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Introduction
Invasive Candida infection is a major public health concern due to
its high mortality rates and increased costs of treatment (1). Sur-
prisingly, the incidence of candidiasis rises with the advancement
of medicine, mainly because of the emergence of large numbers
of invasive procedures and the extensive use of broad-spectrum
antibiotics (2). The risk of infection is especially high among the
immunocompromised, including patients in intensive care units
and people undergoing cancer chemotherapy (3). However, treat-
ment of Candida infection remains challenging. Current antifun-
gal drugs only demonstrate partial success in improving progno-
sis, and the rapid emergence of drug resistance among Candida
species is a growing problem (4). As such, there is a pressing need
to develop novel antifungal therapies to improve clinical out-
comes. Understanding the mechanistic interaction between host
immune cells and fungal pathogens holds the key for uncovering
novel immune-based treatments to combat candidiasis (5).
During fungal infection, C-type lectin receptors (CLRs), such
as Dectin-1 (6), Dectin-2 (7), and Mincle (8), expressed on innate
immune cells play a major role in the recognition of fungal cell
wall constituents such as fB-glucans, o-mannans, and glycolip-
ids. Upon agonist binding, CLR signaling triggers the phosphor-
ylation of immunoreceptor tyrosine-based activation motif-like
(ITAM-like) motifs in the cytoplasmic tail of Dectin-1 or mediates
the phosphorylation and recruitment of ITAM-containing adap-
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Invasive fungal infection is a serious health threat with high morbidity and mortality. Current antifungal drugs only
demonstrate partial success in improving prognosis. Furthermore, mechanisms regulating host defense against fungal
pathogens remain elusive. Here, we report that the downstream of kinase 3 (Dok3) adaptor negatively regulates antifungal
immunity in neutrophils. Our data revealed that Dok3 deficiency increased phagocytosis, proinflammatory cytokine
production, and netosis in neutrophils, thereby enhancing mutant mouse survival against systemic infection with a

lethal dose of the pathogenic fungus Candida albicans. Biochemically, Dok3 recruited protein phosphatase 1 (PP1) to
dephosphorylate Card9, an essential player in innate antifungal defense, to dampen downstream NF-kB and JNK activation
and immune responses. Thus, Dok3 suppresses Card9 signaling, and disrupting Dok3-Card9 interaction or inhibiting PP1
activity represents therapeutic opportunities to develop drugs to combat candidaemia.

tor FcRy to Dectin-2 and Mincle. These events activate tyrosine
kinase Syk, which subsequently transduces the signal to phospho-
lipase Cy2 (PLCy2) (9, 10), and PKC$ (11), which phosphorylates
central adaptor caspase recruitment domain-containing protein 9
(Card9). As a result, Card9 associates with the adaptor B cell lym-
phoma 10 (Bcl-10) and paracaspase Mucosa-associated lymphoid
tissue lymphoma translocation 1 (Malt1) to form a scaffold respon-
sible for the activation of downstream NF-xB and MAPKs (12-15).
These signaling pathways turn on a series of effector mechanisms,
including the release of proinflammatory cytokines and phagocy-
tosis, ultimately leading to fungi clearance (16, 17).

Although the mechanisms involved in the initiation of fun-
gicidal pathways have been extensively studied, little is known
with regard to how CLR signaling is being negatively regulated.
Recent studies have identified 2 negative regulators that limit
innate antifungal immunity through inhibition of fungal recogni-
tion. E3 ubiquitin ligase CBLB targets Dectin-1, -2, and -3 for poly-
ubiquitination and degradation (18-20), while JNK1 suppresses
the expression of the CLR CD23 (21). However, it remains to be
determined how other downstream components of CLR signaling
are being negatively regulated to maintain immune homeostasis
during fungal infection. In particular, how Card9 signaling is con-
strained during antifungal response is poorly understood.

Downstream of kinase 3 (Dok3) is an adaptor molecule pref-
erentially expressed in hematopoietic cells (22). It is known to act
as a cell type-specific regulator downstream of various immune
receptors, including TLR3, TLR4, and B cell receptor (BCR),
during viral infection (23), LPS stimulation (24) as well as plasma
cell differentiation (25), respectively. However, the role of Dok3
during fungal infection is completely unknown. Here, we report
that Dok3 negatively regulates antifungal immunity in neutrophils
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Figure 1. Dok3 negatively regulates antifungal
immunity in vive. (A) Dok3** (n = 14) and Dok3/ (n =
12) mice were infected intravenously with 1 x 10 CFU
of C. albicans. Survival was monitored over indicated
time periods. Data were pooled from 3 indepen-

dent experiments. ***P = 0.0007, log-rank test. (B)
Kidneys were harvested for macroscopic analysis of
fungal burden 2 days after infection (n = 5). (C) Analy-
sis of kidney fungal burden by GMS and PAS staining
1day after infection with 2.5 x 10° CFU of C. albicans.
Arrows indicate fungal hyphae. Scale bars: 50 pm. Six
sections per kidney were analyzed (n = 2). (D) Fungal
titers of kidneys and brains were determined 2 days
after infection. Symbols represent individual mice
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by recruiting protein phosphatase 1 (PP1) to suppress Card9 activ-
ity. Consequently, loss of Dok3 ameliorates fungal pathology and
protects the host from lethal systemic infection with Candida albi-
cans. Hence, this study extends our understanding of the mech-
anisms regulating host innate antifungal defense and may have
translational relevance for the development of antifungal drugs.

