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SUMMARY

The inhibitory receptor paired immunoglobulin-like recep-
tor B regulates CD4þ T-helper 17 cell–dependent chronic
intestinal inflammatory responses by tempering mammalian
target of rapamycin complex 1 signaling and enhancing
CD4þ interleukin 17aþ T-cell survival and regulates the
outgrowth and maintenance of tissue resident memory
CD4þ interleukin 17aþ T cells.

BACKGROUND & AIMS: CD4þ T cells are regulated by acti-
vating and inhibitory cues, and dysregulation of these proper
regulatory inputs predisposes these cells to aberrant inflam-
mation and exacerbation of disease. We investigated the role of
the inhibitory receptor paired immunoglobulin-like receptor B
(PIR-B) in the regulation of the CD4þ T-cell inflammatory
response and exacerbation of the colitic phenotype.

METHODS: We used Il10-/- spontaneous and CD4þCD45RBhi T-
cell transfer models of colitis with PIR-B-deficient (Pirb-/-) mice.
Flow cytometry, Western blot, and RNA sequencing analysis
was performed on wild-type and Pirb-/- CD4þ T cells. In silico
analyses were performed on RNA sequencing data set of ileal
biopsy samples from pediatric CD and non–inflammatory bowel
disease patients and sorted human memory CD4þ T cells.

RESULTS: We identified PIR-B expression on memory CD4þ

interleukin (IL)17aþ cells. We show that PIR-B regulates CD4þ

T-helper 17 cell (Th17)-dependent chronic intestinal
inflammatory responses and the development of colitis. Mech-
anistically, we show that the PIR-B– Src-homology region 2
domain-containing phosphatase-1/2 axis tempers mammalian
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target of rapamycin complex 1 signaling and mammalian target
of rapamycin complex 1–dependent caspase-3/7 apoptosis,
resulting in CD4þ IL17aþ cell survival. In silico analyses
showed enrichment of transcriptional signatures for Th17 cells
(RORC, RORA, and IL17A) and tissue resident memory (HOBIT,
IL7R, and BLIMP1) networks in PIR-Bþ murine CD4þ T cells
and human CD4þ T cells that express the human homologue
leukocyte immunoglobulin-like receptor subfamily B member 3
(LILRB3). High levels of LILRB3 expression were associated
strongly with mucosal injury and a proinflammatory Th17
signature, and this signature was restricted to a treatment-
naïve, severe pediatric CD population.

CONCLUSIONS: Our findings show an intrinsic role for PIR-B/
LILRB3 in the regulation of CD4þ IL17aþ T-cell pathogenic
memory responses. (Cell Mol Gastroenterol Hepatol
2021;12:1479–1502; https://doi.org/10.1016/j.jcmgh.2021.06.013)

Keywords: Paired Immunoglobulin Receptor; CD4þ T Cells;
Interleukin 17; Inflammatory Bowel Disease.
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ICrohn’s disease (CD) and ulcerative colitis (UC), are
progressive chronic relapsing-remitting diseases, which
result from an exaggerated inflammatory response to in-
testinal microbes in a genetically susceptible individual.1

Activation of innate immune receptors, such as Toll-like
receptors and Nod-like receptors by pathogenic bacteria
and viruses (dysbiosis), injury, or xenobiotic elements,2,3

leads to activation of intestinal macrophages and dendritic
cells, and in turn drives proinflammatory cytokine (inter-
leukin [IL]6, IL12, and IL23) production. These cytokines
stimulate the development of effector CD4þ-T-helper 1 cell
(Th1), CD4þ-Th2, and CD4þ-Th17,4–6 activation of innate
lymphoid cells (ILC1, ILC2, Natural cytotoxicity
receptor (NCR)þILC3, and NCR-ILC3 cells), which leads to an
IL17A/IFNg/TNFa-dominant proinflammatory response
and the histopathologic manifestations of disease.7–18

Paired immunoglobulin-like receptor B (PIR-B) is a
immunoreceptor tyrosine-based inhibitory motif (ITIM)19,20

containing type I transmembrane glycoprotein expressed
predominantly on myeloid cells, B cells, and gran-
ulocytes.21–23 Activation of PIR-B via major histocompatibil-
ity class I molecules in cis and trans fashion,24 and cell wall
components of certain gram-negative and gram-positive
bacteria,22,25,26 induces PIR-B ITIM domain engagement and
activation of the intracellular phosphatases Src-homology
region 2 domain-containing phosphatase (SHP)-1 and SHP-2.
Subsequently, SHP-1 dephosphorylates p65 and extracellular
signal-regulated kinase (ERK)1/2, resulting in the inhibition
of downstream nuclear factor-kB– and mitogen-activated
protein kinase–signaling pathways27 and inhibition of B-cell
receptor, Toll-like receptor, and chemokine-receptor
signaling.28 We previously reported that PIR-B restrains
innate-immune–induced proinflammatory cytokine (IL1b,
IL6, and TNFa) production by macrophages and limits acute
intestinal inflammation and epithelial cell injury.29

Using PIR-B-deficient (Pirb-/-) mice and using the Il10-/-

spontaneous, aCD3-mediated, and CD4þCD45RBhi T-cell
transfer model of colitis, we show that loss of PIR-B
expression protected mice from the development of CD4þ

T-cell–dependent colitis. Notably, disease protection was
associated with significantly reduced frequency of tissue
resident memory (TRM) CD4þIL17aþ T cells. Adoptive
transfer experiments showed that PIR-B expression on
CD4þ T cells conferred a competitive advantage for T-cell
survival and TRM CD4þ T-cell development. In vitro studies
have shown that Pirb-/- naïve CD4þ T cells have decreased
capacity to differentiate into Th17 cells, impaired cell-cycle
entry into G1 and S phases, and enhanced cell death.
Mechanistic analysis has shown that PIR-B acts as a rheo-
stat, controlling mammalian target of rapamycin complex 1
(mTORC1) signaling in CD4þ T cells and limiting CD4þ

IL17Aþ T-cell outgrowth. Leukocyte immunoglobulin-like
receptor subfamily B member 3 (LILRB3) expression was
associated strongly with mucosal injury and a proin-
flammatory Th17 signature in a treatment-naïve endo-
scopically severe pediatric CD population. Flow cytometry
and RNA sequencing analysis showed enhanced PIR-B and
LILRB3 expression on a subset of memory CD4þ Th17 cells
in mice and human beings, respectively. Collectively, these
data suggest an intrinsic role for PIR-B in the regulation of
the outgrowth and maintenance of TRM CD4þ IL17aþ T cells
and the development of T-cell–dependent colitis.
Results
Decreased Susceptibility of Pirb-/- Mice to Il10-/-

Spontaneous Colitis
To define the role of PIR-B in T-cell–mediated colitis we

backcrossed Pirb-/- mice (C57BL6) with Il10-/- mice
(C57BL6), and monitored for the development of the
spontaneous colitis phenotype. Pirbwild-type (WT)Il10-/-

(Il10-/-) mice showed colitic symptoms including rectal
prolapse, anal bleeding, diarrhea, and dehydration by 8
weeks of age, and disease progressed until 15 weeks of age
(Figure 1A). These symptoms were associated with failure
to thrive and an approximately 20% mortality rate
(Figure 1B and C). Flow cytometry analysis showed
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increased frequency of CD4þ IFNgþ T cells and CD4þ

IL17aþ T cells in the mesenteric lymph nodes (mLN) of the
colitic Il10-/- mice (Figure 1D–F). Histologic analysis of the
colon from Il10-/- mice showed significant evidence of
epithelial erosions, crypt abscesses, and transmural inflam-
mation (Figure 1G and H). By contrast, Pirb-/-Il10-/- mice had
significantly reduced symptoms (Figure 1A), with increased
weight gain and survival rates comparable with healthy
control Il10þ/- mice (Figure 1B and C). Notably, the frequency
of CD4þ IFNgþ T cell and CD4þ IL17aþ T cell populations in
the mLN of Pirb-/-Il10-/- mice was reduced significantly
compared with colitic Il10-/- mice (Figure 1D–F). Congruent
with the reduced disease phenotype, the colons of Pir-
b-/-Il10-/- mice showed reduced histopathologic disease
phenotype possessing normal colonic epithelial architecture
with reduced cellular infiltrate (Figure 1G and H). Using the
PIR 6C1 antibody, which recognizes both PIR-A and PIR-B,19

we identified PIR-B expression on colonic lamina propria
(LP) CD4þ T cells from PirbWTIl10-/- mice (Figure 1I). Addi-
tional quantitative reverse-transcription polymerase chain
reaction (PCR) analyses showed PIR-B messenger RNA
(mRNA) expression in naïve splenic CD4þ T cells (Figure 1J).
Collectively, these data show that PIR-B is expressed on CD4þ

T cells, and mice deficient in PIR-B are protected from Il10-/-

spontaneous colitis.

