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Th1 Tregs are characterized by the acquisition of proinflammatory cytokine secretion and reduced
suppressor activity. Th1 Tregs are found at increased frequency in autoimmune diseases, including
type 1diabetes and multiple sclerosis (MS). We have previously reported that in vitro stimulation
with IL-12 recapitulates the functional and molecular features of MS-associated Th1 Tregs, revealing
a central role for hyperactivation of the Akt pathway in their induction. TIGIT is a newly identified
coinhibitory receptor that marks Tregs that specifically control Th1and Th17 responses. Here, we
report that signaling through TIGIT counteracts the action of IL-12 in inducing the Th1 program.
Specifically, TIGIT signaling represses production of IFN-y and T-bet expression and restores
suppressor function in Tregs treated with IL-12. Fox01 functional inhibition abolishes the protective
effect of TIGIT, indicating that TIGIT signaling promotes Fox01 nuclear localization. Consistent
with this observation, signaling through TIGIT leads to a rapid suppression of Akt function and
Fox01 phosphorylation. Finally, TIGIT stimulation reduces the production of IFN-y and corrects the
suppressor defect of Tregs from patients with MS. Our results indicate an important role for TIGIT
in controlling the functional stability of Tregs through repression of Akt, suggesting that the TIGIT
pathway could be targeted forimmunomodulatory therapies in human autoimmune disorders.

Introduction
Tregs play a central role in the maintenance of immune tolerance, as evidenced by the multisystem auto-
immune disease found in patients lacking Foxp3, the master regulator of Treg differentiation (1). Using
in vitro assays based on in vivo experiments in rodents, Tregs have also been found to be functionally
defective in a number of human autoimmune diseases (2, 3). It has been shown more recently that Tregs
may adapt their function to the nature of the immune response and adopt the expression of the master
transcription factor of the T effector cell (Teff) population that they suppress. Specifically, Tregs upreg-
ulate STAT3 to control pathogenic Th17 responses (4), IRF4 for the suppression of Th2 Teffs (5), and
T-bet in type 1 inflammation (6). Moreover, the partial cooption of an inflammatory effector program
enables Tregs to colocalize with Teffs. For example, the expression of CXCR3 by Tregs, controlled by
T-bet (6), allows Tregs to migrate to sites of Thl inflammation and thus regulate CXCR3* Th1 Teffs.

Under physiologic conditions, although Tregs may express effector-related transcription factors, they
generally do not produce proinflammatory cytokines (7). However, in a number of pathologic conditions,
Tregs secrete IFN-y in association with loss of in vitro and in vivo suppressor function. We and others
have reported increased frequency of IFN-y* Tregs in autoimmune conditions such as relapsing-remitting
multiple sclerosis (RR-MS) (8), type 1 diabetes (9), autoimmune hepatitis in recipients of liver transplant
(10), and inflammatory bowel disease (11). Moreover, this Th1 phenotype can be recapitulated in vitro by
addition of IL-12 over the course of a T cell receptor—driven stimulation (8, 12) or with conditions of high
NaCl (13, 14). In patients with RR-MS, production of IFN-y by Tregs was associated with a marked reduc-
tion in their ability to suppress Teff proliferation ex vivo compared with healthy donors. Further, blocking
the autocrine/paracrine signaling of IFN-y with an anti-IFN-y antibody partially restored Treg suppressor
function (8). These findings suggest that specific inhibition of Treg secretion of IFN-y may have clinical
utility in the treatment of human autoimmune diseases.

We have recently reported that IL-12-induced dysfunctional human Th1 Treg generation is regulated
by the PI3K/Akt/FoxO1 pathway (15). Treg stimulation with IL-12 phosphorylates Akt and subsequently

https://doi.org/10.1172/jci.insight.124427 1



. RESEARCH ARTICLE

insight.jci.org

FoxOl1, leading to its exclusion from the nucleus. Consistent with this observation, Th1 Tregs display a sig-
nature of downregulated FoxO1 transcriptional targets and activation of the PI3K/Akt/FoxO1 pathway,
indicating that FoxO1 phosphorylation is both necessary and sufficient to induce Thl Tregs. Moreover,
treatment with a FoxO1 inhibitor results in increased frequency of IFN-y* Tregs, even in the absence of
IL-12, while PI3K and Akt inhibitors repressed IFN-y and restored function in IL-12—treated Tregs. These
results, together with the observation that human Th1 Tregs can be induced with IL-12 without prior IFN-y
sensitization, suggest that prevention of Thl reprogramming might be better controlled by negative regula-
tors of Akt than delayed activation of STAT4, as demonstrated in rodent Tregs (8).

T cell immunoglobulin with ITIM domain (TIGIT) is a recently identified coinhibitory receptor highly
expressed by Tregs (16, 17). TIGIT outcompetes the costimulatory receptor CD226 for binding to CD155,
for which it has a 100-fold higher affinity (16). By engaging CD155 on dendritic cells, TIGIT inhibits IL-12
and induces secretion of IL-10 in t7ans (16). Moreover, TIGIT disrupts CD226 dimerization and signaling in
cis (18), displaying a T cell-intrinsic function that results in suppression of Th1l and Th17 responses (18, 19).
While proximal signaling of TIGIT has not been examined in primary T cells, studies in transfected Jurkat
cells and primary NK cells revealed that, upon TIGIT engagement by CD155, the PI3K pathway repressor
SHIP-1 is recruited to the cytoplasmic tail of TIGIT. Importantly, the formation of this complex is required
for TIGIT-mediated inhibition of cytotoxicity (20). Additionally, we and others have reported that TIGIT*
Tregs are more potent than TIGIT— Tregs in suppressing Thl and Th17 responses, while sparing the func-
tion of Th2 Teffs (21). Consistent with this observation, transcriptional analysis revealed that TIGIT* Tregs
express higher levels of CXCR3 and other genes that define Th1l-suppressing CXCR3" Tregs (6, 21). Thus,
TIGIT expression is required for optimal suppression of Thl inflammation. In this regard, it has been show
that Tregs that are more prone to acquire expression of IFN-y in vitro have an increased expression of CD226
and a lower expression of TIGIT (22). These data are of interest in relationship to human autoimmune
diseases, as genetic variants in CD226 are associated with risk of developing type 1 diabetes and multiple
sclerosis (MS) (23, 24). These observations led us to hypothesize that Tregs use TIGIT signaling to enhance
suppression of Th1 Teff responses without undergoing detrimental Th1 reprogramming.

