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Abstract

The cytoplasmic kinase ZAP70 is critical for T cell antigen receptor (TCR) signaling. The R360P
mutation in ZAP70 is responsible for an early onset familial autoimmune syndrome. The structural
location and biochemical signaling effects of the R360P mutation are consistent with weakening of
the autoinhibitory conformation of ZAP70. Mice with a ZAP70 R360P mutation and polyclonal
TCR repertoires exhibited relatively normal T cell development but showed evidence of increased
signaling. Additionally, the R360P mutation resulted in enhanced follicular helper T cell
expansion after LCMV infection. To eliminate the possibility of a TCR repertoire shift, the OTI
transgenic TCR was introduced into R360P mice, which resulted in enhanced T cell responses to
weaker stimuli, including weak agonists and a self-peptide. These observations suggest that
disruption of ZAP70 autoinhibition by the R360P mutation enables increased mature T cell
sensitivity to self-antigens that would normally be ignored by wild-type T cells, a mechanism that
may contribute to the break of tolerance in human patients with R360P mutation.

Introduction

Dysregulation in T cell antigen receptor (TCR) signaling plays critical roles in the
pathogenesis of autoimmune diseases (1). ZAP70 (C- associated protein of 70 kDa) is a
cytoplasmic protein tyrosine kinase that directly interacts with the stimulated TCR complex
and is required for activating many downstream signaling pathways in T cells (2, 3). The
engagement of the TCR with a peptide MHC (pMHC) complex is transmitted to the
cytoplasm through the immunoreceptor tyrosine-based activation motifs (ITAMSs) present in
the cytoplasmic tails of the CD3 heterodimers and the ¢ homodimer. The two tyrosine
residues in each ITAM are phosphorylated by Lck, which is non-covalently associated with
the coreceptors CD4 or CD8 (2, 4-6). Unphosphorylated ZAP70 is then recruited to doubly
phosphorylated ITAMs but remains in an unphosphorylated autoinhibited state. If the TCR
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only engages self pMHC complexes in vivo, the dwell time of the interaction is thought to
be insufficient for full activation. The prolonged dwell time of agonist pMHC complexes
with the TCR induces Lck-mediated phosphorylation of ZAP70 at Tyr315, Tyr319 and Tyr493,
fully relieving the autoinhibited state, and allowing the kinase to adopt a fully active
conformation (2, 4-6). Active ZAP70 phosphorylates at least two scaffold proteins, LAT and
SLP-76, leading to the recruitment and activation of effector proteins that activate pathways
that induce cytokine production, T cell proliferation and differentiation (2, 4-6).

Complete deficiency or loss of function of ZAP70 has been associated with combined
immunodeficiency in humans and mice (7-10). Several mutations in Zap70 have been
associated with autoimmunity in mice (11-13) and in humans (14). Two siblings who were
compound heterozygotes for two missense mutations R192W and R360P in ZAP70
developed a severe autoimmune syndrome by age 3, characterized by bullous pemphigoid,
proteinuria, and inflammatory colitis, and one child also developed hemophilia due to an
autoantibody to factor VIII (14). The siblings’ parents and sister were healthy. Cell line data
showed that the R192W mutation, located in the C-SH2 domain, leads to impaired binding
of the mutant ZAP70 to phosphorylated C-chain, essentially acting as a loss-of-function
allele. The R360P mutation is located in the N-lobe of the catalytic domain and based on
structural analysis, could interfere with the autoinhibitory mechanism (14). Data from
ZAP70-deficient P116 Jurkat cells transiently overexpressing wild type (WT) or mutant
ZAP/70alleles revealed that the R360P mutation in ZAP70 results in increased downstream
signaling events that leads to the expression of the activation marker CD69, suggesting that
the R360P mutation functions as a weak hypermorphic allele in TCR signaling (14). The
activation of the TCR pathway by the R360P allele is suppressed by the WT but not the
R192W allele (14). Therefore, we speculate that our patients’ disease likely results from
increased TCR signaling due the hypermorphic R360P mutation. This phenotype is masked
by WT ZAP70 as seen in the father and the unaffected sister and is revealed only in the
presence of hypomorphic R192W allele as seen in the two affected siblings (14). However, it
remains unclear how the R360P mutation affects T cell signaling and lymphocyte
development in vivo. Because ZAP70 is mainly expressed in T and NK cells, the
mechanisms by which the R360P mutation leads to a primarily antibody-mediated
autoimmune syndrome is also unclear.

Here we showed that the biochemical signaling effects of the R360P mutation were
consistent with weakening of the autoinhibitory conformation of ZAP70. Zap70 R360P
knock-in mice showed increased expansion of antigen-specific follicular helper T (Tfh) cells
compared to that of the WT mice following LCMV infection. In addition, the R360P
mutation was a weak hypermorphic allele of ZAP70 that enhanced TCR signaling. When
introduced into the OTI TCR transgenic (tg) background, the R360P mutation sensitized
TCR responses to weak and self peptides for the OTI TCR.