PIR-B Is Required for CD4þ T-Cell–Dependent
Enteropathy

To directly assess the consequence of PIR-B deficiency
on CD4þ T-cell activation and T-cell–dependent intestinal
injury; we used the aCD3-mediated model of intestinal en-
teropathy (Figure 2A).30,31 Transient activation of T cells in
Il10-/- mice by peritoneal injection of aCD3 resulted in the
development of clinical signs of diarrhea, piloerection,
decreased mobility, and exaggerated weight loss (Figure 2B
and C) that was associated with a potent mLN CD4þ IFNgþ

T cell response and CD4þ IL17aþ T cell response
(Figure 2D). Examination of colonic sections showed sub-
stantial epithelial injury including epithelial apoptosis, villus
atrophy, and an inflammatory infiltrate (Figure 2E and F). In
contrast, Pirb-/-Il10-/- mice showed limited evidence of
aCD3-mediated disease, showing reduced clinical scores
and weight loss, and this was associated with reduced
numbers of mLN CD4þ IFNgþ T cells and CD4þ IL17aþ T
cells, and colonic injury (Figure 2B–F). Systemic levels of
TNFa and IFNg were comparable between Il10-/- and
Figure 1. (See previous page). Loss of Pirb suppresses the de
score, (B) percentage body weight change (relative to weight a
Il10þ/- (red), Il10-/- (blue), Pirb-/-Il10-/- (green) mice corresponding
Flow cytometry analysis of CD4þIFNgþ and CD4þIL17aþ T cel
CD4þIFNgþ or (F) CD4þIL17aþ T cells in the mLN of mice at 15 w
(G) Representative image of colon histology (H&E staining) fro
Bottom row: 20� magnification. (H) Colon histologic scoring f
(Il10þ/-, n ¼ 4; Il10-/-, n ¼ 10; Pirb-/-Il10-/-, n ¼ 22). (I) Representa
CD3þCD4þ T cells isolated from colonic lamina propria of Il10-/-

from WT and Pirb-/- mice (WT, n ¼ 3; Pirb-/-, n ¼ 3). Data are pr
using 2-way analysis of variance (P < .05) followed by the (A
unpaired t test. *P < .05, **P < .01, and ***P < .001. (A–C, E, F
LPMC, lamina propria mononuclear cell.
Pirb-/-Il10-/- mice; however, IL17a was reduced significantly
in Pirb-/-Il10-/- mice compared with Il10-/- mice (Figure 2G).
These studies suggest that PIR-B negatively regulates
exacerbation of T-cell–dependent enteropathy and may
have direct regulatory effects on the CD4þ Th17
compartment.

To test whether PIR-B intrinsically regulates CD4þ T
cells, we used the CD4þCD45RBhi T-cell transfer model of
colitis.32,33 Rag-/- mice that received naïve WT CD4þ T cells
(400,000 cells) developed symptoms of colitis 2 weeks after
T-cell transfer and these mice showed substantial weight
loss by day 30 (Figure 3A–C). Development of colitis was
associated with the presence of CD4þ IFNgþ T cells and
CD4þ IL17aþ T cells in the mLN (Figure 3D), colonic
inflammation with severe crypt destruction (Figure 3E and
F), and systemic TNFa, IFNg, and IL17a cytokines
(Figure 3G). By contrast, Rag-/- mice that received naive
Pirb-/- CD4þ T cells developed a reduced colitic phenotype
as evident by clinical score, weight loss, and colon histo-
pathology (Figure 3B, C, E, and F). Consistent with this, the
frequency of CD4þ IFNgþ T cells and CD4þ IL17aþ T cells
was reduced significantly in Rag-/- mice, which received
Pirb-/- CD4þ T cells (Figure 3D). Importantly, Pirb deficiency
in the CD4þ T-cell compartment resulted in the down-
regulation of systemic levels of IL17a, but not TNFa and
IFNg (Figure 3G). Together, these data confirm that PIR-B
intrinsically regulates IL17aþ inflammatory responses
in vivo and indicate that PIR-B is required for archetypal
CD4þ IL17aþ T-cell response.

PIR-B Intrinsically Regulates Th17 Cell Survival
In Vitro

To gain mechanistic insight into PIR-B regulation of
CD4þ T-cell function, we assessed the proliferation and
differentiation capacity of WT and Pirb-/- naïve CD4þ T cells.
Polyclonal activation of WT and Pirb-/- CD4þ T cells under
Th1 polarizing conditions induced equivalent frequencies of
CD4þ IFNgþ T cells (Figure 4A). Consistent with this, we
observed comparable number and cellular proliferative ca-
pacity in WT and Pirb-/- CD4þ Th1 cells (Figure 4C). Under
Th17 polarizing conditions we observed a significant
reduction in the frequency and number of CD4þ IL17aþ T
cells generated from Pirb-/- CD4þ T cells compared with WT
CD4þ T cells (Figure 4B). The reduced frequency in Pirb-/-

CD4þ IL17aþ T cells was not a consequence of reduced
proliferative capacity because we observed a similar
velopment of spontaneous colitis in Il10-/- mice. (A) Clinical
t start of the experiment), and (C) percentage survival rate of
to age (Il10þ/-, n ¼ 18; Il10-/-, n ¼ 11; Pirb-/-Il10-/-, n ¼ 22). (D)
ls in the mLN of mice at 15 weeks of age. Percentage of (E)
eeks of age (Il10þ/-, n ¼ 15; Il10-/-, n ¼ 7; Pirb-/-Il10-/-, n ¼ 22).
m Il10-/- and Pirb-/-Il10-/- mice; top row: 4� magnification.
rom Il10þ/-, Il10-/-, and Pirb-/-Il10-/- mice at 15 weeks of age
tive flow cytometry histogram of the expression of PIRA/B on
mice. (J) Pirb mRNA expression in splenic naïve CD4þ T cells
esented as means ± SEM. Statistical analysis was performed
and B) Dunnett multiple comparison test or the (E, F, and H)
, and H) Data shown encompass 3 independent experiments.



Figure 2. Pirb-deficient CD4D T cells fail to induce acute intestinal enteropathy. (A) Schematic representation of aCD3
treatment protocol. (B) Clinical score and (C) percentage body weight change (relative to weight before initial aCD3 injection) of
Il10-/- and Pirb-/-Il10-/- mice after aCD3 injection (Il10-/-, n ¼ 14; Pirb-/-Il10-/-, n ¼ 14). (D) Cell counts of CD4þIFNgþ and
CD4þIL17aþ T cells in the mLN of mice (Il10-/-, n ¼ 7; Pirb-/-Il10-/-, n ¼ 13). (E) Representative image of colon histology (H&E
staining) from Il10-/- and Pirb-/-Il10-/- mice. Top row: 4� magnification; bottom row: 20� magnification. (F) Colon histologic
scoring from Il10-/- and Pirb-/-Il10-/- mice (Il10-/-, n ¼ 8; Pirb-/-Il10-/-, n ¼ 13). (G) Systemic levels of TNFa, IFNg, and IL17a in
serum of Il10-/- and Pirb-/-Il10-/- mice at 52 hours after a CD3 injection. Cytokine levels were detected by in vivo cytokine
capture assay (IVCCA) (Il10-/-, n ¼ 7; Pirb-/-Il10-/-, n ¼ 7; Il10þ/-, n ¼ 3). Data are presented as means ± SEM. Statistical analysis
was performed using 2-way analysis of variance (P < .05) followed by the (B and C) Sidak multiple comparison test or (D, F,
and G) the unpaired t test. *P < .05, **P < .01, and ***P < .001. Data shown encompass 3 independent experiments. IP,
intraperitoneally.
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Figure 3. Pirb-deficient CD4D T cells fail to induce chronic colitis. (A) Schematic representation of T-cell–transfer protocol.
Rag-/- mice received either 400,000 CD4þ CD45RBhi WT (blue) or Pirb-/- (red) T cells. (B) Clinical score and (C) percentage body
weight change (relative to weight at start of the experiment) of Rag-/- mice after T-cell injection (WT, n ¼ 13; Pirb-/-, n ¼ 14). (D)
Cell counts of CD4þIFNgþ and CD4þIL17aþ T cells in the mLN of mice (WT, n ¼ 7; Pirb-/-, n ¼ 5). (E) Representative image of
colon histology (H&E staining) from Rag-/- mice. Top row: 4� magnification; bottom row: 20� magnification. (F) Colon his-
tologic scoring from Rag-/- mice (WT, n ¼ 10; Pirb-/-, n ¼ 10). (G) Systemic levels of TNFa, IFNg, and IL17a in serum of Rag-/-

mice at 5 weeks after T-cell transfer (WT, n ¼ 7; Pirb-/-, n ¼ 7). Cytokine levels were detected by IVCCA. Data are presented as
means ± SEM. Statistical analysis was performed using 2-way analysis of variance (P < .05) followed by the (B and C) Sidak
multiple comparison test or (D, F, and G) unpaired t test. *P < .05 and ***P < .001. Data shown encompass 3 independent
experiments. IP, intraperitoneally.
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number of cellular divisions (Figure 4C). However, quanti-
fication of the number of cells at each division showed a
reduced frequency of Pirb-/- CD4þ T cells at each cell
division compared with WT CD4þ T cells (Figure 4C), sug-
gesting that PIR-B regulates CD4þ IL17aþ T-cell survival.
Consistent with this, we observed increased cell death



2021 PIR-B Regulates T-Cell–Dependent Colitis 1485
occurring via apoptosis, as evidenced by significantly
increased caspase 3/7 activation in Pirb-/- CD4þ T cells
compared with WT CD4þ T cells (Figure 4D–I). Importantly,
this was specific to Th17 polarizing conditions because no
significant differences in cell death or caspase 3/7 activation
was observed in Pirb-/- CD4þ T cells compared with WT
CD4þ T cells under Th1 polarizing conditions (Figure 4D, E,
G, and H). To determine whether the effects of PIR-B were in
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part associated with CD4þ T-cell development, we per-
formed RNA sequencing on unstimulated WT and
Pirb-/- CD4þ naïve T cells. We identified a total of 12,343
genes expressed (reads per kb of transcript, per million
mapped reads [RPKM], >5) by WT and Pirb-/- CD4þ naïve T
cells (Supplementary Table 1, Figure 5A). A total of 11,463
genes (92.9% of totally expressed genes) were expressed
equally (RPKM, >5; fold change, >1.0 and <1.5) between
WT and Pirb-/- CD4þ naïve T cells and 880 differentially
expressed genes (DEGs) (19 genes were up-regulated, 861
genes were down-regulated) (Supplementary Table 1,
Figure 5). Gene network and pathway analyses showed no
significant enrichment of T cell, cytokine and apoptosis,
T-cell receptor, apoptosis and cell-cycle pathways, or dif-
ferences in core Th17 or mTOR signaling genes (Supple-
mentary Table 1, Figure 5A–F). Consistent with this, we
observed no differences in live dead staining, Annexin V
expression, or caspase 3/7 activation between WT and
Pirb-/- naïve CD4þ T cells before stimulation, indicating that
the observed induction of cell death and apoptosis was
associated with CD4þ T-cell activation (Figure 6). We next
investigated the impact of PIR-B on early CD4þ T-cell acti-
vation and cell-cycle entry under Th1 and Th17 polarizing
conditions (Figure 4J–O). We observed significantly fewer
Pirb-/- CD4þ T cells entering the G1 and S phase of the cell
cycle by comparison with WT CD4þ T cells under Th17
polarizing conditions (Figure 4J, L, M, and O); importantly
the cell-cycle G1 and S phase impairment of PIR-B–deficient
cells was restricted to Th17 and not Th1 differentiation
(Figure 4J–O). Cumulatively, these results indicate that PIR-
B acts as a T-cell intrinsic factor regulating the outgrowth of
Th17 cells by modulating cell survival and cell cycle.
PIR-B Suppresses mTORC1 Signaling in CD4þ T
Cells and Modulates Th17 Differentiation

