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B7-H4 is a negative regulatory B7 family member. We investigated the role of host and
donor B7-H4 in regulating acute graft-versus-host disease (GVHD). Allogeneic donor T

cells infused into B7-H4~~ versus WT recipients markedly accelerated GVHD-induced
lethality. Chimera studies pointed toward B7-H4 expression on host hematopoietic cells as
more critical than parenchymal cells in controlling GVHD. Rapid mortality in B7-H4~~
recipients was associated with increased donor T cell expansion, gut T cell homing and
loss of intestinal epithelial integrity, increased T effector function (proliferation,
proinflammatory cytokines, cytolytic molecules), and reduced apoptosis. Higher metabolic
demands of rapidly proliferating donor T cells in B7-H4~~ versus WT recipients required
multiple metabolic pathways, increased extracellular acidification rates (ECARs) and
oxygen consumption rates (OCRs), and increased expression of fuel substrate transporters.
During GVHD, B7-H4 expression was upregulated on allogeneic WT donor T cells. B7-
H4~~ donor T cells given to WT recipients increased GVHD mortality and had function and
biological properties similar to WT T cells from allogeneic B7-H4~~ recipients. Graft-versus-

leukemia responses were intact regardless as to whether B7-H4~"~ mice were used as
hosts or donors. Taken together, these data provide new insights into the negative
regulatory processes that control GVHD and provide support for developing therapeutic
strategies directed toward the B7-H4 pathway.
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B7-H4 is a negative regulatory B7 family member. We investigated the role of host and donor B7-H4
in regulating acute graft-versus-host disease (GVHD). Allogeneic donor T cells infused into B7-
H4-/- versus WT recipients markedly accelerated GVHD-induced lethality. Chimera studies pointed
toward B7-H4 expression on host hematopoietic cells as more critical than parenchymal cells in
controlling GVHD. Rapid mortality in B7-H4 /- recipients was associated with increased donor T cell
expansion, gut T cell homing and loss of intestinal epithelial integrity, increased T effector function
(proliferation, proinflammatory cytokines, cytolytic molecules), and reduced apoptosis. Higher
metabolic demands of rapidly proliferating donor T cells in B7-H4-/~ versus WT recipients required
multiple metabolic pathways, increased extracellular acidification rates (ECARs) and oxygen
consumption rates (OCRs), and increased expression of fuel substrate transporters. During GVHD,
B7-H4 expression was upregulated on allogeneic WT donor T cells. B7-H4/- donor T cells given to
WT recipients increased GVHD mortality and had function and biological properties similar to WT
T cells from allogeneic B7-H4-/~ recipients. Graft-versus-leukemia responses were intact regardless
as to whether B7-H4-/- mice were used as hosts or donors. Taken together, these data provide

new insights into the negative regulatory processes that control GVHD and provide support for
developing therapeutic strategies directed toward the B7-H4 pathway.

Introduction
Allogeneic hematopoietic stem cell transplantation (HSCT) is the preferred treatment for many hema-
tological malignancies. However, graft-versus-host disease (GVHD), induced by donor T cells that rec-
ognize host alloantigenic disparities, is a frequent cause of morbidity and mortality following allogeneic
HSCT (1, 2). The balance between costimulatory and coinhibitory pathways determines the fate of
T cells following T cell receptor ligation. During GVHD, coinhibitory pathways can be upregulated,
reducing injury to the host during acute GVHD (1).

The B7 family members play a critical role in both positive and negative regulation of immune
responses by engaging a variety of receptors on lymphocytes. B7-H4 (B7S1, B7x, VTCN1) is a type-1

insight.jci.org  https://doi.org/10.1172/jci.insight.127716 1


https://doi.org/10.1172/jci.insight.127716
https://doi.org/10.1172/jci.insight.127716
https://doi.org/10.1172/jci.insight.127716

. RESEARCH ARTICLE

insight.jci.org

transmembrane protein and a highly conserved B7 family member between mice and humans (3-5).
B7-H4 encodes a glycosylated protein and plays an inhibitory role in T-cell function (4, 5). Expression
of B7-H4 mRNA has been detected at low levels in a variety of tissues (3, 4, 6, 7), whereas B7-H4 pro-
tein expression is tightly regulated and shows limited expression in most normal human and murine tis-
sues (4, 6, 8). B7-H4 is overexpressed in multiple types and stages of cancer including ovarian, uterine,
and endometrial cancers (6, 9). The B7-H4 receptor has not been identified; however, evidence suggests
that a receptor could be induced and function on T cells (3, 4).

B7-H4 engagement to its receptor on T cells limits proliferation, cytokine production, and cytotoxicity
(3-5). The immunosuppressive and tissue protective function of B7-H4 has been demonstrated in multiple
in vivo models. Transgenic B7-H4 overexpression in pancreatic islets protected mice from the development
of diabetes mellitus in the presence of islet-specific T cell response (7, 10). Transplantation of islets with
B7-H4 overexpression prolonged islet survival (11), and delivery of a B7-H4-Ig fusion protein protected
mice against ConA-induced hepatic injury (12). B7-H4-Ig treatment can directly modulate CD4" T cell
inflammatory function (13-15). Conversely, loss of B7-H4 expression on islet cells in autoimmune mice
prone to diabetes mellitus accelerated disease progression, whereas pharmacological or genetic approaches
that reduce the loss of B7-H4 delayed the onset of diabetes mellitus (16). Host B7-H4 deficiency conferred
resistance to a lethal pulmonary infection with Streprococcus pneumoniae (17) or Listeria monocytogenes (18).
Collectively, these findings suggest B7-H4 expression on target cells negatively regulates immune function
in multiple disease models. B7-H4 overexpression in human tumor tissues (19) and soluble B7-H4 in type
1 diabetes mellitus patient sera (20) support the important role of B7-H4 in human disease progression.

Despite the importance of B7-H4 in peripheral tolerance, B7-H4:B7-H4 receptor interactions in
regulating GVHD have not been studied in detail. Here, we investigated the functional significance
of B7-H4 expressed on host tissues and explored the role of B7-H4 expressed on donor T cells in
regulating murine acute GVHD. Our findings suggest that both host and donor B7-H4 can downreg-
ulate T cell function during GVHD. We also explored mechanistic underpinnings that contributed to
B7-H4-mediated acute GVHD regulation.

Results

Absence of host B7-H4 expression accelerates GVHD-induced lethality. Although B7-H4 mRNA expression has
been detected at low levels in a wide variety of non-lymphoid tissues in healthy persons (4, 6), B7-H4
protein expression is more limited because of tight translational control in human and murine peripheral
tissues (4, 6, 8, 21). To assess B7-H4 mRNA expression in acute GVHD target tissues, lethally irradiated
WT BALB/c (H-2¢) recipients were given WT B6 (H-2°) BM with or without purified donor T cells. GVHD
organs (spleen, lung, liver, colon, and ileum) were harvested on day 7 and B7-H4 mRNA expression was
quantified by qRT-PCR. Compared with mice receiving BM only, recipient mice with WT donor T cells
had significantly higher B7-H4 mRNA in the spleen (P < 0.0001) and lung (P < 0.0001) with a statistical
trend (P = 0.06) toward higher levels seen in the ileum of GVHD versus naive controls (data not shown).

To determine the physiological significance of host B7-H4 expression in acute GVHD, WT BALB/c
or B7-H4~~ recipients were given allogeneic WT B6 BM with or without purified T cells. GVHD-induced
lethality was significantly accelerated in B7-H4~ recipients compared with WT recipients (Figure 1A,
median survival time [MST], 21.5 days versus 49.5 days; P < 0.0001) along with increased clinical GVHD
scores (Figure 1B) and accelerated weight loss (Figure 1C). GVHD-induced lethality was accelerated further
when B7-H4~~ versus WT recipients were given a 2-fold higher T cell dose (Supplemental Figure 1, A-C;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127716DS1).
These data suggest that B7-H4 expression on host tissues can regulate GVHD lethality.