Results

Loss of Dok3 ameliorates fungal pathology in vivo. Adaptor pro-
teins such as Card9 and FcRy serve important roles in CLR sig-
naling by facilitating specific interactions between proteins (12,
26). To test for a potential role of the Dok3 adaptor in antifun-
gal immunity, we challenged WT (Dok3**) and Dok3-deficient
(Dok37") mice with a lethal dose of C. albicans systemically.
Loss of Dok3 in Dok37- mice was verified by protein blot anal-
ysis (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI126341DS1).
Strikingly, Dok37~ mice demonstrated an improved survival
rate as compared with Dok37* controls (Figure 1A). Unlike the
kidneys of Dok3** mice, which were enlarged with macroscop-
ically visible fungal colonies, the kidneys of Dok3”~ mice had
significantly reduced fungal burden (Figure 1B). Histopathology
analysis also revealed reduced numbers of fungal hyphae in the
kidneys of Dok37- mice (Figure 1C). Quantitatively, fungal titers
were approximately 10-fold higher in the kidneys and brains of
Dok3** mice as compared with those of Dok3”" mice (Figure 1D).
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These findings demonstrated that Dok3 deficiency protects mice
from lethal systemic infection with C. albicans.

Dok3 is dispensable for the development of immune cells. The
innate immune system forms the first and most important line of
defense against fungal infection (27). To determine whether there
is any developmental defect in innate immune cells that could
affect antifungal defense in Dok3”" mice, we assessed their distri-
bution across various lymphoid organs. However, Dok3 deficien-
cy has no effect on the total cellularity and composition of innate
immune cells in the BM, spleen, and lymph nodes. Notably, the
percentages and numbers of neutrophils (Ly6G*Ly6C*), mono-
cytes (Ly6GLy6C*), macrophages (F4/80"MHC I1'/), and DCs
(CD11c* MHC II'/"/°) were similar between Dok3** and Dok37~
mice. Moreover, peripheral T and B cell populations were also not
affected by Dok3 deficiency (Supplemental Figure 1, B-G) (28),
suggesting that Dok3 is dispensable for the development of innate
and adaptive immune cells.

Dok3 negatively regulates fungicidal activity of neutrophils
against unopsonized C. albicans. To determine whether Dok3 is
involved in fungi killing in innate cells, we purified bone marrow
and splenic neutrophils, macrophages, and DCs from Dok3** and
Dok37~ mice and assessed their ability to restrict germination of
C. albicans yeast into clusters of hyphae in vitro after overnight
coculture (18, 29). Since adaptive T cell and B cell antibody
responses are less relevant during antifungal defense against inva-
sive candidiasis (30), we did not further investigate their fungicid-
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Figure 2. Dok3 negatively regulates fungi killing in neutrophils. (A) Killing capacity of bone marrow neutrophils and splenic macrophages and DCs as
assessed by overnight coculture with unopsonized (left) or serum-opsonized (right) C. albicans (MOI 1:500). C. albicans were counterstained with crystal vio-
let. Assays were performed in triplicate; more than 5 fields per group were taken. Scale bars: 200 pm. Data are shown as mean + SD. **P = 0.008, unpaired
2-tailed Student’s t test. (B) Killing capacity of bone marrow neutrophils against unopsonized C. albicans (MOl 1:500 and 1:200). Assays were performed in
triplicates; more than 5 fields per group were taken. Data are shown as mean + SD. **P = 0.008; ***P = 0.0001, unpaired 2-tailed Student's t test. (C and D)
Purified Dok3*/* neutrophils were treated with (C) HKCA (MOI 1:1) or (D) zymosan (10 pug/ml) for 10 minutes or 30 minutes, respectively. Cell lysates were IP
with a Dok3-specific antibody, and precipitates were probed for p-Tyr and Dok3. Images are representative of 2 independent experiments, respectively. (E)
Immunoblot analysis of Dok3 protein levels in purified Dok3** neutrophils stimulated for various times with zymosan (10 ug/ml). B-Actin was used as load-
ing control. Image is representative of 3 independent experiments. (F) Dok3 expression in purified Dok3** splenic DCs, splenic macrophages, bone marrow
neutrophils, lymph node T cells, and splenic B cells. Total RNA extracted was used for cDNA synthesis before conducting real-time quantitative reverse-tran-
scription PCR (RT-gPCR). Gene expression was normalized against Gapdh. Data are shown as mean + SD (n = 3).

al activity in the absence of Dok3. Strikingly, Dok3”~ neutrophils
were highly potent in fungi killing and were able to significantly
control the outgrowth of unopsonized C. albicans, whereas no sig-
nificant differences in fungicidal activity were observed between
Dok3** and Dok3”- macrophages and DCs with unopsonized
C. albicans (Figure 2A). On the other hand, although serum
opsonization of C. albicans enhances the overall killing effect by
innate immune cells, we did not observe any additional advantage
in the killing of opsonized C. albicans by Dok37- neutrophils (Fig-

ure 2A). We further investigated the fungicidal activity of neutro-
phils by infecting the cells with unopsonized C. albicans at a higher
MO]J, and similarly, Dok3”" neutrophils were able to significantly
inhibit the germination of unopsonized C. albicans as compared
with Dok3** neutrophils (Figure 2B). Hence, these data show that
Dok3 deficiency selectively enhances the capacity of neutrophils
to prevent outgrowth of unopsonized C. albicans.

Dok3 is tyrosine phosphorylated and degraded upon fungal infec-
tion. To provide direct evidence for the involvement of Dok3 in
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Figure 3. Enhanced antifungal effector functions of Dok3~/- neutrophils.
(A and B) Phagocytosis of FITC-labeled (A) unopsonized or (B) opsonized
HKCA by bone marrow neutrophils, splenic DCs, and macrophages (MOl
1:2). Gray histogram represents unstimulated control. Symbols repre-

sent individual mice (n = 5-7). Data are shown as mean + SD. **P = 0.01,
unpaired 2-tailed Student’s t test. (C and D) NET release after stimula-
tion of purified Dok3** and Dok3~~ neutrophils with hyphae form HKCA
(MOI1:10). (C) Extracellular DNA stained with DAPI 4 hours following
stimulation. Scale bars: 20 pm. (D) Quantification of NET release with

