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In brief

Whether somatic mutations are a cause
or consequence of the autoimmune
pathology associated with leukemia
remains an unresolved issue. Here,
Masle-Farquhar et al. show that leukemia
and autoimmune-associated STAT3 gain-
of-function mutations dysregulate CD8*
T cells, driving oligoclonal expansion of
cytotoxic CD8" T cells and lethal
inflammation.
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SUMMARY

The association between cancer and autoimmune disease is unexplained, exemplified by T cell large granular
lymphocytic leukemia (T-LGL) where gain-of-function (GOF) somatic STAT3 mutations correlate with co-exist-
ing autoimmunity. To investigate whether these mutations are the cause or consequence of CD8* T cell clonal
expansions and autoimmunity, we analyzed patients and mice with germline STAT3 GOF mutations. STAT3
GOF mutations drove the accumulation of effector CD8" T cell clones highly expressing NKG2D, the receptor
for stress-induced MHC-class-I-related molecules. This subset also expressed genes for granzymes, perforin,
interferon-y, and Ccl/5/Rantes and required NKG2D and the IL-15/1L-2 receptor IL2RB for maximal accumula-
tion. Leukocyte-restricted STAT3 GOF was sufficient and CD8" T cells were essential for lethal pathology in
mice. These results demonstrate that STAT3 GOF mutations cause effector CD8* T cell oligoclonal accumu-
lation and that these rogue cells contribute to autoimmune pathology, supporting the hypothesis that somatic
mutations in leukemia/lymphoma driver genes contribute to autoimmune disease.

INTRODUCTION molecular roots with lymphoid cancer, wherein self-tissues are

damaged by rogue lymphocyte clones that bypass tolerance
The pathogenesis of autoimmune diseases is incompletely un-  checkpoints by acquiring somatic cancer driver gene mutations
derstood. One hypothesis is that these diverse diseases share  (Goodnow, 2007; Burnet, 1965).
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T cell large granular lymphocytic leukemia (T-LGL) is a striking,
unexplained example of the intersection between lymphoproli-
ferative disease and autoimmunity (Lamy et al., 2017; Zhang
et al., 2010). CD8"* T-LGL is an indolent disorder defined by
exuberant accumulation in blood of one or more expanded
clones of large granular CD8" T cells of phenotype CD28~
CD27~ CD45RA* CD45RO~ CD57* perforin® granzyme-b*.
T-LGL is often diagnosed because of pathological neutrophil or
erythrocyte deficiency presumed to reflect autoimmune destruc-
tion. T-LGL is frequently accompanied by rheumatoid arthritis
(RA) and other autoimmune diseases (Lamy et al., 2017; Zhang
et al., 2010). 50% of T-LGL patients harbor expanded CD8*
T cell clones bearing a gain-of-function (GOF) somatic mutation
in signal transducer and activator of transcription 3 (STAT3), and
these patients more frequently have RA (Koskela et al., 2012).
Although the population frequency for RA is <1%, of the 8% of
T-LGL patients having multiple independent STAT3-mutant
CDB8" clones, 43% have RA (Rajala et al., 2015). This correlation
could be an effect of inflammation such as greater T cell prolifer-
ation increasing somatic mutations. Alternatively, STAT3 GOF
mutations in CD8" T cells may cause autoimmune pathology.

Phosphorylated STAT3 activates gene transcription in response
to myriad cytokines (Deenick et al., 2018; O’Shea et al., 2013).
Memory CD8" T cell persistence and function depend on STATS,
based on loss-of-function STAT3 mutations in humans (lves
et al., 2013; Siegel et al., 2011) and mice (Cui et al., 2011). T-LGL
STAT3 mutations are overwhelmingly missense, clustering at the
dimerization interface of the Src homology 2 (SH2) domain,
creating GOF by increasing hydrophobicity and dimerization (An-
dersson et al., 2016; Barila et al., 2019; Fasan et al., 2013; Ishida
et al., 2014; Jerez et al., 2012, 2013; Kerr et al., 2019; Koskela
et al., 2012; Morgan et al., 2017; Qiu et al., 2013; Shi et al., 2018;
de Araujo et al., 2019). Many of the mutations are in small clones
representing <5% of CD8"* T cells (Rajala et al., 2015). People
without T-LGL also have small CD8* T cell clones with a similar
spectrum of somatic GOF STAT3 mutations, including patients
with Felty syndrome (Savola et al., 2018), aplastic anemia (Jerez
etal., 2013), primary red cell aplasia (Kawakami et al., 2018), mul-
tiple sclerosis, but also in healthy controls (Valori et al., 2021) and
healthy donors with chronic HTLV-2 infection (Kim et al., 2021).
Consequently, it remains unclear whether STAT3 mutations are
cause or consequence of CD8* T cell clonal expansion and auto-
immune disease.

Adiverse array of germline STAT3 GOF mutations cause a spec-
trum of childhood autoimmune diseases, by mechanisms unclear

Immunity

(Flanagan et al., 2014; Haapaniemi et al., 2015; Milner et al., 2015).
The most frequent clinical manifestations are lymphoproliferation
(diffuse lymphadenopathy, splenomegaly), autoimmune cytope-
nias, growth delay, enteropathy, inflammatory skin diseases, inter-
stitial lung disease, and early-onset endocrinopathies (Fabre et al.,
2019), but no changes in CD8* T cells have been reported. The
most frequent germline mutations causing STAT3 GOF syndrome
are T716M and P715 L in 17% and 12% of patients, respectively
(Flanagan et al., 2014; Milner et al., 2015; Fabre et al., 2019), in
the transactivation (TA) domain containing the Y705 phosphoryla-
tion site for Janus tyrosine kinases (JAKSs). Curiously, while P715is
near to K658 in the SH2-domain interface of pSTAT3 dimers
(Becker et al., 1998), neither T716M nor P715 L are present as so-
matic mutations in 790 cases of T-LGL (Fasan et al., 2013; Jerez
et al., 2012; Koskela et al., 2012; Ishida et al., 2014; Qiu et al.,
2013; Barilaetal., 2019; Kerret al., 2019; Shi et al., 2018), whereas
two patients with germline STAT3 GOF syndrome have the T-LGL
SH2 domain mutation K658N (Flanagan et al., 2014; Ding et al.,
2017). This dichotomy poses the question of whether STAT3
GOF mutations in the SH2 and TA domains have different conse-
quences for CD8" T cells and autoimmunity.

Here, we analyze the consequences for CD8 T cells of STAT3
GOF SH2 (K658N) or TA (T716M) domain mutations in the mouse
germline and in people with germline STAT3 GOF syndrome. The
findings demonstrate that diverse STAT3 GOF mutations cause
oligoclonal accumulation of T-LGL-like effector CD8* T cells and
that the accumulation of these rogue T cells contributes to auto-
immune pathology.

RESULTS

Germline GOF Stat3 mutations cause pathology in mice

Two recurring human STAT3 GOF mutations were investigated in
CRISPR/Cas9-engineered mice (Figure 1A). K658N, a somatic
mutationin a patient with T-LGL (Koskela et al., 2012), exemplifies
SH2 domain mutations dominating T-LGL, but also occurred in
the germline in two unrelated children with lymphadenopathy,
splenomegaly, autoimmune cytopenia, dermatitis, recurrent up-
per respiratory infections, and autoimmune enteropathy (Flana-
gan et al., 2014; Ding et al., 2017). T716M in the TA domain is
the most frequent germline mutation in STAT3 GOF syndrome.
T716M heterozygous (HET) founders were generated in C57BL/
6J mice. Of 279 microinjected C57BL/6 zygotes, 13 pups were
born and 2 had a homologously recombined T716M allele. By
contrast, of 266 microinjected C57BL/6 zygotes, 9 pups were

Figure 1. Germline STAT3 GOF mutations in mice cause developmental lethality, reduced weight, skin inflammation, splenomegaly, and

lymphadenopathy

(A) STATS protein domains, somatic mutations in T-LGL, and germline mutations in STAT3 GOF syndrome or in healthy individuals in the Medical Genome

Reference Bank (MGRB).

(B) Number and percentage of offspring from intercrossed HET parents. p < 0.0001 for Stat3””"®™ and Stat3X6°®N by Chi-Square test with 2 degrees of freedom.
(C) Kaplan-Meier survival curves using the product-limit method accounting for censored mice. Differences in survival analyzed by log-rank (Mantel-Cox) test,

Bonferroni-corrected for multiple comparisons.

(D) Weight of individual mice 10-20 or 40-50 weeks old. Bars: mean and standard deviation (SD).
(E) Number and percentage of mice >7 weeks old exhibiting at least one pathology: skin inflammation, hair loss, ringtail, cataracts, diarrhea. Representative

images of K658N HOMs.
(F) Mean severity score for hair loss and/or skin inflammation, with age.
(G) Representative H&E of facial (left) or ear pinna (right) skin.

(H) Number of leukocytes per spleen or inguinal lymph nodes. Bars: mean and standard deviation. Representative images of organs shown below.
(D and H) Statistical comparisons by t test with Holm-Sidak correction for multiple comparisons. *p < 0.05; **p < 0.01; ***p < 0.001.
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born but none carried the homologously recombined K658N
allele. However, from 129 (C57BL/6J x FVB/J) F, hybrid zygotes
microinjected with the same sgRNA and targeting oligonucleo-
tide, 19 pups were born and 2 had K658N alleles. This could
reflect Poisson sampling or that the viability of Stat3<¢°" mutant
animals may require a unique aspect of the hybrid genotype.

Following intercross of T716M or K658N HETs, weaned homo-
zygotes (HOM) were observed at less than half the expected
Mendelian frequency (Figure 1B). 20% of K658N HOMs died or
required ethical culling by age 7 weeks, and 50% by age 25 weeks
(Figure 1C). K658N HETSs had an intermediate survival defect, as
did 7716M HOM relative to HET mice (Figure 1C). At 10-20 and
40-50 weeks of age, Stat3””’™ and Stat3%%®N mutants weighed
less than wild-type (WT) littermates, and 40-to-50-week-old
HETs had median weights between WT and HOMs (Figure 1D).

