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Abstract

The gastrointestinal (Gl) tract is a frequent target organ in acute graft-versus-host disease
(aGVHD) which can determine the morbidity and non-relapse mortality after allogeneic
hematopoietic cell transplantation (allo-HCT). Donor T cells recognize allogeneic antigens
presented by host antigen presenting cells (APCs), proliferate, and differentiate into T-helper 1
(Th1) and T-helper 17 (Th17) cells that drive GVHD pathogenesis. IL-12 has been shown to

play an important role in amplifying the allogeneic response in preclinical and clinical studies.

The current study demonstrates that IL-12 receptor p2 (IL-12Rp2) expression on recipient non-
hematopoietic cells is required for optimal development of aGVHD in murine models of allo-HCT.
aGVHD attenuation by genetic depletion of IL-12R signaling is associated with reduced major
histocompatibility complex (MHC) class Il expression by intestinal epithelial cells (IECs) and
maintenance of intestinal integrity. We verified 1L-12Rp2 expression on activated T cells, and in
the Gl tract. This study reveals a novel function of IL-12RB2 in GVHD pathogenesis and suggests
that selectively targeting IL-12RB2 on host non-hematopoietic cells may preserve the Gl tract after
allo-HCT.

Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT) is a curative treatment for
patients with malignant hematological diseases, solid tumors, severe aplastic anemia,
immune deficiencies, and other non-malignant disorders (1). Acute graft-versus-host disease
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(aGVHD) is caused by the donor immune response to host tissues and is known as a major
complication affecting the prognosis of primary disorders after allo-HCT (2, 3). aGVHD
damage is common in the gastrointestinal (Gl) tract because of early tissue injury due to the
chemotherapy/irradiation pretransplant conditioning regimen, allogeneic immune response,
and altered tissue repair mechanisms (4, 5). The Gl tract is the second most common organ
involved in aGVVHD after the skin, but GI GVHD is the most difficult to treat (6). In the
clinic, symptoms of Gl acute GVHD occur very early after transplantation, overlap with the
effects of chemoradiotherapy and predict the long-term outcomes after allo-HCT (7, 8).

aGVHD is a result of the interaction between pathogenic donor T cells and antigen
presenting cells (APCs) in recipients, consisting of professional and non-professional
APCs (9-11). Alloantigen presentation within MHC class Il by donor-derived APCs

is insignificant at inducing GVHD compared to that induced by host APCs (12). The

roles of recipient hematopoietic APCs, including dendritic cells, B cells, tissue-resident
macrophages, and Langerhans cells, within MHC class Il-dependent GVHD are not clear
(13-16). During GVHD development, host hematopoietic APCs are gradually eradicated
by chemotherapy or irradiation conditioning and donor T cells, while recipient non-
hematopoietic APCs persist (17). MHCII* Lgr5™ intestinal stem cells (ISCs) and intestinal
epithelial cells (IECs) have both been reported to be important for antigen presentation and
stimulation of donor T helper (Th) cells (18).

Type 3 innate lymphoid cells (ILC3s) are mucosa-resident cells that act with the innate
immune response at early stages of intestinal aGVHD (19). ILC3s produce the cytokine
IL-22, which stimulates the secretion of antimicrobial REG3+y by paneth cells and maintains
intestinal homeostasis (20). Both I1L-22 and REG3y contribute to intestinal protection
against chemical toxins and irradiation damage through preventing ISC and paneth cell
apoptosis, both in vivo and in vitro (21, 22). In aGVHD, donor T cells destroy paneth
cells, releasing REG3a (the human homolog of REG3+y)/y into the bloodstream, resulting
in increased blood levels of REG3a/y (23). The Mount Sinai Acute GVHD International
Consortium (MAGIC) study determined that elevated REG3a is a specific biomarker of
aGVHD progress and predicts long-term outcomes of patients at the onset of GVHD (24,
25).

Alloreactive donor T-cell activation is characterized by naive CD4* T cells differentiation
into Th1 T cells in the presence of IL-12 and the production of proinflammatory cytokines
that further induce T-cell expansion (26, 27). IL-12R is composed of IL-12RB1 and
IL-12RB2, and is mainly expressed on activated T cells, memory T cells and NK cells

(28, 29). In the current study, we validated that IL-12RB2 on non-hematopoietic cells of
recipients contribute to aGVHD development, which provides rationale to target IL-12Rp2
as a potential strategy in the prevention and treatment of aGVHD.

Materials and Methods:

Mice.

C57BL/6 (B6 H-2KP, Ly5.2%), BALB/c (H-2KY), FVB (H-2K9Y, Thy1.1*) were purchased
from National Cancer Institute (NCI, Frederick, MD). B6 (H2KP, Ly5.1*), FVB (H2KY,
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Thy1.2%), IL-12RB2KO and DBA2 (H-2KY) were purchased from the Jackson Laboratory
(Bar Harbor, ME) and bred in the mouse breeding facility at the Medical University of
South Carolina (MUSC) and Medical College of Wisconsin (MCW). Luciferase transgenic
DBA2 mice were established by the C. Contag lab (30) and provided by Defu Zeng (31).
All animals were maintained in pathogen-free conditions in the America Association for
Laboratory Animal Care-accredited Animal Resource Center at the Medical University of
South Carolina and Medical College of Wisconsin.