PI. Percentage of PI* neutrophils over total number of neutrophils. *P =
0.0003; **P = 0.0001; ***P = 0.0001, 2-way ANOVA, Sidak’s multiple-com-
parison post test. Data are pooled from 3 independent experiments (n =
3). (E) mRNA expression levels of indicated cytokines in purified Dok3*/*
and Dok3- neutrophils after stimulation with HKCA (MOI 1:2). Data are
shown as mean + SD. (n = 3). *P = 0.03; **P = 0.0002; ***P = 0.0006,
unpaired 2-tailed Student’s t test. (F) Flow cytometric analysis of indicated
cytokine production by Dok3*/* and Dok3~~ neutrophils following zymosan
stimulation. Representative dot plots are shown in Supplemental Figure 3.
Graph indicates percentages of IL-6*, TNF-a* and TGF-B* neutrophils. Data
are pooled from 3 independent experiments (n = 3-4). Data are shown

as mean + SD. *P = 0.05; **P = 0.009; ***P = 0.0004, unpaired 2-tailed
Student’s t test. (G) ROS production by Dok3*/* and Dok3~- neutrophils.
Neutrophils were labeled with DHR123 before stimulation with HKCA (MOI
1:2) (n = 4) or curdlan (100 pg/ml) (n = 3). Fluorescence was measured by
flow cytometry. Histograms were pregated on singlet, live Ly6G*Ly6C* cells.
Gray histograms represent unlabeled control. One representative exper-
iment out of 3 independent experiments is shown. Bar graphs indicate
fold change in MFI of DHR123 fluorescence in Dok3~- neutrophils relative
to Dok3** neutrophils. Data are pooled from 3 independent experiments.
Data are shown as mean + SD.

neutrophil antifungal response, we determined whether the mol-
ecule is tyrosine phosphorylated and activated upon neutrophil
recognition of fungal components. We stimulated neutrophils
with heat-killed C. albicans (HKCA) or zymosan, a Dectin-1 and
TLR2 ligand derived from yeast cell wall, and found a robust
induction of tyrosine phosphorylation on Dok3 (Figure 2, C and
D). In addition, we observed Dok3 to be degraded over time after
stimulation of neutrophils with zymosan (Figure 2E), suggest-
ing that Dok3 degradation is necessary to overcome its negative
regulatory function during fungal infection. Moreover, in accor-
dance with earlier observations in which Dok3 negatively controls
neutrophilic fungal-killing activity, Dok3 mRNA was found to be
highly expressed in resting neutrophils in comparison with mac-
rophages, DCs, and T cells (Figure 2F). B cells were also found to
express relatively high levels of Dok3 mRNA (Figure 2F), in line
with previous studies implicating Dok3 in BCR signaling (25, 28,
31, 32). Collectively, these data point to a role for Dok3 in neutro-
phil antifungal response.

Dok3 negatively regulates antifungal effector functions in neutro-
phils. Recognition of p-glucans and o-mannans on invading fungi
via CLRs Dectin-1 and -2, respectively, is crucial for the initiation
of antifungal immune responses (15-17). Here, we observed com-
parable expression of Dectin-1 and -2 on the surfaces of Dok3** and
Dok37- neutrophils, DCs, and macrophages upon stimulation with
various fungal agonists (zymosan, HKCA yeast, and HKCA hyphae)
(Supplemental Figure 2, A-C), suggesting that Dok3 does not reg-
ulate CLR availability or expression in these innate immune cells.

To understand how Dok3 negatively regulates fungicidal activ-
ity of neutrophils, we assessed various antifungal and proinflam-
matory effector functions triggered by CLR signaling. Phagocytosis

RESEARCH ARTICLE

constitutes the first line of defense against invading fungal patho-
gens. Indeed, in agreement with their enhanced fungicidal activity
against unopsonized C. albicans, we observed higher phagocytic
uptake of FITC-labeled unopsonized HKCA yeast by Dok3”" as
compared with Dok3”* neutrophils. On the other hand, the extent
of phagocytosis was similar between Dok3** and Dok37- DCs and
macrophages (Figure 3A), consistent with their comparable in vitro
fungi-killing capacity against unopsonized C. albicans (Figure 2A).
Notably, the uptake of opsonized HKCA was found to be normal in
Dok3”" neutrophils (Figure 3B), which correlates with their intact
killing capacity against opsonized C. albicans (Figure 2A).

To further address whether Dok3 deficiency contributes
to the ability of neutrophils to counter large and invasive fungal
hyphae structures that cannot be phagocytosed (33), we exam-
ined the release of neutrophil extracellular traps (NETs) following
their stimulation with HKCA in preformed hyphae. Interesting-
ly, Dok37" neutrophils induced release of more extensive NETS,
as measured by the cell-impermeable dyes DAPI and propidium
iodide (PI), which stain for extracellular DNA (Figure 3, C and D).
Together, these data indicate an important role of Dok3 in sup-
pressing phagocytosis and NETosis in neutrophils, thereby nega-
tively regulating their fungi-killing activity.

Upon fungal infection, CLR signaling triggers the transcrip-
tion of various genes encoding proinflammatory cytokines (34,
35). We observed increased production of 1/6, Tnfa, and Tgfb, cyto-
kines that have been implicated in antifungal defense, by Dok3”
neutrophils at the mRNA level following treatment with HKCA
(Figure 3E). Consistent with the increased transcription, there
was increased secretion of these cytokines by Dok37~ neutrophils
upon zymosan stimulation (Figure 3F and Supplemental Figure 3).
Hence, Dok3 deficiency enhances the production of proinflam-
matory cytokines elicited by CLR signaling in neutrophils. We also
assessed the contribution of Dok3 to neutrophil respiratory burst,
but did not observe any difference in ROS production between
Dok37+ and Dok3”~ neutrophils upon stimulation with HKCA or
curdlan, a B-glucan that is an agonist of Dectin-1 (Figure 3G). Col-
lectively, our data show that loss of Dok3 enhances fungi killing
through boosting phagocytosis of unopsonized yeast, netosis, and
cytokine production in neutrophils.

