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Foxp3* Tregs possess potent immunosuppressive activity, which is critical for maintaining immune
homeostasis and self-tolerance. Defects in Treg development or function result in inadvertent
immune activation and autoimmunity. Despite recent advances in Treg biology, we still do not
completely understand the molecular and cellular mechanisms governing the development

and suppressive function of these cells. Here, we have demonstrated an essential role of the
dedicator of cytokinesis 8 (DOCK8), guanine nucleotide exchange factors required for cytoskeleton
rearrangement, cell migration, and immune cell survival in controlling Treg fitness and their
function. Treg-specific DOCK8 deletion led to spontaneous multiorgan inflammation in mice due
to uncontrolled T cell activation and production of proinflammatory cytokines. In addition, we
show that DOCK8-deficient Tregs are defective in competitive fitness and in vivo suppressive
function. Furthermore, DOCKS controls IL-2 signaling, crucial for maintenance and competitive
fitness of Tregs, via a STAT5-dependent manner. Our study provides potentially novel insights into
the essential function of DOCK8 in Tregs and immune regulation, and it explains the autoimmune
manifestations associated with DOCK8 deficiency.

Introduction

Maintenance of immune homeostasis is essential for keeping the balance between protective immunity and
autoimmunity (1-3). Tregs play an indispensable role in immune tolerance, as defective Treg development
or function results in inadvertent immune activation and autoimmunity (4—6). Transcription factor Foxp3
has been identified as a master regulator for the development and function of Tregs (1, 2). Foxp3 deficien-
cy results in autoimmune disease called immunodysregulation polyendocrinopathy enteropathy X-linked
syndrome (IPEX) in humans and Scurfy mice due to lack of functionally competent Tregs (7-9). Naturally
occurring Tregs are generated in the thymus, and their development depends on T cell receptor signaling to
the high-affinity self-antigen IL-2 and signaling through the costimulatory receptor CD28 (10).

Tregs constitutively express high-affinity IL-2R. Signaling through IL-2R is critical for the maintenance
and function of Tregs in vivo (11, 12). More explicitly, IL-2/IL-2R signaling is essential for Treg development
in the thymus and for maintaining homeostasis and the competitive fitness of peripheral Tregs. IL-2-mediat-
ed signaling contributes to Tregs through activation of transcription factor STATS5, which is essential for Treg
development and function (13-15). In conjunction with this, complete deletion of STATS resulted in drastic
reduction in Tregs (16). Despite recent advances in Treg biology, we still do not fully understand the molecu-
lar and cellular mechanisms governing the development and suppressive function of these cells.

DOCKS interacts with the Rho family small G protein Cdc42 that is required for activation of small G pro-
tein from GDP-bound inactive to GTP-bound active form. DOCKS8 mutations are associated with autosomal
recessive combined immunodeficiency in humans (17-19). DOCKS deficiency in humans leads to recurrent
cutaneous and sinopulmonary infections, atopic dermatitis, elevated serum IgE, and eosinophilia. DOCKS8-de-
ficient patients are more prone to cancer, including metastatic squamous carcinoma and B cell lymphoma. The
majority of these patients have low numbers of CD4" and CD8" T cells in the blood. DOCKS has been shown to
regulate B, T, NKT, and NK cells and DCs functions in mice (17, 20-26). We have recently uncovered a poten-
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tially novel function of DOCKS in protective immunity by regulating the generation, survival, and function of
RORyt* innate lymphoid cells (27). Thus, DOCKS deficiency affects a wide range of immune cells, which ham-
pered our understanding of the precise function of DOCKS in particular types of immune cells. DOCKS-de-
ficient patients are also more prone to autoimmunity, which could be because of defective Treg function (28).
However, defective Treg function in these patients could be due to secondary causes. Therefore, studies that will
unequivocally establish the role of DOCKS in Tregs biology are needed.

To understand the precise role of DOCKS8 in Tregs, we generated DOCKS8-conditional KO mice
and bred them with Foxp3©* mice to study its specific functions in Tregs. Here, we provide evidence that
DOCKS is essential for the competitive fitness of Tregs and their suppressive functions. Using Foxp3¢<D-
OCK8" mice, we showed that DOCKS plays a critical role in Tregs through IL-2 signaling in a STAT5-de-
pendent manner. Thus, specific deficiency of DOCKS in Tregs is associated with multiorgan inflammation
due to uncontrolled T cell activation and production of proinflammatory cytokines.