BMT models.

The recipient mice were lethally irradiated at 650-700 cGy for BALB/c or 1100-1200 cGy
for C57BL/6 with an X-RAD 320 or Shepherd Mark | Cesium irradiator. T cells were
purified from splenocytes and lymph nodes cells by negative selection using anti-biotin
MicroBeads (Miltenyi Biotech, Auburn, CA). In 80 and 14-day experiments, GVHD models
were established as below: BALB/c recipients were transplanted with 5x106 T cell-depleted
bone marrow (TCD-BM) and 0.75 %108 T cells from B6 mice, C57BL/6 recipients were
transplanted with 5x10% TCD-BM and 0.75 x10° T cells from FVB or DBA/2 mice.
Recipient mice were monitored twice per week for weight loss, and scored for aGVHD
weekly based on weight loss, posture, mobility, skin integrity, fur appearance and diarrhea.
Individual clinical parameters were scored from 0 to 2 by each criterion and from 0 to 10
overall. Recipients at premorbid stage or body weight loss up to 30% were euthanized and
counted toward lethality. In 4-day and 7-day experiments, GVHD models were established
by transfusing 3-5x108 splenocytes from FVB mice to C57BL/6 or IL-12RB2KO recipients.

Bone marrow chimeric model.

B6 Ly5.1* or Ly5.2" recipients were lethally irradiated at 1100 cGy and transplanted with
5x10% TCD-BM from B6 (Ly5.2%) or (Ly5.1%). After 2-3 months, the chimeric mice were
then used for recipients in the second BMT after successfully hematopoietic engraftment
was confirmed.

IECs isolation from recipient intestines.

Isolated small and large intestines were flushed with cold medium containing 10%
10xHBSS without Ca2+ and Mg2+, 2% FBS, and 10mM HEPES. Intestines were cut into
small pieces and washed until the medium was clear after shaking, followed by incubation
for 45 min at 37°C in incubation solution containing 9.2% 10xHBSS, 10% FBS, 0.1 mM
EDTA, and 9.2 mM HEPES. Supernatant was collected through 100 uM and 40 pM filter in
turn, centrifuged by 15009 for 5 min, and pellet cells was resuspended in cold PBS.

Flow cytometry.

As previously described, mononuclear cells were isolated from the spleen, liver and intestine
of recipients for surface or intracellular staining. The Live/dead yellow cell staining kit
(catalog L-34968) was purchased from Invitrogen. The following antibodies were used

for cell-surface staining: anti-H2K9 (clone KH114, BioLegend), anti-H2KP (clone AF6—
88.5, BD Biosciences), anti-H2Kd (clone SF1-1.1.1, BioLegend), anti-CD45 (clone 30-
F11,BD Biosciences ), anti- CD45.1 (clone A20, BD Biosciences), anti-CD45.2 (clone 104,
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BD Biosciences), anti-CD90.2 (clone 30-H12, BD Biosciences), anti- I-AP (AF6-120.1,
BioLegend ), anti-1L-12RB2 (clone 305719, R&D), anti-mouse-1gG1 (clone 11711, R&D),
anti-CD4 (clone RM4-5, BD Biosciences), anti—-CD8 (clone 53-6.7, BD Biosciences),

and anti-B220(clone RA3-6B2, BioLegend). To measure intracellular cytokines, cells were
stimulated for 4-5 hours at 37°C with PMA (100 ng/ml, MilliporeSigma) and ionomycin
(100 ng/ml; Calbiochem, EMD) in the presence of GolgiStop (BD Biosciences). Fix

and permeabilization were performed using Cytofix/Cytoperm Plus (BD Biosciences),
followed by staining with the appropriate antibodies, including anti-IFN-y (clone XMG1.2,
eBioscience), anti—-IL-17A (clone TC11- 18H10.1, BioLegend), and anti-GM-CSG (clone
MP1-22E9, eBioscience). Data were analyzed with FACSDiva software, LSR Il (BD
Biosciences), and FlowJo software (Tree Star).

Intestinal permeability assay.

After 4 hours of fasting, recipient mice were gavaged with 200 pl of 80 mg/ml FITC-
dextran (MilliporeSigma, FD4) in sterile 1x PBS. Four hours later, blood was collected and
centrifuged at 5,000 rpm for 10 minutes to separate serum. Serum was diluted 1:1 with

1x PBS, and analyzed on a plate reader (BioTek Instruments, catalog FLx800) at emission
wavelength of 535 nm with excitation at 485 nm. Serum concentrations of FITC-dextran in
experimental samples were determined on the basis of standard serum from naive B6 mice.
Standard curve (0, 125, 250, 500, 1000, 2000, 4000, and 8000 ng/ml) was used to calculate
the serum concentrations of FITC-dextran.

Quantitative PCR.

Statistics.

