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Abstract
Thymic selection and peripheral activation of conventional T (Tconv) and regulatory
T (Treg) cells depend on TCR signaling, whose anomalies are causative of
autoimmunity. Here, we expressed in normal mice mutated ZAP-70 molecules with
different affinities for the CD3 chains, or wild-type ZAP-70 at graded expression
levels under tetracycline-inducible control. Both manipulations reduced TCR
signaling intensity to various extents and thereby rendered those normally deleted
self-reactive thymocytes to become positively selected and form a highly autoimmune
TCR repertoire. The signal reduction more profoundly affected Treg development
and function because their TCR signaling was further attenuated by Foxp3 that
physiologically repressed the expression of TCR-proximal signaling molecules,
including ZAP-70, upon TCR stimulation. Consequently, the TCR signaling intensity
reduced to a critical range generated pathogenic autoimmune Tconv cells and
concurrently impaired Treg development/function, leading to spontaneous
occurrence of autoimmune/inflammatory diseases, such as autoimmune arthritis and
inflammatory bowel disease. These results provide a general model of how altered

TCR signaling evokes autoimmune disease.

INTRODUCTION

T cells mediate a variety of common autoimmune diseases such as rheumatoid
arthritis (RA) and type I diabetes. Both the production of autoreactive Tconv cells through
T cell selection in the thymus and their pathogenic activation in the periphery critically
depend on T-cell receptor (TCR) signaling upon recognition of self-peptide-bound major
histocompatibility complexes (self-pMHCs). In addition, depending on the strength of the
interaction between TCRs and self-pMHCs, some developing T cells differentiate into
Treg cells, which specifically express the transcription factor Foxp3 and suppress the
activation of pathogenic self-reactive T cells that have escaped thymic negative selection
(Sakaguchi et al., 2020; Klein et al., 2019). It remains to be determined, however, how
qualitative or quantitative alteration of TCR signaling itself should affect thymic
generation of Treg and autoreactive Tconv cells and their peripheral functions to cause

autoimmune diseases.



There is accumulating evidence in humans and rodents that genetic anomalies or
variations in TCR-proximal signaling molecules, such as ZAP-70 and LAT, and also in
the molecules interacting with them, such as PTPN22 and CBL family proteins, are
causative of and predisposing to a variety of autoimmune diseases (Elder et al., 1994;
Negishi et al., 1995; Aguado et al., 2002; Sommers et al., 2002; Sakaguchi et al., 2003;
Siggs et al., 2007; Hsu et al., 2009; Bottini & Peterson, 2014; Chan et al., 2016; Keller et
al., 2016; Au-Yeung et al., 2018). Among them, ZAP-70 mutations are unique in that they
produce a wide spectrum of immunological disorders encompassing immunodeficiency,
autoimmunity, immunopathology, and allergy in humans and rodents, by strictly affecting
the T cell compartment (Elder et al., 1994; Negishi et al., 1995; Sakaguchi et al., 2003;
Siggs et al., 2007; Hsu et al., 2009; Chan et al., 2016; Au-Yeung et al., 2018). Modulation
of the structure of ZAP-70 or the amount of its expression can therefore be instrumental in
deciphering how quantitative or qualitative alteration of TCR signaling impacts on thymic
production and peripheral activation of self-reactive Tconv as well as Treg cells,
consequently the balance between the two populations, to cause a plethora of
autoimmune/inflammatory diseases.

Here we address the above issue by preparing mice expressing mutated ZAP-70
molecules with various binding affinities for the CD3 chains, or by expressing wild-type
(WT) ZAP-70 molecules in ZAP-70-deficient mice at graded expression levels under
tetracycline-inducible transcriptional control. Both manipulations indeed produced a
similar spectrum of autoimmune/inflammatory diseases including autoimmune arthritis
and inflammatory bowel disease (IBD), which immunologically resembled the human
counterparts. The diseases spontaneously developed only when the TCR signaling
intensity was reduced to a critical range in both systems. The results provide a general
model of how attenuation of TCR signaling intensity via ZAP-70 and other TCR-proximal
signaling molecules, whether due to genetically-induced structural anomalies or reduced
expression of structurally intact forms, can be causative of autoimmune and other
immunological disorders by affecting thymic development and peripheral function of

Tconv and Treg cells.

RESULTS
ZAP-70 mutants with structural alterations reducing their affinity for CD3( chain



ZAP-70 has two tandemly arranged SH2 domains (N-terminal SH2 [N-SH2] and
C-terminal SH2 [C-SH2] domains), which bind to doubly-phosphorylated ITAMs
(pITAMs) of the CD3( and other CD3 chains. To assess the effects of ZAP-70 mutations
on ZAP-70:CD3(-pITAM binding, we generated ZAP-70 SH2 domains with various
mutations and measured their binding affinity for CD3{-pITAM (Fig. 1A). The arthritis-
inducing SKG mutation (Sakaguchi et al., 2003), i.e., conversion of tryptophan 163 to
cysteine (W163C), reduced the binding affinity of the SH2 domain by ~15-fold compared
to WT SH2. H165A and W163A mutations showed ~8-fold and ~260-fold reductions,
respectively. Further, alanine replacement mutations of aromatic residues, such as Y164
and F187, which were predicted to localize closely to W163 in 3D structure (Fig. 1A),
showed more than 200-fold reduction, suggesting that these bulky aromatic residues were
required for stabilizing the tandem SH2 domains in CD3{-pITAM binding.

Since the W163C, W163A, and HI65A mutations are located near the border
between the C-SH2 domain and the inter-SH2 linker (Fig. 1A), we performed the
molecular dynamics (MD) simulation to analyze the stability of the tandem SH2 domains
(Fig. 1B). The SH2 domains with or without mutations showed similar changes and
stabilities when examined without a CD3( chain (Fig. S1A). In contrast, in the presence of
CD3(-pITAM, SKG SH2 showed substantially greater distance (D¢) than WT SH2
between the amino acids forming the C-terminal phosphotyrosine binding (PTB) site
(Hatada et al., 1995) and the phosphotyrosine pY4 of the CD3(-pITAM, while the
distance (D;) between the inter-SH2 PTB site and pY15 of the CD3{-pITAM showed no
increase (Fig. 1A-C, S1B, Video S1-2). The SKG mutation produced no obvious spatial
alteration of the kinase domain or the regions involved in autoinhibitory regulation (Au-
Yeung et al., 2018) of ZAP-70, suggesting that the SKG mutation mainly affected the
binding of the ZAP-70 C-terminal PTB pocket to CD3{-pITAM. Further, MD simulation
of HI65A SH2 with CD3(-pITAM revealed increases in D¢, whereas W163A SH2
showed substantial increases in both D¢ and D; with complete dissociation of the latter
from CD3{-pITAM because of the absence of hydrogen bonds between CD3{-pITAM and
PTB residues (Fig. 1B, C, S1B, C, Video S1-4).

Thus, the degree of change in the binding affinity of mutated ZAP-70 to CD3{
closely correlated with their predicted extent of structural changes affecting the binding

sites.



Spontaneous development of severe arthritis and colitis in ZAP-70 mutant mice

We next generated ZAP-70 knock-in mice (on the BALB/c background) (Fig.
S1D) harboring the H165A or W163A mutation with higher or lower CD3( affinity,
respectively, than SKG W163C mutation and compared them with BALB/c-background
SKG mice in their potential to develop autoimmune disease. The amount of ZAP-70
protein in ZAC, SKG, and W163A CD4" Tconv cells was equivalently low (5.3, 4.5, and
5.4-fold, respectively, lower than in WT Tconv cells) (Fig. S1E), possibly due to
increased degradation of the mutant proteins (Tanaka et al., 2010).

SKG mice spontancously developed autoimmune arthritis in microbially
conventional environments but not under SPF conditions (Sakaguchi et al., 2003; Tanaka
et al., 2010; Yoshitomi et al., 2005; Hashimoto et al., 2010). In contrast, the majority
(~100%) of H165A mutant mice spontaneously succumbed to severe chronic autoimmune
arthritis with overt joint swelling by 9 weeks of age even under an SPF condition (Fig.
2A-C). The arthritis typically started to develop at interphalangeal joints of the forepaws
and progressed to wrists and ankles (Fig. 2A, C), with microscopically evident
inflammatory proliferation of synoviocytes (synovitis) and pannus formation
accompanying abundant cellular infiltration (Fig. 2B). H165A mutant mice also developed
at a high (~60%) incidence macroscopically and microscopically evident colitis with
severe diarrhea and systemic wasting (Fig. 2D-F). Based on these characteristic
phenotypes, they are hereafter called ZAP-70 Arthritogenic and Colitogenic (ZAC) mice.
W163A mutant mice, on the other hand, failed to develop clinically or histologically
evident autoimmunity (Fig. 2C, F). Serologically, serum IgGl, IgG2a, and IgE
concentrations and the titers of anti-cyclic citrullinated peptide (CCP), IgM rheumatoid
factor (RF), and anti-gastric parietal cell autoantibodies were elevated in these ZAP-70
mutant mice to varying extents (Fig. 2G). Adoptive transfer of CD4" or CD8" T cells from
WT, SKG, ZAC, or W163A mice into RAG” mice revealed that only CD4" T cells from
ZAC or SKG mice were able to produce arthritis in the recipients (Fig. 2H, S1F).
Moreover, mannan injection triggered arthritis in SKG mice as reported (Yoshitomi et al.,
2005; Hashimoto et al., 2010), and increased arthritis severity in ZAC mice, but failed to
elicit the disease in W163 A mice (Fig. 2I).



Thus, 8~15-fold reduction of ZAP-70 affinity for CD3( by ZAC and SKG
mutations resulted in the production of CD4" T cells with arthritogenic and/or colitogenic
capacity, whereas ~260-fold reduction by W163A mutation did not. The degree of this
affinity reduction also determined whether arthritis would develop spontaneously or
require stimulation of innate immunity for triggering the disease. In addition, not only
affinity reduction but also lower levels of ZAP-70 protein in the mutant mice may

contribute to the disease induction.

Development of arthritogenic Th17 cells and impaired suppressive function of Treg
cells in ZAC mice

All three ZAP-70 mutant strains showed significant reductions of CD4" and
CDS8" splenic T cells, with total splenocyte numbers comparable with those of WT mice
(Fig. 3A-B, S2A). The percentages of Foxp3" Treg cells substantially increased in ZAC
and SKG mice presumably as a secondary effect of their suffering from systemic
inflammation. It contrasted with no Treg cell increase in non-autoimmune W163A mice
with comparable levels of Foxp3 expression. Splenic Tconv and Treg cells in ZAC mice
indeed highly expressed activation and proliferation markers (such as CD44 and Ki67)
(Fig. 3B, S2B-C) as previously shown for SKG mice (Hirota et al., 2007).