Dok3 negatively regulates NF-«xB and JNK signaling in neutro-
phils. To assess where Dok3 functions in antifungal signaling,
we stimulated neutrophils with either zymosan or HKCA, which
engages mainly Dectin-1, and analyzed the CLR signaling path-
way involving the tyrosine kinase Syk, NF-xB and JNK, p38, and
Erk MAP kinases (36). We found no differences in Syk phosphor-
ylation in Dok3** and Dok3~ neutrophils (Figure 4, A and B, and
Supplemental Figure 4A), suggesting that Dok3 is not involved
in receptor-proximal signaling. However, Dok3”" neutrophils
exhibited increased levels of phosphorylated IKKa/f (p-IKKa/p)
upon stimulation with zymosan or HKCA (Figure 4, C and D,
and Supplemental Figure 4B), indicating that Dectin-1-mediat-
ed canonical NF-kB activation is enhanced. This is consistent
with our earlier findings, in which we observed an upregulation
of NF-kB-dependent cytokine transcripts in Dok3”~ neutrophils
following treatment with HKCA (Figure 3E). JNK phosphory-
lation was also observed to be higher in Dok3”" neutrophils in
response to zymosan and HKCA stimulation (Figure 4, C and
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Figure 4. Dok3 deficiency enhances NF-kB and JNK signaling. (A and B) Immunoblot analysis of p-Syk'*? and Syk in purified Dok3** and Dok3~- neutro-
phils stimulated for various times with (A) zymosan (10 ug/ml) or (B) HKCA (MOQI 1:1). B-Actin served as loading control. Images are representative of 3
independent experiments. (C and D) Immunoblot analysis of p-IKKo/BS76/'%, IKKa/B, p-JNK™8/V1E5 INK, p-p38T'80/¥182, n38, p-Erk™02/Y2%4, and Erk-2 in purified
Dok3*+ and Dok3~~ neutrophils stimulated with (C) zymosan (10 pg/ml) or (D) HKCA (MOI 1:1) for indicated periods of time. Images are representative of

3 to 4 independent experiments. Quantifications of immunoblots are shown in Supplemental Figure 4. (E) Calcium signaling in Indo-1-loaded Dok3*/* and
Dok3~~ neutrophils after stimulation with either 25 pg/ml or 100 pg/ml of zymosan. Intracellular calcium flux was monitored in real time via flow cytome-

try. One representative out of 3 independent experiments is shown.

D, and Supplemental Figure 4C). On the other hand, the phos-
phorylation levels of Erk and p38 remained similar in Dok3** and
Dok37" neutrophils (Figure 4, C and D, and Supplemental Figure
4, D and E), suggesting that these signaling pathways are Dok3
independent. We also investigated the calcineurin/NFAT path-
way downstream of Syk, but did not observe any difference in
calcium flux upon stimulation with both low and high doses of
zymosan (Figure 4E). Together, our data show that Dok3 nega-
tively controls NF-kB and JNK signaling downstream of Syk, in
response to Dectin-1 engagement.

Dok3 suppresses Card9 signaling. NF-kB and JNK activation
have been reported to be regulated by the Syk-dependent Card9/

jci.org  Volume129  Number7  July 2019

Bcl10/Maltl (CBM) complex (12, 13, 37). Since both NF-kB and
JNK signaling were enhanced in the absence of Dok3, we inves-
tigated whether Dok3 functions in the same signaling cascade as
the CBM complex. Phosphorylation of adaptor protein Card9 at
Thr231 by PKC3 is critical for its activation and signal transduc-
tion function (11). To study this, we IP Card9 from neutrophils
before immunoblotting it with a phospho-threonine antibody due
to the lack of a commercially available phospho-specific antibody
against Card9 Thr231. The specificities of various Card9 antibod-
ies used were verified with Card97" cells (Supplemental Figure 5).
In Dok3”* neutrophils, threonine phosphorylation was induced on
Card9 upon zymosan stimulation. However, Card9 was observed
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Figure 5. Dok3 mediates Card9 dephosphorylation through PP1 recruitment. (A) Purified Dok3** and Dok3~/~ neutrophils were treated with zymosan

(10 pg/ml) for 30 minutes. Whole cell lysates (WCL) were IP with a Card9-specific antibody, and precipitates were probed for p-Thr and Card9. Whole cell
lysates were also probed for Card9 and B-actin. (B) Co-IP analysis of cell lysates from purified Dok3*/* neutrophils treated with zymosan (10 ug/ml) for 30
minutes, and IP with a Dok3-specific antibody or an 1gG control. Precipitates and whole cell lysates were probed for Card9, PP1, PP2A, and Dok3. (C) Co-IP
analysis of cell lysates from purified Dok3*/* neutrophils treated for 30 minutes with zymosan (10 pg/ml), and IP with a Card9-specific antibody or an IgG
control. Precipitates and whole cell lysates were probed for Dok3, PP1, PP2A, and Card9. (D) Co-IP analysis of cell lysates from purified Dok3*/* neutrophils
treated with zymosan (10 ug/ml) for 30 minutes, and IP with a PP1-specific antibody or an IgG control. Precipitates and whole cell lysates were probed
for Card9, Dok3, and PP1. (E) Co-IP analysis of cell lysates from purified Dok3*/* neutrophils treated with zymosan (10 ug/ml) for indicated periods of time
and IP with a Dok3-specific antibody or an IgG control. Precipitates and whole cell lysates were probed for Card9, PP1, and Dok3. (F) Co-IP analysis of cell
lysates from purified Dok3** and Dok3~- neutrophils treated with zymosan (10 ug/ml) for 30 minutes, and IP with a Card9-specific antibody or an 1gG
control. Precipitates and whole cell lysates were probed for PP1, Dok3, and Card9. (G) Co-IP analysis of cell lysates from purified Dok3*/* neutrophils treated
with zymosan (10 pg/ml) for 30 minutes and IP with a Card9-specific antibody or an 1gG control. Precipitates and whole cell lysates were probed for PP1q,

PP1B, PP1y, Dok3, and Card9. All images are representative of 3 independent experiments.

to be constitutively phosphorylated at higher levels in Dok37~ neu-
trophils (Figure 5A). This indicates that Dok3 negatively regulates
Card9 activation in neutrophils, thereby suppressing downstream
NF-kB and JNK signaling.