Here, we examined the role of TIGIT signaling in the induction and maintenance of human Thl
Tregs. We demonstrate that TIGIT stimulation using a CD155 Fc chimera protein (Fc-CD155) inhibits
the induction of IFN-y expression induced ex vivo by IL-12 in primary human Tregs from healthy donors.
Moreover, this inhibition of IL-12—induced IFN-y secretion corrects the loss of in vitro suppressor function.
TIGIT stimulation directly represses phosphorylation of Akt and FoxO1, while inhibition of either FoxO1
or SHIP-1 abolishes the effect of TIGIT stimulation in the conversion of Tregs to the Thl program. These
data demonstrate that TIGIT functionally controls the Akt pathway via SHIP1. Finally, IFN-y—secreting
Tregs isolated ex vivo from the circulation of patients with MS that have lost in vitro suppressor function
have a gain in function with loss of IFN-y secretion after TIGIT stimulation. These data suggest that direct
stimulation of TIGIT can correct defects in autoimmune Tregs.

Results

As TIGIT-CD226" Tregs lose suppressor activity and acquire the capacity to secrete IFN-y (22), we explored
the relationship among TIGIT, CD226, and IFN-y under Th1 conditions (Figure 1). The majority of Tregs
from healthy donors expressed TIGIT ex vivo (Figure 1A), and TIGIT expression was maintained after
stimulation with «CD3 and aCD28 in the presence of IL-2 and IL-12 for 4 days (Figure 1B). When gating
Tregs into subpopulations based on the expression of TIGIT and CD226, we observed that, as previously
reported, the majority of IFN-y* Tregs were in either TIGIT*CD226* or TIGIT-CD226" populations (Fig-
ure 1, B and C). While CD226 identified IFN-y* Tregs, a significant proportion of IFN-y* Tregs expressed
TIGIT, leading to the hypothesis that IFN-y production can be modulated in Tregs by TIGIT stimulation.
To examine the role of TIGIT in Treg IFN-y production, Tregs were activated with a«CD3, aCD28, and
IL-2 with or without IL-12, and TIGIT was stimulated with Fc-CD155. This led to a significant reduction
of the frequency of IFN-y* Tregs after 3 days of culture (Figure 1E and Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.124427DS1). Never-
theless, since CD155 can bind both CD226 and TIGIT, this effect could be due to signaling downstream of
either receptor. In order to identify which receptor is driving restriction of IFN-y expression, we pursued
two approaches. Initially, we stimulated Tregs to induce the Th1 phenotype in the presence of a previously
validated agonistic aTIGIT antibody (19); this treatment recapitulated the effect of Fc-CD155 in decreas-
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ing the frequency of IFN-y* Tregs (Figure 1, D and F). Second, we used CRISPR/Cas9 to delete CD226
from sorted Tregs prior to activation with aCD3, aCD28, IL-2, and IL-12 and stimulation with Fc-CD155
or isotype control (25). While the CRISPR/Cas9 experimental method required prior in vitro expansion
of Tregs, Fc-CD155 stimulation of TIGIT reduced the frequency of IFN-y* Tregs to a similar extent as in
ex vivo Tregs (Figure 1, G and I). After confirming the efficacy of CD226 knockdown at the protein level
by flow cytometry (Figure 1, G and H), we compared the effect of Fc-CD155 stimulation in CD226™~ and
control Tregs; in both cases the frequency of IFN-y* Tregs was significantly reduced (Figure 1, I and J).
These data are consistent with the higher affinity of CD155 for TIGIT rather than CD226 and suggest that
the effects of Fc-CD155 on the inhibition of Thl Tregs are primarily mediated by TIGIT.

We have previously reported that activation of Tregs with IL-2 and IL-12 decreased functional suppres-
sion of Teff proliferation. In order to determine whether suppression of IFN-y by TIGIT engagement corrects
loss of suppression, we preactivated Tregs in IL-2 or IL-2 and IL-12 conditions and stimulated TIGIT via
Fc-CD155. After 4 days, we examined the suppressor activity of preactivated Tregs by coculturing them with
Teffs and assessing Teff proliferation. We observed that IL-2 and IL-12 pretreatment resulted in decreased
suppression, while TIGIT stimulation led to a gain of Treg suppressor function (Figure 2, A-C). At the end of
the coculture, consistent with what has previously been reported (15), IFN-y production by IL-2— and IL-12—
treated Tregs was inversely correlated with suppressor function (Supplemental Figure 1, B and C). Moreover,
we observed that Tregs produced less IFN-y if they had received Fc-CD155 stimulation together with the IL-2
and IL-12 pretreatment (Figure 2D). Finally, we observed a reduction in the overall amount of IFN-y secreted
in the coculture under IL-2 and IL-12 with Fc-CD155 conditions (Figure 2E), which, at the 1:16 Treg/Teff
ratio, is likely to originate predominantly from the Teff population. These results indicate that TIGIT stimula-
tion inhibits Treg acquisition of a Th1 phenotype in type 1 inflammation.

