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Humans homozygous for inactivating LRBA (lipopolysaccharide (LPS)-responsive beige-
like anchor) mutations or with compound heterozygous mutations exhibit a spectrum of
immune-related pathologies including inflammatory bowel disease (IBD). The cause of this
pathology remains undefined. Here we show that disruption of the colon epithelial barrier
in LRBA-deficient mice by dextran sulfate sodium (DSS) consumption leads to severe and
uniformly lethal colitis. Analysis of bone marrow (BM) chimeras showed that susceptibility
to lethal colitis is primarily due to LRBA deficiency in the immune compartment and not the
gut epithelium. Further dissection of the immune defect in LRBA-deficient hosts showed
that LRBA is essential for the expression of CTLA4 by Treg cells and IL22 and IL17
expression by ILC3 cells in the large intestine when the gut epithelium is compromised by
DSS. We further show that SHIP1 agonism partially abrogates the severity and lethality of
DSS-mediated colitis. Our findings indicate that enteropathy induced by LRBA deficiency
has multiple causes and that SHIP1 agonism can partially abrogate the inflammatory
milieu in the gut of LRBA-deficient hosts.

Keywords: LRBA deficiency, SHIP1, src homology 2 domain-containing inositol phosphatase 1, colitis, ILC3 cytokines
INTRODUCTION

Lrba gene was initially identified by gene trapping of a lipopolysaccharide (LPS)-inducible gene in
70Z/3 pre-B cells (1) and subsequently shown to be a CHS/beige-like gene whose expression is
induced in both B lymphocytes and macrophages by LPS (2). Comprehensive homology analysis of
orthologs from multiple species led to a molecular model for LRBA function that proposes that it
facilitates vesicle trafficking of immune effector molecules in coordination with signaling at plasma
membrane-localized receptors (2). This model has been confirmed and extended in several different
species including Caenorhabditis elegans (3). The recent development and analysis of LRBA-
deficient mice have also supported this function for LRBA, as g-IFN production and Granzyme B
secretion are compromised in LRBA-deficient NK cells when activating receptors engage ligands on
a target cell (4). LRBA is also expressed by epithelial tissues where its expression increases following
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the acquisition of the malignant state. In epithelial cancers,
LRBA acts downstream of EGF-R to promote cell survival (5).
LRBA may be essential for human breast cancer cell survival, as
its increased expression is a prominent component of a gene
signature that predicts poor prognosis and response to therapy in
breast cancer patients (6, 7).

The recent identification of human kindreds possessing
inactivating LRBA mutations indicates an essential role in
immune regulation, as these patients exhibit a varied spectrum
of both autoimmune pathologies and immune deficiencies such
as defective antibody production and humoral responses (8, 9).
However, hypogammaglobulinemia is not uniformly observed in
all LRBA-deficient patients (10), while autoimmunity, and
specifically inflammatory bowel disease (IBD), is observed in a
significant proportion of these patients (8–12).

Further confirming a role in susceptibility to colitis in
mammals, it was recently shown that an LRBA-deficient
mouse variant, created by ENU mutagenesis, exhibits increased
sensitivity to dextran sulfate sodium (DSS)-mediated colitis at
doses of DSS that are not lethal to the host (13). The authors also
found that LRBA-deficient dendritic cells (DC) exhibited
increased PI3K/mTORC1 signaling and were hyper-responsive
to PAMP ligands, namely, ligands for the endosomal toll-like
receptors (TLRs) 3, 7, and 9, suggesting that gut DC may create a
hyper-inflammatory environment that culminates in colitis after
DSS challenge (13). The increased PI3K/Akt signaling observed
by Wang et al. in their LRBA-deficient oscar strains (13)
indicates a potential role for regulation by SHIP1—an
important regulator of PI3K-Akt signaling (14) that is known
to regulate many aspects of macrophage and DC signaling (15–
17). Thus, activating SHIP1 signaling might have a protective
role in LRBA deficiency.

Itwas shownthatLRBAregulatesCTLA4 levelsbypreventing its
lysosomal degradation and allowing its recycling to the plasma
membrane of activated T cells and Treg cells. In LRBA-deficient
patients, the activated T cells and Treg cells have reduced levels of
immunoregulatory molecule CTLA4 due to increased lysosomal
degradation, suggesting that autoimmune pathologies might also
result from defective immunoregulation (18, 19). Chloroquine
treatment, which inhibits lysosomal degradation, rescued surface
expression of CTLA4 in LRBA-deficient patients’ T cells (18).
Whether this molecular defect contributes to enhanced
susceptibility to IBD in LRBA patients is not clear; however, given
the prominent role that Treg cells play in maintaining gut
homeostasis, this seems a likely scenario (20). However, Wang
et al. didnotobservedecreasedCTLA4expressionby intestinalTreg
cells in their ENU-induced model of LRBA deficiency, suggesting
that there could bedysfunctionof other immune cells at play in IBD
caused by LRBA deficiency (13).

Consistent with the proposed role for LRBA in immune
regulation, the treatment of LRBA-deficient patients with
abatacept, a CTLA4-Ig fusion drug, enabled significant clinical
improvement (18). Sirolimus (rapamycin) has also been used to
control autoimmune disease in LRBA-deficient patients (21).
However, allogeneic bone marrow (BM) transplantation (BMT)
has also been used to treat LRBA deficiency with long-term
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remission being reported post-transplant, particularly in patients
who were transplanted prior to significant disease emerging (22).
The success of allogeneic BMT as a treatment for LRBA
deficiency may be due in part to the profound defect in the
ability of the LRBA host to reject an allogeneic BM graft and their
relative resistance to graft-versus-host disease (GvHD) (4).

Using a severe form of DSS-induced colitis that is lethal in a
minority of wild-type (WT) hosts, we show that LRBA knockout
(LRBA KO) mice are uniformly susceptible to DSS-mediated
lethal disease. We show that susceptibility to DSS colitis is not
due to epithelial loss of LRBA expression or alterations in the
microbiota. We confirm that LRBA KO mice have significantly
reduced expression of CTLA4 in Treg cells but also that reduced
IL17 and IL22 production by ILC3 in the gut may further
exacerbate DSS-induced colitis. Finally, we show that SHIP1
agonism can extend the survival of LRBA-deficient hosts
following the DSS challenge.
MATERIALS AND METHODS

Mice
LRBA KO mice (129Sv) were described previously (4). 129Sv
WT mice were purchased from Taconic Bioscience and were
bred and maintained at an institutional animal facility. A DSS
challenge study was also performed in LRBA KO progeny and
their WT littermates on a C57BL6 background obtained after
backcrossing LRBA KO (129Sv) mice to C57BL/6NTac mice for
7 generations.

