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Introduction

Currently, the most effective treatment in the clinic for hemato-
logical malignancies including leukemia, lymphoma, and myelo-
ma is allogeneic hematopoietic cell transplantation (allo-HCT).
Donor bone marrow (BM) or peripheral blood (PB) lymphocytes
directly recognize and kill malignant cells within the host, termed
the graft-versus-tumor (GVT) effect or graft-versus-leukemia
(GVL) effect. A detrimental side effect of allo-HCT that occurs
in 30%-70% of transplant recipients is chronic graft-versus-host
disease (cGVHD). cGVHD is the primary cause of late-stage trans-
plant-related morbidity and mortality despite available prophylac-
tic strategies and treatments (1, 2).

Targeting T cell pathways remains a promising area of inves-
tigation in GVHD therapeutics. One potential T cell candidate
target relevant to both leukemia and the immune response that
has not, to our knowledge, been studied in GVHD pathogenesis
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Graft-versus-host disease (GVHD), manifesting as either acute (aGVHD) or chronic (cGVHD), presents significant life-
threatening complications following allogeneic hematopoietic cell transplantation. Here, we investigated Friend virus
leukemia integration 1 (Fli-1) in GVHD pathogenesis and validated Fli-1as a therapeutic target. Using genetic approaches,
we found that Fli-1 dynamically regulated different T cell subsets in allogeneic responses and pathogenicity in the
development of aGVHD and cGVHD. Compared with homozygous Fli1-deficient or WT T cells, heterozygous Fli1-deficient T
cells induced the mildest GVHD, as evidenced by the lowest Th1and Th17 cell differentiation. Single-cell RNA-Seq analysis
revealed that Fli-1 differentially regulated CD4* and CD8"* T cell responses. Fli-1 promoted the transcription of Th1/Th17
pathways and T cell receptor-inducible (TCR-inducible) transcription factors in CD4* T cells, while suppressing activation-
and function-related gene pathways in CD8* T cells. Importantly, a low dose of camptothecin, topotecan, or etoposide acted
as a potent Fli-1inhibitor and significantly attenuated GVHD severity, while preserving the graft-versus-leukemia (GVL)
effect. This observation was extended to a xenograft model, in which GVHD was induced by human T cells. In conclusion,
we provide evidence that Fli-1 plays a crucial role in alloreactive CD4* T cell activation and differentiation and that targeting
Fli-1 may be an attractive strategy for treating GVHD without compromising the GVL effect.

is the transcription factor Friend virus leukemia integration 1 (Fli-
1). Although Fli-1 has been relatively understudied specifically in
primary lymphocytes, especially T cells, it was indeed previously
demonstrated that retroviral overexpression of Flil in T cell pro-
genitor cells led to initiation of uncontrolled T cell proliferation
and pre-T cell lymphoblastic lymphoma mediated by notch-1
receptor protein (NOTCH-1) mutations (3), and that T cells from
germline heterozygous Flil-deficient mice bearing the Fas muta-
tion showed that Fli-1 was positively associated with the inflam-
matory factors CXCR3, IL-6, Cl6-ceramide, IL-17, and GM-
CSF (4-8). These factors can also play important roles in GVHD
pathogenesis (6, 9-13). A recent role for Fli-1 in regulating
the CD8" T cell response during infection and the antitumor
response has also been identified, yet its role in primary CD4* T
cells remains largely elusive (14).

Cancer chemotherapeutics including camptothecin (CPT), the
CPT analog topotecan (TPT), and etoposide (ETO) were shown to
be potent Fli-1 protein inhibitors (15, 16)). In these studies, CPT
impaired tumor growth in multiple erythroleukemia cell lines in
vitro and in Friend murine leukemia virus-induced (F-MuLV-
induced) erythroleukemia in vivo (15, 17), whereas TPT reduced
lupus nephritis and inflammatory factors in human renal cells (16).
Additionally, multiple cancer types that are targeted with allo-
HCT such as acute myeloid leukemia (AML), lymphomas, and
other hematopoietic malignancies have been shown to express
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high levels of Flil mRNA, suggesting that targeting Fli-1 in these
cancer types could be beneficial in reducing their growth (18).

Despite these previous findings, to date there has been no
research to our knowledge that directly implicates Fli-1 as a link
between immune tolerance and anti-leukemia immunity in the
context of allo-HCT. Furthermore, whether Fli-1 plays an import-
ant role in the CD4" T cell response has not to our knowledge been
addressed until the current study. Here, we used a genetic strategy
to target Fli-1 activity specifically on T cells and determined the
role of Fli-1 in experimental GVHD models. We then used known
pharmacological agents with strong Fli-1-inhibitory activity in
preclinical allo-HCT mouse models of acute GVHD (aGVHD) and
c¢GVHD, as well as in a humanized xenograft model of GVHD, and
showed that decreasing the expression or activity of Fli-1 may be
an important translational concept for reducing the pathogenesis
of GVHD without impairing the GVL response.

Results

Characteristics of Flil conditional-KO mice. The FLI"# mouse
strain was previously shown to effectively reduce Fli-1 mRNA
and protein levels via Cre-mediated recombination on the
Tie2 (Tek) promoter (19). We verified the ability of the CD4
promoter-based Cre/loxP system to mediate effective Flil
recombination in T cells. Using a PCR probe specific for the
consensus loxP sites present near exons 3 and 4, where, as
expected, we found complete deletion of the exon 4 loxP site in
Flil"’CD4Cre* T cells compared with FliI”"TCD4Cre" T cells,
which contained both loxP sites, but no CD4Cre recombinase
expression, indicating that effective cell-specific Flil recombi-
nation occurred in the presence of CD4Cre (Supplemental Fig-
ure 1A; supplemental material available online with this article;
https://doi.org/10.1172/JCI143950DS1). In this Cre/loxP system,
the Flil exon 4 loxP site is cleaved, while the exon 3 loxP site is
maintained after recombination (19). Furthermore, we found sig-
nificantly reduced F/iI mRNA levels in T cells from Flil"/""Cre*
(Flite) and FliI*"Cre* (Flil*°) mice compared with Flil"/"TCre
(FIi1"") controls (Supplemental Figure 1B).

Notch-1 is a signaling component known to be essential for
IL-2 production as well as GVHD development (20-23), and,
because Fli-1 has already been shown to be positively associated
with Notch-1* mutations in pre-T cell lymphoblastic lymphoma
(pre-TLL) (3), we investigated whether this phenomenon would
also apply to murine activated primary T cells. Within 48 hours
of polyclonal T cell activation, reduced Fli-1 activity was associ-
ated with a reduction in Notchl mRNA levels in both Flil"/"TCre*
and Flil"ACre* T cells (Supplemental Figure 1B). Fli-1 is also a
known regulator of Ship-1 levels in transformed erythroid cells
(24), prompting us to examine the expression of this phosphatase,
which revealed that Flil"/Cre*, but not Flil"’""Cre*, T cells had
significantly lower Inpp5d (aka Ship-1) mRNA levels than did Fli-
IWIWI'T cells (Supplemental Figure 1B). These quantitative reverse
transcription PCR (qQPCR-PCR) data indicated that genetic abla-
tion of Flil exons 3 and 4 caused loss of function and transcription-
al activity of Fli-1, as previously described (19). Western blotting
showed a moderate reduction in Fli-1 protein expression in rest-
ing and polyclonally activated T cells with FIiI exon 3 and exon 4
genetic deletion (Supplemental Figure 1, C and D). We found no
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significant differences between groups in baseline frequencies of
effector, effector memory, central memory, naive T cells, or natu-
ral Tregs in the spleen (Supplemental Figure 1E).