Th1 reprogramming of Tregs requires activation of the PI3K pathway with phosphorylation of FoxO1,
causing its exclusion from the nucleus that leads to unrepressed T-bet and IFN-y transcription (26). Since it has
been reported that TIGIT recruits the phosphatase SHIP-1 (20), a repressor of Akt signaling through degrada-
tion of PIP,, we reasoned that TIGIT signaling could limit T-bet expression through inhibition of Akt activity.
To test this hypothesis, we stimulated sorted Tregs with IL-12, aCD3 and aCD28, and Fc-CD155. As previously
reported (15), stimulation with aCD3 and aCD28 coupled with IL-12 resulted in detectable phosphorylation
of Akt at threonine 308 (Figure 3, A and B) and slightly delayed phosphorylation of FoxO1 at serine 256 (Fig-
ure 3, A and C), an Akt-specific phosphorylation site. We observed repressed Akt function, as measured by
phosphorylation, at those residues with Fc-CD155 stimulation (Figure 3, A—C). Phosphorylation of FoxO1 at
serine 256 prevents its nuclear translocation and transcriptional activity (27). Thus, we sought to confirm that
Fc-CD155 stimulation results in FoxO1 nuclear localization in Tregs. To this end, we sorted Tregs and activated
them with a«CD3, aCD28, and IL-12 for 16 hours, a time point at which we had previously detected induction of
FoxO1 phosphorylation by IL-12 (15). The analysis of the nuclear versus cytoplasmic localization of FoxO1 by
confocal microscopy, based on the overlap between DAPI and FoxO1 fluorescence, showed that Treg activation
in vitro results in FoxO1 exclusion from the nucleus (Figure 3, D and E). When Fc-CD155 was added to Tregs
stimulated for 18 hours, we observed a significant increase in the proportion of nuclear FoxO1 (Figure 3, D and
F). Thus, Fc-CD155 represses Akt activation and results in greater availability of FoxO1 in the nucleus. In order
to assess whether this led to reduced T-bet induction, we measured T-bet expression and FoxO1 phosphoryla-
tion by flow cytometry in Tregs activated under Th1 conditions in the presence of Fc-CD155 stimulation over
4 days. We observed that, indeed, Fc-CD155 treatment decreased the frequency of Tregs that express T-bet and
the phosphorylated form of FoxO1 (Figure 4, A and B).

We previously demonstrated that inhibition of FoxO1 with AS1842856 was sufficient to induce Thl
reprogramming in Tregs (15). As we hypothesize that TIGIT blocks Thl reprogramming by prevent-
ing FoxO1 phosphorylation with reduced FoxO1 exclusion from the nucleus, we reasoned that inhibit-
ing FoxO1 would block the effect of Fc-CD155 stimulation. Indeed, when we induced Thl Tregs with
concomitant TIGIT triggering through Fc-CD155 and FoxOl1 inhibition, we did not observe a significant
reduction in the frequency of IFN-y* Tregs (Figure 4, C-E), suggesting that nuclear localization of FoxO1
is required for TIGIT repression of IFN-y.

We then determined whether SHIP-1 is the phosphatase used by TIGIT to repress the Akt/FoxO1/T-
bet/IFN-y axis in Tregs. We initially determined whether SHIP-1 is recruited to the immunological synapse
during aCD3, aCD28, and IL-12 stimulation, which can be assessed by quantifying SHIP-1 phosphorylation
at tyrosine 1021 that is required for SHIP-1 docking (28). We observed a rapid phosphorylation of tyrosine
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Figure 1. TIGIT stimulation suppresses the induction of IFN-y* Tregs in Th1 conditions. (A) Representative expression of TIGIT and CD226 by Tregs

ex vivo. (B and C) CD4*CD25M"CD127" Tregs were stimulated for 4 days with aCD3+aCD28 and IL-2+IL-12, and the frequency of IFN-y* Tregs among the 4
TIGIT versus CD226 gates was measured. A representative experiment (B) and summary of 5 donors are shown (C, 1-way ANOVA with Tukey's multi-
ple comparison correction). (D-F) Tregs were activated as in B, with or without TIGIT stimulation. A representative experiment (D) and quantification
of the frequency of IFN-y* Tregs induced in IL.-2+IL-12 conditions with or without agonistic aTIGIT antibody (F, paired t test, P = 0.027) or Fc-CD155 are
shown (E, paired t test, P = 0.0118). (G-L) Expanded Tregs were electroporated in the presence of Cas9 gRNAs RNP complexes and subsequently stim-
ulated as in B. (G) Representative staining for IFN-y and CD226. Quantification of the reduction in protein expression of CD226 by CRISPR knockdown
(H, ratio paired t test, P = 0.0168); quantification of IFN-y induction in IL-2+IL-12 conditions with or without FcCD155 in Tregs treated with a CD226 or
nontarget guide RNA (1, ratio-paired t test, P = 0.0252 for the nontarget condition and P = 0.0075 for the CD226 K.O. condition); direct comparison of
the FcCD155 effect on IFN-y in Tregs treated with a CD226 or nontarget gRNA (J, paired t test, P = 0.7158). *P < 0.05, **P < 0.005, ***P < 0.0005.

insight.jci.org

1021 over the first minute of stimulation, compatible with the early effect of TIGIT stimulation in repressing
Akt phosphorylation. Importantly, above-background phosphorylation of SHIP-1 was detectable regardless
of TIGIT stimulation, which is consistent with the observation that this residue is the target of Syk and Lyn,
whose function is not known to be controlled by TIGIT (29) (Supplemental Figure 2, A and B).