Induction of Experimental Colitis
LRBA KO and WT mice were given 3% (w/v) DSS (MW 36,000–
50,000, MP Biomedicals, Santa Ana, CA, USA) in drinking water
for 7 days. Mice received fresh DSS every other day, and after 7
days, DSS water was replaced with normal water. Mice were
monitored for weight loss, rectal bleeding, and survival. Mice
that lost more than 30% of their initial body weight or became
moribund were euthanized. Stool score or rectal bleeding was
assessed as described (23). For the study of SHIP1 agonism in
DSS-induced lethality, mice were treated with AQX-MN100 (3
mg/kg) or vehicle (5%ETOH:H20) daily by oral gavage (10 µl/g)
beginning 1 day prior to consumption of DSS-containing
drinking water and then for 7 additional days.

Histological Analysis
Colonic tissues were assigned histologic grades of colitis based on
the degree of epithelial crypt damage, the presence of edema,
goblet cell depletion, and/or inflammatory cell infiltration.
Epithelial crypt damage and polymorphonuclear leukocyte
(PMN) infiltration were graded individually in each colonic
tissue and summed using scoring criteria established previously
in SHIP1−/− mice (24).

Bone Marrow Chimera Experiments
Lethally irradiated WT or LRBA−/− mice were injected via i.v.
injection with 3–4 × 106 LRBA KO or WT BM cells as indicated.
May 2022 | Volume 13 | Article 830961
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Eight weeks after the transplant, mice were given 3% DSS in
drinking water for 7 days, and disease was assessed.

AQX-MN100 Synthesis
AQX-MN100 was prepared following the previously reported
route with minor modifications (25). The purity and identity of
AQX-MN100 were confirmed by a combination of mass
spectrometry, NMR, and combustion analysis. Further details
concerning the synthetic route and confirmation of purity and
identity can be provided upon request.

Cohousing
Age- and gender-matched LRBA KO and WT mice were
cohoused for 2 months at 2:3 or 3:2 ratios and were then given
3% DSS in drinking water for 7 days, and their disease was
evaluated as above.

Cell Isolation and Flow Cytometry
Large intestine (LI) lamina propria cells were isolated by
following the protocol described previously (26). For Treg
analysis and CTLA4 expression on Treg cells, single-cell
suspensions were stained with CD3 (145-2C11, eBioscience,
San Diego, CA, USA), CD4 (RM4-5 (BD Biosciences, San Jose,
CA, USA), and CD25 (PC61.5, eBioscience) antibodies followed
by intracellular staining with FoxP3 (FJK-16s, eBioscience) and
CTLA4 (UC10-4B9, BioLegend, San Diego, CA, USA) antibodies
using FoxP3 intracellular staining buffer set (eBioscience). For
ILC3 analysis, LI lamina propria cells were incubated for 4 h in
complete Roswell Park Memorial Institute (RPMI) media in the
presence of phorbol myristate acetate (PMA) (200 ng/ml),
ionomycin (1 mg/ml), and BD GolgiStop and GolgiPlug. Cells
were surface stained with mouse lineage antibody cocktail (BD),
CD45 (30-F11, BD), Thy-1.2 (53-2.1, eBioscience), IL7Ra
(A7R34 (BioLegend), NKp46 (29A1.4, BD), and CCR6 (29-
2L17, BioLegend) antibodies followed by intracellular staining
with RORgt (Q31-378, BD), IL22 (IL22JOP, eBioscience), and
IL17a (eBio17B7, eBioscience). Flow cytometry was performed
using BD LSR FORTESSA, and data analysis was performed
using FlowJo software.

Statistical Analyses
All statistical analyses were performed using Graph Pad Prism.
Unpaired two-tailed Student’s t-tests were used to analyze the
significance of data sets. Survival was analyzed using the Mantel–
Cox log-rank test or a Kaplan–Meier log-rank test. A p-value <0.05
was considered statistically significant.
RESULTS

LRBA-Deficient Mice Are Highly
Susceptible to Dextran Sulfate Sodium
Colitis
Under homeostatic conditions, we did not observe any major
histological abnormality in any of the major organs tested in
LRBA-deficient mice including SI (4). Also, we performed
Frontiers in Immunology | www.frontiersin.org 3
histopathology analysis of SI and LI on a cohort of aged
LRBA-deficient mice and did not observe any pathology. We
previously found that LRBA KO mice have a small, but
significant, increase in Treg numbers in the small intestine (4),
but not in the spleen. This suggested inflammatory pressure in
the intestine during normal physiology in LRBA KO mice. To
assess this possibility, we further stressed the immunoregulatory
capacity in the gut immune compartment by compromising the
intestinal epithelial barrier via administration of 3% DSS (a dose
of DSS that is lethal to some WT hosts) to both LRBA KO and
WT hosts (Figure 1). Ad libitum administration of 3% DSS in
drinking water to LRBA-deficient hosts for 7 days was 100%
lethal after 12 days, while only ~20% of WT hosts succumbed.
This suggested a stark difference in the capacity of LRBA KO
hosts to manage inflammatory stress in the intestine
(Figure 1A). This was confirmed by further analysis of clinical
parameters, as 3% DSS dosing also resulted in significantly
greater weight loss during the study (Figure 1B) and rectal
bleeding (Figure 1C) based on a stool scoring criteria (23). The
pathological analysis confirmed the dramatic impact of DSS
challenge in LRBA KO hosts, as they had significant
compaction of their colons (Figure 1D) and dramatic
destruction and leukocytic infiltration in the LI as compared to
WT mice (Figures 1E, F). We observed no evidence of
inflammation in the LI of LRBA KO mice that were not
exposed to DSS-containing drinking water (Supplementary
Figure 1). These findings demonstrate that severe, life-
threatening autoimmune disease can occur in LRBA KO mice
and indicate a crucial role for LRBA in the maintenance of
homeostasis in the gut.