The R360P mutation destabilizes the autoinhibitory conformation of ZAP70

Based on structural analysis, the R360P mutation was hypothesized to weaken the
autoinhibited conformation of ZAP70 (Fig. 1A) (15). Mutations of Tyr31% and Tyr319 to Ala
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(YYAA) in this region render ZAP70 constitutively active and lead to the phosphorylation of
LAT, an important T cell signaling adaptor, even in the absence of Lck (15-17). In HEK293
cells, a modest degree of LAT phosphorylation was observed with coexpression of the full-
length K362E ZAP70 mutant, but not with that of the full-length R360P ZAP70 mutant (14).
We hypothesized that the possible activating effect of the R360P mutation on ZAP70 may be
revealed in the absence of the SH2 domains and interdomain A that links these domains and
participates in full autoinhibition (15). Immunoblotting showed marked LAT
phosphorylation in cells expressing the YYAA ZAP70 mutant lacking the SH2 domain-
interdomain A segment, as expected (Fig. 1B, C). We observed modest but apparent
spontaneous LAT phosphorylation in cells expressing either the R360P or the K362E ZAP70
mutants lacking the SH2 domain-interdomain A segment (Fig. 1B, C). These results support
the notion that the R360P mutation directly weakens ZAP70 autoinhibition, thereby
rendering ZAP70 partially constitutively active.

Tolerance is preserved in ZAP70 R360P mice

To further understand how the ZAP70 R360P mutation affects TCR signaling, lymphocyte
development, and promotes autoimmunity in human patients, we generated Zap70 R360P
knock-in mice on the C57BL/6 background using CRISPR-CAS9 technology. Initial founder
mice were backcrossed to C57BL/6 mice for at least five generations to eliminate any
potential off-target effects from CRISPR technology. The R360P mice were fertile, had
normal life spans, and did not exhibit signs of increased morbidity compared with age and
gender matched WT controls. In contrast to the patients with compound R360P/R192W
ZAP70 mutations who developed a severe familial autoimmune syndrome early in life (14),
the homozygous R360P mice did not develop any spontaneous autoimmune diseases based
on histological screening of multiple organs from 8-10 month old mice (fig. S1). There was
no evidence of lymphadenopathy or splenomegaly. Serologic screening for autoantibodies
including ANA and dsDNA was negative.

T cell development and homeostasis were altered in ZAP70 R360P mice

We found that T cell development was comparable in young WT and R360P mice with
polyclonal T cell repertoires. There were no substantial differences in overall cellularity in
the thymuses, spleen and lymph nodes of R360P mice relative to WT mice (Fig. 2A).
However, examination of peripheral T cell subsets showed that there was a substantial
increase in the percentage of CD44MNCD62LN central memory CD8* T cells in the
secondary lymphoid organs of 6-8 week old R360P mice compared to those of age-matched
controls (Fig. 2B). Moreover, there was increased CD44 abundance on naive CD8* T cell
population (Fig. 2B). In addition, there was an increase in the percentage of
CD4*CD25*Foxp3* T regulatory (Treg) cells in the lymph nodes of 6 month old R360P
mice (Fig. 2C). Moreover, in activated Foxp3-CD44MNCD4* T cells, we observed an increase
in the naturally occurring CD73MFR4N anergic population, as defined by coexpression of
CD73 and folate receptor 4 (FR4) (18), in aged R360P mice compared with WT mice (Fig.
2D). Together, these results suggest that T cells from R360P mice may exhibit enhanced
TCR signaling, thereby leading to increases in the differentiation of CD8 memory T cells
and Treg cells, and in the diversion to an anergic state.
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The ZAP70 R360P functions as a weakly hypermorphic variant in the TCR signaling

pathways

R360P mice

We next assessed whether TCR-induced downstream signaling events and activation
responses were altered in R360P thymocytes or peripheral T cells. We found that there was
no apparent difference in the surface TCRP amounts between WT and R360P thymocytes
subsets or peripheral T cells with polyclonal repertoire (fig. S2). By intracellular staining,
we found that the R360P mutation caused ~30% reduction of ZAP70 protein in the
thymocytes and peripheral T cells of homozygous R360P mice (Fig. 3A). Despite lower
ZAP70 expression in R360P cells, the phosphorylation of Tyr319 in ZAP70 was modestly
enhanced in R360P thymocytes compared to WT controls, both basally and following anti-
CD3 stimulation (Fig. 3B). The enhancement of Tyr31° phosphorylation in R360P ZAP70
relative to that in WT ZAP70 was more evident if the amount of phosphorylated ZAP70 was
standardized by the amount of total ZAP70 (Fig. 3B). This result is consistent with our
hypothesis that the R360P mutation weakens the autoinhibitory conformation of ZAP70
which would sequester Tyr319 from accessibility for phosphorylation. The amounts of
tyrosine-phosphorylated LAT, PLCy, and Erk after TCR stimulation were comparable
between WT and R360P thymocytes (Fig. 3B, fig. S3). However, when WT or mutant cells
were barcoded with different fluorescence markers and stimulated with anti-CD3 in the
same test tube, R360P double positive (DP) thymocytes exhibited increased maximum Ca2*
responses. R360P peripheral CD4* T cells exhibited modestly faster Ca?* mobilization,
whereas R360P peripheral CD8" T cells exhibited both consistently faster Ca2* mobilization
and increased maximal Ca2* responses relative to those of WT cells (Fig. 3C, D). Together,
these results suggest that in mice with a polyclonal TCR repertoire, the R360P mutation was
not associated with detectable changes in T cell development, although there were increases
in CD44 abundance, peripheral CD8 central memory T cells, Treg cells and anergic T cells
with associated evidence of increased TCR signaling responses to TCR stimulation with
anti-CD3 antibody. These results are consistent with our previous study that proposed that
the R360P mutation was a weak hypermorphic allele that increased TCR signaling (14).

exhibited expansion of T follicular helper (Tfh) cells.