To assess whether the activity of SHIP-1 is necessary for TIGIT repression of Th1 conversion, we activated
Tregs with aCD3, aCD28, IL-2, and IL-12 and compared the magnitude of the Fc-CD155 effect in the presence
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Figure 2. TIGIT stimulation restores suppression to Tregs treated in Th1 conditions. Tregs were stimulated for 4 days with aCD3+aCD28 and the following
treatments: IL-2+IgG1 ctrl, IL-2+IL-12+1gG1 ctrl, and IL-2+1L-12+FcCD155. After 4 days, Tregs were washed and cocultured with Teffs in a suppression assay.

A representative experiment displaying the proliferation of Teffs at 1:16 Treg/Teff ratio (A) and the proliferation and IFN-y production of the Tregs (B). (C)
Quantification of the suppression activity (paired t test with Bonferroni’s correction for multiple comparisons, IL-2 +1gG1 vs. IL-2+IL-12 +IgG1, P = 0.0068;
IL-2+1L-12+1gG1 vs. IL-2+IL-12+FcCD155, P = 0.0036). (D) Comparison of the frequency of IFN-y* Tregs at ratios of 1:1to 1:16 between the IL-2+IL-12+1gG1 ctrl
and I1-2+IL-12+FcCD155 treatment (each dot represents a Treg/Teff ratio; paired t test, P = 0.0195). (E) Quantification of the secretion of IFN-y in the super-
natant of cocultures of Tregs and Teffs at the 1:16 ratio from 4 donors (paired t test with Bonferroni’s correction for multiple comparisons, P = 0.0654 for
the IL-2+IgG1vs. IL-2+IL-12+1gG1 condition and P = 0.0412 for the IL-2+IL-12+1gG1 and IL-2+IL-12+FcCD155 condition). *P < 0.05.

of a SHIP-1 inhibitor or vehicle. We observed that inhibition of SHIP-1 reduces the capacity of TIGIT to inhibit
the generation of IFN-y* Tregs (Figure 4, F-H). Similar results were also obtained when triggering TIGIT with
the aTIGIT agonistic antibody (Supplemental Figure 2, C and D). Taken together, these results suggest that
SHIP-1 is a nonredundant partner of TIGIT in controlling the Th1 reprogramming of Tregs.

Finally, given that dysfunctional Tregs secreting IFN-y are a hallmark of immune dysfunction in MS,
we explored whether TIGIT stimulation corrected this defect in immune regulation. Initially, we assessed
whether the frequency of TIGIT and CD226 was similar in new-onset RR-MS patients and healthy donors
and observed that patients with RR-MS displayed an increased frequency of circulating CD226* Tregs com-
pared with that of healthy donors (Figure 5, A and B). This difference was reduced after 4 days of stimula-
tion with «CD3 and aCD28 (Figure 5, C and D).

Since we did not observe changes in TIGIT at the protein level in patients with RR-MS as compared
with healthy individuals, we sought to confirm that the TIGIT pathway is functional in patients with
the disease, as previously reported for memory CD4 Teffs (19). Stimulation of Tregs with Fc-CD155
revealed that, in both IL-2 and IL-2 and IL-12 conditions, the frequency of IFN-y* Tregs (Figure 5, E
and G) and the expression of T-bet (Figure 5, E and H) could be repressed by TIGIT signaling. A sim-
ilar effect was observed for CD226 (Figure 5F), further stressing that CD226 expression is a marker of
IFN-y production. Since stimulation of Tregs with IL-12 models the functional impairment of Tregs
in RR-MS (8), we hypothesized that TIGIT signaling would restore the suppressor function of ex vivo
Tregs from RR-MS patients. We preactivated Tregs from new-onset RR-MS patients and healthy donors
with aCD3, aCD28, and IL-2 for 4 days; stimulated TIGIT via Fc-CD155; and cocultured the Tregs
with healthy donor Teffs. Indeed, in patients displaying a lower suppressor activity compared with that
of the healthy donors (5 of 6 subjects), pretreatment with Fc-CD155 restored the capacity of Tregs to
inhibit Teff proliferation (Figure 5, I and J). Thus, these observations indicate that TIGIT stimulation
restores the functional impairment acquired in vivo by Tregs in patients with RR-MS.
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Figure 3. TIGIT stimulation suppresses the Akt/Fox01 pathway. (A-C) Tregs stimulated for the indicated times with aCD3+aCD28, IL-12, Fc-CD155,
or isotype control. One representative experiment (A) and quantification of the delta between the indicated time points and the time 0 condition are
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5 for pFox01, paired t test with Bonferroni's correction for multiple comparisons). (D-F) Sorted Tregs were rested

d then fixed (ex vivo) or stimulated with aCD3+aCD28, IL-12, FcCD155, or isotype control overnight (16 hours). One

g immunofluorescent staining for DAPI and FoxO1 (original magnification, x63) (D) and quantification of the nuclear
E and F, 2 outliers were removed [ROUT Q = 10%], unpaired t test, P < 0.0001; ex vivo = 16 cells, 16hstim = 80 cells,
*P < 0.05, **P < 0.005, ***P < 0.0005.