As described in our previously published work, snap-frozen ileum and colon were cut

into small chunks and crashed in a mortar on dry ice. Total RNA was extracted using
TRIzol reagent (Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s
recommendations. cDNA synthesis was performed using the Superscript first-strand cDNA
synthesis system (Bio-Rad). Real-time quantitative PCR was performed using the SYBR
Green method. The specific primer pairs were used as follows: Reg3y, 5'-TTCCTGTCCTC
CATGA TCAAAA-3" and 5'-CATCCACCTCTGTTGGGTTCA-3"; IL-22,5'-GTG GAG
A GATCAAGGCGATT-3" and 5"-CAGACGCA AGC ATT T CT CAG-3". 2"-dct was used
to determine the relative gene expression.

Log-rank (Mantel-Cox) test was used for comparison of survival between groups.
Nonparametric Mann-Whitney U test was used to compare body weight loss and clinical
scores between groups. A 2-tailed Student’s #test was performed to determine the difference
between two groups. One way analysis of variance (ANOVA) with the Tukey’s multiple
comparison test was used for multiple group comparisons unless otherwise stated. £< 0.05
was considered statistically significant, and data are shown as mean * SD.
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Study approval.

Results
IL-12RB2 on

IL-12RB2 on

All animal experiments were carried out according to protocols approved by the Institutional
Animal Care and Use Committee of the MUSC in Charleston, South Carolina, and the
MCW in Milwaukee, Wisconsin.

recipients is required for development of aGVHD.

IL-12R signaling is an important factor in accelerating acute GVHD development by
promoting Th1 differentiation and proinflammatory cytokine production (27). IL-12R,
formed by two heterodimeric subunits: 1L-12RB1 and IL-12RB2, is mainly expressed on
activated T cells and NK cells. We therefore hypothesized that IL-12R signaling contributes
to development of GVHD after allogeneic HCT. In a previous study, we demonstrated

that IL-12RB1 on donor T cells was dispensable for aGVHD pathogenesis (28). We also
found that lack of IL-12Rp1 in recipients did not affect aGVHD development (Supplemental
Figure 1). In the current study, we focused on IL-12RB2. By using a common MHC-
mismatched murine bone marrow transplantation (BMT) model, C57BL/6 to BALB/c, we
first compared the ability of WT and IL-12RB2 knockout (KO) T cells to induce aGVHD.
We found no significant difference in aGVHD severity reflected by survival and body weight
maintenance (Figure 1 A, B). Subsequently, we compared the role of IL-12Rp2 in recipients
after allo-HCT using another MHC-mismatched BMT model, FVB to C57BL/6. We found
that the IL-12RB2KO recipients had significantly improved survival while body weight

loss is comparable compared with WT counterparts (Figure 1 C, D). These results suggest
that IL-12RB2 on recipient, but not donor, contributes to the pathogenesis of aGVHD in
MHC-mismatched BMT models.

recipient non-hematopoietic cells is important for aGVHD development.

We then sought to determine whether IL-12Rp2 expressed on the hematopoietic or non-
hematopoietic compartment contributes to aGVHD development. To do so, we established
BM chimeric mice so that IL-12RB2 was either deficient in hematopoietic or non-
hematopoietic cells. These BM chimeras were then transplanted with BM and T cells from
allogeneic FVB donors. We observed no difference in GVHD severity between WT and
IL-12RpB2 deficient recipients in the hematopoietic compartment (Figure 2 A, B). However,
the 1L-12RB2KO recipients in non-hematopoietic compartment had significantly improved
survival and less body weight loss compared with WT controls (Figure 2 C, D). Thus,

we conclude that IL-12RB2 in recipient non-hematopoietic, but not hematopoietic, cells
contribute to GVHD pathogenesis.

Recipient IL-12RB2 enhances donor T cell infiltration to target organs and inhibits
hematopoiesis and immune reconstitution.

To understand the underlying mechanisms by which recipient IL-12RB2 affects donor T-
cell expansion and migration, we transplanted donor BM from normal DBA2 mice with

donor T cells from p-actin driven luciferase transgenic (Tg) mice on DBA2 background.
In this MHC-mismatched BMT model, we confirm that IL-12RB2 KO recipients show a
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significant reduction in GVHD severity compared to WT controls, reflected by improved
survival and lower clinical scores (Figure 3 A, B). Given that GVHD is caused by allo-
reactive donor T cells that migrate into and attack host tissues, we next wanted to validate
how recipient IL-12RB2 impacts donor T-cell expansion and trafficking to target organs
through bioluminescent imaging (BLI). Signal strengths of BLI were significant lower in
IL-12RB2KO recipients than in WT controls at day 7, 14, and 21 post BMT (Figure 3 C,
D). In a long-term follow-up, we found that the recipients deficient for IL-12Rp2 had higher
numbers of T and B cells among splenocytes as well as double positive (CD4*CD8*) cells
in thymus (Figure 3E-G). These data suggest that recipients deficient for IL-12RB2 have
improved immune reconstitution and thymic recovery, reflecting milder GVHD than WT
controls.

IL-12RB2 sustains donor T cells and promotes target organ damage.