The small frequency (5%—-10%) of CD25* regulatory T cells (Tregs) present in the donor graft is suf-
ficient to suppress GVHD-induced lethality (22). A possible explanation for heightened GVHD might be
related to diminished expansion or suppressor function of Tregs contained in the donor T cell graft. There-
fore, studies were performed to determine whether CD25-depleted donor grafts given to B7-H4~/~ versus
WT recipients would accelerate GVHD lethality. As expected, CD25-replete T cell grafts caused accelerat-
ed lethality in B7-H4”~ versus WT recipients (Figure 1D, P < 0.0001). CD25-depleted T cell grafts caused
more rapid lethality in WT recipients (P = 0.016). Because CD25-depleted T cells also resulted in the most
rapid lethality when infused into B7-H4~~ versus WT recipients (P < 0.0001), these data indicate that host
B7-H4 expression—mediated GVHD inhibition does not require Tregs present in the donor graft.
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Figure 1. Absence of host B7-H4 expression accelerates GVHD lethality and B7-H4 expression on hematopoietic cells is critical for controlling
acute GVHD. (A-C) Lethally irradiated WT BALB/c recipients or B7-H4~/~ recipients were infused with 107 WT B6 BM cells alone or with 1 x 10° WT B6
purified T cells. (A) Kaplan-Meier survival plot represents pooled data (n = 21-30 mice/group) from 3 independent experiments (BM + T cells: WT
versus B7-H4-/~ recipients; P < 0.0001). (B) Transplanted mice were evaluated for clinical GVHD (n = 8-12/group). BM + T cells: WT versus B7-H47/~
recipients, P < 0.0001 on d7, d14, d17, d21, and d24; P = 0.0009 on d10. Data are representative of 3 independent experiments. (C) Relative weights
of transplanted mice. Pooled data (n = 16-22/group) from 2 independent experiments (BM + T cells: WT versus B7-H4/~ recipients; P < 0.05 on d10,
d17, d21, and d24. (D) Lethally irradiated WT BALB/c recipients or B7-H4/~ recipients were infused with 10’ WT B6 BM cells alone (n = 12 mice) or
with 1 x 10° WT B6 purified T cells (n = 18 mice/group) or with 1 x 10° WT B6 CD25-depleted purified T cells (n = 18-20 mice/group). Kaplan-Meier
survival plot represents pooled data from 2 independent experiments (BM + T cells: WT versus B7-H4~/~ recipients, P < 0.0001; BM + CD25-depleted
T cells: WT versus B7-H4~/~ recipients, P < 0.0001; WT recipients: BM + T cells versus BM + CD25-depleted T cells, P = 0.016; B7-H4/~ recipients: BM
+ T cells versus BM + CD25-depleted T cells, P = 0.008. (E) Lethally irradiated WT BALB/c recipients or B7-H4~/- recipients were infused with BM
cells from B7-H47/- or WT BALB/c mice, respectively, to create chimeras. We also created control chimeras (WT—WT). After 3 months, these chi-
meras were re-irradiated and infused with allogeneic WT B6 BM cells with 2 x 10° WT B6 purified T cells. Kaplan-Meier survival plot of transplanted
mice (n = 8-9/group) is shown. WT—WT versus B7-H4-/~—WT chimeras, P = 0.0028; WT—B7-H4/- versus B7-H4-/~—WT chimeras, P = 0.0141. Data
are representative of 2 independent experiments. (B and C) Data represent mean + SEM. P values were calculated by 2-tailed t test (B and C) or log-
rank test (A, D, and E).
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B7-H4 expression on hematopoietic cells is more critical than parenchymal cells for controlling acute GVHD. B7-
H4 is expressed on both hematopoietic and parenchymal cells. To determine whether B7-H4 expression on
hematopoietic and parenchymal cells are equally important in regulating GVHD, we created BM chimeras
by lethal radiation conditioning of the host. Prior to induction of GVHD, syngeneic chimeras were gen-
erated to fix B7-H4 loss to either hematopoietic or parenchymal cells: B7-H4”~—WT in which tissue cells
were B7-H4** and BM-derived cells were B7-H47~; WT—B7-H4~~ chimeras in which tissue cells were
B7-H4”~ and BM-derived cells were B7-H4*/*; and control chimeras (WT—WT). After 3 months, peripher-
al blood lymphocytes (PBLs) and spleens were analyzed for engraftment; nearly 98% of antigen-presenting
cells were of donor BM origin (PBLs: 97.2 + 0.96; spleens: 90.6 + 0.83; data not shown). Chimeras were
re-irradiated and infused with allogeneic WT B6 BM plus T cells (2 x 10°) to induce GVHD. B7-H4/~—WT
chimeras died significantly faster than WT—WT and WT—B7-H4 /- chimeras (Figure 1E, P=0.0028 and
P = 0.014, respectively). However, WT—B7-H4 - survival did not differ from WT—WT chimeras (P =
0.799), suggesting that B7-H4 expression on hematopoietic cells is critical for dampening GVHD lethality.

Atalower T cell dose (1 x 10%), B7-H47/~—WT chimeras again died significantly faster than WT—WT
chimeras (Supplemental Figure 1D, P = 0.0287). A statistical trend toward faster lethality was seen in
WT—B7-H4”~ versus WT—WT chimeras (P = 0.078) but in contrast to the higher T cell dose, survival
of B7-H47/~—WT chimeras did not differ from WTB7-H4~~ chimeras (P = 0.915). Taken together, these
data show a dominant effect of B7-H4 expression on hematopoietic cells in regulating GVHD with a less
pronounced and variable effect of parenchymal B7-H4 expression.

Absence of B7-H4 expression on host cells increases donor T cell proliferation capacity and effector function. Increased
donor T cell expansion in B7-H4~~ recipients may drive accelerated GVHD lethality. B6 LUC transgenic
(LUCH) T cells given to WT or B7-H4~~ recipients produced a significantly higher LUC signal intensity by day
7 after bone marrow transplant (BMT) (Supplemental Figure 2A). Because conditioning-induced intestinal
tract damage plays a primal role in acute GVHD, we analyzed the expression of gut adhesion and chemo-
kine homing receptors (23, 24) as well as cell activation markers. Day 7 after BMT splenic donor T cells in
B7-H4 /- recipients had evidence of activation (CD44", CD25*, and CD62L") and increased proliferation by
Ki-67 staining (Supplemental Figure 2, B-E). The percentage of donor CD4* and CD8* T cells expressing
gut-homing receptors (CXCR3, LPAM-1, CCRS, and CCRY) (Supplemental Figure 2, F-I) or proinflamma-
tory cytokines (IFN-y, TNF-a, IFN-y/TNF-o, IFN-y/CD107a, IFN-y/LPAMI, or IL-22) was significantly
increased (P < 0.05) in B7-H4~~ versus WT recipients (data not shown).