T cell-specific Fli-1 mediates cGVHD development. To determine
the role of Fli-1 in allo-HCT, we used a well-established preclinical
c¢GVHD model. Under cGVHD conditions, donor marrow and sple-
nocyte grafts from Flil"/""Cre* mice resulted in improved survival
and a striking reduction in the cGVHD clinical score for recipient
mice, but not for the recipients given Flil?fCre* or FliIVV"T grafts
(Figure 1, A and B). We examined thymic reconstitution — a key
marker of GVHD progression and severity — in these BM trans-
plant recipients and found that recipients given Flil""'Cre* grafts
had superior CD4*CD8* thymic reconstitution compared with
those given either Flil"Cre* or FliI"7"T grafts (Figure 1, C-E).

Because CD4 and CD8 double-positive cells are generated
from T cell progenitors that migrate from the BM (25), we tested
whether Flil deficiency played a role in the conversion of T cell
progenitors to double-positive thymocytes by performing sple-
nocyte and marrow chimeric BM transplantation (BMT). Here,
recipients subjected to cGVHD conditions were transplanted with
either FliIWVWT) FliI%WTCre*, or Flil"fCre* splenocytes (CD45.2),
but each group received the same WT marrow bearing a con-
genic marker (CD45.1). Under these conditions, recipients given
Flil"fCre* splenocytes and WT marrow had significantly increased
frequencies of CD4*CD8* thymocytes and a lower cGVHD clini-
cal score compared with recipients given Flil"”" splenocytes and
WT marrow, yet recipients that received Flil"’"Cre* splenocytes
and WT marrow grafts still had the lowest cGVHD clinical scores
(Supplemental Figure 2A). Comparison of the matched splenocyte
and marrow graft with the chimeric graft results suggested that
T cell progenitors from Flil"Cre* marrow had a reduced ability
to undergo normal CD4*CD8"* thymic reconstitution after BMT,
as reflected by worse cGVHD clinical scores, whereas the recipi-
ents of Flil"/"Cre* grafts had improved thymic reconstitution, as
reflected by low cGVHD clinical scores (Supplemental Figure 2, B
and C). These data indicate that, while heterozygous F/iI mutation
did not impact thymus development, homozygous loss of this tran-
scription factor (TF) led to a significant reduction in normal thy-
mic T cell frequencies, in agreement with previous observations
that homozygous, but not heterozygous, ablation of Fli-1 impaired
double-positive thymocytes (26). Thus, while a reduction of Fli-1
activity on mature T cells may be beneficial in reducing cGVHD, at
least some Fli-1 activity may contribute to the conversion of T cell
progenitors into CD4*CD8* thymocytes after allo-BMT.

Fli-1 dynamically inhibits Tregs and promotes T cell IFN-y, IL-17A,
and T follicular helper-like responses in vivo. To further understand
how Fli-1regulates T cells to control cGVHD disease development,
we examined different types of T cell subsets and T cell pheno-
types within a secondary lymphoid organ (spleen) and in periph-
eral lymph nodes (pLNs) of mice at late time points after BMT.
Mice that received matched FliI”""Cre* splenocyte and marrow
grafts had enhanced donor-derived splenic CD4", but not CD8",
T cell reconstitution compared with mice given FLI"""T grafts.
Only recipients of Flil""TCre* grafts had significantly higher B cell
reconstitution (Figure 2A). We consistently found lower frequen-
cies of donor-derived splenic PD-1'*CXCR5*-expressing CD4*
T cells, commonly referred to as T follicular helper (Tfh) cells, in
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Figure 1. T cell-specific Fli-1 mediates cGVHD development. Lethally irradiated BALB/c mice were transplanted with 5 x 10° TCD-BM and 0.5 x 10° total spleno-
cytes from FIiT", FIit"WT, or FliT"f donors. Representative survival rates (A) and representative cGVHD clinical scores (B). Representative flow cytometry plots of
CD4+CD8* thymocytes from the experimental endpoint (days 45-60) (C), together with the cumulative frequency (D) and absolute number (E) of CD4*CD8* thy-
mocytes. Data represent 6 independent experiments (BM only, n = 12; FIiT"", n = 17; Flit""", n = 22; Fli?"f, n = 15). Significance was determined using mixed-mod-
el tests for clinical scores, a log-rank (Mantel-Cox) test for survival data, and 1-way ANOVA for thymus data. *P < 0.05, **P < 0.01, and ****P < 0.0001.

recipients of either Flil""" or Flil"/Cre* grafts compared with fre-
quencies in recipients of Fli-1""T grafts, although only the dif-
ference between FliI¥"T and Flil"7"" recipients was statistically
significant. We also observed a similar phenomenon of reduced
programmed cell death 1 (PD-1) expression on CD8" T cells (Fig-
ure 2, B and C). These data suggest that Fli-1 may contribute to
the differentiation of Tth cells and CD8* T cell activation. Within
pLNs, we found significant reductions in the frequencies of donor-
derived CD4* T cells that produced IFN-y in mice that received
Flil"WICre* or Flil"fCre* grafts, but only Flil""'Cre* T cells
had significantly reduced frequencies of CD4'IL-17A" T cells (Fig-
ure 2D). Frequencies of donor-derived CD4FoxP3* Tregs were
also increased in the recipients of FliI"'Cre* or Flil""Cre* grafts,
but only significantly in the Flil"#Cre* group compared with the
FLiI""WT group (Figure 2D).

Using the chimeric model that donor peripheral T cells can be
distinguished with BM-derived T cells from WT Ly5.1* congenic
donors, we found that, compared with the FliI"" group, the mar-
row-derived cells in the recipients of Flil"*Cre* grafts also had a
significant reduction in the PD-1*CXCR5* Tth cell-like population,
along with a significant trend toward increased PD-1*CXCR5* cells
that coexpressed CD4'FoxP3", also known as T follicular regula-
tory-like (Tfr-like) cells (Supplemental Figure 2D). In both spleen
and LN, the recipients of FIliI¥"'Cre* T cells and WT marrow had
significantly reduced frequencies of CD4‘IL-17A" T cells compared
with recipients of FliI"”"T grafts. Frequencies of CD4*IFN-y* T
cells were also reduced in the spleens and LNs of mice that received
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Flil"WICre* grafts, although the reductions were restricted to mar-
row-derived T cells. The recipients of Flil”WTCre* grafts showed a sig-
nificanttrendtowardincreased CD4*FoxP3*Tregswithinthemarrow-
derived compartment of the pLNs compared with the FlIVV"T
group (Supplemental Figure 2, E-G). Taken together, these findings
demonstrate that Fli-1 played an important and dynamic role in reg-
ulating the presence of pathogenic CD4*IFN-y * Thl, CD4*IL-17A*
Th17, PD-1*CXCR5* Tth, and protective CD4*FoxP3* Treg subsets
in lymphoid organs of the recipient mice with cGVHD.