ZAC CD4" Tconv cells actively produced IFNy, IL-17A, and IL-4, and highly
expressed CXCR3 and CCR6, reflecting their particular Th differentiated states (Fig. 3C-
D, S2B, D). In Peyer’s patches, ZAC mice showed a notable increase of CXCR5"PD-1" T
follicular helper (Tth) cells highly expressing IL-4 (Fig. 3D-E). ZAC mice deficient in IL-
17A did not develop arthritis or colitis, albeit some mice slowly developed mild arthritis
after 14 weeks of age (Fig. 3F). Notably, IL-17A” ZAC CD4" T cells showed an
increased production of IL-17F (Fig. S2D), suggesting that IL-17F might partially
compensate for the loss of IL-17A in the late-onset arthritis in IL-17A™ ZAC mice.

Treg cells in ZAC mice were impaired in in vitro suppressive function (Fig. 3G),
despite their normal or high expressions of Treg-function-associated molecules (Fig. S2C),
as were W163A (Fig. S2E) or SKG Treg cells (Tanaka et al., 2010). In vivo, cell transfer
of WT Treg cells into ZAC mice before disease onset prevented both arthritis and colitis
in a dose-dependent fashion (Fig. 3H). The transferred WT Treg cells persisted
dominantly over endogenous Treg cells in the recipient ZAC mice (Fig. 31, S2F). Further,



co-transfer of a small number (2x10°) of WT Treg cells along with 1x10® ZAC CD4" T
cells prevented arthritis, colitis, and splenomegaly in RAG” recipient mice (Fig. 3J, S2G-
H).

Thus, despite the fact that autoimmune ZAC Tconv cells are sensitive to
suppression by normal Treg cells, dysfunctional ZAC Treg cells allow them to become

activated and differentiate into Th17 and other effector T cells to elicit arthritis and colitis.

Single cell analysis of the transcriptome and the TCR clonotype of Tconv and Treg
cells in ZAC mice

To further characterize ZAC Tconv and Treg cells by gene expression, we
performed single-cell RNA sequencing (scRNA-seq) of transcriptomes and TCR
clonotypes on splenic Tconv and Treg cells in WT and ZAC mice. After quality control
and batch correction of the samples, CD3" cells were segregated into 10 clusters based on
gene expression similarities (Fig. 4A, S3A). Clusters 0 and 4-7 were mostly composed of
Tconv cells while Clusters 1-3 and 8-9 were of Treg cells expressing Foxp3 and other
Treg signature genes, e.g., |12ra and 1kzf2 (Fig. 4B-D, S3B). Differentially expressed
genes and Th signature genes in each cluster showed that Cluster 6 and 7 were mostly
composed of ZAC Tconv cells, with unique expression of 1117 and Rorc along with other
Th17 associated genes such as Ccr6 in Cluster 6 and predominant expression of Thl and
Th2 related genes such as 114, 1fng, and Tbx21 in Cluster 7 (Fig. 4C-D, S3B). Pseudotime
analysis of Tconv cells based on gene expression changes enabled an inference of a
trajectory of naive cells (Clusters 0 and 5) differentiating into Cluster 6 and 7 (Fig. S3C).

Single cell TCR clonotyping of splenic Tconv and Treg cells revealed that
effector Tconv, naive Treg, and effector Treg populations in ZAC mice were less diverse
than the counterparts in WT mice as indicated by low inverse Simpson indexes (Fig. 5A).
The frequencies of individual dominant TCR clones in Tconv and Treg cells were much
higher in ZAC mice, indicating their clonotypic expansion (Fig. 5B, Table S1). Among
the annotated clusters in Fig. 4A, Cluster 6, which was mostly composed of ZAC Tconv
cells, had the lowest TCR repertoire diversity (Fig. SC). In addition, the top 10 highly
frequent clonotypes of ZAC Tconv cells in the spleen overlapped broadly with the top 10
clonotypes in Cluster 6 (spleen), Tconv cells in the draining popliteal lymph nodes, and

those in inflamed joints in individual mice, as also the case with the 10 top clonotypes of



ZAC Treg cells (Fig. SD-E, S3D-E, Table S1). In addition, ZAC Treg and Tconv cells
shared an increased ratio of common TCR clonotypes, which were mostly found in Cluster
6 (Fig. SF-G, Table S1). Notably, ZAC Treg cells highly expressed Helios and Nrpl,
potential markers for thymic Treg cells (Fig. S2C); however, Helios Foxp3™ Tconv cells in
ZAC mice were able to become Helios Foxp3™ Treg cells upon transfer into RAG™ mice
(Fig. S3F). This suggested that some of self-reactive Tconv cells could differentiate into
Helios" Treg cells in the periphery of ZAC mice.

Thus, Tconv cells in ZAC mice clonally expanded, differentiated into Th17 cells,

and mediated arthritis. ZAC Treg cells also showed similar clonotypic expansion.

Altered thymic selection of Tconv and Treg cells in ZAP-70 mutant mice

In all three ZAP-70 mutant strains, the numbers of CD4'CD8 (CD4 single-
positive [CD4SP]) and CD4 CD8" (CD8SP) thymocytes were reduced significantly, with
total thymocyte numbers comparable between mutant and WT mice (Fig. 6A-B, S4A).
Among CD4SP thymocytes, Foxp3'Treg cells were severely diminished in the mutant
strains (Fig. 6A-B, S4A). CD4SP and Foxp3 Treg cells in SKG mice showed slightly
better efficiency in their selection or survival compared to other mutant strains.
CD4°CD8" (double-positive [DP]) and CD4SP thymocytes from ZAP-70 mutant mice
were low in the expression of TCRp as well as CD69 (Fig. S4B), which are upregulated
following TCR ligation (Anderson et al., 1999), and also in CD5 as reported in SKG mice
(Ashouri et al., 2019). Further, compared with WT mice, DP thymocytes in ZAC, SKG,
and W163A strains were resistant to TCR stimulation-induced down-modulation of TCR
(Schrum et al., 2003) (Fig. 6C), in accord with the attenuated TCR signaling in these
strains. Assessment of the ratios of TCRP'CD4SP thymocytes expressing TCR Vj
subfamilies reactive with endogenous MMTV superantigens, hence normally deleted in
WT BALB/c mice (Herman et al., 1991), revealed that they were significantly increased in
the thymus and periphery in all three ZAP-70 mutant strains (Fig. 6D, Fig. S4C).
Although the number of thymic Treg cells in ZAC mice was too small to analyze, their
peripheral Treg cells showed a profound increase in the ratio of such normally deleted T
cells (Fig. S4D). Furthermore, in chicken ovalbumin (OVA)-specific DO11.10 TCR
transgenic RAG2”" mice (Kawahata et al., 2002), systemic transgenic expression of OVA

negatively selected CD4SP thymocytes on the WT background whereas it positively



selected CD4SP thymocytes on the ZAC background (Fig. 6E-F). In contrast, thymic Treg
cells, which were absent in DO11.10 RAG™ mice, were positively selected by the OVA
expression on the WT background, but not on the ZAC background.

Functionally, peripheral Tconv cells from ZAC and other ZAP-70 mutant mice
were impaired in phosphorylation of ERK at a down-stream of TCR signaling (Fig. S4E)
and much less proliferative than WT Tconv cells upon in vitro anti-CD3 stimulation (Fig.
6G). However, when the cells were cultured simply on autologous antigen-presenting cells
(i.e., autologous mixed lymphocyte culture), ZAC and SKG Tconv cells exhibited more
active proliferation than WT or W163A CD4" Tconv cells (Fig. 6H). Similar results were
obtained with whole CD4" T cells including Treg cells from these mice indicating that
Treg cells failed to suppress the proliferation of respective Tconv populations (Fig. S4F-
G). Moreover, transfer of whole CD4" T cells into syngeneic RAG™ mice revealed more
active homeostatic proliferation of ZAC and SKG CD4" T cells compared with WT or
W163A CD4" T cells (Fig. 6I).

Taken together, signal reduction through mutated ZAP-70 hampered thymic
positive selection of developing Tconv cells, producing T-lymphopenia, and also hindered
negative selection of those normally deleted Tconv cells. The reduction similarly and
more profoundly affected positive/negative selection of Tregs cells, severely reducing
thymic Treg cell production. The aberrantly selected Tconv cells included those highly

responding to self-antigens in vivo and in vitro despite their impaired TCR signaling.

Foxp3-dependent Treg-specific physiological down-regulation of ZAP-70 and other
signaling molecules expression

We next examined possible differences in the mode of TCR signaling between
Treg and Tconv cells in WT and ZAC mice. Notably, WT Tconv cells up-regulated ZAP-
70 upon in vitro TCR stimulation whereas WT Treg cells down-regulated the expression,
but expressed Nur77, an immediate early gene upon TCR stimulation, to a similar extent
(Fig. 7A). In contrast, ZAC Tconv and Treg cells hardly up- or down-regulated ZAP-70
expression upon TCR stimulation, which upregulated Nur77 close to the WT level in ZAC
Tconv cells but not in ZAC Treg cells.

In WT Treg cells, Foxp3 bound to the promoter region of ZAP-70 and repressed
ZAP-70 transcription upon TCR stimulation (Ohkura et al., 2012; Tanaka et al., 2020).



Foxp3 bound to the promoter regions of other genes encoding TCR-proximal and -distal
signaling molecules, two thirds of which showed slightly lower basal expression levels in
Treg cells compared with Tconv cells (Fig. 7B-C). For example, Treg cells were
physiologically lower in the expression levels of Lck protein and active Lek (pY394-Lck),
the most proximal TCR signaling kinase, in both WT and ZAC mice (Fig. S4H-I). Similar
to Zap70, other Foxp3-bound genes, such as Cd45, Ptpn22, Sp76, and Chlb, were down-
regulated in Treg cells and up-regulated in Tconv cells upon TCR stimulation (Fig. 7C).

To assess functional roles of Treg-specific ZAP-70 down-regulation, we
generated ZAP-70-inducible mice using the transgenes expressing tetracycline (Tet)-
inducible human ZAP-70 (hZAP-70) with eGFP and reverse tetracycline transactivator
(rtTA) under the control of human CD2 promoter (Legname et al., 2000) (designated
rtTA" Tet-hZAP-70" mice) (Fig. S5A). In vitro incubation of rtTA" Tet-hZAP-70" Tconv
cells with graded doses of doxycycline (Dox) showed a close correlation between hZAP-
70 protein and GFP expression (Fig. S5B-D). Upon TCR stimulation, WT Treg cells were
hypo-proliferative in vitro (Takahashi et al., 1998; Thornton & Shevach; 1998), whereas
GFP" (i.e., hZAP-70 overexpressing) Treg cells proliferated as actively as CD4" Tconv
cells (Fig. 7D), indicating a contribution of the Treg-intrinsic low ZAP-70 expression to
the in vitro hypoproliferation of Treg cells.