mTORC1 signaling regulates CD4þ T-cell fate decisions,34

and, in particular, CD4þ Th17 cell differentiation.35 Indeed,
stimulation of WT and Pirb-/- naïve CD4þ T cells under Th17
conditions leads to rapid activation and phosphorylation of
the downstream protein of mTORC1 signaling, S6 kinase
(Figure 7A). Notably, we observed hyperphosphorylation of
Figure 4. (See previous page). Pirb-/- CD4D T cells have im
conditions. Gating strategy and cell counts of WT and Pirb-/-

polarizing conditions for 72 hours (WT, n ¼ 10; Pirb-/-, n ¼ 10).
polarized (top) and Th17 polarized (bottom) CD4þ T cells (left).
Pirb-/-, n ¼ 3). (D) Representative plots of the Annexin V express
Th17 (bottom) conditions. Counts of dead (Annexinþ or Viability
Th17 conditions (WT, n ¼ 5; Pirb-/-, n ¼ 8). (G) Representative
activated under Th1 (top) and Th17 (bottom) conditions for 4
cultured under (H) Th1 polarizing conditions or (I) Th17 polar
Representative plots showing G1 cell-cycle entry via the expre
(bottom) polarizing conditions for 12 hours. Frequency of CD4
conditions or (L) Th17 conditions for 12 hours (WT, n ¼ 8; Pirb-/-

Edu in CD4þ T cells under Th1 (top) and Th17 (bottom) condition
phase (Eduþ) under (N) Th1 conditions or (O) Th17 conditions f
means ± SEM. Statistical analysis was performed using an unpa
K, L, N, and O) Data shown encompass 3 independent experime
independent experiments. CTV, cell trace violet; FSC, forward s
S6 kinase in Pirb-/- CD4þ T cells compared with WT CD4þ T
cells (Figure 7A and B). Consistent with this, we observed
increased levels of the mTOR activator, the guanosine
triphosphate (GTP)-bound form of the small GTPase Ras
homologue enriched in brain (Rheb) in Pirb-/- CD4þ T cells
compared with WT CD4þ T cells (Figure 7C). The tuberous
sclerosis (TSC1–TSC2) heterodimeric protein complex36

stimulates TSC2 GTPase-activating protein (GAP) activity
toward Rheb, converting Rheb-GTP (active form) to Rheb-
guanosine diphosphate (GDP_36,37 (inactive form), which in
turn limits mTORC1 activity.38 TSC2-GAP activity on Rheb is
regulated by extracellular signals through the phosphory-
lation of TSC1 and TSC2 by protein kinase B (AKT), AMP-
activated protein kinase (AMPK), glycogen synthase kinase
3 (GSK3), ERK, serum and glucocorticoid (SGK), or ribo-
somal s6 kinase (RSK).36,38–41 Notably, stimulation of Pirb-/-

naïve CD4þ T cells under Th17 polarizing conditions lead to
significantly increased phosphorylation of the mitogen-
activated protein kinase ERK, compared with WT naïve
CD4þ T cells (Figure 7D). Consistent with this, we observed
significantly increased phosphorylated tuberous sclerosis 2
(p-TSC2) in Pirb-/- naïve CD4þ T cells compared with WT
naïve CD4þ T cells (Figure 7E). To determine whether
hyperactivated mTORC1 signaling may contribute to the
heightened apoptosis and cell death in Pirb-/- naïve CD4þ T
cells, we assessed Pirb-/- naïve CD4þ T-cell proliferation
under Th17 polarizing conditions in the presence of the
mTORC1 inhibitor rapamycin (Figure 7F and G). Consistent
with previous observations,42,43 Th17 differentiation of
naïve WT CD4þ T cells in the presence of increasing high
concentrations of rapamycin that ablates mTOR activity led
to a concentration-dependent reduction in the outgrowth of
WT IL17aþ CD4þ T cells (Figure 8). Given the observation
that abolition of mTORC1 activity with high concentration of
rapamycin inhibited both WT and Pirb-/- IL17aþ CD4þ T cell
outgrowth under Th17 polarizing conditions, we next
examined whether partial inhibition of mTORC1 signaling
could diminish mTOR activity and enhance Pirb-/- CD4þ T
IL17þ cell frequency and reconstitute the WT phenotype. To
do this we performed Th17 differentiation of naïve WT and
Pirb-/- CD4þ T cells in the presence of 50 pmol/L rapamycin,
which promotes partial inhibition of mTOR activity. Indeed,
paired survival and differentiation under Th17 polarizing
CD4þ T cells cultured under (A) Th1 polarizing and (B) Th17
(C) Representative plots of Cell Trace Violet staining on Th1
Percentages of cells within each division (right) (WT, n ¼ 3;
ion and viability in CD4þ T cells activated under Th1 (top) and
Dyeþ) CD4þ T cells cultured under (E) Th1 conditions or (F)

plots of the expression of active caspase 3/7 in CD4þ T cells
hours. Frequency of activated caspase 3/7þ CD4þ T cells
izing conditions for 4 hours (WT, n ¼ 9; Pirb-/-, n ¼ 9). (J)
ssion of Pyronin Y in CD4þ T cells under Th1 (top) and Th17
þ T cells that have entered G1 (Pyronin Yþ) under (K) Th1
, n ¼ 8). (M) Representative plots showing the incorporation of
s for 28 hours. Frequency of CD4þ T cells that have entered S
or 28 hours (WT, n ¼ 8; Pirb-/-, n ¼ 6). Data are presented as
ired t test. *P < .05, **P < .01, and ***P < .001. (A, B, E, F, H, I,
nts. (C) Data shown are from 1 experiment, representative of 3
catter.



Figure 5. RNA sequencing analysis of unstimulated WT and Pirb-/- naïve CD4D T cells. (A) Venn diagram indicating equal
(blue: RPKM, �5; fold change, �1 and �1.5; n ¼ 11,463) and differential (orange: RPKM, �5; Padjusted � .05; absolute fold
change, �1.5; n ¼ 880) gene expression between WT naïve CD4þ T cells and Pirb-/- CD4þ naive T cells. (B) Volcano plot of
RNA sequencing data analysis. Red indicates significantly enriched genes (|logFC| > 1; P < .05). (C) Heat map of differentially
expressed genes comparing WT naïve CD4þ T cells and Pirb-/- CD4þ naive T cells. (D) Bar graphs of pathway analysis of
differentially expressed genes in WT naïve CD4þ T cells relative to Pirb-/- CD4þ naive T cells; assessed via KEGG 2019, ranked
by P value. Heat map showing relative expression of (E) mTORC1 core signaling and (F) Th17 transcriptome signature genes
between WT naïve CD4þ T cells and Pirb-/- CD4þ naive T cells. Raw reads fromWT (n ¼ 2) and Pirb-/- CD4þ T cells (n ¼ 3) were
aligned to the reference mm9 mouse genome (GRCm38) using Hisat-build pipeline. Relative gene expression was quantified
using the featureCounts function from the subread-2.0.0 package. The gene list was filtered for pseudogenes, RIKEN com-
plementary DNA sequences, and immunoglobulin variable genes and downstream analysis of expressed genes was per-
formed using IDEP 9.1. Raw data and the description of commonly expressed genes and DEGs are described in
Supplementary Table 1.
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Figure 6. WT and Pirb-/- naïve CD4D T cells have limited
caspase 3/7 activation before stimulation. Representative
flow cytometry plots of the expression of active caspase 3/7
in unstimulated WT (left) and Pirb-/- (right) naive CD4þ T cells.
Representative data of 3 independent experiments.
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Th17 differentiation of naïve Pirb-/- CD4þ T cells in the
presence of 50 pmol/L rapamycin significantly increased
the frequency of Pirb-/- IL17aþ CD4þ T cells compared with
that observed in the absence of rapamycin (Figure 7F and
G). Notably, the frequency of Pirb-/- IL17aþ CD4þ T cells in
the presence of 50 pmol/L rapamycin was comparable with
that observed in WT CD4þ T cells in the presence of vehicle
(Figure 7G). These studies suggest that tempering of
mTORC1 activity in Pirb-/- naïve CD4þ T cells can enhance
CD4þ Th17 differentiation and outgrowth and reconstitute
the WT phenotype.

The regulatory function of PIR-B is mediated predomi-
nantly via SHP-1/2 inhibition of kinase activity.27,29 Given
our demonstration of heightened kinase activity, ERK, and
p-TSC2 in Pirb-/- naïve CD4þ T cells under Th17 polarizing
conditions, we examined the requirement of SHP-1/2
function in the WT and Pirb-/- naïve CD4þ T-cell prolifera-
tion under Th17 polarizing conditions (Figure 7H and I).
Th17 differentiation in the presence of SHP-1/2 inhibitor
led to a reduction in the number of WT and Pirb-/-

IL17aþCD4þ T cells (Figure 7H and I). Notably, at 25 mmol/L
SHP-1/2 inhibitor the number of WT CD4þ IL17aþ cells
were comparable with the number of Pirb-/- CD4þ IL17aþ

cells generated in the absence of the inhibitor (Figure 7I).
Collectively, these studies suggest a role for SHP-1/2 and
mTORC1 signaling in PIR-B–mediated regulation of CD4þ

IL17aþ cell maintenance.

