enriched motifs are
indicated. D Gene set enrichment analysis (GSEA) of IFNf-repressed
genes in NK cells after 20 h treatment

or the recruitment of chromatin modifiers [131, 132]. Our
promoter analysis of IRepG revealed an overrepresentation
of zink finger binding proteins but no enrichment for clas-
sical ISRE/GAS elements (Fig. 6C). The latter is confirmed
by the pioneering study on IRepG [49] and suggests other
DNA-binding proteins or alternate STAT1-containing com-
plexes suppress gene expression during early and late IFN
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Fig.7 Transcriptomes of tumor-infiltrating 7yk2-deficient NK
and CD8* T cells. A Number of significantly (IFCI>2 or absolute
log2(FC)> 1, FDR <0.05) differentially expressed (DE) genes deter-
mined by DESeq?2 in the indicated genotype comparisons; upregu-
lated (red) and downregulated (blue). B Venn diagrams of genotype

responses. Mechanistically, the strict TYK2/STAT1 depend-
ency indicates that the transcriptional repressor(s) are IFN-
inducible genes and capable of binding GC-rich elements
and SP TF family motifs in the proximity of IRepG. Candi-
dates for these criteria are TF of the BCL, IRF, KLF, NFY
and PRDM families, which are among the IFN-dependent
DEG (Table S2). In line with this, a previous proteomics
study in human cells suggested SP1, IRF2, PRDM1 and
BCL6 as candidate regulators of IRepG [102].

We have shown previously that the TYK2 function in NK
cell maturation is cell extrinsic and independent of [IFNAR
signaling in these cells [82, 133]. With respect to quantity
and quality of gene expression, NK cells show a high degree
of TYK2 requirement (Figs. 1, 4 and 7). The DEG signa-
tures in kinase-inactive NK cells give little indication of a
restoration of maturation or cytotoxicity at the level of tran-
scription, neither in naive nor in tumor-derived cells (Figs. 4
and 7). It seems unlikely that other JAK family members
compensate for the lack of TYK2 enzymatic activity. We
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found no evidence for an alteration of STAT activation in
our previous studies: Primary cells from Tyk2X9?*E and
Tyk2~'~ mice show similarly impaired cytokine-induced
STAT phosphorylation [8, 30]. Lack of restoration or alter-
native STAT activation by kinase-inactive TYK?2 was also
reported in studies by others employing genetically modi-
fied cells and mice [3, 5, 9], human patients ([2, 3]) and
pharmacologic kinase inhibitors [134]. Basal mitochondrial
activity, which was reported to be independent of TYK?2
kinase activity in B cells [89], appears similarly impaired in
Tyk2™'~ and Tyk2X°**E NK cells (Fig. 4). We therefore sug-
gest that the observed anti-tumor activity of kinase-inactive
NK cells originates from crosstalks with other cells show-
ing altered transcriptional programs or more likely from NK
cell-intrinsic and/or -extrinsic post-transcriptional activities.
Along that line it is notable, that we have reported post-
transcriptional activities of TYK2 [135] and translational
control mechanisms of ISG [136, 137] and immune cells
[138, 139] are well established.

CD8* T cells of Tyk2X°?E mice show no restoration of
cytolytic activity (Fig. 5) and neither naive nor tumor-chal-
lenged transcriptomes show signatures switches indicating
clear functional implications (Figs. 5 and 7). Nevertheless,
the number of Tyk2X°>*E-dependent DEG in these cells is the
highest (Fig. 1B) and the scaffolding functions of TYK?2 lead
to chromatin accessibility at promoter-distal regions upon
cytokine treatment (Fig. 8).

Considering the high physiological similarities between
mice and men concerning TYK?2 deficiency [4, 24, 140],
loss of TYK2 enzymatic activity [3, 30] and genetic versus
pharmacologic TYK?2 inhibition [67, 134] our data are also
relevant in light of the patient cohort with inborn TYK?2
impairments [141] and the treatment of psoriasis and several
ongoing clinical trials for other autoimmune and inflamma-
tory diseases with respect to hitherto overseen tissue and
cell-type-specific effects and potential epigenomic and post-
transcriptional effects [142—144].

Our study unravels the transcriptional impact of TYK?2 in
naive immune cells and upon exposure to a tumor microen-
vironment. In addition, we identify an unambiguous role of
TYK?2 in driving the suppression of distinct gene sets upon
IFN treatment. We propose to further elucidate the post-
transcriptional effects of kinase-inactive TYK2.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-025-05625-9.

Acknowledgements The authors like to thank the VetBiomodels Core
Facility of Vetmeduni Vienna and the Biomedical Sequencing Facility
of CeMM.

Author contributions Christoph Bock, Thomas Decker, Mathias Miil-
ler, Elena Pohl, Birgit Strobl contributed to the study design and con-
ception. Marlies Dolezal, Nikolaus Fortelny, Milica Krunic, David

Martin supervised and supported the statistical and bioinformatical
analyses and data curation. Matthias Farlik, Dagmar Gotthardt, Caro-
line Lassnig, Sabine Macho-Maschler, Katrin Meissl, Felix Sternberg
supervised and provided methodologies or animal experimentation.
Lena Amenitsch, Anzhelika Karjalainen, Therese Lederer, Michaela
Prchal-Murphy, Agnieszka Witalisz-Siepracka perfomed material prep-
aration, data collection, data analysis and visualization. The first draft
of the manuscript was written by Thomas Decker, Caroline Lassnig,
Mathias Miiller, Birgit Strobl.

Funding Open access funding provided by University of Veterinary
Medicine Vienna. Austrian Science Fund, SFB F6101, Mathias Miil-
ler, SFB F6102, Christoph Bock, SFB F6103, Thomas Decker, SFB
F6106, Mathias Miiller.

Data availability Raw and processed RNA-seq and ATAC-seq data are
available from the NCBI Gene Expression Omnibus (GEO) reposi-
tory (Accession Numbers: GSE204736, GSE274337, GSE281132,
GSE281133). The Supplementary Website (http://jakstat.bocklab.
org) provides data links and genome browser tracks for interactive
data visualization. Genome assemblies and gene annotations (mm10/
GRCm38 release 93) are available from Ensembl (https://ensembl.org).
The complete list of genes analyzed, their fold change and significance
and compiled lists of reference genes can be obtained in the Supple-
mentary Tables.

Declarations

Conflict of interests The authors have no relevant financial or non-
financial interests to disclose.

Ethical Approval All mice used in this study were bred at the Uni-
versity of Veterinary Medicine Vienna under specific-pathogen-free
conditions according to Federation of European Laboratory Animal
Science Associations (FELASA) guidelines. All experiments were per-
formed in accordance with the European Union 2010/63 EU directive
and the Austrian Federal Ministry of Science and Research accord-
ing to §§ 26ff animal experimentation law. All animal experiments
were approved by the Ethics and Animal Welfare Committee of the
University of Veterinary Medicine Vienna Animal Experiments Act,
Tierversuchsgesetz 2012—TVG 2012 (BMBWF_GZ:2020-0.200.397,
approval 27.03.2020; BMWFW-68.205/0068-WF/V/3b/2015, approval
17.04.2015; BMWFW-68.205/0103-WF/V/3b/2015, approval
19.06.2015; BMBWF-68.205/0174-V/3b/2018, approval 09.10.2018)
and conform to the guidelines of FELASA and ARRIVE (Animal
Research: Reporting of In Vivo Experiments).

Consent to Participate Not applicable.

Consent to Publish All authors reviewed their respective results contri-
butions and contributed to the final manuscript. All authors approved
this manuscript for publication.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

@ Springer


https://doi.org/10.1007/s00018-025-05625-9
http://jakstat.bocklab.org
http://jakstat.bocklab.org
https://ensembl.org

98 Page 20 of 25 A. Karjalainen et al.

Prchal-Murphy M, Witalisz-Siepracka A, Bednarik KT, Putz
EM, Gotthardt D, Meissl K, Sexl V, Miiller M, Strobl B (2015)

need to obtain permission directly from the copyright holder. To view a 8.
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

kas K, Varjosalo M, Ivaska J, Johnson MS, Elenius K (2022)
An extracellular receptor tyrosine kinase motif orchestrating
intracellular STAT activation. Nat Commun 13:6953. https://
doi.org/10.1038/s41467-022-34539-4

@ Springer

In vivo tumor surveillance by NK cells requires TYK?2 but not
TYK?2 kinase activity. Oncoimmunology 4:e1047579. https://
doi.org/10.1080/2162402x.2015.1047579