Thus, Treg cells specifically down-regulate some of the key TCR signaling
molecules mainly, if not solely, by Foxp3-dependent gene repression, thereby controlling
their responsiveness to TCR stimulation. ZAP-70 mutations, when combined with this
Treg-intrinsic TCR signaling regulation, more severely impair TCR signaling in Treg than
in Tconv cells; it might also hamper the TCR-dependent activation of Foxp3 to control the

expression of ZAP-70 and other signaling molecules in Treg cells.

Spontaneous development of autoimmune diseases in mice expressing a low amount
of normal ZAP-70

The above results with ZAP-70 mutant mice posed a question whether a
qualitative alteration due to a specific conformational change in the ZAP-70 molecule (and
resulting altered interactions with other signaling molecules) or a mere reduction of the
quantity of TCR signal through ZAP-70 was responsible for the autoimmune induction.

To address the issue, we expressed graded amounts of structurally intact hZAP-70 in

10



rtTA" Tet-hZAP-70" mice on the BALB/c background with endogenous ZAP-70
deficiency (hereafter called Tet-on ZAP mice). By continuous feeding with Dox-
containing food (Dox 0.5 [0.5mg/g of Dox in food] or Dox 2.0 [2.0 mg/g]) for 9 weeks,
Dox 0.5 Tet-on ZAP mice (hereafter called Dox 0.5 mice) showed shorter survivals
(~50% mortality during 2-month observation) than Dox 2.0 mice (Fig. 8A), with failure to
gain weight (Fig. 8B), and spontaneously developed chronically progressing joint swelling
at a high (~80%) cumulative incidence (Fig. 8C-D). The arthritis was histologically
evident with synovitis and destruction of the cartilage and bone (Fig. 8E-G). The mice
also developed other clinically and histologically evident autoimmune/inflammatory
lesions (Fig. 8E-G, SS5E), including dermatitis, interstitial pneumonitis, myositis, and
colitis with severe diarrhea. It was also noted that they failed to develop autoimmune
gastritis, which is the most frequent autoimmunity induced by Treg depletion on the
BALB/c background (Sakaguchi et al., 1985), presumably because of TCR repertoire
change due to the mutation (Tanaka et al., 2010). Serologically, Dox 0.5 mice developed
higher concentrations of serum IgG than Dox 2.0 mice with similar increases in IgE, [gM
RF, and anti-CCP antibody titers (Fig. 8H). Both Treg and Tconv cells were highly
activated in Dox 0.5 mice (Fig. 8I, S5F), and developed larger numbers of Th17 and Thl
cells (Fig. 8J). Thus, reduced expression of structurally normal ZAP-70 molecules
resulted in spontaneous development of a wide spectrum of autoimmune/inflammatory

diseases, including arthritis and colitis, as observed in ZAC mice.

Graded expression of normal ZAP-70 alters thymic selection of Tconv and Treg cells
In the thymus, Dox 2.0 mice expressed higher levels of GFP and produced
larger numbers of DP and mature (i.e., TCRB-chain expressing) CD4SP and CD8SP
thymocytes as well as Foxp3 CD4SP thymocytes than Dox 0.5 mice (Fig. 9A-C, S5G). In
the periphery, the number of CD4" and CDS8" splenic T cells were lower in Dox 0.5 than in
BALB/c mice, but harbored a larger number of Foxp3™ Treg cells presumably as a
secondary effect of systemic inflammation (Fig. 9C, SSH). Notably, the percentages of
TCRB'CD4SP and CD8SP thymocytes among whole thymocytes in these Dox-treated
mice were directly proportional to the levels of GFP expression, hence ZAP-70 expression
(Fig. S5I), in a wide range (e.g., in 0.03~3% range of CD4SP thymocytes produced) (Fig.
9D). Indeed, compared with Dox 0.5 mice, DP thymocytes in Dox 2.0 mice expressed
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higher levels of TCRp, and also CD5 and CD69 (Fig. S5J). Similarly, the development of
Foxp3'CD4SP thymocytes was directly proportional (in 1~30% range of CD4SP
thymocytes produced) to the levels of GFP expression especially in Dox 2.0 mice, which
developed ten times higher numbers of Foxp3'CD4SP thymocytes than Dox 0.5 mice (Fig.
9C-D, S5G).

Assessment of thymic negative selection revealed that the ratios of CD4SP
thymocytes expressing self-reactive TCR Vf3, 5, and 11 subfamilies were inversely
proportional to GFP levels in a wide range (e.g., 0.8~6% for VB3" cells among CD4SP
thymocytes); i.e., the higher was the GFP expression, the more efficiently deleted were
such VB-expressing cells, approaching their very low levels in normal BALB/c mice (Fig.
9E). In the periphery, Dox 0.5 mice compared with Dox 2.0 or WT mice indeed possessed
significantly higher proportions of CD4" Tconv and Treg cells expressing such self-
reactive Vfs (Fig. 9F).

Functionally, both Dox 0.5 and Dox 2.0 CD4" T cells were profoundly
hyporesponsive to anti-CD3 stimulation in vitro (Fig. 9G). However, upon transfer of
CD4" or CD8" T cells from Dox 0.5 or Dox 2.0 mice into RAG” mice that were
continuously fed with Dox 0.5 food, Dox 0.5 donor-derived CD4" T cells expanded more
vigorously than Dox 2.0 or normal BALB/c CD4" T cells, suggesting higher self-reactivity
of the former than the latter (Fig. 9H). In addition, in vitro suppressive activity of Dox 0.5
or 2.0 Treg cells was much less potent than BALB/c Treg cells even in the presence of a
high Dox dose (Fig. 9I). These CD4" T cells in Dox 0.5 and Dox 2.0 mice, when
compared with those in WT mice, showed ~15 and ~7-fold reductions, respectively, in
ZAP-70 expression levels (Fig. S5K).

Thus, the efficiencies of both positive and negative selection of CD4SP and
CDS8SP thymocytes and Treg cells are closely dependent on the quantity of intact ZAP-70
expressed in developing T cells. The lower the ZAP-70 expression, the more are self-
reactive Tconv and Treg cells positively selected and the less negatively selected. The
reduction of ZAP-70 expression also impairs the function of Treg cells, allowing an
expansion of self-reactive Tconv cells. It was also suggested that disease induction by
quantitative reduction of WT ZAP-70 might require a much lower amount of WT ZAP-70
compared to mutant ZAP-70 molecules, which were reduced ~5-fold in mutant mice (see

above).
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Low ZAP-70 expression impairs Treg suppression and alters Tconv specificity for
autoimmune disease induction

We next attempted to determine how the altered TCR repertoire of developing T
cells and the impaired functions of both Treg and Tconv cells, as shown above,
contributed to actual autoimmune disease development in Tet-on ZAP mice.

First, we transferred to RAG” mice the same number of CD4SP thymocyte
suspensions from individual mice Dox 0.5- or 2.0-treated for 4 weeks, and fed the
recipients with Dox 0.5 food for 3 months (Fig. 10A). Arthritis developed mostly in the
recipients of thymocytes from Dox 0.5 mice, with disease incidence and severity showing
an inverse correlation with the levels of GFP expression in donor CD4SP thymocytes at
the time of transfer; i.e., GFP*CD4SP thymocytes predominantly elicited arthritis in the
recipients. Similarly, CD4SP thymocytes that induced histologically evident synovitis,
interstitial pneumonitis and/or colitis in the recipients had significantly lower GFP
expression than those which failed to produce these diseases (Fig. 10B).

To determine next whether the autoimmune-inducing repertoire and activity of
thymocytes, as shown above, were retained in the periphery, we transferred into RAG™
mice Treg-depleted CD4 CD25 or non-depleted CD4" splenic T cell suspensions from the
mice Dox-treated for 9 weeks as shown in Fig. 8, with continued Dox treatment of the
recipient mice for 12 weeks. Transfer of CD4'CD25 T cells from Dox 0.5 mice reduced
the survival of the recipients while cell transfer from Dox 2.0 mice did not (Fig. 10C). The
former induced autoimmune diseases at higher incidences and in more severe forms than
the latter; further, the spectrum of autoimmune diseases in these cell transfers was
different from the one induced by BALB/c CD4'CD25 cell transfer, which induced
autoimmune gastritis predominantly (Sakaguchi et al., 1995) (Fig. 10D-E). In addition,
when the RAG™" recipients of CD4"CD25™ T cells from arthritis-bearing Dox 0.5 mice
were kept treated with the Dox dose 0.5 or 2.0, either treatment equivalently induced
arthritis, whereas those from Dox 2.0 mice hardly developed the disease irrespective of the
Dox doses for treating the recipients (Fig. 10F). As a control, when whole splenocytes
from Dox-untreated Tet-on ZAP mice were transferred into RAG™ recipients and fed with

Dox 0.5 food, they failed to induce autoimmune arthritis (Fig. 10F).
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Thus, Treg depletion revealed that the autoimmune-inducing TCR repertoire
formed in the thymus, but not the efficacy of TCR-signaling dependent activation of
peripheral Tconv cells, was essential for the autoimmunity in Tet-on ZAP mice.

The lower incidence and less severity of autoimmune disease in the recipients of
CD4" Tconv cells compared with those of CD4'CD25 Tconv cells in the above
experiments indicated possible contribution of Treg cells. When the same number of
CD25"¢"CD4" Treg cells from Dox 0.5 mice or normal BALB/c mice were transferred
into Dox 0.5 mice, the former was indeed much less potent than the latter in suppressing
arthritis development (Fig. 10G).

Taken together, thymic generation of Tconv cells with autoimmune TCR
specificities as well as impaired Treg development and function are critically required to
evoke and determine the disease spectrum and severity of autoimmunity caused by low

ZAP-70 expression.

DISCUSSION

As the main findings in this study, a similar spectrum of
autoimmune/inflammatory diseases spontaneously developed when TCR signaling
intensity was reduced to a similar extent by changing the structure of ZAP-70 or the
expression level of normal ZAP-70. Further, both manipulations altered the thymic
formation of the TCR repertoire of self-reactive Tconv cells and concurrently hampered
thymic generation and peripheral function of Treg cells, hence affecting the balance
between the two populations, to evoke the diseases.