To further determine how IL-12RB2 in recipients affects donor T-cell responses, we
transplanted donor BM and T cells from FVB mice into WT or IL-12RB2KO C57BL/6
recipients. Two weeks after BMT, we found that the absolute numbers of total cells isolated
from recipient intestine were significantly increased in IL-12Rp2KO recipients than in WT
controls, whereas the number of splenocytes and liver cells were comparable among the two
groups of recipients (Figure 4 A); the percentage and the number of donor T cells were
also similar in the spleen and liver (Figure 4 B, D). However, the total number of donor T
cells was significantly reduced in the intestine of IL-12Rp2KO recipients compared to WT
controls (Figure 4 D) because the percentage of donor T cells (Thy1.2*) was dramatically
reduced in the KO group (Figure 4 C). We examined the proliferation and apoptosis

of donor T cells in the intestine and observed that they were comparable in WT and
IL-12RB2KO recipients (Supplementary Figure 2A, B). We thus interpret that the reduced
donor T cell number in the intestine of IL-12RB2KO recipient was likely due to decreased
T cell migration to the target organ as shown in Figure 3. Pathological analysis showed
considerably reduced GVHD damage in liver, small and large intestine in IL-12Rp2KO
recipients compared to that of WT controls (Figure 4E, F).

IL-12RB2 promotes IFN-y, IL-17A and GM-CSF production by donor T cells in the Gl tract.

Subsequently, we measured cytokine production of donor T cells in different organs at day
14 post BMT. In recipient intestines, IFN-y and GM-CSF production by CD4* or CD8*
donor T cells were significantly reduced, but IL-17A only decreased in CD4* donor T cells
in IL-12RB2KO recipients (Figure 5 A, B). CD4*GMCSF* T cell population arises during
GVHD development and constitutes a heterogeneous population, which produces GM-CSF
alone or GM-CSF in conjunction with IFN-y or IL-17 (32). We tested co-expression of
GM-CSF and IFN-y or IL-17 and observed that donor CD4* T cells that expressed GM-
CSF alone and co-expressed IFN-y or IL-17 were significantly reduced in IL-12RB2KO
recipients (Supplementary Figure 2C, D). Consistent with cytokine profiles in the intestine,
there was a significant reduction of IFN-y, IL17A or GM-CSF production by donor T

cells in mesenteric lymph nodes (mLNs) of IL-12RB2KO recipients (Supplemental Figure
3A, B). In the spleen, we observed reduced percentage of GM-CSF-producing cells among
CD4* donor T cells, while IFN-y and IL17A production were similar in both groups
(Supplemental Figure 3C, D). We observed no significant difference in cytokine production
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by donor T cells in the liver between WT and IL12RB2 KO cohorts (Data not shown). Taken
together, we conclude that recipient IL12RB2 contributes to GVHD pathogenesis primarily
through regulating donor T-cell expansion and activation in recipient intestines.

IL-12 receptor on intestinal epithelial cells (IECs) only consists of IL12RB2 chain.

It was reported that IL-12 receptor expressed on IECs is formed solely by IL12RB2 chain
without IL12RB1 (33). We measured the IL12Rp1 and IL12RB2 expression on IECs in
C57BL/6 WT mice by flow cytometry. In agreement with the above report, we detected
IL12RB2 expression on H2KIEpCAM™* IECs (Figure 6 A-C) and H2K%* donor CD4 T
cells (Figure 6 D-F). As expected, no IL12RB2 expression was seen in IL12RB2KO mice
IEC (Figure 6 B, C). We were not able to detect IL12RB1 on H2K3EpCAM™* recipient

IEC (Figure 6 A-C) whereas the H2K9* donor cells expressed IL12RB1 (Figure 6 D-F). We
observed IEC preservation in IL12RB2KO recipients (Supplementary Figure 4A) and found
that IL12Rp1 was expressed on infiltrating donor T cells, but not on IECs, 14 days after
BMT (Supplementary Figure 4 B, C). Moreover, we observed that IL12RB2 expression was
induced in IECs upon irradiation conditioning (Supplementary Figure 4 D, E). Given IL-23
and IL-12 receptor share the IL-12RB1 subunit, we tested the expression of IL-23 receptor
and observed that its expression is comparable in unmanipulated WT and IL-12Rp2 KO
mice (Supplementary Figure 4F). However, IL-23R expression is significantly reduced in
IL-12RB2 KO recipients after irradiation and BMT (Supplementary Figure 4G). These data
suggest that I1L-23R expression can be regulated by IL-12 signals.

IL-12RB2 expression augments MHC class Il expression on intestinal cells.

MHC class 11 expression on IECs is significantly increased after total body irradiation

(TBI) and BMT, which presents alloantigen and activates CD4" donor T cells to initiate

Gl GVHD (18). Given that the IL-12/IFN-y axis is required for MHC class Il expression

on IECs, we hypothesized that IL-12RB2 signaling promotes MHC class 11 expression on
IECs and facilitates GI GVHD. To test this hypothesis, we transplanted Thy1.1* splenocytes
to lethally irradiated WT and IL-12Rp2KO recipient mice. MHC class Il expression was
significantly reduced on the IECs of IL-12RB2KO recipients compared to WT recipients

at day 4 (Figure 7 A-C) or day 7 post-BMT (Figure 7 D, E). After 7 days, we found that
absolute numbers of total intestinal cells, donor splenocytes, CD4* and CD8* donor T cells
were significantly reduced in IL-12RB2KO recipients, but no differences in percentages of
donor CD4" or CD8* donor T cells were observed (Figure 7 F, G). These data suggest
IL-12RP2 on recipient non-hematopoietic cells promotes MHC class 1l expression after TBI
and BMT, which enhance donor T-cell activation and expansion in recipient intestine.