9. Raje V, Derecka M, Cantwell M, Meier J, Szczepanek K, Sisler
JD, Strobl B, Gamero A, Harris TE, Larner AC (2017) Kinase
References inactive tyrosine kinase (Tyk2) supports differentiation of
brown fat cells. Endocrinology 158:148-157. https://doi.org/
. Wass K, Simonovié N, Strobl B, Macho-Maschler S, Miiller M 10.1210/en.2015-2048
(2019) TYK2: an upstream kinase of STATs in cancer. Cancers 10. Lépez-Otin C, Kroemer G (2021) Hallmarks of health. Cell
(Basel) 11:1728. https://doi.org/10.3390/cancers11111728 184:33-63. https://doi.org/10.1016/j.cell.2020.11.034
. Boisson-Dupuis S, Ramirez-Alejo N, Li Z, Patin E, Rao G, 11. Medzhitov R (2021) The spectrum of inflammatory responses.
Kerner G, Lim CK, Krementsov DN, Hernandez N, Ma CS, Science 374:1070-1075. https://doi.org/10.1126/science.abi5200
Zhang Q, Markle J, Martinez-Barricarte R, Payne K, Fisch R, 12. Meizlish ML, Franklin RA, Zhou X, Medzhitov R (2021) Tissue
Deswarte C, Halpern J, Bouaziz M, Mulwa J, Sivanesan D, homeostasis and inflammation. Annu Rev Immunol 39:557-581.
Lazarov T, Naves R, Garcia P, Itan Y, Boisson B, Checchi A, https://doi.org/10.1146/annurev-immunol-061020-053734
Jabot-Hanin F, Cobat A, Guennoun A, Jackson CC, Pekcan S, 13. Myers DR, Zikherman J, Roose JP (2017) Tonic signals: why do
Caliskaner Z, Inostroza J, Costa-Carvalho BT, de Albuquerque lymphocytes bother? Trends Immunol 38:844-857. https://doi.
JAT, Garcia-Ortiz H, Orozco L, Ozcelik T, Abid A, Rhorfi TA, org/10.1016/}.it.2017.06.010
Souhi H, Amrani HN, Zegmout A, Geissmann F, Michnick SW, 14. Rankin LC, Artis D (2018) Beyond host defense: emerging func-
Muller-Fleckenstein I, Fleckenstein B, Puel A, Ciancanelli MJ, tions of the immune system in regulating complex tissue physi-
Marr N, Abolhassani H, Balcells ME, Condino-Neto A, Strick- ology. Cell 173:554-567. https://doi.org/10.1016/j.cell.2018.03.
ler A, Abarca K, Teuscher C, Ochs HD, Reisli I, Sayar EH, 013
El-Baghdadi J, Bustamante J, Hammarstrom L, Tangye SG, 15. Liston A, Masters SL (2017) Homeostasis-altering molecular
Pellegrini S, Quintana-Murci L, Abel L, Casanova JL (2018) processes as mechanisms of inflammasome activation. Nat Rev
Tuberculosis and impaired IL-23-dependent IFN-y immunity Immunol 17:208-214. https://doi.org/10.1038/nri.2016.151
in humans homozygous for a common TYK?2 missense variant. 16. Paludan SR, Pradeu T, Masters SL, Mogensen TH (2021) Con-
Sci Immunol 3:eaau8714. https://doi.org/10.1126/sciimmunol. stitutive immune mechanisms: mediators of host defence and
aau8714 immune regulation. Nat Rev Immunol 21:137-150. https://doi.
. Gorman JA, Hundhausen C, Kinsman M, Arkatkar T, Allens- org/10.1038/s41577-020-0391-5
pach EJ, Clough C, West SE, Thomas K, Eken A, Khim S, 17. Zindel J, Kubes P (2020) DAMPs, PAMPs, and LAMPs in immu-
Hale M, Oukka M, Jackson SW, Cerosaletti K, Buckner JH, nity and sterile inflammation. Annu Rev Pathol 15:493-518.
Rawlings DJ (2019) The TYK2-P1104A autoimmune protec- https://doi.org/10.1146/annurev-pathmechdis-012419-032847
tive variant limits coordinate signals required to generate spe- 18. Gough DJ, Messina NL, Clarke CJ, Johnstone RW, Levy DE
cialized T cell subsets. Front Immunol 10:44. https://doi.org/ (2012) Constitutive type I interferon modulates homeostatic bal-
10.3389/fimmu.2019.00044 ance through tonic signaling. Immunity 36:166—174. https://doi.
. Kreins AY, Ciancanelli MJ, Okada S, Kong XF, Ramirez-Alejo org/10.1016/j.immuni.2012.01.011
N, Kilic SS, El Baghdadi J, Nonoyama S, Mahdaviani SA, 19. Taniguchi T, Takaoka A (2001) A weak signal for strong
Ailal F, Bousfiha A, Mansouri D, Nievas E, Ma CS, Rao G, responses: interferon-alpha/beta revisited. Nat Rev Mol Cell Biol
Bernasconi A, Sun Kuehn H, Niemela J, Stoddard J, Deveau 2:378-386. https://doi.org/10.1038/35073080
P, Cobat A, El Azbaoui S, Sabri A, Lim CK, Sundin M, Avery 20. Karaghiosoff M, Neubauer H, Lassnig C, Kovarik P, Schindler
DT, Halwani R, Grant AV, Boisson B, Bogunovic D, Itan H, Pircher H, McCoy B, Bogdan C, Decker T, Brem G, Pfeffer
Y, Moncada-Velez M, Martinez-Barricarte R, Migaud M, K, Miiller M (2000) Partial impairment of cytokine responses in
Deswarte C, Alsina L, Kotlarz D, Klein C, Muller-Fleckenstein Tyk2-deficient mice. Immunity 13:549-560. https://doi.org/10.
I, Fleckenstein B, Cormier-Daire V, Rose-John S, Picard C, 1016/s1074-7613(00)00054-6
Hammarstrom L, Puel A, AlI-Muhsen S, Abel L, Chaussabel 21. Mellman I, Chen DS, Powles T, Turley SJ (2023) The cancer-
D, Rosenzweig SD, Minegishi Y, Tangye SG, Bustamante J, immunity cycle: indication, genotype, and immunotype. Immu-
Casanova JL, Boisson-Dupuis S (2015) Human TYK2 defi- nity 56:2188-2205. https://doi.org/10.1016/j.immuni.2023.09.
ciency: Mycobacterial and viral infections without hyper-IgE 011
syndrome. J Exp Med 212:1641-1662. https://doi.org/10.1084/ 22. Schreiber RD, Old LJ, Smyth MJ (2011) Cancer immunoediting:
jem.20140280 integrating immunity’s roles in cancer suppression and promo-
. Li Z, Gakovic M, Ragimbeau J, Eloranta ML, Ronnblom L, tion. Science 331:1565-1570. https://doi.org/10.1126/science.
Michel F, Pellegrini S (2013) Two rare disease-associated Tyk2 1203486
variants are catalytically impaired but signaling competent. J 23. Swann JB, Smyth MJ (2007) Immune surveillance of tumors. J
Immunol 190:2335-2344. https://doi.org/10.4049/jimmunol. Clin Invest 117:1137-1146. https://doi.org/10.1172/jci31405
1203118 24. Karjalainen A, Shoebridge S, Krunic M, Simonovi¢ N, Tebb G,
. Strobl B, Stoiber D, Sex1 V, Mueller M (2011) Tyrosine kinase 2 Macho-Maschler S, Strobl B, Miiller M (2020) TYK2 in tumor
(TYK?2) in cytokine signalling and host immunity. Front Biosci immunosurveillance. Cancers (Basel). https://doi.org/10.3390/
(Landmark Ed) 16:3214-3232. https://doi.org/10.2741/3908 cancers12010150
. Vaparanta K, Jokilammi A, Tamirat M, Merilahti JAM, Salo- 25. Moritsch S, Mo6dl B, Scharf I, Janker L, Zwolanek D, Timelthaler

G, Casanova E, Sibilia M, Mohr T, Kenner L, Herndler-Brand-
stetter D, Gerner C, Miiller M, Strobl B, Eferl R (2022) Tyk2
is a tumor suppressor in colorectal cancer. Oncoimmunology
11:2127271. https://doi.org/10.1080/2162402x.2022.2127271


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers11111728
https://doi.org/10.1126/sciimmunol.aau8714
https://doi.org/10.1126/sciimmunol.aau8714
https://doi.org/10.3389/fimmu.2019.00044
https://doi.org/10.3389/fimmu.2019.00044
https://doi.org/10.1084/jem.20140280
https://doi.org/10.1084/jem.20140280
https://doi.org/10.4049/jimmunol.1203118
https://doi.org/10.4049/jimmunol.1203118
https://doi.org/10.2741/3908
https://doi.org/10.1038/s41467-022-34539-4
https://doi.org/10.1038/s41467-022-34539-4
https://doi.org/10.1080/2162402x.2015.1047579
https://doi.org/10.1080/2162402x.2015.1047579
https://doi.org/10.1210/en.2015-2048
https://doi.org/10.1210/en.2015-2048
https://doi.org/10.1016/j.cell.2020.11.034
https://doi.org/10.1126/science.abi5200
https://doi.org/10.1146/annurev-immunol-061020-053734
https://doi.org/10.1016/j.it.2017.06.010
https://doi.org/10.1016/j.it.2017.06.010
https://doi.org/10.1016/j.cell.2018.03.013
https://doi.org/10.1016/j.cell.2018.03.013
https://doi.org/10.1038/nri.2016.151
https://doi.org/10.1038/s41577-020-0391-5
https://doi.org/10.1038/s41577-020-0391-5
https://doi.org/10.1146/annurev-pathmechdis-012419-032847
https://doi.org/10.1016/j.immuni.2012.01.011
https://doi.org/10.1016/j.immuni.2012.01.011
https://doi.org/10.1038/35073080
https://doi.org/10.1016/s1074-7613(00)00054-6
https://doi.org/10.1016/s1074-7613(00)00054-6
https://doi.org/10.1016/j.immuni.2023.09.011
https://doi.org/10.1016/j.immuni.2023.09.011
https://doi.org/10.1126/science.1203486
https://doi.org/10.1126/science.1203486
https://doi.org/10.1172/jci31405
https://doi.org/10.3390/cancers12010150
https://doi.org/10.3390/cancers12010150
https://doi.org/10.1080/2162402x.2022.2127271

Cell-type-specific requirement for TYK2 in murine immune cells under steady state and challenged...