Fli-1 inhibits antigen-specific induced Treg function while pro-
moting IL-2 secretion and Thl7 differentiation in vitro. Little is
known about the potential roles of Fli-1 in normal primary T cell
biology, thus, we decided to create a T cell receptor-transgen-
ic (TCR-Tg) mouse strain paired with our FII”/CD4Cre strain
to study the role of this TF in antigen-specific T cell responses.
CD4" T cells from these TCR-Tg mice are only able to respond to
HY-peptide (27). To study the effects of Fli-1 on the antigen-spe-
cific T cell response, we polarized CD4* T cells with HY-peptide
and different cytokine cocktails to induce Thl, Th17, or induced
Treg (iTreg) differentiation. Strikingly, we found that both
Flil¥"ICre* and Flil"Cre* TCR-Tg cells had enhanced iTreg
(CD25'FoxP3") differentiation and expression of iTreg functional
molecules (CD25, CD39, CD73, and NRP-1) compared with TCRtg
FliI""WT iTregs (Supplemental Figure 3, A and B). Further, both
Flil""Cre* and Flil"Cre* TCR-Tg cells had a significant reduc-
tion in IL-17A production compared with FiI"7"T cells under Th17-
polarizing conditions (Supplemental Figure 3, C and D). To evaluate
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Figure 2. Fli-1 dynamically inhibits Tregs and promotes Th1, Th17, and Tfh responses in vivo. Lethally irradiated BALB/c mice were transplanted with 5 x
10° TCD-BM and 0.5 x 10° total splenocytes from FIi1"", FliT"/"T, or Fli1"/f donors. Spleens and pLNs were collected from BM transplant recipients and ana-
lyzed at experimental endpoints via flow cytometry. Frequency of donor (H2K®) CD4*, CD8*, and B220* cells from spleens (A). Representative flow cytometry
plots (B) and cumulative frequencies of donor CD4*—PD-1"CXCR5* or CD8*PD-1* cell populations in recipient spleens (C). Cell isolates from pLNs of BM
transplant recipients and frequencies of IFN-y*, IL-17A*, and FoxP3* cells from the donor CD4* compartment (D). Data in A-C represent 6 independent experi-
ments (BM only, n =13; FIiT"", n = 17; FIi?"WT, n = 22; FIi1"/f, n = 15), and data in D represent 3 independent experiments (BM only, n = 2-6; FIi1"", n = 6-8;
FIi?"WT n = 6-13; Fli1?"/f, n = 3-4). Data are shown as the mean + SEM. Significance was determined by 1-way ANOVA with Tukey's honest significant differ-

ence (HSD) post hoc analysis. *P < 0.05, **P < 0.01, and ***P < 0.001.

the impact of Fli-1 on T cell growth and survival, we tested the abun-
dance of IL-2 cytokines secreted into culture media from Th17- and
Thl-polarizing cultures. We found that culture supernatants from
both FliI¥"TCre* and FliI"/Cre* cultures had significantly reduced
levels of IL-2, suggesting that Fli-1 regulated antigen-specific T cell
IL-2 production (Supplemental Figure 3, E and F). Together, these

results suggest that Fli-1 contributed to the enhancement of Th17
polarization, while suppressing iTreg differentiation.

Fli-1 vegulates T cell pathogenicity in aGVHD. CD4'TFN-y* and/
or IL-17A* T cells play critical roles in aGVHD pathogenesis, which
prompted us to determine whether Fli-1 can also contribute to
aGVHD development. First, we examined early T cell activation
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and proliferation using an in vivo mixed lymphocyte reaction (MLR)
model and found that donor Flil”""Cre* CD4" cells produced sig-
nificantly lower levels of IFN-y compared with both FII"7"T and
Flil""Cre* CD4" cells (Figure 3A). We used the donor splenocyte and
BM chimera strategy described above to determine the role of Fli-1in
aGVHD. Consistently, we found that recipients of either Flil¥"Cre*
or Flil"ACre* grafts had significantly increased survival rates and
reduced aGVHD clinical scores compared with recipients of FliI"7"T
grafts (Figure 3, B and C). Among all 3 experimental groups, the
recipients of FliI""Cre* grafts had the lowest aGVHD clinical scores
and pathological damage in the liver, small intestine, and colon
(Figure 3, D and F). Consistently, we found that T cells derived from
Flil""ICre* donor grafts produced lower intracellular levels of IFN-y
in T cells than did Fli1"""" and Flil"#Cre* donor T cells in recipient
mesenteric LNs (mLNs) (Figure 3, E and G), a lymphoid organ that
can closely reflect gut T cell migration and activation (28).

Indeed, alloreactive T cells are highly implicated in causing or
exacerbating gut damage during GVHD (29). To extend our study
beyond allogeneic responses, we used the classical syngeneic T cell
transfer model of colitis to determine whether Fli-1 contributes to T
cell-mediated gut damage. In support of our aGVHD findings, we
observed that both Flil""'Cre* and Flil"Cre* naive CD4" T cells had
a reduced ability to induce colitis, in which FliI""Cre* CD4" T cells
showed the least pathogenicity in colitis development (Supplemental
Figure 4A). In addition, mice given Flil""'Cre* or Flil"#Cre* CD4"
T cells had reduced pathological damage in the colon compared
with mice given FiI"7"T T cells (Supplemental Figure 4, B and C).
Cumulatively, these data suggest that Fli-1 dynamically contributes to
IFN-y*-producing T cells during aGVHD development and that Fli-1
may be an important regulator of T cell pathogenicity in gut damage.

Fli-1 contributes to the regulation of genes involved in Treg and effec-
tor T cell development and function. To expand beyond the few target
genes already known to be either positively or negatively regulat-
ed by Fli-1, we isolated purified T cells from the spleens of aGVHD
mice transplanted with either FliI""WT, FliI"'Cre*, or Flil"/Cre*
grafts and performed next-generation RNA-Seq during the cells’
peak expansion phase (day 14 after BMT). Consistently, we found
that reduced Fli-1 activity was associated with a significant reduc-
tion in aGVHD clinical scores (Supplemental Figure 5A). RNA-Seq
revealed multiple significantly downregulated and upregulated
genes among each of the 3 genotypes tested. When comparing
FlLil""TCre* and Flil"#Cre* T cells, the most significantly upregu-
lated genes were also associated with antiinflammatory properties
(e.g., Foxp3, DnaselL3, Lgals3 [galectin-3]) (30, 31), and the down-
regulated genes were associated with proinflammatory pathways
(e.g., Egrl, Crtam, Gprl8) (32-34) (Supplemental Figure 5B). The
most significantly upregulated genes in Flil""'Cre* T cells com-
pared with WT T cells were associated with antiinflammatory prop-
erties (e.g., Foxp3, Zfp3612, Tsc22d3 [aka GILZ]) (35), whereas the
most significantly downregulated genes were related to effector
T cell differentiation and function (e.g., Ifng, 1i21, Sema7a) (Sup-
plemental Figure 5C), suggesting together with our other in vitro
and in vivo data that Fli-1 may be playing an important role in Treg
development, while also being able to mediate pathogenic effector
T cells. Comparing Flil"#Cre* T cells with WT T cells revealed a
mixed proinflammatory and antiinflammatory phenotype, in which
some of the most significantly upregulated genes included Ccr6,

J Clin Invest. 2022;132(21):e143950 https://doi.org/10.1172/)CI143950

RESEARCH ARTICLE

Pdcdl, Eomes, and the most downregulated genes included Tgfbi,
IL6R, Clga, Clqc, and Gzma (Supplemental Figure 5D). Genes
that are involved in Treg differentiation and function, including
Foxp3, Cd36 (36), Tgfpl, 1l10ra (37), and Inpp5d (aka SHIP-1) were
confirmed with gRT-PCR (Supplemental Figure 5E). Genes relat-
ed to effector T cell structure and function — Ifig, Ii21, Fas, Gprl8
(34), and Sema7a (38) — were also confirmed via qRT-PCR (Sup-
plemental Figure 5F). On the basis of these RNA-Seq expression
data, upstream regulator analysis via Ingenuity Pathway Analy-
sis (IPA) also predicted significant differences in SIRT-1, NR4Al
(aka NUR77), IRF7, BCL6, TP53, and TCF7L2 pathways between
Flil""TCre* and Flil"Cre* T cells, as well as between FliI"7/"T T
cells (Supplemental Figure 6), suggesting that these pathways could
be the candidates underlying the significant differences observed in
gene expression among the tested genotypes.