LRBA Deficiency in the Hematopoietic
Compartment Renders Mice Susceptible
to Colitis
In order to determine if LRBA deficiency in the gut epithelium or
the hematolymphoid system causes increased susceptibility to
intestinal inflammatory disease, we constructed BM chimeras
where lethally irradiated WT hosts were reconstituted with BM
from LRBA KO or WT donors. After allowing 8 weeks for BM
reconstitution of the WT host’s immune system, we then
performed a DSS challenge. We found that WT hosts
reconstituted with LRBA KO BM were significantly more
sensitive to DSS-mediated lethal disease (Figure 2A) and
exhibited more severe disease as exhibited by increased body
weight loss (Figure 2B) and stool scoring (Figure 2C). We then
performed the reciprocal study where lethally irradiated LRBA
KO hosts were reconstituted with BM from WT or LRBA KO
donors. As with germline LRBA KO hosts, LRBA KO hosts
reconstituted from LRBA KO BM were uniformly susceptible to
lethal disease with all such chimeras succumbing by 12 days
(Figure 2D). Importantly, LRBA KO hosts reconstituted from
WT BM donors were resistant to DSS-mediated lethal disease
and showed comparable survival to WT hosts (Figure 2D). The
LRBA KO hosts reconstituted with WT BM also showed
significantly improved clinical responses as they lost less body
weight (Figure 2E) and showed decreased evidence of rectal
May 2022 | Volume 13 | Article 830961
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FIGURE 2 | LRBA deficiency in the hematopoietic compartment renders mice susceptible to colitis. Lethally irradiated WT mice (129Sv) were reconstituted with WT
or LRBA KO BM (129Sv). After 8 weeks, mice were given 3% DSS for 7 days. (A) Survival plot of WT mice reconstituted with WT BM cells (WT-WT BM) vs. WT
mice reconstituted with LRBA KO BM cells (WT-LRBA KO BM), (B) % weight loss, and (C) stool score. Lethally irradiated LRBA KO mice were reconstituted with
WT or LRBA KO BM. After 8 weeks, mice were given 3% DSS for 7 days. (D) Survival plot, (E) % weight loss, and (F) stool score of LRBA KO mice reconstituted
with WT BM cells (LRBA KO-WT BM) or LRBA KO BM cells (LRBA KO-LRBA KO BM). (A–E) Pooled data from 2 independent experiments. For panels (A–C), n = 20,
whereas n = 15 for (D–F). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. WT, wild type; KO, knockout; DSS, dextran sulfate sodium; BM, bone marrow.
A B
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FIGURE 1 | LRBA KO mice are highly susceptible to DSS colitis. WT and LRBA KO mice (129Sv background) were given 3% DSS in drinking water for 7 days.
(A) Survival plot, (B) % weight loss, and (C) Stool score based upon rectal bleeding of WT and LRBA KO mice. Mice were euthanized by the end of 7 days for colon
length measurement and histologic analysis. (D) Colon length, (E) representative histologic appearance of colitis in WT mice (a, c) with grade 2 colitis comprised of
focal, mild epithelial crypt damage and focal <25 PMN/hpf infiltration of the lamina propria (a, arrow) but with much of the colonic mucosa without epithelial damage,
goblet cell depletion, edema, or PMN infiltration (c), as compared to LRBA KO mice (b, d) with grade 5 colitis comprised of regional, marked epithelial erosion, crypt
loss, goblet cell depletion (d), submucosal edema (b, between arrows), and moderate to marked >25 PMN/hpf infiltration of the lamina propria and submucosa.
(F) Histologic scoring of colitis in WT and LRBA KO mice. (A–D) Pooled data from 2 independent experiments with total n = 10. (E, F) Data from 1 of 2 independent
experiments are shown with n = 5. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. KO, knockout; DSS, dextran sulfate sodium; WT, wild type; PMN,
polymorphonuclear leukocyte.
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bleeding based on stool scoring (Figure 2F). These results
demonstrate that LRBA deficiency in the hematolymphoid
system is necessary for susceptibility to disease and implied
that there is an immune defect that causes susceptibility to
colitis and not a defect in gut epithelial function. Also, when
we combined data for survival from all four conditions and
compared the survival of WT mice reconstituted with WT BM
(non-hematopoietic compartment of WT origin) vs. LRBA KO
mice reconstituted with WT BM (non-hematopoietic
compartment of LRBA KO origin) and both these conditions
have a hematopoietic compartment of WT origin), we did not
observe any statistical significance, thus suggesting that LRBA-
deficient non-hematopoietic compartment alone is not sufficient
for disease susceptibility (Figures 2A, D and Supplementary
Figure 2). However, when we compare LRBA KO hosts
reconstituted with LRBA KO BM vs. WT hosts reconstituted
with LRBA KO BM, we did observe that LRBA KO mice
reconstituted with LRBA KO BM are more susceptible
compared to WT mice reconstituted with LRBA KO BM. This
suggests that LRBA deficiency in the non-hematopoietic
compartment can enhance disease susceptibility when you lack
LRBA in the hematopoietic compartment indicating that there
could be some synergistic effect between the hematopoietic
compartment and non-hematopoietic compartment under
LRBA-deficient condition (Supplementary Figure 2).

Susceptibility to Colitis Observed in LRBA-
Deficient Mice Is Non-Transmissible
The microbiota present in the intestine can have a profound
influence on gut homeostasis and inflammation in the gut (27). It
was conceivable that LRBA deficiency may have rendered such
hosts susceptible to colonization by bacterial species that then
contribute to a severe and lethal reaction following DSS-induced
damage to the mucosal epithelial barrier. To test this possibility,
we co-housed WT and LRBA KO hosts for 2 months. Co-
housing for this extended period enables microorganisms that
might be present in hosts of one genotype to colonize hosts of the
other genotype. Following co-housing, we then performed the
same DSS challenge. We found that co-housing did not reverse
the acute sensitivity of LRBA KO hosts to DSS, as they died
rapidly and uniformly with the same kinetics as we observed
without co-housing (Figure 3A). Importantly, WT hosts co-
housed with LRBA KO hosts maintained their relative resistance
to DSS (Figure 3A). Consistent with LRBA KO hosts having
compromised survival after the DSS challenge, the co-housed
LRBA KO hosts also lost significantly more body weight
(Figure 3B) and had greater stool scores (Figure 3C) relative
to co-housed WT hosts. In the above co-housing study, mice of
each genotype were co-housed after reaching adulthood;
however, it is now believed that the microbiome is established
postpartum. As the microbiota becomes established soon after
birth, we sought to test whether the LRBA mutation might
render WT hosts sensitive when they are co-housed with
LRBA KO littermates since birth, as they will have been
exposed to each other’s microbiomes postpartum and thus
have essentially the same microbiome. To do this comparison,
Frontiers in Immunology | www.frontiersin.org 5
we took advantage of a recent variant of our LRBA KO mice that
has been backcrossed seven times to a C57BL6 background (F7).
These F7 LRBA KO mice were generated from matings of
LRBA+/− partners on a C57BL6 background and thus have
been co-housed since birth with WT littermates and in some
instances shared the same mother. As seen with LRBA KO
(129v) hosts, the DSS challenge was uniformly lethal in LRBA
KO (BL6) hosts, but not their WT littermates (Figure 3D), and
this was correlated with significant weight loss (Figure 3E) and
stool score (Figure 3F). In fact, the onset of death in LRBA KO
hosts on a C57BL6 background relative to a 129Sv background is
accelerated with all BL6 LRBA KO hosts expiring by 9 days after
DSS administration vs. 12 days on the 129Sv background. These
findings indicate that the severe colitis susceptibility of LRBA KO
hosts is not defined by their microbiome and is highly penetrant
across different murine genetic backgrounds.