Discussion

Thl Tregs with loss of in vitro suppressor function are observed in a number of autoimmune dis-
eases; these Thl Tregs are thought, in part, to mediate loss of immune regulation, allowing activation
of autoreactive T cells. Understanding the mechanisms associated with loss of Treg function might
allow novel therapeutic approaches to correct immune regulatory defects in autoimmunity. We pre-
viously demonstrated that stimulating TIGIT induces the secretion of Fgl-2, a cytokine that can mod-
ulate APC function toward an antiinflammatory profile (21). Here, we report that stimulation of
TIGIT, a coinhibitory receptor identifying Tregs that control Thl and Thl7 responses, prevents
proinflammatory reprogramming of Tregs to Thl Tregs and preserves their suppressor function.
Specifically, TIGIT signaling through Fc-CD155 repressed IFN-y and T-bet expression and restored sup-
pressor function in Tregs treated with IL-12. Stimulation of the TIGIT pathway repressed PI3K signaling
while promoting rapid suppression of Akt function accompanied by FoxO1 phosphorylation with nuclear
localization. Finally, TIGIT stimulation reduced IFN-y expression and corrected the suppressor defect of
Tregs from patients with MS. Our results indicate an important role for TIGIT in controlling the function-
al stability of Tregs through repression of Akt, suggesting that the TIGIT pathway could be targeted for
immunomodulatory therapies in human autoimmune disorders.

Controlling the activity of the PI3K pathway upon activation is crucial for maintenance of the Treg
lineage. In this regard, we observed that TIGIT represses PI3K signaling. Tregs lacking the phosphatase
PTEN, which dephosphorylates the second messenger PIP,, ultimately lose suppressor function and sta-
ble FoxP3 expression (30). Similar scenarios resulting in unstable Tregs unable to restrain inflammatory
responses in vivo have been reported when hyperactivating the PI3K pathway, either by disrupting the

10.1172/jci.insight.124427
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Figure 4. Suppression of IFN-y by TIGIT stimulation is dependent on Fox01 and SHIP-1 function. (A and B) Tregs were stimulated for 4 days with
aCD3+aCD28, IL-2, or IL-2+IL-12 with or without Fc-CD155. One representative experiment (A) and quantification of the frequency of T-bet*pFox01*
Tregs for 6 donors (B, paired t test with Bonferroni’s correction for multiple comparisons, IL-2+IgG1 vs. IL-2+IL-12+1gG1, P = 0.027; IL-2+IL-12+1gG1 vs.
IL-2+1L-12+FcCD155, P = 0.044). (C-E) Tregs were stimulated for 4 days with aCD3+aCD28, IL-2, or IL-2+IL-12 with or without Fc-CD155 and in the pres-
ence of Fox01inhibitor (AS1842856 25nM) or vehicle (DMSO). One representative experiment (C) and summary for 6 donors are shown (D, paired t test,
P =0.0021 for the vehicle condition and P = 0.1062 for the FoxO1 inhibitor condition; E, paired t test, P = 0.0325). (F-H) Tregs were stimulated for 4 days
with aCD3+aCD28, IL-2, or IL-2+IL-12 with or without Fc-CD155 and in the presence of a SHIP-1inhibitor (3AC 1 mM) or vehicle (EtOH). One representa-
tive experiment (F) and quantification for 8 donors (G, paired t test, P = 0.0036 for the vehicle condition, P = 0.6695 for the SHIP-1 inhibitor condition;

H, paired t test, P = 0.0482). *P < 0.05, **P < 0.005.
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Semaphorinda/Neuropilinl axis (31) or by deleting FoxO1 and FoxO3a (26). Thus, TIGIT signaling
preserves functional and lineage stability of Tregs.

TIGIT signaling by Fc-CD155 promotes the ability of Tregs to suppress Teff proliferation. This effect
was only seen in conditions in which suppressor function is destabilized, as in the case of treatment with
IL-12 or when Tregs were derived from RR-MS patients. Our results are consistent with those of a recent
study in which Fc-CD155 was shown to enhance suppressor activity of tumor-derived Tregs through inter-
action with TIGIT (32) in patients with melanoma. In those experiments, CD226 signaling by Fc-CD155
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Figure 5. TIGIT stimulation suppresses IFN-y and restores suppression in Tregs from MS patients. (A and B) Expression of TIGIT and CD226 on Tregs
from new-onset untreated MS patients (MS) and healthy donors (HD). Tregs were gated as Live/CD4*/CD25"/Foxp3*. One representative experiment (A)
and summary of 5 donors are shown (B, unpaired t test, P = 0.0051). (C and D) Expression of TIGIT and CD226 by Tregs from MS patients after 4 days of
stimulation with aCD3+aCD28 and IL-2 or IL-2+IL-12. One representative experiment (C) and summary of 7 HD and 9 MS patients are shown (D, ratio paired
t test with Bonferroni's correction for multiple comparisons, P = 0.4094 for the IL-2 condition and P = 0.1795 for the IL-2+IL-12 condition). (E-H) Expres-
sion of IFN-y and T-bet by Tregs from MS patients activated as in B with or without Fc-CD155. One representative experiment (E) and summaries of 7-9
MS patients are shown (ratio paired t test with Bonferroni’s correction for multiple comparisons; F, P = 0.021 for the IL-2 condition and P = 0.0194 for the
IL-2+1L-12 condition; G, P = 0.0042 for the IL-2 condition and P = 0.0124 for the IL-2+IL-12 condition; H, P = 0.0096 for the IL-2 condition and P = 0.0112 for
the IL-2+IL-12 condition). (I and J) Tregs were activated as in B, with or without Fc-CD155. After 4 days, Tregs were cocultured with Teffs in a suppression
assay. (I) One representative experiment (Teff gate). (J) Quantification of Treg suppression normalized by the suppression of the matched HD (paired t test
with Bonferroni’s correction for multiple comparisons, n = 5, P = 0.0147). *P < 0.05, **P < 0.005.
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decreased Treg function, possibly mediated by a reduction of FoxP3 expression. While we did not assess