Page210of25 98

26.

217.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Yarmolinsky J, Amos CI, Hung RJ, Moreno V, Burrows K,
Smith-Byrne K, Atkins JR, Brennan P, McKay JD, Martin RM,
Davey Smith G (2022) Association of germline TYK2 variation
with lung cancer and non-Hodgkin lymphoma risk. Int J Cancer
151:2155-2160. https://doi.org/10.1002/ijc.34180

Fortelny N, Farlik M, Fife V, Gorki AD, Lassnig C, Maurer B,
Meissl K, Dolezal M, Boccuni L, Geetha RSJ, A, Akagha MJ,
Karjalainen A, Shoebridge S, Farhat A, Mann U, Jain R, Tikoo S,
Zila N, Esser-Skala W, Krausgruber T, Sitnik K, Penz T, Hladik
A, Suske T, Zahalka S, Senekowitsch M, Barreca D, Halbritter
F, Macho-Maschler S, Weninger W, Neubauer HA, Moriggl R,
Knapp S, Sexl V, Strobl B, Decker T, Miiller M, Bock C, (2024)
JAK-STAT signaling maintains homeostasis in T cells and mac-
rophages. Nat Immunol 25:847-859. https://doi.org/10.1038/
$41590-024-01804-1

Schwenk F, Baron U, Rajewsky K (1995) A cre-transgenic mouse
strain for the ubiquitous deletion of loxP-flanked gene segments
including deletion in germ cells. Nucleic Acids Res 23:5080-
5081. https://doi.org/10.1093/nar/23.24.5080

Vielnascher RM, Hainzl E, Leitner NR, Rammerstorfer M,
Popp D, Witalisz A, Rom R, Karaghiosoff M, Kolbe T, Miiller
S, Riilicke T, Lassnig C, Strobl B, Miiller M (2014) Conditional
ablation of TYK?2 in immunity to viral infection and tumor sur-
veillance. Transgenic Res 23:519-529. https://doi.org/10.1007/
s11248-014-9795-y

Prchal-Murphy M, Semper C, Lassnig C, Wallner B, Gausterer C,
Teppner-Klymiuk I, Kobolak J, Miiller S, Kolbe T, Karaghiosoff
M, Dinnyés A, Riilicke T, Leitner NR, Strobl B, Miiller M (2012)
TYK2 kinase activity is required for functional type I interferon
responses in vivo. PLoS ONE 7:€39141. https://doi.org/10.1371/
journal.pone.0039141

. Putz EM, Prchal-Murphy M, Simma OA, Forster F, Koenig X,

Stockinger H, Piekorz RP, Freissmuth M, Miiller M, Sexl V,
Zebedin-Brandl E (2012) PI3KS$ is essential for tumor clearance
mediated by cytotoxic T lymphocytes. PLoS ONE 7:e40852.
https://doi.org/10.1371/journal.pone.0040852

Corbett TH, Griswold DP Jr, Roberts BJ, Peckham JC, Scha-
bel FM Jr (1975) Tumor induction relationships in development
of transplantable cancers of the colon in mice for chemother-
apy assays, with a note on carcinogen structure. Cancer Res
35:2434-2439

Haynes NM, Snook MB, Trapani JA, Cerruti L, Jane SM, Smyth
MJ, Darcy PK (2001) Redirecting mouse CTL against colon
carcinoma: superior signaling efficacy of single-chain variable
domain chimeras containing TCR-zeta vs Fc epsilon RI-gamma.
J Immunol 166:182-187. https://doi.org/10.4049/jimmunol.
166.1.182

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30:2114—
2120. https://doi.org/10.1093/bioinformatics/btul 70

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha
S, Batut P, Chaisson M, Gingeras TR (2013) STAR: ultrafast
universal RNA-seq aligner. Bioinformatics 29:15-21. https://doi.
org/10.1093/bioinformatics/bts635

Lawrence M, Huber W, Pages H, Aboyoun P, Carlson M, Gentle-
man R, Morgan MT, Carey VJ (2013) Software for computing
and annotating genomic ranges. PLoS Comput Biol 9:e1003118.
https://doi.org/10.1371/journal.pcbi.1003118

Frankish A, Diekhans M, Ferreira AM, Johnson R, Jungreis I,
Loveland J, Mudge JM, Sisu C, Wright J, Armstrong J, Barnes I,
Berry A, Bignell A, Carbonell Sala S, Chrast J, Cunningham F,
Di Domenico T, Donaldson S, Fiddes IT, Garcia Girén C, Gon-
zalez JM, Grego T, Hardy M, Hourlier T, Hunt T, Izuogu OG,
Lagarde J, Martin FJ, Martinez L, Mohanan S, Muir P, Navarro
FCP, Parker A, Pei B, Pozo F, Ruffier M, Schmitt BM, Stapleton
E, Suner MM, Sycheva I, Uszczynska-Ratajczak B, Xu J, Yates

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

A, Zerbino D, Zhang Y, Aken B, Choudhary JS, Gerstein M,
Guigd R, Hubbard TJP, Kellis M, Paten B, Reymond A, Tress
ML, Flicek P (2019) GENCODE reference annotation for the
human and mouse genomes. Nucleic Acids Res 47:D766-d773.
https://doi.org/10.1093/nar/gky955

Love MI, Huber W, Anders S (2014) Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2.
Genome Biol 15:550. https://doi.org/10.1186/s13059-014-0550-8
Langmead B, Salzberg SL (2012) Fast gapped-read alignment
with Bowtie 2. Nat Methods 9:357-359. https://doi.org/10.1038/
nmeth.1923

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein
BE, Nusbaum C, Myers RM, Brown M, Li W, Liu XS (2008)
Model-based analysis of ChIP-Seq (MACS). Genome Biol
9:R137. https://doi.org/10.1186/gb-2008-9-9-r137

Amemiya HM, Kundaje A, Boyle AP (2019) The ENCODE
blacklist: identification of problematic regions of the genome.
Sci Rep 9:9354. https://doi.org/10.1038/5s41598-019-45839-z
Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP,
Tamayo P (2015) The molecular signatures database (MSigDB)
hallmark gene set collection. Cell Syst 1:417-425. https://doi.
org/10.1016/j.cels.2015.12.004

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P,
Cheng JX, Murre C, Singh H, Glass CK (2010) Simple combina-
tions of lineage-determining transcription factors prime cis-reg-
ulatory elements required for macrophage and B cell identities.
Mol Cell 38:576-589. https://doi.org/10.1016/j.molcel.2010.05.
004

Rusinova I, Forster S, Yu S, Kannan A, Masse M, Cumming H,
Chapman R, Hertzog PJ (2013) Interferome v2.0: an updated
database of annotated interferon-regulated genes. Nucleic Acids
Res 41:D1040-1046. https://doi.org/10.1093/nar/gks1215
Gillespie M, Jassal B, Stephan R, Milacic M, Rothfels K, Senft-
Ribeiro A, Griss J, Sevilla C, Matthews L, Gong C, Deng C,
Varusai T, Ragueneau E, Haider Y, May B, Shamovsky V, Weiser
J, Brunson T, Sanati N, Beckman L, Shao X, Fabregat A, Sidiro-
poulos K, Murillo J, Viteri G, Cook J, Shorser S, Bader G, Demir
E, Sander C, Haw R, Wu G, Stein L, Hermjakob H, D’Eustachio
P (2022) The reactome pathway knowledgebase 2022. Nucleic
Acids Res 50:D687-d692. https://doi.org/10.1093/nar/gkab1028
Consortium GO (2021) The gene ontology resource: enriching
a GOId mine. Nucleic Acids Res 49:D325-d334. https://doi.org/
10.1093/nar/gkaal 113