Results
DOCK8-deficient mice have reduced Treg frequency and produce less IL-2 upon TCR stimulation. In our mouse colony,
we observed that as DOCKS-deficient mice aged, they often develop gastritis (data not shown). Therefore, we
hypothesized that DOCKS-deficient animals might have a defect in immune tolerance. Thus, we analyzed
Treg frequency in lymphoid organs such as spleen and lymph nodes (LN). As we predicted, DOCKS8-deficient
animals had a significantly lower frequency of Tregs among CD4* T cells (Figure 1, A and B). To understand
the reason behind reduced Treg frequency in DOCKS8-deficient animals, we tested whether CD4*" T cells
from these animals could produce normal levels of IL-2 upon T cell receptor (TCR) engagement, as IL-2 is
essential for Treg maintenance and function in vivo (11). To our surprise, the frequency of IL-2*CD4* T cells
from the DOCKS8-deficient group was significantly reduced in comparison with those of WT CD4* T cells
(Figure 1, C and D). Since, DOCKS8-deficient animals have multiple defects and their reduced frequency of
IL-2*CD4" T cells could be due to secondary causes, we decided to revisit this issue by using conditional KO
animals (CD4“*DOCK8"") in which DOCKS expression is specifically deleted in T cells. Consistent with
CD4* T cells of DOCKB8-deficient mice, CD4* T cells of CD4“*DOCKS8"? animals also produced signifi-
cantly less IL-2 than WT CD4" T cells (Figure 1, C and D). These data show that DOCKS contributes to IL-2
production by CD4" T cells and may indirectly impact the generation and the function of Tregs. These results
could explain recent findings that patients with DOCKS deficiency have reduced numbers of Tregs (28).

Treg-specific deletion of DOCKS causes T cell activation and autoimmunity. To investigate the function
of DOCKS in Tregs in vivo, we generated DOCKS8"" mice and crossed them with Foxp3© mice that
express YFP-Cre recombinase fusion protein under the control of the endogenous Foxp3 promoter
(29). Both male and female Foxp3““DOCKS8"" mice were born at expected Mendelian ratios and
appeared normal at the time of weaning. At 6-8 weeks of age, these mice developed signs of blepharitis
and crusting of tail and ears (Figure 1E), and they became moribund at 10-24 weeks after birth (Figure
1F). In the absence of DOCKS in Tregs, mice also displayed splenomegaly, lymphadenopathy, inflam-
mation in the small intestine and colon, and gastritis (Figure 1G and Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.94275DS1), and
they had vasculitis in the lungs due to massive infiltration of leukocytes (Figure 1H). We also detected
significantly increased IgM, IgG, and IgG2c anti-dsDNA autoantibodies in Foxp3“*DOCKS8"" mice
relative to age-matched control animals. In addition, we observed elevated anti-Sm/RNP IgM anti-
bodies with a trend toward higher IgG and IgG2c titers (Figure 11I).

Next, we sought to assess whether this severe inflammation was associated with the expansion of T cells.
‘We observed massive T cell expansion in spleen and lungs with high expression of cell-proliferation marker
Ki-67 (Supplemental Figure 1B). The multiorgan inflammation observed in Foxp3““DOCKS8"! mice prompt-
ed us to examine whether immune homeostasis was altered in these mice. Foxp3“*DOCK8"" mice had more
activated CD62L"*"CD44"¢" effector/memory T cells and fewer naive CD62L"¢*CD44"°" cells in comparison
with age- and sex-matched control mice (Figure 2, A and B). To determine whether this altered naive/ effector
switch resulted in proinflammatory cytokine production, we stimulated cells ex vivo and quantified the pro-
duction of IL-17A and IFN-y by CD4" T cells. In line with the activated phenotype, CD4* T cells from Foxp-
3¢*DOCK8" mice produced significantly higher IL-17 and IFN-y (Figure 2, C-E). Thus, DOCKS deficiency
in Tregs leads to systemic and multiorgan inflammation due to uncontrolled activation of CD4" effector T
cells and increased levels of proinflammatory cytokines.
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Figure 1. Treg-specific deletion of DOCK8 causes autoimmunity. (A and B) Flow plot and graph showing the frequency of Tregs in the spleen and LNs of
WT and DOCK8-deficient mice. Data represents 2 experiments with 4 mice per group. (C and D) DOCK8-deficient T cells have intrinsic defect in IL-2 produc-
tion in response to TCR stimulation. WT, DOCK8P"/*, and CD4“*DOCK8"/! animal LN cells were stimulated with anti-CD3 and anti-CD28 for 24 hours, fol-
lowed by 4-hour stimulation in the presence of PMA and lonomycine and then intracellular cytokine staining for IL-2. Data represents 3 experiments with
3 mice per group. (E) Representative image of small mouse size, crusting of tail, and skin lesions that develop around ears of 8-week-old Foxp3“*DOCK8"
f'mice compared with control (DOCK8™) mice. (F) Percent survival and (G) Representative images showing splenomegaly (first from left), lymphadenopa-
thy (second from left), and inflammation in small intestine (third and fourth from left) and stomach (fifth from left) in 8-week-old Foxp3DOCK8"" mice
compared with control mice. (H) Representative section of lung stained with H&E depicting higher lymphocytic infiltration (pointed by arrow) in 8-week-
old Foxp3“DOCK8™"" mice in comparison with DOCK8"" mice; x20 magnification. (I) Elevated levels of anti-dsDNA IgM, 1gG, and IgG2c (upper panel), and
anti-Sm/RNP IgM, with a trend toward increased anti-Sm/RNP IgG and IgG2c Ab (lower panel) in Foxp3¢DOCK8"" mice compared with age-matched
controls. Data represent 5-12 mice per group. These data shown are the mean + SD. Statistics were performed with Prism software by using t test (B and I)
and 1-way ANOVA (D). *P < 0.05, **P < 0.01, ***P < 0.001.
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DOCKS deficiency does not impact the development of Tregs. Treg development, homeostasis, and function
are dependent on the Treg-specific transcription factor Foxp3. Therefore, loss of Foxp3 expression in Tregs
or a defect in its function leads to autoimmunity in a T cell-dependent fashion (10). Consequently, we
sought to determine whether Treg development in the thymus was altered in Foxp3“*Dock8"" mice. We
did not find any significant difference in the number of Tregs generated in the thymus between Foxp3¢
Dock8"! mice and control mice. Consistent with the thymus, expression of Foxp3 by DOCKS8-deficient
Tregs in blood, spleen, LNs, and lungs was not altered in comparison with WT Tregs (Figure 3, A and B,
and Supplemental Figure 2A). These findings imply that DOCKS8-deficient Tregs are generated normally in
the thymus and are also able to egress to peripheral organs.