the effect of genetic deletion of CD226 on Treg suppression, we observed similar effects of Fc-CD155 stim-

ulation on the generation of IFN-y* Tregs when CD226 was either expressed or knocked down through
CRISPR/Cas9. It will be of interest to measure IFN-y* in tumor-derived Tregs with CD226 and TIGIT
signaling. It has been reported that CD226 triggering can enhance phosphorylation of Akt through recruit-
ment of the PI3K regulatory subunit p85 (33, 34). Because treatment of Tregs with IL-12 also results in
heightened Akt activity, it is conceivable that the effect of CD226 on Akt function would be redundant
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when this pathway is already hyperactive, a scenario that would explain why an effect of CD226 is seen
when Tregs are activated without IL-12 (32) but not after IL-12 stimulation. Further studies centered on
CD226 signaling in Th1 Tregs are required to better understand its function in Tregs.

While both CD155 and CD112 are ligands for CD226, CD112 has a significantly greater affinity for
CD226 as compared with TIGIT (16). Thus, it would be of interest to assess signaling downstream of
TIGIT and CD226 in the context of stimulation with physiologically relevant combinations of CD112 and
CD155. Finally, our observation that the expression of CD226 is heightened in ex vivo Tregs from RR-MS
patients and repressed by Fc-CD155 stimulation, similar to what is observed with T-bet and IFN-y, is consis-
tent with the previously reported association between this costimulatory receptor and IFN-y production (22).

While we demonstrated that TIGIT stimulation results in reduced phosphorylation of FoxO1 that is
maintained over time, there may be other mechanisms whereby TIGIT represses the induction of Thl pro-
grams. For example, upstream inhibition of PI3K by TIGIT results in inhibition of mTOR, and other sub-
strates of mTOR could be involved. It is worth noting that Fgl-2 production by Tregs, which is under the
control of TIGIT, was reported as a hallmark of tolerance to allografts in mice treated with the mTOR inhib-
itor rapamycin (35), further strengthening the connection between TIGIT signaling and PI3K signaling.

While we demonstrate that SHIP-1 is required for suppression of IFN-y with TIGIT signaling, we
paradoxically observed a modest decrease in IFN-y* Tregs when inhibiting SHIP-1 without TIGIT stim-
ulation, even though SHIP-1 was phosphorylated with T cell receptor stimulation. In contrast, IFN-y
expression after Fc-CD155 stimulation of Tregs in the presence of a SHIP-1 inhibitor resulted in a higher
frequency of IFN-y* Tregs in the majority of donors. We then measured the relative frequency of IFN-y*
Tregs with and without Fc-CD155 and observed Fc-CD155 stimulation did not significantly reduce the
generation of Thl Tregs (Figure 4H) with inhibition of SHIP-1. Thus, these data suggest that the func-
tion of SHIP-1 is nonredundant for TIGIT signaling.

It is known that there are multiple downstream consequences of SHIP-1 activity on PI3K signaling.
Unlike PTEN, the enzymatic activity of SHIP-1 does not result in PIP, signaling termination, but instead
in the generation of PI; P, which retains the ability to activate Akt. The intensity of the downstream Akt
activation when PIP, is converted to PI, , P, thus depends on the competition between Akt and other mole-
cules that can bind PI ; , P,, such as the inhibitory proteins TAPP1/2 (36). While further work is required to
dissect the functional specificities of PI, P, and PIP, in human Tregs, it appears that SHIP-1 might allow
finely tunable control over Akt in Tregs. In fact, notwithstanding the previously described requirement
for low Akt activity for Treg functional stability, recent work has highlighted that some degree of FoxO1
exclusion from the nucleus is required for Treg homing to nonlymphoid organs and activation in tissue (37).

We and others previously showed that inactivating PTEN is sufficient to destabilize Tregs and inhibit their
suppressor function (15, 30). Our data suggest that this occurs for SHIP-1 in the context of TIGIT activation.
Interestingly, SHIP-1 expression is confined to hematopoietic cells, suggesting that it could be modulated phar-
macologically in a more specific way. This might be of particular relevance in the context of immunotherapy
for nonhematological cancers. For example, CD155 is expressed by different solid tumors (18, 32, 38, 39),
suggesting that TIGIT may be triggered in the tumor microenvironment. On the other hand, loss-of-function
mutations in Pfen are often acquired during cancer progression; in this context, inhibition of PTEN might
actually favor cancer growth, whereas inhibition of SHIP-1 might result in Treg destabilization without the risk
of tumor cell proliferation. Indeed, a recent report describes improved antitumoral T cell immunity following
administration of a SHIP-1 inhibitor (40).