LRBA Knockout Mice Show Reduced
CTLA4 Expression on Treg cells and
Impaired ILC3 Effector Function Following
Colonic Stress
Our BM transfer studies indicated that LRBA deficiency in the
immune compartment is likely responsible for susceptibility to
colitis and suggested that LRBA may be required for the function
of an immune regulatory cell and/or an innate lymphocyte cell
type capable of controlling microbial dysbiosis that results from
DSS-induced epithelial permeability. CTLA4 expression by Treg
cells (28–31) and IL22 and IL17 production by ILC3 innate
lymphocytes (32–35) have both been shown to prevent or limit
the development of inflammatory bowel syndromes and
particularly colitis in the LI. Thus, we examined the presence
of these cell types and their expression of CTLA4, IL22, and IL17
in LRBA KO mice during the DSS challenge as compared to WT
mice (Figure 4). We found that Treg cell numbers are
unchanged in the LI during both normal homeostases and
after the DSS challenge; however, the frequency of Treg cells is
slightly increased in the spleens of LRBA KO hosts vs. WT
controls but interestingly only upon DSS challenge
(Supplementary Figure 3). However, the capacity of both
splenic (Figure 4A) and LI Treg cells (Figure 4B) in LRBA
KO hosts after the DSS challenge to express CTLA4 was
significantly reduced as compared to Treg cells in WT hosts,
and this was evident in both the frequency of CTLA4+ Treg cells
and also in the surface density of CTLA4 on Treg cells in the LI
(Figures 4A, B and Supplementary Figure 4). We also observed
significant reductions in both IL22 (Figure 4C) and IL17
(Figure 4D) production by RORgt+ ILC3 present in the LI of
LRBA−/− hosts as compared to WT hosts during the DSS
challenge. LRBA deficiency does not appear to compromise the
development of Lin−CD45+Thy1.2+IL7Ra+RORgt+ ILC3, as this
cell population is present in comparable numbers in LRBA KO
hosts as compared to WT hosts during the DSS challenge
(Supplementary Figure 5). Thus, rather than limiting the
development, trafficking, or formation of key immunoregulatory
cell types in the gut, LRBA has a precise role in promoting the
surface deposition and secretion of key immunoregulatory and
May 2022 | Volume 13 | Article 830961
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effector molecules (e.g., IL17 and IL22), as we also observed
previously for g-IFN production by NK cells (4).

SHIP1 Agonism Prolongs Survival of
LRBA-Deficient Hosts in Dextran Sulfate
Sodium-Induced Colitis
A recent study implicatedmyeloid-derivedDCas a cell type required
to triggerDSS-mediated colitis in the gut of the oscar strains of LRBA
deficiency identified as part of an ENUmutagenesis screen for colitis
susceptibility loci (13).Wang et al. proposed colitis in the oscar strain
results from hyper-activation of the PI3K/Akt pathway in myeloid
DC that SHIP1 opposes, leading to overproduction of type I IFN
induced in response to TLR ligands (13). SHIP1 is known to limit
signaling by all three TLRs implicated in DSS-induced colitis,
including TLR-3, TLR-7, and TLR-9 (36–38). Thus, agonism of
SHIP1 might potentially abrogate, or diminish, this inflammatory
response in vivo. We then examined the possibility that SHIP1
agonism might reduce the lethality of DSS colitis by orally dosing
LRBA KO mice with the SHIP1 agonist, AQX-MN100 (39),
immediately prior to and during exposure to DSS-containing
drinking water. We found that AQX-MN100 significantly
extended survival in our lethal DSS-induced colitis model of
LRBA-deficient hosts (Figures 5A, B). These findings are
consistent with those of Wang et al., who showed that hyper-
activation of the PI3K/Akt pathway contributes to colitis in LRBA-
deficientmice (13) but also suggest that other factors also contribute.
DISCUSSION

Clinical and genetic characterization of kindreds containing
individuals who have homozygous or compound heterozygous
Frontiers in Immunology | www.frontiersin.org 6
inactivating LRBA mutations has revealed a crucial role for this
gene in preventing autoimmunity in humans. There is variation
in the immune defects seen in these patients, with autoimmune
enteropathy being one of the more frequently found pathologies
(41% or 62%, depending on the cohort) (11, 12). Initial
characterization of independent murine strains homozygous
for inactivating Lrba mutations under normal physiological
conditions did not reveal the presence of detectable
autoimmune disease in these mutants, despite studies
confirming that murine LRBA impacted Treg expression of
CTLA4 (4, 40, 41). Wang et al. using the ENU-generated oscar
mutants in the murine Lrba locus observed that a non-lethal
form of colitis could occur in their model with the administration
of low doses of DSS in drinking water (13). In addition, a major
defect in NK cell function was identified with particular
relevance to allogeneic BM transplantation, suggesting that
there could be innate immune defects as well, particularly with
respect to the secretion of key immune effector molecules by NK
cells (4). Here we confirm that LRBA’s role in preventing
autoimmune disease and specifically enteropathy in the gut
mucosa, the one pathology that is thus far routinely observed
in LRBA-deficient patients and now in LRBA-deficient rodents.
Importantly, our study increases the understanding of how
LRBA is essential to the prevention of inflammatory disease in
the gut. Our analysis of BM chimeras shows that this defect arises
primarily from LRBA deficiency in the immune system and not
due to loss of LRBA function in the gut epithelial barrier.
However, in every case, we saw maximum disease susceptibility
when LRBA was absent in both hematopoietic and non-
hematopoietic compartments, suggesting that there could be
some synergist ic effect between the hematopoiet ic
compartment and non-hematopoietic compartment under
A B