Patients harboring the R360P ZAP70 allele developed autoantibody-mediated manifestations
of disease (bullous pemphigoid and anti-factor VIII antibody) although ZAP70 is primarily
expressed in T cells and NK cells (14). We hypothesized that the weakly hypermorphic
R360P ZAP70 mutation resulted in excessive auto-reactive T helper cell activity for B cells,
most likely mediated by Tth cells, thereby leading to primarily autoantibody mediated
manifestations as seen in our patients. To test this hypothesis, we assessed the effect of
R360P mutant on the induction of Tfh cells in response to an acute infection with the
Armstrong strain of lymphocytic choriomeningitis virus (LCMV). In the absence of LCMV
infection, WT and the R360P mice exhibited similar percentages of Tfh cells among CD4* T
cells in Peyer’s patches (fig. S4, A and B). At day 8 after infection, the percentage of Tfh
cells among GP66* antigen-specific effector cells (B220~CD4*CD44*GP66™) was
significantly higher in R360P mice relative to that in WT mice (Fig. 4A). However, no
significant difference was observed in germinal center (GC) B cell expansion or the anti-
LCMV IgG antibody amounts between LCMV-infected WT and R360P mice (Fig. 4B, fig.
S5, A and B). We next compared total immunoglobin amounts between WT and R360P
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mice at various ages. Consistent with our findings of increased Tfh cell expansion in R360P
mice, we found that there were substantial increases in IgG and IgG1 amounts in 10 month
old R360P mice compared to those of WT controls (Fig. 4C, fig. S6). There was no
difference in the total IgM amounts between WT and R360P mice at various ages (Fig. 4C).
These findings suggest that the R360P ZAP70 mutation results in increased differentiation
of or polarization towards antigen-specific Tfh cells in response to acute LCMYV infection,
possibly as a consequence of enhanced TCR signaling. Although the expansion in Tth cells
in R360P in mice with a polyclonal repertoire was insufficient to elicit enhanced numbers of
GC B cells or higher anti-LCMYV antibody titer in the acute LCMYV infection model, the
increase in total IgG amounts in aged R360P mice likely reflects a long term consequence of
enhanced Tfh cell response.

The R360P mutation increases the response of T cells to low affinity ligands.

The increase in CD8 central memory T cells in the setting of grossly normal T cell
development in R360P mice suggested that some compensatory mechanisms, such as a TCR
repertoire shift, may have masked the effect of the R360P mutation on TCR signaling. To
eliminate the effects of a possible repertoire shift, we crossed the R360P mice to C57BL/6
mice expressing the pPOVA/MHCI-restricted OTI TCR transgene. Comparison of thymi from
8-week-old mice showed that thymic selection was not affected by the R360P mutation,
even in the presence of the OTI transgene (Fig. 5A). The number of peripheral CD8-OTI T
cells in R360P-OTI mice was also comparable to those in WT controls. Similar to R360P
mice with a polyclonal TCR repertoire, we observed a substantial increase in the percentage
of CD44NMCD62LN central memory CD8* T cells in the secondary lymphoid organs from
the R360P-OTI mice relative to the controls (Fig. 5B). Additionally, the abundance of CD44
was ~ 50% higher on R360P CD8-OTI naive T cells than that on WT cells (Fig. 5B),
indicative of elevated basal signaling in R360P OTI T cells. Although the percentages of
Va2 clonotype-positive CD8SP thymocytes and peripheral CD8" T cells were comparable
between WT and mutant mice (fig. S7A), TCR and Va2 surface expression was consistently
reduced on R360P CD8-OTI T cells (Fig. 6A). The differences were less apparent in CD8SP
thymocytes (fig. S7B). In contrast, we did not observe differences in the TCR amounts on
CD8"Va2~ T cells from WT or R360P OTI mice. Additionally, TCR amounts were lower in
R360P CD8*Va2* T cells when compared to R360P CD8*Va2™ T cells (Fig. 6A). These
results suggest that TCR recycling or degradation might be affected in the presence of
R360P mutation, possibly due to a negative feedback compensatory mechanism driven by
the enhanced tonic TCR signaling, which was better revealed by the introduction of OTI
TCR.