Increased donor CD4* and CD8* T cell numbers in the spleen (Figure 2A) reflected higher pro-
liferation capacity (Figure 2B) and responder frequency (Supplemental Figure 3A), along with lower
apoptosis (annexin V, FasL) (Figure 2, C and D) and reduced expression of coinhibitory molecules (Sup-
plemental Figure 4) in B7-H4~ versus WT recipients. Donor T cell analysis in mesenteric lymph nodes
also reflected increased proliferation and lower apoptosis in B7-H4~/~ recipients (Supplemental Figure 3,
E-H). CD127 (the IL-7Ra chain that transduces cell survival signals) expression on donor T cells was
significantly higher in B7-H4~~ versus WT recipients (Figure 2E and Supplemental Figure 3B). Thus,
host B7-H4 deficiency failed to restrain donor T cell expansion, likely contributing to GVHD lethality.
Histological analysis on day 21 showed increased spleen and colon injury in B7-H4 /- versus WT recipi-
ents (Figure 3A) and loss of epithelial integrity (Figure 3B) as measured by higher levels of orally admin-
istered FITC-dextran, detectable in peripheral blood if the epithelial barrier has been compromised (25).
Donor CD4* and CD8* T cell numbers in colon lamina propria were increased in B7-H4~~ recipients
along with increased expression of Ki-67, homing receptors, cytolytic pathway antigen expression, and
proinflammatory cytokines (Figure 3, C-K, and Supplemental Figure 5).

Allogeneic donor T cells infused into B7-H4~'~ versus WT recipients require multiple substrate transporters and
metabolic pathways to meet high metabolic demands. Proliferating donor T cells can increase TCA cycle activity
and NADH (driving ROS) production to hyperpolarize mitochondrial membrane potential (A¥Ym). Mito-
chondrial activity of donor T cells was measured with tetramethylrhodamine (TMRM), a dye that accumu-
lates within mitochondria in proportion to AYm. TMRM fluorescence intensity was significantly higher in
B7-H4 - versus WT recipients (Figure 2F and Supplemental Figure 3C) along with increased superoxide
production by activated donor T cells (Figure 2G) because higher A¥m could induce superoxide produc-
tion from mitochondrial respiratory chains. Notably, donor T cells in B7-H4~~ recipients had more mito-
chondrial mass and respiring mitochondria, as determined by staining with mitotracker green (MTG) and
mitotracker deep red (MTDR), respectively (Figure 2H and Supplemental Figure 3D).
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Figure 2. Absence of B7-H4 expression on host cells increases proliferation and survival of allogeneic donor T cells. Lethally irradiated WT BALB/c recipients
or B7-H4/~ recipients were infused with 107 WT B6 BM cells plus 20 x 10° CFSE-labeled or 20 x 10° CTV-labeled WT B6 splenocytes. Mice were sacrificed on day
4 after BMT, and splenocytes were analyzed by flow cytometry. Donor T cells were analyzed for total cell numbers (A), CFSE dilution (B), Annexin V (C), FasL (D),
TMRM (F), DHE (G), or MTG (H) expression. (E) Lethally irradiated WT BALB/c recipients or B7-H4~/~ recipients were infused with 10’ WT B6 BM cells plus 2 x 10°
WT B6 purified T cells. Splenocytes were analyzed on day 4 to detect the percentage of donor T cells expressing CD127. (A-H) Data are representative of at least
5 mice per group from 2-3 independent experiments. MFI, mean fluorescence intensity. Data represent mean + SEM, and P values were calculated by 2-tailed t
test. *P < 0.05; **P < 0.01; ***P < 0.001.

Increased donor T effector proliferation, A¥m, and mitochondrial mass prompted functional metabolic
analysis because distinct T cell metabolism can determine both T cell fate and function. To fulfill the bioenergetic
and biosynthetic demands of proliferation, activation, migration, and cytolysis, T cells reprogram their metabol-
ic pathways to use different substrates, including glucose, glutamine, and fatty acids (FAs) (26). Activated T cells
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Figure 3. Absence of B7-H4 expression on host cells increases donor T cell effector function that promotes increased gut injury in recipients. Lethally
irradiated WT BALB/c recipients or B7-H4~/~ recipients were infused with 10’ WT B6 BM cells alone or with 1 x 10° WT B6 purified T cells. (A) Mice were
sacrificed (n = 5-7/group) on day 21 after BMT, and H&E-stained tissue sections were scored for GVHD. (B) FITC-dextran was administered orally on day 22
after BMT (n = 8-10 mice/group), and plasma levels were measured after 4 hours. (C-K) Mice were sacrificed on day 23 after BMT (n = 10/group), and lym-
phocytes isolated from the colon (2 colons were pooled to make 1 pooled sample and 5 pooled samples per group) were analyzed by flow cytometry. Donor
CD4* and CD8* T cells were analyzed for total cell numbers (C), and surface expression of CXCR3 (E), CCRS (F), or CCRI (G). Donor T cells were also analyzed
for intracellular expression of Ki-67 (D), Granzyme B (H), IFN-y (1), TNF-a. (J), or IL-6 (K). (A-K) Data are representative of 2 independent experiments. Data
represent mean + SEM. P values were calculated by 2-tailed t test. *P < 0.05; **P < 0.07; ***P < 0.001; ****P < 0.0001.

preferentially generate ATP through aerobic glycolysis (27). GLUT1, the major glucose transporter on hema-
topoietic cells (28), was significantly higher on proliferating donor T cells from B7-H4~ versus WT recipients
(Figure 4A). Seahorse measurements showed an increased extra-cellular acidification rate (ECAR) following
exposure to glucose, and maximal glycolytic capacity (after adding oligomycin to suppress mitochondrial ATP
production) of donor T cells isolated from B7-H4 "' recipients (Figure 4B and Supplemental Figure 6A).
Oxidative metabolism can use glucose, glutamine, or FAs as substrates. Both the basal oxygen
consumption rate (OCR; an indicator of oxidative phosphorylation) and maximal respiratory capacity
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were significantly elevated on donor T cells isolated from B7-H4~/~ versus WT recipients (Figure 4, C
and D). Glutamine is a key amino acid for T cell activation and an amine group donor for nucleotide
synthesis. Glutamate, the first product of glutamine metabolism, can be converted into a-ketoglutarate
and metabolized through the TCA cycle to generate citrate, providing a 2-step pathway for glutamine
to enter energy metabolism. Cell surface expression of CD98 (glutamine transporter) on donor T cells
also was significantly higher in B7-H4~~ recipients (Supplemental Figure 6B). Iron, an essential micro-
nutrient for cell growth, catalyzes key reactions in energy metabolism and DNA synthesis. Transferrin
transports iron from sites of absorption and storage to sites of iron utilization. Iron-bound transferrin
interacts with transferrin receptor to promote iron transport across the cell membrane. Cell surface
expression of CD71 (transferrin receptor) on donor T cells was significantly higher in B7-H4~'~ recipi-
ents (Supplemental Figure 6C).

GVHD T effectors are under high metabolic stress (29, 30) and can harness glycolysis, glutaminolysis,
and fatty acid oxidation (FAO) pathways to provide supplemental energy for survival and/or function
(26, 31). FA uptake as quantified using BoDipy,,, .,,, @ fluorescent FA analog, and surface expression of
CD36, a receptor that binds long-chain FAs (32), were significantly elevated on donor T cells obtained
from B7-H4 '~ recipients (Figure 4, E and F). CPT1a, the rate-limiting enzyme in mitochondrial FAO, was
significantly higher on proliferating donor T cells from B7-H4~~ versus WT recipients (Figure 4G and Sup-
plemental Figure 6D). Etomoxir, a CPT1a inhibitor, decreased the maximal respiratory capacity of donor
T cells obtained from B7-H4~~ versus WT recipients (Figure 4, H and I, and Supplemental Figure 6E),
confirming higher mitochondrial FAO in B7-H4~'~ recipients. Metabolic pathway analysis of donor T cells
isolated from the colon on day 23 after BMT also suggested elevated expression of GLUT1, CD98, CPT1a,
and CD71 in B7-H4”~ versus WT recipients (Supplemental Figure 7).