We next compared the expression of a number of cell surface markers on Tregs from Foxp3<<D-
OCK8"" and WT mice. To our surprise, YFP* Tregs from Foxp3“*DOCKS8"" mice expressed signifi-
cantly less CD25 (IL-2Ra) than their WT counterparts (Figure 3C). It is well established that CD25
expression is essential for IL-2-mediated signaling, which is crucial for Treg homeostasis and compet-
itive fitness in vivo (11). Tregs from IL-2— or IL-2Ro—deficient mice acquire an activated phenotype
with decreased expression of CD62L and enhanced expression of CTLA-4, CD69, and CD103 (11).
Interestingly, DOCKS-deficient Tregs also display an activated phenotype with increased expression of
CTLA-4, ICOS, CD69, and KLRG1 and less expression of CD62L (Figure 3C). These results suggest-
ed that DOCKS was either controlling the CD25 expression directly at transcription level or indirectly
through IL-2-mediated signaling. However, CD25 transcript levels were comparable between WT and
DOCKS8-deficient Tregs (Supplemental Figure 2B). Thus, it is likely that DOCKS controls CD25 expres-
sion levels via a post-transcriptional mechanism, probably through IL-2-mediated signaling.

DOCKS is dispensable for Treg homing. Since, DOCKS8 has been shown to regulate interstitial DC
migration (21), it raised the question whether DOCKS8-deficient Tregs could home normally to lym-
phoid and nonlymphoid tissues under steady state. Although, our aforementioned results (Figure 3)
have indicated that Tregs of Foxp3©Dock8"" mice were present in normal numbers in lymphoid and
nonlymphoid organs, it is possible that the ongoing inflammation and the increased number of acti-
vated T cells may have changed the trafficking behavior of these Treg. Thus, we generated Foxp3CreERT
DOCKS81 R26RFP mice by breeding Foxp3“ERI?DOCK8"" mice with ROSA 26 RFP reporter mice.
These mice were born normally, and we did not observe any sign of inflammation. We evaluated the
deletion of DOCKS in Foxp3<<ER2DOCKS" R26RFP mice by the appearance of RFP after tamoxi-
fen injections (Figure 4A). We also confirmed whether CD4*RFP* cells were indeed Tregs by perform-
ing Foxp3 and CD25 staining (data not shown). Moreover, we used S1P, (Foxp3<<tkT2S1P /1 R26RFP)
as a positive control where it is required for the egress of cells from LN to peripheral organs (ref. 30
and our unpublished data [AE, AKS, and MO]). Thus, we injected tamoxifen in control, Foxp3CrERT
’DOCK8"" R26RFP, and Foxp3“*k™2S1P " R26RFP mice and analyzed spleens, LNs, and lungs at
day 10 after injection. Consistent with data in Figure 3, acute deletion of DOCKS did not change the
frequency of Tregs in indicated organs. However, as expected, acute deletion of S1P, resulted in the
accumulation of Tregs in LN and a substantial decrease of Tregs in spleens and lungs (Figure 4B).