D E F

C

FIGURE 3 | Susceptibility to colitis observed in LRBA KO mice is non-transmissible. WT and LRBA KO (129Sv background) mice co-housed for 2 months received
3% DSS for 7 days. (A) Survival, (B) % weight loss, and (C) stool score. Pooled data from 2 independent experiments n = 15. WT and LRBA KO littermates on a
C57BL6 background (F7 backcross) received 3% DSS for 7 days. (D) Survival, (E) weight loss, and (F) stool score. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
KO, knockout; DSS, dextran sulfate sodium; WT, wild type.
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LRBA-deficient condition. We also confirm for the first time that
LRBA is required for surface expression of CTLA4 by Treg cells
in the lamina propria of the LI, which has not been assessed in
LRBA-deficient humans and was not observed in the oscar
Frontiers in Immunology | www.frontiersin.org 7
mutants of LRBA deficiency identified as part of an ENU
mutagenesis screen for colitis susceptibility loci (13). We also
show for the first time that LRBA plays a crucial role in
promoting the production of the key cytokines, IL22 and IL17,
A B

FIGURE 5 | SHIP1 agonism extends survival of LRBA-deficient mice in a lethal DSS-colitis model. Mice were placed on DSS-containing drinking water for 7 days
and dosed with AQX-MN100 (3 mg/kg) or vehicle (n = 5/group) via daily oral gavage (10 ml/g) for 8 days beginning 1 day prior to exposure to DSS-containing
drinking water. (A) Stool score was monitored daily and ranked at 5 when a mouse was euthanized based on rectal bleeding and weight loss (two-tailed Student’s t-
test was used to compare mice on each day, **p < 0.01, *p < 0.05). (B) Survival of the two cohorts was compared by the Kaplan–Meier log-rank test (*p < 0.05).
DSS, dextran sulfate sodium.
A

B

D

C

FIGURE 4 | LRBA KO mice show reduced CTLA4 expression on Treg cells and impaired ILC3 effector function following colonic stress. WT and LRBA KO mice
received 3% DSS in drinking water for 5 days and were analyzed for intracellular CTLA4 expression and IL22 and IL17A production by ILC3. (A) Contour plots and
scatter plots showing CTLA4 expression on splenic FoxP3+CD25+ Treg cells after gating on viable CD3+CD4+ cells. (B) Plots showing CTLA4 expression on LI
lamina propria FoxP3+CD25+ Treg cells gated on viable CD3+CD4+ cells. Plots showing the frequency of IL22+RORgt+ (C) and IL17A+RORgt+ ILC3 (D) after gating
on viable Lin−CD45+Thy1.2+IL7Ra+RORgt+ cells in the LI lamina propria. Data pooled from 3 independent experiments (A, C, D), n = 9 per genotype. (B) Pooled
from 2 independent experiments, n = 6 per genotype. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. KO, knockout; WT, wild type; DSS, dextran sulfate
sodium; LI, large intestine.
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produced by ILC3s, which are essential to maintain the gut
epithelial barrier and homeostasis in the LI. Finally, we show that
SHIP1 agonism can at least partially mitigate DSS-induced colitis
in the LRBA-deficient hosts.

These findings reveal that LRBA is not required for the
development, maturation, or intestinal trafficking of Treg cells
or ILC3 but rather is required for their secretion of key
immunoregulatory and effector molecules required for gut
homeostasis. LRBA performs this function by promoting either
the surface expression of a key immunoregulatory receptor
(CTLA4) or the production of key cytokines known to support
and mediate repair of the gut epithelium (IL22) or that promote
responses to pathogenic microorganisms in the gut (IL17). Thus,
LRBA’s role in promoting and coordinating immune cell
expression or secretion of key effector molecules (2, 4) can
now be extended to regulate innate immune cell types like
ILC3. Recently, an analysis of another Lrba−/− mouse strain
has revealed that LRBA has a similarly precise role in promoting
surface deposition of the heterotrimeric G-protein Golf in
olfactory neurons with impaired olfaction resulting from LRBA
deficiency, indicating that LRBA has a comparable regulatory
role in the nervous system (42).

Our findings and those of Lo et al. (18) and Wang et al. (13)
suggest that the IBD, which occurs in LRBA-deficient patients
and mice, is multifactorial and thus more complex than simply
loss of CTLA4 expression by Treg cells or hyper-responsiveness
to TLR ligands by DC present in the gut milieu. Although we
provide evidence here that CTLA4 expression is diminished in
gut Treg cells, we also find that the expression of IL17 and IL22
by gut resident ILC3 in response to DSS challenge is
compromised. Both IL22 and IL17, and the ILC3 that produce
them, play a critical role in the maintenance of homeostasis in
the gut (32–35). IL22 and IL17 regulate many aspects of
intestinal barrier function including the production of anti-
microbial peptides, mucus production, permeability, and cell
proliferation, which are crucial to maintain barrier integrity and
provide protection against microbial invasion (43, 44). However,
dysregulated production of these two cytokines is also associated
with inflammation and cancer (43, 44). Our findings that SHIP1
agonism can mitigate lethal colitis in LRBA-deficient hosts are
consistent with the increased activation of the PI3K/Akt axis in
DC that was demonstrated in the oscar mutants (13). SHIP1 has
been shown to have a crucial regulatory in most or all
hematolymphoid cell lineages (14, 45). As SHIP1 agonism did
not prevent the LRBA KO mice from succumbing, this could be
due to the inability of SHiP1 agonism to mitigate the loss of
CTLA4 function in T cells or diminished ILC3 function (e.g.,
IL17 and IL22 production) or possibly some other immune
dysfunction that contributes to lethal disease in the context of
a chemically compromised gut epithelial barrier. Alternatively,
the potency and/or bioavailability of the AQX-MN100 agonist
may not have been optimal for the full protection of LRBA KO
hosts. Further study of SHIP1 agonists in non-lethal models of
LRBA colitis, as utilized in the oscar mutants, is however worth
Frontiers in Immunology | www.frontiersin.org 8
investigating. These findings also provide insights into the basis
of IBD in LRBA-deficient patients and suggest possible
molecular-based treatments for this disease (e.g., SHIP1
agonism). Thus, although our studies shed further light on
possible causes of IBD in LRBA-deficient patients and suggest
it is a disease with multiple causes, there is still the possibility that
in humans SHIP1 agonists might be able to mitigate the disease.
Perhaps they could also be combined with therapies like
abatacept or sirolimus to increase survival and reduce disease
burden, perhaps as a prelude to preparing patients for transplant
from a suitable HLA-matched BM donor since disease burden
prior to transplant influences the eventual outcome of BMT
procedures in LRBA-deficient patients (22).
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The animal study was reviewed and approved by IACUC,
SUNY Upstate.
AUTHOR CONTRIBUTIONS