From 3 to 5 weeks of age, K658N HOMs were smaller,
hunched, less active, and had red, flaky ears and variable hair
loss around the eyes, snout, neck, and tail (Figure 1E). Cataracts,
ringtail, and inflamed joints occurred at lower penetrance. This
visible, gross pathology was fully penetrant in K658N HOMs
that survived beyond 7 weeks. Milder skin and eye pathology
appeared on average at 15 weeks in 73% of K658N HETs
(Figures 1E and 1F). Skin pathology was suppressed in
Rag1KkO/KO  gtat3K658N/KESEN mice but developed normally in
Rag1X9’+ Stat3Ke58N/KE58N mice (Figure 1F), indicating a require-
ment for T or B cells and establishing that STAT3 GOF in kerati-
nocytes is insufficient to cause pathology. 7776M HOMs pre-
sented at 7-25 weeks with cataracts and skin inflammation
limited to the ears and tail—a phenotype that occurred at low
penetrance in T716M HETs at 40-50 weeks.

Comprehensive anatomical and histopathology analysis of
T716M HOM (n = 3) and WT (n = 3), and K658N HOM (n = 5),
HET (n = 1) and WT (n = 5) mice revealed consistent abnormal-
ities in keratinized epithelia. All tested K658N HOMs had acan-
thotic epidermal hyperplasia and dermal mononuclear infiltrates
including mast cells especially on the face and ears (Figure 1G),
tail, penis, and milder dermatitis of distal limbs. All 5 had otitis
media with submucosal oedema and large foamy luminal macro-
phages, and 3/5 displayed acanthosis and lymphocytic or
neutrophilic infiltration of the esophageal mucosa. The cause
of the wasting syndrome and early death was not apparent
from gross or histological analysis.

Splenomegaly and lymphadenopathy —the two most preva-
lent abnormalities in human germline STAT3 GOF syndrome—
were highly penetrant along with blood leukocytosis in K658N
or T716M HOMs, while HETs had intermediate increases
(Figures 1H and S1A). Circulating, splenic, and bone marrow
neutrophils were increased in mutant mice (Figure S1B), indi-
cating that neutropenia, a common T-LGL presentation, did
not cause early death of STAT3 GOF mice. The differences in
gross pathology may reflect a functional difference between
the GOF alleles or differences between C57BL/6 and FVB strains
in other genes affecting traits such as skin keratinocyte transfor-
mation (Wakabayashi et al., 2007).

Germline STAT3 GOF causes accumulation of NKG2D*
effector CD8" T cells in mice

We focused on whether Stat3 GOF mutations were sufficient to
dysregulate CD8* T cells. T716M and K658N HOMs had

¢ CellP’ress

increased frequencies of blood CD8* relative to CD4™ T cells
(Figure S1C) and mildly increased number of CD8" T cells
per spleen (Figure 2A). However, K658N and T716M HOMs
had 8- and 7-fold respective increases in percentage and 13-
and 12-fold respective increases in number of CD8*
CD62L~ CD44" effector memory T (TEM) cells (Figures 2B and
2C). K658N and T716M HETs had intermediate 6- and 2-fold
respective increases in number of CD8* TEMs (Figures 2B and
2C). Thus, both GOF mutations dysregulate CD8" T cells.

To analyze effector CD8* T cell dysregulation, we focused on
NKG2D for three reasons. First, Kirk1 (encoding NKG2D) is a
STATS target in natural killer (NK) cells (Zhu et al., 2014), and
NKG2D acts as a costimulatory receptor on CD8* T cells for
stress-induced major histocompatibility complex class | (MHC-
class-l)-related proteins MICA and ULBP in humans (Bauer
et al., 1999; Wu et al., 1999; Sutherland et al., 2001) and Rae1
and H-60 in mice (Cerwenka et al., 2000; Diefenbach et al.,
2000). Second, most CD8" CD57" T-LGLs express NKG2D
(Bigouret et al., 2003). Third, NKG2D* CD8* TEMs cause autoim-
mune alopecia in C3H/H3J mice, a condition treated by JAK in-
hibition (Xing et al., 2014). K658N and T716M mutant mice had a
Stat3 mutant allele dose-dependent increase in percentages of
NKG2D-expressing CD8" TEMs in the blood, bone marrow,
and spleen (Figure S1D). Increased CD8" NKG2D* T cells in
these mice are therefore not explained by increased numbers
of CD8* TEMs. K658N and T716M HOMs had 20- and 12-fold in-
creases, respectively, in number of spleen NKG2D* CD8* T cells,
while HETs had 8- and 3-fold increases (Figures 2D and 2E).

To further characterize aberrant NKG2D™ effector CD8" T cells
in STAT3 GOF mice we measured migration, maturation, and
activation markers. In WT mice, only 20% of NKG2D* CD8"*
T cells expressed the atypical chemokine receptor CX3CR1,
whereas 60% of NKG2D* CD8"* T cells were CX3CR1* in HET
or HOM mice from either Stat3 GOF strain. The total number of
CX3CR1*" NKG2D" CD8" T cells was increased in spleen, bone
marrow, and blood (Figures 2F and 2G). Compared with their
CX3CR1~ counterparts, CX3CR1* NKG2D* CD8* T cells had a
distinct protein expression profile in both WT and mutant mice:
(1) they had a CD44* CD62L~ KLRG1" CD27° cD127"°
CXCR3" phenotype of terminally differentiated effector CD8*
T cells (Figures 2F and S1E) and (2) had the lowest cell-surface
TCRB and CD8 levels among CD8" T cell subsets, which were
further diminished in Stat3-mutant mice (Figure S1F) and remi-
niscent of CD8 and TCR “de-tuning” during CD8"* T cell cyto-
toxic responses (Xiao et al., 2007).

Germline STAT3 GOF causes accumulation of NKG2D"
and CD57* effector CD8" T cells in humans

To generalize the findings in Stat3%°" mice, we analyzed
peripheral blood CD8* T cells in 11 people with childhood-
onset multi-organ autoimmunity and lymphoproliferation
caused by germline STAT3 GOF mutations (listed in
Table S1). Flow cytometry of peripheral blood mononuclear
cells (PBMCs) revealed normal frequencies of circulating
T cells (Figure 3A). However, like Stat3%°F mutant mice, pa-
tients had increased CD8* and decreased CD4* T cell fre-
quencies and consequent 2-fold decrease in CD4:CD8 ratio,
relative to controls (Figure 3B). There were no significant differ-
ences in percentages of CD8" T cells with a CD45RA* CCR7*
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Figure 2. Germline Stat3 GOF mutations drive accumulation of NKG2D* CX3CR1* KLRG1"9" CD8* T cells

(A) Number of CD4* or CD8" T cells per spleen.

(B) Representative plots of splenic CD8" T cells, showing percentage of CD44~ CD62L* naive, CD44* CD62L* central memory (CM), and CD44* CD62L~ effector
memory (EM).

(C) Percent of and number per spleen of CD8" TEM.

(D and E) Representative plots of NKG2D expression by splenic CD8* T cells, percent expressing NKG2D, and number per spleen.

(F) Representative plots of CX3CR1 and KLRG1 on NKG2D* CD8" T cells, percentage of and number per spleen of CX3CR1~ or CX3CR1* NKG2D* CD8" T cells.
(G) Number of CX3CR1~ or CX3CR1* NKG2D" CD8" T cells per femur or uL blood.

(C-G) Genotypes as per A and key. Symbols: individual animals. Bars: mean + SD. Statistical comparisons by t test with Holm-Sidak correction for multiple
comparisons. *p < 0.05; **p < 0.01; **p < 0.001. Data representative of > 5 experiments with n > 4 mice per group.

naive, CD45RA~ CCR7* central memory, CD45RA~ CCR7~ NKG2D" cells as a percentage of CD8" T cells, T cells, or
effector memory or CD45RA* CCR7~ terminal effector memory  lymphocytes (Figures 3E and S2C). Patients also had a 3-fold
re-expressing CD45RA (Temra) phenotype (Figure 3C). While all  increase in frequency of CX3CR1* NKG2D" CD8* T cells (Fig-
CD8" T cells express NKG2D in humans, we observed a large  ure 3F). Consistent with Tepmga and T-LGL cells, CD8* T cells
increase in MFI of NKG2D on patient relative to control CD8*  from STAT3%°F patients P9 and P3 had decreased expression
T cells, particularly on Tgpygra CD8" T cells (Figures 3D, S2A, of CD28, CD127, CD27, CCR7, and increased CD95, relative to
and S2B). Consequently, patients had significantly increased controls (Figure S3A).
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Figure 3. NKG2D" CD57* effector CD8* T cells accumulate in individuals with STAT3 GOF syndrome

(A-F) Flow cytometry on PBMCs in 13 controls (grey) and 11 patients with germline STAT3 GOF syndrome (orange).

(A) Percent of CD3* lymphocytes.

(B) Percent of CD4* or CD8" T cells and CD4:CD8 ratio, and representative plots from 2 patients and controls.

(C) Percent of CD8" T cells with CD45RA* CCR7* naive, CD45RA~ CCR7* CM, CD45RA~ CCR7~ EM, or CD45RA" CCR7"~ terminal effector re-expressing
CD45RA (Temra) phenotype.

(D) Representative histograms of NKG2D on patient and control CD8" and control CD4* T cells, and NKG2D mean fluorescence (MFI) on Tgyga CD8* T cells.
Lines join samples analyzed in the same experiment. In experiments with multiple controls, grey symbols denote the average of control MFls.

(E) Representative plots of NKG2D and CD8 on patient and control T cells, and percentage of NKG2D" CD8* T cells among CD8* or total T cells.

(F) Percentage of CX3CR1* NKG2D" CD8* T cells among CD8* T cells or lymphocytes.

(G) Representative plots and % CD57* CD8* T cells among CD8* T cells, total T cells or lymphocytes.

(A-G) Data combined from 9 independent experiments. Bars: mean + SD. Statistical comparisons by t test with Holm-Sidak correction for multiple comparisons.
*p < 0.05; *p < 0.01; **p < 0.001.
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Since the majority of T-LGL and a subset of granzyme™
perforin® normal CD8* T cells express CD57 (also called
HNK-1; Focosi et al., 2010; Chou et al., 1986; Voshol et al.,
1996), we measured CD57 in germline STAT3 GOF patients.
Relative to controls, patients had a 3- and 12-fold increase in
CD57" cells as a percentage of CD8* T cells or of circulating lym-
phocytes, respectively (Figure 3G). In 3 out of 10 patients where
these data were obtained, the number of CD57* CD8" T cells ex-
ceeded 0.5 x 10%L (Table S1), the threshold for T-LGL diagnosis
when accompanied by autoimmune conditions. In a fourth pa-
tient, the number was 0.46 x 10%L (Table S1). The age range
was of 12-35 years (mean 22) for patients and 16-84 years
(mean 38) for controls (Table S1). Given that CD57* CD8"*
T cells accumulate in humans with age (Czesnikiewicz-Guzik
et al., 2008), our data may under-estimate the increase in
CD57* CD8* T cells in patients relative to controls. In this limited
series of patients, there was no discernible correlation between
mutations in different STAT3 domains and the degree of CD57*
CD8"* T cell dysregulation (Figure S3B). Thus, germline STAT3
GOF mutations both within and external to the SH2 domain are
sufficient to cause CD57* CD8* accumulation in humans.