We also analyzed Tregs from lungs of Foxp3“FRT2Cdc42%! mice and Foxp3“FR?DOCKS8" ! mice
beyond day 10 after tamoxifen infusion. We tested the function of Cdc42 in Tregs because it had been pre-
viously shown that T cell-specific deletion of Cdc42 resulted in decreased T cell trafficking and cell survival
(31). As expected, the number of Tregs was drastically decreased in lungs of Foxp3<ER2Cdc42%% mice
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treated with tamoxifen, whereas the number of Tregs of Foxp3“FR?DOCK8"" mice was comparable with
WT mice. However, we observed a significant increase of total Tregs in the lungs of Foxp3¢<ERI?DOCK 811
mice due to an increase of effector T cell infiltration (Figure 4, C and D). Altogether, our data suggest that
DOCKS is dispensable for the homing or trafficking of Tregs.

Tregs require DOCKS for optimal STATY activation and fitness. As IL-2-mediated signaling via STATS5 acti-
vation is essential for Treg development and homeostasis, we tested whether DOCKS was involved in IL-2—
mediated signaling. Thus, we stimulated freshly isolated CD4" T cells with IL-2 and assessed STATS5 phos-
phorylation (pY®*-STATYS) by flow cytometry (Figure 5, A—C). Consistent with previous literature, a very
low dose of IL-2 induced STATS5 phosphorylation in WT Tregs; however, IL-2-mediated STATS5 activation
was severely impaired in DOCKS8-deficient Tregs (Figure 5, A—C). Moreover, similar to DOCKS8-defficient
Tregs, the knockdown of DOCKS expression in the T cell line also resulted in impaired IL-2-mediat-
ed STATS activation (Supplemental Figure 3). These data indicate that DOCKS is required for optimal
STATS activation upon IL-2 stimulation.

Our observation that Tregs from Foxp3“*DOCKS8"? mice exhibit decreased IL-2-mediated STATS
phosphorylation and an activated phenotype suggests that DOCKS8 may enhance IL-2 signaling, which is
required for the competitive fitness, survival, and expansion of Tregs. Therefore, we expect that, under a
competitive setting and noninflammatory conditions, DOCKS-deficient Tregs will be outcompeted by WT
Tregs. To address this possibility, we utilized Foxp3<<WT DOCKS8"! heterozygous female mice, in which
both DOCKS8-sufficient and DOCKS-deficient Tregs coexist due to random inactivation of the X chromo-
some. As expected, Foxp3©WT DOCKS8" female mice were healthy and did not show any signs of lymph-
oproliferative disease. Analysis of CD45*CD4*Foxp3* Tregs from thymus, spleens, and LNs of 8-week-
old heterozygous female mice showed that the DOCKS-deficient (CD45*CD4*Foxp3* and YFP*) Treg
frequency and absolute numbers were significantly lower than those of WT Tregs (CD45*CD4*Foxp3*
and YFP) (Figure 5, D, E, and G). Interestingly, in Foxp3“WT DOCKS8"" heterozygous female mice,
DOCKS-deficient Tregs have lower expressions of Foxp3 and CD25 in comparison with DOCKS8-sufficient
Tregs (Figure 5, D, F, and H). Thus, these findings suggest that DOCKS function in Tregs regulate their
survival and expansion by enhancing IL-2-mediated signaling.

Likewise, IL-2—driven STATS5 phosphorylation was significantly impaired in DOCKS-deficient
Tregs in comparison with DOCKS8-sufficient Tregs (Figure 5, I and J). Next, we attempted to rescue
IL-2 signaling defects by infusing IL-2 and anti-IL-2 mAb (JES6-1A12) complexes to expand Tregs in
vivo. However, in this setting, although DOCKS-deficient Tregs expanded in response to IL-2/IL-2 anti-
body complexes, this expansion was drastically reduced in comparison with the in vivo expansion of
DOCKS-sufficient Tregs (Figure 5K). We also compared in vitro proliferative potential of DOCKS-de-
ficient Tregs by stimulating them with anti-CD3/CD28-coated beads along with IL-2. Consistent with
defective in vivo proliferation, DOCKS8-deficient Tregs did not proliferate in vitro as well as DOCKS8-suf-
ficient Tregs (Figure 5L). Furthermore, we found that IL-2 and IL-2 mAb complex injections failed to
rescue Treg defects upon acute deletion of DOCKS8 (Supplemental Figure 4, A-D).

Immunosuppressive functions are impaired in Tregs lacking DOCKS. We investigated what functions of Tregs were
affected by DOCKS deficiency. We first investigated the in vitro immune-suppressive activity of DOCKS8-de-
ficient Tregs. Thus, we measured the proliferation of in vitro—activated WT CD4* T cells in the presence of
either WT or DOCKS-deficient Tregs. The proliferation of WT CD4" T cells was analyzed by flow cytometry
based on the dilution of cell tracer fluorescence intensity. The percentage of dividing effector cells in culture with
DOCKS8-deficient Tregs was comparable with effector cells cocultured with DOCKS8-sufficient Tregs (Figure
6A). Thus, it appears that, at least in vitro, DOCKS is not required for Treg-suppressive activity.

