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SUMMARY

T cell responses are inhibited by acidic environments. T-cell receptor (TCR)-induced protein
phosphorylation is negatively regulated by dephosphorylation and/or ubiquitination but the
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mechanisms underlying sensitivity to acidic environments are not fully understood. Here, we
found TCR stimulation induced a molecular complex of Chl-b, an E3-ubiquitin ligase, with STS1,
a pH-sensitive unconventional phosphatase. The induced interaction depended upon a proline
motif in Cbl-b interacting with the STS1 SH3 domain. STS1 dephosphorylated Cbhl-b interacting
phosphoproteins. Deficiency of S7S1 or Cb/-b diminished sensitivity of T cell responses to the
inhibitory effects of acid in an autocrine or paracrine manner /n vitro or in vivo. Moreover,
deficiency of S751 or Cb/l-b promoted T cell proliferative and differentiation activities /n vivo, and
inhibited tumor growth, prolonged survival and improved T cell fitness in tumor models. Thus,

a TCR-induced STS1-Cbl-b complex senses intra- or extra-cellular acidity and regulates T cell
responses, presenting a potential therapeutic target for improving anti-tumor immunity.

eTOC blurb

T cell activities are suppressed in acidic pH conditions such as those found in tumor
microenvironments. Tsai et al. reveal that a TCR-induced STS1-Cbl-b complex senses intra- or
extra-cellular acidity and regulates T cell responses. STS1 or Cbl-b deficiency leads to acidic pH
desensitization, improving anti-tumor reactivity and inhibiting tumor growth.
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INTRODUCTION

T cells are critically important for adaptive immunity. Therefore, maintaining their

proper homeostasis and controlling the magnitude of their responses is critical to

prevent immunopathology or auto-reactive responses to self-peptides bound to MHC
molecules (self-pMHC). T cell receptor (TCR) signaling is mediated by regulated tyrosine
phosphorylation initiated by the cytoplasmic tyrosine kinases Lck and ZAP70. Lck
phosphorylates TCR immunoreceptor tyrosine-based activation motifs (ITAMs) in the C-
and CD3-chains leading to the recruitment, phosphorylation, and activation of ZAP701.
Activated ZAP70 phosphorylates downstream adaptor proteins including LAT and SLP76,
which coordinate downstream signaling events23. In the basal state, the TCR ITAMs

are continuously phosphorylated as a consequence of TCR/self-pMHC interactions and
some downstream signaling may ensue*°, but kinase substrates are dephosphorylated or
ubiquitinated to maintain a basal homeostatic state. A TCR-mediated response to an
agonist pMHC requires a sufficiently long TCR-pMHC interaction to overcome a kinetic
proofreading threshold allowing for the effects of downstream tyrosine phosphorylation
pathways. Tyrosine phosphorylation of the ZAP70 activation loop as well as downstream
events leading to phosphorylation of Y136 on LAT are necessary for PLCy1 recruitment,
phosphorylation and activation’-8:910, TCR induced phosphorylation events are negatively
regulated by inhibitory receptors such as PD1, tyrosine phosphatases (PTPs), and E3
ligases such as Cbl-b and Graill112.13, pD1 recruits the PTP SHP-2, which is implicated
in negatively regulating TCR and CD28 signaling!#1, emphasizing the importance of
phosphorylation for effective T cell responses.

T cells constantly sense and respond to their local environments. Extracellular pH (pHe)
plays a critical role in regulating T cell function, as exemplified by VISTA which
preferentially binds to PSGL-1 at acidic pH, to suppress T cell functionl®. Acidification
of intracellular pH (pH;) is critical for limiting T cell responses. Deletion of the anion
exchanger 2 (AE2), a major cell surface acid loader that reduces pH; by extruding HCO3~
in exchange for CI~, led to elevated pHi, enhanced IFNvy production, CD25 expression
and proliferation in CD8* T cells!”18, Interestingly, aged A£27~ animals developed
autoimmune cholangitis with intrahepatic accumulation of cytotoxic CD8* T cells and
decreased expression of PD119, thereby connecting the important role of acidic pH; with
suppression of T cell responses.

Multiple sources generate changes in pH; and pHe, including activities of plasma membrane
HCO3~ and H* transporters, V-ATPases as well as lactic acid resulting from increased T
cell glucose metabolism during initiation of T cell responses leading to the acidification of
pH; 20. Secreted lactic acid decreases the pHe of lymph nodes (LNs) as an auto-regulatory
mechanism to suppress T cell responses’, which may serve as negative feedback to

limit immunopathology. Acidic pH. has been reported to impair proliferation, CD25 and
cytokine expression including IFNy, TNFa and IL-2 as well as suppression of cytotoxic
responsest’21.22.23  Additionally, pHe is decreased in the tumor microenvironment (TME)
due to lactate secreted by tumor cells and relatively hypoxic conditions?4. Acidic pH, also
increases expression of immune checkpoints such as PD1, TIM3 and LAG32°. Although
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acidic pHg has a negative effect on events downstream of the TCR, it is unclear how acidic
pH. is detected by T cells and influences TCR signaling.

Intriguingly, deletion of Cb/-bincreases T cell infiltration and tumor rejection26:27, Thus
Cbl-b may play a role in overcoming acidic pHe-induced immunosuppression. Casitas
B-lineage Lymphoma (Cbl) proteins are E3 ligases involved in modulating TCR signaling.
The Cbl protein family contains 3 members: c-Cbhl, Cbl-b and the more distantly related
Chl-c28. c-Cbl and Cbl-b are highly homologous but play different roles in T cells.
c-Cbl'~ mice exhibit altered positive selection during thymic development29:39, whereas
Cbl-b7"~ mice exhibit alterations in peripheral T cell activation3132, When TCR signaling
is activated, Cbl forms complexes with multiple signaling molecules and ubiquitinates
proteins leading to their degradation and consequent suppression of signaling events33. In
thymocytes, c-Cbl partners with the SRC-like adaptor protein to ubiquitinate the C-chain and
causes the internalization of cell surface TCR34, whereas in mature T cells internalization
is mediated by Chl-b33. Interestingly, an /n vitro kinetic study revealed that over 70%

E3 ligase encounters with substrates are unproductive due to faster substrate dissociation
than ubiquitination rates3®. Therefore, it is unclear how Cbl-b down-regulates the levels
of phosphorylated proteins but has no effect on their total amounts during acute TCR
stimulation, as seen in gain-of-function and loss-of-function studies3738:39, Instead, this
discrepancy suggests the possible involvement of PTPs in modulating TCR signaling in a
Cbl-b-dependent manner.

Suppressor of T-cell receptor signaling (STS) proteins are cytoplasmic PTPs modulating
TCR signaling and consist of two members: STS1 and STS2. Both contain an N-terminal
UBA domain, a Src homology 3 (SH3) domain and a C-terminal phosphatase domain“0.

In vitro, STS1 has greater phosphatase activity than STS241. STS1 and STS2 are recruited
to the EGFR upon ligand stimulation and suppress receptor endocytosis in CHO cells*2.

In T cells, S751/2double deficiency leads to accumulation of phosphorylated and
ubiquitinated substrates, including ZAP70, following TCR stimulation*344. The loss of
STS51/2exacerbates experimental autoimmune encephalomyelitis in animals, similar to Cb/-
b deficiency*3. ST751/27/ (also referred to as UBASH3B™'=/3A) mice were also found
to exhibit enhanced protection against bacterial, fungal and viral infections*>47. In T cells,
STS1 and STS2 are c-Cbl and Cbl-b binding partners*8. Whereas conventional PTPs use
cysteine to catalyze dephosphorylationt®, STS1 and STS2 are exceptions because they use
histidine as their catalytic residue®. Interestingly, acidity increases STS1 affinity to the
model substrate p-nitrophenylphosphate, enhancing its catalytic rate in acidic pH*L.

We set out to determine whether Cbl proteins or STS phosphatases might play a role in
sensitizing T cells to acidic pH. Upon TCR stimulation, Cbl-b served as an adaptor to
recruit STS1. In TCR-stimulated Jurkat leukemic T cells, recruited STS1 dephosphorylated
Cbl-b-bound substrates. Primary mouse T cells deficient in either S751 or Cb/-balone or
both exhibited hyperresponsiveness and resistance to acidic pHe-induced T cell suppression.
Moreover, mice deficient in either STSZ or Cb/-bhad improved responses to antigen,
delayed tumor growth and improved survival and T cell fitness.
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TCR stimulation induces Cbl-b and STS1 to interact and regulate the TCR signaling

pathway

Using CRISPR/Cas9, we deleted c-Cb/or Cbl-bin Jurkat cells and depleted the remaining
Cbl-b or c-Cbl proteins using siRNA, respectively. Deletion of ¢-Cb/or Cbl-b enhanced
tyrosine phosphorylation of many TCR signaling proteins including PLCy1, VAV1, ZAP70
and LAT, with a further increase in doubly depleted cells under both unstimulated and
TCR-stimulated conditions. Interestingly, total protein amounts of the phosphoproteins
remained unchanged (Fig. 1A and Table S1), even out to 6 hours (Fig. S1A and

Table S2). These results are consistent with earlier studies suggesting Cbl proteins down-
regulate phosphorylated proteins without degrading them37-38, and implicate the potential
involvement of a Chl-associated tyrosine phosphatase in regulating basal and stimulated
phosphorylation of these proteins.

The phosphatases STS1 and STS2 were identified as c-Cbl and Cbl-b binding partners in

a large-scale proteomic study“®. We identified a TCR-inducible and preferential interaction
between STS1 and Cbl-b in Jurkat cells (Fig. 1B), and confirmed this in primary mouse T
cells (Fig. S1B). Next, we deleted S7.5Zin WT and Cb/-57'~ Jurkat cells, and found that
ST751 deletion resulted in elevated basal and stimulated TCR signaling, nearly phenocoping
Cbl-b7!~ cells. The doubly deficient cells had levels of phosphoproteins similar to those in
the singly deficient cells (Fig. S1C and Table S3). These results suggest STS1 plays a major
role in regulating basal and TCR-inducible protein phosphorylation.

To define the basis of the Cbl-b-STS1 interaction, we created truncation mutants of Cbl-b
(Fig. S1D), and found STS1 binds to Chl-b between residues 430 to 529 (Fig. S1E). This
segment contains several proline-rich regions (PRRs) (Fig. S1D), and we suspected STS1
binds to one of these PRRs using its SH3 domain. Indeed, the STS1 SH3 domain-defective
mutant W295A lost its interaction with Cbl-b (Fig. 1C-D). Three PRRs in Cbl-b located
between residues 430 to 529 were individually mutated (Fig. 1E)°1. Mutating the PPVPP
motif resulted in the loss of interaction with STS1 (Fig. 1F). Using Far-Western blotting, we
determined the STS1 SH3 domain could bind the Cbl-b PPVPP motif directly (Fig. S1F).
The PPVPP motif is highly conserved in 26 mammals (Fig. S1G), suggesting this motif has
functional importance.