Mostafavi S, Yoshida H, Moodley D, LeBoité H, Rothamel K,
Raj T, Ye CJ, Chevrier N, Zhang SY, Feng T, Lee M, Casa-
nova JL, Clark JD, Hegen M, Telliez JB, Hacohen N, De Jager
PL, Regev A, Mathis D, Benoist C (2016) Parsing the inter-
feron transcriptional network and its disease associations. Cell
164:564-578. https://doi.org/10.1016/j.cell.2015.12.032
Délken L, Ruzsics Z, Rédle B, Friedel CC, Zimmer R, Mages J,
Hoffmann R, Dickinson P, Forster T, Ghazal P, Koszinowski UH
(2008) High-resolution gene expression profiling for simultane-
ous kinetic parameter analysis of RNA synthesis and decay. RNA
14:1959-1972. https://doi.org/10.1261/rna. 1136108

Trilling M, Bellora N, Rutkowski AJ, de Graaf M, Dickinson
P, Robertson K, Prazeres da Costa O, Ghazal P, Friedel CC,
Alba MM, Délken L (2013) Deciphering the modulation of gene
expression by type I and II interferons combining 4sU-tagging,
translational arrest and in silico promoter analysis. Nucleic Acids
Res 41:8107-8125. https://doi.org/10.1093/nar/gkt589

Levin D, Schneider WM, Hoffmann HH, Yarden G, Busetto AG,
Manor O, Sharma N, Rice CM, Schreiber G (2014) Multifaceted
activities of type I interferon are revealed by a receptor antago-
nist. Sci Signal 7:ra50. https://doi.org/10.1126/scisignal.20049
98

@ Springer


https://doi.org/10.1002/ijc.34180
https://doi.org/10.1038/s41590-024-01804-1
https://doi.org/10.1038/s41590-024-01804-1
https://doi.org/10.1093/nar/23.24.5080
https://doi.org/10.1007/s11248-014-9795-y
https://doi.org/10.1007/s11248-014-9795-y
https://doi.org/10.1371/journal.pone.0039141
https://doi.org/10.1371/journal.pone.0039141
https://doi.org/10.1371/journal.pone.0040852
https://doi.org/10.4049/jimmunol.166.1.182
https://doi.org/10.4049/jimmunol.166.1.182
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1371/journal.pcbi.1003118
https://doi.org/10.1093/nar/gky955
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1038/s41598-019-45839-z
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1093/nar/gks1215
https://doi.org/10.1093/nar/gkab1028
https://doi.org/10.1093/nar/gkaa1113
https://doi.org/10.1093/nar/gkaa1113
https://doi.org/10.1016/j.cell.2015.12.032
https://doi.org/10.1261/rna.1136108
https://doi.org/10.1093/nar/gkt589
https://doi.org/10.1126/scisignal.2004998
https://doi.org/10.1126/scisignal.2004998

Page 22 of 25

A. Karjalainen et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Shaw AE, Hughes J, Gu Q, Behdenna A, Singer JB, Dennis T,
Orton RJ, Varela M, Gifford RJ, Wilson SJ, Palmarini M (2017)
Fundamental properties of the mammalian innate immune sys-
tem revealed by multispecies comparison of type I interferon
responses. PLoS Biol 15:¢2004086. https://doi.org/10.1371/journ
al.pbio.2004086

Babon JJ, Lucet IS, Murphy JM, Nicola NA, Varghese LN (2014)
The molecular regulation of Janus kinase (JAK) activation. Bio-
chem J 462:1-13. https://doi.org/10.1042/bj20140712

Morris R, Kershaw NJ, Babon JJ (2018) The molecular details
of cytokine signaling via the JAK/STAT pathway. Protein Sci
27:1984-2009. https://doi.org/10.1002/pro.3519

Best JA, Blair DA, Knell J, Yang E, Mayya V, Doedens A,
Dustin ML, Goldrath AW (2013) Transcriptional insights into
the CD8(+) T cell response to infection and memory T cell
formation. Nat Immunol 14:404-412. https://doi.org/10.1038/
ni.2536

Bezman NA, Kim CC, Sun JC, Min-Oo G, Hendricks DW,
Kamimura Y, Best JA, Goldrath AW, Lanier LL (2012) Molec-
ular definition of the identity and activation of natural killer
cells. Nat Immunol 13:1000-1009. https://doi.org/10.1038/ni.
2395

Bottcher J, Knolle PA (2015) Global transcriptional characteriza-
tion of CD8+ T cell memory. Semin Immunol 27:4-9. https://
doi.org/10.1016/j.smim.2015.03.001

Brillantes M, Beaulieu AM (2019) Transcriptional control of
natural killer cell differentiation. Immunology 156:111-119.
https://doi.org/10.1111/imm.13017

Hesslein DG, Lanier LL (2011) Transcriptional control of natural
killer cell development and function. Adv Immunol 109:45-85.
https://doi.org/10.1016/b978-0-12-387664-5.00002-9

Koh CH, Lee S, Kwak M, Kim BS, Chung Y (2023) CD8
T-cell subsets: heterogeneity, functions, and therapeutic poten-
tial. Exp Mol Med 55:2287-2299. https://doi.org/10.1038/
s12276-023-01105-x

Lee SW, Lee GW, Kim HO, Cho JH (2023) Shaping Heterogene-
ity of Naive CD8(+) T Cell Pools. Immune Netw 23:e2. https://
doi.org/10.4110/in.2023.23.e2

Shannon MJ, Mace EM (2021) Natural killer cell integrins and
their functions in tissue residency. Front Immunol 12:647358.
https://doi.org/10.3389/fimmu.2021.647358

Sun JC, Lanier LL (2011) NK cell development, homeostasis
and function: parallels with CD8"* T cells. Nat Rev Immunol
11:645-657. https://doi.org/10.1038/nri3044

Vivier E, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl
G, Koyasu S, Locksley RM, McKenzie ANJ, Mebius RE, Pow-
rie F, Spits H (2018) Innate lymphoid cells: 10 years on. Cell
174:1054-1066. https://doi.org/10.1016/j.cell.2018.07.017
Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L,
Lanier LL, Yokoyama WM, Ugolini S (2011) Innate or adaptive
immunity? The example of natural killer cells. Science 331:44—
49. https://doi.org/10.1126/science.1198687

Zwirner NW, Domaica CI (2010) Cytokine regulation of natural
killer cell effector functions. BioFactors 36:274-288. https://doi.
org/10.1002/biof.107

Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M,
Lander ES, Getz G, Mesirov JP (2011) Integrative genomics
viewer. Nat Biotechnol 29:24-26. https://doi.org/10.1038/nbt.
1754

Hromadova D, Elewaut D, Inman RD, Strobl B, Gracey E (2021)
From science to success? targeting tyrosine kinase 2 in spon-
dyloarthritis and related chronic inflammatory diseases. Front
Genet 12:685280. https://doi.org/10.3389/fgene.2021.685280
Bodega-Mayor I, Delgado-Wicke P, Arrabal A, Alegria-Carrasco
E, Nicolao-G6émez A, Jaén-Castafio M, Espadas C, Dopazo A,
Martin-Gayo E, Gaspar ML, de Andrés B, Fernandez-Ruiz E

@ Springer

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

(2024) Tyrosine kinase 2 modulates splenic B cells through type
I IFN and TLR7 signaling. Cell Mol Life Sci 81:199. https://doi.
org/10.1007/s00018-024-05234-y

Vogl C, Flatt T, Fuhrmann B, Hofmann E, Wallner B, Stief-
vater R, Kovarik P, Strobl B, Miiller M (2010) Transcriptome
analysis reveals a major impact of JAK protein tyrosine kinase
2 (Tyk2) on the expression of interferon-responsive and meta-
bolic genes. BMC Genomics 11:199. https://doi.org/10.1186/
1471-2164-11-199

Lewis SM, Williams A, Eisenbarth SC (2019) Structure and
function of the immune system in the spleen. Sci Immunol.
https://doi.org/10.1126/sciimmunol.aau6085

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert
BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander
ES, Mesirov JP (2005) Gene set enrichment analysis: a knowl-
edge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci U S A 102:15545-15550. https://
doi.org/10.1073/pnas.0506580102

Platanitis E, Decker T (2018) Regulatory networks involv-
ing STATSs, IRFs, and NFkB in inflammation. Front Immunol
9:2542. https://doi.org/10.3389/fimmu.2018.02542

Chang DH, Angelin-Duclos C, Calame K (2000) BLIMP-1:
trigger for differentiation of myeloid lineage. Nat Immunol
1:169-176. https://doi.org/10.1038/77861

Henkel GW, McKercher SR, Yamamoto H, Anderson KL,
Oshima RG, Maki RA (1996) PU.1 but not ets-2 is essential for
macrophage development from embryonic stem cells. Blood
88:2917-2926

Marecki S, Riendeau CJ, Liang MD, Fenton MJ (2001) PU.1
and multiple IFN regulatory factor proteins synergize to medi-
ate transcriptional activation of the human IL-1 beta gene. J
Immunol 166:6829-6838. https://doi.org/10.4049/jimmunol.
166.11.6829

Mori R, Wauman J, Icardi L, Van der Heyden J, De Cauwer
L, Peelman F, De Bosscher K, Tavernier J (2017) TYK2-
induced phosphorylation of Y640 suppresses STAT3 tran-
scriptional activity. Sci Rep 7:15919. https://doi.org/10.1038/
s41598-017-15912-6