Aforementioned results prompted us to examine Treg immunoregulatory function using an in vivo mod-
el because conditional deletion of DOCKS in Tregs renders mice susceptible to inflammation, despite having
normal Treg numbers and frequency. Therefore, we used experimental autoimmune encephalomyelitis (EAE)
models to address this question because, in this model, effector CD4* T cells first migrate to the CNS and initiate
disease, followed by migration of Tregs, which is critical for limiting the inflammatory response in the CNS
and initiating the recovery phase of the disease (32). We directly addressed this by inducing EAE via myelin
oligodendrocyte MOG, ,.) peptide and complete Freund’s adjuvant (CFA) emulsion immunized in mice after
acute deletion of DOCKS8 with 4 consecutive tamoxifen injections (Figure 6B). Foxp3“<ERZDOCKS8"! mice
developed significantly more severe EAE in comparison with control tamoxifen-injected Foxp3©ERT? mice (Fig-
ure 6C). This observation could be due to reduced numbers of DOCKS8-deficient Tregs in CNS of Foxp3©<ERT
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’DOCK8" mice and/or due to defects in their suppressive functions. Further analysis revealed that the frequen-
cy of Tregs in the CNS of Foxp3“<ER2DOCKS8"! mice were comparable with those of control Tregs (Figure 6,
D and E). Furthermore, the total number of Tregs in the CNS of Foxp3°FR2DOCKS8"" mice was increased
due to more lymphocyte infiltration (Figure 6, E-H). These findings suggest that DOCKS8-deficient Tregs can
migrate to CNS during EAE and populate CNS with similar frequency to those of WT Tregs, but they fail to
control CNS inflammation, likely due to defective immune-suppressive function. Thus, we concluded from this
experiment that DOCKS is required for in vivo immune-suppressive function of Tregs.

In order to assess the expression of DOCKS during the course of EAE, we generated a mouse strain in
which flag epitope was knockin in frame with the C-terminal portion of the endogenous DOCKS. The anal-
ysis of DOCKS flag animals revealed that DOCKS expression was confined to cells of hematopoietic origin
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showing the frequency of Tregs in the spleen of control and Foxp3“DOCK8"" mice after PBS or IL-2 complexes injections. (L) Histogram showing the
proliferation of sorted Tregs from control and Foxp3“DOCK8" mice after 12 days of culture in the presence of IL-2- and CD3/D28-coated beads. The
data shown are the mean + SD. Statistics were performed with Prism software by using t test. *P < 0.05, **P < 0.01,***P < 0.001.

(Figure 6I). Next, we asked whether DOCKS was expressed during EAE and/or if its expression is altered
during the course of disease. Thus, we immunized DOCKS flag and control animals with MOG,; ,, peptide
and CFA emulsion, and we analyzed the DOCKS expression at the peak of disease in spleens and CNS
(Figure 6, J and K). As expected, DOCKS protein was expressed in Foxp3-CD4" T cells, Foxp3*CD4" Tregs
and CD8* T cells in spleens at baseline, and its expression was significantly upregulated at the peak of disease
(Figure 6, J, upper panel, and K, left panel). Interestingly, DOCKS8 expression was higher in CNS-infiltrating
T cells, with a trend of slightly higher expression in Tregs than effector T cells (Figure 6, J, lower panel, and K,
right panel). This data is in line with recent findings (33) in which DOCKS8 was shown to upregulate in T cells
during EAE and multiple sclerosis (MS). Thus, our results suggest that DOCKS is crucial for Treg-mediated
control of neuroinflammation. It would be interesting to study whether Tregs of MS patients express less
DOCKS than Tregs of healthy individuals. Altogether, our findings indicate that DOCKS a plays crucial role
in immune regulation by controlling Treg biology and their in vivo suppressive function.

Discussion

In the present study, we have described how specific deficiency of DOCKS in Tregs leads to compromised
immune suppression and homeostasis. Deletion of DOCKS specifically in Tregs resulted in an autoim-
mune inflammatory disorder in mice that can be attributed to defective function of Tregs. We have shown
that DOCKS regulates Treg-suppressive function via promoting pSTAT5 in response to IL-2 signaling.
Although it is very well established that transcription factor Foxp3 is a master regulator of Tregs, the func-
tion of Foxp3 and how Tregs are controlled is not fully understood. In recent years, a number of transcrip-
tion factors and other molecules have been shown to be important for normal Treg function (34-42). Our
studies show that DOCKS is not required for the development or homing of Tregs, but that it plays an
important role in their competitive fitness and immune-suppressive function. Our findings shed new light
on the molecular mechanism that regulates the function of Tregs.