Single-cell RNA-Seq analysis revealed discriminatory gene regula-
tion in CD4* versus CD8* T cells by Fli-1. To further understand how
Fli-1 regulates T cell gene transcription and heterogeneity, we per-
formed single-cell RNA-Seq (scRNA-Seq) analysis of donor T cells,
including Flil""'Cre* (FLiI""), FlilVW'Cre* (Fli1"*), and Flil"#Cre*
(FIiT%©) T cells, isolated from recipient mouse spleens. An unbi-
ased integrative analysis across all 3 genotypes after regression for
potential artifacts using the Seurat platform resulted in 6,501 cells
grouped into 9 subpopulations, in which we recognized cluster 3 for
CD4" T cells and clusters 1 and 6 for CD8" T cells (Supplemental
Figure 7A). The CD4* and CD8* T cells were further clustered on
the basis of differential expression of genes and visualized using
uniform manifold approximation and projection (UMAP) (Figure
4A and Supplemental Figure 7B). Clustering analysis revealed 3
major subpopulations defined according to the most salient identi-
fied cell markers: early activated, effector, and memory-like in both
CD4"and CD8" T cells (Figure 4B and Supplemental Figure 7C).

In CD4" T cells, early activated cells were identified by the
expression of the TFs Gata3, Satbl, and Epasl; the activation
markers Ptpnl3, Cd69, Cd44, Il1rll, and Kirgl; and the negative
regulators Rasgrpl, Cd200r1, Socs2, and Ahr (Figure 4, B and C)
(39-41). Activation markers, including Maf, Id2, Cxcré6, Csfl, were
coexpressed by early activated and effector T cells. Effector T cells
were further defined by the expression of the chemokines Ccl5,
Ccl3, and Ccl4; the surface molecules Nkg7, Cd2, II12rb, Tnfrsf4, and
Slamfl; and the cytokines Ifing, Gzmb, and 1121. Memory-like T cells
had the highest expression of the TFs Tcf7, Bel2, KIf2, and Id3 and
of the immune receptors Slamf6 and Slprl (42, 43). Consistently,
the Monocle algorithm predicted a differentiation trajectory with
1 major branch point, in which early activated CD4" T cells could
form both effector and memory-like cells, further confirming the
linage relationship among 3 subsets (Figure 4D).

Loss of Fli-1 did not alter the subset distribution or the num-
ber of CD4* T cell clusters, but rather increased the frequencies of
memory-like cells relative to early activated cells in FliI™ T cells
compared with FliI"" or FliI° CD4" T cells (Figure 4E). Inter-
estingly, cell-cycle analysis revealed an increased frequency of
G,M- and S-phase cells in the FliI* CD4" T cells (Figure 4E). We
conducted a gene set enrichment analysis (GSEA) to examine the
potential of early activated T cells to differentiate into Thl, Th2,
Th17, or Treg subsets (Figure 4F). When compared with WT con-
trols, both Fli1% and FliI*® CD4" T cells exhibited decreased Thl

:


https://doi.org/10.1172/JCI143950
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd
https://www.jci.org/articles/view/143950#sd

RESEARCH ARTICLE

The Journal of Clinical Investigation

A Donor CD4* in spleen B C
0.2 -©- BMonly —A— WTBM +flox’/WT Cre* T
% 801 4 . -~ WTBM+floxXWT Cre" T —¥— WT BM +flox/flox Cre* T
3, ]
% = 60- L™ vy 100 © 7
BV . N s
2 5]
- Wi g 2 - ®  5-
g o0 vy T =
< L 2 604 O 44
s Q A g <
S X 201 A A 2 40 S 3
o £ 9
@ 24
O ————— 20 5
e o 0 © 19
= O O O
o - - X 0 T T T 1 0- o—o—e——&———=&—e=-
% % % % 0 20 40 60 80 0 142027 34 41 50 57 64 71 80
. E) L2 2 2 Days after transplantation Days after transplantation
£ @
E Donor T cells in mLN
D flox/WT Cre- flox/'WT Cre* flox/flox Cre+ -
_ e m— - o
x
2
_.|
- o
;
3
» x
: 5
= e}
= ®
Z )
@
=
g
5
)
& = o
o o @
=] (@) +
F Liver Small intestine
401 * 201 *
[
S 7 | ] ] 7
4 ™ 3 — 0 15
> v
3 20- u - _‘Ev'_ 10+ * AAAAAAA kR A0 v
S — 10+ = =
£ A, v A EEE AAAA v'vyy
o 10 A 54 AdA v 5 N
0 T T T 0 T T T 0 T T T
Donor T cells in mLN
G N "
80- 15+ 40 607
u Em
+_ 60 {'_ > n & 304 it . R
Z ~ 10 O = 401
= - = CE Sal e
Y 40{ g™ 5 } O 20+ &
8 8 E 8 20 | |
< = Sk @) = 7
20- e [ X 5 101 5 =
i *
0 T T T 0 T T T 0 T T T 0 T T T

J Clin Invest. 2022;132(21):e143950 https://doi.org/10.1172/)C1143950


https://doi.org/10.1172/JCI143950

The Journal of Clinical Investigation

Figure 3. Fli-1regulates T cell pathogenicity in aGVHD. Purified T cells
from spleens and LNs of FIiT""WT, FliT"/"T, and Fli1"f mice were CFSE
labeled and infused into lethally irradiated BALB/c mice at 2 x 10° cells
per mouse. Day-4 representative flow cytometry plots and cumulative
frequencies of proliferated (CFSE") donor*CD4* cells producing IFN-y

(A) (FIiT"T, n = 6; FIiT"WT, n = 6; FIi1"f, n = 6). Lethally irradiated BALB/c
mice were transplanted with 5 x 10° TCD-BM from CD45.1 B6 donors sup-
plemented or not with 0.5 x 10° purified total T cells from spleens and LNs
of FIiW7WT Fli1?/WT and FIi?" donors. aGVHD representative survival rates
(B) and representative aGVHD clinical scores (C) (BM only, n = 7; Fli1"", n =
17; Fli?"WT, n = 15; Fli?"f, n = 15). On day 14 after BMT, the indicated tissues
sections were H&E stained for pathologic scoring (D). mLNs were analyzed
for donor T cell populations producing IFN-y, IL-17A, or GM-CSF. Represen-
tative flow cytometry plots display IFN-y-producing T cells in mLNs (E),
and cumulative pathology scores are shown (F) (FIi1", n = 15; FIiT""T, n =
12; Flit"f! n = 9). Frequencies of each indicated donor T cell population in
mLNs (G) (FIiT™T, n = 5; FIiT""T, n = 3; Fli1"/f, n = 2). Data in A-F represent
2-3 independent experiments. Data in G were collected from 1 set of mice
belonging to 3 independent experiments. Significance was determined
using mixed-model tests for clinical scores, a log-rank test for survival
data, and 1-way ANOVA for all other data. *P < 0.05 and ***P < 0.001.