WK, RS, SF, and CP conceived and designed the study. RS, SF,
CP, NS, and RE acquired, analyzed, and interpreted data. SM and
JC prepared AQX-MN100. WK, RWE, RS, SF. RS, SF drafted the
manuscript; WK, RS, SF, CP, SM, JC, and RE critically revised
the manuscript for important intellectual content. RS and SF
performed statistical analyses. WK obtained funding and
supervised the study. All authors listed have made a
substantial, direct, and intellectual contribution to the work
and approved it for publication.
FUNDING

This work was supported in part by NIH grant RO1 AG059717
to WK.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.830961/
full#supplementary-material
May 2022 | Volume 13 | Article 830961

https://www.frontiersin.org/articles/10.3389/fimmu.2022.830961/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.830961/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Sudan et al. Intestinal Immune Regulation Requires LRBA
REFERENCES
1. Kerr WG, Heller M, Herzenberg LA. Analysis of Lipopolysaccharide-

Response Genes in B-Lineage Cells Demonstrates That They can Have
Differentiation Stage-Restricted Expression and Contain SH2 Domains.
Proc Natl Acad Sci USA (1996) 93:3947–52. doi: 10.1073/pnas.93.9.3947

2. Wang JW, Howson J, Haller E, Kerr WG. Identification of a Novel
Lipopolysaccharide-Inducible Gene With Key Features of Both a Kinase
Anchor Proteins and Chs1/Beige Proteins. J Immunol (2001) 166:4586–95.
doi: 10.4049/jimmunol.166.7.4586

3. de Souza N, Vallier LG, Fares H, Greenwald I. SEL-2, the C. Elegans
Neurobeachin/LRBA Homolog, is a Negative Regulator of Lin-12/Notch
Activity and Affects Endosomal Traffic in Polarized Epithelial Cells.
Development (2007) 134:691–702. doi: 10.1242/dev.02767

4. Park MY, Sudan R, Srivastava N, Neelam S, Youngs C, Wang JW, et al. LRBA
Is Essential for Allogeneic Responses in Bone Marrow Transplantation. Sci
Rep (2016) 6:36568. doi: 10.1038/srep36568

5. Wang JW, Gamsby JJ, Highfill SL, Mora LB, Bloom GC, Yeatman TJ, et al.
Deregulated Expression of LRBA Facilitates Cancer Cell Growth. Oncogene
(2004) 23:4089–97. doi: 10.1038/sj.onc.1207567

6. Andres SA, Brock GN, Wittliff JL. Interrogating Differences in Expression of
Targeted Gene Sets to Predict Breast Cancer Outcome. BMC Cancer (2013)
13:326. doi: 10.1186/1471-2407-13-326

7. Tozlu S, Girault I, Vacher S, Vendrell J, Andrieu C, Spyratos F, et al.
Identification of Novel Genes That Co-Cluster With Estrogen Receptor
Alpha in Breast Tumor Biopsy Specimens, Using a Large-Scale Real-Time
Reverse Transcription-PCR Approach. Endocrine-related Cancer (2006)
13:1109–20. doi: 10.1677/erc.1.01120

8. Lopez-Herrera G, Tampella G, Pan-Hammarstrom Q, Herholz P, Trujillo-
Vargas CM, Phadwal K, et al. Deleterious Mutations in LRBA are Associated
With a Syndrome of Immune Deficiency and Autoimmunity. Am J Hum
Genet (2012) 90:986–1001. doi: 10.1016/j.ajhg.2012.04.015

9. Alangari A, Alsultan A, Adly N, Massaad MJ, Kiani IS, Aljebreen A, et al. LPS-
Responsive Beige-Like Anchor (LRBA) Gene Mutation in a Family With
Inflammatory Bowel Disease and Combined Immunodeficiency. J Allergy Clin
Immunol (2012) 130:481–8.e2. doi: 10.1016/j.jaci.2012.05.043

10. Burns SO, Zenner HL, Plagnol V, Curtis J, Mok K, Eisenhut M, et al. LRBA
Gene Deletion in a Patient Presenting With Autoimmunity Without
Hypogammaglobulinemia. J Allergy Clin Immunol (2012) 130:1428–32. doi:
10.1016/j.jaci.2012.07.035

11. Gamez-Diaz L, August D, Stepensky P, Revel-Vilk S, Seidel MG, Noriko M, et al.
The Extended Phenotype of LPS-Responsive Beige-Like Anchor Protein (LRBA)
Deficiency. J Allergy Clin Immunol (2016) 137:223–30. doi: 10.1016/j.jaci.2015.09.025

12. Jamee M, Hosseinzadeh S, Sharifinejad N, Zaki-Dizaji M, Matloubi M, Hasani
M, et a l . Comprehensive Comparison Between 222 CTLA-4
Haploinsufficiency and 212 LRBA Deficiency Patients: A Systematic Review.
Clin Exp Immunol (2021) 205:28–43. doi: 10.1111/cei.13600

13. Wang KW, Zhan X, McAlpine W, Zhang Z, Choi JH, Shi H, et al. Enhanced
Susceptibility to Chemically Induced Colitis Caused by Excessive Endosomal
TLR Signaling in LRBA-Deficient Mice. Proc Natl Acad Sci USA (2019)
116:11380–9. doi: 10.1073/pnas.1901407116

14. Kerr WG. Inhibitor and Activator: Dual Functions for SHIP in Immunity and
Cancer. Ann N Y Acad Sci (2011) 1217:1–17. doi: 10.1111/j.1749-
6632.2010.05869.x

15. Blanco-Menendez N, Del Fresno C, Fernandes S, Calvo E, Conde-Garrosa R,
Kerr WG, et al. SHIP-1 Couples to the Dectin-1 Hemitam and Selectively
Modulates Reactive Oxygen Species Production in Dendritic Cells in
Response to Candida Albicans. J Immunol (2015) 195:4466–78. doi:
10.4049/jimmunol.1402874

16. Saz-Leal P, Del Fresno C, Brandi P, Martinez-Cano S, Dungan OM, Chisholm
JD, et al. Targeting SHIP-1 in Myeloid Cells Enhances Trained Immunity and
Boosts Response to Infection. Cell Rep (2018) 25:1118–26. doi: 10.1016/
j.celrep.2018.09.092