PIR-B Expression Is Up-regulated on Memory
CD4þ Th17 Cells

Flow cytometry analyses identified significant expres-
sion of PIR-B on the surface of CD3þ CD4þ CD44high CD62Lþ

memory splenic CD4þ T cells and limited expression on
CD3þ CD4þ CD44low CD62L- naïve T cells from WT C57BL6
mice (Figure 9A). Notably, PIR-Bþ splenic memory CD3þ

CD4þ CD44high CD62Lþ CD4þ cells were predominantly
IL17aþ (Figure 9B). Given the recent demonstration that
TRM CD4þ T cells are drivers of chronic inflammation in
models of colitis18; we next examined PIR-B expression on
colonic TRM CD4þ T cells from Il10-/- and Pirb-/-Il10-/- colitic
mice. Indeed, PIR-B was expressed on a subset of
CD3þCD4þCD44þCD69þ LP T cells in the colons of Il10-/-
mice (Figure 9C). Furthermore, frequencies of TRM CD4þ T
cells (CD3þCD4þCD44þ CD103þCD69þ) were enriched in
Il10-/- mice and Rag-/- mice, which received WT CD4þ T cells
compared with Pirb-/-Il10-/- mice and Rag-/- mice, which
received Pirb-/- CD4þ T cells, respectively (Figure 9C and D).
Analyses with WT and Pirb-/- IL17a green fluorescent pro-
tein (GFP) mice showed PIR-B was expressed on a subset of
CD3þCD4þCD44þIL17aþ lamina propria mononuclear cells
and that the frequency of CD3þCD4þCD44þIL17aþ lamina
propria mononuclear cells in Pirb-/- IL17a GFP mice was
reduced compared with WT IL17a GFP mice (Figure 9E).
These observations were validated in silico (GSE130446)44

by the demonstration that TRM CD4þ T IL17aþ cells iden-
tified by expression of HOBIT, FCGR2B, BLIMP1, RORC,
RORCA, IL23R, and IL17A expressed high levels of PIR-B
relative to naïve or memory CD4þ T cells from the drain-
ing lymph nodes of mice (Figure 9F). To determine if PIR-B
expression intrinsically impacted CD4þ T-cell survival and
TRM formation, we performed competitive adoptive trans-
fer experiments in which equal numbers of congenically
labeled WT (CD45.2þ) and Pirb-/- (CD45.1þCD45.2þ) CD4þ

T cells were co-transferred into the same Rag-/- recipient.
Tracking the donor T-cell populations in the peripheral
blood showed greater numbers of CD45.2þ WT CD4þ T cells
than CD45.1þCD45.2þ Pirb-/- CD4þ T cells (Figure 9G and
H). Furthermore, we observed significantly more CD45.2þ

WT CD4þ T cells than CD45.1þCD45.2þ Pirb-/- CD4þ T cells
in the secondary lymphoid organs and intestinal tissue in
the same recipient mice (Figure 9I). Intriguingly, we
observed a significant increase in the number of colonic
TRM CD4þ T cells (CD3þ CD4þ CD44þ CD103þ) derived
from the CD45.2þ WT CD4þ T-cell donor population
(Figure 9J and K). Collectively, our data show that PIR-B is
expressed on a subset of TRM CD4þ Th17 cells and confers
a competitive advantage for T-cell survival and TRM
formation.
LILRB3 Expression Is Associated With
Pathogenic IBD and Memory Th17 Responses

To identify if there was expression of the human ho-
mologue of PIR-B (LILRB3) in human CD4þ IL17Aþ cells,
and a relationship between LILRB3þ CD4þ IL17Aþ function
and the IBD phenotype, we next examined a RNA
sequencing data set of ileal biopsy samples from a cohort of
259 pediatric individuals consisting of treatment naive CD
and non-IBD patients (GSE57945).45 Principle component
analysis of gene expression data between non-IBD (n ¼ 42),
pediatric ileal involvement CD (iCD) (n ¼ 162), and colonic-
only involvement CD (cCD) (n ¼ 55) patients showed a
distinct iCD transcriptome signature (Figure 10A). Pathway
enrichment analyses of DEGs showed groups of related
genes within the iCD gene signature associated with chem-
ical carcinogenesis, IL17 signaling pathway,
cytokine–cytokine receptor interaction (Table 1). LILRB3
mRNA expression was up-regulated significantly in cCD and
iCD compared with non-IBD controls (Figure 10B). Stratifi-
cation of the CD cohort based on endoscopic severity, con-
trol (Ctl, non-IBD), cCD no microscopic/macroscopic



Figure 7. Pirb regulates CD4D IL17aD

cells via negative regulation of
mTORC1 signaling. (A) Western blot
analyses of phosphorylation of S6 ki-
nase in purified CD4þ T cells cultured
under Th17 polarizing conditions for 5
minutes. (B) Densitometry analyses of
phosphorylation of S6 kinase in purified
CD4þ T cells cultured under Th17
polarizing conditions for 5 minutes (WT,
n ¼ 3; Pirb-/-, n ¼ 3). (C) WT and Pirb-/-

CD4þ T-cell lysates were immunopre-
cipitated with Rheb-GTP antibody.
Western blot was performed for Rheb.
(D) Western blot analyses of phosphor-
ylation of ERK in purified CD4þ T cells
cultured under Th17 polarizing condi-
tions for 5 minutes (left). Densitometry
analyses of phosphorylation of ERK in
purified CD4þ T cells cultured under
Th17 polarizing conditions for 5 minutes
(right) (WT, n ¼ 3; Pirb-/-, n ¼ 3). (E)
Western blot analyses of phosphoryla-
tion of TSC2 in purified CD4þ T cells
cultured under Th17 polarizing condi-
tions for 5 minutes (left). Densitometry
analyses of phosphorylation of TSC2 in
purified CD4þ T cells cultured under
Th17 polarizing conditions for 5 minutes
(right) (WT, n ¼ 3; Pirb-/-, n ¼ 3). WT and
Pirb-/- CD4þ T cells were cultured in the
presence of rapamycin (50 pmol/L). (F)
Representative flow cytometry plots of
Cell Trace Violet staining on Th17
polarized cells and quantification of (G)
IL17aþCD4þ T cells (WT, n ¼ 3; Pirb-/-,
n ¼ 3). WT and Pirb-/- CD4þ T cells were
cultured in the presence of SHP-1/2 in-
hibitor (25 mmol/L). (H) Representative
flow cytometry plots of Cell Trace Violet
staining on Th17 polarized cells and
quantification of (I) IL17aþCD4þ T cells
(WT, n ¼ 3; Pirb-/-, n ¼ 3). Data are
presented as means ± SEM. Statistical
analysis was performed using 2-way
analysis of variance (P < .05) followed
by the (G and I) Sidak multiple compar-
ison test or (B, D, and E) unpaired t test.
*P < .05, **P < .01, and ***P < .001. (B,
D, and E) Data shown encompass 3 in-
dependent experiments. (A, C, and F–I)
Data shown are from 1 experiment,
representative of 3 independent experi-
ments. CTV, cell trace violet; IP, immu-
noprecipitation; WCE, whole cell extract.
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Figure 8. Th17 polarization is impaired at high doses of rapamycin in WT and Pirb-/- naïve CD4D T cells. WT and Pirb-/-

CD4þ T cells were cultured in the presence of different concentrations of rapamycin (0, 50, 100, and 200 nmol/L). (A)
Representative flow cytometry plots of Cell Trace Violet staining on Th17 polarized cells and quantification of (B) IL17aþCD4þ

T cells (n ¼ 3). Data are presented as means ± SEM. Statistical analysis was performed using an unpaired t test. *P < .05. (A
and B) Data shown are from 1 experiment, representative of 3 independent experiments. CTV, cell trace violet.
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inflammation and no deep ulcer (DU), cCD with macroscopic
inflammation and no DU, undetermined cCD, iCD with
macroscopic inflammation with no DU and iCD macroscopic
inflammation with DU,45,46 and principle component anal-
ysis of gene expression between non-IBD and the CD clinical
subgroups with LILRB3 expression (RPKM values: quartile
[Q]1, 0.59–1.44; Q2, 1.48–2.72; Q3, 2.73–5.47; and Q4,
5.56–73.39) showed a distinct segregation of the LILRB3
signature within the iCD-DU group compared with other CD
disease subgroups (Figure 10C, Table 2). Forty of 65 pa-
tients in the Q4 LILRB3hi group were iCD-DU (Figure 10D).
Evaluation of the differentially expressed genes (ranked by
P value, n ¼ 25 most up-regulated and down-regulated
genes) between Q4 LILRB3hi iCD-DU patients and LILR-
B3low non-IBD patients identified significant enrichment of
genes involved in cytokine–cytokine receptor interaction,
IL17a signaling, and TNF signaling pathway (Figure 10E and
F, Table 3) suggesting an interaction between LILRB3 and
Th17 responses in CD. Consistent with this, LILRB3 mRNA
expression within the iCD-DU group correlated positively
with IL1B, IL17A, IL21, TNF, IL6, and S100A9 in the iCD-DU
group; indicating that LILRB3 was related to mucosal
inflammation and correlated with disease severity47,48

(Table 4). To determine whether there was a direct asso-
ciation between LILRB3 and memory CD4þTh17 cells in
human beings, we examined a RNA sequencing data set on
sorted human memory CD4þ T cells (GSE140244).44 Strik-
ingly, we showed a subset of memory CD4þ T cells with high
expression of LILRB3, and these LILRB3þ memory CD4þ T
cells expressed heightened levels of genes that encode Th17
(Rorc, Rora) and TRM (Hobit, Blimp1, KLRG1) transcription
factors (Figure 10G). Assessment of biological function by
analyzing the differentially expressed genes (ranked by P
value, n ¼ 200) between LILRB3þ memory CD4þ T cells and
LILRB3- memory CD4þ T cells showed that LILRB3þ mem-
ory CD4þ T cells were involved in Th17 inflammatory re-
sponses (Figure 10H and I). To determine which signaling
pathways were impacted in IBD development and the
memory CD4þ T-cell response, we performed gene set
enrichment analysis on the most dysregulated genes from
the GSE57945 and GSE140244 data sets. Analyses showed
positive enrichment in hallmark gene sets for IL6 signal
transducer and activator of transcription 3 signaling,
apoptosis, and mTORC1 signaling in LILRB3hi CD patients
and LILRB3þ memory CD4þ T cells relative to LILRB3low

non-IBD patients and LILRB3- memory CD4þ T cells,
respectively (Figure 10J). Cumulatively, our in silico results
show that LILRB3 is highly expressed on a subset of mem-
ory CD4þTh17 cells in human beings and links LILRB3þ

memory CD4þ T cells with pathogenic Th17 inflammatory
responses in IBD.