B7-H4 deficient donor T cells cause increased GVHD lethality that is independent of donor Treg function.
Moderate B7-H4 expression was detected on tumor-infiltrating CD8 T cells in E.G7-tumor—bearing
mice (33). B7-H4 expression could be induced on human T cells, B cells, dendritic cells, and mono-
cytes after in vitro stimulation with mitogens (LPS, PHA, PMA, or ionomycin) (4). Therefore, B7-H4
expression on the cell surface appears to be activation-induced and its expression on T cells has not been
analyzed in the context of GVHD. To perform the analysis, lethally irradiated B6 or BALB/c recipients
were infused with WT B6 BM and B6 congenic (CD45.1) T cells to induce GVHD, or lethally irradiated
BALB/c or B6 recipients were infused with WT BALB/c BM and BALB/c congenic (CD45.1) T cells.
In both allogeneic strain combinations, B7-H4 expression was significantly elevated on donor CD4" and
CD8" T cells compared with syngeneic donor T cells (Figure 5, A and B, and Supplemental Figure 8A).
These experiments confirmed a marked upregulation of B7-H4 expression on alloreactive donor T cells
under GVHD conditions. To determine whether anti-B7-H4 fluorochrome cross-reactivity accounted
for these findings, allogeneic WT BM and B7-H4 /- versus WT BALB/c donor T cells were infused into
B6 recipients. B7-H4 fluorochrome binding was detected on less than 3% of syngeneic WT or 1% or
less of allogeneic B7-H4~/- CD4* or CD8" T cells, in contrast with mean values in allogeneic WT T cells
(15% or 20%, respectively; P < 0.0001) noted to have maximum expression on day 5 after BMT (Figure
5C and Supplemental Figure 8B). Increased activation and effector function of B7-H4* compared with
B7-H4~ WT donor T cell population is marked by elevated CD25, CD44, CD69, granzyme B, and per-
forin, or reduced CD62L expression (Supplemental Figure 8§, C-H).

To determine whether B7-H4 expression on donor T cells affects GVHD, lethally irradiated WT B6
recipients were infused with WT BALB/c BM with or without purified T cells from WT BALB/c or B7-H4~~
donors. GVHD-induced lethality was markedly accelerated when recipients were given B7-H4~~ versus WT
donor T cells at a dose of 3 x 10° (MST, 9 days versus 49 days; P < 0.0001, Supplemental Figure 8I).
GVHD-induced lethality also was accelerated in recipients of B7-H4~~ versus WT donor T cells at a lower
dose of 2 x 10° (MST, 39 days versus 66 days; P < 0.0001, Figure 5D) along with increased clinical GVHD
scores (Figure 5E) and heightened weight loss (Supplemental Figure 8J).

To determine whether hypofunctional Tregs were responsible for accelerated GVHD (22, 34), B7-H4 /-
versus WT Tregs were added to responder T cells and anti-CD3 mAb-driven T cell proliferation was quan-
tified. B7-H4~~ versus WT Tregs were similarly effective (Supplemental Figure 9). In addition, accelerated
GVHD lethality in recipients of B7-H4~~ versus WT donor T cells was independent of donor Treg function
because Treg depletion from donor T cell graft did not abrogate GVHD acceleration (P < 0.0001, Figure 5F).
Moreover, in vivo, in a system in which supplementary donor Tregs were used to mitigate GVHD, B7-H4~/~
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Figure 4. Metabolic alterations of donor T cells in WT versus B7-H4-/~ recipients. Lethally irradiated WT BALB/c recipients or B7-H4/~ recipients were
infused with 107 WT B6 BM cells plus 20 x 10° CTV-labeled or unlabeled WT B6 splenocytes. Mice were sacrificed on day 4 after BMT, and experiments were
performed as described. (A) Splenocytes were analyzed by flow cytometry for intracellular expression of GLUT1 in undivided (CTV") and divided (CTV")
donor T cells. (B) Extra-cellular acidification rate (ECAR) of purified donor T cells was measured after addition of glucose, oligomycin, and 2-deoxyglucose
(2-DG). Basal glycolysis was measured after addition of glucose, and glycolytic capacity was measured after addition of oligomycin. The graph represents
pooled data from 5 time points to measure glycolysis and pooled data from 4 time points to measure glycolytic capacity. (C) Oxygen consumption rate
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(OCR) of purified donor T cells was measured after addition of oligomycin, fluorocarbonyl cyanide phenylhydrazone (FCCP), and rotenone plus antimycin
A. T cells from naive WT B6 mice (n = 4) were included as control. (D) Basal OCR (resting OCR - rotenone plus antimycin A OCR) was measured before the
addition of oligomycin, and maximal OCR was measured after addition of FCCP subtracting nonmitochondrial OCR (rotenone plus antimycin A OCR). The
graph represents pooled data from 3 time points to measure basal OCR or maximal OCR. Splenic donor T cells were analyzed by flow cytometry for BoDipy
(E) or CD36 (F) expression. (G) Splenocytes were also analyzed by flow cytometry for intracellular expression of CPT1a in undivided and divided donor T
cells. (H and 1) OCR of purified donor T cells was measured after addition of oligomycin, FCCP, etomoxir (Eto), and rotenone plus antimycin A. (1) Percent
inhibition was calculated using pooled data from 3 time points after addition of etomoxir. (A and E-G) Data are representative of 5 mice per group from
2-3 independent experiments. (B-D, H, and 1) Data are representative of 12 mice per group from 2-3 independent experiments. MFI, mean fluorescence
intensity. Data represent mean SEM, and P values were calculated by 2-tailed t test. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Tregs were at least as effective as WT Tregs in improving survival of animals (Figure 5G), although we can-
not exclude a superior function of B7-H4”~ versus WT Tregs in GVHD protection under more aggressive
GVHD conditions. Together, these data indicate that accelerated GVHD seen with B7-H4 /- versus WT
donor T cells was not a result of in vivo Treg hypofunction.

Increased T effector function is central to B7-H4~'~ donor T cell-mediated GVHD acceleration. We next sought to
identify potential mechanism(s) for accelerated GVHD. The absolute numbers, proliferation capacity, and
CD127 expression on donor CD4* and CD8" T cells were significantly higher (Supplemental Figure 10, A,
B, and E), whereas expression of apoptotic proteins (Supplemental Figure 10, C and D) and coinhibitory
receptors, including CD73 and 2B4, were significantly lower (P < 0.05) in recipients given B7-H4~~ versus
WT donor T cells (data not shown).

B7-H4~~ versus WT donor T cells had evidence of activation (CD44" CD25*, and CD62LY) (Supple-
mental Figure 11, A-C), increased expression of gut homing receptors (Supplemental Figure 11, D-G),
and the percentage of donor T cells expressing IFN-y, coexpressing IFN-y and CD107a, or LPAM-1 was
significantly increased on day 7 after BMT (Supplemental Figure 11, H-J). Histological analysis on day
30 after BMT showed increased damage of the colon in recipients given B7-H4~~ donor T cells (Figure
6A). This phenomenon was associated with increased FITC-dextran levels in peripheral blood (Figure 6B),
increased proliferation of donor T cells (Figure 6C), and increased expression of homing receptors (Figure
6, D and E) and proinflammatory cytokines (Figure 6, F-J) by donor T cells isolated from the colon.