and Th17 gene module scores, whereas Flil"™* CD4" T cells shad
the lowest module scores (Figure 4F). Flil" and FliI°© CD4" T
cells had higher Treg gene module scores, and FIiI*® T cells also
had an increased Th2 module score. Lower glycolysis but higher
oxidative phosphorylation (OXPHOS) gene module scores were
obtained in FliI™ and FliI*® CD4" T cells, suggesting that Fli-1
may regulate gene pathways related to cellular metabolism (Fig-
ure 4G). In addition, compared with FliI"" controls, Flil#* CD4*
T cells showed downregulation of TCR pathway genes, including
Cd3g, Cd3d, Lck, Cd247, Zap70, and Itk, and lower expression of
TCR-induced genes, including Nfkbl, Batf, Jund, Atf4, and Jakl
(43-45). In contrast, FliI"* CD4" T cells showed upregulation of
genes such as Zfp3612, Lgals3, Il7r, Lax1, Ifngrl, and Cd226, which
are involved in negative regulation of the immune effector process
and among which Zfp3612 and Lgals3 were also elevated in FliI#
T cells in our bulk RNA-Seq data (Figure 4, H and I, and Supple-
mental Figure 5C) (46-49). In contrast to Flil™ cells, fewer differ-
entially expressed genes (DEGs) were observed when comparing
FliI*°with WT CD4" T cells, among which Ifng was downregulated,
while Zfp3612 and II7r were upregulated in. We observed little dif-
ference in the expression of TCR downstream TF genes, with the
exception of Baft, which was downregulated in FIiI*° CD4" T cells
(Figure 4, H and I). In summary, Fli-1 deficiency in CD4* T cells
modulates gene transcription involved in T cell differentiation and
metabolism. Fli-1 heterozygous deficiency in CD4" T cells modi-
fied the composition of early activated versus memory-like cells
and showed additional impact on the transcription of TCR pathway
and TCR downstream TF genes.

On the other hand, 3 clusters in CD8* T cells were identified
as early activated (Ltb, Cxcr6, 1d2, Ly6a, Rbpj, Plac8, Emb, Cxcr3,
and Cd69), effector (Gzma, Gzmb, Ifug, Prfl, Ccl3, Ccl4, Pdcdl,
Lag3, Havcr2, and Eomes), and memory-like (KIf2, Vim, S100a4,
Lgals1, S1prl, and Ly6c2) (Supplemental Figure 7, C and D) (50).
The differentiation trajectory showing that early activated CD8" T
cells could form both effector and memory cells further confirmed
the cell type (Supplemental Figure 7E). Flil"* CD8" T cells had a
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similar cluster composition, whereas FliI° CD8" T cells likely had
decreased effector but increased memory-like cells compared with
Fli1"" controls (Supplemental Figure 7F). Similar to observations in
CD4" T cells, increased frequencies of G,M-phase cells were also
observed in Flil"* CD8" T cells (Supplemental Figure 7F). Both
Fli1% and Fli1*° CD8* T cellshad increased activation but decreased
exhaustion gene module scores (Supplemental Figure 7G). Flil
CD8" T cells had increased effector but reduced memory path-
way gene enrichment compared with FliI"" control CD8* T cells,
whereas FliI° CD8" T cells showed an opposite trend. Consistent
with the observation in CD4* T cells, both Flil" and Fli1*° CD8*
T cells had increased OXPHOS, and Fli1*® CD8" T cells showed
reduced enrichment of glycolysis genes (Supplemental Figure 7H).
Fli-1 deficiency in CD8* T cells had little effect on TCR pathway
and TCR downstream TF genes, and even increased the expres-
sion of Jakl (Supplemental Figure 7]). The expression of Runx3, a
TF critical for cytotoxic T lymphocyte (CTL) program initiation and
memory formation (51, 52), was increased in FliI*° CD8*, but not
CD4*, T cells (Supplemental Figure 7] and Figure 4I). Thus, Fli-1
deficiency in CD8" T cells increased gene transcription for CD8*
T cell activation, function, and OXPHOS metabolism, and Fli-1
may regulate the CD4" versus the CD8" T cell response differen-
tially at the transcriptional level.

CPT, ETO, and TPT target Fli-1 and ameliorate cGVHD. To deter-
mine whether inhibiting Fli-1 could be a potential translational strat-
egy for targeting aberrant T cell activation and GVHD, we used a cur-
rently available pharmacological agent, CPT, which has been shown
previously to potently inhibit Fli-1 (15). We confirmed that CPT could
reduce Fli-1 protein expression in the murine T cell leukemia line
EL4 (Supplemental Figure 8A), which was associated with reduced
cell growth and increased apoptosis (Supplemental Figure 8, B and
C). To determine the extent of specificity of low-dose CPT for Fli-1
versus topoisomerase I inhibition, we performed a topoisomerase I
enzymatic activity assay and found that low-dose CPT did not sig-
nificantly hinder the ability of topoisomerase I to relax supercoiled
DNA — the primary function of this enzyme — even after a 48-hour
incubation of activated T cells with low-dose CPT (Supplemental
Figure 8D). We then tested the impact of low-dose CPT on prima-
ry murine polyclonally activated T cells in vitro and found that CPT
reduced Fli-1 expression (Supplemental Figure 1D) and T cell prolif-
eration but preserved IFN-y production (Supplemental Figure 8, E
and F). CPT treatment of purified polyclonally stimulated WT T cells
or Flil"Cre* T cells revealed that a low concentration of CPT had a
major effect on WT T cells via decreased IFN-y* and Ki-67* frequen-
cies, and there were modest, nonspecific effects of CPT against Fli-1
when cultured with Flil”Cre* T cells (Supplemental Figure 9A). In
addition, CPT treatment suppressed activated effector T cells, while
sparing Tregs when stimulated with allogeneic antigen-presenting
cells (APCs) in vitro (Supplemental Figure 9, B and C).

We next investigated whether this strategy would be beneficial
for cGVHD prevention or treatment. CPT at low doses was able to
effectively prevent cGVHD development in mice, as reflected by
clinical manifestations and pathological damage in the GVHD tar-
get organs skin and small intestine (Figure 5, A-E). At a late phase of
c¢GVHD, we found that the recipient mice treated with CPT had sig-
nificantly increased numbers of CD4*CD8" thymocytes and signifi-
cantlyreduced CD4* Tth and CD8"* Tth-like cells (Figure 5, F and G).
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Figure 4. Fli-1 regulates gene transcription involved in the differentiation
and function of CD4* T cells. (A) Integrated UMAP showing 3 major CD4*
T cell clusters among donor T cells isolated from the spleens of BALB/c
recipient mice that were transplanted with BM (Rag7”-) and T cells from
FliT""WTCre~ (FIi1™T), Fli1"/"TCre* (FIi1%¢!), or FIi1"/MCre* (FIiT°) donor mice on
day 14. (B) Expression of cell-defining features across all cell types. Color
intensity is proportional to the average gene expression in the indicated
cell clusters. The size of the circles is proportional to the percentage of
cells expressing the indicated genes. (C) mRNA expression of the indicated
genes projected onto the UMAP in 3 cell subpopulations. (D) Single-cell
trajectory of total CD4* T cell subsets based on pseudotime (left) and cell
type (right). (E) Integrated UMAP shows FIi1"", Fli1"t, and FIi1° CD4* T cell
clusters separately. Histogram shows the frequency of each cell cluster
(left) and the frequency of cells in each cell-cycle phase (right) in FliT"T,
Fli1t, and FIiT° CD4* T cells. (F) Dot plot shows Th1, Th2, Th17, and Treg
gene module scores in early activated cells. (G) Violin plots indicate glycol-
ysis and OXPHOS gene module scores for CD4* T cells. (H) Volcano plots
present the most DEGs between FIi1%" versus Fli1*t (top) and FliT"" versus
Fli1% (bottom) CD4* T cells. (1) Violin plots indicate the expression of the
indicated genes in CD4* T cells. Significance was determined by 1-way
ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001.