IL-12RB2 enhances intestinal permeability and compromises intestine integrity after allo-

BMT.

Conditioning-related damage and activated donor T cells contribute at early stages of

Gl GVHD development that depend on increased transcellular permeability, leading to
intestinal barrier dysfunction (34, 35). We next asked whether IL-12Rp2 impacts Gl tract
permeability using a fluorescein isothiocyanate (FITC)-dextran assay. Indeed, we found

that Gl tract permeability was significantly reduced in IL-12RB2KO as compared to WT
recipients (Figure 8A). Given that IL-22 and Reg3y play significant roles in the maintenance
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of intestinal homeostasis, we further tested whether I1L-12Rp2 affects Reg3y and IL-22 in
recipient intestines. Quantitative RT-PCR analysis revealed significantly increased relative
expression of 1L-22 in the small intestine, but not large intestine, of IL12RpB2KO recipients
compared to WT controls (Figure 8 B, C). IL-22 producing innate lymphoid cells (ILCs)
were shown to be eradicated by alloreactive T cells during GVHD development (20).
Thus, these results suggest that increased IL-22 and Reg3+y levels were associated with the
preserved gut epithelium due to decreased T cell infiltration and inflammatory cytokines in
IL-12Rp2-deficient recipients.

Discussion

The interactions between donor T cells and host in GVHD pathogenesis is still not fully
understood (1, 36, 37). In the clinic, recipient age, sex, human leukocyte antigens (HLA)
mismatch, and genetic variation are associated with severe GVHD after allo-HCT (38—
40). Data from murine BMT models indicate host hematopoietic and non-hematopoietic
APCs, neutrophils, innate lymphoid cells, as well as other recipient-derived cells are
involved at early stages of aGVVHD pathogenesis (12, 41-43). In the current study, we
observed significantly improved aGVHD in recipient mice deficient for IL-12RB2 on host
non-hematopoietic cells after allo-BMT, while IL-12Rp2 on donor or host hematopoietic
cells is not required for GVHD development. Furthermore, our data showed that MHC-I1
antigen presentation and GI tract permeability were alleviated in the recipients deficient
for IL-12RB2, which resulted in reduced donor T-cell migration and inflammatory cytokine
production.

Gl aGVHD is the most common and serious complication in initiating systemic GVHD
and determines the outcome of allo-HCT; GI damage to recipients usually occurs after
lethal dose of TBI or high dose chemotherapy conditioning prior to transplantation (44).
TBI damage increases inflammatory cytokines and MHC-I1 expression on recipient APCs
to activate donor T cells after BMT (45). Although IL-12/IFN-vy axis from hematopoietic
cells has been suggested to induce MHC-I1 expression on intestinal epithelial cells (18),
the contribution of IL-12 receptor signaling was not clear. In the current study, we focused
on the contribution of IL-12 receptor subunits on recipient cells to MHC-I1 expression

and GVHD development. Our findings reveal that IL-12R[2 is solely induced in IECs by
TBI (Figure 6) and important not only in GI GVHD but also in early TBI damage. As
non-hematopoietic APCs, intestinal epithelial cells present MHC-11 antigen to donor CD4*
T cells and initiates GVHD influenced by microbiota (18). Consistent with this study, we
observed that IL-12RB2 on host hon-hematopoietic cells increased MHC-11 expression on
IECs (Figure 7), increased the Tc/Thl, Tc/Th17 and GM-CSF expressed T cells in mLN
and Gl tract (Figure 5), promoted T-cell infiltration into intestinal tissue, and enhanced the
severity of GI GHVD.

Gl tract damage by TBI conditioning and allogeneic T cells attack is characterized as
compromised barrier function by assessing the intestinal permeability (46, 47). In this study,
we showed increased paracellular intestinal permeability in aGVHD models compared to
TCD-BM alone control (Figure 8 A). IL-12RB2 on host non-hematopoietic cells increased
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permeability by enhancing T cell migration to the intestinal track and inflammatory cytokine
production.