17. Lind EF, Millar DG, Dissanayake D, Savage JC, Grimshaw NK, Kerr WG, et al.
Mir-155 Upregulation in Dendritic Cells is Sufficient to Break Tolerance in
Vivo by Negatively Regulating Ship1. J Immunol (2015) 195:4632–40. doi:
10.4049/jimmunol.1302941
Frontiers in Immunology | www.frontiersin.org 9
18. Lo B, Zhang K, Lu W, Zheng L, Zhang Q, Kanellopoulou C, et al. Patients
With LRBA Deficiency Show CTLA4 Loss and Immune Dysregulation
Responsive to Abatacept Therapy. Science (2015) 349:436–40. doi: 10.1126/
science.aaa1663

19. Alroqi FJ, Charbonnier LM, Baris S, Kiykim A, Chou J, Platt CD, et al.
Exaggerated Follicular Helper T-Cell Responses in Patients With LRBA
Deficiency Caused by Failure of CTLA4-Mediated Regulation. J Allergy Clin
Immunol (2017) 141:1050–9. doi: 10.1016/j.jaci.2017.05.022

20. Barnes MJ, Powrie F. Regulatory T Cells Reinforce Intestinal Homeostasis.
Immunity (2009) 31:401–11. doi: 10.1016/j.immuni.2009.08.011

21. Azizi G, Abolhassani H, Yazdani R, Mohammadikhajehdehi S, Parvaneh N,
Negahdari B, et al. New Therapeutic Approach by Sirolimus for Enteropathy
Treatment in Patients With LRBA Deficiency. Eur Ann Allergy Clin Immunol
(2017) 49:235–9. doi: 10.23822/EurAnnACI.1764-1489.22

22. Tesch VK, Abolhassani H, Shadur B, Zobel J, Mareika Y, Sharapova S, et al.
Long-Term Outcome of LRBA Deficiency in 76 Patients After Various
Treatment Modalities as Evaluated by the Immune Deficiency and
Dysregulation Activity (IDDA) Score. J Allergy Clin Immunol (2020)
145:1452–63. for. doi: 10.1016/j.jaci.2019.12.896

23. Bishop JL, Roberts ME, Beer JL, Huang M, Chehal MK, Fan X, et al. Lyn
Activity Protects Mice From DSS Colitis and Regulates the Production of IL-
22 From Innate Lymphoid Cells. Mucosal Immunol (2014) 7:405–16. doi:
10.1038/mi.2013.60

24. Kerr WG, Park MY, Maubert M, Engelman RW. Ship Deficiency Causes
Crohn's Disease-Like Ileitis. Gut (2011) 60:177–88. doi: 10.1136/
gut.2009.202283

25. Meimetis LG, Yang L, Wang X, Wu J, Harwig C, Stenton G, et al. Synthesis of
SHIP1-Activating Analogs of the Sponge Meroterpenoid Pelorol. Eur J Org
Chem (2012) 2012:5195–207. doi: 10.1002/ejoc.201200631

26. Park MY, Srivastava N, Sudan R, Viernes DR, Chisholm JD, Engelman RW,
et al. Impaired T-Cell Survival Promotes Mucosal Inflammatory Disease in
SHIP1-Deficient Mice. Mucosal Immunol (2014) 7:1429–39. doi: 10.1038/
mi.2014.32

27. Blander JM, Longman RS, Iliev ID, Sonnenberg GF, Artis D. Regulation of
Inflammation by Microbiota Interactions With the Host. Nat Immunol (2017)
18:851–60. doi: 10.1038/ni.3780

28. Read S, Malmstrom V, Powrie F. Cytotoxic T Lymphocyte-Associated
Antigen 4 Plays an Essential Role in the Function of CD25(+)CD4(+)
Regulatory Cells That Control Intestinal Inflammation. J Exp Med (2000)
192:295–302. doi: 10.1084/jem.192.2.295

29. Watanabe K, Rao VP, Poutahidis T, Rickman BH, Ohtani M, Xu S, et al.
Cytotoxic-T-Lymphocyte-Associated Antigen 4 Blockade Abrogates
Protection by Regulatory T Cells in a Mouse Model of Microbially Induced
Innate Immune-Driven Colitis. Infect Immun (2008) 76:5834–42. doi:
10.1128/IAI.00542-08

30. Read S, Greenwald R, Izcue A, Robinson N, Mandelbrot D, Francisco L, et al.
Blockade ofCTLA-4 onCD4+CD25+RegulatoryTCellsAbrogates Their Function
in Vivo. J Immunol (2006) 177:4376–83. doi: 10.4049/jimmunol.177.7.4376

31. Liu H, Hu B, Xu D, Liew FY. CD4+CD25+ Regulatory T Cells Cure Murine
Colitis: The Role of IL-10, TGF-Beta, and CTLA4. J Immunol (2003)
171:5012–7. doi: 10.4049/jimmunol.171.10.5012

32. Sugimoto K, Ogawa A, Mizoguchi E, Shimomura Y, Andoh A, Bhan AK, et al.
IL-22 Ameliorates Intestinal Inflammation in a Mouse Model of Ulcerative
Colitis. J Clin Invest (2008) 118:534–44. doi: 10.1172/JCI33194

33. Sawa S, Lochner M, Satoh-Takayama N, Dulauroy S, Berard M, Kleinschek M,
et al. Rorgammat+ Innate Lymphoid Cells Regulate Intestinal Homeostasis by
Integrating Negative Signals From the Symbiotic Microbiota. Nat Immunol
(2011) 12:320–6. doi: 10.1038/ni.2002

34. Lee JS, Tato CM, Joyce-Shaikh B, Gulen MF, Cayatte C, Chen Y, et al.
Interleukin-23-Independent Il-17 Production Regulates Intestinal Epithelial
Permeability. Immunity (2015) 43:727–38. doi: 10.1016/j.immuni.2015.09.003

35. Li S, Heller JJ, Bostick JW, Lee A, Schjerven H, Kastner P, et al. Ikaros Inhibits
Group 3 Innate Lymphoid Cell Development and Function by Suppressing
the Aryl Hydrocarbon Receptor Pathway. Immunity (2016) 45:185–97. doi:
10.1016/j.immuni.2016.06.027