As these are human systems, it is not possible to perform fate-mapping experiments, and thus it is dif-
ficult to determine whether TIGIT works by preventing the conversion of functional Tregs into Th1 Tregs
or by reverting the Th1l programs of already fully committed dysfunctional IFN-y* Tregs. The fact that
approximately half of the IFN-y* Tregs generated in IL-2 and IL-12 condition expressed TIGIT leaves open
both possibilities. Nevertheless, we demonstrate that TIGIT stimulation corrects the functional Treg defect
of RR-MS patients, in an experimental setting in which no exogenous IL-12 was added, suggesting that this
defect was acquired in vivo. The underlying causes of the functional impairment of RR-MS Tregs are likely
to involve both genetic and environmental interactions. Indeed, RR-MS-associated risk variants in CD58
(41) and IL2RA (42) have been reported to alter Treg function. Interestingly, 2 RR-MS-related genetic SNPs
have been identified in the TIGIT pathway: one in the CDI155 locus (43) as well as the Gly307Ser CD226
variant (23, 24). Moreover, we have shown that environmental exposure to high-salt conditions leads to loss
of Treg function associated with increases in IFN-y expression (13). Thus, future studies are required to
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understand whether insufficient engagement of TIGIT in genetically susceptible hosts under certain environ-
mental conditions contributes to Treg proinflammatory reprogramming. Finally, recent work in the mouse
model of RR-MS has shown that functional «TIGIT antibodies can modulate disease severity (44). Our
results agree with these in vivo data and suggest that TIGIT stimulation could represent a viable therapeutic
strategy to correct the immune regulation defects observed in RR-MS and other autoimmune diseases.

Methods

Human subjects. Peripheral blood was obtained from healthy volunteers (average age, 28.8 years; minimum, 23
years; maximum, 43 years). Peripheral blood mononuclear cells (PBMCs) were cryopreserved from 9 RR-MS
patients (average age, 35.8 years; minimum, 26 years; maximum, 60 years) and 7 healthy volunteers (average
age, 37 years; minimum, 27 years; maximum, 61 years). Patients had a disease duration not exceeding 5 years,
were not on disease-modifying treatment, and had not received steroids for at least a year before blood collection.

Cell isolation and FACS sorting of T cell populations. PBMCs were isolated by Ficoll gradient centrifuga-
tion and used directly for downstream applications in all experiments except for those in Figure 4, where
PBMCs had been cryopreserved in 90% human AB serum (Gemini Bio-Products) and 10% DMSO (Mil-
liporeSigma) in liquid nitrogen. Total CD4 T cells were obtained by negative selection using the Easysep
CD4* T cell enrichment kit (StemCell Technologies, 19052) and stained with antibodies for CD4 (clone
RPA-T4), CD25 (clone 2A3), and CD127 (clone hIL-7R-M21, all from BD Biosciences). Tregs were
defined as the top 2%—4% of CD4*CD25%CD127" cells and Teffs were defined as CD4*CD25"°/™CD127*.

Induction of Thl Tregs. Sorted Tregs were cultured for 4 days in standard culture conditions in RPMI
1640 media (Gibco) supplemented with 2 nM L-glutamine, 5 mM HEPES, 100 U/ug/ml penicillin/strep-
tomycin (Biowhittaker), 0.5 mM sodium pyruvate, 0.05 mM nonessential amino acids (Life Technologies;
complete RPMI), and 5% GemCell human AB serum (GemBio). Tregs were stimulated with anti-human
CD3 (clone UCHT1, BD Biosciences) and anti-human CD28 (clone 28.2, BD Biosciences) at 1 pg/ml, in the
presence of 20 U/ml IL-2 and with or without 20 ng/ml IL-12 (Stemcell, 78027). IL-2 was obtained through
the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and
Infectious Diseases, National Institutes of Health. Tregs were plated at 20,000 cells per well. On day 4, Tregs
were restimulated with 50 nM phorbol-12-myristate-13-acetate (MilliporeSigma) and 250 nM ionomycin
(MilliporeSigma) for 4 hours in the presence of 10 pg/ml Brefeldin A (BD Biosciences). Intracellular stain-
ing was performed using the Foxp3 Staining Buffer Set (eBioscience) and the following staining mix: LIVE/
DEAD Fixable Near-IR Dead Cell Stain kit (Invitrogen), o TIGIT (clone MBSA43, eBioscience), aCD226
(clone 11A8, Biolegend), aIFN-y (clone 4S.B3, Invitrogen), aFoxp3 (clone 236A/E7, BD Bioscience), and
oT-bet (clone 4B10, Invitrogen). Stained Tregs were washed and acquired on a BD Fortessa flow cytometer.

TIGIT agonists and small-molecule inhibitors. TIGIT stimulation was provided with an agonist o TIGIT
antibody (clone 318.28.2.1, a gift from Bristol-Myers Squibb) plate-bound at 50 ng/ml. As an isotype con-
trol, we used a-mouse IgG1 (clone P3.6.2.8.1, eBiosciences). Alternatively, TIGIT was stimulated with
Recombinant Human CD155 Fc Chimera Protein (R&D Systems, 9174-CD-050) plate-bound at 10 pug/ml.
As isotype control, we used a-human IgG1 (MilliporeSigma, I5154-1IMG).

The FoxO1 inhibitor AS1842856 (EMD Millipore) was used at 25 nM, and the SHIP-1 inhibitor 3AC
(Merck Millipore) was used at 1 uM.