Discussion

Herein, we have shown that PIR-B is a negative regulator
of CD4þ T cells and loss of function inhibits the differenti-
ation and outgrowth of TRM CD4þ Th17 cells, leading to the
protection from CD4þ T-cell–dependent colitis. Mechanisti-
cally, we show that PIR-B is expressed by naïve and TRM
CD4þ T cells and that PIR-B intrinsically regulates CD4þ

IL17aþ T-cell survival. PIR-B modulates ERK and TSC1/2
heterodimeric protein complex activity restraining mTORC1
signaling and mTORC1-mediated CD4þ T-cell apoptosis.
Finally, we showed that PIR-B expression is up-regulated in
TRM CD4þ IL17aþ cells and that the human ortholog,
LILRB3, is associated with a severe pediatric CD phenotype
(iCD-DU) and memory CD4þ IL17Aþ T-cell responses in
human beings. Collectively, these studies show an intrinsic
role for LILRB receptors in the regulation of the adaptive
CD4þ T-cell inflammatory response and exacerbation of the
TRM CD4þ IL17aþ T-cell driven CD phenotype.

By using multiple models of T-cell–dependent colitis we
show that PIR-B deficiency leads to a loss of CD4þ IL17aþ

cells, reduced systemic IL17a, and protects mice from colitis.
Corroborative evidence from clinical and experimental
studies support an important role for CD4þ IL17aþ cells in
the induction and exacerbation of IBD,12,13,49,50 IL17a can be
produced by multiple T-cell populations including CD4þ

abT cells, gdT cells, natural killer T cells, and non–T-cell
populations including innate lymphoid cells.51–54 Studies
using the CD4þ CD45RBhigh T-cell transfer model of colitis
supports a dominant role for IL17-producing CD4þ abT
cells in the augmentation of the colitic response.55 Analyses
of draining LN and colonic LP from Il10-/- mice with spon-
taneous colitis showed that the IL17a signal is derived
predominantly from CD3þ CD4þ T-cell receptor (TCR) ab T
cells. Furthermore, our demonstration that transfer of WT
and not Pirb-/- CD4þ T cells to immunodeficient mice led to
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the generation of CD4þ IL17aþ cells, and colitis confirms
that PIR-B expression in CD4þ abT cells is important for the
CD4þ T-cell–driven colitic response. Previous studies have
reported that germ-free Il10-/- mice do not spontaneously
develop colitis,56 indicating that the Il10-/- spontaneous
model of colitis is dependent on the intestinal microbiota.
We cannot rule out a possible role for the microbiome in the
protected colitic phenotype observed in Pirb-/-Il10-/- mice.
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However, experiments using the WT and Pirb-/- CD4þ T-cell
transfer model of colitis and competitive transfer experi-
ments in co-housed recipient Rag-/- mice showed that loss of
PIR-B expression specifically in the CD4þ T compartment
resulted in significant protection from colitis development
and suppressed the survival of the donor naive CD4þ T cells.
Collectively, these experiments indicated that the pheno-
typic differences in the colitic phenotype likely are owing to
the intrinsic regulation of PIR-B in the CD4þ T-cell
compartment and not attributed to the microbiome.

We have shown high PIR-B expression on CD3þ CD4þ

CD44high CD62Lþ memory CD4þ IL17aþ cells. Genetic
deletion of Pirb led to a marked reduction in the frequency
of colonic LP CD3þCD4þCD44þIL17aþ TRM T cells and
protection from CD4þ IL17aþ T-cell–driven colitis.
Consistent with this, examination of an independent RNA
sequencing data set showed PIR-B expression in sorted
TRM CD4þ IL17aþ cells.44 Collectively, these studies sug-
gest that PIR-B regulates TRM CD4þ IL17aþ T cells. We and
others have identified an increased frequency of CD4þ

TRM T cells with a proinflammatory Th17 phenotype in
biopsy samples from active CD and ulcerative colitis pa-
tients compared with healthy control patients.17,18,57,58

Furthermore, increased levels of CD69þCD103þ CD4þ

TRM T cells have been associated with clinical flares.18

Previous reports identified a link between CD4þ TRM
IL17Aþ T cells and CD by using biopsy specimens from CD
patients undergoing surgery for severe, chronically active,
or complicated disease.17

The contribution of IL17a to the IBD phenotype is
complex.59 IL17a signaling has been shown to have benefi-
cial effects on the integrity of the intestinal epithelial barrier
and protect against the IBD phenotype.60 Furthermore, bi-
ologics targeting the IL17a cytokine led to worsening of
intestinal inflammation in a subset of CD patients.61,62 In
contrast, targeting of the cytokines IL6 and IL23 or their
receptors, which are essential for the differentiation of
Figure 9. (See previous page). Pirb is expressed on a subset
gating on CD3þCD4þ naive and memory T cells. Splenocytes f
reporter mice were analyzed for PIRA/B expression on T-cell s
cytometry of the expression of PIRA/B and CD69 on CD3þCD4
and Pirb-/-Il10-/- at 10 weeks of age (left). Quantification of col
(right) (Il10-/-, n ¼ 9; Pirb-/-Il10-/-, n ¼ 9). (D) Quantification of co
from Rag-/- mice that received either 400,000 CD4þ CD45RB
cytometry of the expression of PIRA/B and IL17a on CD3þCD
IL17a GFP and Pirb-/- IL17a GFP reporter mice at 10 weeks of
(right) (WT, n ¼ 5; Pirb-/-, n ¼ 5). (F) Heat map of differentially exp
a selected subset of genes known to be involved in resident me
(exTh17) resident memory T cells, Th17 resident memory T cel
CD4þ T cells. (G) Representative plots of donor WT (CD45.2þ)
peripheral blood of a Rag-/- recipient mouse. (H) Percentage of
cells circulating in the peripheral blood in Rag-/- recipient mice
centage of donor WT (CD45.2þ) and Pirb-/- (CD45.1þCD45.2þ)
recipient mice (WT, n ¼ 9; Pirb-/-, n ¼ 9). (J) Representative plots
derived from donor WT (CD45.2þ) and Pirb-/- (CD45.1þCD45.2
centage (left) and cell counts (right) of colonic CD3þCD4þCD4
(CD45.2þ) and Pirb-/- (CD45.1þCD45.2þ) CD4þ T cells injected i
presented as means ± SEM. Statistical analysis was performed u
and K) Sidak multiple comparison test or (C–E) unpaired t test. *
independent experiments. LPMC, lamina propria mononuclear
pathogenic Th17 cells, led to positive outcomes in treating
IBD patients.63–65 An emerging explanation to reconcile
these divergent findings is that IL17a is produced by mul-
tiple cell populations including CD4þ Th17 cells and ILC3s.
ILC3-derived IL17a in combination with IL22 is thought to
promote intestinal epithelial barrier function and protect
against colitis, whereas CD4þ T-cell–derived IL17a with
cytokines such as TNFa and IFNg are proinflammatory and
drive intestinal inflammation and colitis.66 Our analyses of
RNA sequencing data sets from pediatric CD patients at
diagnosis showed the highest expression of LILRB3 to be
restricted predominantly to the endoscopic severe sub-
group (iCD-DU) and that LILRB3 mRNA expression in
iCD-DU individuals correlated positively with mucosal
inflammation and disease severity. Analyses of high LILRB3
expression individuals identified significant enrichment of
genes involved in the IL17A signaling pathway in clinical
distinct group iCD-DU. These studies support the notion
that PIRBþ TRM CD4þ T cells may play a critical role in
Th17 inflammatory response and the onset of severe
mucosal injury observed in iCD-DU phenotype. Cumula-
tively, these studies suggest that specific targeting of CD4þ

Th17 cells would have a greater beneficial clinical outcome
for IBD patients than broadly targeting the IL17a signaling
pathway. We provide multiple lines of evidence that PIR-B
is expressed on CD4þ Th17 cells. Mining of the the Immu-
nological Genome Project (ImmGen) data set (GSE109125)
showed no expression of PIR-B on ILC3 cells, suggesting
that targeting the PIR-B/LILRB3 pathway may permit se-
lective targeting of CD4þ Th17 vs ILC3 cells.67

In vitro studies have shown a link between PIR-B defi-
ciency, increased CD4þ T-cell apoptosis, and hyperactivation
of mTORC1 signaling. Our demonstration that rapamycin led
to reconstitution of the WT phenotype in Pirb-/- CD4þ