IL-22 is a member of the IL-10 family of cytokines produced by several hematopoietic
populations, including Th cells and ILCs (20, 48). IL-22 has been shown to have protective
and inflammatory properties in the pathophysiology of GVHD (49, 50). On the protective
side, IL-22 enhances intestinal epithelial regeneration and barrier function, consequently
improving aGVHD (20, 51). IL-22 is also known as a regulator of REG3y that protects
intestinal stem cells and paneth cells against apoptosis (48). Regenerating islet-derived 3a
(REG3a) produced by paneth cells is widely used in the clinic as a specific biomarker,
since REG3a serum level was upregulated in patients with severe GI GVHD (52, 53). It
has been also reported that REG3+y (the mouse homolog of REG3a) production in Gl tract
decreased as aGVHD progresses is inversely correlated with the elevated level in circulation
(54). IL-22 is produced by radio-resistant host ILCs in response to pre-conditioning yet
diminishes in the Gl tract during GVHD development due to ILC destruction by donor
derived alloreactive T cells (20, 51, 54). Our data showed a significant increase in IL-22

in the ileum of IL-12RpB2 deficient recipient, while we observed a significant increase of
REG3y in the ileum and colon (Figure 8 B, C). We also found that REG3y expression

in the colon was much lower than that in ileum due to a reduced presence of paneth

cells in the colon (55). We thus propose that increased IL-22 production in IL-12Rp2
deficient recipients likely resulted from protection of intestinal epithelium, ILCs and others
due to reduced T cell infiltration (Figure 3) and proinflammatory cytokines (Figure 5).
Consequently, 1L-22 and REG3y produced by these protected cell types contributed to the
intestinal stem cell (ISC) and paneth recovery in the ileum and colon during GVHD.

It has been reported that IL-12 drives GVHD through Th1 activation (56, 57), and the
serum level of IL-12 is increased in aGVHD patients compared to the healthy donor (58).
Although IL-12/1L-12R signaling plays a critical role in T-cell proliferation, differentiation
and effector function after BMT (59), IL-12RB2 deficiency in donor cells and in recipient
immune cells did not mitigate the severity of aGVHD (Figure 1, 2). A potential explanation
could be impaired Treg generation and suppression due to interference of IL-35 signaling
in the absence of IL-12Rp2 (60-62), which remains to be further defined. However, since
IL-12RpB2 deficiency did not impair the function of donor cells, we suppose that inhibition
of IL-12/1L12R signaling for GVHD prevention would preserve the GVL activity. We
measured IL-12RB1 and IL-12RPB2 on intestinal epithelial cells in naive B6 mice before
and after BMT and observed only 1L-1232 was induced by TBI followed by BMT (Figure
6 and supplementary figure 4), which would partially explain an obvious protection on

Gl GVHD in IL-12B2KO recipients. We also tested the expression of IL-23R since it
shares IL-12RB1 subunit with the IL-12R and found that IL-23R expression was reduced in
IL-12RB2 KO recipients. Since IL-12-induced T-bet is known to regulate IL-23R expression
for Th17 derivation (63, 64), we suppose that IL-12RB2 signaling would also increase
IL-23R expression in IECs. The exact molecular mechanisms involved in IL12/IL12Rp2
signaling of intestinal cells in aGVHD requires further investigation.

In conclusion, we validated that IL-12RB2 on recipient non-hematopoietic cells contributes
to acute GVHD development, especially GI GVHD. IL-12Rp2 deficiency in non-

J Immunol. Author manuscript; available in PMC 2024 February 15.
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hematopoietic cells contributes to the maintenance of intestinal epithelial integrity and
consequently preserves IL-22 and REG3+y expression. In turn, IL-12RB2 deficiency protects
Gl tract from donor T-cell mediated injury by attenuating MHC-I1 expression on IECs.
Novel aGVHD preventive and therapeutic strategies have extended to tissue damage repair
(65), blockade of cytokine signaling pathways (66, 67), and targeting metabolic pathways
(68). If IL-12RpB2 is expressed in human Gl tract as expected, specific blockade of IL-12/
IL12R signaling will likely reduce GI GVHD after allo-HCT while not increasing the risk of
infection or relapse in patients with malignant hematological diseases.
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Key Points:

IL-12RB2 on recipient non-hematopoietic cells contributes to aGVHD

Targeting IL-12RB2 may be a potential strategy in the treatment of aGVHD.

J Immunol. Author manuscript; available in PMC 2024 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bastian et al. Page 16
A. Bl
100 @ 120+
0 % BMA
T 75 =) & WT B6->Balb/C
= “;’100 4 IL-12RB2KO->Balb/C
g 50+ > 90
n T
O 80+
X 25+ ]
°\° 704
0 L] L L L 60 L} L] L L]
0 20 40 60 80 0 20 40 60 80
C.
© BMA

% survival

# FVB->WT B6
% FVB->IL-12RB2KO

0 2l0 4l0 6'0 80 0 0 2l0 4l0 6.0 8l0
days post BMT days post BMT

Figure 1. Recipient IL-12Rp2 is required for development of aGVHD.
Lethally irradiated BALB/c mice (650cGy) were transplanted with 5x10° T-cell depleted

(TCD)-BM alone (BMA, n=5) or plus 0.75-1x108 purified T cells from WT (n=11) and
IL-12RB2KO (n=10) mice on C57BL/6 (B6) background. Recipients were monitored for
survival (A) and body weight loss (B) until 80 days post BMT. Lethally irradiated WT and
IL-12RB2KO B6 mice (1100cGy) were transplanted with 5x10% TCD-BM alone (n=9) or
plus 1x10° purified T cells (n=46) isolated from FVB mice. Recipients were monitored for
(C) survival and (D) body weight loss until 80 days post BMT. Data shown are from 2

for A, B or are from 5 repeated experiments for C, D. Log-rank (Mantel-Cox) test (A and
C) was used for comparison of survival between groups. Nonparametric Mann-Whitney U
test (B and D) was used to compare body weight loss between groups. Statistical data were
presented as mean + 1SD; significance was determined by Student’s t test. *** p< 0.001.
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Figure 2. IL-12RB2 on recipient non-hematopoietic cells is important for aGVHD development.
Lethally irradiated B6 Ly5.1* mice (1100cGy, n=20) were transplanted with 5x108 TCD-