Tconv cells generated in the thymus at a low TCR signaling range acquired a
highly self-reactive TCR repertoire as shown in both ZAP-70 mutants and Tet-on ZAP
mice. In the latter model, for example, low-level ZAP-70 expression at a low Dox dose
predominantly generated (i.e., positively selected) T cells reactive to endogenous super-
antigens; negative selection of such self-reactive T cells gradually became more effective
in proportion to the increase of ZAP-70 expression, nearing their low numbers in ZAP-70-
intact mice. Tconv cells in ZAP-70-low Tet-on ZAP mice and ZAP-70 mutant mice were
also functionally self-reactive as suggested by their high in vitro and in vivo proliferative
activity against autologous APCs physiologically presenting endogenous self-antigens.

Such self-reactive Tconv cells appeared to stimulate APCs to secrete IL-6 and other
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cytokines, driving themselves to differentiate into Th17 and other effector T cells (Hirota
et al., 2007). Low thymic output hence partially lymphopenic environment in ZAP-70-
altered mice could also favor clonal expansion of such self-reactive Tconv cells (Liston et
al., 2008). It is thus likely that in the ZAP-70-altered mice, some T cells expressing low-
affinity TCRs for self-pMHCs are not positively selected because TCR signal intensity is
reduced below the threshold required for positive selection. The signal reduction, on the
other hand, enables T cells strongly reactive to self-pMHC, hence normally deleted, to
survive (i.e., escape negative selection). The resulting shift of the whole TCR repertoire of
Tconv cells towards higher affinities for thymic self-pMHCs, hence more self-reactive
than ZAP-70-intact Tconv cells, changes the potential spectrum of T cell-dependent
autoimmune and immunopathological diseases especially towards more systemic ones
including autoimmune arthritis.

In mature Treg cells, the basal expression levels of some TCR signaling
molecules, such as Lck, are kept low; upon TCR stimulation, Foxp3 further represses
ZAP-70 and some other TCR-proximal signaling molecules by binding to their gene
promoter regions (Ohkura et al., 2012; Morikawa et al., 2014; Tanaka et al., 2020). This
Treg-specific down-modulation of TCR signaling appears to be required for the
maintenance of Treg homeostasis, as ZAP-70 overexpression led to TCR stimulation-
dependent in vitro proliferation in otherwise hypo-proliferative Treg cells. It may also
ensure Treg and Tconv cells to possess different thresholds and kinetics in T-cell
activation and survival. The down-regulation may physiologically enable Treg cells to
avoid activation-induced cell death and better survive than effector Tconv cells at an
inflammation site to exert dominant control of the inflammation over Tconv cells. On the
other hand, TCR stimulation is required for Treg cells to exert suppressive function; for
example, TCR signal activates Foxp3 to repress IL-2 and other cytokines production and
up-regulate Treg-suppression-associated molecules such CTLA-4. Thus, TCR signal
attenuation due to ZAP-70 anomalies may affect Treg homeostasis as well as Treg-
mediated suppression, causing profound dysfunction of peripheral Treg cells.

In contrast with the autoimmune-promoting effects (e.g., self-skewing of TCR
repertoire of Tconv cells and Treg cell deficiency/dysfunction) of low TCR signaling,
further reduction of TCR signaling intensity was autoimmune-inhibitory, hindering the

activation of self-reactive Tconv cells upon self-antigen recognition. This is typically seen
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in W163A ZAP-70 mutant mice, which developed autoantibodies and hyper-IgE but no
clinically or histologically evident autoimmune disease despite their severe TCR self-
skewing and Treg cell deficiency. In addition, several ZAP-70 mutant mice previously
reported by others possessed various degrees of T-cell immunodeficiency, hyper-IgE, and
autoantibody formation, but rarely developed clinically or histologically evident
autoimmune diseases (Negishi et al., 1995; Siggs et al., 2007; Hsu et al., 2009). Similarly
in humans, many reported cases of ZAP-70 mutations exhibited T cell immune deficiency
and hypofunction, and hyper-IgE in some cases, but mostly failed to develop clinically
evident autoimmune disease (Picard et al., 2009; Wang et al., 2010; Sakaguchi et al.,
2011). These immunodeficiencies without apparent autoimmunity can be attributed to the
location of the mutations. A majority of the mutations in mice and humans are present in
the kinase domain of ZAP-70 and therefore severely impair TCR signaling, whereas most
mutations causative of autoimmunity are present in the SH2 domain (Sakaguchi et al.,
2003; Hsu et al., 2009; Sakaguchi et al., 2011; Chan et al., 2016) and may moderately
affect TCR signaling via conformational changes of the domain. The autoimmune-causing
genetic anomalies of ZAP-70 thus appear to allow positive selection (and hinders negative
selection) of Tconv cells capable of mediating the disease; to enable the autoimmune
Tconv cells to be functionally competent; and, further, to render Treg cells deficient in
number and/or defective in function to impair suppression of autoimmune Tconv cells.
Non-autoimmune anomalies such as hyper-IgE and IBD frequently observed with ZAP-70
mutation in humans and mice could also be attributed to Treg deficiency and resulting
activation of Thl and Th17 cells mediating IBD as excessive immune responses against
intestinal commensal bacteria, and Tth cells promoting IgE production (Uhlig et al., 2018;
Wing et al., 2014). Further below this range, severe T-cell immune deficiency due to
impaired positive selection of both Tconv and Treg cells would ensue.

Our results with ZAP-70 mutant and Tet-on ZAP mice suggest that genetic
anomalies of other TCR-proximal signaling molecules could also evoke similar
autoimmune disorders by a common mechanism (i.e., reduction of TCR signaling intensity
to within the autoimmune range), providing a general model of autoimmunity due to
anomalies/variations in various molecules mediating or controlling TCR signaling
(Aguado et al., 2002; Sommers et al., 2002; Bottini & Peterson, 2014; Ohashi et al., 2002;
Liston et al., 2008; Holst et al., 2008; Hwang et al., 2012; Deng et al., 2013). For
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example, genetic polymorphism of PTPN22, which interacts with ZAP-70 and reduces its
activity, might well alter TCR-proximal signaling intensity, affecting Tconv as well as
Treg cells, thereby contributing to genetic susceptibility to various autoimmune diseases
including RA (Bottini & Peterson, 2014). Genetic anomalies/variations in other TCR-
proximal signaling molecules associated with human autoimmune diseases, such as Lck,
LAT, or Cbl-b (Hauck et al., 2012; Keller et al., 2016; Janssen et al., 2022), might also
similarly affect Tconv and Treg cells, and the balance between the two populations,
thereby contributing to autoimmune disease development. In addition, such genetic
anomalies/variations can interact with other genes to produce different autoimmune
diseases; for example, while autoimmune arthritis predominantly developed in ZAC, SKG,
and Tet-on ZAP mice on the BALB/c background, lupus-like systemic autoimmunity was
a predominant manifestation in SKG mice on the C57BL/6 background (Matsuo et al.,
2019). Our results also provide a model of gene/environment interactions in autoimmune
disease. Environmental factors, particularly stimuli of innate immunity, may precipitate
autoimmune disease in individuals with a signal anomaly/variation that is barely sufficient
by itself to evoke autoimmune disease (Sakaguchi et al., 2003; Yoshitomi et al., 2005;
Hashimoto et al., 2010). Moreover, this model of autoimmunity based on a shift in the
TCR repertoire towards a high self-reactivity enables characterization of normally deleted
pathogenic autoimmune Tconv cells and the self-antigens they recognize, in particular,
those ubiquitously expressed self-antigens targeted in systemic autoimmune diseases such
as RA (Ito et al., 2014). Lastly, for treating and preventing various T cell-dependent
immunological disorders, TCR-proximal signaling molecules can be pharmacologically
targeted to differentially control the generation and functions of Tconv and Treg cells

(Sakaguchi et al., 2020: Tanaka et al., 2020).

MATERIALS AND METHODS
Mice
All mice were maintained in specific pathogen-free facilities and treated in accordance
with the institutional guidelines for animal care at the Institute for Frontier Medical
Sciences, Kyoto University, and Immunology Frontier Research Center, Osaka University.
The animal experiments were approved by the institutional review boards of Kyoto

University and Osaka University. BALB/c and SKG mice were purchased from CLEA
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Japan. RAG2" BALB/c mice were a gift from Y. Shinkai (1992). SKG (Sakaguchi et al.,
2003), FIG (Foxp3-IRES-GFP knock-in) (Ohkura et al., 2012), IL-17A KO (Nakae et al.,
2002), rtTA Tg (Legname et al., 2000), and Ld-nOVA" DO11.10° RAG2”" (Kawahata et
al., 2002) mice were previously described. HI65A (ZAC) and W163A mutant ZAP-70
knock-in mice were generated by using standard molecular cloning procedures and
transfection into BALB/c ES cells. PCR was used to genotype the ZAP-70 mutant knock-
in allele (wildtype ~400 bp, knock-in allele ~500 bp amplifications by following primers:
Zap-F9883 5°-TGG AAA GTA CAG AGC AAG CAA G, Zap-R10289 5’-CTC TGG
AGT CCT TCC AGT TCA C and Zap-neo 5’- TAG TGA GAC GTG GTA CTT CC).
SKG, H165A (ZAC) KI, W163A KI, thyl.1 mice were crossed with FIG mice to generate
FIG SKG, FIG H165A (ZAC) KI, FIG W163A KI, and FIG thyl.l mice on BALB/c
background. H165A (ZAC) KI mice were also crossed to Ld-nOVA" DO11.10" RAG2™"
to generate Ld-nOVA" DO11.10° RAG2” HI165A (ZAC) KI or DO11.10" RAG2™
H165A (ZAC) KI mice. For the construction of Tre-hZAP-EGFP transgenic mice, hZap70
cDNA was subcloned into a Tet reporter construct featuring an upstream tetracycline
response element (Tre), a minimal cytomegalovirus (CMV) promoter, an HA-tag, a
downstream IRES (internal ribosomal entry site)-EGFP reporter, and polyadenylation
(polyA) signals. Fragments were prepared and injected into the pronuclei of fertilized
oocytes from (CBAXC57Bl/10) F1 mice. PCR amplification of 172 bp band (hZAP
forward primer 5’-CAC CAA GTT TGA CAC GCT CTG G and hZAP reverse primer 5’-
TCG TCT CTG AGG ATG AGT CAA CQG) indicated the presence of the Tre-hZAP-
EGFP transgene. Both Tre-hZAP-EGFP and rtTA transgenic strains were backcrossed to
BALB/c mice more than 10 times, and they were crossed to BALB/c ZAP-70"" mice
(Negishi et al., 1995). DO11.10 TCR transgenic mice were also crossed to endogenous
ZAP-70-deficient Tet-on ZAP mice. Tet-on ZAP mice were fed with doxycycline (Sigma,
St. Louis, MO or Nakalai tesque, Japan) containing food (0.5 or 2.0 mg per gram;
prepared by CLEA Japan) to induce the expression of hZap-70. Female Tet-on ZAP mice
were used unless otherwise stated. All the mice used in this study were on the BALB/c

background or backcrossed to BALB/c strain more than 10 times.