Dok3 recruits PP1to mediate Card9 dephosphorylation. To deter-
mine whether the hyperphosphorylation of Card9 in Dok37~ neu-
trophils is due to increased phosphorylation by PKC8, we analyzed
the phosphorylation status of PKC3 at Tyr311, a residue govern-
ing their activation (11). However, we did not observe increased
PKC3 phosphorylation in Dok37~ neutrophils upon zymosan stim-
ulation. On the contrary, lower levels of p-PKCS were detected

(Supplemental Figure 6), possibly as a compensatory mechanism
to reduce hyperphosphorylation of Card9 in the absence of Dok3.

To decipher how Dok3 negatively regulates Card9 phosphory-
lation, we first determined whether Dok3 interacts physically with
Card9. Through endogenous co-immunoprecipitation (co-IP)
studies with anti-Dok3 antibody, we found Card9 to be associat-
ed with Dok3 during steady state in neutrophils, and this binding
was diminished upon stimulation with zymosan (Figure 5B). Con-
versely, anti-Card9 antibody was able to coprecipitate Dok3, and
the interaction was abrogated upon neutrophil activation (Figure
5C). Since there was a stimulus-dependent dissociation of Card9
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Figure 6. Inhibition of PP1 enhances Card9 phosphorylation and neutrophil antifungal responses. Purified Dok3*/* neutrophils were untreated (UT) or
pretreated with tautomycetin (TC) for 2.5 hours. (A and B) Cells were stimulated with zymosan (10 pg/ml) for 30 minutes. (A) Cell lysates were IP with a
Card9-specific antibody, and precipitates were probed for p-Thr and CardS. Whole cell lysates were probed for Card9 and B-actin. Images are representative
of 3 independent experiments. (B) Immunoblot analysis of cell lysates for p-1KKa/B>76/, IKKa/B, p-JNK™/V5 and JNK. Images are representative of 3
independent experiments. (C) Analysis of TNF-a production by neutrophils pretreated with indicated concentrations of tautomycetin by flow cytometry.
Graph indicates percentages of TNF-o* neutrophils. Data are pooled from 2 independent experiments (n = 3-5). ***P = 0.0002, 1-way ANOVA.

from Dok3 (Figure 5, B and C) and, reciprocally, Card9 was phos-
phorylated upon zymosan stimulation (Figure 5A), one possibility
is that Dok3 recruits a phosphatase to mediate the dephosphory-
lation of Card9 in neutrophils. PP2A, a serine/threonine phospha-
tase, has been shown to mediate dephosphorylation of Card1l, a
homologue of Card9, in T cells (38). However, our endogenous
co-IP studies did not reveal any association of PP2A with either
Dok3 or Card9 in neutrophils (Figure 5, B and C). Instead, anoth-
er member of that phosphatase family, PP1, was found to interact
with Dok3 and Card9 (Figure 5, B-D). In particular, PP1 com-
plexed with Dok3 constitutively, while the interaction between
the Dok3-PP1 complex and Card9 existed predominantly during
steady state and was disrupted upon zymosan stimulation (Figure
5, B-E). This inverse correlation between Card9-PP1 interaction
and Card9 threonine phosphorylation status suggested that PP11is
responsible for maintaining Card9 in its dephosphorylated state.
Crucially, PP1 complexed with Card9 only in Dok3** neutrophils
(Figure 5F), indicating that PP1 does not bind directly to Card9,
and Dok3 was required to mediate the interaction between Card9
and PP1. In Dok3”" neutrophils in which PP1 was unable to asso-
ciate with Card9, markedly enhanced phosphorylation of Card9
threonine residues was detected (Figure 5, A and F). Together,
these data indicate that adaptor protein Dok3 recruits PP1 to
dephosphorylate Card9 on threonine residues, thereby nega-
tively regulating Card9 activity and, subsequently, downstream
NF-«B and JNK signaling.

Mammalian PP1 consists of 3 isoforms, namely PPla, PP1g,
and PPly, which are ubiquitously expressed across various cell
types (39). To address whether all 3 isoforms are involved in Card9
dephosphorylation, we examined their interaction with Card9.
From endogenous co-IP analyses in neutrophils, we observed that
anti-Card9 antibody was able to precipitate PPlo, PP1p, and PP1y
together with Dok3 (Figure 5G), suggesting that all 3 isoforms of
PP1 are regulators of Card9 dephosphorylation.

Inhibition of PP1 promotes antifungal immunity in neutrophils.
To further validate the role of PP1 as a Card9 threonine phos-
phatase, we pretreated Dok3"* neutrophils with tautomycetin, a
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specific inhibitor of PP1 (40), prior to stimulation with zymosan.
Indeed, inhibition of PP1 activity profoundly enhanced Card9
threonine phosphorylation during steady state as well as upon
zymosan stimulation, as compared with untreated controls under
similar conditions (Figure 6A). Consequently, NF-kB and JNK sig-
naling, as indicated by the phosphorylation of IKKa/p and JNK,
were found to be elevated in tautomycetin-treated, unstimulated,
and zymosan-stimulated neutrophils (Figure 6B). These results
directly show that PP1 is required for dephosphorylation of thre-
onine residues on Card9, thereby negatively regulating down-
stream NF-kB and JNK activity.

To correlate the biochemical changes associated with PP1
inhibition to the antifungal effects of neutrophils in vitro, we
pretreated neutrophils with tautomycetin before infecting the
cells with zymosan. Dok3”* neutrophils treated with increasing
dosages of PP1 inhibitor demonstrated an increasing extent of
TNF-a production upon zymosan stimulation (Figure 6C). These
molecular and cellular changes induced by PP1 inhibition closely
resemble the phenotype of Dok3” neutrophils. Together, these
data suggest that inhibiting PP1 activity or disrupting Dok3-
Card9 interaction represents potential therapeutic strategies for
enhancing antifungal immunity.