A principal finding of our study was that DOCKS promotes suppressive function of Tregs via positive-
ly regulating IL-2 signaling—induced STATS5 phosphorylation. IL-2 signaling-dependent maintenance of
Tregs is essential for immune homeostasis (11, 13, 14, 43, 44). The suppressive functions of Tregs, in part,
can be credited to their ability to effectively compete with effector CD4* T cells for limited IL-2 (15, 45).
Thus, defective IL-2 signaling on DOCKS8-deficient Tregs may lead to defective metabolic fitness, which
is essential for maintenance of immune homeostasis and self-tolerance. Our study raises an interesting
question of whether DOCKS directly controls the CD25 transcript or exerts its effect on STATS5. The
fact that Foxp3“*DOCKS8"" mice did not show developmental defects in the thymus and had comparable
frequency of Tregs in contrast to IL-27~ mice, which have a roughly 50% reduction in Treg generation
(11), and the finding that CD25 transcript levels were comparable between WT and DOCKS-deficient
Tregs suggest that DOCKS does not directly control CD25 expression. However, reduced cell surface CD25
expression on DOCKS-deficient Tregs might be due to the defective feedback loop required to maintain
the IL-2 receptor. In previous studies, the majority of Tregs in IL-2”~ mice were either CD25~ or CD25"¥,
which suggested that IL-2 signaling positively regulates the expression of its receptor (11). Based on our
results, we would like to propose that DOCKS8-deficient Tregs downregulate CD25 expression due to their
impaired IL-2-mediated STAT5 phosphorylation. Furthermore, a very recent study has demonstrated that
IL-2-mediated activation of STAT5 was critical for the enhancement of Treg-suppressive function to limit
ongoing self-stimulating of proto-effector T cells and maintaining immune tolerance (46). Based on this
aforementioned study, compromised STATS5 activation would render suppressive function of Tregs inef-
ficient, which eventually leads to compromised immune tolerance to self. Since Foxp3““DOCKS8"" mice
only showed symptoms after 4 weeks of birth and then expressed a gradually exacerbated autoimmune
phenotype, this could suggest that DOCKS8-deficient Tregs gradually lost their immune suppressive func-
tion due to defective IL-2-mediated signaling. It is well documented that CD25 recycling participates in
IL-2-mediated signaling (47, 48) and that DOCKS is also involved in cytoskeletal reorganization (49, 50).
The defect in IL-2 signaling observed in DOCKS-deficient Tregs could in part be due to abnormal CD25
recycling. However, we failed to rescue DOCKS deficiency by treating mice with IL-2/anti-IL-2 complexes
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f'mice. (C) Control (Foxp3*®™) and Foxp3*R™2DOCK8™"" mice were immunized with MOG*-** in CFA and monitored for clinical signs of EAE. (D and E)
Frequency and (F) absolute number of Tregs in the CNS of control and Foxp3“**™2DOCK 8" mice at the peak of disease. (G) The total CNS-infiltrating CD4*
T cells and (H) absolute number of total CNS infiltrating lymphocytes. Data are representative of 3 separate experiments with 5 mice per group. The data
shown are the mean + SD. Statistics were performed either with Prism software by using t test (2-tailed) (in C, E-H) and Mann-Whitney U test (in C). *P

< 0.05, **P < 0.01. (I-K) DOCKS flag tag mice showing the expression of DOCK8 on hematopoietic cells including Tregs, and its expression is upregulated
during CNS inflammation. (1) Flow histogram showing that DOCKS is specifically expressed on hematopoietic cells. (J and K) Control or DOCK8 flag tag mice
were immunized with MOG** in CFA, and their spleen and CNS were analyzed for DOCKS8 expression at the peak of disease. (J) Upper panel shows DOCKS8
expression in spleen at baseline (blue line) and at the peak of EAE (red line). Lower panel shows the DOCK8 expression at the peak of EAE (red line). (K)
The MFI of DOCK8 on Foxp3-CD4* T cells, Foxp3*CD4* T cells, and CD8* T cells in the spleen and CNS. Data represents 2-3 independent experiments with
3-6 mice per group. The data shown are the mean + SD. Statistics were performed with Prism software by using 1-way ANOVA. **P < 0.01, ***P < 0.001.

that should have overcome the need for CD25 recycling. Thus, how DOCKS regulates STATS5 activation in
response to IL-2 will require further study. Our in vivo data indicated that the function of DOCKS-deficient
Tregs is compromised because acute deletion of DOCKS in Tregs during EAE renders mice susceptible to
disease, despite having comparable numbers of Tregs in the CNS. However, in vitro, DOCKS8 expression
was not required for the suppressive activity of Tregs. It is well documented that in vitro Treg-suppressive
assays may not necessarily mimic the in vivo Treg-suppressive function (51).