We reconstituted S7.577/~ Jurkat cells with the WT or mutants defective in ubiquitin-
associated (M47A), SH3 (W295A) or phosphatase domains (H391A), and Cb/-67'~ Jurkat
cells with WT or the PPVPP mutant (AAVAA), respectively. Both WT and M47A
suppressed phosphorylation of TCR signaling molecules following stimulation, but not the
W295A and H391A mutants (Fig. S2A). In agreement, both W295A and H391A were
less able to suppress TCR-induced phospho-Erk and CD69 (Fig. S2B-C). Similarly, the
AAVAA Cbl-b mutant exhibited partially reduced suppressive activity for TCR-induced
phosphoproteins (Fig. S2D), and failed to substantially suppress phospho-Erk and CD69
induction (Fig. S2E-F). Together, these results demonstrate that STS1 and Cbl-b are both
potent suppressors of TCR signaling and their interaction is critical for their suppressive
activities.
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Phosphorylation of Chl-b Y363 triggers a major conformational change to expose the RING
domain®2, suggesting phosphorylation of Cbl-b might be involved in accessing the PRRs.
Treating the cells with either the Src family kinase (SFK) inhibitor PP2 or using ZAP707/~
Jurkat cells impaired the Cbl-b-STS1 interaction (Fig. S3A-B). Treating the PP1 analog-
sensitive mutant ZAP70-expressing P116 cells, which are sensitive to the mutant-specific
inhibitor 3-MB-PP153, with either PP2 or 3-MB-PP1 inhibited the Cbl-b-STS1 interaction
(Fig. S3C). Since ZAP70 is downstream of SFKs, these results suggested that ZAP70 may
play a more direct role in inducing Cbl-b-STS1 interaction. Early studies revealed that
CD3 stimulation leads to an interaction between ZAP70 and Cbl-b as well as to Cbl-b
phosphorylation®, suggesting that phosphorylation of Chl-b by ZAP70 might induce the
binding of STS1 to Cbl-b.

To determine which Cbl-b domains are involved in the recruitment of STS1, we
reconstituted Ch/-67'~ Jurkat cells with Cbl-b defective mutants in the ZAP70-binding
(G298E), ligase-activating phosphorylation site (Y363F), E3 ligase (C373A), putative
phosphorylation sites/SH2 domain-binding (3YF: Y665F, Y709F and Y889F), and UBA
domain (M940A) (Fig. S3D). As shown in Fig. S3E, the G298E mutant failed to inducibly
recruit STS1, as did 3YF and M940A mutants, with the latter reported to suppress Chl-b
phosphorylation®®. The requirement of ZAP70 catalytic activity, together with G298E and
3YF mutant effects, strongly suggested that ZAP70 might phosphorylate Y665, Y709
and/or Y889. On the other hand, neither the C373A nor Y363F mutations prevented

STS1 recruitment (Fig. S3E). ZAP70 favors substrates surrounded by acidic residues,
particularly at the —1 position®6, which are present in Y665, Y709 and Y889 of Cbl-b

(Fig. S3F). Therefore, we reconstituted Ch/-67'~ Jurkat cells with single, double, or triple
non-phosphorylatable mutants at these residues. All mutants containing Y709F failed to
inducibly recruit STS1 (Fig. S3G). We further reviewed data from a high-throughput kinase
specificity assay in which Lck and ZAP70 were previously characterized®’. As shown in
Fig. S3H, peptides corresponding to known substrates of Lck, € Y123 and Y142, were
favorably phosphorylated by Lck but not ZAP70, whereas known substrates of ZAP70, LAT
Y171 and Y226, were favorably phosphorylated by ZAP70 but not by Lck. For Cbl-b, while
Y665 and Y889 were both good substrates for Lck and ZAP70, Y709 was a poor substrate
for Lck but highly favored by ZAP70. These results were consistent with our observation
that ZAP70 kinase activity is essential for the inducible Cbl-b-STS1 interaction (Fig. S3C).
Sequence conservation analysis indicated that Y709 and surrounding residues are highly
conserved in mammals (Fig. S3I), suggesting its functional importance. Furthermore, Cbl-b
Y709F suppressive activity was diminished, as shown by higher phosphorylation as well

as phospho-Erk and CD69 induction (Fig. S3J-L). Thus, phosphorylation of Cbl-b Y709
by ZAP70 drives the TCR inducible recruitment of STS1 to Cbl-b and is critical for Cbl-b
suppressive activity.

We detected increased phosphorylated signaling molecules, including LAT and VAV,
bound to Cbl-b following TCR stimulation of S7.527/~ cells (Fig. 1G and Table S4).
Furthermore, cells expressing WT STS1 or the UBA domain-defective mutant M47A
exhibited reduced phosphorylated substrates bound to Chl-b, but not in cells reconstituted
with the SH3 (W295A) or phosphatase-defective (H391A) STS1 mutants (Fig. 1H and Table
S5). Likewise, Cb/-b7/~ cells reconstituted with WT Cbl-b exhibited markedly decreased
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phosphoproteins bound to the transduced Cbl-b, but not the STS1 binding-defective mutant
AAVAA (Fig. 11 and Table S6). Together, these results suggest that STS1 is inducibly
recruited to Cbl-b where it dephosphorylates phosphoproteins bound to Cbl-b following
TCR stimulation.

Cbl-b and/or STS1 deficiency leads to CD28 co-stimulation independence

STS17!I=, CbI-b7'~ and STS17/=1ChI-b7'~ mice had no obvious phenotypic effects on thymic
development (Fig. S4A). A reduced CD4/CDS8 ratio was observed in mature $7577/~ and
Cbl-b7"~ T cells and even more in the STSI7~/Cbl-b7'~ cells (Fig. S4B). The 6-8-week

old $75171CbhI-b7"~ mice exhibited higher effector memory (EM) populations (CD44*
CD62L") in CD4* T cells, and higher central memory (CM) population (CD44+ CD62L*)
in both CD4* and CD8* T cells, while naive populations (CD44~ CD62L*) were lower in
both CD4* and CD8* T cells. For singly deficient animals, S7.51 deficiency led to increased
CM and lowered naive CD8* T cells, whereas Cb/-b deficiency resulted in increased CM in
CD8* and reduced naive subsets in both CD4* and CD8* T cells (Fig. S4C-D). In addition,
no clear defects in the thymus-derived or peripheral regulatory (CD25* FoxP3*) T cells, nor
in the anergic (CD73" FR4™) T cells in CD44* and CD44™~ populations were observed in
singly or doubly deficient mice (Fig. S4E-F).

It has been reported that the loss of Cb/-b results in IL-2 production in a CD28-independent
manner in response to T cell stimulation32:3, Interestingly, CD3 stimulation alone was
sufficient to induce IL-2 secretion in S7527/~ T cells at a comparable level to the Co/-67~ T
cells, but double deficiency did not further enhance the response (Fig. S4G). CD3/CD28 co-
stimulation led to robust IL-2 production in the WT as well as S7577~ and Cb/-67/~ T cells,
which was not further substantially enhanced in S7517/~/Cbl-67'~ cells, suggesting T cells
deficient in S751 or Cb/l-bbecame at least partially independent of CD28 co-stimulation.

Sensitivity of T cell responses to acidic pHe depends upon Cbl-b or STS1

STS1 catalytic rate has been previously reported to be sensitive to acidic pH*!, which we
confirmed in an /n vitro phosphatase assay (Fig. 2A). We observed a 3.8-fold increase in
catalytic rate when pH was reduced from 7.5 to 6.5 which further increased at lower pH.
This was contrasted by SHP1, a conventional cytoplasmic PTP expressed in T cells, which
showed maximal catalytic rate at pH 7 (Fig. 2A). Consistent with a previous report, STS2
possessed markedly reduced activity®8 (Fig. 2A). STS1 binding to Cbl-b was independent
of acidic pH, (Fig. 2B). To determine the effect of the pH, on the pH; of T cells, primary
WT mouse T cells were loaded with the pH-sensitive fluorescent dye BCECF. The dye is
membrane-permeable but once its methyl ester moiety is cleaved by intracellular esterases, it
is trapped within the cells®. At pH, above 6.8, T cells maintained a relatively neutral pH;.
However, at pH, below 6.8, although T cells could partially elevate pH;, the acidic pH, still
caused a reduction of pH; (Fig. 2C), suggesting STS1 in the T cell cytoplasm is sensitive to
more profound ranges of acidic pHe.

Numerous studies have indicated that acidic pH, impairs T cell function (reviewed in®0).
We stimulated CD4* and CD8" T cells 77 vitro in medium adjusted to a starting pHe 7.4 or
6.6. Sub-optimal stimulation was used with our expectation that deletion of Cb/-bor STS1
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would elevate T cell responses8:62. As shown in Fig. 2D and S5A, acidic pH, significantly
suppressed WT CD8* T cell proliferation but not S7517~ or Cbl-b~ T cells. STS17/
Cbl-b7'= T cells responded similarly to the singly deficient cells. Likewise, up-regulation of
CD25 (Fig. 2E and S5B), granzyme B (Fig. 2F and S5C) and IFNy production (Fig. 2G)
were significantly inhibited by acidic pHg in WT cells, but not in singly or doubly deficient
T cells. Similarly, WT CD4* T cell proliferation, CD25 and IL-2 production as well as
CD44 expression both in CD4* and CD8" WT cells were potently inhibited by acidic pHe,
but not in any of the deficient cells (Fig. S5D-H). Together, these results indicate that the
suppression of T cell function by acidic pHe is at least partially due to enhanced activity of
STS1. Since STS1 function relies on Chl-b binding, the loss of Cbl-b phenocopies the loss
of STS1. Because double deficiency did not further enhance the responses, we only utilized
singly deficient animals and cells in the subsequent experiments.

Sensitivity of T cell responses to acidic pHe depends up on the Cbl-b-STS1 interaction and
the histidine-containing phosphatase domain of STS1

To investigate the roles of STS1 and Cbl-b in mediating low pH, induced T cell suppression
under more physiological conditions, we stimulated OT-1 T cells with a peptide fragment
of chicken ovalbumin (OVA,57_2¢64) and a series of weaker peptide agonists derived from
OVA and measured the induction of CD69. As shown in Fig. S6A, under physiologic

pHe, high affinity agonists OVA and Q4R7 peptide®? strongly induced CD69 expression in
WT, ST7S17/~ or CbI-b™'~ T cells. The weaker stimuli Q4H7 and G4 showed differences

in responses, where Cb/-67/~ T cells exhibited the strongest CD69 induction, followed by
STS17~ and then WT T cells. However, acidic pH, reduced the sensitivity of WT cells to
OVA and weaker peptides Q4H7 and G4 (Fig. 3A). In contrast, CD69 was up-regulated in
STS17I= or Cbl-57'~ T cells in a pH-insensitive manner. Similarly, long-term stimulation
with OVA peptides at acidic pH, lowered the proliferative response of WT cells but not
STSI1~ or Cbl-b7~ T cells (Fig. S6B), indicating acidic pHe, STS1, and Cbl-b regulate T
cell signaling by altering the activation threshold.

To determine how STS1 contributes to suppress TCR responses by acidic pH,, we

utilized murine STS1 mutants that were defective in the SH3 (W284A) or phosphatase
domain (H380A). We also replaced the STS1 phosphatase domain with that of the SHP1
phosphatase (Fig. 3B), which showed optimal catalytic rate at pH 7 and did not vary

greatly with pH (Fig. 2A). We demonstrated that the STS1-SHP1 chimera was functionally
sufficient to attenuate CD69 expression stimulated by G4 peptide stimulation (Fig. 3C). As
shown in Fig. 3D-E, following stimulation by G4 peptide, CD69 induction was suppressed
in 7517/~ cells reconstituted with WT STS1 under acidic conditions. However, the

acidic pH, failed to suppress CD69 up-regulation in 7527/ cells expressing W284A or
H380A mutants. In addition, S7527~ T cells reconstituted with pHe-insensitive STS1-SHP1
chimera, with or without a defective STS1 SH3 domain, were able to induce CD69 in acidic
pH, at a similar level as those in physiologic pHe. These results suggest that the STS1
phosphatase domain is responsible for mediating the acidic pHe-induced inhibition of the
TCR-mediated response. These results also emphasize the importance of a functional SH3
domain of STS1.
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To test the role of STS1 recruitment in Cbl-b-mediated pH, sensitivity in T cells, we utilized
an STS1 binding-defective mutant AAVAA. For comparison, an E3 ligase defective mutant
C373A, which has been shown to confer hyperactivity to TCR responses®4, was included
(Fig. 3F). Because the reconstituted T cells expressed high basal CD69, we measured IFN~y
expression in the transduced cells in response to G4 peptide under different pH, conditions.
As shown in Fig. 3G, in WT Cbl-b reconstituted T cells, IFN+y expression was significantly
suppressed in acidic pHg, whereas IFN-y expression in AAVAA-reconstituted cells was
insensitive to acidic pHe. Interestingly, acidic pHe also suppressed IFN+y expression in
C373A-reconstituted cells, indicating Cbl-b-mediated acidic pHe-induced T cell suppression
depends on STS1 interaction but not E3 ligase activity.