BM from WT and IL-12RB2KO (Ly5.2*) B6 mice. After 8-10 weeks, engraftment was
confirmed by percentage of CD45.2* cells in the peripheral blood mononuclear cells. The
chimeras were lethally irradiated and transplanted with 5x106 TCD-BM alone (BMA) (n=5)
or plus purified T cells (n=20) from FVB donors. Recipients were monitored for survival (A)
and body weight loss (B) until 80 days post second BMT. Lethally irradiated WT C57BL/6
and IL-12RB2KO mice were transplanted with 5x108 TCD-BM from B6 Ly5.1* mice. The
chimeras were then lethally irradiated and transplanted with 5x108 TCD-BM alone (n=4) or
plus 1-1.5 x 10° purified T cells (n=24) from FVB donors as successful engraftment was
confirmed. Recipients were monitored for survival (C) and body weight loss (D) until 80
days post second BMT. Data shown are from 2 replicate experiments for A and B or from

4 repeated experiments for C and D. Log-rank (Mantel-Cox) test (A and C) was used for
comparison of survival between groups. Nonparametric Mann-Whitney U test (B and D)
was used to compare body weight loss between groups. Statistical data were presented as
mean + 1SD; significance was determined by Student’s t test. *** p< 0.001.
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Figure 3. Host IL-12Rp2 enhances donor T-cell infiltration to target organs and inhibits
hematopoiesis and immune reconstitution.

WT C57BL/6 and IL-12RB2KO mice were irradiated (1100cGy) and transplanted with
5x10% TCD-BM alone (BMA, n=3) or plus 0.5-1x10° -actin luciferase transgenic T

cells (n=17) isolated from DBA/2 mice. Recipients were monitored for survival (A) and
body weight loss (B). T-cell migration was monitored using bioluminescent imaging (BL1I).
Representative macro-photos are shown for BLI of total-body (C) over time with a region of
interest (ROI) summary (D). 80 days after BMT, recipient spleen and thymus were harvested
for analysis through flow cytometry. Absolute number of splenocytes, average percentages,
and absolute counts of H2KP*CD4*, H2KP*CD8*, and H2KP*B220™ cells in spleen are
shown (E). Double positive (CD4*CD8") frequencies, absolute numbers of double positive
(CD4*CD8") cells, and absolute count of thymocytes are shown (G). Data shown are from

2 replicate experiments. Log-rank (Mantel-Cox) test (A) or nonparametric Mann-Whitney U
test (B and C) was used to compare between groups. Statistical data are presented as mean +
1SD; significance was determined by Student’s t test. * p< 0.05 and **p < 0.01.

J Immunol. Author manuscript; available in PMC 2024 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bastian et al. Page 19
A .. B c.
- o Spleen Intestine
2
§" i i 203 [59.7| | [ @0 358 59.9 —
v Ia | 9 I kAR AR
gos jq ‘1.2.8 l60.9| ‘ j 03 |.la2.9 ’ ‘ 48.1 ‘
W= B é 3 g g 31 : KO
2" u] i 1 " = 3 1 i
5. i i Uveidead | ke - UveDesd B, e
’ WT KO
D. E. —
- §DJ§.¢.D 809 o Qu! 3 5

%T Cells
s 8

ke

T cells x 10¢
g & 8 & B

o
<4
4
o
o
4

§q

¥
]

3

%T Cells
3 3 3
8
£
E
g
%T Cells
vyep % % %
LIVER
4

s\
Target Organ

L.l

T cells x 104
T cells x 10*

2
2

CD4 cos

Il IL-12RB2KO

Figure 4. 1L-12RB2 sustains donor T cells and promotes target organ damage.
Lethally irradiated (1100cGy) WT and IL-12Rp2KO B6 mice underwent BMT with 5x10°

TCD-BM from FVB mice (Thy1.1) alone (BMA) or plus 0.5x106 purified T cells from

FVB mice (Thy1.2). Two weeks after BMT, spleens, livers and intestine of the recipients
were harvested and analyzed with flow cytometry. Absolute counts of splenocytes, liver cells
and intestinal cells were shown (A) Representative flow cytometry dot plots from spleen

(B) and intestine (C), the average frequencies and the absolute counts of CD4* or CD8* T
cells among gated H2K%*Thy1.2* donor cells from spleen, liver and intestine are shown (D).
Livers, small intestines and large intestines were collected and analyzed for pathological
damage on day 14 post-BMT. Pathology scores of liver, small and large intestine are shown
(E). The experiments were repeated 3 independent times. Five mice per group were used for
each experiment. Statistical data are presented as mean + 1SD; significance was determined
by Student’s t test. * p< 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 5. IL-12RB2 promotes IFNy, IL-17A and GM-CSF production by donor T cells in the Gl
tract.