Metabolic alterations in B7-H4~'~ versus WT donor T cells during GVHD. Similar to donor T cells in B7-H4~~
recipients, B7-H4~~ versus WT donor T cells had increased mitochondrial activity, superoxide produc-
tion, and respiring mitochondria (Supplemental Figure 10, F-H). Analysis of specific metabolic pathways
showed that percent positivity and MFI of GLUT1 expression on proliferating B7-H4~~ donor T cells were
significantly higher compared with WT donor T cells, suggesting increased glucose uptake and metabolism
(Figure 7A, data not shown). Seahorse measurements of the ECAR confirmed increased glucose metabo-
lism by B7-H4~~ donor T cells (Figure 7B). Basal OCR and maximal respiratory capacity were significantly
elevated in B7-H4~ versus WT donor T cells (Figure 7, C and D) as were the percent positive and MFI of
CD98 or CD71 expression (data not shown). Increased FA uptake and FAO by B7-H4 /- donor T cells were
noted (Figure 7, E-G). The use of a specific inhibitor of CPT1a significantly inhibited maximal respiratory
capacity of B7-H4~ versus WT donor T cells (Figure 7, H and I), indicating that mitochondrial FAO was
higher in B7-H4~~ donor T cells. In agreement with the data obtained at day 5 after BMT, metabolic path-
way analysis of donor T cells isolated from the colon on day 29 after BMT confirmed increased metabolic
activities for substrates including glucose, glutamine, FAs, and iron as suggested by elevated expression of
GLUTI1, CD98, CPTla, and CD71, respectively, in B7-H4~~ versus WT donor T cells (data not shown).

The graft-versus-leukemia effect is retained in B7-H4™'~ recipients of WT donor T cells and W'T recipients of B7-H4/~
donor T cells. Elevated B7-H4 expression detected in multiple human cancer types is often associated with poor
prognosis (35). Mouse in vivo and human in vitro studies using various anti-B7-H4 antibodies have shown
success in rescuing T cell function in vitro (3, 4, 36), augmenting T cell responses in vivo (3, 4), and reducing
tumor burden in murine lung cancer (37) and the A20 B cell lymphoma (33) models. To assess the graft-ver-
sus-leukemia (GVL) response, lethally irradiated WT BALB/c or B7-H4 /- recipients were infused with WT
B6 TCD BM and a low dose of T cells (0.5 x 109 plus 3 times the lethal dose of BALB/c recipient strain
A20"-lymphoma cells (38) on day 0. Mice that received BM and A20" alone died by day 25 after BMT as a
result of tumor burden (Supplemental Figure 12, A—C). WT or B7-H4 '~ recipients that received A20"* and
donor T cells had no tumor growth (Supplemental Figure 12, A and C) and died from GVHD (Supplemental
Figure 12B) that was accelerated in B7-H4~~ versus WT recipients (P = 0.016). Thus, the absence of B7-H4 on
host hematopoietic and parenchymal cells did not abrogate the GVL effect.
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Figure 5. B7-H4/- donor T cells cause increased GVHD lethality that is independent of donor Treg function. (A and B) Lethally irradiated B6 or BALB/c
recipients were infused with 10’ WT B6 BM cells plus 2 x 10° B6 Ly5.2 (CD45.1%) T cells. Mice were sacrificed (n = 4-5/group/day) on day 3, day 5, and day 7

after BMT, and splenic donor CD4* (A) and CD8* (B) T cells were analyzed by flow cytometry for B7-H4 expression. Data are representative of 2 independent
experiments. (C) Lethally irradiated B6 recipients were infused with 10’ WT BALB/c BM cells plus 2 x 108 WT BALB/c or B7-H4-"~ T cells. Mice were sacrificed on
day 5 after BMT, and splenic donor CD4* and CD8* T cells were analyzed by flow cytometry for B7-H4 expression. Pooled data from 2 independent experiments
(n = 8-10/group). (D and E) Lethally irradiated B6 recipients were infused with 10’ WT BALB/c BM cells alone or with 2 x 10° WT BALB/c or B7-H4/- T cells. (D)
Kaplan-Meier survival plot represents pooled data from 3 independent experiments (n = 21-29/group; BM + T cells: recipients of WT versus B7-H4-/- donor T
cells, P < 0.0001). (E) Transplanted mice were evaluated for clinical GVHD. BM + T cells: recipients of WT versus B7-H4~"- donor T cells, P < 0.0001 on d7, d15,
d18, d22, d25, d29, d32, and d39; P = 0.0043 on d11. Pooled data from 2 independent experiments (n = 13-19/group). (F) Lethally irradiated B6 recipients were
infused with 107 WT BALB/c BM cells alone or with 2 x 10 WT BALB/c or B7-H4~/- CD25-depleted T cells. Kaplan-Meier survival plot represents pooled data
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WT Tregs, P = 0.0001; WT T cells versus WT T cells + B7-H4~/~ Tregs, P < 0.0001; WT T cells + WT Tregs versus WT T cells + B7-H4~/- Tregs, P = 0.1732). (A-C and
E) Data represent mean + SEM. P values were calculated by 2-tailed t test (A-C and E) or log-rank test (D, F, and G).
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Figure 6. Elevated T effector function by B7-H4-/- donor T cells promotes increased gut injury in recipients. Lethally irradiated B6 recipients were infused
with 107 WT BALB/c BM cells alone or with 2 x 108 WT BALB/c or B7-H4/~ purified T cells. (A) Mice were sacrificed on day 30 after BMT (n = 6-7/group), and
H&E-stained tissue sections were scored for GVHD. Data are representative of 2 independent experiments. (B) FITC-dextran was administered orally on day
30 after BMT and plasma levels were measured after 4 hours. Pooled data obtained from 2 independent experiments (n = 10-15 mice/group). (C-}) Mice were
sacrificed on day 29 after BMT (n = 10/group), and lymphocytes isolated from colon (2 colons were pooled to make 1 pooled sample and 5 pooled samples
per group) were analyzed by flow cytometry. Donor CD4* and CD8* T cells were analyzed for surface expression of CCR9 (D) or CCR5 (E). Donor T cells were
also analyzed for intracellular expression of Ki-67 (C), IFN-y (F), TNF-a (G), IFN-y/TNF-o. (H), CD107a/ IFN-y (1), or IL-6 (}). (C-) Data are representative of 2
independent experiments. Data represent mean + SEM. P values were calculated by 2-tailed t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

In studies designed to assess GVL responses with B7-H4~/~ versus WT donor T cells, lethally irradiated
B6 recipients were infused with WT BALB/c TCD BM plus 2 times the lethal dose of B6 recipient strain
TBL-12"-lymphoma cells on day 0. Cohorts were administered with WT BALB/c or B7-H4~ T cells at a
dose of 3 x 10°¢ (Figure 8, A, B and E) on day 0. Mice that received TCD BM and TBL-12"< cells alone died
within day 20 after BMT as a result of tumor burden (Figure 8, A, B, and E), whereas recipients with WT
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Figure 7. Metabolic alterations in B7-H4/- versus WT donor T cells during GVHD. Lethally irradiated B6 recipients were infused with 10" WT BALB/c

BM cells plus 6 x 10° CTV-labeled or unlabeled WT BALB/c or B7-H4/~ purified T cells. Mice were sacrificed on day 5 after BMT, and experiments were
performed as described. (A) Splenocytes were analyzed by flow cytometry for intracellular expression of GLUT1 in undivided (CTV") and divided (CTV'")
donor T cells. (B) Extra-cellular acidification rate (ECAR) of purified donor T cells was measured after addition of glucose, oligomycin, and 2-deoxyglucose
(2-DG). Basal glycolysis was measured after addition of glucose, and glycolytic capacity was measured after addition of oligomycin. The graph represents
pooled data from 5 time points to measure glycolysis and pooled data from 4 time points to measure glycolytic capacity. (C) Oxygen consumption rate
(OCR) of purified donor T cells was measured after addition of oligomycin, FCCP, and rotenone plus antimycin A. T cells from naive WT BALB/c mice (n =
4) were included as control. (D) Basal OCR (resting OCR - rotenone plus antimycin A OCR) was measured before addition of oligomycin, and maximal OCR
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was measured after addition of FCCP subtracting nonmitochondrial OCR (rotenone plus antimycin A OCR). The graph represents pooled data from 3 time
points to measure basal OCR or maximal OCR. Splenic donor T cells were analyzed by flow cytometry for BoDipy (E) or CD36 (F) expression. (G) Splenocytes
were also analyzed by flow cytometry for intracellular expression of CPT1a in undivided and divided donor T cells. (H and 1) OCR of purified donor T cells
was measured after addition of oligomycin, FCCP, etomoxir (Eto), and rotenone plus antimycin A. (I) Percent inhibition was calculated using pooled data
from 3 time points after addition of etomoxir. (A and E-G) Data are representative of 5 mice per group from 2-3 independent experiments. (B-D, H, and