Analysis of phosphorylation by FACS. Sorted Tregs were rested in serum-free complete RPMI for 2 hours
at 37°C, followed by incubation with aCD3 and aCD28 at 20 ug/ml for 20 minutes on ice. After washing,
Tregs were resuspended at 4 x 10° cells/ml in ice-cold PBS, 2% FBS, and incubated with soluble Fc-CD155
or isotype control (10 ug/ml), AffiniPure F(ab’), Fragment Goat a-Mouse and a-Human (Jackson Immu-
noResearch, 115-006-003 and 109-006-003, respectively), and IL-12 at 20 ng/ml and incubated at 37°C for
the indicated time. Stimulation was stopped with an equal volume of BD Cytofix buffer (BD Biosciences,
554655), followed by a 20-minute incubation at 37°C. Fixed cells were stored overnight at —-80°C. The next
day, cells were permeabilized with ice-cold BD PhosphoFlow Perm buffer III (BD Biosciences, 558050) and
stained with the polyclonal antibodies aSHIP-1 Tyr1020 (Bioss, bs-3398R), a AKT 1/2/3 Thr305/308/309
(Bioss, bs-5182R), and aFoxO1 Ser256 (Bioss, bs-3142R). After a 2-hour incubation at room temperature,
cells were washed and acquired on a BD Fortessa flow cytometer.

Analysis of FoxOI nuclear localization by immunofluorescence. 12-mm-diameter coverslips (VWR) were pre-
coated with poly-L-lysine (0.02%, MilliporeSigma) for 20 minutes at room temperature, washed 3 times in
water, and coated with aCD3, Fc-CD155, or isotype control for 4 hours at 37°C as described earlier.

insight.jci.org  https://doi.org/10.1172/jci.insight.124427 10
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To limit the number of fluorophores present on the surface of Tregs, for this experiment, magnetically
isolated CD4 T cells were stained only with aCD25-PE-Cy7, and the top 2% of CD25" cells was identified
as Tregs. Sorted Tregs were rested in serum-free complete RPMI at 37°C for 2 hours and then seeded onto
coated coverslips at a density of 100,000 cells/slip in complete RPMI with 5% human serum with soluble
aCD28 (1 pg/ml) and IL-12 (20 ng/ml). An aliquot of Tregs was fixed directly at the end of the 2-hour
serum starvation and identified as the unstimulated control.

After an overnight incubation at 37°C (~16 hours), cells were fixed with a solution of 4% paraformal-
dehyde in PBS and permeabilized with 0.3% Triton X-100. Coverslips were then blocked with PBS, 0.2%
BSA, and stained overnight at 4°C with mouse aFoxP3-FITC (1:50, clone PCH101, eBioscience) and rab-
bit aFoxO1 (1:200, clone C29H4, Cell Signaling Technologies). The next day, coverslips were stained first
with o-Rabbit polyclonal antibody Alexa Fluor 555 (1:200, Cell Signaling Technologies 07/2012) for 20
minutes at room temperature and then with DAPI 3 uM for 5 minutes at room temperature.

Cells were analyzed with a x63 objective on a Leica SP8 confocal microscope. Two to three images
per sample were acquired. Images were analyzed with Fiji (45) with a custom Java script that identifies the
cytoplasmic and nuclear areas based on DAPI staining and calculates nuclear enrichment of normalized
FoxOl1 fluorescence.

Suppression assays. Tregs were preactivated to induce the Th1 phenotype as described earlier. Tregs were
then washed, counted, and cocultured with freshly isolated Teffs that were previously stained with Cell-
Trace CFSE (Invitrogen, C34554). Tregs and Teffs were cocultured at up to 40,000 total cells at Treg/Teff
ratios ranging from 1:1 to 1:16, in the presence of 2 Treg Suppression Inspector beads per cell (Miltenyi,
130-092-909). After 4 days, cocultures were stained with LIVE/DEAD Fixable Near-IR, alFN-y, and
aFoxp3 and acquired on a BD Fortessa flow cytometer.

CD226 gene deletion by CRISPR/Cas9. Tregs were seeded at a density of 5,000 cells/well and expanded
in vitro with Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher, 111.32D) at a ratio of 4 beads
per cell in the presence of 100 U/ml of IL-2 in complete RPMI 1640 as described earlier. After 12—-14 days,
beads were removed magnetically, and Tregs were rested in the same media supplemented with IL-2 at a
density of 100,000 cells/well. After 3 days, fresh beads were added to rested Tregs at a ratio of 1 bead per
cell. After 2 days, beads were magnetically removed and Tregs were centrifugated and resuspended in Lonza
electroporation buffer P3 at a concentration of 1 x 10° cells in 20 pl. Cells were then added to premixed
guide RNAs (nontarget, GGTTCTTGACTACCGTAATT, and CD226 exon 3, ATCAATGGGCATCTTA-
ACAC) and RNPs (1 x 10 cells per condition) and transferred to a 96-well electroporation cuvette plate.
Electroporation was carried out using a Lonza 4D 96-well electroporation system with pulse code EH115.
Immediately after electroporation, 80 pul prewarmed media was added to each well, and cells were rested for
15-60 minutes at 37°C. Cells were then moved to a conventional 96-well plate and stimulated to induce Th1
Tregs as described earlier, with the only difference that cell density was 100,000 cells/well.

Statistics. Flow cytometry data were analyzed using FlowJo v10.3.0. Figures and statistics were obtained
using GraphPad Prism v7.0a. When comparing two conditions within the same individual we used paired
2-tailed ¢ tests. For comparisons across 2 groups of unrelated individuals, we used unpaired 2-tailed ¢ tests.
‘When comparing 3 or more groups, we used ANOVA. When performing multiple paired 2-tailed ¢ tests, we
used Bonferroni’s correction for multiple comparison. P values of 0.05 or less were considered significant.
Data were presented as mean + SEM, unless otherwise indicated.

Study approval. All subjects provided informed consent and approval was granted by the Institutional
Review Board at Yale University. All experiments conformed to the principles of the WMA Declaration of
Helsinki and the Department of Health and Human Services Belmont Report.
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