Lethally irradiated WT and 1L-12RB2KO B6 mice underwent BMT with 5x106 TCD-BM
from FVB mice (Thy1.1%) alone (BMA) or plus splenocytes (equal to 0.5x108 T cells) from
FVB mice (Thy1.2%). Recipient intestines were harvested on day 14 after BMT and analyzed
with flow cytometry. Representative dot plots, the average frequencies and absolute counts
of IFN-y*, IL17A*, and GM-CSF* among gated donor CD4* or CD8* T cells are shown

(A and B). The experiments were repeated 3 independent times. 4-5 mice per group were
used for each experiment. Statistical data are presented as mean + 1SD; significance was
determined by Student’s t test. * p< 0.05, **p < 0.01 and ***p < 0.001.
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Figure 6. IL-12R was formed solely by the IL12RB2 chain without IL12Rg in the recipients’ Gl
tract.

WT and IL-12RB2KO B6 mice were irradiated (1200cGy) and transplanted with 5 x 108
splenocyte from FVB mice. Four days after BMT, recipients were euthanized, and IECs
were isolated for flow cytometry analysis (A).

IL-12RpB1 and IL-12R2 expression was quantified on H2K9"EpCAM™* IECs (B and C).
Mouse IgG1 PE-conjugated antibody was used as isotype control antibody. H2K%* donor
CD4 T cells were isolated from spleen (D) and the expression of IL-12Rp1 and IL-12R2
were detected (E and F). The experiments were repeated 2 independent times. Four mice per
were used for each experiment.
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Figure 7. IL-12RB2 augments MHC-11 expression and donor T cells in recipient Gl tract.
WT and IL-12RB2KO B6 mice were irradiated (1100cGy) and transplanted with 5x10°

splenocytes from FVB mice (Thy1.2). Four days after transfusion, recipient intestines
were harvested and IECs were isolated for flow cytometry analysis. Gating strategy for
analysis is shown (A). Representative flow histogram (B) and graphical summary (C) for
MHC-11 expression (MFI) on gated H2KP*CD45" IECs are shown. WT and IL-12RB2KO
B6 mice were irradiated (1100cGy) and transplanted with 3x10° splenocytes from FVB
mice (Thy1.2). IECs were isolated for flow cytometry analysis on day 7 post transfusion.
Representative flow histogram (D) and graphical summary (E) for MHC-11 expression (MFI)
on gated H2KP*CD45" IECs are shown. Absolute count of total donor splenocytes, average
frequencies and absolute numbers of donor CD4* or CD8" are shown (F and G). The
experiments were repeated 2 independent times. 3-5 mice per group were used for each
experiment. Statistical data are presented as mean + 1SD; significance was determined by
Student’s t test. * p< 0.05, **p < 0.01 and ***p < 0.001.
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Figure 8. IL-12RB2-deficiency reduces intestinal permeability and protects intestine integrity
after BMT.

WT (n=6) and IL-12Rp2KO B6 mice (n=7) were irradiated (1100cGy) and transplanted
with 3x108 splenocytes from FVB mice (Thy1.2). On day 7 after transfusion, the recipients
were gavaged with 200 pl of 80 mg/ml FITC dextran (4kDa). Intestinal permeability was
assessed by FITC-Dextran concentration in serum after additional four hours (A). Lethally
irradiated WT and IL-12RB2KO B6 mice underwent BMT with 5x10% TCD-BM from

FVB mice (Thy1.1) alone or plus splenocytes (equal to 0.5x10° T cells) from FVB mice
(Thy1.2). Relative expression of REG3y (B) and IL-22 (C) in ileum or colon are shown. The
experiments were repeated 2 independent times. 4-5 mice per group were used. Statistical
data are presented as mean + 1SD; significance was determined by Student’s t test. * p<
0.05, **p<0.01.

J Immunol. Author manuscript; available in PMC 2024 February 15.



	Abstract
	Introduction
	Materials and Methods:
	Mice.
	BMT models.
	Bone marrow chimeric model.
	IECs isolation from recipient intestines.
	Flow cytometry.
	Intestinal permeability assay.
	Quantitative PCR.
	Statistics.
	Study approval.

	Results
	IL-12Rβ2 on recipients is required for development of aGVHD.
	IL-12Rβ2 on recipient non-hematopoietic cells is important for aGVHD development.
	Recipient IL-12Rβ2 enhances donor T cell infiltration to target organs and inhibits hematopoiesis and immune reconstitution.
	IL-12Rβ2 sustains donor T cells and promotes target organ damage.
	IL-12Rβ2 promotes IFN-γ, IL-17A and GM-CSF production by donor T cells in the GI tract.
	IL-12 receptor on intestinal epithelial cells (IECs) only consists of IL12Rβ2 chain.
	IL-12Rβ2 expression augments MHC class II expression on intestinal cells.
	IL-12Rβ2 enhances intestinal permeability and compromises intestine integrity after allo-BMT.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Fig. 5.
	Figure 6.
	Figure 7.
	Figure 8.