1) Data are representative of 12 mice per group from 2-3 independent experiments. MFI, mean fluorescence intensity. Data represent mean + SEM, and P
values were calculated by 2-tailed t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

or B7-H4~ donor T cells had no tumor growth (Figure 8, A and E) and died as a result of GVHD (Figure
8B). GVHD was accelerated in recipients of B7-H4~~ versus WT donor T cells (P = 0.0284). A lower dose
of donor T cells (2 x 10°) replicated the findings in mice that received TBL-12 cells with WT or B7-H4~~
donor T cells in which mice were tumor-free (Figure 8, C and F) but died as a result of GVHD (Figure 8D).

Lastly, to reduce the alloresponse further in an effort to uncover a difference in GVL, we performed
GVHD studies in the absence of tumor cells, using an even lower WT or B7-H4~ donor T cell dose (1 x
109). As shown in Supplemental Figure 8, K and L, the higher T cell dose (3 X 10°) accelerated GVHD
lethality as expected (P = 0.04, recipients of WT versus B7-H4”~ donor T cells). The median survival
times for higher and lower WT T cell doses in this experiment were 45 days and 72 days, respectively, and
there was no difference in GVHD lethality at the lower T cell dose. These findings are consistent with our
hypothesis that aggressive GVHD lethality is associated with B7-H4 upregulation on donor T cells (Fig-
ure 5, A—C, and Supplemental Figure 8, A and B), whereas less aggressive GVHD is insufficient to cause
B7-H4 upregulation to levels impacting GVHD lethality. As such, additional tumor studies were not pur-
sued. Collectively, these data suggest that B7-H4 expression on donor T cells is regulated by the severity of
GVHD and further suggest that GVHD and GVL responses are linked under these conditions.

Discussion

Here we have shown that within the first week after BMT, B7-H4 expression was increased in host cells
within GVHD organs and hematopoietic cells, and to a lesser extent parenchymal cells B7-H4 expression
was required to inhibit acute lethality. B7-H4 cell surface expression on donor T cells was also elevated
by day 5 after BMT and its absence lead to accelerated GVHD. In both B7-H4~'~ recipients and recipi-
ents of B7H4~ donor T cells, augmented GVHD lethality was associated with increased donor T cell
activation, proliferation, expansion, gut homing receptor and proinflammatory cytokine expression, along
with reduced coinhibitory pathway expression and reduced expression of apoptotic proteins. However,
enhanced substrate transporter expression on donor T cells fueled multiple metabolic pathways that were
engaged to provide energy to highly proliferative B7-H4~~ versus WT donor T cells. Because B7H4~~ Tregs
were at least as suppressive as WT Tregs in vivo, and Treg-depleted T cells from B7-H4~~ versus WT donors
caused heightened lethality, T effector cell expression of B7-H4 is critical in regulating acute GVHD.

In contrast to other B7-family members, B7-H4 mRNA is widely expressed (3, 4). Despite the wide-
spread expression of B7-H4 mRINA, the presence of B7-H4 protein on the surface of normal cells is limited
(4). B7-H4 expression on hematopoietic cells can be induced after in vitro stimulation (4) and the expres-
sion of B7-H4 changes in various strains of mice with age (20). B7-H4 cell surface expression appears to be
activation-induced, as noted in donor T cells during GVHD in our studies.

Our studies in which host B7-H4 deficiency results in accelerated GVHD lethality support the immu-
nosuppressive function of B7-H4 in different disease models (7, 10-16). Strong similarities to other B7
homologs with negative regulatory function exist. For example, we reported that PD-1 ligands in host
parenchymal and hematopoietic cells are upregulated during acute GVHD and that PD-L1~~ recipients or
WT recipients given blocking anti-PD-L1 mAb resulted in accelerated acute GVHD lethality (30). Where-
as PD-L1 expression in host parenchymal cells is essential in downregulating acute GVHD, host B7-H4
expression in hematopoietic cells dominated over parenchymal cells in suppressing lethality. In addition,
the B7 family member B7-H3 also is upregulated in GVHD target organs and B7-H3~~ versus WT recipi-
ents are hypersusceptible to acute GVHD lethality (39). In aggregate with our studies using B7-H4/~ recip-
ient mice, host deficiency of each of several B7 family members with coinhibitory function significantly
accelerated GVHD lethality compared with WT recipients. Taken together, B7 family members with coin-
hibitory function appear to be upregulated in GVHD tissues and donor T cells during the inflammatory
process of GVHD, likely representing a means by which immune homeostasis can be induced within the
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Figure 8. GVL effect is retained in recipients of
WT versus B7-H4/- donor T cells. (A, B, and E)
Lethally irradiated B6 recipients were infused
with 107 T cell-depleted WT BALB/c BM cells

plus 5 x 10° TBL-12"¢-lymphoma cells or lethally
irradiated B6 recipients were infused with 10’ T
cell-depleted WT BALB/c BM cells plus 5 x 10°
TBL-12"-lymphoma cells along with 3 x 10° WT
BALB/c or B7-H4~/~ purified T cells on day 0 (n =10
mice/group). (C, D, and F) Lethally irradiated B6
recipients were infused with 107 T cell-depleted
WT BALB/c BM cells plus 5 x 10° TBL-12/«-
lymphoma cells or lethally irradiated B6 recipients
were infused with 107 T cell-depleted WT BALB/c
BM cells plus 5 x 10° TBL-12"*-lymphoma cells
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Tumor growth was monitored by LUC imaging on
day 8, day 15, day 19, day 26, day 40, day 54, and
day 71 after BMT. BLI, bioluminescence imaging.
(B) Kaplan-Meier survival plot of transplanted
mice is shown (recipients of WT versus B7-H4~
/~donor T cells, P = 0.0284). (D) Kaplan-Meier
survival plot of transplanted mice is shown
(recipients of WT versus B7-H4-/- donor T cells,