Levy DE, Darnell JE Jr (2002) Stats: transcriptional control and
biological impact. Nat Rev Mol Cell Biol 3:651-662. https://doi.
org/10.1038/nrm909

Shuai K, Liu B (2003) Regulation of JAK-STAT signalling in the
immune system. Nat Rev Immunol 3:900-911. https://doi.org/
10.1038/nri1226

O’Shea JJ, Murray PJ (2008) Cytokine signaling modules in
inflammatory responses. Immunity 28:477—487. https://doi.org/
10.1016/j.immuni.2008.03.002

Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishi-
levich S, Stein TI, Nudel R, Lieder I, Mazor Y, Kaplan S, Dahary
D, Warshawsky D, Guan-Golan Y, Kohn A, Rappaport N, Safran
M, Lancet D (2016) The genecards suite: from gene data mining
to disease genome sequence analyses. Curr Protoc Bioinformat-
ics 54:13031-313033. https://doi.org/10.1002/cpbi.5

Stoiber D, Kovacic B, Schuster C, Schellack C, Karaghiosoff
M, Kreibich R, Weisz E, Artwohl M, Kleine OC, Muller M,
Baumgartner-Parzer S, Ghysdael J, Freissmuth M, Sexl V (2004)
TYK2 is a key regulator of the surveillance of B lymphoid
tumors. J Clin Invest 114:1650-1658. https://doi.org/10.1172/
jci22315

Simonovi¢ N, Witalisz-Siepracka A, Meissl K, Lassnig C, Reich-
art U, Kolbe T, Farlik M, Bock C, Sexl V, Miiller M, Strobl B
(2019) NK cells require cell-extrinsic and -intrinsic TYK?2 for
full functionality in tumor surveillance and antibacterial immu-
nity. J Immunol 202:1724—1734. https://doi.org/10.4049/jimmu
nol.1701649


https://doi.org/10.1371/journal.pbio.2004086
https://doi.org/10.1371/journal.pbio.2004086
https://doi.org/10.1042/bj20140712
https://doi.org/10.1002/pro.3519
https://doi.org/10.1038/ni.2536
https://doi.org/10.1038/ni.2536
https://doi.org/10.1038/ni.2395
https://doi.org/10.1038/ni.2395
https://doi.org/10.1016/j.smim.2015.03.001
https://doi.org/10.1016/j.smim.2015.03.001
https://doi.org/10.1111/imm.13017
https://doi.org/10.1016/b978-0-12-387664-5.00002-9
https://doi.org/10.1038/s12276-023-01105-x
https://doi.org/10.1038/s12276-023-01105-x
https://doi.org/10.4110/in.2023.23.e2
https://doi.org/10.4110/in.2023.23.e2
https://doi.org/10.3389/fimmu.2021.647358
https://doi.org/10.1038/nri3044
https://doi.org/10.1016/j.cell.2018.07.017
https://doi.org/10.1126/science.1198687
https://doi.org/10.1002/biof.107
https://doi.org/10.1002/biof.107
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1038/nbt.1754
https://doi.org/10.3389/fgene.2021.685280
https://doi.org/10.1007/s00018-024-05234-y
https://doi.org/10.1007/s00018-024-05234-y
https://doi.org/10.1186/1471-2164-11-199
https://doi.org/10.1186/1471-2164-11-199
https://doi.org/10.1126/sciimmunol.aau6085
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.3389/fimmu.2018.02542
https://doi.org/10.1038/77861
https://doi.org/10.4049/jimmunol.166.11.6829
https://doi.org/10.4049/jimmunol.166.11.6829
https://doi.org/10.1038/s41598-017-15912-6
https://doi.org/10.1038/s41598-017-15912-6
https://doi.org/10.1038/nrm909
https://doi.org/10.1038/nrm909
https://doi.org/10.1038/nri1226
https://doi.org/10.1038/nri1226
https://doi.org/10.1016/j.immuni.2008.03.002
https://doi.org/10.1016/j.immuni.2008.03.002
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1172/jci22315
https://doi.org/10.1172/jci22315
https://doi.org/10.4049/jimmunol.1701649
https://doi.org/10.4049/jimmunol.1701649

Cell-type-specific requirement for TYK2 in murine immune cells under steady state and challenged...

Page230f25 98

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

De Vries LCS, Ghiboub M, van Hamersveld PHP, Welting O,
Verseijden C, Bell MJ, Rioja I, Prinjha RK, Koelink PJ, Strobl B,
Miiller M, D’Haens GR, Wildenberg ME, De Jonge WJ (2021)
Tyrosine kinase 2 signalling drives pathogenic T cells in colitis.
J Crohns Colitis 15:617-630. https://doi.org/10.1093/ecco-jcc/
jjaal99

Gracey E, Hromadova D, Lim M, Qaiyum Z, Zeng M, Yao Y,
Srinath A, Baglaenko Y, Yeremenko N, Westlin W, Masse C,
Miiller M, Strobl B, Miao W, Inman RD (2020) TYK?2 inhibition
reduces type 3 immunity and modifies disease progression in
murine spondyloarthritis. J Clin Invest 130:1863—1878. https://
doi.org/10.1172/jci126567

Marquardt N, Wilk E, Pokoyski C, Schmidt RE, Jacobs R (2010)
Murine CXCR3+CD27bright NK cells resemble the human
CD56bright NK-cell population. Eur J Immunol 40:1428-1439.
https://doi.org/10.1002/eji.200940056

Grunert T, Leitner NR, Marchetti-Deschmann M, Miller I, Wall-
ner B, Radwan M, Vogl C, Kolbe T, Kratky D, Gemeiner M,
Allmaier G, Miiller M, Strobl B (2011) A comparative proteome
analysis links tyrosine kinase 2 (Tyk2) to the regulation of cel-
lular glucose and lipid metabolism in response to poly(I:C). J
Proteomics 74:2866-2880. https://doi.org/10.1016/j.jprot.2011.
07.006

Ramanathan A, Schreiber SL (2009) Direct control of mitochon-
drial function by mTOR. Proc Natl Acad Sci U S A 106:22229—
22232. https://doi.org/10.1073/pnas.0912074106

Schieke SM, Phillips D, McCoy JP Jr, Aponte AM, Shen RF, Bal-
aban RS, Finkel T (2006) The mammalian target of rapamycin
(mTOR) pathway regulates mitochondrial oxygen consumption
and oxidative capacity. J Biol Chem 281:27643-27652. https://
doi.org/10.1074/jbc.M603536200

Potla R, Koeck T, Wegrzyn J, Cherukuri S, Shimoda K, Baker
DP, Wolfman J, Planchon SM, Esposito C, Hoit B, Dulak J,
Wolfman A, Stuehr D, Larner AC (2006) Tyk2 tyrosine kinase
expression is required for the maintenance of mitochondrial res-
piration in primary pro-B lymphocytes. Mol Cell Biol 26:8562—
8571. https://doi.org/10.1128/mcb.00497-06

Mine K, Nagafuchi S, Akazawa S, Abiru N, Mori H, Kurisaki
H, Shimoda K, Yoshikai Y, Takahashi H, Anzai K (2024) TYK2
signaling promotes the development of autoreactive CD8(+)
cytotoxic T lymphocytes and type 1 diabetes. Nat Commun
15:1337. https://doi.org/10.1038/s41467-024-45573-9

Simma O, Zebedin E, Neugebauer N, Schellack C, Pilz A,
Chang-Rodriguez S, Lingnau K, Weisz E, Putz EM, Pickl WF,
Felzmann T, Miiller M, Decker T, Sexl V, Stoiber D (2009) Iden-
tification of an indispensable role for tyrosine kinase 2 in CTL-
mediated tumor surveillance. Cancer Res 69:203-211. https://
doi.org/10.1158/0008-5472.Can-08-1705

Samji T, Khanna KM (2017) Understanding memory CD8(+) T
cells. Immunol Lett 185:32-39. https://doi.org/10.1016/j.imlet.
2017.02.012

Surh CD, Sprent J (2008) Homeostasis of naive and memory T
cells. Immunity 29:848-862. https://doi.org/10.1016/j.immuni.
2008.11.002

Ivashkiv LB, Donlin LT (2014) Regulation of type I interferon
responses. Nat Rev Immunol 14:36-49. https://doi.org/10.1038/
nri3581

Michalska A, Blaszczyk K, Wesoly J, Bluyssen HAR (2018)
A positive feedback amplifier circuit that regulates interferon
(IFN)-stimulated gene expression and controls type I and type I1
IEN responses. Front Immunol 9:1135. https://doi.org/10.3389/
fimmu.2018.01135

Shimoda K, Kato K, Aoki K, Matsuda T, Miyamoto A, Shibamori
M, Yamashita M, Numata A, Takase K, Kobayashi S, Shibata S,
Asano Y, Gondo H, Sekiguchi K, Nakayama K, Nakayama T,
Okamura T, Okamura S, Niho Y, Nakayama K (2000) Tyk2 plays

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

arestricted role in IFN alpha signaling, although it is required for
IL-12-mediated T cell function. Immunity 13:561-571. https://
doi.org/10.1016/s1074-7613(00)00055-8