Molecular dynamics simulations
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The crystal structure of Zap70 (Hatada et al., 1995) (PDB identifier 20Q1) was used as
the initial structure in Molecular Dynamics (MD) simulations. Implicit solvent simulations
using the GB/SA model were carried out using GROMACS (van Der Spoel et al., 2005)
with the Amber99 force field (Case et al., 2004). Ten independent 40ns simulations for
each system using an NVT ensemble at 300K with a step size of 1fs were performed, and
snapshots were collected every 10ps. Harmonic distance restraints were applied to the two
SH2 domains (residues 10-102 and 166-254, respectively) with a force constant of 2.5

kJ-mol'-nm?

. Dihedral restraints were applied to the linker (residues 114-156). D
quantified the average distance between the phosphate group of the phospho-tyrosine
residue (pY15) on CD3( fragment and ZAP-70 inter-SH2 binding residues, Argl7 (NH2),
Arg37 (NH1), Tyr238 (CE1), Lys242 (NZ). D¢ quantified the average distance between
the phosphate group of the phospho-tyrosine residue (pY4) on CD3{ fragment and ZAP-
70 C-terminal SH2 binding residues, Argl70 (NH1), Argl90 (NH2), and Argl92 (NHI).
Hydrogen bond analysis was carried out by the VMD package (Humphery et al., 1996)
with H-bond cut off length of 3.5 angstrom. Explicit water MD simulations using the
TIP3P model were performed by the MyPresto/cosgene package (Fukunishi et al., 2003).
A cubic water box containing 13950 water molecules was used. A 100ps simulation using
an NPT ensemble with positional restraints on the protein was performed to equilibrate the
system; subsequently, the SHAKE algorithm was applied, and the step size was increased

to 2 fs. Three 15 ns simulations using an NVT ensemble were performed with snapshots

collected every 2 ps.

BIACORE affinity assay

Recombinant SH2 region of ZAP-70 was expressed as GST fusion protein using
pGEXA4T-3 vector (GE Healthcare) and cleaved with thrombine. Biotinylated ITAM-1
motif of CD3{ with phosphorylated tyrosine was synthesized and immobilized onto a gold
film coated with streptavidin and the affinity was measured by BIACORE 3000 (GE
Healthcare). The affinity of an interaction was determined from kinetic measurements, and

the equilibrium constant K, was the ratio of the kinetic rate constants, kg/k,.

Cellular analyses by Flow-cytometry
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For FACS analyses and cell sorting, the following anti-mouse antibodies were used. Anti-
CD25 (PC61)-PE (BD; 553866), anti-CD25(7D4)-V450 (BD; 561257), anti-CD4 (RM4-
4)-Biotin (Biolegend; 116010), anti-CD4(RM4-4)-FITC (Biolegend; 116003), anti-
CD16/32 (2.4G2)(BD; 553142), anti-CD40L (MR1)-PE (BD; 553658), anti-CD62L
(MEL-14)-APC (BD; 553152), anti-CD45RB (16A)-FITC (BD; 553099;), anti-CD44
(IM7)-PE-Cy7 (BD; 560569), anti-CD69 (H1.2F3)-APC (BD; 560689), anti-CTLA-4
(UC10-4F10-11)-PE (BD; 553720), anti-CD103 (M290)-FITC (BD; 557494), anti-
CXCR3 (173)-APC (eBioscience; 17-1831-82), anti-CXCR4 (2B11)-PE (eBioscience; 12-
9991-82), anti-PD-1 (J43)-FITC (eBioscience; 11-9985-85), anti-Tim-3 (RMT3-23)-APC
(eBioscience; 17-5870-80), anti-CD24 (M1/69)-eF450 (eBioscience; 48-0242-80), anti-
CD5 (53-7.3)-PE (BD Biosciences; 553022), anti-CD8 (53-6.7)-Biotin (Biolegend;
100704), anti-FR4 (12A5)-APC (BD; 560318), anti-VB3 (KJ25)-PE (BD; 553209), anti-
VB5.1 5.2 (MR9-4)-PE (BD; 553190), anti-VB6 (RR4-7)-PE (BD; 553194), anti-VB7
(TR310)-PE (BD; 553216), anti-VB8.1/8.2 (MR5-2)-PE (BD; 553186), anti-VB10
(B21.5)-PE (eBioscience; 12-5805-81), anti-VB11 (RR3-15)-PE (BD; 553198), anti-TCR-
B (H57-597)-APC (Biolegend; 109212), anti-DO11.10 TCR (KJ1.26)-APC (eBioscience;
17-5808-80), anti-IL-6 (MP5-20F3)-PE (eBioscience; 12-7061-71), anti-IL-4 (11B11)-PE
(eBioscience; 12-7041-71), anti-IL-2 (JES6-5H4)-PE (eBioscience; 12-7021-71), anti-
IFN-y (XMG1.2)-eF450 (eBioscience; 48-7311-82), anti-IL-17A (TC11-18H10.1)-BV421
(Biolegend; 506926), anti-IL17F (18F10)-PE (eBioscience; 12-7471-80), anti-Foxp3
(MF23)-AF488 (BD; 560403), anti-Foxp3 (FJK-16s)-PE (eBioscience; 12-5773-82), anti-
Helios (22F6)-eF450 (eBioscience; 48-9883-41), anti-CD304 (Neuropilin-1)-biotin
(Biolegend; 145213), anti-Nur77 (12.14)-PE (eBioscience; A18533), anti-phospho-p44/42
MAPK (Erk1/2) (197G2) (Cell Signaling Technology; 4377), anti-mouse/human Ki-67
(MKI67)-PE (BD; 556027), anti-GITR (DTA1)-BV421 (BD; 563391), anti-ZAP-70
(1E7.2)-PE (eBioscience; 8012-6695-120), anti-CD3e (145-2C11)-Biotin (BD; 553060),
anti-CD25 mAb (7D4)-PE (BD; 558642), anti-Lck (3A5) (Santa Cruz Biotechnology; sc-
433), anti-phospho-Src Family (Tyr416) (Cell Signaling Technology; 2101).

For intracellular staining, cells were stained with LIVE/DEAD Fixable Near-IR stain kit
(ThermoFisher) or 7-AAD viability dye (Beckman Coulter) before fixation. For Foxp3,
CTLA-4, and Ki67 staining, cells were fixed and permeabilized with Mouse Foxp3

Staining Buffer set (eBioscience). For intracellular ZAP-70 analysis, cells were fixed and
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permeabilized with BD Cytofix/Cytoperm (BD Biosciences), and stained with anti-ZAP-
70-PE (1E7.2) antibody. For intracellular cytokine staining, lymph node or spleen cells
were cultured in complete RPMI medium, stimulated with 20 ng/ml PMA and 1 pM
ionomycin in the presence of Golgi-Stop (BD Biosciences) for 5 hours. Then, cells were
stained with anti-CD4 antibody, permeabilized with BD Cytofix/Cytoperm (BD
Biosciences), and stained with anti-cytokine antibodies. Cells were analyzed by
FACSCanto II, FACSCalibur, or LSRFortessa (BD Biosciences). Cells were sorted by
FACSAria II, FACSAria SORP (BD Biosciences) or MoFlo (Beckman Coulter). Data
were analyzed by FlowJo software (Tree Star, OR).

Preparation of T cell sub-populations for cell transfer.
To enrich CD4" T cells, spleen and lymph node cells were treated with anti-CDS8 (3.155)
and anti-CD24 (J11d) mAbs and incubated at 37°C for 30 min on plastic dishes pre-coated

with goat anti-rat IgG. Non-adherent cells were stained with anti-CD25 mAb (7D4) and
anti-CD4 mAb. Alternatively, Foxp3™ CD4" Treg cells were purified from FIG BALB/c
WT (thyl.1 or thyl.2), FIG ZAC, FIG SKG, or FIG W163A mice based on GFP
expression. CD4" whole, CD4'CD25 T, CD4'CD25" Treg or Foxp3' CD4" Treg cells
were purified by MoFlo Cytometer (DakoCytomation, CA, USA) with >96% purity. CD4"
whole, CD4" CD25 T cells, or CD4SP TCRB™" thymocytes (3x10°, 5 x10°, or 1x10°, as

indicated) were i.v. injected into recipient mice.

Single-cell RNA sequencing of transcriptome and TCR

Single cell- encapsulation, barcoding and sequencing. CD4" Foxp3™ or Foxp3" cells from
FIG BALB/c WT or FIG ZAC BALB/c mice were collected by FACSAria SORP (BD
Biosciences). Cells from inflamed joint, draining popliteal lymph node (dLN), and spleen
of each FIG ZAC mice were barcoded with TotalSeq hashtag (BioLegend) antibodies and
processed with Chromium Single Cell 5° Library & Gel bead kit (10x Genomics) and
loaded onto a Chromium Single Cell Chip (10x Genomics) according to manufacturer’s
instructions. A maximum of 10,000 cells per sample was targeted to generate TCR VDJ

and Gene expression libraries. HiSeq3000 and NovaSeq6000 were used for sequencing.
Pre-processing of single cell RNA-seq data. FASTQ files were aligned to the mouse

reference genome (GRCm38, and GRCm38 VDJ v5.0.0, from 10x Genomics), filtered and
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counted for barcode and unique molecular identifiers (UMIs) by the 10x Genomics
software Cell Ranger v.5.0. Except where specified, all single cell data was analyzed by
Seurat v4.0 R package (Hao et al., 2021; Stoeckius et al., 2018). Hashtag demultiplexing
was performed by the method integrated in Seurat and number of single cells was
normalized among spleen cell samples. Using normalized UMI counts, the top 2,000
variable genes were identified in each batch independently, all batches matrices were
merged and the combined variable features of each batch were scaled. Batch correction
and data integration was performed by the R package Canek (Loza et al., 2022), which
uses a mutual nearest neighbors (MNNs) approach combined with a hybrid
linear/nonlinear framework to correct cell type specific batch effects. Data quality control
was next performed in the integrated gene expression matrix: cells with less than 200
(poor quality reads) or more than 2500 expressed genes (doublets) and/or more than 5% of
mitochondrial counts (damaged and dead cells) were removed. A total number of 12,961
cells were retained from which 7,073 cells correspond to WT mice and 5,888 to ZAC mice,
and used for further analyses.

Identification of cell clusters. The identification of cell clusters based on gene expression
data was performed in the integrated data set by Seurat v4.0. Cells lacking CD3D, CD3E
and CD3G expression were removed. The uniform manifold approximation and projection
(UMAP) was used to visualize gene expression profiles and clusters.