IL17aþ T cells suggests that PIR-B negatively regulates
CD4þ IL17aþ T-cell apoptosis via suppression of mTORC1
signaling. mTORC1 regulates CD4þ T-cell exit from
of memory CD4D IL17aD cells. Flow cytometry strategy for
rom (A) WT (top row), Pirb-/- (bottom row), and (B) IL17a GFP
ubsets. Plots were pregated on CD3þCD4þ T cells. (C) Flow
þCD44þ T cells isolated from colonic lamina propria of Il10-/-

onic lamina propria CD3þCD4þCD44þCD69þCD103þ T cells
lonic lamina propria CD3þCD4þCD44þCD69þCD103þ T cells
hi WT or Pirb-/- T cells (WT, n ¼ 4; Pirb-/-, n ¼ 7). (E) Flow
4þCD44þ T cells isolated from colonic lamina propria of WT
age (left). Quantification of CD3þCD4þCD44þIL17aþ T cells
ressed genes based on RNA sequencing data (GSE130446) of
mory T cells and Th17 cells comparing between former Th17
ls, lymph node naïve CD4þ T cells, and lymph node memory
and Pirb-/- (CD45.1þCD45.2þ) CD4þ T cells circulating in the
donor WT (CD45.2þ) and Pirb-/- (CD45.1þCD45.2þ) CD4þ T
at different time points (WT, n ¼ 10; Pirb-/-, n ¼ 10). (I) Per-
CD4þ T cells that accumulated in different tissues in Rag-/-

of colonic CD3þCD4þCD44þ CD103þ T cells that have been
þ) CD4þ T cells injected in a Rag-/- recipient mouse. (K) Per-
4þ CD103þ T cells that have been derived from donor WT
n a Rag-/- recipient mouse (WT, n ¼ 9; Pirb-/-, n ¼ 9). Data are
sing 2-way analysis of variance (P < .05) followed by the (H, I,
P < .05, **P < .01, and ***P < .001. Data shown encompass 3
cell.
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Figure 10. (See previous page). LILRB3 expression is up-regulated in IBD patients and memory CD4D T cells char-
acterized by a Th17 signature. (A) Principle component analysis (PCA) of differentially expressed genes between non-IBD
(NL, n ¼ 42), pediatric iCD (n ¼ 162), and cCD (n ¼ 55) patients (GSE57945). (B) Box plots showing LILRB3 expression
(RPKM) from CD or non-IBD tissue biopsy specimens. (C) Three-dimensional PCA plot of CD cohort stratified by endoscopic
severity. (D) Stratification of the CD cohort based on endoscopic severity and LILRB3 expression (quartiles, RPKM). (E) Heat
map of differentially expressed genes based on RNA sequencing data (GSE57945) comparing Crohn’s disease patients and
healthy control individuals. (F) Pathway analysis of differentially expressed genes in Crohn’s disease patients relative to healthy
individuals, assessed via KEGG 2019, ranked by P value. (G) Heat map of differentially expressed genes based on RNA
sequencing data (GSE140244) of a selected subset of genes known to be involved in resident memory T cells and Th17 cells
comparing between LILRB3þ CD4þ memory T cells and LILRB3-CD4þ memory T cells. (H) Heat map of differentially expressed
genes based on RNA sequencing data (GSE140244) comparing LILRB3þ CD4þ memory T cells and LILRB3-CD4þ memory T
cells collected from 10 donors. (I) Bar graphs of pathway analysis of differentially expressed genes in LILRB3þ CD4þ memory T
cells relative to LILRB3-CD4þ memory T cells; assessed via Gene Ontology Biological Pathways, ranked by P value. (J) Gene
set enrichment analysis (GSEA) for the indicated Hallmark genes comparing a ranked list of differentially expressed genes
between Crohn’s disease patients and healthy control individuals (GSE57945) (top row) and comparing between LILRB3þ

CD4þ memory T cells and LILRB3-CD4þ memory T cells (GSE140244) (bottom row). Statistical analysis was performed using
the Student t test. ***P < .001. JAK-STAT, janus kinases-signal transducer and activator of transcription protein; max,
maximum; min, minimum; NES, normalized enrichment score.

Table 1.Pathway Enrichment Analyses of iCD Gene Signature

Direction Adjusted P value Pathways

Down-regulated 2.00E-04 Drug metabolism

Down-regulated 2.00E-04 Chemical carcinogenesis

Down-regulated 2.00E-04 Metabolism of xenobiotics by cytochrome P450

Down-regulated 2.00E-04 Retinol metabolism

Down-regulated 2.00E-04 Fat digestion and absorption

Down-regulated 2.00E-04 Steroid hormone biosynthesis

Down-regulated 2.00E-04 Pentose and glucuronate interconversions

Down-regulated 2.00E-04 Mineral absorption

Down-regulated 2.00E-04 Drug metabolism

Up-regulated 2.00E-04 IL17 signaling pathway

Up-regulated 2.00E-04 Rheumatoid arthritis

Up-regulated 2.00E-04 Cytokine–cytokine receptor interaction

Up-regulated 2.00E-04 Leishmaniasis

Up-regulated 2.00E-04 Pertussis

Up-regulated 2.00E-04 TNF signaling pathway

Up-regulated 2.00E-04 Staphylococcus aureus infection

Up-regulated 2.00E-04 Osteoclast differentiation

Up-regulated 2.00E-04 Toll-like receptor signaling pathway

Up-regulated 2.00E-04 NOD-like receptor signaling pathway

Up-regulated 2.00E-04 Tuberculosis

Up-regulated 2.00E-04 Malaria

Up-regulated 2.00E-04 Legionellosis

Up-regulated 2.00E-04 Influenza A

Up-regulated 2.00E-04 Autoimmune thyroid disease

Up-regulated 2.00E-04 Phagosome

Up-regulated 2.00E-04 Salmonella infection

Up-regulated 2.00E-04 AGE-RAGE signaling pathway in diabetic complications

Up-regulated 2.00E-04 Chemokine signaling pathway

Up-regulated 2.00E-04 Amoebiasis

Up-regulated 2.00E-04 Measles

NOTE. KEGG pathway analysis was used to identify important pathways altered by differentially regulated genes.
AGE-RAGE, advanced glycation end products-receptor for advanced glycation end products; NOD, Nucleotide-binding,
oligomerization domain.
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Table 2.cCD and iCD Stratified by Endoscopic Severity and LILRB3 Expression

Disease category LILRB3_Q1 LILRB3_Q2 LILRB3_Q2 LILRB3_Q4 P value

Macroscopic inflammation and deep ulcer (iCD) 1 (1.3%) 12 (16%) 22 (29.3%) 40 (53.3%) 2.09 � 10-22

Macroscopic inflammation and no deep ulcer (iCD) 16 (18.8%) 24 (28.2%) 31 (36.5%) 14 (16.4%)
No inflammation and no deep ulcer (cCD) 10 (41.7%) 9 (37.5%) 2(8.3%) 3 (12.5%)
Undetermined and no deep ulcer (cCD) 0 (0%) 0 1 (33.3%) 2 (66.7%)
Microscopic inflammation and deep ulcer (iCD) 0 1 (100%) 0 0
Microscopic inflammation and no deep ulcer (cCD) 3 (10.3%) 12 (41.4%) 9 (31.0%) 5 (17.2%)
Non-IBD 34 (81%) 7 (16.7%) 0 1 (2.4%)

NOTE. LILRB3 quartiles were established based on RPKM values: quartiles Q1 (0%–25%), 0.59–1.44; Q2 (26%–50%), 1.48–
2.72; Q3 (51%–75%), 2.73–5.47; and Q4 (76%–100%), 5.56–73.39. Statistical analysis was performed using SPSS 17.0. The
frequencies procedure was used for the LILRB3 quartile analysis. The c2 test was used to assess the association of CD
categories with 4 LILRB3 quartiles. Value (%) represents the number of patients (% of total of disease category).

Table 3.Pathway Enrichment Analysis in Q4 LILRB3hi iCD Patients With Macroscopic Inflammation With Deep Ulcer Relative
to LILRB3low Non-IBD Patients

Direction Adjusted P value Pathways

Down-regulated 5.00E-21 Metabolic pathways

Down-regulated 4.73E-16 Drug metabolism

Down-regulated 1.02E-15 Chemical carcinogenesis

Down-regulated 1.45E-14 Metabolism of xenobiotics by cytochrome P450

Down-regulated 1.92E-14 Retinol metabolism

Down-regulated 4.32E-11 Fat digestion and absorption

Down-regulated 1.37E-09 Steroid hormone biosynthesis

Down-regulated 1.37E-09 Mineral absorption

Down-regulated 2.64E-09 PPAR signaling pathway

Down-regulated 5.98E-09 Protein digestion and absorption

Down-regulated 1.27E-07 Vitamin digestion and absorption

Down-regulated 1.08E-06 Bile secretion

Down-regulated 1.43E-06 Arachidonic acid metabolism

Down-regulated 3.14E-06 Pentose and glucuronate interconversions

Down-regulated 1.67E-05 Drug metabolism

Up-regulated 2.88E-24 Cytokine–cytokine receptor interaction

Up-regulated 1.51E-19 IL17 signaling pathway

Up-regulated 8.99E-18 Rheumatoid arthritis

Up-regulated 8.28E-17 Staphylococcus aureus infection

Up-regulated 6.72E-15 Complement and coagulation cascades

Up-regulated 6.72E-15 Amoebiasis

Up-regulated 1.39E-14 TNF signaling pathway

Up-regulated 3.45E-14 Osteoclast differentiation

Up-regulated 3.45E-14 Pertussis

Up-regulated 1.32E-13 Leishmaniasis

Up-regulated 1.37E-13 Malaria

Up-regulated 3.54E-13 Tuberculosis

Up-regulated 8.96E-13 AGE-RAGE signaling pathway in diabetic complications

Up-regulated 1.05E-11 Chemokine signaling pathway

Up-regulated 1.05E-11 JAK-STAT signaling pathway

NOTE. LILRB3 quartiles were established based on RPKM values: quartiles Q1 (0%–25%), 0.59–1.44; Q2 (26%–50%), 1.48–
2.72; Q3 (51%–75%), 2.73–5.47; and Q4 (76%–100%), 5.56–73.39. KEGG pathway analysis was used to identify important
pathways altered by DEG signature between Q4 LILRB3hi iCD-DU patients and LILRB3low non-IBD patients.
AGE-RAGE, advanced glycation end products-receptor for advanced glycation end products; JAK-STAT, janus kinases-signal
transducer and activator of transcription protein; PPAR, peroxisome proliferator-activated receptor.
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Table 4.Correlation Analyses Between LILRB3 and LILRB5 mRNA Expression and Proinflammatory and Mucosal Injury
Markers in iCD Patients Stratified by Endoscopic Severity and LILRB3 Expression