Loss of Dok3 enhances neutrophil accumulation in Candida-
infected brain. Card9 deficiency has been reported to predispose
individuals to C. albicans infection, with preferential targeting of
the CNS due to a defect in neutrophil recruitment to the brain,
but not the kidneys (41). Since Dok3 negatively regulates Card9
activation, we analyzed the extent of neutrophil infiltration into
the kidneys and brains of C. albicans-infected mice to verify the
Card9 dependency of the Dok3 pathway in vivo. At 24 hours after
infection, there was significant recruitment of neutrophils into the
kidneys, with the neutrophil numbers being comparable between
Dok3*/* and Dok3”" mice (Figure 7, A and B). However, a significant
accumulation of neutrophils was observed in the brains of Dok37~
mice 24 hours after infection, resulting in their lower fungal bur-
den as compared with that of Dok3"* mice (Figure 7, A and B).
Infiltration of neutrophils into the brain during C. albicans infec-
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Figure 7. Loss of Dok3 enhances neutrophil accumulation in Candida-infected brain. (A) Flow cytometric analysis of neutrophils (Ly6G*Ly6C*) in kidneys
and brains of Dok3** and Dok3~- mice 24 hours after infection with C. albicans. Dot plots are pregated on singlet, live CD45* cells. (B) Total number of neu-
trophils in kidneys and brains of Dok3** and Dok3~- mice (n = 3-4). Data are shown as mean + SEM. Two-way ANOVA demonstrated significant interaction
between Dok3 expression and neutrophil numbers in the brain upon C. albicans infection (F,, = 7.2; P = 0.02). *P = 0.02; **P = 0.002; ***P < 0.0001, 2-way
ANOVA. (€) mRNA expression of indicated chemokines in homogenized brains expressed relative to the mean brain fungal burden of Dok3*/* and Dok3~
mice 24 hours after infection (n = 4). Data are shown as mean + SEM. *P = 0.04, unpaired 2-tailed Student’s t test.

tion depends on various Card9-regulated neutrophil-targeted
chemokines, such as Cxcl1, Cxcl2, and Cxcl5, produced by the res-
ident CD45" cells and neutrophils (41). Indeed, Cxcl2 mRNA was
found to be significantly upregulated in the brains of Dok3”" mice,
relative to their extent of fungal load (Figure 7C). Thus, Dok3 plays
a role in regulating neutrophil infiltration into the brains during
candidiasis by limiting Cxcl2 production.

Discussion

In this study, we identified Dok3 as a critical negative regulator
of antifungal immunity in neutrophils. Loss of Dok3 enhances
various antifungal effector functions of neutrophils, including
phagocytosis, netosis, and production of proinflammatory cyto-
kines, thereby increasing neutrophilic fungicidal activity. Mech-
anistically, Dok3 mediates the recruitment of PP1 to Card9, thus
maintaining Card9 in its dephosphorylated state and subsequent-
ly dampening downstream NF-kB and JNK signaling. As such, loss
of Dok3 enhances the innate antifungal immune responses and
protects mice from morbidity and mortality induced by systemic
C. albicans infection.

Dok3 is an adaptor protein known to play important regulato-
ry roles downstream of BCR, including the inhibition of calcium
signaling (31) and JNK activation (32) in B cells, as well as pro-
moting the formation of antibody-secreting plasma cells through
upregulation of programmed cell death 1 ligands expression (25).
In agreement with these reports, we observed Dok3 to be highly
expressed in B cells. Since high levels of the Dok3 gene transcript
were also found in neutrophils, we hypothesized that Dok3 may
be implicated in immune signaling in this cell type. Indeed, our
study showed that Dok3 negatively regulates antifungal immunity
in neutrophils.

Triggering of CLRs by fungal components elicits various
intracellular signaling pathways and activates interactions among
adaptors, kinases, phosphatases, and other signaling molecules.
Card9 has been reported to play a central role in CLR signaling in
innate immune cells (12). Upon fungal sensing, Card9 is activat-
ed through phosphorylation by PKCS in a Syk-dependent manner
(11), and this facilitates the assembly of the CBM complex, which
subsequently transduces the signal required for NF-xB and JNK
activation. These signaling events translate to a series of antifun-
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gal killing activities, including the production of proinflamma-
tory cytokines and release of NETs for fungal clearance (15, 16,
36). However, how Card9 signaling is being negatively regulated
remains poorly understood. Here, we uncover a signaling mech-
anism for suppressing Card9 activity in neutrophils. We provide
compelling evidence that Dok3 is required to bring PP1 into the
vicinity of Card9 to mediate its dephosphorylation, thereby atten-
uating downstream antifungal immune responses in resting neu-
trophils. Upon fungal infection, Dok3 will be phosphorylated and
subsequently degraded to overcome its negative regulatory effect
on Card9, enabling the activation of downstream NF-«xB and JNK
signaling. These signaling events drive the production of various
proinflammatory cytokines and ultimately promote clearance
and inhibit growth of fungi in the host. Moreover, ROS produc-
tion and calcium signaling were largely intact in Dok3-deficient
neutrophils, consistent with previous studies that show that these
Syk-dependent processes operate in a Card9-independent man-
ner (42, 43) (Figure 8). Intriguingly, while our data demonstrat-
ed that Dok3 negatively regulates phagocytosis of unopsonized
yeast, phagocytosis has been reported to be a Card9-indepen-
dent process (41, 42). Given that the differential use of adaptors
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is a common strategy to orchestrate immune responses, it is likely
that, apart from Card9, Dok3 also interacts with other molecules
to control phagocytosis during fungal infection. Notably, Rubi-
con, another known negative regulator of Card9, is able to bind
differentially to the NADPH oxidase complex to facilitate phago-
cytosis during microbial invasion (44, 45). However, it remains to
be determined what other proteins are involved in the Dok3-de-
pendent regulation of phagocytosis during C. albicans infection.
Nevertheless, in the context of our study, we have demonstrated
that Dok3 can negatively regulate innate antifungal immunity in
neutrophils largely via a Card9-dependent pathway.