To explore the dysregulated effector/memory CD8* T cells in
STAT3 GOF syndrome, we performed single-cell receptor and
gene expression RNA sequencing (RAGE-seq) (Singh et al,,
2019) and cellular indexing of transcriptomes and epitopes by
sequencing (CITE-seq) (Stoeckius et al., 2017) on non-naive
(excluding CD45RA* CCR7") CD8" T cells sorted by fluores-
cence-activated cell sorting (FACS) (Figure 4A), along with
CD8~ CD4* cells, from PBMCs of 2 controls and 2 patients:
P10 (T716M mutation) and P9 (T6631 SH2 domain mutation).
To avoid batch effects, equal mixtures of HASH-tagged patient
and control cells were analyzed together in a single reaction,
and this repeated for a different patient and control in a separate
reaction run simultaneously on the same 10X Chromium chip.
We observed no significant change in frequency of NKG2D" or
CD57* CD4™" T cells in the same patients, so CD4* T cells were
excluded from further analyses.

Non-naive CD8" T cells from patients and controls were tran-
scriptionally distinct (Figure 4B). STAT3%CF cells had significantly
increased expression of 768 genes, including 12 HLA genes, and
decreased expression of 396 genes (Table S2). Among the 40
most increased were genes crucial to CD8" effector functions
and cytotoxicity (Figure 4B): GZMA, GZMB, and GZMH encode
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granzymes; GNLY and PFN1 encode pore-forming proteins
granulysin and perforin; NKG7 encodes a key regulator of cyto-
toxic granule exocytosis (Ng et al., 2020); FGFBP2-encodes the
cytotoxic lymphocyte-specific protein co-expressed with per-
forin (Ogawa et al., 2001); and HCST encodes DAP10, the
NKG2D adaptor protein that stabilizes its expression (Park
et al., 2011) and allows signal transduction upon binding to
NKG2D ligands (Wu et al., 1999).

Unsupervised dimensionality reduction analysis of single-cell
RNA sequencing (scRNA-seq) data for STAT3 GOF and control
non-naive CD8" T cells identified 16 distinct non-naive CD8*
T cell clusters (numbered 0-15) (Figure 4C). Clusters 0, 7, and
11 were >90% constituted of STAT3 patient cells. RAGE-seq re-
vealed most of the cells in these clusters with an assignable TCR
V(D)J clonotype were expanded clones, defined as >5 cells
sharing the same V(D)J clonotypic sequence (Figures 4C and
4D). A larger proportion of patient CD8* T cells were in expanded
clonotypes relative to controls (60.9% versus 30.3%; 2x2 Fisher
exact p = 0.046), and expanded clones were larger on average in
patients relative to controls (36.4 versus 14.3 cells).

Cluster 0 was more frequent in both patients relative to con-
trols, whereas cluster 11 appeared unique to P9 with a T663I
SH2 domain mutation, and cluster 7 was predominantly from
P10 with T716M TA domain mutation (Figure 4E). Clusters 0, 7,
and 11 were enriched for the largest T cell clones in STAT3
GOF patients (Figure 4F) and expressed high levels of mMRNAs
encoding cytotoxic effector functions (GZMA, GZMB, GZMH,
PFN1, FGFBP2, NKG7, CTSW, GNLY, HCST, EFHD2), inflam-
matory chemokines and cytokines (CCL3, CCL4, CCL5, IL32,
IFNG), and TCR/co-receptor subunits (CD8A, CD8B, CD3G,
CD3D, CD3E) (Table S3). Clusters 0, 7, and 11 were distin-
guished by high levels of cell surface CD57 and CD45RA and
low levels of CD55, CD28, CD27, and CD62L (Figure 4G and
Table S3). Collectively, these results demonstrate that a distinct
subset of clonally expanded killer effector CD8" T cells is
increased in human STAT3 GOF syndrome.

We explored the frequencies of clonally expanded NKG2D"
CD8" T cells from additional STAT3 GOF patients by deep
TCRB VDJ mRNA sequencing of sorted NKG2D" CD8* T cells
from 6 patients and 6 controls (Figure 4H). The largest clono-
types in the patients accounted for 2.8%-29.5% of unique tran-
scripts (mean 10.80%) and compared with 2.8%-8.5% (mean
4.7%) for controls. The 5 largest clonotypes accounted for

Figure 4. Clonally expanded CD57* effector CD8" T cells expressing numerous killer cell genes in STAT3 GOF syndrome patients

(A) Workflow for analyzing non-naive CD8" T cells from 2 controls and 2 STAT3 GOF patients, P10 (T716M) and P9 (T663l), by single cell TCR, transcriptome, and
surface protein sequencing. To avoid batch effects, equal mixtures of HASH-tagged patient and control T cells were analyzed together in a single reaction, and
this repeated for a different patient and control in a separate reaction run simultaneously on the same 10X Chromium chip.

(B) Unsupervised clustered heatmap of single non-naive CD8" T cells (columns) and relative expression (heat key, log2) of the top 40 increased and decreased
mRNAs (rows) in patient versus control cells (Cohort key).

(C) UMAPs following mRNA expression dimensionality reduction analysis. Top: each cell is denoted by a dot, color-coded into 16 subsets (0-15) identified by
graph-based clustering using K nearest neighbor (Cluster key). Bottom: colored cells are expanded clones based on TCR V(D)J clonotyping.

(D) Percent of non-naive CD8" T cells in patients (STAT3) or controls (CTRL) assigned to clusters 0-15 and fraction in each cluster of expanded TCR clones of
>5 cells.

(E) Relative proportions of clusters 0-15 in patients and controls.

(F) UMAP showing the 1-5 largest TCR clones, within patients (STAT3) or controls (CTRL).

(G) UMAPs displaying relative expression of surface proteins on non-naive CD8" T cells from CITE-seq. Dashed outlines denote clusters 0, 11, and 7 from top to
bottom.

(H) Deep TCRB VDJ mRNA sequencing of sorted NKG2D" CD8* T cells from 6 STAT3 GOF patients and 6 controls, showing percentage of TCRB transcripts
accounted for by the 5 largest clonotypes in each sample. Wilcoxon rank sum test for lower control than STAT3 GOF patient mean p = 0.155.
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Figure 5. STAT3 GOF NKG2D* CX3CR1* CD8" T cells in mice overexpress a suite of killer cell genes

(A) Schematic: scRNA-seq on sorted NKG2D* CX3CR1* and NKG2D~ CX3CR1~ CD8* T cells from Stat3K658N/K65EN | Gta13T716M/T716M and Stat3*/+ mice.

(B) Volcano plot of log2 expression fold-change (log2FC) versus moderated t-statistic for differentially expressed genes (FWER < 0.05 using limma) in NKG2D*
CX3CR1* CD8" T cells relative to NKG2D~ CX3CR1~ (total) CD8* T cells in Stat37” 7™ 776M mjce. Text: mRNAs of interest.

(C) mRNAs significantly increased (FWER < 0.05; log2FC > 0.2) in both Stat3K658NK658N anq Stat3™”16M/T716M NKG2D* CX3CR1* CD8* T cells relative to matched
Stat3*'* cells.

(D) Violin plots of kernel density estimations of Gzma, Gzmb, and Gzmk mRNA log2 normalized counts per million (CPM) per cell in NKG2D* CX3CR1* CD8*
T cells. Dots: median. Lines: interquartile range.

(legend continued on next page)
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10.3%-47.3% of unique transcripts (mean 22.8%) in patients
and 8.4%-24.9% in controls (mean 15.1%). Thus, large clonal
CD8* T cell expansions occur in germline STAT3 GOF patients
and in healthy people.

Accumulating NKG2D* CD8* T cells in Stat3 GOF mice
over-express cell cycle and killer cell genes

To complement the human analysis, sScRNA-seq was performed
on flow-sorted spleen NKG2D* CX3CR1*" CD8" T cells from
T716M HOM, K658N HOM, and WT mice (Figure 5A). For com-
parison, total CD8* T cells were also sorted from 77716 M HOM
and WT littermates. During UMAP analysis, cells within the total
CD8* T cell population that clustered with sorted NKG2D*
CX3CR1* CD8" T cells were excluded prior to differential
gene expression analysis. In Stat37/7M/T716M mice, NKG2D*
CX3CR1* CD8* T cells differentially expressed 4667 genes
compared to total CD8" T cells from the same mice (Figure 5B
and Table S4). RNAs encoding the two markers used for sorting,
Kirk1 and Cx3cr1, were the first and third most increased in the
sorted cells, validating the analysis. NKG2D* CX3CR1* CD8*
T cells also had increased mRNAs encoding perforins, gran-
zymes, interferon gamma, chemokines, NK cell-associated re-
ceptor and signaling molecules, and Zeb2, Prdm1, Id2, Eomes,
and Stat4 mRNAs encoding transcription factors that promote
memory/effector CD8* T cell differentiation (Figure 5B and
Table S4). Thus, dysregulated effector memory CD8* T cells in
STAT3 GOF mice display a gene expression profile of killer
effectors.