Next we focused on identifying differences in STS1 and Cbl-b in suppressing TCR
signaling. Early studies reported that Cbl proteins contribute to TCR internalization via C
ubiquitination, mediated by their E3 ligase activities3®>34. As shown in Fig. S7, CD3 ligation
led to down-regulated cell surface CD3 in WT and S7.527/~ cells, but not Cb/-67/~ T cells.
Together, these results demonstrated that the acidic pHe-induced TCR suppression depends
on the Cbl-b-STS1 interaction and the phosphatase domain of STS1. However, only Cbl-b
possesses the additional ability to suppress TCR signaling by down-regulating the receptor.

Similar impact of STS1 and Cbl-b deficiency on in vivo antigen-specific T cell responses

A recent study revealed that LNs maintain some acidic regions, the result of T cell induction
of glycolytic metabolism that generates lactic acidl’. To investigate the roles of STS1 and
Cbl-b in limiting the response of T cells /n vivo, we first examined antigen specific T

cell proliferative responses to antigen in LNs. OT-1 T cells were labeled with CellTrace
dyes. OT1 WT cells were mixed with OT1 S7577/~ or OT1 Cb/-67'~ cells and adoptively
transferred into congenic hosts, followed by ovalbumin injection in one hind-limb footpad.
In the draining popliteal LNs there was a higher percentage of S7577/~ T cells that had
divided and more cells were able to enter multiple proliferation cycles compared with the
WT (Fig. 4A-C). Likewise, Cb/-67'~ T cells also showed a higher proliferative response

in vivo (Fig. 4D-F). However, there were no differences in CD44 and TCF1 expression
between proliferated WT and S7517/~ or Cb/-t7/~ cells (Fig. 4G-J). A significant difference
in PD1 expression was only observed in Cb/-b7/~ cells (Fig. 4K-L). For CXCR3, a
difference was only observed in $7577~ cells (Fig. 4M-N).

We examined T cell differentiation in the LNs. OT-2 T cells were adoptively transferred
into congenic hosts, followed by subcutaneous ovalbumin injection at the right flank. In the
draining inguinal LNs the populations of T follicular helper (Tfh) cells were significantly
increased in S7.S17/~ and, even more strongly in Cb/-67/~ T cells, as shown by expanded
PD1* CXCR5™ population (Fig. 40) and CXCR5* Bcl-6* population (Fig. 4P). Together,
these results demonstrated that deletion of S7SZ or Cb/-bincreased T cell proliferative and
differentiation responses /n vivo.

T cells are exposed to autocrine and paracrine acid sources

Upon activation, T cells up-regulate glycolysis which can result in release of lactic acid®®.
The Na*/H* antiporter (NHEZ1) is a ubiquitous cell surface transporter responsible for efflux
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of intracellular H* %8, To test whether T cells can sense the acid produced by themselves (an
autocrine effect), we stimulated T cells in pHg-neutral medium and treated them with EIPA,
a specific and potent inhibitor for NHE1. As shown in Fig. 5A, EIPA treatment effectively
reduced the pH; of activated T cells. Similar to the effects of acidic pHg (Fig. 2D-F),
blocking H* secretion led to suppressed proliferation and reduced CD25 and granzyme B
expression in WT but not S7577~ and Cb/-b7/ cells (Fig. 5B), suggesting that the STS1/
Cbl-b axis was sensitive to acid produced within T cells, perhaps reflecting a capacity of T
cells to restrain their own activity as negative feedback regulation.

To investigate whether T cells can sense acid via a paracrine route /in vivo, we first
determined whether T cells secrete acid in the LNs during an immune response. We
immunized OT-1 mice with ovalbumin in the footpad to induce maximal T cell activation
(Fig. 5C). The cells within acidic pH, were probed using a fluorophore-labeled pH-Low
Insertion Peptide (pHLIP) that undergoes a conformational change and inserts into the
membrane stably at low pHc87-8°. In both draining and contralateral LNs, even though the
percentage is low in the contralateral LNs, activated (CD44H1) OT-1 T cells exhibited higher
pHLIP MFI than the naive (CD44°) subset (Fig. 5D-E), suggesting the activated T cells are
the sources of acid that acidified the pH, around themselves.

Using this model, we adoptively transferred Pmel-1 T cells into OT-1 mice followed by
ovalbumin immunization and pHLIP labeling. Since Pmel-1 T cells do not respond to
ovalbumin, they remained naive after the immunization (Fig. 5F). In the contralateral LNs,
the pHLIP intensity of Pmel-1 T cells was similar to that of CD44L° OT-1 T cells. However,
in the draining LNs where a large portion of OT-1 T cells were activated, a substantial subset
of Pmel-1 T cells was enriched for higher pHLIP staining, suggesting they were exposed

to acid secreted by the activated OT-1 cells, thereby providing evidence that paracrine
production of acid by T cells can be detected /n vivo (Fig. 5G). We will provide evidence
below that STS1 and Cbl-b can impart sensitivity to acidic pH, produced via a paracrine
mechanism.

Enhanced anti-tumor activities in STS1 and Cbl-b deficient animals or if TME acidic pH is

reduced

The TME is generally acidic due to poor vascularization, rapid metabolism and glycolytic
activities of tumor cells?4. The murine prostate adenocarcinoma TRAMP-C2 tumor model
produces an acidic TME?%.71.72 and the tumor cells express an immunodominant antigen,
Spas-1. T cell responses against tumor epitope can be identified using Spas-1 peptide-
coupled MHC Class | tetramers?4. Using this model, we found that either S7.527/~ or
Cbl-b7"~ mice exhibited diminished tumor growth (Fig. 6A-B), and prolonged survival (Fig.
6C). Although overall tumor-infiltrating CD8* T cells were only significantly increased

in Cbl-b~ mice (Fig. 6D), the Spas-1-reactive subsets in either S7S17/~ or Cbl-b7'~
CD8* T cells were significantly expanded (Fig. 6E). Furthermore, STS17/~ or Cbl-67/~
tumor-reactive T cells expressed higher levels of TCF1 (Fig. 6F), a key transcription factor
required for the formation of memory precursor CD8* T cells and is lost in terminally
exhausted T cells’3~75. Consistently, S7SZ7/~ or Cbl-b™/~ Spas-1-specific T cells showed
decreased levels of exhaustion markers including PD1, TIM3 and LAG3 (Fig. 6G-H), as
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well as a higher frequency of PD1™ TIM3~ LAG3™ population (Fig. 6H). The expression of
the effector molecule perforin (PRF1) was increased in tumor-reactive S7S17/~ or Cbl-b7/~
T cells (Fig. 61). Thus, both deficient mice have significantly improved T cell fitness in their
anti-tumor responses. Spas-1-reactive CD8* T cells were also detected at higher frequencies
in the spleens of STS17/~ or CbI-67'~ mice (Fig. 6J). When re-stimulated ex vivo, STSI7~
or Cbl-b7'~ Spas-1-specific T cells up-regulated granzyme B in an acidic pHe-insensitive
manner, but WT cells did not (Fig. 6K).

In support, we applied B16-F10 melanoma model which also generates an acidic TME’6,
using WT, STS17/~ or Cb/-b7/~ mice expressing the Pmel-1 TCR transgene, reactive to

the endogenous tumor-associated antigen glycoprotein 100 (gp100)’7. Consistent with the
TRAMP-C2 model, loss of S7SZand Cb/-breduced the tumor burden (Fig. 7A) and
improved survival (Fig. 7B). For tumor-infiltrating T cells, in S7S17/~ or Cb/-67'~ increased
infiltration and effector populations were observed (Fig. 7C-D). More importantly, S7517/~
and Cb/l-b7"~ cells demonstrated higher frequencies of PD1~ TIM3~ LAG3~ population (Fig.
7E-F) and lower frequencies of terminally exhausted T cells co-expressing PD1, TIM3 and
LAG3 (Fig. 7G) as well as the transcription factor Tox (Fig. 7H), associated with terminal
T cell exhaustion’8. Higher percentages of CD44* CD62L~ effector Pmel-1 T cells were
also found in the spleens of $7577~ and Cb/-b7/~ mice (Fig. 71). When stimulated ex

vivo, STSI7!~ and Cb/-67'~ Pmel-1 T cells up-regulated CD69 in an acidic pHe-insensitive
manner (Fig. 7J). Finally, in an /n vitrokilling assay, we found that acidic pHe impaired the
cytolytic activity of Jin vitro generated WT cells but not the S7S17/~ or Cbl-b™!~ cytotoxic

T cells (Fig. 7K). These findings demonstrate the pivotal contribution of STS1 and Cbl-b to
tumor-mediated immunosuppression.

Cancer cells are known to maintain a higher pH; as well as a lower pH,®, achieved by
up-regulating the expression and/or activity of cell surface acid-extruders such as NHE1 and
the proton pump H*-ATPase’. Interestingly, it was reported that the acidity of the TME in
the B16 melanoma is sensitive to the proton pump inhibitor (PPI) esomeprazole?L. Treating
mice with esomeprazole increased TME pHe, proliferative potential and cytokine production
of tumor-infiltrating T cells?1,

Using the pHLIP peptide’8, we demonstrated that PPI treatment significantly reduced the
acidity of TME in B16 melanoma model (Fig. 7L). PPI treatment reduced tumor burden

of WT mice to a similar level seen in S7517/~ and Cb/-b7'~ mice (Fig. 7M), and led

to reduced levels of T cell exhaustion markers and decreased the PD1* TIM3* LAG3*
population in WT mice to comparable levels with S7S577/~ and Cb/-67'~ cells (Fig. 7N-0).
In addition, PPI enhanced WT cell proliferative activity and CD8*/T g (CD4* FoxP3™) ratio
(Fig. 7P-Q). Interestingly, PPI did not cause significant changes in S7S17~ and Cb/-b7/~
cells, meaning the removal of S757and Cb/-b desensitized T cells to suppressive pHg
acidity. Moreover, PPI did not have a statistically significant effect (0=0.1143) on T cell
pH; directly (Fig. 7R), nor on T cell functions (Fig. 7S). Since ST7S17/~ and Cb/l-b7~ cells
were insensitive to pHe manipulation, these results demonstrated that acidic pH,, created via
a paracrine pathway /7 vivo, significantly restrained T cell function via the STS1/Cbhl-b axis.
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DISCUSSION

To prevent unwanted responses to self-pMHC and to control the magnitude of responses
to agonist pMHC, T cells’ activities must be tightly regulated. Here, we identified a
fundamental molecular mechanism responsible for attenuating T cell functions in acidic
environments and made several observations that could have implications in regulating T
cell activities in physiological immune responses and pathological conditions. We found
critical roles for a TCR-inducible complex formed by Cbl-b with the unconventional PTP
STS1 in mediating T cell sensitivity to acidic pH.