Several genetic studies in humans have demonstrated the
pivotal role of Card9 in antifungal host defense, in which loss-
of-function mutations in Card9 render individuals susceptible to
Candida infection, especially affecting the CNS (41, 46-49). This
mirrors our findings in Dok37" mice, where the release of Card9
from its negative regulation heightens immune responses and pro-
motes the specific infiltration of neutrophils into infected brain,
thus conferring protection against systemic candidiasis. Although
negative regulation of Card9 by Dok3 and PP1 serves to prevent
hyperinflammation and tissue damage, it could, at the same time,
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dampen essential host immune responses required for fungal
killing. Hence, targeting negative regulators of Card9 could be a
potential strategy to boost innate immunity for antifungal therapy.
In our study, we have demonstrated the ability of the PP1 inhibitor
tautomycetin to enhance Card9 activity and antifungal immune
responses in neutrophils. However, tautomycetin is reported to be
highly toxic (50), possibly because PP1 is ubiquitously expressed
across many cell types and is involved in the regulation of diverse
cellular processes ranging from muscle contraction to cell-cycle
progression (51-53). In order for PP1 to exhibit substrate speci-
ficity and selectivity, it needs to work in combination with other
protein regulators (54). In this study, we showed that Dok3 acts as
aregulator of PP1 specificity by directing it to Card9 during steady
state in neutrophils. Since Dok3 expression is limited to mainly
immune cells, it may be more feasible to target Dok3 for antifun-
gal therapy. Even though inhibition of immune negative regulator
Dok3 could trigger excessive inflammation, which may have det-
rimental consequences, through limiting the dosage and period
of inhibition, we can achieve optimal host immune responses
required for antifungal defense while minimizing undesirable side
effects. Moreover, we do not observe any signs of autoimmunity
in Dok37- mice, further supporting the utility of Dok3 inhibitors to
fight fungal infections.

In this study, we did not further evaluate whether PP17~ mice
harbor the same antifungal phenotype as Dok37" mice, as our data
suggest that Dok3 and Card9 associate with all 3 isoforms of PP1
and it will be time-consuming to generate mice lacking one or
more of these PP1 isoforms to determine which of them is direct-
ly involved in antifungal response. Moreover, reports have shown
that PPIB7- mice are embryonic lethal, while PPy male mice are
sterile due to a defect in spermatogenesis (55). Hence, given the
promiscuous nature of protein phosphatases, it will be difficult to
study the effects of PP1 deficiency on antifungal defense in vivo.

In conclusion, our study uncovers Dok3 and PP1 as critical
negative regulators of Card9 signaling during antifungal immu-
nity in neutrophils and raises the potential utility of Dok3 inhib-
itors as therapies for fungal infection. Such an immune-based
approach could act as an adjunctive therapy to current antifun-
gal drugs for further improvement of outcomes in Candida-in-
fected patients.

Methods

Mice. C57BL/6 and Card97/- mice were purchased from The Jackson
Laboratory. Dok3”~ mice were generated as described previously (28).
Male and female mice were used at 8 to 10 weeks of age unless other-
wise stated. All mice were maintained under specific pathogen-free
conditions at A*STAR Biological Resource Centre (BRC).

Systemic C. albicans infection. Mice were infected intravenously
with 2.5 x 10° or 1 x 10° CFU of C. albicans (SC5314) and monitored
daily for survival. For flow cytometry analysis and histology, kidneys
and brains were harvested 1 day after infection. To determine fungal
titers, kidneys and brains were harvested and homogenized 2 days
after infection.

Histology. Kidneys were harvested from C. albicans-infected
mice and fixed in 10% neutral buffered formalin for 24 hours before
embedding in paraffin wax. Sections were stained with periodic acid-
Schiff (PAS) and Grocott’s methenamine silver (GMS).
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Isolation of neutrophils, macrophages, and DCs. Neutrophils were iso-
lated from tibias and femurs of mice using anti-Ly-6G magnetic beads
(Miltenyi Biotec). DCs and macrophages were isolated from spleens of
mice with CD11c and F4,/80 magnetic beads, respectively (Miltenyi Bio-
tec). Purity of isolated cells was confirmed by flow cytometry.

Flow cytometry. Cell suspensions were surface labeled with fluoro-
chrome-conjugated antibodies for 10 minutes at 4°C in staining buffer
(PBS containing 1% BSA). For intracellular labeling, cells were fixed
and permeabilized using the Cytofix/Cytoperm kit (BD) according to
manufacturer’s protocol before staining for 1 hour at room temperature.
DAPI was used to exclude dead cells. Data were acquired using LSRII
(BD Biosciences) and analyzed using Flow]Jo software (Tree Star). The
following antibodies were used for flow cytometry analysis: anti-CD11c
PerCP (clone N418; BioLegend), anti-Dectin-1 PE (clone 218820;
R&D Systems), anti-Dectin-2 APC (catalog FAB1525A; R&D Systems),
anti-F4,/80 PE (clone BM8; eBioscience), anti-Ly6C FITC (clone HK1.4;
BioLegend), anti-Ly6G PE (clone 1A8; BD), anti-I-A/I-E FITC (clone
M5/114.152; BioLegend), anti-TNF-a. APC and PE (clone MP6-XT22;
BioLegend), and anti-TGF-B1 APC (clone TW7-16B4; BioLegend).

Neutrophil stimulation. Purified neutrophils were rested at 37°C for
2 hours before stimulation with HKCA in cell or hyphae forms, zymosan
(Invivogen), or curdlan (Invivogen). For PP1 inhibition experiments, cells
were pretreated with indicated concentrations of tautomycetin (Tocris) for
2.5 hours before stimulation. For intracellular cytokine staining, cells were
stimulated with zymosan for 3 hours in the presence of GolgiPlug (BD).