P =0.0258). (E and F) In vivo BLI of TBL-12/-
lymphoma cells on day 15 and day 19 after BMT.
The scale to the right of the images describes the
color map for the photon count. (B and D) P values
were calculated by log-rank test. (A-F) Data were
obtained from 1 experiment and same control
transplanted mice (BM + TBL-12*) were used in A,
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sites of inflammation (40). Thus, the degree of the inflammatory response that can be influenced by both
the conditioning regimen intensity and the aggressiveness of GVHD-induced lethality may increase B7-H4
upregulation. This hypothesis is consistent with the finding that B7-H4 upregulation on host hematopoietic
and parenchymal cells is seen in allogeneic but not syngeneic donor T cell recipients on day 5 after BMT. In
an analogous fashion to other B7 family members with coinhibitory function, such as PD-1 (41) and B7-H3
(39), T cells from B7-H4 - mice caused hyperacute GVHD lethality. Thus, the lack of B7-H4 expression on
donor T cells leading to accelerated GVHD lethality parallels our findings with B7-H3, indicating that elim-
ination of a negative regulator can increase allogeneic donor anti-host T cell responses. We have previously
reported that B7-1 expression on donor T cells can be inhibited by CTLA-4 expression on donor T cells in a
T-T interaction (42). In an analogous fashion, upregulated B7-H4 on donor T cells may bind B7-H4 ligand
on donor T cells or host cells. Although Tregs can modulate GVHD severity and lethality (22, 34) and a
link between B7-H4Ig and Tregs has been reported in an experimental autoimmune encephalomyelitis
model (14), GVHD lethality in B7-H4~~ versus WT recipients was similarly accelerated by the infusion of
Treg-replete or Treg-depleted donor WT T cells, similar to accelerated lethality seen in WT recipients given
donor Treg-replete or Treg-depleted B7-H4 /- versus WT T cells. Although blocking anti-PD-1 mAb pheno-
copied the findings with PD-17~ donor T cells, neither of 2 known blocking anti-B7-H4/B7S1/B7x mAbs
(clone 19D6, ref. 7; or clone 1H3, ref. 43) given at their optimal doses and schedules accelerated GVHD-in-
duced lethality (Supplemental Figure 1E and data not shown), similar to blocking anti-B7-H3 mAbs that
failed to phenocopy B7-H3~~ recipients or donor T cells in the context of GVHD (39). Although B7-H4Ig
versus irrelevant fusion protein administration could attenuate GVHD lethality in B10.BR recipients of
WT B6 BM and splenocytes (15 x 10°) (P = 0.017), the effect was modest with only a 4-day prolongation of
MST and overall survival (data not shown). These data highlight the main limitation of our study, kinetics,
site, functional properties of and availability of mAbs against the as-yet unknown B7-H4 receptor and point
to the need for future studies testing other mAbs directed to B7-H4 or its receptor.

A likely contributory mechanism for accelerated GVHD lethality in B7-H4 '~ recipients or recipients
of B7-H4”~ donor T cells is increased donor T cell infiltration in GVHD target tissues. Our findings of
higher CD127 and lower annexin V and FasL expression provide a downstream mechanism to explain the
higher proliferation and absolute numbers of donor T cells. IL-7 signaling via CD127 promotes the upregu-
lation of antiapoptotic protein Bcl-xL along with Bcl-2 in CD4* effector/memory T cells (44). In addition,
CD127 signaling is necessary but not sufficient for the formation of memory CD8" T cells during viral
infection (45) and for the transition of CD4" T effector into memory cells (46). Higher T cell gut homing
receptor and proinflammatory cytokine (IFN-y, TNF-a, IL-6) expression may account for, in part, to the
greater gut injury seen in B7-H4~~ versus WT recipients (47). IFN-y may upregulate host MHC, costimu-
latory molecules, or it may stimulate production of other inflammatory cytokines (48) that can function as
a GVHD effector mechanism. These data are consistent with our GVHD studies in which PD-1 pathway
blockade results in high IFN-y production (41) and findings by other clinicians suggesting that IFN-y can
cause tissue damage in the gut and liver during acute GVHD (49).

During GVHD, the metabolic demand of donor T cells in response to activation leads to metabol-
ic adaptations to facilitate expansion and differentiation. These include induction of aerobic glycolysis,
OXPHOS, glutaminolysis, increase in synthesis of biomolecules, lipid synthesis or oxidation, and ami-
no acid uptake (31, 50-54). We (30), and others (29) have shown that GVHD results in high metabolic
demands for T effectors, increasing their dependency on aerobic glycolysis. Glucose uptake provides a key
metabolic control point through the GLUT family of glucose transporters. GLUT1 can promote T effec-
tors because GLUT1 over-expression selectively increases T effector frequency and leads to inflammatory
disease (55), whereas GLUT1 deficiency decreases T effector expansion and the ability to induce inflam-
mation (56). GLUT1 expression was increased in proliferating WT donor T cells in B7-H4~~ recipients
and B7-H4~~ donor T cells in WT recipients along with increased glycolysis and OXPHOS, suggesting that
proliferating alloreactive T cells use both aerobic glycolysis and OXPHOS for ATP synthesis.

Mitochondrial electron transport chain is a major source of ROS in mammalian cells in the form of
superoxide (57). Mitochondrial ROS production also increases in proportion with A¥m because hyper-
polarization of A¥Ym can prolong the half-life of reactive intermediates, which increases the formation
of superoxide (58). Therefore, it is not surprising that increased OXPHOS by proliferative alloreactive T
cells would exhibit increased ROS production. Although memory T cells preferentially use FA metabolism
(59), T effectors can also rely on FAO during GVHD (31). Increased FA uptake and FAO and enhanced
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susceptibility to pharmacologic inhibition of FAO by etomoxir in donor T cells suggest that B7-H4 acts as
a negative regulator of T cell activation, and loss of B7-H4 expression may provide a cell intrinsic positive
stimulus for FA metabolism in alloreactive T cells undergoing clonal expansion.

Taken together, our results demonstrate the important function of B7-H4 in regulating acute GVHD.
Future studies will further warrant B7-H4 expressing host cells responsible for GVHD attenuation. B7-H4
expression was upregulated in GVHD target organs and on donor T cells early after BMT. The rapid onset
of mortality in B7-H4”~ recipients or in WT recipients of B7-H4~~ donor T cells was associated with
increased proliferation, activation, and Thl cytokine production, along with increased homing in GVHD
target tissues including gut, as well as loss of intestinal epithelial integrity. Greater understanding of the
function of B7-H4 expression by activated donor T cells will potentially provide new insight into the regu-
lation of GVHD and suggest clinically useful strategies to selectively increase B7-H4 expression on donor
T cells, or that increasing B7-H4 expression early after BMT may be clinically useful to prevent GVHD.

Methods

Experimental animals. Female BALB/c (H-2¢) mice were purchased from Charles River Laboratories.
Female C57BL/6 (H-2% termed B6), B10.BR (H-2¥), and congenic BALB/c mice (CD45.1*) were pur-
chased from The Jackson Laboratory. Ly5.2 (H-2%) congenic mice (CD45.1%) were purchased from Charles
River Laboratories. B7-H4~~ mice in BALB/c background (provided by James P. Allison at the University
of Texas, Houston, Texas, USA) were backcrossed for 4 additional generations at the University of Minne-
sota before use in experiments. The luciferase-expressing transgenic B6-L2G85 (H-2°, Thyl.1) mice were
obtained from Robert S. Negrin (Stanford University, Stanford, California, USA). Mice were bred and
housed in a specific pathogen—free facility at the University of Minnesota and used at 8—14 weeks of age.

Bone marrow transplantation. BM transplantations were performed as described previously (30). Briefly,
recipient mice received total body irradiation at a lethal dose (BALB/c 700 cGy; B10.BR 1000 cGy; B6
1100 cGy) by X-ray on day —1. BM cells alone or with purified T cells (purity >97%), CD25-depleted T
cells, T cells plus Tregs, or splenocytes were infused i.v. on day 0. Mice were evaluated for evidence of clin-
ical GVHD as described previously (60).

Quantitative PCR (¢PCR). RNA was purified using RNeasy Plus Mini Kit (QIAGEN) and cDNA was
synthesized from total RNA using the SuperScript VILO ¢cDNA Synthesis Kit (Thermo Fisher Scientif-
ic). For gqRT-PCR experiments, reactions containing the TagMan Gene Expression Master Mix (Thermo
Fisher Scientific) and probes for B7-H4 (Mm00628552_m1), or glyceraldehyde-3-phosphate dehydrogenase
(Mm99999915_g1) as the endogenous control gene were run on QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific) and analyzed with QuantStudio Design and Analysis Software v1.4 (Applied
Biosystems). The 2% method was used to generate RQ for quantifying B7-H4 expression in samples in
comparison with unmanipulated WT mice.