It is possible that the expansion of CD8" Tc) resulted from a loss of the homeostatic
regulation of naive T cells by self antigens or low-affinity antigens. We considered that the
difference in the R360P mutation effect on TCR signaling downstream of ZAP70 may be
revealed only with weak TCR stimuli but masked by a strong TCR stimulus such as high
dose anti-CD3. To further examine whether the TCR activation threshold was affected by the
R360P mutant allele, we utilized a panel of well-characterized altered chicken
ovalbumin,s7_pg4 (OVA) peptide ligands (APLs) presented by H-2KP MHC molecules, in
which substitutions of one or two amino acids of the full agonist peptide OVA sequences
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yields partial agonists or weak agonists for OTI TCR. As observed in cells with a polyclonal
TCR repertoire, the basal phosphorylation of Tyr319 in ZAP70 was increased in R360P
CD8-OTI cells compared to WT controls. Notably, although the phosphorylation of Tyr319
in ZAP70 was modestly increased in R360P CD8-OT] cells following stimulation with the
strong agonist OVA, its phosphorylation was more markedly elevated in R360P CD8-OTI
cells following stimulation with the weak antigen G4 relative to WT controls (Fig. 6B, C,
fig. S8). When R360P or WT CD8-OTI T cells were stimulated by antigen presenting cells
(APCs) preloaded with peptides of different agonist potency, we observed enhanced
upregulation of the activation marker CD69 in R360P cells relative to that of WT cells in
response to weak agonists (Q4H7 or G4), contrasting with only slight to no enhancement in
the responses to strong agonists (OVA or Q4R7) (Fig. 6D). Neither R360P nor WT cells
responded towards an unrelated peptide, VSV (Fig. 6D). Together, these results suggest that
the R360P CD8-OTI T cells exhibited a lower ligand responsiveness threshold than did wild-
type cells and, moreover, that the R360P allele selectively positively influenced responses to
low affinity peptides.

The R360P mutation conferred enhanced T cell proliferation in response to low affinity and
self antigens

We next sought to assess additional downstream functional effects of the R360P mutation
following stimulation with strong or weak ligands. To do so, we assessed the effect of
R360P mutation on TCR-induced proliferation in response to 2.5-3 days of peptide ligand
stimulation as assessed by dilution of Cell Trace Violet (CTV) dye. Although the in vitro
proliferation responses of R360P CD8-OTI cells to OVA were only slightly enhanced
compared to those of WT cells, R360P CD8-OTI T cells exhibited more robust relative
proliferative responses to the weak agonist G4 at suboptimal peptide doses for WT cells
(Fig. 7A). Similar results were observed when the cells were cultured in the presence of
exogenous IL-2 (Fig. 7A). Because the G4 peptide is considered to have an affinity in the
range of positively selecting self-peptides (19-21), these results suggest that under certain
antigen dosages and cytokine milieu, the R360P mutation may allow increased mature T cell
sensitivity to self-antigens that would normally be ignored by T cells from WT mice.

We next investigated whether the R360P mutation may allow for increased T cell sensitivity
to self-peptides by determining whether the R360P CD8-OTI cell would respond to the
naturally occurring positively selecting self-peptides for OT1 TCR, such as Catnb (which is
derived from B-cateningog_33g) (22). In the absence of IL-2, neither WT nor R360P CD8-
OTI T cells responded to Catnb. However, in the presence of IL-2, R360P CD8-OTI T cells
exhibited a stronger proliferative response to Catnb, relative to the WT controls (Fig. 7B).
Again, neither R360P nor WT cells responded towards an unrelated peptide, VSV (Fig. 7B).
This result suggests that the R360P mutation may indeed allow for increased mature T cell
sensitivity to self-antigens, particularly in the context of a susceptible cytokine milieu or
under inflammatory conditions.
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Discussion

In the present study, we characterized a mouse model carrying the Zap70 R360P mutation.
This mutation was thought to contribute to a familial autoimmune syndrome (14). In contrast
to humans, R360P mice did not spontaneously develop a detectable autoimmune phenotype,
which may be due to their genetic background. The C57BL/6 strain is relatively resistant to
developing autoimmune diseases. Likewise, the presence of other genetic modifiers or
environmental stimuli in the patients may contribute to their predisposition to autoimmunity
in the setting of increased ZAP70 activity and resultant T cell sensitivity to weak antigens.

Structural analysis showed that the R360P mutation is located in the N-lobe of the catalytic
domain of ZAP70 in a loop in close proximity to Tyr315 & Tyr319 and other C-terminal
sequences of interdomain B (Fig. 1A). Thus, it is likely the mutation partially disrupts the
autoinhibition of ZAP70. Indeed, we observed spontaneous LAT phosphorylation by the
R360P ZAP70 mutant lacking SH2 domains-interdomain A segment in HEK293 cells. As
predicted by this model, we found that Tyr319 phosphorylation was enhanced in the R360P
mouse cells, both basally or following TCR stimulation. However, we failed to detect
changes in thymocyte development but did detect evidence of perturbed TCR signaling and
T cell function, including more memory, regulatory, and anergic T cells in R360P mice with
a diverse TCR repertoire. Downstream TCR signaling events such as phosphorylation of
LAT and Erk were not affected, but we showed a more rapid and increased Ca2* response.
Together, these results support the hypothesis that the R360P mutation is a weak
hypermorph for TCR signaling.

In humans with ZAP70 deficiency, the predominant clinical feature is severe combined
immunodeficiency, with little evidence of overt autoimmunity (14). ZAP70 is primarily
expressed in T cells and NK cells. The familial autoimmune syndrome associated with the
R360P ZAP70 mutation, however, has unique features of predominately autoantibody-
associated autoimmunity. Our results showed that in the context of the OT]I transgenic
system, where compensation to increased TCR signaling by repertoire shift was not
possible, enhanced T cell responses as a result of the R360P mutation was clearly revealed
following TCR stimulation with weak and self peptides. These results suggest that the
R360P mutation lowered the threshold for the TCR to respond to weak and self peptides,
which may allow for increased T cell sensitivity to self antigens under certain systemic
inflammatory environments in vivo, such as viral infections that commonly affect young
children. Additionally, the R360P mutation led to an increase in Tfh polarization after
LCMV infection and increases in total serum IgG and 1gG1 amounts in aged mice. Tfh cells
are essential for GC maturation and antibody affinity maturation. Altered CD4* T helper cell
fate with polarization to Tth cells is associated with multiple autoimmune diseases in
humans and in mouse models due to dysregulated B cell responses (23-33). Therefore, our
results provide a potential mechanism to explain how the R360P mutation in ZAP70
contributes to the break of B cell tolerance in our patients with familial autoimmune
syndrome.