Huang DW, Sherman BT, Tan Q, Collins JR, Alvord WG, Roay-
aei J, Stephens R, Baseler MW, Lane HC, Lempicki RA (2007)
The DAVID gene functional classification tool: a novel biological
module-centric algorithm to functionally analyze large gene lists.
Genome Biol 8:R183. https://doi.org/10.1186/gb-2007-8-9-r183
Boccuni L, Podgorschek E, Schmiedeberg M, Platanitis E,
Traxler P, Fischer P, Schirripa A, Novoszel P, Nebreda AR,
Arthur JSC, Fortelny N, Farlik M, Sex] V, Bock C, Sibilia M,
Kovarik P, Miiller M, Decker T (2022) Stress signaling boosts
interferon-induced gene transcription in macrophages. Sci Sig-
nal 15:5389. https://doi.org/10.1126/scisignal.abq5389
Geetha RSJ, A, Fischer K, Babadei O, Smesnik G, Vogt A,
Platanitis E, Miiller M, Farlik M, Decker T, (2024) Dynamic
control of gene expression by ISGF3 and IRF1 during
IFNP and IFNy signaling. Embo j. https://doi.org/10.1038/
$44318-024-00092-7

Sekrecka A, Kluzek K, Sekrecki M, Boroujeni ME, Hassani S,
Yamauchi S, Sada K, Wesoly J, Bluyssen HAR (2023) Time-
dependent recruitment of GAF, ISGF3 and IRF1 complexes
shapes IFNa and IFNy-activated transcriptional responses and
explains mechanistic and functional overlap. Cell Mol Life Sci
80:187. https://doi.org/10.1007/s00018-023-04830-8
Singhania A, Graham CM, Gabrysova L, Moreira-Teixeira L,
Stavropoulos E, Pitt JM, Chakravarty P, Warnatsch A, Branchett
W1J, Conejero L, Lin JW, Davidson S, Wilson MS, Bancroft G,
Langhorne J, Frickel E, Sesay AK, Priestnall SL, Herbert E,
Ioannou M, Wang Q, Humphreys IR, Dodd J, Openshaw PJM,
Mayer-Barber KD, Jankovic D, Sher A, Lloyd CM, Baldwin
N, Chaussabel D, Papayannopoulos V, Wack A, Banchereau
JF, Pascual VM, O’Garra A (2019) Transcriptional profiling
unveils type I and II interferon networks in blood and tissues
across diseases. Nat Commun 10:2887. https://doi.org/10.1038/
s41467-019-10601-6

Megger DA, Philipp J, Le-Trilling VTK, Sitek B, Trilling M
(2017) Deciphering of the human interferon-regulated proteome
by mass spectrometry-based quantitative analysis reveals extent
and dynamics of protein induction and repression. Front Immu-
nol 8:1139. https://doi.org/10.3389/fimmu.2017.01139

Fritsch SD, Weichhart T (2016) Effects of interferons and viruses
on metabolism. Front Immunol 7:630. https://doi.org/10.3389/
fimmu.2016.00630

Pestka S, Krause CD, Walter MR (2004) Interferons, interferon-
like cytokines, and their receptors. Immunol Rev 202:8-32.
https://doi.org/10.1111/§.0105-2896.2004.00204.x

Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD
(1998) How cells respond to interferons. Annu Rev Biochem
67:227-264. https://doi.org/10.1146/annurev.biochem.67.1.227
Wu D, Sanin DE, Everts B, Chen Q, Qiu J, Buck MD, Patterson
A, Smith AM, Chang CH, Liu Z, Artyomov MN, Pearce EL,
Cella M, Pearce EJ (2016) Type 1 interferons induce changes in
core metabolism that are critical for immune function. Immunity
44:1325-1336. https://doi.org/10.1016/j.immuni.2016.06.006
Schuster C, Berger A, Hoelzl MA, Putz EM, Frenzel A, Simma
O, Moritz N, Hoelbl A, Kovacic B, Freissmuth M, Miiller M, Vil-
lunger A, Miillauer L, Schmatz Al, Streubel B, Porpaczy E, Jiger
U, Stoiber D, Sexl V (2011) The cooperating mutation or “‘sec-
ond hit” determines the immunologic visibility toward MYC-
induced murine lymphomas. Blood 118:4635-4645. https://doi.
org/10.1182/blood-2010-10-313098

Petrova V, Annicchiarico-Petruzzelli M, Melino G, Amelio I
(2018) The hypoxic tumour microenvironment. Oncogenesis
7:10. https://doi.org/10.1038/s41389-017-0011-9

@ Springer


https://doi.org/10.1093/ecco-jcc/jjaa199
https://doi.org/10.1093/ecco-jcc/jjaa199
https://doi.org/10.1172/jci126567
https://doi.org/10.1172/jci126567
https://doi.org/10.1002/eji.200940056
https://doi.org/10.1016/j.jprot.2011.07.006
https://doi.org/10.1016/j.jprot.2011.07.006
https://doi.org/10.1073/pnas.0912074106
https://doi.org/10.1074/jbc.M603536200
https://doi.org/10.1074/jbc.M603536200
https://doi.org/10.1128/mcb.00497-06
https://doi.org/10.1038/s41467-024-45573-9
https://doi.org/10.1158/0008-5472.Can-08-1705
https://doi.org/10.1158/0008-5472.Can-08-1705
https://doi.org/10.1016/j.imlet.2017.02.012
https://doi.org/10.1016/j.imlet.2017.02.012
https://doi.org/10.1016/j.immuni.2008.11.002
https://doi.org/10.1016/j.immuni.2008.11.002
https://doi.org/10.1038/nri3581
https://doi.org/10.1038/nri3581
https://doi.org/10.3389/fimmu.2018.01135
https://doi.org/10.3389/fimmu.2018.01135
https://doi.org/10.1016/s1074-7613(00)00055-8
https://doi.org/10.1016/s1074-7613(00)00055-8
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1126/scisignal.abq5389
https://doi.org/10.1038/s44318-024-00092-7
https://doi.org/10.1038/s44318-024-00092-7
https://doi.org/10.1007/s00018-023-04830-8
https://doi.org/10.1038/s41467-019-10601-6
https://doi.org/10.1038/s41467-019-10601-6
https://doi.org/10.3389/fimmu.2017.01139
https://doi.org/10.3389/fimmu.2016.00630
https://doi.org/10.3389/fimmu.2016.00630
https://doi.org/10.1111/j.0105-2896.2004.00204.x
https://doi.org/10.1146/annurev.biochem.67.1.227
https://doi.org/10.1016/j.immuni.2016.06.006
https://doi.org/10.1182/blood-2010-10-313098
https://doi.org/10.1182/blood-2010-10-313098
https://doi.org/10.1038/s41389-017-0011-9

Page 24 of 25

A. Karjalainen et al.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Renner K, Singer K, Koehl GE, Geissler EK, Peter K, Siska PJ,
Kreutz M (2017) Metabolic hallmarks of tumor and immune cells
in the tumor microenvironment. Front Immunol 8:248. https://
doi.org/10.3389/fimmu.2017.00248

Cozar B, Greppi M, Carpentier S, Narni-Mancinelli E, Chios-
sone L, Vivier E (2021) Tumor-infiltrating natural killer cells.
Cancer Discov 11:34-44. https://doi.org/10.1158/2159-8290.
Cd-20-0655

Trujillo JA, Sweis RF, Bao R, Luke JJ (2018) T cell-inflamed
versus non-T cell-inflamed tumors: a conceptual framework
for cancer immunotherapy drug development and combination
therapy selection. Cancer Immunol Res 6:990-1000. https://doi.
org/10.1158/2326-6066.Cir-18-0277

Platanitis E, Gruener S, Geetha RSJ, A, Boccuni L, Vogt A,
Novatchkova M, Sommer A, Barozzi I, Miiller M, Decker T,
(2022) Interferons reshape the 3D conformation and accessibility
of macrophage chromatin. iScience 25:103840. https://doi.org/
10.1016/j.is¢i.2022.103840

Krausgruber T, Fortelny N, Fife-Gernedl V, Senekowitsch M,
Schuster LC, Lercher A, Nemc A, Schmidl C, Rendeiro AF,
Bergthaler A, Bock C (2020) Structural cells are key regula-
tors of organ-specific immune responses. Nature 583:296-302.
https://doi.org/10.1038/s41586-020-2424-4

Pezoldt J, Wiechers C, Erhard F, Rand U, Bulat T, Beckstette
M, Brendolan A, Huehn J, Kalinke U, Mueller M, Strobl B,
Deplancke B, Ci&in-Sain L, Sitnik KM (2021) Single-cell
transcriptional profiling of splenic fibroblasts reveals subset-
specific innate immune signatures in homeostasis and during
viral infection. Commun Biol 4:1355. https://doi.org/10.1038/
$42003-021-02882-9