The consequences of STAT3 GOF within this killer subset were
explored by differential gene expression between Stat3-mutant
and WT NKG2D* CX3CR1*" CD8" T cells. There were 1,918
genes significantly (FWER < 0.05) increased and 571 decreased
in T716M HOM (Table S5), and 216 genes increased and 18
decreased in K658N HOM relative to WT NKG2D* CX3CR1*
CD8"* T cells (Table S6). Of these, 94 mRNAs were increased
by log2FC > 0.2 in both STAT3 GOF mutants including Gzmb,
a STAT3 target in activated CD8* T cells (Lu et al., 2019),
Gzma, and Gzmk and inflammatory chemokines Ccl6 and Ccl9
(Figures 5C and 5D). Gene set enrichment analysis (GSEA)
comparing Stat3-GOF versus WT NKG2D* CX3CR1* CD8*
T cells revealed a skew in mutant cells to increased expression
of HALLMARK gene sets associated with the G2M cell cycle
checkpoint, E2F transcription factor targets, mRNAs elevated
in effector relative to naive or relative to memory CD8" T cells
during viral infection (Kaech et al., 2002) (Figures 5E and 5F
and Table S7). The most enriched gene set in KE58N HOM rela-
tive to WT NKG2D" CX3CR1* CD8" T cells was of mRNAs
increased in CD44* CD8" T cells that were NKG2D* versus
NKG2D™, from lymph nodes of autoimmune alopecic C3H/HeJ
mice (Xing et al., 2014) (Figures 5G and Table S7).

We validated selected gene expression changes at the protein
level by flow cytometry. Relative to WT counterparts, splenic
Stat3"7"6M/T716M NKG2D* CX3CR1* CD8" T cells expressed

¢ CellP’ress

OPEN ACCESS

higher levels of Cx3cr1 mRNA (Figure S4A) and CX3CR1 protein
(Figure S4B). Similarly, Stat3-mutant NKG2D* CX3CR1* CD8"
T cells expressed higher Kirc1 (encodes NKG2A), Kirc2 (encodes
NKG2C), and Kirg1 mRNA levels and correspondingly higher
NKG2A/C/E and KLRG1 levels (Figures S4C-S4E). Thus, germ-
line STAT3 GOF causes accumulation in mice and humans of
NKG2D* effector CD8* T cells over-expressing mRNAs and pro-
teins required for effector and killer functions.

Accumulating NKG2D* CD8* T cells in STAT3 GOF mice
comprise many expanded clones

A key question was whether accumulating NKG2D* CD8" T cells
in Stat3 GOF mice comprised a single leukemic clone. In WT and
Stat3-GOF mice, the percentage of CD8* T cells expressing
NKG2D was higher in bone marrow relative to spleen (Figure 6A),
increased with age in spleen and blood (Figure 6B) but did not
accumulate in frequencies consistent with leukemia. To analyze
clonality, we performed TCR mRNA deep sequencing on splenic
NKG2D~ and NKG2D* CD8" T cells flow sorted from T7716M (30—
45 weeks old) and K658N (10-20 weeks old) mice. NKG2D*
CD8" T cells from STAT3 GOF or WT mice were highly poly-
clonal, although the most frequent clonotype accounted on
average for 26.40% (range 5.58%-88.2%) relative to 14.70%
(range 2.06%-47.70%) of unique TCRA reads in mutant relative
to WT mice, respectively (Figure 6C). In mutant and WT mice,
50% of unique TCR reads came from less than 50 different clo-
notypes (Figure 6C) indicating that many large clones contribute
to this subset. Stat3-mutant NKG2D* CD8" T cells were there-
fore not a clonal neoplasm, but the presence of many expanded
clones among NKG2D* CD8* T cells was reflected by less diver-
sity (measured by Shannon entropy) compared with NKG2D™
CD8" T cells (Figure 6D). A similar pattern of clonotype distribu-
tion frequencies was observed following TCRA and TCRB
deep sequencing of NKG2D* CX3CR1* CD8* T cells from
Stat3KCo8V/KESEN e (Figure 6E). These results parallel the pres-
ence of many expanded clones in non-naive CD8* clusters 0, 7,
and 11 in STAT3 GOF patients (Figure 4), and resemble observa-
tions for CD57" relative to CD57~ CD8* T cells in humans (Morley
et al., 1995). Given that the total number of NKGD2" or CD57*
CD8" T cells was dramatically increased in mice or humans
with germline STAT3 GOF, these results indicate that these mu-
tations are insufficient alone to cause monoclonal T-LGL but
enhance accumulation of many large effector CD8* T cell clones.

NKG2D and IL-2/IL-15 receptors drive accumulation of
NKG2D* CD8" T cells in STAT3 GOF mice

To identify pathways essential for polyclonal expansion of STAT3
GOF NKG2D* CD8™" T cells, we tested whether they were dimin-
ished in Stat3 GOF mice by genetically or pharmacologically
interfering with CX3CR1, IL10R, NKG2D, IL6R, IL21R, IL7R, or
IL2/IL15RB. Homozygous germline Cx3cr1 deletion resulted in
a variable, small decrease in percentage of splenic NKG2D™*
CD8* T cells in Stat3¢°8N mutants (Figure S5A). CX3CR1

(E-G) GSEA of enrichment score (y axis) for rank-ordered genes (x axis) in Stat3<C°8NV/K658N yers s Stat3*/* or Stat37”1M/T71M yersus Stat3** NKG2D* CX3CR1*

CD8"* T cells.

(E) HALLMARK gene sets G2M_CHECKPOINT (#M5901) or E2F_TARGETS (#M5925).
(F) Immunologic term gene set KAECH_DAY8_EFF_VS_MEMORY_CD8_TCELL_UP (#M3027).
(G) Set of MRNAs increased in NKG2D* compared with NKG2D~ CD8" T cells from mouse autoimmune alopecia (Xing et al., 2014).
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Figure 6. Oligoclonal Stat3-mutant CD8* NKG2D* T cells accumulate in the spleen, blood, and bone marrow with age

(A) Percent of NKG2D™" spleen or bone marrow CD8* T cells. Lines link measurements from the same mouse. Statistical analysis by paired t test.

(B) Percent of NKG2D™ splenic CD8" T cells, with age. Statistical analysis by t test corrected for multiple comparisons by Holm-Sidak. Bars: mean + SD.
(C-E) Deep TCR V(D)J mRNA sequencing by 5’RACE from sorted NKG2D~ and NKG2D* splenic TCRB" CD8* T cells.

(C) Cumulative percent of unique TCRA reads (y axis, determined using unique molecular identifiers UMIs) contributed by top 5 ranked clonotypes (x axis) in
individual mice.

(D) Shannon Entropy calculations of TCRA repertoire diversity. Lines join data from the same mouse. Boxplots: median and interquartile range.

(E) Cumulative percent of unique TCRB or TCRA reads contributed by top 5 ranked clonotypes in sorted CX3CR1" NKG2D* CD8" T cells. p values are inde-
pendent, calculated by Wilcoxon rank-sum test. *p < 0.05; **p < 0.01; ***p < 0.001.
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expression on NKG2D* CD8" T cells is largely restricted to a
CD27"° KLRG1" CD62L"9 subset (Figures S5B and S5C), but
we observed no decrease in this subset between Cx3cr1**
and Cx3cr1%9’K° mice (Figure S5D).

The STAT3-signalling cytokine interleukin 10 (IL-10) decreases
inflammation and antigen-induced CD8* T cell activation (Smith
et al., 2018). However, in the absence of the essential IL-10RA, in
Stat3™7716M/T718M 11 0rgKO/KO relative to Stat3™”'M/T716M j110rg*/+
mice, there was no significant change in percentage of NKG2D*
cells within CD8" TEM cells (Figure S5E).

We crossed Stat3%°8N mice to Kirk14 mice lacking NKG2D.
Most NKG2D* CD8* T cells in Stat3 GOF mice co-express
NKG2A/C/E, which we thus used as a proxy for NKG2D
(Figure S5F). Kirk1KO/KO Stat3K658N/KESEN mice had reduced
frequencies of NKG2A/C/E* CX3CR1* CD8" T cells in
spleen, bone marrow, and blood compared with Kirk1**
Stat3(eo8NKESEN mice (Figure 7A and data not shown). NKG2D
therefore contributes to STAT3-mutant effector CD8* accumula-
tion, but NKG2D deficiency is insufficient to fully suppress accu-
mulation of these cells in Stat3 GOF compared with Stat3
WT mice.

Pharmacologic interference was performed by treating
Stat3¥%%8N HETs with monoclonal antibodies (mAbs) blocking
different cell-surface receptors (Figure 7B). Consistent with re-
sults in Kirk1%© mice, Stat3%%8N mice treated with a blocking
anti-NKG2D mAb had decreased NKG2A/C/E* CX3CR1* CD8"*
T cells relative to control mAb-treated mice (Figure S5G). Flow
cytometric analysis of ear cell suspensions revealed higher stain-
ing of CD45"9 cells from Stat3 mutant mice with mAb to the
NKG2D-ligand murine UL16-binding protein like transcript
(MULTI; Figure S5H).

Blocking IL-6R or IL-21R signaling to STAT3 or IL-7R signaling
to STAT5 using mAbs, had no significant effect on the frequency
of NKG2D* CD8" T cells (Figures S51 and S5J). By contrast,
Stat3K6°8N mice treated with anti-CD122 blocking mAb, targeting
the IL-15R/IL-2RB chain required for IL-15 and IL-2 signaling, had
half as many NKG2D" cells among all CD8" T cells (Figure 7C) or
among CD8" TEM cells (Figure 7D) in the spleen, bone marrow,
and blood compared with control mAb-treated mice. To test the
specific role of IL-2 in the accumulation of Stat3<6%V+ NKG2D*
CD8" T cells, Stat3*"* and Stat3%°®"'+ mice were treated with
anti-IL-2 mAbs S4B6-1 and JES6-1A12 that selectively block
the high- and low-affinity IL-2R binding sites, respectively, of
the IL-2 molecule (Boyman et al., 2006). Due to Treg cell depen-
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dence on IL-2 (Boyman et al., 2006), the pair of IL-2 blocking an-
tibodies significantly depleted Tregs in WT and K658N HETSs rela-
tive to animals given control mAbs (Figure S6A). However, IL-2
blockade caused no change in frequency or total number of
splenic NKG2D* CD8* T cells, relative to WT and Stat3*6%&NV/+
mice treated with control mAbs (Figure S6B). Collectively, these
findings establish that NKG2D and IL-15R/IL-2Rp are required
for maximal accumulation of NKG2D* CD8* T cells bearing path-
ogenic STAT3 GOF mutations, whereas IL-2, IL-6, IL-7, IL-10, and
IL-21 appear individually dispensable.