First, we demonstrated that STS1 is preferentially and inducibly recruited by Cbl-b
following TCR stimulation. We identified the PRR in Cbl-b that STS1 binds to, and

found that ZAP70 phosphorylation of Cbl-b Y709 is essential for the inducible interaction.
How Cbl-b Y709 phosphorylation results in STS1 binding to the PRR is unclear.

The C-terminus of Cbl-b is largely intrinsically disordered (ID). ID regions commonly
participate in multivalent interactions, as they function as scaffolds89-81.82.83 |nterestingly,
phosphorylation and other post-translational modifications (PTMs) are often preferentially
enriched in the ID regions®48°. Such PTMs have been shown to function as the allosteric
modulators driving interactions at distal sites83:86, Interestingly, the adaptor protein

CrkL, reported to selectively bind to Cbl-b pY70987, demonstrates strong co-recruitment
correlation with STS1 binding to Cbl-b*8. This might suggest that CrkL binding to pY 709
somehow allosterically exposes the PRR allowing STS1 binding.

We demonstrated the importance of STS1 recruitment to Cbl-b in regulating the TCR
signaling. When the TCR is stimulated, Lck and ZAP70 are induced to phosphorylate
downstream substrates. Some of the phosphorylated substrates can bind to Cbl-b through
different functional domains33. The simultaneous concentration of phosphorylated substrates
and the recruitment of STS1 to Cbl-b enables STS1 to conveniently dephosphorylate Cbl-
b-bound substrates. This was associated with suppression of downstream TCR signaling
events. Although it contains a functional E3 ligase domain, the Cbl-b STS1-binding
defective mutant indicated that the E3 ligase activity is not sufficient to rapidly down-
regulate phosphorylated substrates. This is possibly due to high unproductive rate of
ubiquitination as reported previously36. Thus, recruiting STS1 is critically important to
allow T cells to modulate the signaling magnitude rapidly and reversibly during early TCR
stimulation. It is likely that later in responses T cells may rely on the ligase activity of

Cbl-b to suppress TCR signaling which might include down-regulation of surface TCR-CD3
complex which is ubiquitination-dependent, as we and others have shown3®.

T cells in lymphoid organs are found to exhibit higher tonic signaling than those in the
bloodstream®8. The continuous survey of self-pMHC provides tonic signals that are critical
for the survival and functionality of naive T cells8. Since treating resting T cells with

the phosphatase inhibitor pervanadate leads to robust phosphorylation of multiple protein
substrates, it has been proposed that basal signaling is a dynamic balance between kinases
and phosphatases®. The transmembrane receptor-like phosphatase CD45 maintains Lck in
an active state by dephosphorylating Lck Y505 to provide support for its role in basal
signaling, but also dephosphorylates Lck Y394, CD3 and ¢ chains to inactivate them9L.,
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While ZAP70 binds to phosphorylated ITAMs in the CD3 and C-chains in tonically
signaling T cells®2, whether this bound ZAP70 is catalytically active and signaling is
unknown. Considering that ZAP70 kinase activity is required for STS1 recruitment by
Cbl-b, it is unlikely that STS1 plays a major role in regulating tonic signaling in T cells.

On the other hand, activated T cells produce lactic acid, acidifying the LNs and in tissues to
suppress their own functions!’. Thus, STS1 interaction with Cbl-b may be part of a negative
feedback that modulates the intensity of the T cell response during the glycolytic shift in
order to prevent immunopathology. Since STS1 phosphatase activity is required for the
suppressive effects of low pHg, this supports the idea that the regulatory function of STS1
is more evident in activated T cells where its catalytic activity is increased by the low pHe
established through the up-regulation of glycolysis.

The TME is known to be acidic?4, where T cell functions are largely suppressed. Treating

a melanoma with a PPI neutralized TME acidity and restored T cell function, suggesting
tumor acidity plays a critical role in immunosuppression?t. Using the TRAMP-C2 prostate
and melanoma tumor models, we demonstrated that inactivating S751 or Cb/-b significantly
suppressed tumor growth and extended survival, accompanied by higher numbers of
tumor-infiltrating T cells with more effector and stem-like properties and less exhaustion
phenotypes. The rescue of T cell functions /in vivo by deleting S751 strongly aligns with
our /n vitro assays, which demonstrated a significant improvement of T cell responsiveness
under acidic pH,. Although how deletion of S7S57and Cb/-b leads to lower levels of
exhaustion markers is unclear, the rescue of exhaustion phenotypes by targeting PD1

may depend on CD28 co-stimulation®3. Since S7577/~ and Cb/-b7/~ T cells increase IL-2
secretion in a CD28-independent manner, this suggests their provision of a CD28-like signal
in those T cells may counteract progression to exhaustion.

Inflamed tissues have also been found to be acidic, due to higher glucose consumption

and lactic acid accumulation produced by activated immune cells?495.96_ Interestingly,
S7S17!-/5TS27~ mice are more resistant to Candida Albicans infection, shown by rapid
pathogen clearance and enhanced survival*6:97. Due to conserved catalytic cores, it has been
difficult to develop specific PTP inhibitors against conventional phosphatases. However,
STS1 and STS2 are the only PTPs that use histidine, not cysteine in conventional PTPs*®.
Crystallography also indicates that their catalytic cores are structurally distinct from
conventional phosphatases®. With STS2 being minimally active®0, the uniqueness of STS1
allows it to be specifically targeted for drug development to combat cancer and infection.
Overall, our studies demonstrated a critical role of STS1 that allows T cells to sense and
respond to acidic pH, thereby tuning their own activation, which may have major impact on
the physiological responses and pathological conditions.

LIMITATIONS OF THE STUDY

We attempted to understand how the phosphorylation of Y709 by ZAP70 at a distal region
of Cbl-b impacted STS1 recruitment to a proximal proline-rich motif (aa 505 — 509). Due to
the large sizes of Cbl-b and STS1, we were unable to produce enough of each protein with
high purity for co-crystallization. Moreover, due to the large unstructured region of Chl-b,
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cryoEM and /n sifico modeling were not expected to generate meaningful results and were
not pursued.

Our studies led us to investigate whether the autocrine effect of acid generated during T
cell activation can occur in vivo. Although we attempted to down-regulate NHE1 using
siRNA in primary OT-1 T cells followed by /n vivo proliferation assay, these attempts were
unsuccessful either due to ineffective SIRNA molecules or unsuccessful sSiRNA transfection.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Arthur Weiss (Arthur.Weiss@ucsf.edu).

Materials Availability—Reagents generated in this study will be made available on
request.

Data And Code Availability—This paper does not report original code. All data reported
in this paper will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals—S757 and S752 doubly deficient mice were previously
described and kindly provided by Dr. Nicholas Carpino at Stony Brook University*3, Singly
deficient mice were obtained by breeding to wild-type C57BL/6 mice. Cb/-b deficient mice
were previously described and kindly provided by Hua Gu32. These mice were housed in

the pathogen-free facilities at the University of California, San Francisco (UCSF). Mice
were treated according to the protocols approved by the UCSF veterinary committee and are
in accordance with National Institutes of Health (NIH) guidelines. Both male and female
mice at age 6-10 wk were used in the studies. For tumor studies 8-10-week-old mice were
implanted subcutaneously with TRAMP-C2 (CRL-2731, ATCC) or B16-F10 tumor cells at a
dosage of 1 x 10° cells or 1.25 x 10° cells, respectively, per mouse at the right flank. Tumors
were measured twice a week with 3—4 days interval. Tumor volume was measured as L
(length) x W (width) x W / 2 (mm?3), where the longer diameter was defined as length and
the shorter diameter was defined as width. Mice were euthanized, once the tumor volume
reached 2,000 mm3. For esomeprazole treatment, the day after when the tumor size reached
100 mm3, mice were injected intraperitoneally with esomeprazole at 12.5 mg/kg every other
day for total 6 injections.

Cell culture—The human leukemic Jurkat T cell line and Jurkat variants were cultured
in RPMI 1640 supplemented with 5% fetal bovine serum (FBS), 2 mM glutamine and 1%
penicillin/streptomycin. Human embryonic kidney cell lines 293, 293T, murine melanoma
cell line B16-F10 (CRL-6475, ATCC) and ovalbumin-expressing B16-F10 (kindly gifted
by Dr. Matthew Krummel at the University of California, San Francisco) stable cell

lines were cultured in DMEM containing 10% FBS, 1% penicillin/ streptomycin and

55 uM B-mercaptoethanol. TRAMP-C2 cells were cultured in DMEM containing 5%
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FBS, 5% Nu-serum IV (Corning), 0.005 mg/mL bovine insulin (MilliporeSigma), 10 nM
dehydroisoandrosterone (MilliporeSigma) and 1% penicillin/ streptomycin.

Primary cells were cultured in RPMI 1640 supplemented with 10% FBS, 2 mM glutamine,
1 mM sodium pyruvate, 5.6 mM KH2PO4, 1% penicillin/streptomycin, 20 mM HEPES

and 55 pM B-mercaptoethanol. If needed, medium or PBS was then titrated at pH 6.6

with 0.1N HCI or pH 7.4 with 10N NaOH and filtered through 0.2 um sterile membranes
(MilliporeSigma). For TCR stimulation of Jurkat cells, cells were stimulated with IgM
antibody clone C305 for 2 min for Western blot and immunoprecipitation, and 5 min

for pErk detection by flow cytometry. For TCR stimulation in primary mouse T cells,

cells were stimulated with Armenian hamster 1gG clone 2C11 for 2 min followed by
goat-anti-Armenian hamster antibodies for 2 min. For Src Family kinases inhibition, cells
were treated with 10 uM PP2 5 min prior to TCR stimulation. For inhibition of Jurkat cells
expressing analog-sensitive ZAP70, cells were treated with 10 uM 3-MB-PP1 5 min prior
to TCR stimulation. For inhibition of protein synthesis, cells were treated with 100 uM
cycloheximide for indicated time. For inhibition of NHEL, primary T cells were treated with
0.5 uM EIPA for 72 hr. For inhibition of H*-ATPase, primary T cells were treated with 5 uM
esomeprazole for 72 hr.

METHOD DETAILS

Expression vector construction—Human S757 was PCR-amplified from Jurkat
cDNA and cloned into pCDEF3 and pHR vectors, followed by T2A-mCherry. Human
STS1 mutants M47A, W295A and H391A were generated by site-directed mutagenesis
(New England Biolabs). The cDNA sequence for SH3 domain of S7SZ (WT and W295A)
was subcloned to pGEX 4T3 plasmid for the preparation of GST-fusion proteins. Human
Cbl-b-expressing plasmid was gifted by Dr. Yun-Cai Liu (St. Judes, Memphis), and
subcloned to pCDEF3 and pHR vectors, followed by P2A-EGFP. Human Cb/-b mutants
G298E, Y363F, C373A, Y665F, Y709F, Y889F, M940A, AVTSA, AAVAA, ACSGA, A430,
A530, A630, A730 were generated by site-directed mutagenesis. Mouse S751, STS1-SHP1
chimera and Cb/-b were synthesized and cloned into pHR vectors using Gibson Assembly
(New England Biolabs). Mouse S752 mutants W284A and H380A and Chl-b mutants
C373A and AAVAA were generated by site-directed mutagenesis. For CRISPR/Cas9
expressing vectors, targeting sequences for S751 (GCTCGGCATGGCTGCGAGAGQG), ¢-
Cbl (TGGCCTGATTGGGCTCATGA) and Cbl-b (AGCAAGCTGCCGCAGATCGC) were
ligated into the pX330 vector by T4 DNA ligase.