Cui A, Huang T, Li S, Ma A, Pérez JL, Sander C, Keskin DB,
Wu CJ, Fraenkel E, Hacohen N (2024) Dictionary of immune
responses to cytokines at single-cell resolution. Nature 625:377—
384. https://doi.org/10.1038/s41586-023-06816-9

Babadei O, Strobl B, Miiller M, Decker T (2024) Transcriptional
control of interferon-stimulated genes. J Biol Chem 300:107771.
https://doi.org/10.1016/j.jbc.2024.107771

Elsherbiny A, Dobreva G (2021) Epigenetic memory of cell fate
commitment. Curr Opin Cell Biol 69:80-87. https://doi.org/10.
1016/j.ceb.2020.12.014

Kamada R, Yang W, Zhang Y, Patel MC, Yang Y, Ouda R, Dey
A, Wakabayashi Y, Sakaguchi K, Fujita T, Tamura T, Zhu J,
Ozato K (2018) Interferon stimulation creates chromatin marks
and establishes transcriptional memory. Proc Natl Acad Sci U S
A 115:E9162-e9171. https://doi.org/10.1073/pnas.1720930115
Leviyang S (2021) Interferon stimulated binding of ISRE is cell
type specific and is predicted by homeostatic chromatin state.
Cytokine X 3:100056. https://doi.org/10.1016/j.cytox.2021.
100056

Muckenhuber M, Seufert I, Miiller-Ott K, Mallm JP, Klett LC,
Knotz C, Hechler J, Kepper N, Erdel F, Rippe K (2023) Epige-
netic signals that direct cell type-specific interferon beta response
in mouse cells. Life Sci Alliance. https://doi.org/10.26508/1sa.
202201823

Altan-Bonnet G, Mukherjee R (2019) Cytokine-mediated
communication: a quantitative appraisal of immune complex-
ity. Nat Rev Immunol 19:205-217. https://doi.org/10.1038/
s41577-019-0131-x

Lee JJ, Yang L, Kotzin JJ, Ahimovic D, Bale MJ, Nigrovic PA,
Josefowicz SZ, Mathis D, Benoist C (2025) Early transcrip-
tional effects of inflammatory cytokines reveal highly redundant
cytokine networks. J Exp Med. https://doi.org/10.1084/jem.
20241207

Kalliara E, Kardynska M, Bagnall J, Spiller DG, Miiller W, Ruck-
erl D, Smieja J, Biswas SK, Paszek P (2022) Post-transcriptional
regulatory feedback encodes JAK-STAT signal memory of

@ Springer

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

interferon stimulation. Front Immunol 13:947213. https://doi.
org/10.3389/fimmu.2022.947213

Nowicka H, Sekrecka A, Blaszczyk K, Kluzek K, Chang CY,
Wesoly J, Lee CK, Bluyssen HAR (2023) ISGF3 and STAT2/
IRF9 control basal and IFN-Induced transcription through
genome-wide binding of phosphorylated and unphosphorylated
complexes to common ISRE-containing ISGs. Int J Mol Sci.
https://doi.org/10.3390/ijms242417635

Platanitis E, Demiroz D, Schneller A, Fischer K, Capelle C, Hartl
M, Gossenreiter T, Miiller M, Novatchkova M, Decker T (2019)
A molecular switch from STAT2-IRF9 to ISGF3 underlies inter-
feron-induced gene transcription. Nat Commun 10:2921. https://
doi.org/10.1038/s41467-019-10970-y

Yang J, Stark GR (2008) Roles of unphosphorylated STATS in
signaling. Cell Res 18:443-451. https://doi.org/10.1038/cr.2008.
41

Hu X, Li J, Fu M, Zhao X, Wang W (2021) The JAK/STAT
signaling pathway: from bench to clinic. Signal Transduct Target
Ther 6:402. https://doi.org/10.1038/s41392-021-00791-1

Ganal SC, Sanos SL, Kallfass C, Oberle K, Johner C, Kirschning
C, Lienenklaus S, Weiss S, Staeheli P, Aichele P, Diefenbach A
(2012) Priming of natural killer cells by nonmucosal mononu-
clear phagocytes requires instructive signals from commensal
microbiota. Immunity 37:171-186. https://doi.org/10.1016/j.
immuni.2012.05.020

Schaupp L, Muth S, Rogell L, Kofoed-Branzk M, Melchior F,
Lienenklaus S, Ganal-Vonarburg SC, Klein M, Guendel F, Hain
T, Schiitze K, Grundmann U, Schmitt V, Dorsch M, Spanier J,
Larsen PK, Schwanz T, Jiackel S, Reinhardt C, Bopp T, Danck-
wardt S, Mahnke K, Heinz GA, Mashreghi MF, Durek P, Kalinke
U, Kretz O, Huber TB, Weiss S, Wilhelm C, Macpherson AJ,
Schild H, Diefenbach A, Probst HC (2020) Microbiota-induced
type i interferons instruct a poised basal state of dendritic cells.
Cell 181:1080-1096.e1019. https://doi.org/10.1016/j.cell.2020.
04.022

Arimoto KI, Miyauchi S, Stoner SA, Fan JB, Zhang DE (2018)
Negative regulation of type I IFN signaling. J Leukoc Biol.
https://doi.org/10.1002/j1b.2mir0817-342r

Kang K, Bachu M, Park SH, Kang K, Bae S, Park-Min KH,
Ivashkiv LB (2019) IFN-y selectively suppresses a subset of
TLR4-activated genes and enhancers to potentiate macrophage
activation. Nat Commun 10:3320. https://doi.org/10.1038/
s41467-019-11147-3

Wang WB, Levy DE, Lee CK (2011) STAT3 negatively regulates
type I IFN-mediated antiviral response. J Immunol 187:2578-
2585. https://doi.org/10.4049/jimmunol. 1004128

Mizutani T, Neugebauer N, Putz EM, Moritz N, Simma O,
Zebedin-Brandl E, Gotthardt D, Warsch W, Eckelhart E, Kant-
ner HP, Kalinke U, Lienenklaus S, Weiss S, Strobl B, Miiller M,
Sex1 V, Stoiber D (2012) Conditional IFNAR1 ablation reveals
distinct requirements of Type I IFN signaling for NK cell matu-
ration and tumor surveillance. Oncoimmunology 1:1027-1037.
https://doi.org/10.4161/0onci.21284

Burke JR, Cheng L, Gillooly KM, Strnad J, Zupa-Fernandez A,
Catlett IM, Zhang Y, Heimrich EM, McIntyre KW, Cunningham
MD, Carman JA, Zhou X, Banas D, Chaudhry C, Li S, D’Arienzo
C, Chimalakonda A, Yang X, Xie JH, Pang J, Zhao Q, Rose
SM, Huang J, Moslin RM, Wrobleski ST, Weinstein DS, Salter-
Cid LM (2019) Autoimmune pathways in mice and humans are
blocked by pharmacological stabilization of the TYK2 pseudoki-
nase domain. Sci Transl Med. https://doi.org/10.1126/scitranslm
ed.aaw1736

Radwan M, Stiefvater R, Grunert T, Sharif O, Miller I, Marchetti-
Deschmann M, Allmaier G, Gemeiner M, Knapp S, Kovarik P,
Miiller M, Strobl B (2010) Tyrosine kinase 2 controls IL-16


https://doi.org/10.3389/fimmu.2017.00248
https://doi.org/10.3389/fimmu.2017.00248
https://doi.org/10.1158/2159-8290.Cd-20-0655
https://doi.org/10.1158/2159-8290.Cd-20-0655
https://doi.org/10.1158/2326-6066.Cir-18-0277
https://doi.org/10.1158/2326-6066.Cir-18-0277
https://doi.org/10.1016/j.isci.2022.103840
https://doi.org/10.1016/j.isci.2022.103840
https://doi.org/10.1038/s41586-020-2424-4
https://doi.org/10.1038/s42003-021-02882-9
https://doi.org/10.1038/s42003-021-02882-9
https://doi.org/10.1038/s41586-023-06816-9
https://doi.org/10.1016/j.jbc.2024.107771
https://doi.org/10.1016/j.ceb.2020.12.014
https://doi.org/10.1016/j.ceb.2020.12.014
https://doi.org/10.1073/pnas.1720930115
https://doi.org/10.1016/j.cytox.2021.100056
https://doi.org/10.1016/j.cytox.2021.100056
https://doi.org/10.26508/lsa.202201823
https://doi.org/10.26508/lsa.202201823
https://doi.org/10.1038/s41577-019-0131-x
https://doi.org/10.1038/s41577-019-0131-x
https://doi.org/10.1084/jem.20241207
https://doi.org/10.1084/jem.20241207
https://doi.org/10.3389/fimmu.2022.947213
https://doi.org/10.3389/fimmu.2022.947213
https://doi.org/10.3390/ijms242417635
https://doi.org/10.1038/s41467-019-10970-y
https://doi.org/10.1038/s41467-019-10970-y
https://doi.org/10.1038/cr.2008.41
https://doi.org/10.1038/cr.2008.41
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1016/j.immuni.2012.05.020
https://doi.org/10.1016/j.immuni.2012.05.020
https://doi.org/10.1016/j.cell.2020.04.022
https://doi.org/10.1016/j.cell.2020.04.022
https://doi.org/10.1002/jlb.2mir0817-342r
https://doi.org/10.1038/s41467-019-11147-3
https://doi.org/10.1038/s41467-019-11147-3
https://doi.org/10.4049/jimmunol.1004128
https://doi.org/10.4161/onci.21284
https://doi.org/10.1126/scitranslmed.aaw1736
https://doi.org/10.1126/scitranslmed.aaw1736

Cell-type-specific requirement for TYK2 in murine immune cells under steady state and challenged...