In addition to cGVHD prevention, delayed CPT administration was
able to effectively alleviate the severity of established cGVHD (Fig-
ure 5H). To extend our finding, we tested the efficacy of CPT using
a classic model of cGVHD, in which cutaneous fibrosis develops
after MHC-matched BMT (53). CPT administration starting on the
day of BMT substantially alleviated cGVHD severity (Supplemental
Figure 10, A-C), consistent with improved thymic CD4*CD8* and
splenic B cell reconstitution in these recipients (Supplemental Fig-
ure 10, D and E). Although CPT treatment increased CD8" T cell
production of IFN-y, it attenuated CD4" T cell pathogenicity, as
reflected by more Foxp3-expressing, but fewer IFN-y-producing,
cells in the CD4* population (Supplemental Figure 10F).

To determine whether another drug that could also target Fli-
1 could reduce cGVHD, we tested an alternative, more clinically
relevant drug (ETO) as a potential translational strategy. We found
that ETO inhibited Fli-1 expression in both Jurkat cells and poly-
clonally activated human PBMCs compared with vehicle controls
(Supplemental Figure 11), in agreement with a previous study that
identified ETO as a Fli-1 inhibitor in murine erythroleukemia cells
(15). When used as a prophylactic strategy in a cGVHD mouse mod-
el, ETO treatment was able to dramatically reduce cGVHD severity
(Figure 6A) and was associated with significant increases in thymic
CD4*CD8" and splenic B220* and CD4*FoxP3* cell populations 60
days after BMT (Figure 6, B and C). We also observed a significant
reduction in CD4*IFN-y*, CD8'IFN-y*, and CD4*IL-17A* T cell fre-
quencies in pLNs (Figure 6D). TPT, another drug with previously
demonstrated Fli-1-inhibitory activity (16), was also able to reduce
Fli-1 expression in human Jurkat cells (Supplemental Figure 12A)
and attenuate cGVHD (Figure 6E), including improved thymic and
B cell reconstitution, and reduced IL-17A in CD4" T cells (Figure
6, F-H). Further, TPT reduced the frequencies of Tth-like, IFN-y*,
IL-2%, and IL-17A* CD4"* T cells in the spleen,and reduced the fre-
quencies of donor splenocyte-derived CD4* and CD8* T cells in
pLNs (Supplemental Figure 12, B-F). Overall, these results suggest
that targeting Fli-1 using low-dose CPT, TPT, or ETO is effective in
preventing and/or reversing cGVHD, and this effectiveness can be

J Clin Invest. 2022;132(21):e143950 https://doi.org/10.1172/)CI143950

RESEARCH ARTICLE

attributed, at least in part, to Fli-1 inhibition on lymphocytes, since
these drugs have established Fli-1-inhibitory activity, as shown in
this study and others (15, 16).

Inhibition of Fli-1 prevents aGVHD and preserves the GVL effect.
Todeterminetheeffectoflow-dose CPTonthe GVLeffect,weused
a haploidentical murine model of aGVHD supplemented with an
aggressive P815 mastocytoma. In this model, mice that received T
cell-depleted BM (TCD-BM) without mature T cells succumbed
rapidly to P815-mediated mortality, whereas mice that were giv-
en mature T cells from allo-BMT were protected against P815
outgrowth (Figure 7A). Here, allo-BMT recipients given TCD-
BM, P815, mature T cells, and vehicle developed moderate-to-
severe aGVHD leading to significant GVHD-related mortality. In
contrast, recipient mice under the same conditions but treated
with low-dose CPT had significantly better survival (Figure 7A),
reduced aGVHD clinical scores (Figure 7B), and improved thy-
mic CD4*CD8" reconstitution and higher donor-derived splenic
B220* B cell reconstitution compared with vehicle-treated mice
(Figure 7, C and D). Importantly, while mice given TCD-BM plus
P815 had rapid P815 outgrowth (100% mortality by day 14), low-
dose CPT-treated mice that received mature allogeneic T cells
had complete protection against P815 relapse (O of 13 by day
80), similar to their vehicle-treated counterparts. To examine
the direct effects of low-dose CPT against P815 itself, we also
treated mice given TCD-BM and P815 with CPT without mature
T cells, which resulted in early tumor protection, but ultimately
did not directly prevent tumor relapse (100% mortality by day
30) (Figure 7, A and E). P815 cells expressed a low amount of Fli-
1 compared with Jurkat cells (Figure 7F). Consistently, recipient
mice administered CPT showed an intact GVL response against
B cell lymphoma (A20) after allo-BMT, along with significantly
reduced GVHD clinical scores (Supplemental Figure 13).

Cyclosporine is a classic immunosuppressive drug for GVHD
prophylaxis. Post-transplantation cyclophosphamide (PTCy) or
bendamustine has been shown to be effective in controlling GVHD
development (54). We thus attempted to compare Fli-1 inhibitors
with these “standard” treatments. We observed that short-term
treatment with CPT (4 doses) or ETO (2 doses) early after BMT
effectively attenuated aGVHD severity (Supplemental Figure 14,
A-C). The recipient mice administrated CPT for 2 weeks showed
the most favorable outcomes, reflected by the best survival rates,
the lowest clinical scores, and no leukemia relapse (Supplemental
Figure 14, D-G). Importantly, using the same treatment schedule
as for PTCy, 2 doses of CPT or ETO administered on days 3 and
4 were sufficient to prevent GVHD and leukemia relapse. In con-
trast, some of the recipients treated with bendamustine succumed
to GVHD, while some of the mice treated with PTCy or cyclospo-
rine experienced leukemia relapse. Furthermore, long- or short-
term administration of CPT, ETO, or TPT did not show toxicity to
hematopoietic stem cells (HSCs), as reflected by similar numbers
of donor-derived HSCs in the recipients’ BM (Supplemental Figure
15, A-C). Inhibition of Fli-1 with CPT, ETO or TPT did not delay
myeloid cell reconstitution, or even improved CD11b* cell reconsti-
tution in PB and spleens from mice treated with CPT or ETO for 2
weeks (Supplemental Figure 15, D and E).

We then tested the ability of T cells with heterozygous or homo-
zygous Flil deficiency to mediate the GVL effect against P815 and
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Figure 5. Low-dose CPT prevents and reverses cGVHD. Lethally irradiated BALB/c mice were transplanted with 5 x 10° TCD-BM from CD45.1* or CD45.2*

B6 donors supplemented or not with 0.3 x 10° to 0.5 x 10° total splenocytes. Shortly before transplantation (2-4 hours), mice were injected i.p. with either
vehicle (DMSO0) or 0.25-0.5 mg/kg CPT every other day for 2-4 weeks. Body weight (A) and cGVHD clinical score (B) were monitored weekly after allo-BMT.
Cumulative scores determined by an independent pathologist were obtained from histological sections and H&E staining that were performed on the

indicated tissues in C and D. Representative photomicrographs (original magnification, x10) of HGE-stained sections of small intestine and skin from the

e

indicated groups (E). Day-40 cumulative flow cytometric analysis of the indicated thymic (F) and splenic (G) cell populations. Similar experiments were
performed except that vehicle and CPT administration was delayed until 28-30 days after BMT, and body weights and cGVHD clinical scores were moni-
tored weekly following BMT (H). Data in A-E represent 2 independent experiments (BM + vehicle, n = 3-7; BM + CPT, n = 3-6; BM + spleen + vehicle,

n = 8-15; BM + spleen + CPT, n = 9-13). Data in H represent 3 independent experiments (BM only, n = 5; BM + spleen + vehicle, n = 20; BM + spleen + CPT,
n =19). Significance was determined using mixed-model tests for clinical scores and body weights and 1-way ANOVA for all other data. *P < 0.05, **P <