Pseudotime analysis. Monocle 3 (Trapnell et al., 2014) method was applied on the Tconv
dataset to perform a single-cell trajectory analysis. Cells expressing high levels of naive T
cell markers (CCR7, SELL and IL7R) were set as origin for an unsupervised algorithm for
temporally ordering individual cells according to the sequence of gene expression changes
without the need of known markers.

T cel repertoire analysiss. TCR information was obtained from Cell Ranger
all contig annotations.csv output file and filtered to remove low quality and unproductive
sequences, as well as putative doublets (barcodes associated with more than one alpha and
beta chains). Repertoire diversity and clonality in each gene expression cluster was
examined by means of the inverse Simpson’s Diversity index. Clonotype tracking across
Th17 cells in spleen and tissues of ZAC mice was performed by the Immunarch R
package v0.6.6 (ImmunoMind Team, 2019). Top clonotype overlaps and gene usage

analysis were examined by customized R code.
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Cell proliferation and Suppression assay.

RPMI 1640 medium supplemented with 10% FBS, 50uM 2-ME, 100 [U/ml penicillin, and
100ug/ml streptomycin (Nacalai Tesque), and 10mM HEPES buffer was used for T cell
culture. CD4°CD25™ T cells (2.5x10*) were incubated in round-bottom 96-well plates with
5.0x10* irradiated splenocytes and 0.5pg/ml soluble anti-CD3 (2C11). In suppression
assays (Takahashi et al., 1998), responder T cells (Tresp; CD25CD4" or Foxp3™ CD25
CD4" splenic T cells), irradiated splenocytes, and indicated ratios of Treg cells (Foxp3"
CD4" Treg or CD25"&" CD4" splenic T cells) were used. Graded concentrations of
doxycycline were added in indicated experiments. 3H-thymidine (Perkin Elmer)

incorporation was measured for the last 8 hours of 72-hour incubation.

ELISA

Anti-parietal cell antibody and RF titers were assessed by ELISA as previously described
(Sakaguchi et al., 2003; Takahashi et al., 1998). Anti-CCP antibody was assessed by
MESACUP-2 CCP kit using anti-mouse Ig antibody (MBL). Serum IgG, IgG1, and IgG2a
levels were measured by ELISA using either Mouse IgG ELISA Quantitation Kit (Bethyl
Laboratories) or Clonotyping Elisa kits (Southern Biotech). IgE levels were measured by

OptEIA Mouse IgE ELISA set (BD Biosciences).

Western blotting

Sorted cells were treated with NP-40 buffer (1% NonidetP-40, 20 mM Tris pH 7.8, 150
mM NaCl, 2 mM MgCl,), supplemented with the protease inhibitors
phenylmethylsulfonylfluoride (PMSF, 1 mM) and CLAP (5 pg/ml each of chymostatin,
pepstatin A, antipain hydrochloride and 10 pg/ml leupeptin hemisulphate) and a
phosphatase inhibitor cocktail (Roche), and subsequently with Laemmli buffer. Lysates
from 1 x 10° cells from each sample were run on 7.5% polyacrylamide gel or 12-230kDa
capillary with total protein normalization on Jess (Proteinsimple) with anti-phospho-Src
family (Y416) antibody (Cell Signaling Technology) for detection. Analysis was
performed by LAS-4000 (Fujifilm) or Jess (Proteinsimple).

Quantitative PCR
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From sorted T cells, RNA was isolated with RNeasy Mini Kit (Qiagen) and cDNA was
synthesized with SuperScript III reverse transcriptase kit (Invitrogen). Quantitative real-
time PCR was performed by TagMan probe Mm00445259 ml covering IL-4 gene using
Step-OnePlus real-time PCR system (Applied biosystems, Life Technologies) according to

the instruction provided by the manufacturer.

Foxp3 bound TCR signalling genes

Foxp3 binding peaks were identified from ChIPseq database from Morikawa et al (2014).
Foxp3-bound TCR signalling genes were defined using Foxp3 ChlIP-seq databases from
Samstein et al (2012) and Kitagawa et al (2017). For each ChIP-seq experiments, peaks
were identified by findPeaks in Homer program (version 4.7.2)(Fejes et al., 2008) and
regions commonly detected in two ChIP-seq experiments were considered as reliable
Foxp3 binding sites. Genes with Foxp3 binding at their promoter (2.5 kb upstream of

transcription start sites) were selected as Foxp3 target genes.

Clinical assessment of arthritis

Joint swelling was monitored by inspection and scored as follows: 0, no joint swelling; 0.1,
swelling of one finger joint; 0.5, mild swelling of wrist or ankle; and 1.0, severe swelling
of wrist or ankle. Scores for all fingers and toes, wrists, and ankles were totaled for each

mouse (Sakaguchi et al., 2003).

Histological assessments of pathology

Organs were fixed in buffered 10% formalin, paraffin-embedded, and sections were
stained with hematoxylin and eosin (HE). Histological scoring was performed on HE-
stained tissue sections. Each HE-stained tissue section (synovium, muscle, lung, skin, and
colon) was given an inflammation severity score based on the published criteria (Sather et
al., 2007; Wooley et al., 1981; Okiyama et al., 2009; Sheil et al., 2004). Histological
severity of inflammation or histological changes in each tissue was graded on a scale of 0,
no inflammation or changes, 1, minimal, 2, mild, 3, moderated and 4, marked
inflammation or changes in a blinded fashion. Sections of 6um thickness were cut along a
longitudinal axis for scoring of synovitis. Severity of mononuclear cell infiltration in

synovium, synovial tissue thickening, and pannus formation were examined, separately.
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HE-sections of the proximal muscles (hamstrings and quadriceps) and crural muscles were
examined for the presence of mononuclear cell infiltration and degeneration of muscle
fibers. For the lung, perivascular, peribronchial, and alveolar inflammation were scored
separately. For the skin, inflammation in the dermal, epidermis, and epidermal changes
such as hyperkeratosis or ulceration were considered separately. For colitis, stool
consistency with diarrhea score of 2, liquid brown, or higher was monitored as a
preliminary indication, and inflammatory changes of proximal (ascending and transverse
colon) and distal colon (descending colon) by histology were also graded separately in a
blinded fashion. Histological severities of colitis were according to the published criteria
(Asseman et al., 1999). Briefly, grade 0, no changes, 1, minimal cell infiltrates, 2, mild
scattered to diffuse inflammatory cell infiltrates, with mild epithelial hyperplasia, 3,
moderate inflammatory cell infiltrate with moderate epithelial hyperplasia and mucin
depletion, 4, marked inflammatory cell infiltrates associated with ulceration. Total
histological score was computed by summing these inflammation subscores. Ranges of
possible scores for each tissue were as follows: synovium, 0-12, muscle, 0-8, lung, 0-12,

skin, 0-12, and colon, 0-8.

Statistical analyses

Statistical analyses were performed using Prism software (GraphPad) unless otherwise
described. Two-tailed unpaired Student’s t test, Spearman rank correlation test, Logrank
test, Fisher’s exact test, F-test, or Mann-Whitney U test were used where appropriate.

Refer to figure legends for the statistical tests used in each experiment.

Online supplemental material

Fig. S1 shows molecular dynamics of ZAP-70 mutants and generation of ZAP-70
mutation knock-in mice. Fig. S2 shows highly activated and inflammatory phenotypes of
ZAC Tconv and Treg cells with impaired Treg function. Fig. S3 show clonal expansion of
Th17-like cluster and Treg cells in ZAC mice. Fig. S4 shows altered development and
self-skewed TCR repertoire selection in the thymus of ZAP-70 mutant mice. Fig. S5
shows Dox dose dependent expression of ZAP-70 and elicitation of autoimmune diseases
in Dox-low Tet-on ZAP mice. Table S1 details TCR clonotypes of ZAC Tconv and Treg

cells. Video S1-S4 show molecular dynamics simulations of WT or mutant ZAP-70.
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Data availability

Raw and processed data files for the scRNA-seq analysis have been deposited in the
DDBJ Sequence Read Archive database (accession number DRA010311) and NCBI Gene
Expression Omnibus (accession number GSE180432). All other data that support the

findings of this study are available from the corresponding author upon request.
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FIGURE LEGENDS
Figure 1. Molecular dynamics of ZAP-70 mutants with reduced affinity for CD3(

chain.

(A) Structure of ZAP-70 tandem SH2 domains (cyan) and CD3 pITAM (red) chain (left),
and affinity between CD3( phosphorylated ITAM and indicated mutants of ZAP-70
measured by BIACORE (right). Phospho-tyrosine residues (red sticks) of CD3{ ITAM,
phospho-tyrosine binding (PTB) residues (blue sticks) and mutated residues (W163,
H165; blue sticks) of ZAP-70 are also shown. Insets show measured distances (dotted
lines) between the ITAM phospho-tyrosine (pY15) and the inter-SH2 PTB residues (Dy)
and between pY4 and the carboxy-terminal PTB residues (Dc¢). Kp = kdoka. (B)
Representative snapshots from MD simulations (between 13~18ns) on CD3{ pITAM (red)
and ZAP-70 tandem SH2 domains (blue) with indicated mutations. Phospho-tysosines of
CD3( and phospho-tyrosine binding (PTB) residues of ZAP-70 are also shown (sticks).
See also Video S1-S4. (C) Distributions of measured distances between the CD3( ITAM
phospho-tyrosine (pY15) and the inter-SH2 PTB residues of ZAP-70 (Dy), and between
CD3{ ITAM pY4 and the carboxy-terminal PTB residues of ZAP-70 (D¢). Dy and D¢
distances for WT, H165A, W163C, and W163A mutants are shown as log f(Dj, D¢). The
boundary of the WT Dy/Dc distribution is indicated with a dotted line.