In vitro killing assay. Purified immune cells were plated in tripli-
cate (1 x 10° cells/well) in 96-well plates and incubated overnight at
37°C with unopsonized or serum-opsonized C. albicans (MOI 1:200
or 1:500) before fixing with 2% paraformaldehyde. C. albicans were
stained with crystal violet (MilliporeSigma). Percentages of fungal
growth were quantified using Image]J software (NIH).

Phagocytosis assay. HKCAs were labeled with FITC (Sigma-Aldrich)
in 100 mM HEPES buffer (pH 7.5) for 10 minutes. For opsonization,
HKCAs were resuspended in 20% mouse serum for 15 minutes at
37°C. Subsequently, purified immune cells were cocultured with FITC-
labeled unopsonized or serum-opsonized HKCAs (MO1 1:2) at 37°C for
45 minutes. Adherent fungal cells were quenched with trypan blue, and
the extent of phagocytosis measured by flow cytometry.

Netosis assay. Purified neutrophils were plated (5 x 10* cells/well)
on a 24-well plate before stimulation with HKCA hyphae (MOI 1:10).
Four hours later, PI or DAPI was added and cells were analyzed for
NET release by microscopy. NET release was scored using Image], as
previously described (33).

ROS production. Purified neutrophils were labeled with Dihydror-
hodamine 123 (Thermo Fisher Scientific) for 5 minutes at 37°C before
stimulation with HKCAs (MOI 1:2) or curdlan (100 pg/ml) for 1 hour at
37°C. The amount of ROS produced by neutrophils, as determined by
the fluorescence signal, was measured by flow cytometry.

Quantitative PCR. Purified neutrophils were lysed with TRIzol
(Gibco, Thermo Fisher Scientific), and RNA was purified using phenol/
chloroform extraction. Complementary DNA was reversed transcribed
using RevertAid First Strand ¢cDNA Synthesis Kit (Thermo Fisher
Scientific). The following primers were used: 1l6 (forward): ACGG-
CCTTCCCTACTTCACA; 116 (reverse): CATTTCCACGATTTCCCA-
GA; Tnfa (forward): GCCTCTTCTCATTCCTGCTTG; Tnfa (reverse):
CTGATGAGAGGGAGGCCATT; Tgfb (forward): CACCGGAGAG-
CCCTGGATA; Tgfb (reverse): TGTACAGCTGCCGCACACA; Cxcll
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(forward): GGCGCCTATCGCCAATG; Cxcll (reverse): CTGGAT-
GTTCTTGAGGTGAATCC; Cxcl2 (forward): AAGTTTGCCTTGAC-
CCTGAA; Cxcl2 (reverse): AGGCACATCAGGTACGATCC; Cxcl5
(forward): GCATTTCTGTTGCTGTTCACGCTG; and Cxcl5 (reverse):
CCTCCTTCTGGTTTTTCAGTTTAGC.

IP and Western blotting. For endogenous co-IP, purified neutrophils
were stimulated with HKCAs (MOI 1:1) or zymosan (10 pg/ml) for indi-
cated time periods before lysis with 1% NP40 buffer containing prote-
ase and phosphatase inhibitors (Roche). Cell lysates were IP overnight
and pulled down using Protein A/G Plus Agarose beads (Santa Cruz
Biotechnology Inc.). Precipitates were analyzed by Western blotting
according to standard protocol using the indicated antibodies: anti-
Card9 (catalog 12283, Cell Signaling Technology; clone A-8, Santa
Cruz Biotechnology Inc.), anti-Dok3 (clone E-17, M-214, H-5; Santa
Cruz Biotechnology Inc.), anti-p-Erk1/2m202¥204 (catalog 4370; Cell
Signaling Technology), anti-Erk2 (clone C-14; Santa Cruz Biotech-
nology Inc.), anti-p-IKKa/B%7¢1% (catalog 2697; Cell Signaling Tech-
nology), anti-IKKa/pB (clone H-470; Santa Cruz Biotechnology Inc.),
anti-p-JNK™83/¥185 (catalog 9255; Cell Signaling Technology), anti-JNK
(catalog 9252; Cell Signaling Technology), anti-p-p38™8¥1$2 (clone
D-8; Santa Cruz Biotechnology Inc.), anti-p38 (clone N-20; Santa Cruz
Biotechnology Inc.), anti-p-Syk***2 (catalog 2717; Cell Signaling Tech-
nology), anti-Syk (catalog 80460; Cell Signaling Technology), anti-
p-Thr(catalog9381; Cell Signaling Technology), anti-p-Tyr (clone 4G10;
Millipore), anti-B-actin (clone ACTBD11B7; Santa Cruz Biotechnology
Inc.), anti-PP1 (clone E-9; Santa Cruz Biotechnology Inc.), anti-PP2AC
(catalog 2259; Cell Signaling Technology), anti-PP1la (clone G-4; Santa
Cruz Biotechnology Inc.), anti-PP1p (clone A-6; Santa Cruz Biotechnol-
ogy Inc.), anti-PP1y (clone E-4; Santa Cruz Biotechnology Inc.), anti-
p-PKC8"!" (clone A-8;. Santa Cruz Biotechnology Inc.), and anti-PKC3
(clone G-9; Santa Cruz Biotechnology Inc.).

The Journal of Clinical Investigation

Statistics. Figures and statistical analyses were generated using
GraphPad Prism software. Mice were allocated to experimental
groups based on their genotypes and were randomized within their
sex- and age-matched groups. Data were tested for normality using
the Kolmogorov-Smirnov test. No mouse was excluded from the anal-
yses. For survival analyses, log-rank test was performed. For netosis
assays and analyses of neutrophil infiltration into brain and kidneys
upon C. albicans infection, 2-way ANOVA was performed. For tauto-
mycetin treatment, 1-way ANOVA was performed. For other analyses,
unpaired 2-tailed Student’s ¢ test was performed. A Pvalue of less than
0.05 was considered significant.

Study approval. All mouse protocols were conducted in accor-
dance with guidelines from and approved by the A*STAR BRC Institu-
tional Animal Care and Use Committee.
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