LILRB3 S100A9 IL1B IL17A IL17B IL21 TNF IL6 LILRB5

LILRB3 Pearson correlation 1 .929** .863** .730** 0.112 .454** .843** .842** -0.195
Signficance (2-tailed) P < .005 P < .005 P < .005 0.339 P < .005 P < .005 P < .005 0.093
N 75 75 75 75 75 75 75 75 75

LILRB5 Pearson correlation -0.195 -0.177 -0.163 -0.191 -0.181 -.234* -0.157 -0.11 1
Sig. (2-tailed) 0.093 0.129 0.163 0.101 0.12 0.044 0.179 0.346
N 75 75 75 75 75 75 75 75 75

NOTE. LILRB3 quartiles were established based on RPKM values: quartiles Q1 (0%–25%), 0.59–1.44; Q2 (26%–50%), 1.48–
2.72; Q3 (51%–75%), 2.73–5.47; and Q4 (76%–100%), 5.56–73.39). Statistical analysis was performed using SPSS 17.0. The
frequencies procedure was used for the LILRB3 quartile analysis. The c2 test was used to assess the association of CD
categories with 4 LILRB3 quartiles. The association of LILRB3 with Th17 pathway associated genes IL1B, IL17A, IL21, TNF,
IL6, and S100A9 was evaluated by the Pearson correlation as quantitative variables. **P < .01.
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quiescence and determination of CD4þ T-cell fate,68 partic-
ularly in CD4þ Th17 differentiation.43 mTORC1 functions as
a CD4þ T-cell-intrinsic rheostat, with continual mTORC1
activity required to sustain CD4þ Th17 differentiation,
however, oscillation of mTORC1 activity to a hypoactivation
or hyperactivation status perturbs that differentiation pro-
cess and triggers cell apoptosis and death. Consistent with
this, diminished mTORC1 activation and signaling, such as
that observed by genetic deletion of mTOR or S6 kinase,
results in a failure of naïve CD4þ T cells to differentiate into
Th17 cells.69–71 Conversely, exaggerated mTORC1 signaling
as observed by deletion of TSC1 and loss of the TSC1–TSC2
heterodimeric protein inhibitory complex also results in
impaired CD4þ T-cell survival.72

The formation and stabilization of the TSC1–TSC2 het-
erodimeric protein inhibitory complex stimulates TSC2 GAP
activity and conversion of Rheb-GTP (active form) to Rheb-
GDP37 (inactive form), switching mTOR into a catalytically
inactive state and diminishing mTORC1 activity. The estab-
lishment and maintenance of the TSC1–TSC2 protein com-
plex is tightly regulated by serine/threonine kinase activity.
Phosphorylation of serine and threonine residues in TSC2
by kinases such as Akt and Erk destabilizes the TSC1–TSC2
protein complex, leading to TSC1–TSC2 dissociation and
loss of TSC2-dependent activity. As a consequence, mTOR
switches into a catalytically active state and induction of
mTORC1 activity.36,38–41 We showed heightened phosphor-
ylated extracellular signal-regulated kinase (p-ERK) and p-
TSC2 and increased mTORC1 signaling in Pirb-/- naïve CD4þ

T cells under Th17 polarizing conditions. Furthermore,
restraining mTORC1 activity using rapamycin lead to an
increase in Pirb-/- CD4þ Th17 cell survival and the WT
phenotype.

The PIR-B/LILRB ITIM domains are known to bind and
activate intracellular phosphatases, including SHP-1 and
SHP-2, which inhibit activating-type, receptor-mediated
signaling.29,73 We speculate that activation of PIR-B pro-
motes the recruitment and binding of SHP-1/2 phospha-
tases to the PIR-B ITIM domain. Activation of SHP-1/2 leads
to dephosphorylation of p-ERK and loss of ERK-dependent
regulation of the mTORC1 inhibitory complex (TSC1-
TSC2), triggering hyperactivation of mTORC1 signaling in
CD4þ T cells. Herein, we show significantly increased p-ERK
and p-TSC2 in Pirb-/- naïve CD4þ T cells under Th17
polarizing conditions. Previous studies have reported that
SHP-2 suppresses CD4þ T-cell activation by mediating
inhibitory receptor signals, including those from cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and pro-
grammed cell death protein 1 (PD-1).74,75 Overexpression of
catalytically inactive SHP-2 in T cells promoted T-cell dif-
ferentiation,76 and inhibition of SHP-2 signaling in mice and
human CD4þ T cells decreased IL17a/IL17f production.77

We predict that PIRB may act in a similar fashion to other
T-cell–inhibitory receptors such as CTLA-4 and PD-1 to
temper CD4þ T-cell activation and Th17 differentiation.

In conclusion, we show that PIR-B is expressed on TRM
CD4þ Th17 cells and controls CD4þ Th17 inflammatory
responses, and that loss of PIR-B activity leads to inhibition
of CD4þ Th17 regulated inflammation and colitis. The
demonstration of PIR-B expression on memory CD4þ Th17
cells and a requirement for this pathway in CD4þ Th17-
mediated colitic development has promising implications
for targeted therapy in IBD. Biologics focused on inhibitory
receptors have been shown to be efficacious for the treat-
ment of T-cell–mediated diseases including cancer and
autoimmunity. Our data support the notion that targeting
PIR-B could regulate pathogenic CD4þ Th17 cells and pro-
vide a new therapeutic approach for the treatment of TRM
CD4þ Th17-driven diseases such as IBD.
Methods
Mice

Male and female, 5- to 10-week-old Il10-/-mice (C57BL/6)
and IL17a GFP mice (C57BL/6) were obtained from Jackson
Laboratories (Bar Harbor, ME). Male and female,
5- to 10-week-old Pirb-/- mice (C57BL/6) were kindly
provided by Dr Hiromi Kubagawa.78 Male and female, 5- to
10-week-old Rag-/- mice (C57BL/6) were kindly provided
by Dr Grace Chen. To generate the Pirb-/-Il10-/- mice
(C57BL/6), Pirb-/- mice (C57BL/6) were intercrossed with
Il10-/- mice (C57BL/6). C57BL/6 strain purity was
confirmed (>99%) by DartMouse congenic analyses. To
generate Pirb-/- IL17a GFP mice (C57BL/6), Pirb-/- mice
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(C57BL/6) were intercrossed with IL17a GFP mice (C57BL/
6). All mice strains were co-housed in the same room.

Experimental Colitis Models
For the Il10-/- spontaneous model of colitis, co-housed

Il10-/-, Il10þ/-, and Pirb-/-Il10-/- mice were monitored for
colitis development from 7 weeks of age. Euthanasia and
postmortem analyses were performed at 15 weeks of age.
For the aCD3-mediated model of intestinal enteropathy, 7-
to 10-week-old co-housed mice were treated twice intra-
peritoneally with 15 mg aCD3 (145-2C11; Thermo Fisher,
Waltham, MA) 48 hours apart. Euthanasia and postmortem
analyses were performed 4 hours after the second injec-
tion. For the CD4þCD45RBhi T-cell transfer model of coli-
tis, splenic naïve CD4þ T cells from WT and Pirb-/- donors
were enriched by red blood cell lysis and magnetic bead
depletion (BioLegend). A total of 400,000 naïve CD4þ T
cells were transferred intraperitoneally into co-housed
Rag-/- mice. Euthanasia and postmortem analyses were
performed 32 days after injection of cells. The colitic mice
were weighed twice every week to measure body weight,
and the lymph nodes, spleen, small intestine, and colonic
tissue were collected for analysis at the end of the
experiment. Weight changes were calculated as a per-
centage of weight at the start of the experiment (day 0).
Clinical disease was scored based on prior descriptions.79

In brief, mice were graded on a scale of 0 to 5 by
assessment of symptoms including bump on nose, pilar
erecti, rectal prolapse, anal bleeding, decreased activity,
diarrhea, hunched back, excreted perianal mucus,
shrunken eyes, and dehydration. For all animal experi-
ments, mice that lost 20% or more of their body weight
(relative to their weight at the start of the experiment)
were killed in accordance with Institutional Animal Care
and Use Committee protocols.

Competitive CD4þ T-Cell Transfer
We crossed Pirb-/- (CD45.2þ) with WT mice that express

the congenic CD45.1 allele to generate congenically labeled
Pirb-/- (CD45.1þCD45.2þ) mice. Splenic naïve CD4þ T cells
from WT (CD45.2þ) and Pirb-/- (CD45.1þCD45.2þ) donors
were enriched by red blood cell lysis and magnetic bead
depletion (BioLegend). A total of 800,000 naïve CD4þ T cells
(400,000 WT (CD45.2þ) and 400,000 Pirb-/-

(CD45.1þCD45.2þ) were transferred intraperitoneally into
co-housed Rag-/- mice. Blood was collected every 7 days
after injection of cells and flow cytometry and intracel-
lular cytokine staining was performed as described later.
Euthanasia and postmortem analyses were performed 32
days after injection of cells and flow cytometry and
intracellular cytokine staining was performed as
described later.