Our study further illustrates the importance of ZAP70 autoinhibition in maintaining
appropriate T cell function and immune tolerance. In the non-phosphorylated state, Tyr315
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and Tyr319 are critical for stabilizing the inactive conformation of the ZAP70 kinase domain.
Although the engagement of a doubly phosphorylated ITAM peptide by the tandem-SH2
domains of ZAP70 induces a substantial conformational change that releases the tandem-
SH2 module and interdomain A, the activation of ZAP70 requires a second step to fully
release autoinhibition. This second step involves phosphorylation of Tyr315 and Tyr319 by
Lck, thereby disrupting the interaction between interdomain B with the N-terminal lobe of
the catalytic domain and allowing the kinase to adopt an active conformation. Furthermore,
the binding of the SH2 domain in Lck to Tyr319 stabilizes the active conformation of both
ZAP70 and Lck, thereby establishing a potential positive feed forward loop (15, 17, 34, 35).
Our previous work has shown that mutating both Tyr315 and Tyr319 to Ala (YYAA) in
ZAP70 disrupts its autoinhibition and compromises the effector functions mediated by
phosphorylated Tyr315 and Tyr319 (12). YYAA mice exhibit defects in thymic positive and
negative selection, diminished TCR signaling, and produce rheumatoid factor following
fungal challenge. Another ZAP70 mutation, W131A, disrupts the interdomain A-
interdomain B interaction, therefore bypassing the first step in relieving autoinhibition, a
role played by phospho-ITAM binding. W131A-OTII CD4" T cells exhibit enhanced basal
TCR signaling but are hypo-responsive to TCR stimulation. This phenotype is at least
partially due to marked induction of inhibitory receptors, acquisition of an anergic
phenotype and an associated large expansion of Treg cells. In contrast to the W131A
mutation, the R360P mutation bypasses the second step by weakly relieving the second step
of autoinhibition, a role played by phosphorylation of Tyr31® and Tyr31° by Lck. Our results
showed that disruption of ZAP-70 autoinhibition by the R360P mutation sensitized the TCR
to weak and self peptides and polarized CD4* T helper cells to Tfh. These findings provide
insights into the importance of maintaining the ZAP70 autoinhibitory conformation in
regulating TCR ligand discrimination and CD4* T helper cell fate decision. Such regulation
is essential for inducing protective immunity and restraining potentially damaging
inflammatory responses to self antigens. In summary, by studying the ZAP70 R360P
mutation that is associated with a severe familial autoimmune syndrome, our results expand
our knowledge on how ZAP70 hypermorphic defects and interference in normal regulatory
mechanisms of TCR signaling may contribute to human autoimmune diseases.

Materials and Methods

Generation of Zap70 R360P mice

Zap70R360P knock-in mice were generated using CRISPR technology by the Gladstone
Institutes Transgenic Gene Targeting Core facility. The sequence for the sgRNA used is 5°-
TCGCATGCGCAAGTATGGCGGGG-3’. A 110 bp ssDNA oligo equally spanning the
desired mutation site was used as repair template:
CGAGCTTGGCTGTGGCAACTTTGGCTCCGTGC
GCCAGGGAGTCTATCGCATGCCCAAGTATGGCGGCGC CTT CTG CCA CAG
CGTGGGTAT CAGAGCAGAGGAGTTGTAGG. The sgRNA, DNA oligo, and CAS9
protein (PNA bio) were mixed and injected into zygotes from C57BL/6 mice. The injected
zygotes were then transferred to surrogate mothers. A total of 29 pups were born, among
which 2 pups carried the heterozygous R360P mutation. One pup also carried a second
mutation in the intron immediately following R360. The pup with only the desired R360P
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mutation was used as the founder mouse. The founder mouse was backcrossed to C57BL/6
mice for at least 5 generations to minimize off target effects from CRISPR. The mice were
then bred into homozygous R360P mice. The primers used for genotyping were as follows:
forward primer for wild type allele: 5’-AGGGAGTCTATCGCATGCGC-3’; forward primer
for R360P allele: 5’- AGGGAGTCTATCGCATGCCC-3’; common reverse primer: 5°-
AGCAGGAACTTGTGCAGGG-3’. The annealing temperature for the PCR reaction was
68.5°C. The size of the PCR product is 592bp.

Mice and cell line

Antibodies

All mice were bred and maintained in a specific pathogen-free facility and all studies were
done according to the Institutional Animal Care and Use Committee guidelines of the
University of California, San Francisco. WT C57BL/6 OTI TCR transgenic mice were
purchased from The Jackson Laboratory. R360P OTI mice were generated in our laboratory
by crossing OTI mice with R360P mice. Both male and female mice were used in
experiments. HEK293 cells were obtained from the ATCC and were maintained in DMEM
supplemented with 5% FBS and 2 mM glutamine.