Figure 2. Spontaneous development of autoimmune diseases in H165A mice. (A-B)
Joint swellings of a forepaw and a hindpaw (A) and histology (B) of 21-week-old HI65A
and BALB/c mice. 200um scale bars in (B). (C) Arthritis incidences (left) and scores
(right) for BALB/c, H165A, W163C (SKG), and W163A mice (n=27 each). (D-E)
Histological (D) and macroscopic views (E) of the colon from H165A and BALB/c mice.
Scale bar: 10pum in (D), 10mm in (E). (F) Frequency of diarrheic mice in BALB/c and
ZAP-70 mutant strains (n=32 each). (G) Serum levels of indicated antibodies in BALB/c,
SKG, H165A, and W163A mice. (H) Arthritis scores after transfer of 1x10° CD4" T cells
from BALB/c, H165A, SKG, or W163A mice into RAG2” mice (n=7 each). (I) Arthritis
scores after mannan treatment of SKG, H165A, W163A, and BALB/c mice. Mean+SD in
(C, H-I). Two-tailed unpaired Student’s t-test (G). *P<0.05; **P<0.005; ***P<0.0005.
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Figure 3. Arthritogenic Th17 cells and impairment of Treg function in ZAC mice.
(A-B) Frequency of splenic CD4" and CD8" T cells (A) and their cell numbers (B) in 8-
week-old BALB/c, ZAC, SKG, and W163A mice (top, n=11 each). Frequency of Foxp3"
Treg among CD4" T cells (bottom, (A) and (B)) or CD44"™ CD4" Tconv cells are also
shown (B). (C) Representative intracellular cytokine staining of splenic CD4" T cells from
ZAC and BALB/c mice (n=5 each). (D) IL-4 mRNA expression levels of freshly isolated
splenic CD4" T cells or CXCR5"PD-1" Tth cells from Peyer’s patches (PP) of ZAC and
BALB/c mice. IL-4 expression relative to GAPDH as a reference by qRT-PCR (n=5 each).
(E) PD-1 and CXCRS staining of CD4" T cells from PP of BALB/c and ZAC mice. (F)
Arthritis scores (left) and frequencies of diarrheic mice (right) in ZAC and IL-17A™ ZAC
mice (n=23 each). (G) In vitro suppression assay with WT or ZAC Foxp3" Treg cells with
WT CD4" Tconv at indicated ratios (n=7 each). (H) Arthritis scores (left) and frequency of
diarrheic mice (right) of ZAC mice intravenously injected with 0.4 or 1.2x10° WT
Foxp3 Treg cells at 6 weeks of age (n=7 each). (I) Ratios of splenic ZAC and WT Treg
cells after 8 weeks of WT Treg transfer as in (H). WT Treg ratio in each chart. (J)
Arthritis scores of RAG2™" recipients transferred with 1x10° WT CD4" T cells, 1x10° ZAC
CD4" T cells, or 1x10° ZAC CD4" T and 2x10° WT Foxp3" Treg cells (n=5 each).
Mean+£SD in (B, D, F-H, J). Two-tailed unpaired Student’s t-test in (B, D, G).

Figure 4. Inflammatory Th subsets in ZAC mice by single-cell transcriptomic
analysis. (A) UMAP visualization of splenic Foxp3'CD4" Tconv and Foxp3" Treg cells
from WT or ZAC mice (2 mice each) showing gene expression-based clusters by scRNA-
seq. (B) Composition of each UMAP clusters by Tconv or Treg cells from WT or ZAC
mice. (C) Dot plots showing expression levels of Th and Treg signature genes, and
composition of WT and ZAC samples in each cluster. (D) Expression levels of Th and

Treg signature genes.

Figure 5. Clonal expansion of Thl7-like cluster and Treg cells infiltrating the
inflamed joint of ZAC mice.

(A) TCR repertoire diversity of naive or effector Tconv and Treg cells from the spleen of
WT and ZAC mice in Fig. 4A, expressed as inverse Simpson index. (B) TCR counts of
top 20 frequent clonotypes in splenic Tconv and Treg cells from two WT and two ZAC
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mice (see also Table S1). (C) TCR repertoire diversity of each cluster in Fig. 4A, color-
coded by predominant composition in each cluster. (D-E) TCR clonotype tracking of ZAC
Tconv (D) and Treg cells (E) in the spleen, draining lymph node (dLN), and inflamed joint
of the same mouse (ZAC mouse #1). Cluster 6 (spleen) is also shown in (D) (see also Fig.
S3D-E and Table S1). (F) TCR clonotype overlaps between splenic Tconv and Treg cells
in WT and ZAC mice (2 mice each). (G) ZAC Tconv and Treg cells possessing
overlapped TCR clonotypes (red dots) in UMAP clusters shown in Fig. 4A.

Figure 6. Altered thymic selections of Tconv and Treg cells in ZAP-70 mutant mice.
(A-B) CD4SP and CD8SP thymocytes (top row), and Foxp3" Treg cells among CD4SP
thymocytes (bottom row) in 8-week-old BALB/c or ZAP-70 mutant mice. Frequency (A)
and cell numbers of CD4SP and Foxp3™ CD4SP Treg cells (B) (n=11 each). (C) TCRp
expression levels of DP thymocytes after TCR stimulation in vitro. Data are representative
of 7 independent experiments. (D) TCR V[ usage of CD4SP thymocytes in BALB/c and
ZAP-70 mutant mice (n=5 each). (E-F) Thymic development of CD4SP (top row) and
Treg cells (bottom row, gated on CD4SP) in DO11.10" RAG2" or Ld&-nOVA' DO11.10"
RAG2" mice on the ZAC or WT background. Representative plots (E) and summary (F)
(n=5 each). (G-H) Proliferation of splenic Foxp3'CD4" Tconv cells from indicated mice
cultured with irradiated autologous APCs and anti-CD3 antibody (G) or without anti-CD3
antibody (H) (n=5 each). (I) Number of splenic CD4" T cells in RAG2” mice 8 weeks
after cell transfer of 5x10° CD4" T cells from the spleen of ZAP-70 mutant mice (n=5
each). Two-tailed unpaired Student’s t-test and meantSD in (B, D, F-I). *P<0.05;
**P<0.005; ***P<0.0005.

Figure 7. Treg-specific physiological regulation of TCR signaling molecules
differentially affects Treg and Tconv TCR signaling. (A) ZAP-70 and Nur77 levels in
Foxp3'CD4" Tconv and Foxp3" Treg cells from ZAC or BALB/c WT mice upon in vitro
aCD3/aCD28 antibody stimulation for 24 hours. Numbers indicate MFI (n=5). (B-C)
Foxp3 binding (peaks) to Zap70 and genes encoding TCR signaling molecules (B), and
gene expression levels of TCR signaling molecules by CD4" Tconv and Treg cells before
and after stimulation (C). Expression levels as indicated by tag counts per million (tpm)

were analyzed from DeepCAGE database (Morikawa et al. 2014; *Foxp3-bound genes
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commonly detected in two ChIPseq databases. The arrows indicate transcription start site
and boxes indicate exons in (B). (D) Proliferation of Foxp3’ Treg and Foxp3'CD4" T cells
from WT or tTA"hZAP-70" mice cultured with aCD3 antibody and 1pg/mL Doxycycline
(n=3).

Figure 8. Development of arthritis and other autoimmune diseases in Dox-low Tet-on
ZAP mice. (A-B) Percent survival of Tet-on ZAP mice treated with Dox 2.0 (Dox-high)
or low Dox 0.5 (Dox-low) food. Percent survival in (A) and body weight changes in (B)
(n=14 and 13, respectively). Body weight changes of BALB/c and ZAP-70"" mice (n=5
each) are also shown in (B). (C) Joint swelling of a forepaw and a hind paw in Dox 0.5
Tet-on ZAP or BALB/c mice. (D) Incidence (left) and severity (right) of arthritis in Tet-on
ZAP mice treated with Dox 2.0 or 0.5 food for 10 weeks. (E-G) Incidences of
histologically evident autoimmune diseases (E), histology of affected organs (F), and
disease scores (G), in Dox 0.5 or 2.0 treated Tet-on ZAP or BALB/c mice. Scale bar:
200um. (H) Serum titers of RF and anti-CCP and serum concentrations of IgG and IgE in
Tet-on ZAP mice treated with Dox 2.0 or 0.5 food for 10 weeks, untreated (Dox(-)) ZAP-
707, or normal BALB/c mice. (I) FACS staining of indicated molecules for splenic
Foxp3™ and Foxp3'CD4" T cells in Tet-on ZAP mice Dox-treated for 10 weeks.
Percentage within gate and MFIs (in parentheses) are indicated. (J) Intracellular staining
of IL-17A and IFN-y for CD4" T cells in Dox-treated Tet-on ZAP mice as in (I).
Representative of three independent experiments. Two-tailed unpaired Student’s t-test in

(D, G-H), Logrank test in (A). Mean£=SD in (B, D, G).

Figure 9. Dox dose dependent T-cell development and thymic selection in Tet-on
ZAP mice. (A) CD4 and CD8 expression by thymocytes from Tet-on ZAP mice treated
with Dox 2.0 or Dox 0.5 food for 9 weeks. Total thymocyte numbers above each plot. (B)
GFP expression in thymocyte subsets from Dox-treated Tet-on ZAP mice as in (A).
Shaded area indicates negative control. Representative of more than five experiments. (C)
Numbers of thymic CD4SP, CD8SP, Foxp3'CD4SP, and total thymocytes (left), and
splenic CD4", CD8" T cells, or Foxp3'CD4" Treg cells (right) from Dox 2.0 or 0.5 Tet-on
ZAP mice Dox-treated for 10 weeks (n=10 each). (D) Correlation between GFP
expression (MFI) and frequency of CD4SP, CD8SP, or Foxp3'/CD4SP TCRp™
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thymocytes in individual Dox 2.0 or 0.5 Tet-on ZAP mice (n=10 and 12-16, respectively).
(E) Correlation between GFP MFIs and frequency of indicated TCR VB™ CD4SP
thymocytes in Tet-on ZAP mice. Each circle indicates individual mice and average ratios
in adult BALB/c mice (horizontal bar). (F) TCR Vf subfamily usage by splenic Foxp3™ or
Foxp3'CD4" T cells (n=4). (G) In vitro proliferation of splenic CD4" T cells from Dox 0.5
or 2.0 Tet-on ZAP mice in the presence of aCD3 antibody and indicated Dox
concentrations for 3 days (n=6). (H) Numbers of splenic CD4" or CD8" T cells in RAG™
mice 8 weeks after the transfer of 5x10’ splenic T cells from Tet-on ZAP mice treated with
Dox 2.0 or 0.5 food for 8 weeks (n=5). The recipient RAG™ mice were maintained with
Dox 0.5 food. (I) In vitro suppressive activity of Tet-on ZAP or BALB/c CD25"CD4"
Treg cells on the proliferation of BALB/c CD25CD4" T cells (Tconv) at various ratios in
the presence (black) or absence (white) of Dox (1pg/ml). Proliferation of co-cultured cells
was shown as a relative percent of CD25CD4" T cells alone at various Dox
concentrations. Representative of three independent experiments. Two-tailed unpaired

Student’s t test (C, F, H); Spearman rank correlation test (D-E). Mean+SD in (C, F-H).