Histology
Harvested tissues were washed with phosphate-buffered

saline, Swiss-rolled, and fixed overnight in 4% para-
formaldehyde. Paraffin-embedded tissues were stained with
H&E and analyzed by bright field microscopy. Histologic
scoring was performed on ascending, transverse, and
descending colon and rectum segments as previously
described.80

In Vivo Cytokine Capture Assay
Systemic TNFa, IFNg, and IL17a levels were quantified

in the serum of mice.81 Briefly, 10 mg of biotinylated
detection antibodies against TNFa (clone TN3), IFNg (clone
R4-6A2), and IL17a (eBio17B7) were injected intravenously
into mice and 24 hours later serum was collected. Lumi-
nescent enzyme-linked immunosorbent assays were per-
formed using plates coated with a secondary capture
antibody as previously described.

In Vitro CD4þ T-Cell Culture
Naïve CD4þ T cells were isolated from spleens using the

naïve CD4þ T-cell isolation kit (BioLegend) and were stim-
ulated with plate-bound aCD3 (1 mg/mL) and soluble
aCD28 (2 mg/mL) alone or in the presence of polarizing
cytokines and antibodies. For Th1 polarizing conditions,
cells were cultured in the presence of IL12 (10 ng/mL)
cytokines and neutralizing antibody aIL4 (1 mg/mL). For
Th17 polarizing conditions, cells were cultured in the
presence of IL6 (20 ng/mL), IL23 (20 ng/mL), and trans-
forming growth factor b1 (2 ng/mL) cytokines and
neutralizing antibodies aIFNg (10 mg/mL) and aIL4 (1 mg/
mL). Cells were cultured in supplemented RPMI media
containing 10% fetal bovine serum, 2% penicillin/strepto-
mycin, and 50 mmol/L 2-mercaptoethanol. To assess pro-
liferation, naïve CD4þ T cells were labeled with 5 mmol/L
cell trace violet (CTV) in 0.2% fetal bovine serum for
20 minutes. For chemical inhibitor experiments, either
rapamycin (Sigma Aldrich, St. Louis, MO) (50 pmol/L) or
SHP-1/2 inhibitor (NSC-87877; Millipore Sigma, Burlington,
MA) (25 mmol/L) were added at the beginning of the
experiment.

Flow Cytometry and Intracellular Cytokine
Staining

Single-cell suspensions of spleen, mLNs, and colon lam-
ina propria cells were surface stained ex vivo with fluo-
rescent antibodies to T-cell markers (CD3, CD4, CD62L,
CD44, CD69, CD103, CD45.1, and CD45.2) and for PIRA/B
(6C1). For cytokine staining, cells were ex vivo stimulated at
37�C for 4 hours with phorbol 12-myristate 13-acetate
(PMA) (50 ng/mL), ionomycin (1 mg/mL), and Brefeldin A.
Cells then were processed and stained using an intracellular
cytokine staining kit (BD Biosciences, Franklin Lakes, NJ)
according to the manufacturer’s instructions with IFNg and
IL17a. For apoptosis staining, the dead cell apoptosis kit and
live/dead viability assay (Thermo Fisher) was followed ac-
cording to the manufacturer’s instructions. For activated
caspase 3/7 staining, the caspase 3/7 kit (Thermo Fisher)
was followed according to the manufacturer’s instructions.
To assess cell cycling and entry into G1, Pyronin Y (Sigma
Aldrich) staining was performed as previously described.82

To assess cell cycling and entry into S phase, the Edu flow
cytometry kit (Sigma) was followed according to the
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manufacturer’s instructions. All flow cytometry samples
were acquired on an Novocyte (ACEA Biosciences) and
data were analyzed using FlowJo (Tree Star, San Carlos,
CA) and Prism (GraphPad Software). Absolute cell
numbers were calculated using Precision Count
Beads (BioLegend) according to the manufacturer’s
instructions.

LP Mononuclear Cell Isolation
Colons were cut longitudinally and incubated in Hank’s

balanced salt solution with 5 mmol/L EDTA at 37�C for 30
minutes before vortexing to remove epithelial cells. The
remaining tissues were minced and digested with 2.4 mg/
mL collagenase A (Roche, Basel, Switzerland), and 0.2 mg/
mL DNase I (Roche) at 37�C for 45 minutes. After removal of
tissue debris, cells suspended in 44% Percoll were loaded
above 67% Percoll before centrifugation. Colonic lamina
propria cells were collected from the interface between
44% and 67% Percoll.

Western Blot and Immunoprecipitation
CD4þ T cells were lysed in protein lysis buffer (10%

glycerol, 20 mmol/L Tris HCl [pH 7], 137 mmol/L NaCl, 2
mmol/L EDTA, and 1% NP-40) supplemented with pro-
teinase inhibitor cocktail (Thermo Fisher) and PhoSTOP
phosphatase inhibitors (Roche). Protein lysates were
cleared of insoluble material through centrifugation, and the
resulting protein lysates were subjected to sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. Proteins were
wet transferred to 0.2-mm nitrocellulose membranes
(Thermo Fisher), which were blocked using 3% bovine
serum albumin in Tris-buffered saline, 1% Tween 20 (TBST)
buffer for 1 hour at room temperature. Membranes were
incubated overnight using the following primary antibodies:
a-b-actin, a-S6 kinase, a-pS6 kinase, a-TSC2, a–p-TSC2, a-
ERK1/2, and a-pERK1/2. Primary antibodies were used at a
1:1000 dilution in blocking buffer. Membranes were washed
in TBST and incubated with the secondary antibody, goat a-
rabbit–horseradish peroxidase, at a 1:2000 dilution in
blocking buffer. Rheb-GTP was immunoprecipitated using
the Rheb activation assay kit (NewEast Biosciences, King of
Prussia, PA). Immunoprecipitation was performed accord-
ing to the manufacturer’s description. Protein bands were
visualized after exposure of the membranes to enhanced
chemiluminescence (ECL) substrate solution (Thermo
Fisher) and quantified by densitometry analysis using Image
Studio (Licor) software.

Quantitative Real-Time PCR
RNA was isolated from sorted naïve CD4þ T cells using

the Quick RNA microprep kit (Zymo Research, Irvine, CA).
Complementary DNA was generating by reverse-
transcription using SuperScript II (Invitrogen) ad Oligo-dT
(Invitrogen) according to the manufacturer’s instructions.
Quantitative PCR was performed for Pirb and murine Gapdh
using specific primers designed in Snapgene (Insightful
Science) software. Samples were normalized to house-
keeping expression of Gapdh using the delta cycle thresh-
hold (2-DCt)method.

RNA Sequencing Analysis
RNA was isolated from sorted naïve CD4þ T cells using

the Quick RNA microprep kit (Zymo Research). RNA was
submitted to the University of Michigan Advanced Genomics
Core for library preparation and sequencing (Illumina, San
Diego, CA). Raw reads were aligned to the reference mm9
mouse genome (GRCm38) using the Hisat-build pipeline.
Relative gene expression was quantified using featur-
eCounts function from the subread-2.0.0 package. Pseudo-
genes, RIKEN complementary DNA sequences, and
immunoglobulin variable genes were removed from down-
stream analysis of expressed genes. Downstream analysis
was performed in R (R Core Team, Vienna, Austria) where
the read counts were analyzed in IDEP 9.1 ( Brookings, SD)
and DESeq (Heidelberg, Germany) was used to identify the
DEGs.83 DEGs were identified with an adjusted P value of .05
or less and at least ±1.5-fold or more RPKM, and the heat
map was generated using Python (Python Software Foun-
dation, Wilmington, DE) on the normalized scale. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis was used to identify important pathways altered by
differentially regulated genes. Statistical analysis was per-
formed using SPSS 17.0 (Chicago, IL). The frequencies pro-
cedure was used for the LILRB3 quartile analysis. The c2

test was used to assess the association of CD categories with
4 LILRB3 quartiles. The association of LILRB3 with Th17
pathway–associated genes IL1B, IL17A, IL21, TNF, IL6, and
S100A9 was evaluated by the Pearson correlation as
quantitative variables.

Additional RNA sequencing data analyses were obtained
from the NCBI GEO database, with accession numbers
GSE130446, GSE57945, and GSE140244. With the Risk
Stratification and Identification of Immunogenetic and Mi-
crobial Markers of Rapid Disease Progression in Children
with Crohn’s Disease (RISK) study (GSE57945), we exam-
ined a RNA sequencing data set of ileal biopsy samples from
a cohort of 259 pediatric individuals consisting of
treatment-naive CD and non-IBD patients. Principle
component analysis of differentially expressed genes be-
tween non-IBD (n ¼ 42), pediatric iCD (n ¼ 162), and cCD
(n ¼ 55) patients showed a distinct CD transcriptome
signature (results not shown). We next stratified the CD
cohort based on endoscopic severity, cCD no microscopic/
macroscopic inflammation and no DU, cCD with macro-
scopic inflammation and no DU, iCD with macroscopic
inflammation with no DU, and iCD macroscopic inflamma-
tion with DU.45,46 LILRB3 quartiles were established
based on RPKM values; quartiles Q1 (0%–25%), 0.59–1.44;
Q2 (26%–50%), 1.48–2.72; Q3 (51%–75%), 2.73–5.47; and
Q4 (76%–100%), 5.56–73.39. Differential expression was
defined with a significant change in expression by limma.84

Heatmaps of gene expression were generated using
Morpheus https://software.broadinstitute.org/morpheus

https://software.broadinstitute.org/morpheus


2021 PIR-B Regulates T-Cell–Dependent Colitis 1499
(Cambridge, MA) and Phantasus (St. Louis, MO).85 Gene
ontology analysis was performed using Enrichr (New York,
NY) and Gene Set Enrichment Analysis.
Statistics
Statistical parameters are defined in the figure legends.

Data are presented as means ± SEM. Data were considered
significant at P < .05. Comparisons between 2 groups were
made using a t test. Comparisons between more than 2
group were made using 2-way analysis of variance and
where appropriate were followed with a Dunnett multiple
comparison test or the Sidak multiple comparison test.
Statistical analysis was performed in Prism (GraphPad
Software).
Study Approval
All animal studies were approved by the Institutional

Animal Care and Use Committee of the University of Mich-
igan (Ann Arbor, MI), and performed in accordance with
University guidelines.
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