The following antibodies were used for staining: CD4 BUV395, CD8a BUV737 (BD); CD5
PerCp-Cy5.5, CD25 PE or APC, CD44 FITC or Pacific Blue, CD45.2 PE, CD62L APC,
CD69 APC, TCRp Pacific Blue, Va2 PE or Pacific Blue, CXCR5-biotin, PD-1 FITC,
SLAM PE-Cy7, CD95 PE-Cy7, GL-7 FITC (Biolegend); B220 efluore780, CD8a
efluore780, ZAP70 Alexa488, Strepavidin-A647 (Life Technology); GP66 tetramer PE or
APC (NIH Tetramer Core Facility). The following antibodies were used for immunoblot
analysis: ZAP70 (clone 1E7.2) (36); ZAP70-pTyr319 (clone 65E4), LAT-pTyri®l Erk1/2,
Erk1/2-pThr292/pTyr204 and PLCy-pTyr183 all from Cell Signaling Technology; anti-
phosphotyrosine (4G10), PLCy (Sigma-Aldrich), LAT (clone FL-233, Santa Cruz
Biotechnology), FLAG (clone M2, Sigma-Aldrich), and GAPDH (clone 6C5, Santa Cruz
Biotechnology).

Plasmid constructs and protein detection

WT ZAP70 cDNA lacking SH2 domains and mutants R360P, K362E, and YYAA (14, 16,
37) (prepared with Agilent site-directed mutagenesis kits) in vector pcDNA3 (Invitrogen)
(0.1ug), and pEF FLAG-tagged LAT (2.2ug) were expressed in HEK293 cells (6-well plate)
using Lipofectamine 2000 reagents (Invitrogen) according to the manufacturer’s protocol.
After 24 hours, cells were harvested, rinsed, and lysed on ice with 1% NP40 lysis buffer.
Immunoblot analysis were performed as described below using monoclonal 1E7.2 (anti-
ZAP70), 4G10 (anti-phosphotyrosine), and M2 (anti-FLAG; Sigma-Aldrich) antibodies.

Immunoblot analysis

Thymocytes isolated from WT or R360P mice were washed with PBS and rested for 30 min
at 37°C. Cells were left unstimulated or stimulated with anti-CD3 (clone 2C11) at 37°C over
time as described in each experiment. Peripheral CD8-OTI T cells were isolated from WT or
R360P-OTI mice by negative depletion, incubated with OVA or G4 peptide tetramers (NIH
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Tetramer Core Facility) in PBS for 15min on ice, and transferred to 37°C for stimulation
over time as described. Cells were lysed with lysis buffer with a final concentration of 1%
NP40 (containing inhibitors of 2 mM NaVO4, 10 mM NaF, 5 mM EDTA, 2 mM PMSF, 10
pg/ml Aprotinin, 1 pg/ml Pepstatin and 1 pg/ml Leupeptin). For cell line experiments,
HEK?293 cells were harvested and lysed 24 hours after transfection.

Lysates were placed on ice and centrifuged at 13,000 x g to pellet cell debris. Supernatants
were run on NUPAGE 4%-12% Bis-Tris Protein Gels (Thermo Fisher Scientific) and
transferred to PVDF membranes. Membranes were blocked using TBS-T buffer containing
3% BSA, and probed with primary antibodies as described in each experiment, overnight at
4°C. The following day blots were rinsed and incubated with HRP-conjugated secondary
antibodies (Southern biotech). Blots were developed using a chemiluminescent substrate and
a BioRad Chemi-Doc imaging system (Bio-Rad).

Ca?* flux assay

Thymocytes or peripheral T cells from either WT or R360P mice were first loaded with 1
UM Indo-1 dye (Invitrogen) for 30 min at 37°C in RPMI medium plus 10% fetal bovine
serum. After loading with Indo-1, cells were surface stained with anti-CD4 and anti-CD8
antibodies for subsequent identification of thymocytes or T cell subsets, as well as anti—
CD45.2-PE for either WT or R360P cells for subsequent identification of the two genotypes.
Cells from both genotypes were mixed together and analyzed by flow cytometry (Fortessa
[BD] with a UV laser). Cells were stimulated with 10 pg/ml anti-CD3, followed by cross-
linking with 50 pg/ml goat anti-Armenian hamster 19G (Jackson laboratory) at 37°C. Ca2*
increase was monitored as the ratio of Indo-1(blue) and indo-1(violet) and displayed as a
function of time. lonomycin was added at 220-230s to serve as a positive control.

LCMYV infection

ELISA

WT or R360P mice were infected intraperitoneally with 2 x 10° pfu of the Armstrong strain
of LCMV virus. On day 8 post-infection, spleens were harvested for flow cytometry
analysis.