0.01, and ***P < 0.001. Rx, treatment; Sp, spleen; Veh, vehicle.

found that mice given FliI”"Cre* T cells were able to survive long
term (Figure 7G), while also maintaining a lower aGVHD clinical
score (Figure 7H) and a strong GVL effect against P815 (Figure
7I) compared with mice that received WT T cells. Consistently,
the recipients of Flil"/Cre* T cells also showed improved clinical
manifestations and maintained GVL responses. A recent study
demonstrated that Fli-1 represses effector CD8" T cells respons-
es during anti-infection and antitumor responses (14). We further
studied the role of Fli-1 in regulating CD8"* T cell responses during
GVL activity after allo-BMT. Compared with WT control CD8" T
cells, Flil-deficient CD8* T cells in both the spleen and liver had
an enhanced ability to become memory precursor effector cells

(KLRG1"CD127%) and expressed lower Lag3 in the liver. With the
exception of IFN-y, both control CD8* T cells and Flil-deficient
CD8* T cells had comparable expression levels of granzyme B,
TNF-0, CD107a, Fas-L, PD-1, and CXCR3 (Supplemental Figure
16). Taken together, these results indicate that T cells with either
heterozygous or homozygous Flil deficiency maintained their
GVL activity. Additionally, we found that targeting Fli-1 using
low-dose CPT or ETO was an effective strategy to reduce aGVHD
severity and lethality after allo-BMT, while preserving the ability
of alloreactive T cells to prevent leukemia relapse.

CPT inhibits Fli-1 on human T cells and reduces GVHD in a xeno-
graft model. To further increase the clinical relevance of our study,

J Clin Invest. 2022;132(21):e143950 https://doi.org/10.1172/)C1143950
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Figure 6. ETO and TPT prevent cGVHD. (A-D) cGVHD BMT was performed similarly to the procedure described in Figure 4, except mice were given donor BM and
splenocytes from WT-B6 mice and supplemented or not with vehicle or 5 mg/kg ETO i.p. starting on day 0 and then every other day until day 14 after BMT. The
cGVHD clinical score was monitored weekly (A), and the frequencies of thymic CD4*CD8* (B) and splenic B220* and CD4*FoxP3* populations (C) were determined.
pLN populations of T cells producing cytokines were analyzed on approximately day 60 after BMT (D). Data are from 2 independent experiments (BM only, n =

4; BM + ETO, n = 3; BM + spleen + vehicle, n = 10; BM + spleen + ETO, n = 10). (E-G) In a similar BMT setting, the recipient mice were i.p. injected with TPT at 0.3
mg/kg every other day starting on the day of BMT for 10 days. The cGVHD clinical score was monitored weekly (E), and the absolute number of thymocytes and
the frequency of thymic CD4+CD8* (F) and splenic B220* and CD4*Foxp3* cells (G) were analyzed on day 60 after BMT. Cytokine production by donor CD4* and
CD8* T cells in pLNs were analyzed on day 60 after BMT (BM only, n = 4; BM + TPT, n = 3; BM + spleen + PBS, n = 5; BM + spleen + TPT, n = 5). Significance was
determined using mixed-model tests for clinical scores and 1-way ANOVA for all other data. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

we tested CPT in human cells and found that CPT at a very low
dose was able to potently inhibit Fli-1 protein levels in a human
transformed T cell line (Jurkat) (Supplemental Figure 17A). Jurkat
cells had reduced growth and markedly induction of apoptosis

J Clin Invest. 2022;132(21):e143950 https://doi.org/10.1172/)CI143950

via CPT by culture day 3 compared with vehicle treatment (Sup-
plemental Figure 17, B and C). CPT was also a potent inhibitor of
Fli-1 in polyclonally stimulated human PBMCs in vitro (Figure
8A). To further confirm Fli-1 protein expression specifically in
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Figure 7. Inhibition of Fli-1 prevents aGVHD and preserves the GVL effect. (A-F) Lethally irradiated B6D2F1 mice were transplanted with 5 x 10° TCD-BM
cells from CD45.1 or CD45.2 B6 donors supplemented or not with 3 x 10° purified total T cells from CD45.2 B6 donors. Three of the 4 groups of mice were
also supplemented with 5,000 P815 at the time of BMT and received vehicle, 0.25 mg/kg CPT only, mature T cells plus vehicle (T+Veh), or mature T cells
plus 0.25 mg/kg CPT (T+CPT) on day 0 and then every other day until day 28 after BMT. Recipient survival (A) and aGVHD clinical scores (B) were monitored
following BMT. At the experimental endpoint (~day 80) donor splenic H2K#B220* (€) and thymic CD4*CD8* double-positive (DP) (D) cell populations were
analyzed by flow cytometry. An IVIS 200 imager was used to periodically monitor firefly-luciferase expression in transplanted P815 cells in recipient mice,
which were injected with p-luciferin substrate at each imaging time point (E). Western blot analysis of the indicated proteins and tumor cell lines after

24 hours in culture (F). o, anti-. Data in A-E represent 3 independent experiments (BM only, n = 6; BM + P815 + vehicle, n = 9; BM + P815 + CPT, n = 7; BM

+ P815 + T cells + vehicle, n = 14; BM + P815 + T cells + CPT, n = 11). Data in F are from an individual Western blot. (G-1) Purified T cells isolated from Fli1"",
FIi?"T, or Fli1?"f donor mice plus WT TCD-BM were transferred into lethally irradiated B6D2F1 mice. On the day of BMT, 5,000 luciferase-transduced P815
cells were i.v. injected into these recipients. Recipient survival rates (G), clinical scores (H), and P815 tumor growth (I) were monitored following BMT (BM
only, n =3; BM + P815, nn = 3; BM + P815 + Fli1"7, n = 5; BM + P815 + Fli1"/"T, n = 5; BM + P815 + Fli1"/f, n = 5). Significance was determined using mixed-mod-
el tests for clinical scores, a log-rank test for survival data, and a 1-way ANOVA for all other data. *P < 0.05, **P < 0.01, and ***P < 0.001.

human T cells, we used an available human anti-Fli-1 flow cytom-
etry antibody. In agreement with the Western blot data, we found
significantly reduced expression of Fli-1 in both CD3*CD4" and
CD3*CD4" T cells that had been treated with CPT compared with
cells treated with vehicle (Figure 8B). Low-dose CPT treatment of
activated human PBMCs was able to significantly reduce T cell sur-
vival and proliferation, but was able to highly preserve T cell IFN-y
production, especially in CD8" T cells (Figure 8, C and D).