IL-15 can increase CD8" T cell NKG2D expression and innate-
like cytotoxicity (Kim et al., 2018) and induce NKG2D expression
within TCR-activated CD8* T cells (Roberts et al., 2001; Meresse
et al., 2004). We therefore tested whether STAT3 GOF alters
CD8" T cell sensitivity to recombinant IL-15 or anti-CD3,
measured by increased NKG2D on splenic naive and effector
CD8" T cells FACS-purified from Stat3™/* and Stat3”"7eM/T7776M
mice. T716M HOM naive and effector CD8* T cells showed com-
parable NKG2D induction to WT cells in response to low or high
dose IL-15 or IL-15 plus anti-CD3 (Figures S6C and S6D).

Depleting STAT3 GOF CD8* T cells ameliorates
inflammation and lethality

Pathology in humans and mice with germline STAT3 GOF syn-
drome may be due to STAT3 GOF in non-hematopoietic cells.
We therefore generated chimeric mice with hematopoietic-
restricted Stat3 GOF mutations by transplanting Stat3*/*
Rag1®’k© mice with Stat3-GOF or WT bone marrow (Fig-
ure S7A). Mice transplanted with Stat3-GOF but not WT marrow
developed a range of gross pathologies (Figure S7B). Recipients
of either T716M HOM or K658N HOM marrow developed lymph-
adenopathy, splenomegaly, and/or cataracts. K658N HOM
marrow recipients also developed hair loss around the eyes,
ventral hair loss, diarrhea, weight loss requiring ethical culling,
or were unexpectedly found dead. Eight of 25 K658N HOM
marrow recipients required sacrifice at ethical end-point within
7 weeks post-transplant compared with 0 of 15 WT marrow re-
cipients (Figure 7E). NKG2D* CD8* T cells were increased in
T716M or K658N HOM marrow recipients (Figure 7F).

To test the role of STAT3%°F CD8* T cells in the pathology of
K658N HOM marrow transplant recipients, CD8* T cells were
selectively depleted by injections of anti-CD8 mAb or isotype
control mAb starting 2 weeks after transplant (Figure 7G).
K658N HOM marrow recipients in the control arm started

Figure 7. Essential roles of NKG2D and CD122/IL-15Rp in STAT3 GOF effector CD8* T cell accumulation and of CD8" T cells in lethal pa-

thology

(A) Percent of NKG2A/C/E* cells among spleen CD8" T cells of Kirk1*'* (WT) or Kirk1¥%/%C (A/A) mice. Data pooled from 2 independent experiments.

(B) Schematic of pharmacological blocking experiments.

an epresentative plots o splenic cells and percent o among cells (C) or i ~ effector memory cells

CandD)R tati lots of NKG2D* splenic CD8* T cell d t of NKG2D* CD8" cells (C) or CD44" CD62L "~ effect CD8* T cell

(D) in Stat3*'* or Stat3X6%8N* mice treated with isotype or anti-CD122 mAb. Data pooled from n = 3 experiments.

(E) Kaplan-Meier survival curves for Stat3*"* Rag1¥®’%C recipients transplanted with Stat3*'* (black, n = 15) or Stat3*6?8NVK6%8N (red, n = 19) bone marrow.

F) Percent and number of NKG2D* CD8* T cells in blood or spleen of Stat3*+ Rag14®’%© marrow transplant recipients. Data representative of 2 experiments with
g

n > 5 mice per group.

(G) Experimental design for selectively depleting STAT3 GOF CD8* T cells from Stat3/6°8V/K658N transplant recipients.
(H and I) Mean and SD pathology phenotype score and Kaplan-Meier survival curves for the treated mice in (G). Numbers of mice in both treatment arms at

different timepoints shown below.

(A, C, D, and F). Statistical comparisons by t test, with Holm-Sidak correction for multiple comparisons. Bars: mean + SD.
(E and 1) Statistical analysis by product-limit method accounting for censored mice, significance calculated by log-rank test. (G) Statistical analysis by two-way
ANOVA and Sidak’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001.
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developing gross pathology 3-5 weeks post-transplant at the
time that mature T cells reconstitute from hematopoietic stem
cells, but the pathology was diminished in recipients treated
with anti-CD8 (Figure 7H). By 7 weeks, 11 out of 17 recipients
in the isotype control arm died or were ethically culled for weight
loss and wasting disease compared to only 1 out of 18 recipients
inthe CD8* T cell depleted arm (Figure 71). Thus, hematopoietic-
restricted STAT3 GOF is sufficient to cause accumulation of
NKG2D* CD8* T cells and to cause lethal pathology requiring
CD8" T cells.

DISCUSSION

The findings here illuminate a pathogenic mechanism in autoim-
mune disease by resolving a key question about the intersection
between cancer and autoimmunity: whether STAT3 GOF so-
matic mutations that recur in LGL CD8" T cells are a cause or
an effect of clonal expansion and accompanying autoimmune
disease. Clone size reflected by mutated STAT3 variant allele
frequency (VAF) in CD8* T cells varies widely in different human
diseases: 0.6%-51% in T-LGL (Rajala et al., 2015), 1%-8% in
Felty syndrome (Savola et al., 2018), and 1.1%-16% in primary
red cell aplasia (Kawakami et al., 2018). Clones representing
20% of cells (10% VAF for HET mutations) are within the physi-
ological range for effector memory CD8* T cells (Posnett et al.,
1994) and not in the magnitude of leukemias. Moreover, STAT3
GOF mutations are found in CD8" T cells of healthy people
with VAFs of 0.4%-1.9% and asymptomatic HTLV-infected peo-
ple with VAFs of 0.5%-11.9% (Valori et al., 2021; Kim et al.,
2021). Here, we showed that germline STAT3 GOF mutations
did not perturb the preponderant population of naive CD8*
T cells, consistent with mouse bone marrow retroviral transduc-
tion experiments (Couronne et al., 2013; Dutta et al., 2018).
Instead, they selectively drove expansion of a normally minor
subset of effector CD8" T cells resembling T-LGL cells, strongly
expressing CD57 and genes for cytotoxic granule proteins, and
highly variable in size of expanded clones. CD8* T cells bearing a
STAT3 GOF SH2-domain mutation were required for lethal in-
flammatory disease but could also accumulate without causing
disease. By revealing that these cells expressed high levels of
NKG2D and DAP10/HSCT and depended on NKG2D and IL-
15R/IL2RB for maximal accumulation, the findings here frame a
hypothesis explaining their indolent clonal expansion, NK-like
effector gene expression profile, and the variable co-occurrence
of autoimmune disease.

The partial requirement for NKG2D by STAT3 GOF effector
CD8* T cells is consistent with its role as a costimulatory recep-
tor that activates PI3K signaling (Wu et al., 1999). NKG2D ligands
are surface proteins evolutionarily related to MHC class | (Bauer
et al., 1999; Wu et al., 1999; Raulet et al., 2013), whose expres-
sion is induced by infection, DNA damage, oncogenic mutations,
endoplasmic reticulum stress, and inflammatory cytokines
(Raulet et al., 2013). Combined triggering by TCR and NKG2D
enhances CD8* T cell proliferation in vitro (Groh et al., 2001; Ja-
mieson et al., 2002) and increases clonal expansion of CD8"
T cells bearing TCRs against an MHC-class-I-presented pancre-
atic islet autoantigen in diabetes-prone NOD mice where NKG2D
ligand Raet1 is constitutively expressed (Ogasawara et al.,
2004). STAT3 may induce NKG2D; KLRK1 is a direct STAT3
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targetin NK cells (Zhu et al., 2014) and NKG2D levels were higher
on STAT3 GOF patient CD8* T cells.

The TCR specificity of expanded STAT3 GOF CD8* T cells
may shape clonal expansion and patterns of pathology. An
MHC haplotype promoting autoimmune diabetes is essential
for diabetes acceleration in NOD mice with a different Stat3
GOF mutation, K892R in the DNA-binding domain (Warshauer
et al., 2021). Multiple STAT3 GOF CD8"* clones with different
TCRs may contribute to pathology in a cooperative manner,
given that T-LGL patients with two or more independent
STAT3-mutant CD8* clones have higher incidence of RA relative
to patients with a single mutant clone (Rajala et al., 2015).

The finding that CD122 but not IL-2 blockade diminished
STAT3 GOF CD8* effector accumulation is consistent with the
role of IL-15 in CD8* T cell effector accumulation. IL-15/IL-
15Ra heterodimers, initially displayed on cell surfaces, engage
CD122 and IL-2Ry to activate STAT5 and STAT3 (Waldmann
et al., 2020) and are potent drivers of homeostatic CD8" T cell
proliferation in vivo (Chertova et al., 2013). IL-15 and IL-15RA
expression by dendritic and myeloid cells is essential for accu-
mulation of effector memory CD8" T cells (Ku et al., 2000; Zhang
et al., 1998; Stonier et al., 2008). Large CD8" clonal expansions
develop spontaneously in old mice and their cell division is in-
hibited by CD122 blockade (Ku et al., 2001). Concentrations of
IL-15 systemically, and at sites of inflammation, play important
roles in protective immunity but also in autoimmune diseases,
many of which are characterized by increased IL-15 levels (Jabri
and Abadie, 2015). IL-15 and NKG2D contribute to innate-like
cytotoxicity of bystander CD8" T cells in hepatitis A infection
(Kim et al., 2018). Within TCR-activated CD8" T cells, IL-15 in-
duces NKG2D and HSCT/DAP10 expression (Roberts et al.,
2001; Meresse et al., 2004), as does high-dose IL-2 (Verneris
et al., 2004; Jabri and Abadie, 2015).

The results here imply wider, multifactorial inputs for STAT3 to
drive CD8" effector accumulation. Neither CD122 blockade nor
NKG2D-deficiency fully suppressed STAT3 GOF NKG2D* CD8*
T cells, and NKG2D induction by TCR or IL-15 was not exagger-
atedin STAT3 GOF CD8" T cells in vitro. While individual blockade
of IL-2, IL-6R, IL-7R, IL-10R, and IL-21R had no measurable ef-
fect on STAT3 GOF CD8* T cell effector accumulation, these cy-
tokines may act in concert with IL-15, NKG2D, and TCR stimula-
tion. Interferon-y (IFNy) was highly expressed by NKG2D" STAT3
GOF CD8" T cells analyzed here and induces IL-15 in macro-
phages (Doherty et al., 1996) and hair follicles (Xing et al., 2014).
Thus, STAT3 GOF mutations may exaggerate a positive feedback
loop where TCR, IL-15, and other costimuli promote accumula-
tion of NKG2D" IFNy* effector CD8" T cells, which in turn induce
NKG2D ligands, more IL-15, and costimuli. Another potential
input is CCL5, a STAT3 target gene (Yang et al., 2007) highly ex-
pressed in STAT3 GOF CD8* T cells. CCL5 is induced by NKG2D
stimulation of TCR-activated CD8* T cells and encodes the T cell
recruiting chemokine RANTES (Markiewicz et al., 2012).