Page250f25 98

136.

137.

138.

139.

140.

production at the translational level. J Immunol 185:3544-3553.
https://doi.org/10.4049/jimmunol.0904000

Kroczynska B, Mehrotra S, Arslan AD, Kaur S, Platanias LC
(2014) Regulation of interferon-dependent mRNA translation of
target genes. J Interferon Cytokine Res 34:289-296. https://doi.
org/10.1089/}ir.2013.0148

Li MM, MacDonald MR, Rice CM (2015) To translate, or not
to translate: viral and host mRNA regulation by interferon-stim-
ulated genes. Trends Cell Biol 25:320-329. https://doi.org/10.
1016/j.tcb.2015.02.001

Carpenter S, Ricci EP, Mercier BC, Moore MJ, Fitzgerald KA
(2014) Post-transcriptional regulation of gene expression in
innate immunity. Nat Rev Immunol 14:361-376. https://doi.org/
10.1038/nri3682

Piccirillo CA, Bjur E, Topisirovic I, Sonenberg N, Larsson O
(2014) Translational control of immune responses: from tran-
scripts to translatomes. Nat Immunol 15:503-511. https://doi.
org/10.1038/ni.2891

Ma CS, Wong N, Rao G, Avery DT, Torpy J, Hambridge T,
Bustamante J, Okada S, Stoddard JL, Deenick EK, Pelham SJ,
Payne K, Boisson-Dupuis S, Puel A, Kobayashi M, Arkwright
PD, Kilic SS, El Baghdadi J, Nonoyama S, Minegishi Y, Mah-
daviani SA, Mansouri D, Bousfiha A, Blincoe AK, French MA,
Hsu P, Campbell DE, Stormon MO, Wong M, Adelstein S, Smart
JM, Fulcher DA, Cook MC, Phan TG, Stepensky P, Boztug K,
Kansu A, ikinciogullari A, Baumann U, Beier R, Roscioli T,
Ziegler JB, Gray P, Picard C, Grimbacher B, Warnatz K, Holland

Authors and Affiliations

141.

142.

143.

144.

SM, Casanova JL, Uzel G, Tangye SG (2015) Monogenic muta-
tions differentially affect the quantity and quality of T follicular
helper cells in patients with human primary immunodeficiencies.
J Allergy Clin Immunol 136:993-1006.e1001. https://doi.org/10.
1016/j.jaci.2015.05.036

Casanova JL, Abel L (2022) From rare disorders of immunity to
common determinants of infection: following the mechanistic
thread. Cell 185:3086-3103. https://doi.org/10.1016/j.cell.2022.
07.004

Jensen LT, Attfield KE, Feldmann M, Fugger L (2023) Allosteric
TYK2 inhibition: redefining autoimmune disease therapy beyond
JAK1-3 inhibitors. EBioMedicine 97:104840. https://doi.org/10.
1016/j.ebiom.2023.104840

Moodley D, Yoshida H, Mostafavi S, Asinovski N, Ortiz-Lopez
A, Symanowicz P, Telliez JB, Hegen M, Clark JD, Mathis D,
Benoist C (2016) Network pharmacology of JAK inhibitors. Proc
Natl Acad Sci U S A 113:9852-9857. https://doi.org/10.1073/
pnas.1610253113

Morand E, Merola JF, Tanaka Y, Gladman D, Fleischmann R
(2024) TYK2: an emerging therapeutic target in theumatic dis-
ease. Nat Rev Rheumatol 20:232-240. https://doi.org/10.1038/
$41584-024-01093-w

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Anzhelika Karjalainen' - Agnieszka Witalisz-Siepracka'? - Michaela Prchal-Murphy? - David Martin' -

Felix Sternberg*® - Milica Krunic® - Marlies Dolezal” - Nikolaus Fortelny® - Matthias Farlik® - Sabine Macho-Maschler’ -
Caroline Lassnig'® - Katrin Meissl' - Lena Amenitsch’ - Therese Lederer' - Elena Pohl* - Dagmar Gotthardt? -
Christoph Bock'"'2. Thomas Decker'>'*. Birgit Strobl' - Mathias Miiller’

>

Mathias Miiller
mathias.mueller@vetmeduni.ac.at

Animal Breeding and Genetics, Department of Biological
Sciences and Pathobiology, University of Veterinary
Medicine Vienna, Vienna, Austria

Present Address: Division Pharmacology, Karl Landsteiner
University of Health Sciences, Krems an Der Donau, Austria

Pharmacology and Toxicology, Department of Biological
Sciences and Pathobiology, University of Veterinary
Medicine Vienna, Vienna, Austria

Physiology and Biophysics, Department of Biological
Sciences and Pathobiology, University of Veterinary
Medicine Vienna, Vienna, Austria

Present Address: Department of Nutritional Sciences, Faculty
of Life Sciences, University of Vienna, Vienna, Austria

Campus Tulln, University of Applied Sciences Wiener
Neustadt, Wiener Neustadt, Austria

Platform Biostatistics and Bioinformatics, Department
of Biological Sciences and Pathobiology, University
of Veterinary Medicine Vienna, Vienna, Austria

Department of Biosciences and Medical Biology, Center
for Tumor Biology and Immunology, Paris-Lodron
University Salzburg, Salzburg, Austria

Department of Dermatology, Medical University of Vienna,
Vienna, Austria

Core Facility VetBiomodels, University of Veterinary
Medicine, Vienna, Austria

Cemm Research Center for Molecular Medicine
of the Austrian Academy of Sciences, Vienna, Austria

Institute of Artificial Intelligence, Center for Medical Data
Science, Medical University of Vienna, Vienna, Austria

Max Perutz Labs, Vienna Biocenter Campus (VBC), Vienna,
Austria

Center for Molecular Biology, Department of Microbiology,
Immunobiology and Genetics, University of Vienna, Vienna,
Austria

@ Springer


https://doi.org/10.4049/jimmunol.0904000
https://doi.org/10.1089/jir.2013.0148
https://doi.org/10.1089/jir.2013.0148
https://doi.org/10.1016/j.tcb.2015.02.001
https://doi.org/10.1016/j.tcb.2015.02.001
https://doi.org/10.1038/nri3682
https://doi.org/10.1038/nri3682
https://doi.org/10.1038/ni.2891
https://doi.org/10.1038/ni.2891
https://doi.org/10.1016/j.jaci.2015.05.036
https://doi.org/10.1016/j.jaci.2015.05.036
https://doi.org/10.1016/j.cell.2022.07.004
https://doi.org/10.1016/j.cell.2022.07.004
https://doi.org/10.1016/j.ebiom.2023.104840
https://doi.org/10.1016/j.ebiom.2023.104840
https://doi.org/10.1073/pnas.1610253113
https://doi.org/10.1073/pnas.1610253113
https://doi.org/10.1038/s41584-024-01093-w
https://doi.org/10.1038/s41584-024-01093-w
http://orcid.org/0000-0002-7879-3552

	Cell-type-specific requirement for TYK2 in murine immune cells under steady state and challenged conditions
	Abstract
	Introduction
	Material and methods
	Mice
	Purification, analysis and IFNβ treatment of primary splenic immune cells
	Metabolic extracellular flux assay
	T cell cytotoxicity assays
	Purification of NK and CD8+ T cells from tumor transplants
	RNA-sequencing and ATAC-sequencing
	RNA-seq analysis
	ATAC-seq analysis
	Gene set and functional terms enrichment analysis
	Gene lists
	Validation of Stat expression by RT-qPCR
	Additional statistical tests

	Results
	TYK2 and kinase-inactive TYK2 impact on naïve immune cell transcriptomes in a cell-type-specific manner
	TYK2 sustains a cell-type-specific pattern of tonically expressed ISG
	The JAK-STAT response machinery is differentially expressed in naïve WT cells and shows strongest dependency on TYK2 in NK cells
	The transcriptional profile of homeostatic Tyk2−− NK cells mirrors their functional impairment and is kinase-dependent
	TYK2 kinase activity is required for CTL activity while the basal effector gene signature of naïve CD8+ T cells is TYK2-independent
	TYK2 is indispensable for an early and late IFNβ-repressed gene profile
	Tumor-infiltrating NK and CD8+ T cells depend on kinase-active TYK2 for the expression of gene signatures induced by the tumor microenvironment
	Chromatin accessibility and transcriptional profile of IFNβ-treateed CD8+T cells overlap and TYK2K923E allows for chromatin remodeling

	Discussion
	Acknowledgements 
	References