BM chimeras. WT BALB/c or B7-H4~~ mice were lethally irradiated and reconstituted with BM cells from
B7-H4 - or WT BALB/ ¢ mice, respectively. To create control chimeras, WT BALB/c recipients were lethally
irradiated and reconstituted with BALB/c CD45.1" BM cells. After 3 months, chimerism was confirmed
by evaluating CD45.1 expression on CD11b, CD11c, and CD19 in PBLs and spleens. BM chimeras were
re-irradiated and infused with allogeneic WT B6 BM and purified T cells, then monitored daily for survival.

Flow cytometry. The following fluorochrome-conjugated Abs were purchased from eBioscience, BD Biosci-
ences, BioLegend, Abcam, or R&D Systems: CD4 (RM4-5), CD8 (53-6.7), H-2Kb (AF6-88.5), H-2Kd (SF1-
1.1), CD16/CD32 (clone 93), CD25 (PC61.5), CD62L (MEL-14), CD44 (IM7), CD69 (H1.2F3), LPAM-1
(DATK32), CCR5 (HM-CCR5-7A4), CCR9 (CW-1.2), CXCR3 (CXCR3-173), CD107a (eBio1D4B), B7-H4
(clone 297219), IFN-y (XMG1.2), TNF-a (MP6-XT22), IL-6 (MP5-20F3), IL-22 (IL22JOP), CD45.1 (A20),
CD45.2 (clone 104), CD127 (A7R34), CD98 (RL388), CD36 (clone 72-1), CTLA-4 (UC10-4B9), Lag-3
(C9B7W), TIM3 (RMT3-23), CD73 (eBioTY/11.8), 2B4 (eBio244F4), PD-1 (J43), CD71 (R17217), TIG-
IT (GIGD?7), Granzyme B (NGZB), Perforin (eBioOMAK-D), Ki-67 (B56), GLUT1 (ab14683), CPT1A
(8F6AEY), and CD178 (MFL3). 7-AAD, Annexin V, and fixable viability dye were purchased from eBio-
science. Secondary Abs were purchased from Jackson ImmunoResearch. Carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE), Celltrace violet (CTV), Dihydroethidium (DHE), Tetramethylrhodamine (TMRM,
methyl ester), MitoTracker Green (MTG), MitoTracker Deep Red (MTDR), and BoDipy (500/510 C,,
C,,) were purchased from Thermo Fisher Scientific. Cells were stained with viability dye to discriminate
live from dead cells. Cell apoptosis was measured using Annexin V staining kit. Superoxide production by
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donor T cells was measured by flow cytometry using DHE (a redox-sensitive dye specific for superoxide)
as described previously (61). MTG and MTDR staining (62) were performed according to manufacturer’s
instructions. Intracellular cytokine staining was performed as described previously (30). Isotype-matched
Abs were used as control. Cells were acquired using BD LSRFortessa flow cytometer (BD Biosciences) and
data were analyzed using FlowJo software. Responder frequency and proliferation capacity of donor CD4*
and CD8" T cells were calculated as described previously (63).

Treg suppression assay. Tregs were isolated from LNs of WT BALB/c or B7-H4”~ mice by MACS col-
umn selection to more than 93% purity. Splenocytes isolated from B6 Ly5.2 mice were labeled with CFSE
and used as responder cells. Responder cells were stimulated with purified anti-mCD3e mAb (0.25 pg/mL;
eBioscience) and were cultured with or without freshly isolated Tregs at the indicated T cell/Treg ratios.
Cells were harvested on day 4, and proliferation was determined by CFSE dilution.

Bioluminescence imaging (BLI) studies. Xenogen IVIS imaging system was used for in vivo imaging
(30). Mice were injected i.p. with firefly luciferase substrate (0.1 mL; 30 mg/mL; Perkin Elmer) 5 min-
utes before imaging. Data were analyzed using Living Image Software (Perkin Elmer) and presented as
photon counts per area.

Histology. Representative mice were sacrificed on day 21 or day 30 after BMT and harvested organs
were embedded in OCT compound, snap-frozen in liquid nitrogen, and stored at —80°C. Lungs were
inflated by infusion of 1 mL of OCT compound: PBS (3:1) intratracheally before harvest. Cryosec-
tions (6-um) were fixed in acetone, stained with H&E and histopathology scores were assigned as
described previously (64).

FITC-dextran permeability assay. FITC-dextran assay was used to evaluate intestinal permeability as
described previously (30). Briefly, mice were given 16 mg of FITC-dextran (Sigma-Aldrich) orally; 4 hours
later, plasma was collected, and fluorescence intensity of each sample was measured on a plate reader.

Colon lymphocyte isolation. Mice were sacrificed on day 23 or day 29 after BMT, colons were harvested,
cut into pieces, and incubated 3 to 4 times with 5 mM EDTA in RPMI 1640 with 10% serum at 37°C for 15
minutes. Supernatants containing intraepithelial lymphocytes were discarded. Tissues were then incubated
twice with 0.5 mg/mL and once with 1 mg/mL of Collagenase D (Roche) in RPMI 1640 with 10% serum
at 37°C for 1 hour. Lymphocytes were isolated on a 40/80 Percoll (Sigma-Aldrich) gradient (38).

Metabolism assays. Experiments were performed as described previously (38). Briefly, mice were sac-
rificed on day 4 or day 5 after BMT and donor T cells were purified from spleens (3 spleens were pooled
to make 1 pooled sample and 4 pooled samples/group). ECAR and OCR of purified donor T cells were
measured with a XF-24 Extracellular Flux Analyzer (Seahorse Bioscience). Cells were seeded in a Cell-Tak
coated plate and ECAR was measured in XF media with glutamine alone under basal condition and in
response to glucose, oligomycin, and 2-deoxyglucose (2-DG). Also, cells were seeded in a Cell-Tak coated
plate and OCR was measured in XF media under basal condition and in response to oligomycin, fluorocar-
bonyl cyanide phenylhydrazone (FCCP), and rotenone + antimycin A. In selected experiments, OCR was
also measured in the presence of Etomoxir (Sigma-Aldrich).

Lymphoma cell lines and GVL studies. A20 is a B cell lymphoma cell line of BALB/c origin that was mod-
ified to express LUC (termed A20<) as described previously (65). Lethally irradiated WT BALB/c recipi-
ents were infused with 107 T cell-depleted WT B6 BM cells plus 1 x 10° A20*-lymphoma cells, or lethally
irradiated WT BALB/c or B7-H4~~ recipients were infused with 107 T cell-depleted WT B6 BM cells plus
1 x 10 A20*-lymphoma cells along with 0.5 x 10¢ WT B6 purified T cells on day 0. Tumor growth was
monitored weekly by LUC imaging of lymphoma cells.

TBL-12 is a B cell lymphoma cell line of B6 origin (66) that was modified to express LUC (termed
TBL-12<), Lethally irradiated B6 recipients were infused with 107 T cell-depleted WT BALB/c BM
cells plus 5 x 103 TBL-12"-lymphoma cells, or lethally irradiated B6 recipients were infused with 107
T cell-depleted WT BALB/c BM cells plus 5 X 103 TBL-12"-lymphoma cells along with 2 x 10° or 3 X
10 WT BALB/c or B7-H4 "/~ purified T cells on day 0. Tumor growth was monitored weekly by LUC
imaging of lymphoma cells.

Statistics. The Kaplan-Meier product-limit method was used to calculate survival and differences between
groups was determined using log-rank test (GraphPad Prism 7.0 software). For all other data, 2-tailed Student’s
t test was used to analyze differences between groups. P < 0.05 was considered as significant.

Study approval. All experiments were conducted in accordance with approved protocols by Institutional
Animal Care and Use Committee (IACUC) at the University of Minnesota.
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