DOCKS-deficient patients develop Staphylococcus aureus skin abscesses, or soft tissue infections, elevat-
ed serum IgE, eosinophilia, and GI tract infections (19). A recent study has also found that memory CD4*
T cells of DOCKS8-deficient patients are skewed toward Th2 cells, probably at the expense of Th1 and Th17
cells (52), which may result in a compromised antiviral and antifungal immunity.

DOCKS8-deficient patients are also susceptible to autoimmunity and develop colitis, autoimmune
hemolytic anemia, and vasculitis (53-55). These patients display increased levels of autoantibodies due to
defective peripheral B cell tolerance, which was correlated with reduced numbers of Tregs with impaired
suppressive function (28). Thus, autoimmune phenotypes in DOCKS8-deficient patients may indicate a pos-
sible loss of immune tolerance. However, these patients have combined immunodeficiency that makes it
complicated to identify the specific defect in a particular cell. For example, DOCKS8 deficiency causes T
cell lymphopenia and functional defect in these cells, making it harder to distinguish if DOCKS is also spe-
cifically required in Tregs. In addition, phenotypes observed in DOCKS8-deficient patients could be due to
secondary causes or loss of Treg-suppressive function due to persistent ongoing inflammation. Therefore,
it was crucial to understand whether DOCKS also contributed to immune tolerance via directly controlling
Tregs. Our study therefore suggests that DOCKS is required for immune tolerance via directly controlling
IL-2 signaling in Tregs and is, thus, essential for maintaining immune homeostasis.

In summary, our data shows that the intrinsic requirement of DOCKS in Tregs is crucial for immune toler-
ance. Finally, our study provides potentially novel insights into the essential function of DOCKS in Tregs and
immune regulation, and it may explain the autoimmune manifestations associated with DOCKS deficiency.

Methods

Mice. Dock8"" mice were generated by introducing the loxp site upstream of exon 42 and downstream of exon
43 and bred in house to Foxp3“<¥*?, which were a gift from A. Rudensky (Memorial Sloan Kettering Cancer
Center, New York, NY, USA), at specific pathogen-free conditions. Foxp3EXT? mice were purchased from
Jackson Laboratories (STOCK Foxp3tm9[EGFP/cre/ERT2]Ayr/J) and bred to Dock8fl/fl on C57BL/6
background. Dock8 flag tag mouse was generated by in-frame knockin of flag epitope with the C-terminal
portion of endogenous Dock8. Dock8>/? (25), Cdc42"" (56), and S1P,"" (57) mice were generated as previ-
ously described. All the mice were bred and maintained under specific pathogen-free conditions.

Flow cytometric analysis and cell sorting. Cells were isolated from various organs as described previously
(58). Most of the mice used in this study were 8-10 weeks old. Both male and female mice were used in
this study, but their sexes were matched accordingly with test group. Fluorescence-conjugated antibodies
for CD45 (clone 30-F11), CD4 (clone L3T4), CD8 (clone 53-6.7), CD25 (clone PC61.5), CD44 (clone
IM7), CD69 (clone H1.2F3), CTLA-4 (clone UC10-4B9), Ki-67 (clone SolA15), pSTATS (clone SRB-
CZX), and anti-Flag (clone FG4R) (all purchased from eBioscience), as well as Foxp3 (clone 150D), IFN-y
(clone XMG1.2), IL-17A (clone eBio 17B7), CD62L (clone MEL-14), ICOS (clone C398.4A), KLRG-1
(clone 2F1/KLRG1) (purchased from BioLegend) were used. Cell surface and intracellular staining was
performed according to manufacturer’s protocols. For cytokine production, cells were stimulated directly
ex vivo by incubating for 4 hours with 50 ng/ml PMA (MilliporeSigma) and 1 pug/ml Ionomycine (Milli-
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poreSigma) in the presence of Golgi plug (BD Biosciences). Cell were fixed and permeabilized by using
cytofix/cytoperm solution (catalog 554722, BD Biosciences), as described by manufacturers, and stained
with IL-17A and IFN-y. For Foxp3 staining, cells were fixed and permeabilized by using Foxp3 fix/perm
buffer set (catalog 421403, BioLegend), as described by manufacturers, and stained with Foxp3.

In vitro Treg suppression assay. Tregs were sorted from 8- to 10-week-old controls or Foxp3“*DOCKS881/1
mice (LN and spleen combined) after initial positive enrichment step via CD4* microbeads (Miltenyi Bio-
tec). Naive CD4* T cells were sorted only from control mice and then labeled with cell tracer before their
addition in suppression assay. Tregs were sorted based on CD45*CD4*YFP* and CD25". For in vitro Treg
suppression assay, we used 5 x 10° irradiated antigen presenting cells (APCs) together with 1 x 10° naive
CD4"* T cells and titrated the number of Tregs from control and Foxp3“*DOCKS8"" mice in the presence of
1 pg/ml anti-CD3 (eBioscience).