The experiments here demonstrated that T and/or B cells were
necessary for pathology in K658N HOM mice, that the mutation
restricted to hematopoietic cells was sufficient for lethal pathol-
ogy, and that CD8" T cells were necessary. Whether expanded
STAT3-mutant effector CD8" T cell clones are sufficient for pa-
thology is a separate question. Expanded STAT3 GOF CD8*
T cell clones are found in healthy people and in STAT3 GOF
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mice with no skin inflammation or wasting syndrome. In prelim-
inary studies, we adoptively transferred 5 x 10° CD8* T cells
from K658N HOM mice with skin inflammation into irradiated
C57BL/6 or Rag 14’ mice and observed no pathology in recip-
ients after 10 weeks. Expanded STAT3-mutant CD8* T cell
clones thus appear insufficient for overt pathology within this
timeframe. Variable pathology in mice and people with STAT3
GOF NKG2D" granzyme* perforin® effector CD8* T cells may
reflect three potential co-factors. First, the frequency of these
cells, consistent with greater frequency and pathology in HOM
relative to HET and K658N relative to T716M mice. Second, vari-
ability in induction of NKG2D ligands and IL-15 by cellular stress
in target cells (Jabri and Abadie, 2015). Third, the extent to which
NKG2D stimulation lowers the threshold for TCR-induced IFN-y
production and cytolysis (Roberts et al., 2001; Billadeau et al.,
2003) or for MHC-independent NK-like cytotoxicity (Verneris
et al., 2004; Karimi et al., 2005; Meresse et al., 2004).

Elevated NKG2D ligands on inflamed synovium (Groh et al.,
2003) may contribute to frequent RA in T-LGL (Koskela et al.,
2012; Rajala et al., 2015). IL-15 concentrations are increased in
RA synovium (Mclnnes et al., 1996) and T-LGL serum (Chen
et al., 2012), and IL-15 reverses ligand-induced NKG2D down-
modulation on CD8* T cells (Groh et al., 2002; Roberts et al.,
2001) and induces NKG2D ligands on synoviocytes (Groh et al.,
2003). In celiac disease, gluten via IL-15 induces MICA on intes-
tinal epithelial cells. Epithelial MICA returns almost to baseline on
agluten-free diet, except in patients with refractory celiac disease
type 2 and clonal expansions of innate lymphocytes often car-
rying STAT3 GOF mutations (Meresse et al., 2004; Ettersperger
et al., 2016; Cording et al., 2021; Soderquist et al., 2021; Hue
et al., 2004). Noxious environmental stimuli may thus influence
whether STAT3 GOF CD8* T cells cause pathology.

Collectively, the findings here demonstrate that STAT3 GOF
mutations in T-LGL are a cause and not simply a consequence
of CD8* effector clonal accumulation and autoimmunity. Further,
the results lead to the hypothesis that variable autoimmunity
associated with CD8* T cell somatic STAT3 GOF mutations re-
flects their exaggeration of a feedforward loop with multiple po-
tential inputs: (1) target cells upregulating NKG2D ligands due to
inherited, somatic, and/or environmentally induced abnormal-
ities; (2) target tissues and adjacent myeloid cells upregulating
IL-15 and other costimuli in response to these abnormalities
and to activated B/T cell infiltration; and (3) accumulation of infil-
trating STAT3 GOF CD8"* T cells with TCRs targeting autoanti-
gens, and their upregulation of NKG2D and its signaling partner
DAP10. This loop has many points where inherited or environ-
mental factors can tip clonal expansion of NKG2D" effector
CD8" T cells into pathological destruction of neutrophils, eryth-
rocytes, joint synovium, islet cells, or skin/intestinal epithelial
barriers. Our results highlight the need for deeper testing for
CD8* T cell clones with STAT3 GOF somatic mutations in auto-
immune disease, and for stratified clinical trials of STAT3/
NKG2D/IL15 inhibitors in T-LGL and autoimmune diseases
where these rogue CD8" clones are present.

Limitations of the study

The cause of lethality in the mutant mice was not determined,
although leukocyte-restricted STAT3 GOF was shown sufficient
and CD8" T cells were necessary. Neutrophil counts were
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normal or elevated, and histological analysis of many organs
did not explain lethality. Systemic markers of inflammation
such as interferon response genes may provide future insights.
Furthermore, while NKG2D and CD122 were necessary for
maximal effector CD8"* T cell accumulation in the mutant mice,
considerable expansion still occurred when they were individu-
ally blocked. The expression and role of NKG2D-ligands, IL-
15/IL15RA and their receptors in observed pathology, alone
and in combination, should be determined. Lastly, adoptive
transfer of Stat3-mutant CD8" T cells was insufficient to cause
pathology within 10 weeks, raising the question of what co-fac-
tors contribute to CD8-dependent pathology. Testing possible
co-factors will require multifactorial experimental studies.
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Mouse IgG1 Anti-Human CD8 BUV395; BD Biosciences Cat# 563796; RRID: AB_2722501
Clone RPA-T8

Mouse IgG1 Anti-Human CD4 BUV737; BD Horizon Cat# 564305; RRID: AB_2713927
Clone SK3

TotalSeq™-A0301 anti-mouse Hashtag 1 BioLegend Cat# 155801; RRID: AB_2750032
Antibody; Clones M1/42, 30-F11

TotalSeq™-A0302 anti-mouse Hashtag 2 BioLegend Cat# 155803; RRID: AB_2750033
Antibody; Clones M1/42, 30-F11

TotalSeq™-A0307 anti-mouse Hashtag 7 BioLegend Cat# 155813; RRID: AB_2750039
Antibody; Clones M1/42, 30-F11

TotalSeq™-A0308 anti-mouse Hashtag 8 BioLegend Cat# 155815; RRID: AB_2750040
Antibody; Clones M1/42, 30-F11

TotalSeq™-A0309 anti-mouse Hashtag 9 BioLegend Cat# 155817; RRID: AB_2750042
Antibody; Clones M1/42, 30-F11

TotalSeq™-A0310 anti-mouse Hashtag 10 BioLegend Cat# 155819; RRID: AB_2750043
Antibody; Clones M1/42, 30-F11

TotalSeq™-A0311 anti-mouse Hashtag 11 BioLegend Cat# 155821; RRID: AB_2750136
Antibody; Clones M1/42, 30-F11

TotalSeq™-A0312 anti-mouse Hashtag 12 BioLegend Cat# 155823; RRID: AB_2750137
Antibody; Clones M1/42, 30-F11

TotalSeq™-A0251 anti-human Hashtag 1 BioLegend Cat# 394601; RRID: AB_2750015
Antibody; Clones LNH-94; 2M2

TotalSeq™-A0252 anti-human Hashtag 2 BioLegend Cat# 394603; RRID: AB_2750016
Antibody; Clones LNH-94; 2M2

TotalSeq™-A0253 anti-human Hashtag 3 BioLegend Cat# 394605; RRID: AB_2750017
Antibody; Clones LNH-94; 2M2

TotalSeq™-A0253 anti-human Hashtag 4 BioLegend Cat# 394607; RRID: AB_2750018
Antibody; Clones LNH-94; 2M2

TotalSeq™-A0253 anti-human Hashtag 5 BioLegend Cat# 394609; RRID: AB_2750019
Antibody; Clones LNH-94; 2M2

TotalSeq™-A0253 anti-human Hashtag 6 BioLegend Cat# 394611; RRID: AB_2750020
Antibody; Clones LNH-94; 2M2

TotalSeq™-A0253 anti-human Hashtag 7 BioLegend Cat# 394613; RRID: AB_2750021
Antibody; Clones LNH-94; 2M2

TotalSeq™-A0253 anti-human Hashtag 8 BioLegend Cat# 394615; RRID: AB_2750022
Antibody; Clones LNH-94; 2M2

Armenian Hamster anti-mouse NKG2D; BioXCell Cat# BEO111; RRID: AB_10950118
Clone HMG2D

Polyclonal Armenian Hamster IgG BioXCell Cat# BE0091; RRID: AB_1107773
Mouse anti-mouse CD122 (IL-2Rp) ; BioXCell Cat# BE0298; RRID: AB_2687820
Clone TM-B1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rat IgG2b anti-mouse IL-6R; Clone 15A7 BioXCell Cat# BE0047; RRID: AB_1107588
Rat IgG2b isotype control, anti-keyhole BioXCell Cat# BE0090; RRID: AB_1107780
limpet hemocyanin; Clone LTF-2

Rat IgG2a anti-mouse IL-21R; Clone 4A9 BioXCell Cat# BE0258; RRID: AB_2687737
Rat IgG2a anti-mouse IL-7Ra; Clone A7R34 BioXCell Cat# BE0065; RRID: AB_1107590
Rat IgG2a isotype control, anti-trinitrophenol; BioXCell Cat# BE0089; RRID: AB_1107769

Clone 2A3

Biological samples

Human whole blood samples

Multiple institutions

N/A

Chemicals, peptides, and recombinant proteins

RPMI 1640 Medium

Foetal Bovine Serum, NZ origin,
heat inactivated

Phosphate Buffered Saline

Life Technologies

Assay Matrix

Internal Stores;
Garvan Institute

Cat# 11875-119
Cat# ASFBS-HI-NZ

Internal Stores;
Garvan Institute

Collagenase D from Clostridium histolyticum Sigma Aldrich Cat# 11088866001
Dispase® |l (neutral protease, grade Il) Sigma Aldrich Cat# 4942078001
DNase | recombinant, RNase-free Sigma Aldrich Cat# 4716728001
Recombinant Mouse IL-15 (carrier-free) BioLegend Cat# 566302
eBioscience Foxp3 / Transcription eBioscience Cat# 00-5523-00

Factor Staining Buffer Set

Critical commercial assays

Chromium Next GEM Single
Cell 3’ Kit v3.1, 16 rxns

10X Genomics

Cat# PN-1000268

Deposited data

Raw sequence data, from single-cell RNA This paper NCBI BioProject: PRINA804580
sequencing of sorted mouse T cell populations
Raw sequence data, from single-cell RNA, This paper NCBI BioProject: PRINA804580
protein and TCR sequencing of sorted
human T cell populations
Experimental models: Organisms/strains
Mouse: Stat37”76V: Garvan MEGA N/A
C57BL/6-Stat3T716M Facility; Prof.