Electroporation—2 x 107 Jurkat cells were resuspended in 400 uL serum-free medium
and mixed with 20 pg DNA for expression vector transfection or 5 pg siRNA for

siRNA transfection. Then cells were transferred to a Gene Pulser Cuvette (Bio-Rad) and
electroporated at 1250 pF and 260 V by GenePulser Xcell (Bio-Rad). Cells were transferred
to 6-well plates and added 10 mL medium. For vector transfected cells, cells were incubated
48 hr before experiments. For siRNA transfected cells, cells were incubated 72 hr before
experiments.
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Preparation of lentivirus—2.5 x 10° 293T cells were seeded in 10-cm dishes one
day before the transfection of lentiviral vectors. On the next day, lentiviral vector pHR,
pCMV dR8.91 and pMD2.G were transfected into 293T cells at ratio 4:3:1 by Turbofect
transfection reagent (Invitrogen) following manufacturer’s instructions. After 24 hr, cells
were washed and cultured in 10 mL fresh RPMI 1640 medium. 48 hr later, supernatants
were collected, and the viruses were concentrated using PEG-it (System Biosciences)
following manufacturer’s instructions and stored in —80°C.

Lentiviral transduction—For Jurkat cells, 3 x 10° Jurkat cells were resuspended in 1 mL
fresh medium and mixed with concentrated virus. Cells were added to a 6-well plate and
centrifuged at 2,500 rpm for 1 hr at room temperature. Then cells were added 5 mL fresh
medium and kept at 37°C.

For primary T cells, isolated OT-1 CD8* T cells were cultured in 24-well plates at 1 x 106
cells/mL and activated by mixing with anti-CD3/CD28 beads (Gibco) at 20 uL/1 x 10° cells
for 2 days. Proliferating T cells were isolated using Percoll®. After isolation, 1 x 10° cells
were resuspended in 0.5 mL fresh medium supplemented with anti-CD3/CD28 beads and
recombinant human IL-2 at 100 U/mL and mixed with concentrated virus. Cells were added
to RetroNectin-coated at 20 pg/mL (Takara Bio) 6-well plate and centrifuged at 2,500 rpm
for 1 hr at room temperature. Then the cells were incubated at 37°C and supplied with fresh
medium after 24 hr.

Generation of Jurkat variants—For generating S757/~ and Cb/-67/~ mutants,
CRISPR/Cas9-mediated gene depletion was used. Briefly, CRISPER/Cas9 expressing vector
pX330 encoding S7S1 or Cbl-b-targeting sequence were transfected into Jurkat cells via
electroporation as described above. After 2 days, expression of Cas9 was selected by 1
pg/mL puromycin for 2 days. Cells were then plated at 0.5 cells per well in 96-well plates
and expanded for 4 wk. Single clones were verified by sequencing and immunoblot. For
STS17I=1ChI-b7'~ mutants, Cb/-67/~ mutant was transfected with CRISPER/Cas9 expressing
vector pX330 encoding S7SI-targeting sequence and selected as described above. For gene
reconstitution of S7S17/~ or Ch/-6~ mutants, cells were infected with lentivirus encoding
different WT and mutants of STS1 or Chl-b with procedure described above. Reconstituted
variants were sorted based on mCherry or EGFP fluorescence and verified by immunoblot.

In vitro phosphatase assay—The phosphatase activity under different pH conditions
was determined using 6,8-difluoro-4-methylumbelliferyl phosphate (DifMUP; Thermo
Fisher Scientific) as the substrate. The assay was performed as described®?, except the use
of 100mM TAB buffer (20 mM Tris, 50 mM acetic acid, and 25 mM bis-Tris) titrated with
0.1N HCI and 10N NaOH to the desired pH, 150 mM NaCl, 0.1 mM EDTA and 0.1 pM

of SHP1 (R&D systems), STS1 (Sino Biological) and STS2 (Sino Biological) phosphatase
domains were used. Briefly, a 10X TAB buffer was diluted tenfold and fresh DTT was added
to a final concentration of 1 mM. DifMUP was added from a freshly made 10 mM stock in
DMSO. The final reaction contains 200 uM DifMUP and 0.1 uM phosphatase in total 100
uL. The mixtures were incubated at 37°C for 40 min. The reaction rate was measured by
quantifying the fluorescence signaling of the product DifMU (excitation 360 nm, emission
450 nm) by FlexStation (Molecular Devices).
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Intracellular pH (pH;) measurement—Primary T cells were labeled with fluorescent
pH-sensitive dye 2,7-biscarboxyethyl-5(6)-carboxyfluorescein (BCECF; Invitrogen). Briefly,
cells were washed twice with HEPES buffer (25 mM HEPES pH 7.4, 140 mM NaCl, 5 mM
KCI, 10 mM glucose, 1 mM MgSO,4, 2 mM CacCl,). Cells were then labeled with BCECF
in bicarbonate buffer (25 mM HCO3 pH 7.4, 115 mM NaCl, 5 mM KCI, 10 mM glucose,

1 mM KPQOy4, 1 mM MgSOy,, and 2 mM CaCl,) at 1 x 108 cells/mL 15 min at 37°C. Cells
were washed twice by bicarbonate buffer and rested in bicarbonate buffer at desired pH,
adjusted by 0.1N HCI, for 5 min at 37°C. 1.25 x 10° primary T cells were used per well

in a 96-well clear bottom plate in 100 pL bicarbonate buffer. Fluorescence of BCECF at
Ex490/Em530 and Ex440/Em530 was acquired by FlexStation, and the fluorescence ratios
were converted to pHi by calibrating the fluorescence in each well with 10 puM nigericin.

Preparation of GST-fusion protein—The recombinant GST fused to STS1 SH3

domain was purified using Glutathione Sepharose 4B (Cytiva) and eluted following

the manufacturer’s instructions. Briefly, bacteria transformed with pGEX plasmids were
cultured in 200 mL LB medium. When optical density at 600 nm (ODgqg) reached 0.8, IPTG
was added into the culture to 100 uM final concentration. Bacteria were cultured for 5 hr and
collected by centrifugation at 3,500 rpm for 10 min at 4°C. Bacteria were resuspended in 10
mL ice-cold PBS containing 1% Triton, 1 mM PMSF, 1mM DTT and protease inhibitors 1
ug/mL leupeptin and 1 pg/mL pepstatin. Bacteria were lysed using sonication for 2 min on
ice. Lysates were centrifuged at 14,000 xg for 20 min at 4°C. Supernatants were collected
and incubated with 200 pL Glutathione Sepharose 4B for 1 hr at room temperature with
agitation. Beads were precipitated by centrifugation at 500 xg for 5 min at 4°C. Beads were
washed three times with 10 mL ice-cold PBS containing 1 mM PMSF, 1mM DTT and
protease inhibitors 1 pg/mL leupeptin and 1 pg/mL pepstatin. beads were resuspended in
200 pL elution buffer (50 mM Tris-HCI pH 8.0) containing 10 mM reduced glutathione for
10 at room temperature to obtain GST fusion proteins.

Immunoblot analysis—Protein samples were subjected to 1.0 mm 8-12% SDS-PAGE
(Invitrogen) and transferred to PVDF membranes using the 1.5MM GEL protocol of Trans-
Blot Turbo Transfer System (Bio-Rad). Membranes were blocked by 5% BSA for 1 hr at
room temperature, followed by incubation with primary antibodies at 1:1,000 dilution at
4°C on a rocker overnight. Membranes were washed 3 times with TBST and incubated

with horseradish peroxidase conjugated secondary antibodies (Jackson ImmunoResearch) at
1:3,000 dilution for 1 hr at room temperature. Chemiluminescent signal was detected by
ChemiDoc™ MP (Bio-Rad) and quantified by Image Lab (Bio-Rad).

Far-Western blot analysis—Protein samples were electrophoresed, transferred, and
blocked as described above. Then the membranes were incubated with 5 pg recombinant
GST fused to STS1 SH3 domain at 4°C on a rocker overnight. Membranes were washed
3 times with TBST and incubated with anti-GST antibody (1:1,000) for 1 hr at room
temperature, followed by incubation with horseradish peroxidase conjugated secondary
antibodies (1:1,000) for 1 hr at room temperature. Chemiluminescent signal was detected
and analyzed as described above.
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Immunoprecipitation—For Jurkat cells, 20 x 10° cells were stimulated by anti-TCR
antibody (clone C305, Weiss lab) for 2 min at 37°C. For primary cells, 60 x 10° mouse
CD4* T cells were stimulated with biotinylated anti-CD3 (clone 2C11, eBioscience) for

2 min at 37°C, followed by streptavidin (Jackson ImmunoResearch) for 2 min at 37°C.
Cells were then lysed in ice-cold NP-40 lysis buffer (1% NP-40 in PBS) supplemented
with protease and phosphatase inhibitors (Roche). Lysates were centrifuged at 13,000 rpm
for 10 min at 4°C. Supernatants were subjected to incubation with 5 UL dynabeads (Life
Technologies) and 1 ug antibody at 4°C for 2 hr on a rotator. Beads were washed and eluted
following the manufacturer’s instructions. For immunoprecipitation against FLAG epitope,
ANTI-FLAG M2 Affinity Gel (MilliporeSigma) was used following the manufacturer’s
instructions.

Flow cytometry—1 x 108 single-cell suspensions from spleen, lymph nodes and thymus
were incubated with anti-CD16/CD32 (Tonbo Biosciences) at 5 ug/ml for 30 min on ice

to block Fc receptors, together with surface markers. Dead cells were excluded using the
LIVE/DEAD™ fixable, Violet, Near-IR death cell stain kit (Invitrogen) at 1:1,000 for 30
min on ice, or 4”,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) at 1:5,000
in the FACS buffer after the final wash. For tumors, 5 x 10° cells were first incubated

with Zombie Near-IR (ZIR) (Invitrogen) at 1:100 for 10 min in the dark, then washed

with FACS Buffer. For specimens from mice challenged with TRAMP-C2 tumors, samples
were incubated with 1:100 H-2D(b) Mouse 244-252 STHVNHLHC SPAS-1 tetramer (NIH
Tetramer core) for 30 min at room temperature. After washing, surface staining including
1:50 Fc Block (Tonbo Biosciences) was performed for 30 min on ice. Cells were fixed using
the eBioscience Foxp3 / Transcription Factor Staining Buffer Set (Life Technologies) and
intracellular staining cocktail was finally added to samples for 30 min on ice before final
wash with FACS Buffer.

Samples were run on a LSRFortessa (BD Biosciences). Data was analyzed by FlowJo 10.7
(BD Biosciences). Single cells were gated by FSC-A x FSC-H and SSC-A x SSC-H. Live
cells were gated as live/dead fixable dye™ or DAPI~. CD8* or CD4* T cells were gated with
CD3™*, and CD8* and CD4*, respectively. OT-1 and OT-2 cells were further gated with TCR
Va2* with CD8* and CD4*, respectively. Pmel-1 cells were further gated with TCR Vp13*
within CD8*. CD8" or CD4" infiltrating T cells for downstream marker analysis was gated
from ZIR-CD45*CD3" cells. Spas-1* T cells were gated within CD8*.