Determination of pSTATS levels. To examine IL-2 signaling, 1 X 10° lymphocytes from spleen of control
or Foxp3Dock8"" mice were stimulated with varying concentrations of IL-2 for 15 minutes at 37°C in
a 96-well plate (100 pl volume). Cells were fixed with the addition of equal volume of 4% formalin for 10
minutes. Cells were permeabilized with Perm Buffer III (BD Biosciences), and staining of pSTATS5 (pY694)
was performed according to manufacturer’s protocol.

IL-2 and IL-2 mAb complex injections. Foxp3° and Foxp3“*DOCKS8Y! mice were given i.p. injections of
IL-2 complex at day 0, 1, and 2, and animals were analyzed at day 5 for Treg proliferation. IL-2 complexes
were prepared by mixing 1 pg mouse IL-2 (eBioscience) with 5 ug mouse anti-IL-2 mAb (clone JES6-
1A12, eBioscience), followed by 30 minutes of incubation at 37°C.

Induction and assessment of EAE. Foxp3©ERT2 and Foxp3©<ER2DOCKS8Y" mice were injected s.c. with 100
ug of MOG,, ., peptide (MEVGWYRSPFSRVVHLYRNGK) emulsified in CFA (Difco) supplemented with 4
mg/ml Mycobacterium tuberculosis extract H37Ra (Difco). Additionally, mice received 200 ng pertussis toxin
(List Biological Laboratories) i.p. at day 0 and 2. Clinical assessment of EAE was performed daily after disease
induction according to the following conditions: no disease, 0; reduced tail tone, 1; hindlimb weakness, 2; hind-
limb paralysis, 3; forelimb and hindlimb paralysis, 4; and moribund, 5.

CNS cell isolation. CNS mononuclear cells were isolated at the peak of disease. Mice were euthanized by
using CO,, followed by perfusion through the left cardiac ventricle with PBS to remove circulating lympho-
cytes. In order to harvest CNS, subcranial structures were dissected from cerebrum, while spinal cord was
flushed out with PBS. Both CNS and spinal cord tissues were combined and cut into small pieces, followed
by enzymatic digestion in the presence of 1.5-mg/ml collagenase type IV and 0.25 mg/ml DNasel at 37°C
in an incubator shaker for 45 minutes. The digested tissues were then filtered through a 40-um filter and
centrifuged. The cell pellet was resuspended in 5 ml of the 70% fraction of a 70:37 Percoll gradient and
overlaid on 5 ml of the 37% fraction in a 15 ml Falcon tube (Genesee Scientific). Percoll gradient separation
was performed by centrifugation without break for 20 minutes at 788 g. Mononuclear cells were removed
from the interphase, washed with cold PBS, and resuspended in culture medium for analysis.

Tamoxifen treatments. Tamoxifen (MilliporeSigma) was dissolved in corn oil (MilliporeSigma) to a solu-
tion of 15 mg/ml by shaking at 37°C and kept at 4°C until use. Mice were injected i.p. with 100 pl from 15
mg/ml stock (total 1.5 mg for mice weighing 20 g). Tamoxifen injections were repeated for 4 consecutive
days, and mice were sacrificed at indicated times. For EAE experiments, mice were injected for 4 consecu-
tive days, immunized with MOG, and then injected at day 7 after immunization.

Measurement of autoantibodies. Autoantibody titers were measured by ELISA as previously described
(59). Briefly, 96-well Immuno plates (Nunc) were precoated overnight at 4°C with calf thymus dsDNA (100
ug/ml; MilliporeSigma, D3664-5X2MG) or Sm/RNP (5 ug/ml; Arotec Diagnostic Limited, ATR01-10).
After blocking in 1% BSA, plates were incubated with diluted serum, and specific antibody isotypes were
detected using goat anti-mouse IgM- (catalog 1020-02), IgG- (catalog 1030-50), or IgG2c-HRP (catalog
1079-05) (1:2,000 dilution; Southern Biotechnology Associates), followed by measurement of peroxidase
reactions using OptEIA TMB substrate (BD Biosciences).

Histology. Lungs were fixed in 10% formalin overnight and, the next day, were transferred in to 70%
ethanol. Paraffin embedded blocks were sectioned (4-5 pm) and H&E stained.

Statistics. For statistical analysis, P values were calculated by using either Student’s ¢ test, 1-way ANOVA,
or Mann-Whitney U test. P values of less than 0.05 were considered significant. Error bars denote + SD.

Study approval. All the experiments in animals were reviewed and approved by the IACUC of Seattle
Children’s Research Institute and were performed accordance with the institutional guidelines.
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