36. Gabhann JN, Higgs R, Brennan K, Thomas W, Damen JE, Ben Larbi N, et al.
Absence of SHIP-1 Results in Constitutive Phosphorylation of Tank-Binding
May 2022 | Volume 13 | Article 830961

https://doi.org/10.1073/pnas.93.9.3947
https://doi.org/10.4049/jimmunol.166.7.4586
https://doi.org/10.1242/dev.02767
https://doi.org/10.1038/srep36568
https://doi.org/10.1038/sj.onc.1207567
https://doi.org/10.1186/1471-2407-13-326
https://doi.org/10.1677/erc.1.01120
https://doi.org/10.1016/j.ajhg.2012.04.015
https://doi.org/10.1016/j.jaci.2012.05.043
https://doi.org/10.1016/j.jaci.2012.07.035
https://doi.org/10.1016/j.jaci.2015.09.025
https://doi.org/10.1111/cei.13600
https://doi.org/10.1073/pnas.1901407116
https://doi.org/10.1111/j.1749-6632.2010.05869.x
https://doi.org/10.1111/j.1749-6632.2010.05869.x
https://doi.org/10.4049/jimmunol.1402874
https://doi.org/10.1016/j.celrep.2018.09.092
https://doi.org/10.1016/j.celrep.2018.09.092
https://doi.org/10.4049/jimmunol.1302941
https://doi.org/10.1126/science.aaa1663
https://doi.org/10.1126/science.aaa1663
https://doi.org/10.1016/j.jaci.2017.05.022
https://doi.org/10.1016/j.immuni.2009.08.011
https://doi.org/10.23822/EurAnnACI.1764-1489.22
https://doi.org/10.1016/j.jaci.2019.12.896
https://doi.org/10.1038/mi.2013.60
https://doi.org/10.1136/gut.2009.202283
https://doi.org/10.1136/gut.2009.202283
https://doi.org/10.1002/ejoc.201200631
https://doi.org/10.1038/mi.2014.32
https://doi.org/10.1038/mi.2014.32
https://doi.org/10.1038/ni.3780
https://doi.org/10.1084/jem.192.2.295
https://doi.org/10.1128/IAI.00542-08
https://doi.org/10.4049/jimmunol.177.7.4376
https://doi.org/10.4049/jimmunol.171.10.5012
https://doi.org/10.1172/JCI33194
https://doi.org/10.1038/ni.2002
https://doi.org/10.1016/j.immuni.2015.09.003
https://doi.org/10.1016/j.immuni.2016.06.027
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Sudan et al. Intestinal Immune Regulation Requires LRBA
Kinase 1 and Enhanced TLR3-Dependent IFN-Beta Production. J Immunol
(2010) 184:2314–20. doi: 10.4049/jimmunol.0902589

37. Hayashi T, Gray CS, Chan M, Tawatao RI, Ronacher L, McGargill MA, et al.
Prevention of Autoimmune Disease by Induction of Tolerance to Toll-Like
Receptor 7. Proc Natl Acad Sci USA (2009) 106:2764–9. doi: 10.1073/
pnas.0813037106

38. Sly LM, Hamilton MJ, Kuroda E, Ho VW, Antignano FL, Omeis SL, et al.
SHIP Prevents Lipopolysaccharide From Triggering an Antiviral Response in
Mice. Blood (2009) 113:2945–54. doi: 10.1182/blood-2008-06-166082

39. Ong CJ, Ming-Lum A, Nodwell M, Ghanipour A, Yang L, Williams DE, et al.
Small-Molecule Agonists of SHIP1 Inhibit the Phosphoinositide 3-Kinase
Pathway in Hematopoietic Cells. Blood (2007) 110:1942–9. doi: 10.1182/
blood-2007-03-079699

40. Burnett DL, Parish IA, Masle-Farquhar E, Brink R, Goodnow CC.Murine LRBA
Deficiency Causes CTLA-4 Deficiency in TregsWithout Progression to Immune
Dysregulation. Immunol Cell Biol (2017) 95:775–88. doi: 10.1038/icb.2017.50

41. Gamez-Diaz L, Neumann J, Jager F, Proietti M, Felber F, Soulas-Sprauel P,
et al. Immunological Phenotype of theMurine LrbaKnockout. ImmunolCell Biol
(2017) 95:789–802. doi: 10.26226/morressier.594a7d45d462b8028d893229

42. Kurtenbach S, Giessl A, Stromberg S, Kremers J, Atorf J, Rasche S, et al. The
BEACH Protein LRBA Promotes the Localization of the Heterotrimeric G-Protein
Golf to Olfactory Cilia. Sci Rep (2017) 7:8409. doi: 10.1038/s41598-017-08543-4

43. Keir M, Yi Y, Lu T, Ghilardi N. The Role of IL-22 in Intestinal Health and
Disease. J Exp Med (2020) 217:e20192195. doi: 10.1084/jem.20192195
Frontiers in Immunology | www.frontiersin.org 10
44. McGeachy MJ, Cua DJ, Gaffen SL. The IL-17 Family of Cytokines in Health
and Disease. Immunity (2019) 50:892–906. doi: 10.1016/j.immuni.2019.03.021

45. Pauls SD, Marshall AJ. Regulation of Immune Cell Signaling by SHIP1: A
Phosphatase, Scaffold Protein, and Potential Therapeutic Target. Eur
J Immunol (2017) 47:932–45. doi: 10.1002/eji.201646795
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sudan, Fernandes, Srivastava, Pedicone, Meyer, Chisholm,
Engelman and Kerr. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
May 2022 | Volume 13 | Article 830961

https://doi.org/10.4049/jimmunol.0902589
https://doi.org/10.1073/pnas.0813037106
https://doi.org/10.1073/pnas.0813037106
https://doi.org/10.1182/blood-2008-06-166082
https://doi.org/10.1182/blood-2007-03-079699
https://doi.org/10.1182/blood-2007-03-079699
https://doi.org/10.1038/icb.2017.50
https://doi.org/10.26226/morressier.594a7d45d462b8028d893229
https://doi.org/10.1038/s41598-017-08543-4
https://doi.org/10.1084/jem.20192195
https://doi.org/10.1016/j.immuni.2019.03.021
https://doi.org/10.1002/eji.201646795
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	LRBA Deficiency Can Lead to Lethal Colitis That Is Diminished by SHIP1 Agonism
	Introduction
	Materials and Methods
	Mice
	Induction of Experimental Colitis
	Histological Analysis
	Bone Marrow Chimera Experiments
	AQX-MN100 Synthesis
	Cohousing
	Cell Isolation and Flow Cytometry
	Statistical Analyses

	Results
	LRBA-Deficient Mice Are Highly Susceptible to Dextran Sulfate Sodium Colitis
	LRBA Deficiency in the Hematopoietic Compartment Renders Mice Susceptible to Colitis
	Susceptibility to Colitis Observed in LRBA-Deficient Mice Is Non-Transmissible
	LRBA Knockout Mice Show Reduced CTLA4 Expression on Treg cells and Impaired ILC3 Effector Function Following Colonic Stress
	SHIP1 Agonism Prolongs Survival of LRBA-Deficient Hosts in Dextran Sulfate Sodium-Induced Colitis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