TCR internalization assay—a0.5 x 10° splenocytes were resuspended in 50 pL PBS
containing Golgiplug (1:1,000) (BD Biosciences) to prevent the exocytosis of newly
synthesized TCR/CD3 complex. Cells were stimulated by adding 50 uL PBS containing
anti-CD3 antibody (clone 2C11, Weiss lab) at final 1 ug/mL for 2 min at 37°C with controls
added at 4°C. Cells were crosslinked by adding 4 uL biotinylated goat anti-hamster antibody
(Jackson ImmunoResearch) at 37°C for controls at 4°C for 45 min. Cells were added

200 uL ice-cold PBS and quenched on ice. Cells were centrifuged to remove supernatant
and washed. Cells were stained by Alexa Fluor - 647 conjugated StreptAvidin to measure
remaining surface CD3 by flow cytometry.
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CD69 activation assay—For Jurkat cells, 1 x 10° Jurkat cells were cultured in 3 mL
RPMI 1640 medium in anti-TCR antibody C305 (Weiss lab) coated 6-well plates (1:50,000
dilution) overnight at 37°C. For primary cells, 0.1 x 10° OT-1 T cells were co-cultured in
100 uL RPMI 1640 medium with antigen-presenting cells (APCs) from Ca ™~ mice at 1:5
ratio with different concentrations of OVA peptides overnight at 37°C. 0.1 x 106 Pmel-1 T
cells were co-cultured in 100 uL RPMI 1640 medium with APCs from Ca ™~ mice at 1:5
ratio with mouse gp100 (mgp100) peptide at 10711 M overnight at 37°C.

Phospho-Erk activation assay—1 x 10° Jurkat cells in 100 uL were stimulated by
anti-TCR antibody C305 ascites (Weiss lab) at 1:1,000 for 5 min. Then cells were fixed

by PBS/BD Cytofix " Fixation Buffer (BD Biosciences) (1:1 v/v) for 15 min. Cells were
washed with FACS buffer and permeabilized by 90% methanol at —20°C overnight. Cells
were washed and added anti-phospho-Erk antibody (Cell Signaling) for 45 min at room
temperature, followed by Alexa Fluor - 647-conjugated goat anti-rabbit antibodies (Jackson
ImmunoResearch) at 1:2,000 for 30 min at room temperature. Cells were washed and
subjected to flow cytometry.

Cytokine secretion assay—Cultured cells were added Golgiplug (BD Biosciences)
following manufacturer’s instructions for 4 hr. Cells were washed by FACS buffer and
labeled in the presence of Golgiplug. Then cells were fixed by PBS/BD Cytofix™ Fixation
Buffer (BD Biosciences) (1:1 v/v) for 15 min. Cells were washed with FACS buffer and
permeabilized by 90% methanol at -20°C overnight. Cells were washed and labeled with
fluorescence-conjugated antibodies against cytokines for 45 min at room temperature. Cells
were washed and subjected to flow cytometry.

In vitro proliferation assay—Isolated T cells were labeled with CellTrace Violet
(Thermo Fisher Scientific) following manufacturer’s instructions. 0.2 x 10° cells in 0.2 mL
were added to each well of anti-CD3 antibody (clone 2C11, Weiss lab) coated flat-bottom
96-well plates and incubated in 37°C for 3 days. Fluorescent signal of CellTrace Violet was
detected by flow cytometry.

In vivo proliferation assay—Isolated OT-1 T cells were labeled with CellTrace Violet
or Yellow (Thermo Fisher Scientific) following manufacturer’s instructions. Cells were
adoptively transferred into BoyJ mice at 1:1 ratio with total 2 x 108 cells. After 24 hr,
mice were injected with 5 pg/50 uL ovalbumin/complete freund’s adjuvant (1:1 v/v) in
the footpad. 3 days later, draining and contralateral lymph nodes were excised, and the
proliferation of labeled OT-1 T cells were analyzed by flow cytometry.

In vivo differentiation assay—Isolated OT-2 T cells were adoptively transferred into
BoyJ mice with total 1 x 10° cells. After 24 hr, mice were injected with 50 pg/50 uL
ovalbumin/complete freund’s adjuvant (1:1 v/v) in the right flank subcutaneously. 10 days
later, draining and contralateral lymph nodes were excised, and the differentiation of OT-2 T
cells were analyzed by flow cytometry.

In vivo labeling using pH Low insertion peptide (pHLIP)—The pHLIP peptide
(AEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT) was conjugated to Cy5 at the N-
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terminus and synthesized (GenScript). For detection by flow cytometry, 50 pL Cy5-pHLIP
peptide (1 mg/mL) was injected in the hock 5 hr prior to harvest. For /n vivo imaging, mice
were injected intraperitoneally with Cy5-pHLIP peptide at a dose of 0.5 mg/kg. After 24 hr,
mouse right flanks were shaved and fluorescence intensity at the 680 nm range in the tumor
area was measured by VIS Spectrum (Xenogen). Images were processed with the Living
Image (Xenogen) and ImageJ.

In vitro cytolytic assay—For target cell preparation, 5 x 10 ovalbumin-expressing
B16-F10 cells in 1 mL were seeded in 24-wells and waited for the cells to fully adhere prior
to the addition of cytolytic T cells. For cytolytic T cell preparation, splenocytes from OT-1
mice were re-suspended at 4 x 10° cells/mL and stimulated with OVA peptide in total 5 mL
in 6-well plates for 3 days. Cells were supplemented with fresh medium containing final
concentration of recombinant human IL-2 at 100 U/mL for 4 days. Differentiated cytotoxic
T cells were isolated by histopaque 1083 (MilliporeSigma) following manufacturer’s
instructions. Cytolytic T cells were added into B16 cell-containing 24-well plates at different
ratios to B16-F10 cells with 100 U/mL recombinant human IL-2 and incubated at 37°C for
3 days. Then cells were collected and stained with LIVE/DEAD™ Violet (Thermo Fisher
Scientific) and cell viability were analyzed by flow cytometry.

Tissue processing for immunophenotyping of tumor models—Tumors and lymph
nodes were surgically removed with sterilized equipment. Lymph nodes were crushed
between two super-frosted microscope slides and washed into wells of 6-well plates
containing cold PBS. TILs were isolated as previously described%0, Briefly, tumors were
minced with scalpel blades and digested to single cell suspensions by incubation for 1 hr

at 37°C in tumor digestion media containing DMEM, 10% FBS, 2 mg/ml Collagenase 1V
(Sigma-Aldrich) and DNAse | (Sigma-Aldrich). Then, tumor lysates were filtered through a
100 pum filter into 50 mL conical tubes and filled with cold PBS. Tissue single cell lysates
were centrifuged at 450 xg for 5 min at 4°C. Supernatants were discarded and pellets were
resuspended in 5 mL ACK Lysis Buffer (Quality Biological), mixed well and kept on ice for
5 min. Lysis was stopped by filling the tubes with cold PBS. Samples were centrifuged again
and finally resuspended in 1 mL cold PBS. Viable cells for downstream use were counted in
a Vi-CELL (Beckman Coulter) at a 1:60 dilution.

Enzyme-linked immunosorbent assay (ELISA)—Secreted cytokines were detected
using BD OptEIA™ Mouse kits (BD Biosciences) following manufacturer’s instructions.

Sequence alignments and analysis—Sequences of Cbl-b orthologs from various
mammals were identified and aligned via UniProt. The sequences surrounding the proline-
rich region PPVPP and Y709 across all orthologs were picked out and their degrees of
evolutionary conservation were visualized using WebLogo 102,

High-throughput peptide phosphorylation and binding screens—The results
presented in this study were obtained from a database generated using a previously
established procedure®’ without any modifications.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—GraphPad Prism 7 Software (GraphPad Software) was used for
data analysis and representation. Statistical analysis was applied to biological replicates, or
biologically independent mice for each experiment. All experiments described in this study
have been performed at least two times. For comparisons > 2 groups, one-way ANOVA

was applied. For comparison between 2 groups, two-tailed Student’s #test was applied.
Survival curves comparing wild-type versus each mutant were analyzed by log-rank test.
Tumor growth curves among groups were analyzed by two-way ANOVA comparison among
groups. Error bars represent standard deviation. p-values less than 0.05 were considered
statistically significant. *p < 0.05, **p < 0.01, ***p < 0.005.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. STS1 is inducibly recruited to Cbl-b to dephosphorylate TCR signaling

. The TCR induced STS1/Cbl-b complex restrains T cell responses at acidic pH

. STS1 and Cbl-b restrain T cell responses under intra- or extracellular acidic
pH
. ST7S51or Cbl-bdeletion improves T cell anti-tumor responses and inhibits
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Figure 1. STS1 interacts with Cbl-b PPVPP motif using its SH3 domain to dephophorylate TCR
signaling molecules.

(A) Immunoblot using lysates from WT, Cb/-67~ (J.Cbl-b) or ¢-Cbl'~ (J.c-Cbl) Jurkat cells
transfected with Ctrl or ¢-Cb/and Cbl-btargeting siRNA and stimulated with anti-TCR
antibodies.

(B) Same as (A) except the whole cell lysates (WCLSs) were subjected to
immunoprecipitation (IP) using indicated antibodies. The relative Cbl-b and STS1 amounts
in the IP fraction were quantified.

(C) Locations of the FLAG-tag and domains of STS1. Defective mutant for each domain is
indicated.
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(D) Same as (B) except STSZ7/~ Jurkat (J.STS1) cells transfected with WT or mutant
W295A were used for anti-FLAG IP.

(E) Predicted proline-rich regions (PRRs) on Cbl-b between AA 470 and 529. For the
PRR-defective mutants, proline residues in each PRR were replaced by alanine.

(F) Same as (D) except J.Cbl-b cells reconstituted with WT or PRR mutants were used for
anti-Cbl-b IP.

(G) Same as (B) except Jurkat and J.STS1 cells were used for anti-Cbl-b IP.

(H) Same as (G) except J.STS1 cells reconstituted with WT and mutants were used.

(I) Same as (G) except J.Cbl-b cells reconstituted with WT and mutant AAVAA were used.
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Figure 2. Acidic pHg-induced suppression of T cell function is mediated by STS1 and Cbl-b.
(A) In vitro phosphatase assay using DifMUP as substrate and the phosphatase domains of

the indicated recombinant proteins under different pH.

(B) Immunoblot using lysates from Jurkat cells stimulated with anti-TCR antibodies in PBS
at indicated pH.. WCLs were subjected to STS1 IP.

(C) Measured pH; of T cells in indicated pH, buffer.
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(D) /n vitro proliferation of CD8* T cells from WT, S7S1, Cb/-bsingle or doubly deficient
mice labeled with CellTrace Violet and stimulated by plate-bound anti-CD3 antibody for 72
hrat 1 or 0.1 ug/mL at pHg 7.4 or 6.6.

(E) Same as (D) except CD25 was detected.

(F) Same as (D) except granzyme B was detected.

(G) Same as (D) except IFNy in the medium was detected by ELISA.
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Figure 3. Acidic pHg induced T cell suppression is mediated by the unconventional phosphatase
domain of STS1.

(A) CD69 induction of WT, S§7517/~ or Cbl-67/~ OT-1 T cells incubated with splenocytes
loaded with different concentrations of OVA, Q4H7 and G4 peptides at pH, 7.4 or 6.6
overnight.

(B) STS1 mutant constructs. Location of each mutation was shown. STS1-SHP1 chimeric
mutant was created by replacing the STS1 phosphatase domain with SHP1 phosphatase
domain.
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(C) CD69 induction of STS17~ OT-1 T cells expressing STS1-SHP1 chimera stimulated
with G4 peptide-loaded splenocytes. The CD69 median fluorescence intensities (MFIs) of
STS1-SHP1-reconstituted cells (mCherry*) and non-reconstituted cells (mCherry™) were
quantified.

(D) Same as (C) except cells were reconstituted with WT STS1 or different mutants and
stimulated at pH 7.4 or 6.6.

(E) Quantification of CD69 MFIs from (D).

(F) Cbl-b mutants used to study pH sensitivity. Murine Cbl-b was coupled to T2A-EGFP at
the C-terminus for gating purposes (not shown). Location of each mutant is depicted.