Serum LCMV-specific 1gG and serum total immunoglobulin were measured by ELISA. For
measuring serum anti-LCMV IgG, 96-well flat-bottom plates were coated with LCMV-
infected BHK lysate and then blocked with PBS containing 0.5% Tween 20 (Bio-Rad) and
10% FBS. After blocking, serially diluted sera were added, and anti-mouse IgG conjugated
to HRP (Southern Biotech) was used as the secondary antibody. To measure total serum
immunoglobulin amounts, 96-well flat-bottom plates were coated with 1 pg/ml anti-mouse
IgM, 1gG or 1gG subclasses (Southern Biotech). After blocking with PBS containing 0.05%
Tween 20 and 1% BSA, serially diluted sera were added, and total immunoglobulin amounts
were detected with anti-mouse IgM, IgG or 1gG subclasses conjugated to HRP (Southern
Biotech). Unlabeled mouse IgM, IgG or IgG subclasses (Southern Biotech) were used as
standards. All ELISA plates were developed with 3,3",5,5’-tetramethylbenzidine (Sigma-
Aldrich) and stopped with 2N sulfuric acid. Absorbance was measured at 450 nm.
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CD69 up-regulation assay

Sorted naive CD8* OTI T cells (CD8*Va2*CD44~CD62L*) were incubated with Calpha™~
splenocytes at 1:5 ratio, preloaded for 1 hour with a series of titrated concentrations of OVA
or APL peptides. Around 16 hours after stimulation, cells were fixed and stained for CD69,

TCR Va2, and CD8 and analyzed by flow cytometry.

In vitro proliferation assay

Sorted naive CD8* OTI T cells (CD8*Va2*CD44-CD62L") were resuspended in PBS,
labeled for 20 min at 37°C with 5 pM cell trace violet (Life Technologies), and quenched
with RPMI with 10% fetal bovine serum. Labeled CD8" OTI T cells were stimulated by
antigen presenting cells (from Calpha™~ splenocytes) preloaded with a series of titrated
concentrations of OVA, G4, or B-cateningog_33g, in the presence or absence of 50 units/ml
IL-2. Cells were then subjected to flow cytometry analysis 2.5 —3 days after stimulation.

Statistical analysis

Paired or unpaired two-tailed Student’s t tests were performed to determine statistical
significance between two groups using Microsoft excel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The R360P mutation weakens ZAP70 autoinhibition.
(A) Protein structure of ZAP70 (PDB 4K2R), highlighting residues (Tyr31® and Tyr319) that

participate in autoinhibition with yellow spheres. R360 (red spheres), mutated in our
patients, lies in the autoinhibitory region in close proximity to Tyr319 in the interdomain B
segment (shown in yellow). Not depicted are segments of interdomain B (between the C-
SH2 domain and resolved segment of interdomain B) or the activation loop of the catalytic
domain. These segments were not resolved in the crystal structure. (B) Immunoblots of
whole cell lysates from HEK293 cells transfected with LAT-FLAG and WT and the
indicated ZAP70 mutants lacking the SH2 domains-interdomain A segment (ZAP70 dSH2).
(top) pTyr (4G10) blotting to show phosphorylated LAT (lower band). (middle) Expression
of ZAP70 dSH2 and LAT. (bottom) enlargement of the pTyr blot area marked with the red
square. (C) The band densities of phosphorylated LAT are shown. Data were standardized to
the band density of the WT control. Quantified data are summarized from four independent
experiments. Error bars represent SEM. * P<0.05. Paired student’s t-test was used to
compare the amount of phosphorylated LAT in cells transfected with each of the ZAP70
mutant construct with the WT control. A.U.: arbitrary unit.
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Figure 2. R360P mice with a polyclonal TCR repertoire have grossly normal T cell development
and weakly enhanced TCR signaling.

(A) CD4 versus CD8 profiles of thymocytes (top) and lymph node (LN) cells (bottom) from
WT and R360P mice. Numbers in quadrants are the percentages of each thymocyte or
peripheral T cell subset. Total cell numbers of thymocyte subsets (top, including double
negative (DN), double positive (DP), CD4 single positive (CD4SP), and CD8 single positive
(CDB8SP) subsets) and peripheral T cell subsets (bottom, including peripheral CD4* and
CDS8™ T cell subsets) in age-matched 8 week old WT and R360P mice are shown on the
right. Total cell numbers of spleen, lymph nodes and thymocytes from WT or R360P mice
are also shown (n = 4 mice per group). (B) Comparison of central memory
(CD44NCD62LM T cells in CD8* T cells in LNs from WT and R360P mice (8 weeks old, n
= 4 mice per group) (left and center panels). The mean fluorescence intensity (MFI) of
CD44 of CD8*CD44!°CD62LN WT or R360P T cells were also shown (right panel). (C)
Comparison of % of Treg cells (CD25"Foxp3™) in CD4* T cells in LNs from WT and
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R360P mice (6 months old, n = 3 mice per group). Results in (A) to (C) are representative of
at least three independent experiments. All error bars represent SD. (D) CD4*Foxp3~CD44Ni
(memory/activated, bottom) T cells from lymph nodes from either WT or R360P mice were
stained for CD73 and FR4. Percentages in CD73"FR4N gate are shown. Quantified data
(right) are summarized from three independent experiments (mice age: 6-9 months old; n =
9 mice per group). Error bars represent SD. Unpaired student’s t-test was used for all
statistical analysis. * P < 0.05, ** P < 0.01, *** P< 0.001.
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Figure 3. Effect of ZAP70 R360P mutation on T cell development and TCR signaling.
(A) ZAPT70 amounts in peripheral CD4* or CD8" T cells from WT or R360P mice are