Robert Brink
Mouse: Stat3/€>8N: Garvan MEGA N/A
C57BL/6xFVB/J-Stat3K658N Facility; Prof.

Robert Brink
Mouse: Stat3™"®" [i10ra“: Garvan MEGA N/A
C57BL/6-Stat3T716M-1110ra4 Facility; Prof.

Robert Brink
Mouse: Stat3<6%8N Kirk14: Garvan MEGA N/A
C57BL/6-Stat3K658N-Kirk14 Facility; Prof.

Robert Brink
Mouse: Stat3/¢°&N Cx3cr14: Garvan MEGA N/A
C57BL/6-Stat3K658N-Cx3cr14 Facility; Prof.

Robert Brink
Mouse: Stat3<°8N Rag14: Garvan MEGA N/A
C57BL/6-Stat3K658N-B6.129S7- Facility; Prof.
Rag1™™"™Mem/jAusb Robert Brink
Mouse: C57BL/6J: C57BL/6 JAusb The Jackson Laboratory JAX: 000664
Mouse: CD45.1: B6.JSL-Ptprc?Pepc?/BoyJAusb The Jackson Laboratory JAX: 002014
Mouse: Rag1<°/%0: B6.129S7-Rag1™™"M°™/JAusb The Jackson Laboratory JAX: 002096

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms
FLASH (Magoc and Salzberg, 2011) http://www.cbcb.umd.edu/
software/flash
pRESTO (Vander Heiden et al., 2014) http://clip.med.yale.edu/presto
IgBLAST (Ye et al., 2013) http://www.ncbi.nim.nih.gov/igblast/
Harmony (Korsunsky et al., 2019) https://github.com/immunogenomics/
harmony
GraphPad Prims 9 - Version 9.0.0 GraphPad https://www.graphpad.com
Flowdo V10 - Version 10.4.0 FlowJo https://www.flowjo.com

EmptyDrops

(Lun et al., 2019)

https://github.com/MarioniLab/

EmptyDrops2017

Limma (Ritchie et al., 2015) https://bioconductor.org/
packages/release/bioc/
html/limma.html

SAVER (Huang et al., 2018) https://github.com/mohuangx/SAVER

CellRanger 10X Genomics Cell Ranger Single Cell v.2.0

Seurat (Satija et al., 2015) https://github.com/satijalab/seurat/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Chris-
topher C. Goodnow (c.goodnow@garvan.org.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Single-cell RNA-seq and TCR mRNA deep sequencing data have been deposited in NCBI BioProject PRINA804580. The
accession number for these data is NCBI BioProject: PRINA804580, as listed in the key resources table.
e Bioinformatic workflows used to analyze the data in this study are available upon request.
o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

This study was approved by the respective ethics review boards of the participating institutes, including the Ethics committees of
Sydney Local Health District RPAH Zone Human Research Ethics Committee and Research Governance Office, Royal Prince Alfred
Hospital, Camperdown, NSW, Australia (Protocol X16-0210/LNR/16/RPAH/257); the South East Sydney Local Health District Human
Research Ethics Committee, Prince of Wales/Sydney Children’s Hospital, Randwick, NSW, Australia (Protocol HREC/11/POWH/
152); the Helsinki University Hospital Ethics committee. Written informed consent for genetic investigations and immunological an-
alyses, as well as publication of data, was obtained from each family.

Mouse handling, housing and husbandry

All mouse handling and experimental methods were performed in accordance with approved protocols of the Garvan Institute of
Medical Research/St Vincent’s Hospital Animal Ethics Committee. All mice were bred and maintained in specific pathogen-free con-
ditions at Australian BioResources (ABR; Moss Vale, Australia) or at the Garvan Institute of Medical Research Biological Testing Fa-
cility (BTF). Within independent experiments, Stat3 WT and mutant animals were sex- and age-matched. All experiments conformed
to the current guidelines from the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Mice were
genotyped by the Garvan Molecular Genetics (GMG) facility at the Garvan Institute of Medical Research.

Mouse anatomy and histopathology

Detailed anatomical and histopathology analysis was performed as a commercial service, on over 40 organs from Stat377'¢" WT
(n = 3), HOM (n = 3), Stat3*6*8N WT (n = 5), HET (n = 1) and HOM (n = 5) mice, by the Phenomics Australia Histopathology and Slide
Scanning Service (University of Melbourne, Australia).
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Mouse strains

Stat3"77%M Stat3K%8N . 110ra"®, Kirk1%© and Cx3cr1%© mice were produced by CRISPR/Cas9 gene targeting in mouse embryos,
following established molecular and animal husbandry techniques (Yang et al., 2014). Target gene-specific single guide RNAs
(sgRNA; 15 ng/ul) were microinjected into the nucleus and cytoplasm of mouse zygotes, together with polyadenylated S. pyogenes
Cas9 mRNA (30 ng/ul) and a gene-specific 150 base single-stranded, deoxy-oligonucleotide homologous recombination substrate
(15 ng/l). Injections were performed into C57BL/6 zygotes for each of these strains but the Stat3<6°8" strain, where injections were
performed into C57BL/6J x FVB/N F1 zygotes. Founder mice HET for alleles successfully modified by homologous recombination
were back-crossed with syngeneic partners and then inter-crossed to establish the Stat3"”7M or Stat3%%8N mouse lines.

For Stat3777®M, the sgRNA was produced based on a target site in exon 23 (CAGGTCAATGGTATTGCTGCAGG = T716M, PAM
italicised and underlined) of Stat3. The deoxy-oligonucleotide encoded the T716M (ACG>ATG) substitution and a PAM-inactivating
silent mutation in the T717 codon (ACC>ACA). For Stat3%°3", the sgRNA was produced based on a target site in exon 21 (CATG
GATGCGACCAACATCCTGG = K658N, PAM italicised and underlined) of Stat3. The deoxy-oligonucleotide encoded the K658N (AA
G>AAQ) substitution and a PAM-inactivating silent mutation in the L666 codon (CTG>CTC).

For 1110raX©, the sgRNA was produced based on a target site exon 3 (GGTGAACGTTGTGAGATCACAGG, PAM italicised and
underlined) of //70ra. The deoxy-oligonucleotide encoded the T861 (ATA>ACA) substitution and a PAM-inactivating silent mutation
in the S82 codon (TCA>TCC). A founder carrying an 8bp frame shift mutation after the second base of the S82 codon was bred
to establish the /I70ra”® line. For Cx3cr1%©, the sgRNA was produced based on a target site in the single coding exon, exon 2
(TACGCCCTCGTCTTCACGTTCGG, PAM italicised and underlined) of Cx3cri. A founder mouse carrying an 1bp deletion that
caused a frameshift after the T44 codon and an in-frame TGA stop signal 27 codons downstream was back-crossed with syngeneic
partners to establish the Cx3cr1© line. For Kirk1%©, the sgRNAs were produced based on target sites in intron 4 and the 3’ UTR (TCA
CAACGTGGTATAGTCCTAGG and GTTGAAGCCTATCCAAACTAGGG, PAM italicised and underlined) of Kirk1. A founder mouse
that carried a 4,781 bp deletion in Kirk1 that removed exons 4 to 8 (encoding the transmembrane and extracellular domains of
NKG2D) was back-crossed with syngeneic partners and then inter-crossed to establish the Kirk1<© line.

C57BL/6 JAusb (C57BL/6J), C57BL/6 NCrl, B6.SJL-Ptprc®Pepc® (CD45.1) and B6.129S7-Rag1™™'°™/J (Rag1¥°’%©) mice were
purchased from ABR.

Chimeras

Age- and sex-matched Stat3** Rag1¥?’“® C57BL/6J mice were irradiated with one dose of 425 Rad from an X-ray source (X-RAD
320 Biological Irradiator, PXI) and injected intravenously with 2-6 x 10° lineage-depleted donor bone marrow from Stat3””’%M or
Stat3K%8N WT or HOM mutant mice. The donor bone marrow was depleted of lineage-positive cells by MACS using a cocktail of
antibodies to B220, CD3, CD4, CD8, CD11b, CD11¢, CD19, LY-6C, LY-6G, NK1.1, TCR prior to injection. Recipients were sacrificed
8-14 weeks after transplantation to allow immune reconstitution.

Pathology phenotype scoring

Scores were calculated as equal weighted averages of severity scores on a scale from 0 to 3 (0 = undetectable; 1 = minor; 2 = mod-
erate; 3 = major) for: (1) hair loss or inflammation around eyes, or cataracts; (2) skin inflammation on snout or face; (3) skin inflamma-
tion or ‘flakiness’ on ears; (4) skin inflammation or hair loss, primarily ventral, progressing to alopecia; (5) skin inflammation on tail, or
ringtail.

In vivo monoclonal neutralising antibody treatments
Recipient Stat3<%®N mice were mildly anesthetised by isoflurane and injected i.p. twice per week, to a total of 7 or 8 injections, with
varying amounts of monoclonal antibodies as tabulated in the key resources table, and mice analyzed by flow cytometry 2-3 days
after the last injection.

Isotype control antibodies were injected at equal concentration and final amount to the relevant treatment antibody.

Flow cytometry and cell-sorting

Peripheral blood mononuclear cells (PBMCs) were prepared from total blood collected from individuals with STAT3 GOF syndrome.
In mice, single-cell suspensions were prepared from mouse spleen, bone marrow, inguinal lymph nodes, peritoneal cavity and blood.
1-4 x 10° cells in PBS 2% FCS were transferred into appropriate wells of a 96-well U bottom plate. To prevent non-specific antibody
binding, cells were incubated with F. blocking antibody for 20 min at 4°C in the dark. Cells were then incubated with antibodies for
30 min, on ice and in the dark. To fix cells, they were incubated in 10% formalin (Sigma-Aldrich) for 15 min at 4°C, and washed and
resuspended in PBS 2% FCS. To stain for intracellular nuclear proteins, cells were fixed and permeabilised using the manufacturer’s
instructions and the eBioscience Transcription Factor Staining kit. Stained single-cell suspensions were acquired on the BD
LSRFortessa"™.Where appropriate, following extracellular antibody staining, immune populations were sorted by fluorescence-acti-
vated cell sorting (FACS) on a FACS Aria lll (BD Biosciences).