(G) IFNy expression in Cb/-b7/~ OT-1 T cells expressing Cbl-b mutants stimulated with G4
peptide-loaded splenocytes at pH, 7.4 or 6.6.
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Figure 4. Suppression of T cell proliferation and differentiation in vivo is mediated by STS1 and

Cbl-b.

(A) In vivo proliferation of WT OT-1 T cells (CellTrace Yellow-labeled) and S7577~ OT-1
T cells (CellTrace Violet-labeled) in the lymph nodes (LNs) after ovalbumin stimulation.
(B) Quantification of divided and undivided populations of WT and S7.527/~ OT-1 cells in

(A).

(C) Proliferation index of WT and S7.517~ OT-1 T cells in (A).
(D) Same as (A) except WT and Cb/-67'~ OT-1 T cells were used.
(E) Same as (B) except WT and Cb/-67~ OT-1 T cells were used.
(F) Proliferation index of WT and Cb/-67/~ OT-1 T cells in (D).
(G) Same as (A) except CD44 and CD62L expressions are plotted.
(H) Same as (G) except WT and Cb/-67/~ OT-1 T cells were used.
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(1) Same as (G) except TCF1 expression in divided and undivided cells was analyzed. The
MFIs of TCF1 were quantified.

(J) Same as (1) except WT and Cb/-67~ OT-1 T cells were used.

(K) Same as (I) except PD1 expression was analyzed.

(L) Same as (K) except WT and Cb/-67/~ OT-1 T cells were used.

(M) Same as (K) except CXCR3 expression was analyzed.

(N) Same as (M) except WT and Cb/-67~ OT-1 T cells were used.

(O) In vivo Tth differentiation of WT, STSI7/~ or Cbl-67'~ OT-2 T cells after ovalbumin
stimulation. PD1* CXCR5* OT-2 T cells were quantified.

(P) Same as (O) except CXCR5* Bel-6* OT-2 T cells were quantified.
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Figure 5. Assessment of autocrine and paracrine acid sources in vivo.
(A) Measured pH; of T cells treated with vehicle or EIPA and stimulated by plate-bound

anti-CD3 antibodies for 72 hr.

(B) Same as (A) except cells were assessed for proliferative response or CD25 and

Granzyme B expressions.
(C) OT-1 mice were injected with ovalbumin in the footpad for 72 hr, followed by Cy5-
pHLIP in the hock.
CD44 and CD62L expression of OT-1 T cells in the popliteal LNs were plotted. </p/> (D)

Same as (C) except Cy5-pHLIP was detected in CD44Hi and CD44L° populations.
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(E) The MFIs of Cy5-pHLIP in (D) were quantified.

(F) Scheme same as (C) except 10® Pmel-1 T cells were adoptively transferred into OT-1
mice before the treatment. CD44 and CD62L expression of Pmel-1 T cells in the LNs were
plotted.

(G) Same as (F) except Cy5-pHLIP was detected in CD44Hi CD44L° OT-1 and Pmel-1 T
cells. The percentages of pHLIPH Pmel-1 T cells in the LNs were quantified.

Immunity. Author manuscript; available in PMC 2024 December 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tsai et al. Page 39
8001 _ Wt 400 100
— sTsr+ I ] T
- — Cbh-b* —
£ 600 £ 300+ _ 754
E £ g
: 2 5
5 4004 S 200+ L 50
o o =
: < 2 2
g g 9
§ 200 y § 1004 e 25
[ i [
0 T T T 0- 0 T T 1
40 50 60 0 50 100 150
Days post implantation Days post implantation
20 ~ 60 — ] = \ N 150 —
g * ° PN ° S
E + — = ° . 2 W3of3
2151 & e . I @100 m2of3
= o 40+ ° % 24 ®e i.' f:_‘ \2 7] O10f3
S c @ S
10 + — & %t 3 W 0of3
2 % . e = 3
3 a‘% 20 - ot © L1 o 2 50+
§ 51 X o o’ E F
o -
o ~ F £
0 T T T 0 ? T T 0 T T T 0-
WT STS1/ Cbl-b™ WT STS71*Cbl-b* WT STS171"Cbl-b* WT STS17*+Cbl-b*
+ 15+ R 2.5+ —l 40+ PR I
P ' > - . R P "
& : < 27 ! ¥ 304 & I
2 10 * = * 8 £ 101
‘l’ § 1.5+ c ~
b 8 LR + 20 . ©
g AN N
& 54 _ < R § S 0.5-
= b - e o % < 10 . ° <
= ° L 054 o ° S ° Py PYS
| (L E e 1 e m
5 o® °® ° ...'f e’ %0 E
o oMt 0 T T T ol—e -+ — O o

WT STS17*Cbl-b*

WT STS1*Cbl-b* WT STS7*Cbl-b* WT STS171*Cbl-b*

Figure 6. STS1 or Cbl-b deficiencies suppressed prostate tumor progression.
(A) TRAMP-C2 tumor growth at the right flank in WT, ST.S17~ or Cb/-b7/~ mice. Tumor

sizes were measured twice weekly.

(B) Tumor volumes measured at 45 days post tumor implantation.

(C) Survival of mice implanted with tumor cells.

(D) Number of CD3* CD8* T cells normalized per mg of tumor. Tumor-infiltrating T cells
were analyzed by flow cytometry. Gated CD45* CD3* CD8* cells are shown.

(E) Quantification of percentages of Spas-1-specific (Spas-1*) CD8* T cells in (D).

(F) Quantification of the MFIs of TCF1 in Spas-1* T cells in (E).

(G) Same as (F) except PD1, TIM3 and LAG3 were detected. Quantification of percentages
of T cells positive for 0, 1, 2, or 3 proteins.

(H) Quantification of PD1™ TIM3~ LAG3™ populations in (G).

(1) Quantification of PRF1 MFlIs in Spas-1* T cells in (E).
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(J) Same as (D) except spleocytes were used. The percentages of Spas-1* CD8* T cells were
quantified.

(K) Splenocytes from tumor-bearing mice were stimulated with anti-CD3/CD28 antibody-
coated beads at pHe 7.4 or 6.6. After 72 hr, Granzyme B in Spas-1-specific CD8* T cells
were analyzed. The ratios of granzyme B MFI of cells cultured in pH, 6.6 to 7.4 were
quantified.
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Figure 7. Neutralizing the acidic TME pHg improvement of T cell function depended on STS1 or

Cbl-b.

(A) B16-F10 melanoma growth in the right flank of WT, S7577/~ or Cb/-b7/~ Pmel-1 mice.

Tumor sizes were measured twice weekly.
(B) Survival of mice implanted with tumor cells.

(C) Number of CD8* VB13* Pmel-1 T cells normalized to mg of tumor. Tumor-infiltrating T
cells were analyzed by flow cytometry. Gated CD8* VB13* cells are shown.

(D) Quantification of CD44* CD62L~ population in (C).
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(E) PD1, TIM3 and LAG3 were detected within CD8* VB13* T cells. Quantification of
percentages of T cell positive for 0, 1, 2, or 3 proteins.

(F) Quantification of PD1™ TIM3~ LAG3™ populations in (E).

(G) Quantification of PD1* TIM3* LAG3* populations in (E).

(H) Quantification of Tox* population in (C).

(1) Same as (C) except splenocytes were used. The percentages of CD44* CD62L"
population in VB13* CD8* T cells were quantified.

(J) Splenocytes from tumor-bearing mice were stimulated with mgp100 peptide in pH, 7.4
or 6.6 overnight. The MFIs of CD69 on CD8* VB13* T cells were quantified. The ratios of
CD69 MFI in pH, 6.6 to 7.4 were quantified.

(K) WT, STS17/~ and CbIl-67'~ OT-1 T cells were stimulated with OVA peptide-loaded
splenocytes in pHg 7.4 or 6.6, followed by fresh medium with IL-2. Cytolytic T cells were
co-cultured with ovalbumin-expressing B16-F10 cells at different effector-to-target (E:T)
cell ratios for 72 hr. The percentages of dead cancer cells were detected by flow cytometry
and quantified.

(L) Mice were injected with saline or esomeprazole (PPI) 24 hr before Cy5-pHLIP injection.
Tumor areas were circled in yellow and the MFIs were quantified by ImageJ. Scale bar = 13
mm.

(M) Same as (A) except one day after tumor size reached 100 mm?3, mice were injected
with PPI every other day for total 6 injections. Tumor volumes were measured at the day of
harvest.

(N) Quantification of PD1~ TIM3~ LAG3~ populations in CD8* V13" tumor-infiltrating T
cells in (M).

(O) Same as (N) except the percentages of PD1* TIM3* LAG3* populations were
quantified.

(P) Same as (N) except the MFIs of Ki67 were quantified.

(Q) Same as (N) except the ratios of CD8/T eq were quantified.

(R) Measured pH; of T cells treated with PPI and stimulated by plate-bound anti-CD3
antibodies for 72 hr.

(S) Same as (R) except cells were subjected to the detection of proliferation, CD25 and
Granzyme B expressions.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-Bcl-6

BD Biosciences

AB_10898007

Rabbit monoclonal anti-Cbl-b Cell Signaling Technology | AB_2797707
Rabbit polyclonal anti-Cbl-b Proteintech AB_2275326
Rabbit polyclonal anti-c-Cbl Cell Signaling Technology | AB_2275284
Rat monoclonal anti-CD16/CD32 Tonbo Biosciences AB_2621487
Mouse monoclonal anti-CD25 BD Biosciences AB_394604
Mouse monoclonal anti-CD25 BD Biosciences AB_2738304
Hamster monoclonal anti-CD3e Weiss lab N/A
Hamster monoclonal anti-CD3e BD Biosciences AB_2738278
Hamster monoclonal anti-CD3e BD Biosciences AB_2870231
Hamster monoclonal anti-CD3e BioLegend AB_312671
Hamster monoclonal anti-CD3e BioLegend AB_312673
Rat monoclonal anti-CD4 BD Biosciences AB_2738426
Rat monoclonal anti-CD4 BioLegend AB_2564586
Rat monoclonal anti-CD44 BD Biosciences AB_2739963
Rat monoclonal anti-CD44 BioLegend AB_2562600

Rat monoclonal anti-CD44

BD Biosciences

AB_10895375

Rat monoclonal anti-CD44

BD Biosciences

AB_10894581

Mouse monoclonal anti-CD45 BioLegend AB_493535
Mouse monoclonal anti-CD45.1 BD Biosciences AB_2861197
Mouse monoclonal anti-CD45.2 BD Biosciences AB_395041
Mouse monoclonal anti-CD45.2 Tonbo Biosciences AB_2621950
Rat monoclonal anti-CD45R BD Biosciences AB_394618
Rat monoclonal anti-CD45R Tonbo Biosciences AB_2621948

Rat monoclonal anti-CD62L

BioLegend

AB_10900082

Rat monoclonal anti-CD62L

BioLegend

AB_10900262

Rat monoclonal anti-CD62L

BD Biosciences

AB_2740349

Hamster monoclonal anti-CD69

BD Biosciences

AB_10893008

Hamster monoclonal anti-CD69 BD Biosciences AB_2739968
Hamster monoclonal anti-CD69 BD Biosciences AB_394726
Hamster monoclonal anti-CD69 BioLegend AB_940497
Mouse monoclonal anti-CD69 BD Biosciences AB_400353
Mouse monoclonal anti-CD69 BD Biosciences AB_400523