shown. Error bars represent SD (n = 4 mice for WT, n = 3 mice for R360P). Data are
representative of three independent experiments. Unpaired student’s t-test was used for
statistical analysis. (B) Thymocytes from WT or R360P mice were stimulated with anti-CD3
(2C11) antibody (10ug/ml) for the indicated times. Immunoblots of whole cell lysates with
antibodies as labeled are shown on the left. The middle panel shows immunoblots of whole
cell lysates of WT or R360P thymocytes at the basal state with antibodies as labeled. A long
exposure was done for ZAP70-pTyr319. The ratios of band density of ZAP70-pTyr31°
standardized by total ZAP70 amounts from the above immunoblot analyses are shown on the
right. Data are summarized from three independent experiments. Error bars represent SEM.
Paired student’s t-test was used for statistical analysis. GAPDH, glyceraldehyde-3-
phosphate Dehydrogenase. (C) Ca%* influx in double positive (DP) thymocytes, peripheral
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CD4* or CD8* T cells from WT or R360P mice following TCR stimulation with anti-CD3
(2C11) (10pg/ml) and crosslinking with goat anti-Armenian hamster 1gG (GAH) (50ug/ml);
lono: lonomycin. (D) Bar graph showing the average peaks of Ca2* influx (labeled as
“peak™), as well as time taken to reach Ca?* influx peak (labeled as “time to peak”) from the
time when GAH was added in DP thymocytes, peripheral CD4* or CD8* T cells. Data were
standardized by the WT controls. Quantified data are summarized from three independent
experiments. Error bars represent SD. Paired student’s t-test were used for statistical
analysis. * P < 0.05, ** P < 0.01, *** P< 0.001.
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Figure 4. ZAP70 R360P mutation enhances antigen-specific Tfh cell differentiation and increases
serum total immunoglobulin amount.

(A) Percentages of CXCR5*PD1* or CXCR5*SLAM!® Tth cells 8 days following infecting
WT or R360P mice with the Armstrong strain of LCMV. Results are gated on
B220"CD4"CD44*GP66* T cells from the spleen. (B) Percentages of FAS*GL7* germinal
center B cells among B220* cells from the spleen of WT or R360P mice 8 days following
LCMV infection. Results are representative of at least three independent experiments. Error
bars represent SD (n =5 mice per group). (C) Serum total 1gG and IgM amounts in WT or
R360P mice at various ages as indicated. Data are summarized from at least three
independent experiments (n = 4-16 mice per group). Unpaired student’s t-test was used for
statistical analysis. * P < 0.05, ** P < 0.01, and *** P < 0.001.
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Figure5. T cell development in R360P mice with OTI transgene.
(A) CD4 versus CD8 profiles of thymocytes (top) and LN cells (bottom) from WT and

R360P mice. Numbers in quadrants are the percentages of each T cell subset. Total cell
numbers in thymuses (top, including DN, DP, and CD8SP subsets) and LNs (bottom,
peripheral CD8" T cells) in age-matched 8-week-old WT OTI and R360P OTI mice are
shown on the right. (B) Comparison of % of CD8* OTI central memory (CD44"MCD62L") T
cells in LNs from 8-week-old WT OTI and R360P OTI mice. The MFls of CD44 of CD8*
OTI WT or R360P T cells are also shown (right). All results are representative of at least
three independent experiments. All error bars represent SD (n = 4 mice per group). Unpaired
student’s t-test was used for statistical analysis. * P < 0.05, ** P < 0.01.
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Figure 6. The R360P mutation in ZAP70 promotes T cellsto respond to low-affinity antigen.
(A) TCRP and Va2 amounts on CD8* T cells from WT or R360P OTI mice. Error bars

represent SD (n = 4 mice per group). Results are representative of at least three independent
experiments. Unpaired student’s t-test was used for statistical analysis. (B) Immunoblot
analyses of purified CD8* T cells from WT OTI or R360P OTI mice that were left
unstimulated or stimulated with either OVA or G4 (20pug/ml) for the indicated times. Graph
is representative of three independent experiments. (C) The ratios of band density of ZAP70-
pTyr319 standardized to total ZAP70 amount from the immunoblot analyses in B are shown.
Data are summarized from three independent experiments. Error bars represent SEM. Paired
student’s t-test was used for statistical analysis. (D) Percentages of CD69 positive CD8* OTI
T cells following stimulation by antigen presenting cells pulsed with OVA peptide, OVA
APL peptides, or VSV control peptide over the indicated peptide concentration ranges for 16
hours. Percentages of CD69™" cells were plotted against peptide concentrations. Results are
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representative of at least three independent experiments. * P < 0.05, ** P < 0.01, *** P<
0.001.
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Figure 7. Enhanced proliferation of T cell from R360P OT| micein responseto low affinity and

self antigens.

(A) In vitro proliferation of WT or R360P CD8* OTI T cells 2.5-3 days after stimulated by

APCs preloaded with various concentrations of OVA or G4 peptide in the presence or

absence of 50 unit/ml IL-2. Flow cytometry graph is representative of three independent
experiments. % of proliferating cells are shown in the bar graph below. Quantified data are

summarized from three independent experiments. Error bars represent SD. (B) In vitro
proliferation of WT or R360P CD8" OTI T cells 2.5-3 days after stimulated by APCs

preloaded with 30uM B-cateningog_335 Or VSV control peptide in the presence of 50 units/ml

IL-2. CTV: cell trace violet. Data are representative of at least three independent
experiments. Error bars represent SD. Unpaired student’s t-test was used for statistical
analysis. * P < 0.05, ** P < 0.01, *** P< 0.001.
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