Figure 10. Reduced ZAP-70 expression in the thymus and functional Treg
impairment in the periphery are essential for inducing autoimmunity. (A-B) Donor
CD4SpP TCRBhi thymocytes (3x10°) from Dox 2.0 or 0.5-treated Tet-on ZAP mice for 4
weeks were transferred to RAG2™" mice, then treated with Dox 0.5 food for 12 weeks and
assessed for indicated diseases. Correlation between GFP MFIs of donor thymocytes and
arthritis severity (A), or the occurrences of indicated diseases in recipient RAG2” mice
(B). (C-E) Adoptive transfer of CD4" or CD4'CD25" splenic T cells (3x10°) from Dox-
treated Tet-on ZAP mice into RAG2” mice. Percent survival (C), incidence of
histologically evident autoimmune diseases (D), and histological scores of
autoimmune/inflammatory diseases (E) in RAG2" recipient mice 12 weeks after cell
transfer. (F) CD4" or CD4°CD25 splenic T cells (3x10°) from individual Tet-on ZAP
mice treated with either Dox 0.5 (left) or 2.0 (right) food for 5 weeks or whole splenocytes
from untreated Dox (-) Tet-on ZAP mice were transferred to RAG2™ mice, then treated
with either Dox 0.5 or 2.0 food for 11-12 weeks and monitored arthritis severity (n=3).
(G) CD25" CD4" T cells (3)(105 ) from Dox 0.5 Tet-on ZAP or BALB/c mice were
transferred to 4-week-old Tet-on ZAP recipient mice 3 days after starting Dox 0.5 food
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treatment and monitored arthritis severity. Logrank test in (C), Fisher’s exact test in (D),
Mann-Whitney U test in (E), two-tailed unpaired Student’s t-test in (G). Mean+SD in (E-
G).

39



SUPPLEMENTAL MATERIAL
Supplemental Figure S1-S5.
Supplemental Table S1.
Supplemental Video S1-S4.

Figure S1. Molecular dynamics of ZAP-70 mutants and generation of knock-in mice.
(A-B) Representative snapshots of ZAP-70 tandem SH2 unit with indicated mutation.
Overlay snapshot of ZAP-70 tandem SH2 unit before (red) and after (cyan) 15ns of MD
simulations (A). Snapshots of MD simulations showing interactions between ZAP-70 SH2
and CD3( pITAM chain (B). See also Video S1-S4. (C) Dissociation constants as given
by the ratio of unbound to bound CD3{/ ZAP-70 conformations in Fig. 1C. F-test for
statistical analysis. (D) Knock-in mutagenesis strategy. The targeting vector with either
WI163A or H165A mutation and a neomycin resistance gene flanked by loxP sites was
generated for homologous recombination to ZAP-70 locus. PGK neo was subsequently
deleted by crossing to a Cre deleter strain. (E) Protein levels of ZAP-70 in T cells of ZAC,
SKG, WI163A, and WT BALB/c mice. (F) Incidence of arthritis after 10 weeks of
transferring either CD4" or CDS8" T cells from ZAC, SKG, W163A, and WT BALB/c

mice into RAG2” mice (n=5 each).

Figure S2. ZAC Tconv and Treg cells exhibit highly activated and inflammatory
phenotypes with impaired Treg function.

(A) Cell number of total splenocytes (left) and splenic Foxp3'CD4" T cells (right) in 8-
week-old BALB/c, SKG, ZAC, and W163A mice (n=11 each). (B-C) Representative
FACS staining of indicated molecules expressed by splenic Foxp3'CD4" T cells (B) and
Foxp3'CD4" Treg cells (C) from ZAC and BALB/c mice (n=5). (D) Representative
intracellular cytokine staining of splenic CD4" T cells from BALB/c, ZAC, and IL-17A
KO ZAC mice after PMA/ionomycin stimulation (n=3). (E) In vitro suppression assay
with WT or W163A Foxp3" Treg cells with indicated WT CD4" Tconv:Treg ratios (n=7
each). (F) Representative plots of splenic ZAC and WT thy1.1" Treg cells after 8 weeks of
WT Treg transfer as in (Fig 3H). See also Fig. 31. (G-H) RAG2™ mice were transferred
with WT CD4" T cells, ZAC CD4" T cells, or co-transferred with ZAC CD4" T cells and
WT Foxp3'CD4" Treg cells from FIG BALB/c mice as in Fig. 3I. Spleen (right) and
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spleen weight (left) after 10 weeks of transfer (G), and frequency of diarrheic mice (H) (n
= 5 each). Two-tailed unpaired Student’s t-test and mean+SD in (A, E, G).

Figure S3. Clonal expansion of Th17-like cluster and Treg cells in ZAC mice.

(A) UMAP representation of two replicates from splenic Foxp3'CD4" Tconv and
Foxp3'CD4" Treg cells from Foxp3-IRES-GFP (FIG) WT or FIG ZAC mice (2 mice
each) by scRNA-seq. (B) Heatmap of top 5 highly expressed genes among differentially
expressed genes from Foxp3 CD4 " Tconv cells (left) or Foxp3™ CD4" Treg cells (right) in
each clusters. (C) Pseudotime analysis of WT and ZAC Tconv cells based on gene
expressions. Trajectory inferences shown in dotted arrow. (D-E) TCR clonotype tracking
of ZAC Tconv (D) and Treg cells (E) in the spleen, draining lymph node (dLN), and
inflamed joint (ZAC mouse #2; see Table S1 for the indicated clonotypes). Cluster 6
(spleen) is also included in (D). (F) Helios expression by Foxp3™ CD4" Treg cells in
RAG2” mice 10 weeks after transfer of Foxp3'CD4" T cells from BALB/c or ZAC mice.

Figure S4. Altered development and self-skewed TCR repertoire selection in the
thymus of ZAP-70 mutant mice.

(A) Cell number of total thymocytes, CD8 SP thymocytes, and frequency of Foxp3" cells
in CD4SP thymocytes of 8-week-old BALB/c, SKG, ZAC, and W163A mice (n=11 each).
(B) TCRB, CD5, CD69, and HSA expressions by DP and CD4SP thymocytes from
BALB/c and ZAP-70 mutant mice. MFI in parentheses (n=3 each). (C) TCRVp usage of
splenic CD4" T cells from ZAC, SKG, W163A, and WT BALB/c mice by FACS analysis
(n=5 each). (D) TCR VB repertoire of splenic Foxp3” CD4" Treg cells from BALB/c or
ZAC mice (n=7 each). (E) Kinetics of ERK phosphorylation upon TCR stimulation in
CD4" T cells from ZAC, SKG, W163A, and BALB/c mice (n=7). (F-G) Proliferation of
total CD4" T cells from indicated mice cultured in the presence of irradiated autologous
APCs with anti-CD3 antibody (F) or without anti-CD3 antibody (G) (n=5 each). (H) Lck
protein levels in Foxp3'CD4" T and Foxp3' Treg cells in ZAC or WT mice. Numbers
indicate MFI (n=5). (I) Phosphorylated-tyrosine 394 of Lck (pY394-Lck) in Foxp3 ™ Treg
and Foxp3'CD4 T cells from ZAC or WT mice (n=3). Two-tailed unpaired Student’s t-test
in (A, C-D, F-G). Mean£SD in (A, C-G).
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Figure S5. Dox dose dependent expression of ZAP-70 and elicitation of autoimmune
diseases in Dox-low Tet-on ZAP mice.

(A) Scheme of Tet-inducible human wild-type ZAP-70 double transgenic mice. rtTA;
reverse tetracycline activator, HA; hemagglutinin, TRE; tetracycline-responsive element,
PminCMV; minimum CMV promoter. (B) Correlation between %GFP" cells among CD3"
splenocytes of rtTA"hZAP-70" mice and Dox concentration in the culture. Representative
result of three independent experiments. (C) Splenocytes of rtTA" hZAP-70" BALB/c
mice with intact endogenous ZAP-70 were cultured with Con A (2pg/ml) for 3 days in the
presence of indicated concentrations of Dox. The percentages of GFP" cells and their
MFIs (in parentheses) for CD3" T cells were shown. Representative result of three
independent experiments. (D) Correlation between GFP expression and the amount of
ZAP-70 assessed by intracellular staining of both human and mouse ZAP-70 in CD4" T
cells from rtTA™ hZAP-70" BALB/c mice by specific mAb. Numbers indicate MFIs. (E)
Representative photos of the ear and the tail of Tet-on ZAP or BALB/c mice treated with
low dose Dox for 5 weeks. Note severe dermatitis in the ear and the tail, and systemic
debilitation of the mice. (F) FACS staining of indicated molecules for splenic Foxp3"
CD4" T cells in Tet-on ZAP mice Dox-treated for 10 weeks, as in (Fig. 8I). Percentages of
positively stained cells and their MFIs (in parentheses) are also shown. (G) TCRf, Foxp3,
and GFP expression in freshly isolated thymocytes from BALB/c and Tet-on ZAP mice
Dox-treated for 9 weeks. Shaded area indicates isotype control. Representative data of
more than five experiments. (H) GFP expression in Dox-treated Tet-on ZAP splenocytes
in the mice shown in (G). Representative result of three independent experiments. (I)
Expression of ZAP-70 in thymocytes, splenic CD4", and splenic CD8" T cells, detected by
intracellular staining with anti-ZAP-70, in Dox-treated Tet-on ZAP mice (n=3 each,
mean+SD). (J) Surface expression of TCRB, CD5, CD69, and HSA(CD24) on DP and
CDA4SP thymocytes in Tet-on ZAP mice treated with high or low dose Dox as in (G).
Percentages of positive cells are shown. Representative result of two independent
experiments. (K) Relative protein expression levels of ZAP-70 in T cells compared to WT

BALB/c.

Table S1. TCR clonotypes of Tconv and Treg cells in ZAC mice.
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Top 20 expanded TCR clonotypes of CD4" Tconv (top) and Treg cells (middle) in the
spleen of ZAC mice (2 mice) and their TCR counts are listed. Top 20 clonotypes of
draining popliteal lymph node (dLN), or inflamed joint sharing the same TCR clonotypes
and their TCR counts are also listed. For ZAC Tconv cells, top 20 clonotypes within
cluster #6 of the spleen (Th17-like cluster) are also shown (top). TCR clonotype overlaps
between ZAC Tconv and ZAC Treg cells are listed with their TCR counts (10 and 13 TCR
clonotypes in ZAC mouse #1 and #2, respectively)(bottom). Top 20 clonotypes in each
organ or cluster are highlighted (blue). Clonotype IDs in (Fig. 5D-E, S3D-E) are also

shown.

Video S1-S4. Molecular dynamics simulations of ZAP-70 tandem SH2 unit.
Representative MD simulation movies of interactions between ZAP-70 tandem SH2 unit
(blue), with or without various mutations, and CD3{ phosphorylated ITAM chain (red).
Wildtype (Video S1), W163C SKG mutation (Video S2), HI65A mutation (Video S3),
and W163A mutation (Video S4). The carboxy-terminal phosphotyrosine binding pocket
is shown at the upper right side, and the inter-SH2 phosphotyrosine binding pocket is at
the upper central part of the tandem SH2 unit. Some of the residues important for

phosphotyrosine bindings are shown in aqua blue.
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