Rat monoclonal anti-CD73

BD Biosciences

AB_10714078

Rat monoclonal anti-CD8 BioLegend AB_2563237
Rat monoclonal anti-CD8 BioLegend AB_389326
Rat monoclonal anti-CD8 BioLegend AB_312745
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REAGENT or RESOURCE SOURCE IDENTIFIER
Rat monoclonal anti-CD8 BD Biosciences AB_2732919
Rat monoclonal anti-CD8 BD Biosciences AB_2870186
Rat monoclonal anti-CD8 BD Biosciences AB_394571
hamstermonoclonal anti-CXCR3 BioLegend AB_2563160
Rat monoclonal anti-CXCR5 BD Biosciences AB_1727520
Rat monoclonal anti-EGFP BioLegend AB_2563287
Rabbit monoclonal anti-Erk1/2 Cell Signaling Technology | AB_331775
Mouse monoclonal anti-FLAG-tag MilliporeSigma AB_262044
Rat monoclonal anti-FoxP3 Thermo Fisher Scientific AB_465243
Rat monoclonal anti-FoxP3 Thermo Fisher Scientific AB_891554
Rat monoclonal anti-FR4 BD Biosciences AB_1645227
Rabbit monoclonal anti-GAPDH Cell Signaling Technology | AB_561053
Mouse monoclonal anti-Granzyme B BioLegend AB_2294995
Mouse monoclonal anti-Granzyme B BioLegend AB_2114575
Mouse monoclonal anti-Granzyme B BioLegend AB_2562196
Mouse monoclonal anti-GST MilliporeSigma AB_309675
Rat monoclonal anti-IFNy BD Biosciences AB_2738752

Mouse monoclonal anti-Ki67

BD Biosciences

AB_10611866

Rat monoclonal anti-LAG3 BioLegend AB_2133343
Rat monoclonal anti-LAG3 BioLegend AB_2566571
Rabbit polyclonal anti-LAT Cell Signaling Technology | AB_2283298
Rabbit polyclonal anti-LAT pY132 Abcam AB_304482

Rabbit polyclonal anti-LAT pY191 Cell Signaling Technology | AB_2157728

Rabbit monoclonal anti-Lck pY394

Cell Signaling Technology

AB_10013641

Rat monoclonal anti-PD1 BioLegend AB_2159183
Rat monoclonal anti-PD1 BioLegend AB_2561447
Rat monoclonal anti-PD1 BD Biosciences AB_2873680
Rat monoclonal anti-PD1 BioLegend AB_1877087
Rat monoclonal anti-PD1 BioLegend AB_2566547
Mouse monoclonal anti-PLCy1 BD Biosciences AB_397446

Rabbit polyclonal anti-PLCy1 pY783 | Thermo Fisher Scientific AB_1501937
Mouse monoclonal anti-phospho-Tyr MilliporeSigma AB_916371

Rat monoclonal anti-PRF1 BioLegend AB_2721462
Mouse monoclonal anti-SLP76 pY128 | BD Biosciences AB_647331

Rabbit polyclonal anti-SLP76 pY145 Cell Signaling Technology | AB_2798604
Rabbit polyclonal anti-STS1 Abcam AB_778147

Rabbit polyclonal anti-STS2 Proteintech AB_2272584
Rat monoclonal anti-TIM3 BioLegend AB_1626175
Rat monoclonal anti-TIM3 BioLegend AB_2632736
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Mouse monoclonal anti-TCF1 BD Biosciences AB_2869823
Mouse monoclonal anti-TCR Weiss lab N/A

Rat monoclonal anti-TCR Va2 BD Biosciences AB_2741793
Rat monoclonal anti-TCR Va2 BioLegend AB_1134183
Rat monoclonal anti-TCR Va2 BioLegend AB_2814020
Mouse monoclonal anti-TCR Vp13 BD Biosciences AB_394706

Mouse monoclonal anti-TCR V13

BD Biosciences

AB_10898187

Mouse monoclonal anti-TCR V13

BD Biosciences

AB_10924602

Rat monoclonal anti-TOX

Thermo Fisher Scientific

AB_10855034

Rabbit polyclonal anti-VAV1

Santa Cruz Biotechnology

AB_632586

Mouse monoclonal anti-VAV1 pY 160 R&D Systems AB_11127214
Mouse monoclonal anti-Xpress-tag Thermo Fisher Scientific AB_2556552
Rabbit monoclonal anti-ZAP70 Cell Signaling Technology | AB_2218656
Rabbit polyclonal anti-ZAP70 pY319 Cell Signaling Technology | AB_331600
Rabbit polyclonal anti-ZAP70 pY493 Cell Signaling Technology | AB_2217457
Mouse monoclonal anti-C BD Biosciences AB_394011
Mouse monoclonal anti-C pY142 BD Biosciences AB_647307
Bacterial and virus strains
Escherichia coli 5-alpha New England Biolabs Cat#C2987H
Chemicals, peptides, and recombinant proteins
3-MB-PP1 Cayman Chemical Cat#17860
BCECF Thermo Fisher Scientific Cat#B1170
Bovine insulin MilliporeSigma Cat#10516
Collagenase 1V MilliporeSigma Cat#C5138
DAPI Thermo Fisher Scientific Cat#D3571
Dehydroisoandrosterone MilliporeSigma Cat#D5297
DifMUP Thermo Fisher Scientific Cat#D6567
DNase | MilliporeSigma Cat#D4263
EIPA Barber Laboratory N/A
Esomeprazole MilliporeSigma Cat#E7906
G4 GenScript Customized
synthesis
Glutathione MilliporeSigma Cat#G4251
Golgiplug BD Biosciences Cat#555029
Mgp1005_33 GenScript Customized
synthesis
OVA GenScript Customized
synthesis
pH Low insertion peptide GenScript Customized
synthesis
PP2 MilliporeSigma Cat#P0042
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Puromycin MilliporeSigma Cat#P8833

Q4H7 GenScript Customized
synthesis

Q4R7 GenScript Customized
synthesis

Recombinant GST-STS1 SH3 domain | This study N/A

Recombinant human IL-2 R&D Systems Cat#202-
1L-500

Recombinant SHP1 phosphatase
domain

R&D systems

Cat#1878-SH

Recombinant STS1 phosphatase Sino Biological Cat#13868-
domain HO7E
Recombinant STS2 phosphatase Sino Biological Cat#13847-
domain HO7E
SPAS-1 tetramer NIH Tetramer core N/A

Streptavidin

Jackson ImmunoResearch

Cat#016-000-
113

Set

T4 GenScript Customized
synthesis
Turbofect Thermo Fisher Scientific Cat#R0531
VSV GenScript Customized
synthesis
Critical commercial assays
BD Cytofix™ Fixation Buffer BD Biosciences Cat#554655
BD OptEIA™ Mouse IL-2 ELISA Set | BD Biosciences Cat#555148
BD OptEIA™ Mouse IFN-y ELISA BD Biosciences Cat#555138

Foxp3 / Transcription Factor Staining
Buffer Set

Thermo Fisher Scientific

Cat#00-5523-
00

Intracellular pH Calibration Buffer Kit | Thermo Fisher Scientific Cat#P35379
Experimental models: Cell lines

Human: 293 grfgs"': Cell gag%genome NIA
Human: 293T gr%slr'? egﬁ'r: gag‘f)genome N/A
Human: J.Cbl-b This study N/A
Human: J.Cbl-b.3YF This study N/A
Human: J.Cbl-b.AAVAA This study N/A
Human: J.Cbl-b.ACGSA This study N/A
Human: J.Cbl-b.AVTSA This study N/A
Human: J.Cbl-b.C373A This study N/A
Human: J.Cbl-b.G298E This study N/A
Human: J.Cbl-b.M940A This study N/A
Human: J.Cbl-b.STS1 This study Clone 34
Human: J.Cbl-b.STS1 This study Clone 37
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human: J.Cbl-b.STS1 This study Clone 40
Human: J.Cbl-b.WT This study N/A
Human: J.Cbl-b.Y363F This study N/A
Human: J.Cbl-b.Y665F This study N/A
Human: J.Cbl-b.Y665F Y709F This study N/A
Human: J.Cbl-b.Y665F Y889F This study N/A
Human: J.Cbl-b.Y709F This study N/A
Human: J.Cbl-b.Y709F Y889F This study N/A
Human: J.Cbl-b.Y889F This study N/A
Human: J.c-Cbl This study N/A
Human: J.STS1 This study Clone 8
Human: J.STS1 This study Clone 9
Human: J.STS1 This study Clone 13
Human: J.STS1 H391A This study N/A
Human: J.STS1 M47A This study N/A
Human: J.STS1 W295A This study N/A
Human: J.STS1 WT This study N/A
Human: J.ZAP Weiss Laboratory Clone 2
Human: Jurkat Weiss Laboratory N/A
Human: P116.ZAP70AS Weiss Laboratory Clone 2
Human: Phoenix-Eco UCSF Cell and Genome N/A

Engineering Core

Mouse: B16-F10

ATCC

Cat#CRL-647
5

Mouse: Ovalbumin-expressing B16-
F10

Krummel Laboratory

N/A

Mouse: TRAMP-C2

ATCC

Cat#CRL-273
1

Experimental models: Organisms/strains

B6.129S2- TcraimiMomy) The Jackson Laboratory Cat#002116
B6.Cg-Tg(TcraTcrb)425Cbn/J The Jackson Laboratory Cat#004194
B6.Cg- ThyZ4Cy The Jackson Laboratory Cat#005023
Tg(TcraTcrb)8Rest/J

B6.SJL-Piorc?PepcliBoyd The Jackson Laboratory Cat#002014
C57BL/6J mice The Jackson Laboratory Cat#000664
C57BL/6-Tg(TcraTcrb)1100Mjb/J The Jackson Laboratory Cat#003831
Cbl-b™~ mice Gu Laboratory N/A
STS17/~ Cbl-b™~ mice Weiss Laboratory N/A
STS17/~ mice Carpino Laboratory N/A
Oligonucleotides

Cbl-b-targeting siRNA Thermo Fisher Scientific $2479
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REAGENT or RESOURCE SOURCE IDENTIFIER

c-Chl-targeting siRNA Thermo Fisher Scientific s2477

Cbl-b sgRNA-guiding sequence, Integrated DNA Customized

forward: Technologies synthesis

CACCGAGCAAGCTGCCGCAGAT

CGC

Cbl-b sgRNA-guiding sequence, Integrated DNA Customized

reverse: Technologies synthesis

AAACGCGATCTGCGGCAGCTTG

CTC

¢-Cbl sgRNA-guiding sequence, Integrated DNA Customized

forward: Technologies synthesis

CACCGTGGCCTGATTGGGCTCAT

GA

¢-Chl sgRNA-guiding sequence, Integrated DNA Customized

reverse: Technologies synthesis

AAACTCATGAGCCCAATCAGGC

CAC

STS1 sgRNA-guiding sequence, Integrated DNA Customized

forward: Technologies synthesis

CACCGGCTCGGCATGGCTGCGA

GAG

STS1 sgRNA-guiding sequence, Integrated DNA Customized

reverse: Technologies synthesis

AAACCTCTCGCAGCCATGCCGA

GCC

Recombinant DNA

pCDEF3 Weiss Laboratory N/A

pCMV dR8.91 Weiss Laboratory N/A

pGEX 4T3 Weiss Laboratory N/A

pHR Weiss Laboratory N/A

pMD2.G Weiss Laboratory N/A

pX330 Weiss Laboratory N/A

Software and algorithms

FlowJo FlowJo https://
www.flowjo.c
om

Image Lab Bio-Rad http://
www.bio-
rad.com

ImageJ NIH https://
imagej.nih.go
viijl

Living Image Xenogen https://
spectralinvivo.
com/

Prism GraphPad http://
www.graphpa
d.com
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