Enzymatic digestion of mouse ears for flow cytometric analysis
At necropsy, ears were placed in PBS 2% FCS and cut into ~1mm pieces, resuspended in 600 uL RPMI with 1 ng/mL Collagenase
(Sigma-Aldrich), 2 ng/mL Dispase Il (Sigma-Aldrich) and 0.04U/1 uL DNase | (Sigma-Aldrich) and held 1 h in a rotating incubator at
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37°C. The resulting cell suspensions were centrifuged at 500g for 4 min at 4°C, washed with 1000 uL PBS 2% FCS and passed
through a 70 uM filter. The filtered suspension was centrifuged at 500g for 4 min at 4°C and the entire cell pellet was stained in
PBS 1% FCS containing mAbs.

In vitro stimulation of splenic effector CD8* T cells

Splenic naive and effector CD8* T cells were FACS-purified based on TCRb, CD3, CD8, CD44 and CD62L expression. 10* cells were
incubated per well for 3 days, in 200 uL of cRPMI alone, or cRPMI supplemented with (i) 5 ng/mL anti-CD3 (BioXCell; #145-2C11), (ii)
5 ng/mL anti-CD3 and 20 ng/mL recombinant mouse IL-15 (BioLegend; 566302), (i) 1 ng/mL IL-15, (iv) 5 ng/mL IL-15 or (v) 20 ng/mL
IL-15. Following 3 days of incubation, cells were analyzed for surface NKG2D expression by flow cytometry.

Single-cell RNA sequencing using the 10X platform

Human or mouse T cells were bulk sorted by FACS into Eppendorf tubes containing cold sterile PBS 10% FCS and incubated for
20 min at 4°C with TotalSeq™ DNA-barcoded anti-human or anti-mouse ‘Hashing’ antibodies (BioLegend) at a 1/100 final dilution.
The TotalSeg-A™ antibodies conjugated to DNA oligonucleotides stained all leukocytes in the relevant samples. During the incuba-
tion, cells were transferred into a 96-well round bottom plate, on ice. Following incubation, cells were washed three times in cold PBS
2% FCS and the hashed populations pooled into mixtures for single-cell RNA sequencing using the 10X Genomics platform. In the
case of human T cells, the hashed mixtures were first spiked with 3TBHEK mouse cells (2%) and incubated with DNA-barcoded an-
tibodies (see key resources table), to allow high-throughput measurements of cell-surface proteins integrated with transcriptome
measurements, by cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) (Stoeckius et al., 2017).

The Garvan-Weizmann Center for Cellular Genomics (GWCCG) performed the 10X capture, and sequencing of resulting cDNA
samples, as an in-house commercial service, using the Chromium Single-Cell v2 3’ Kits (10X Genomics) as per the manufacturer pro-
tocol. A total of 5,000 to 20,000 cells were captured per reaction.

RNA libraries were sequenced on an lllumina NovaSeq 6000 (NovaSeq Control Software v 1.6.0/ Real Time Analysis v3.4.4) using a
NovaSeq S4 230 cycles kit (lllumina, 20447086) as follows: 28bp (Read 1), 91bp (Read 2) and 8bp (Index). HASHing libraries were
sequenced on an lllumina NextSeq 500/550 (NextSeq Control Software v 2.2.0.4 / Real Time Analysis 2.4.11) using a NextSeq 60
cycles kit (Illumina, 20456719) as follows: 28bp (Read 1), 24bp (Read 2) and 8bp (Index). Sequencing generated raw data files in bi-
nary base call (BCL) format. These files were demultiplexed and converted to FASTQ using lllumina Conversion Software (bcl2fastq
v2.19.0.316). Alignment, filtering, barcode counting and UMI counting were performed using the Cell Ranger Single Cell Software
v3.1.0 (10X Genomics). Reads were aligned to the GRCh38 human (release 93) or mm10-3.0.0 (release 84) mouse reference ge-
nomes. Raw count matrices were exported and filtered using the EmptyDrops package in R (Lun et al., 2019).

Repertoire and gene expression by sequencing

The Repertoire and Gene Expression by Sequencing (RAGE-Seq) method (Singh et al., 2019) was applied in parallel, during 10X
sequencing of T cells sorted from healthy controls or individuals with STAT3 GOF syndrome. Briefly, following full-length cDNA
10X capture generation, the cDNA library was split into two prior to fragmentation for short-read sequencing. In parallel to the stan-
dard 10X lllumina library preparation and short-read sequencing, full-length sequencing was performed using Oxford Nanopore on
selectively-enriched BCR and TCR cDNA transcripts obtained by targeted hybridisation capture, to obtain both the 3’ cell-barcode
and the 5’ V(D)J sequence. Cell barcodes were then matched between short-read sequencing and antigen-receptor sequences.

TCR deep sequencing by modified 5’RACE

RNA was extracted from T cell populations bulk-sorted by FACS, using the Qiagen AllPrep DNA/RNA Mini Kit (#80204). cDNA synthesis
was performed on 2.5 pL of RNA using the cDNA synthesis and library amplification method from the Smart-Seqg2 protocol (Picelli et al.,
2014). 10 cycles of PCR amplification were performed and the TSO oligo was modified to incorporate a 10 bp unique molecular identified
(UMI). Following purification of PCR products with magnetic AMPure XP beads (Agencourt), TCRB-specific PCR was performed with a
primer targeting the constant region of the TCRp chain and a forward primer (ADP_fwd) targeting the 5’ incorporated TSO oligo.

PCR was performed using the KAPA HiFi HotStart Ready Mix (Kappa Biosystems), under the following conditions: 98°C 45s; 30
cycles: 98°C 15s, 60°C 30s, 72°C 30s; 72°C 1min. The PCR products were purified using AMPure beads and complete adaptor se-
quences and sample barcodes were added using the primers from the lllumina Nextera Index Kit (lllumina).

5 cycles of PCR amplification were performed using the Q5 High-Fidelity DNA Polymerase kit (New England BioLabs): 72 3min;
98°C 30s; 5 cycles: 98°C 10s, 63°C 30s, 70°C 3min. Following a second round of magnetic bead purification, the TCR libraries
were quantified using the Qubit 4 fluorometer (Invitrogen) and pooled at equal concentration for sequencing on an lllumina MiSeq
250 bp paired-end run.

Sequencing was performed on the lllumina MiSeq platform using the MiSeq Reagent Kit v3 with a read length mode of 2 x 300bp.
Libraries were sequenced to ~1 million reads per sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

Following flow cytometric experiments, statistical analyses were performed using the GraphPad Prism 6 software (GraphPad, San
Diego, USA). A one-tailed unpaired Student’s t test with Welch’s correction was used for comparisons between two normally
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distributed groups. An unpaired Student’s t test, corrected for multiple comparisons using the Holm-Sidak method, was used for
comparisons of more than two groups. Differences between paired measurements were analyzed by paired t-test. In all graphs pre-
sented, the error bars represent the mean and standard deviation. *p < 0.05, **p < 0.01, *™*p < 0.001.

Following TCR deep sequencing, sequencing libraries were de-multiplexed by their sample indices using the lllumina FASTQ
generation workflow. Paired-end reads were merged using FLASH (Magoc and Salzberg, 2011). Quality filtering, UMI extraction,
primer trimming and de-replication were performed using pRESTO (Vander Heiden et al., 2014). The resulting FASTA formatted
sequence datasets were aligned against the germline reference directory for the locus and species obtained from IMGT [http://
www.imgt.org/] using a local installation of IgBLAST (Ye et al., 2013). IgBLAST alignment determined the V, D and J gene segments
that contributed to each rearrangement, any nucleotide insertions or deletions when the segments were joined, the FR and CDRs.
TCR repertoires were summarised at the clonotype level, with clonotypes defined as sequences that shared the same V gene, J
gene and CDR3 AA sequence.

For nanopore sequencing, RAGE-seq contigs for each cell barcode were generated and TRA and TRB chains for each cell were
assigned as described in (Singh et al., 2019). Clonotypes from RAGE-seq were defined and summarised using the same approach as
for the repertoire sequencing.

For the 10X analysis of mouse CD8" T cell populations, cells were excluded if the library size or number of expressed genes fell
below 2 median absolute deviations, or if mitochondrial reads accounted for more than 20% of total reads. Cell-wise gene expression
counts were normalized and recovered using SAVER (Huang et al., 2018) with default values, and differentially expressed genes
(DEGs) were identified using limma (Ritchie et al., 2015) on the log-transformed recovered counts. Bonferroni correction was applied
to each set of p-values. DEGs were defined as having a family-wise error rate (FWER) < 0.05.

For the 10X analysis of human T cell populations, raw BCL files were demultiplexed and aligned to human genome reference
GRCh38 and mouse genome reference mm10, using CellRanger v3.0.2 (10X Genomics) to generate UMI count matrices.
CellRanger “filtered_barcode” count matrices were processed by removal of any barcodes with less than 100 genes or
1000 UMI’s or with more than 25% mitochondrial content. All cells with between 5 and 95% mouse UMI’s were classified as having
high ambient mMRNA (defined as mRNA molecules not present inside a cell before/at time of capture) and therefore removed. R pack-
age Seurat (Satija et al., 2015) v3.0.4 was used for normalisation, dimensionality reduction and cluster assignment using default pa-
rameters (at resolution 0.8), using all principal components (n = 100) found to be significant (p < 0.01) as calculated by the Seurat
function Jackstraw. Having first benchmarked batch correction and integration using Harmony and Seurat v3 compared to the
SCTransform workflow, we proceeded using the Harmony workflow with default settings. We provided the Harmony Matrix function
with all n = 100 PCAs found to be significant by Jackstraw. Samples were batch-corrected and integrated using R package Harmony
v.1.0 using the same statistically significant principal components.

For the CITE-seq analysis of human T cell populations, FASTQ reads were demultiplexed and aligned to the ADT barcode library
using package CITE-seq count v1.4.3 (https://github.com/Hoohm/CITE-seqg-Count), using the barcode ‘whitelist’: barcodes meeting
quality control requirements following CellRanger v3.0.2 “filter barcode”. UMIs were collapsed using a maximum hamming distance
error of 1 for both cell barcode and UMI. The processed ADT UMI count matrices were normalised and scaled using Seurat v3.0.4
default parameters, as per the developer’s protocol for CITE-seq (Stoeckius et al., 2017).
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