We then tested whether low-dose CPT would be able to reduce
GVHD in a human-to-mouse xenograft model. Here, low-dose
CPT administration given prophylactically to mice for 2 weeks led
to significantly increased survival rates and body weights com-
pared with vehicle-treated mice (Figure 9, A and B). PB taken from
recipient mice on day 14 after transplant confirmed human T cell
engraftment (Figure 9C). Significant reductions in the frequen-
cy and number of both CD3*CD8  and CD3*CD8" populations

were observed, although their ability to produce IFN-y* was not
reduced on a per-cell basis (Figure 9, D and E). We then confirmed
that CPT also acts as a Fli-1 inhibitor in vivo, as cells extracted
from splenocytes of mice treated with CPT showed an obvious
reduction in Fli-1 protein levels (Figure 9F). To study how CPT
affects human Tregs, we performed a separate xenograft GVHD
experiment and observed improved body weight maintenance
and survival of mice that received CPT treatment (Supplemental
Figure 18A), but also found that the frequencies of human Tregs
in CPT-treated mice were not reduced in the spleens of recipient
mice and were modestly elevated in recipients’ livers compared
with vehicle-treated mice (Supplemental Figure 18, B and C). In
addition, CD25*CD4* and CD25'CD8" T cells expressed the high-
est levels of Fli-1, especially after activation, while Foxp3* and
CD25 Foxp3~ cells maintained the lowest Fli-1 expression, which
might be explained by the inhibition of Fli-1 that spared Tregs
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Figure 8. CPT acts as a Fli-1 inhibitor on human T cells and reduces their proliferation in vitro. Total human PBMCs isolated from healthy donors were CFSE
labeled and activated in vitro via soluble anti-CD3/anti-CD28 (2 ug/mL) and cocultured with DMSO (vehicle) or 15 nM CPT for 3 days. On day 3, cultures were
harvested and lysed for Western blot analysis of Fli-1 protein expression, with B-actin as the loading control (A). Representative flow cytometric histograms
show intracellular Fli-1 expression in CD3*CD4* and CD3*CD4-CD8* gated T cells treated with vehicle or 15 nM CPT (left) and representative Fli-1 MFl values
(right); isotype (Iso) control (red line); secondary antibody only (blue line); vehicle-treated cells (green line); CPT-treated cells (orange line) (B). Max, maxi-
mum. Representative flow cytometric plots show proliferation (CFSE dilution) and IFN-y cytokine production in human T cells (C). SSC-A, side scatter area.
Representative frequencies of live cells in culture (left), CD4 proliferation and cytokine production (middle), and CD8 proliferation and cytokine production
(right) are shown (D). Data represent 2 independent experiments, each performed in triplicate except for Western blotting, in which triplicate wells were
combined into single lysates for each condition, and 2 independent blots were performed. Significance was determined using an unpaired, 2-tailed Student’s

t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

(Supplemental Figure 18D). Consistently, we found no evident
impairment of body weight maintenance or myeloid cell reconsti-
tution after a full course of CPT treatment (Supplemental Figure
18, E-G). Cumulatively, these data indicate an ability of CPT to act
as a Fli-1 inhibitor on primary human lymphocytes and that CPT
can reduce human T cell proliferation as well as improve the sur-
vival of graft recipients in a xenograft model.

Discussion

The specific role of Fli-1 in primary CD4" T cells has not been stud-
ied in depth to date, especially not in allo-HCT conditions. Our
findings, combined with those in the previous literature, allow us

J Clin Invest. 2022;132(21):e143950 https://doi.org/10.1172/)CI143950

to posit several potential mechanisms that would explain how Fli-1
regulates the allogeneic T cell response during GVHD development.

Particularly interesting in our study was the finding that, in gen-
otype-matched spleen and BM ¢cGVHD transplants, T cell-specific
heterozygous Fli-1 reduction led to distinctly different outcomes
with regard to clinical score and T cell phenotypes when compared
with both groups: mice with homozygous reduction of Fli-1 activ-
ity and WT mice. However, these disparate cGVHD clinical score
outcomes between the heterozygous and homozygous groups were
largely diminished when the source of donor BM was changed
from Flil"’Cre* to WT marrow, although several differences still
remained regarding T cell phenotypes. When we switched FliI"/Cre*
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Figure 9. CPT inhibits human Fli-1 and reduces GVHD in a xenograft model. HLA-A2* NSG mice were sublethally irradiated (250 cGy) and transplanted with 8
x 10° to 10 x 10° total human PBMCs from a healthy donor (HLA-A2") to induce human GVHD. These mice received vehicle or CPT at 0.25-0.5 mg/kg on day 0,
which was then every other day until day 14 after BMT. Recipient survival rates (A) and body weights (B) were monitored up to 80 days after transplantation.
Peripheral blood staining of human (Hu) CD8* T cells on day 14 after transplantation (C). Staining of human T cells within spleens of xenograph recipients on
day 15 after transplantation (D), and percentage and number of human IFN-y-producing CD3*CD8" T cells (top) and human IFN-y-producing CD3*CD8" T cells
(bottom) (E). Western blot of day-15 splenic whole-cell lysates from 4 vehicle-treated and 4 CPT-treated xenografted mice using the indicated primary anti-
bodies (F). Data in A and B represent 2 independent experiments (IRR only, n = 6; IRR + PBMCs + vehicle, n =10; IRR + PBMCs + CPT, n = 10). Data in C-F were
collected from 1 set of mice belonging to 2 independent experiments. Significance was determined using mixed-model tests for body weight, a log-rank test
for survival data, and an unpaired, 2-tailed Student’s t test for all other data. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. IRR, irradiation.

BM to WT BM, we noted a substantial increase in the frequency of
CD4*CD8* thymocytes during cGVHD. Indeed, a previous group
discovered that germline heterozygous mutation of Fil resulted in
normal thymus development, but homozygous mutation resulted
in a significant reduction in thymocyte numbers that was attributed
to defects in prethymic T cell progenitors (26). This report is consis-
tent with our findings that a homozygous, but not a heterozygous,
reduction of Fli-1 activity on donor BM-derived T cells could impair
the frequency of CD4*CD8* thymic T cell repopulation after allo-
BMT, suggesting that at least 1 allele of Flil was required for optimal

thymic reconstitution. Bulk RNA-Seq and qRT-PCR analyses sug-
gested that, upon T cell activation with alloantigen, Fli-1 can contrib-
ute to the regulation of genes associated with activation and inflam-
mation, as well as anti-inflammatory T cell genes that can contribute
to and suppress GVHD development, respectively.

The scRNA-Seq analysis of the donor T cells isolated from the
allo-BMT recipients indicated a major difference in the transcrip-
tional regulation by Fli-1 in CD4* versus CD8" T cells and in the
Flil gene dose-dependent modification of transcriptional pathways
in Flil# versus FIiI*® T cells. Fli-1 was deemed to play a distinct
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role in regulating gene transcription in CD4* versus CD8" T cells,
in that more activation and fewer exhaustion gene pathways were
enriched in CD8" Flil-deficient T cells, whereas fewer Th1/Th17
pathogenic pathways were enriched in CD4* Flil-deficient T cells.
Overall, FliI deficiency increased gene enrichment in the OXPHOS
pathway in both CD4* and CD8" T cells and substantially reduced
gene enrichment in the glycolysis pathway in CD4* T cells. We and
others reported that alloreactive T cells upregulate essential meta-
bolic pathways, in which glycolysis manifests as a major source of
energy for GVHD-inducing T cells (55). On the other hand, lower
levels of glycolysis and increased levels of OXPHOS are beneficial
to the generation of long-lived memory T cells for persistent anti-
tumor activity (56). Thus, metabolic modification and differential
regulation of CD4" versus CD8" T cell responses in Flil deficiency
may be beneficial for maintaining GVL activity, while attenuating
GVHD pathogenicity. Consistent with the lowest pathogenicity of
Fli1# T cells for GVHD induction, we observed that Flil# CD4*
T cells had the lowest Thl/Thl7 pathway enrichment and TCR
pathway downstream gene expression. Further study is required to
define the mechanism by which different doses of the Flil gene reg-
ulate the expression and function of these TCR downstream TFs in
modifying CD4*and CD8* T cell responses.

In a recent report, Chen et al. found that Fli-1 antagonized the
differentiation of KLRG1" Teff cells during acutely resolved infec-
tion and also chronic infection mediated by antigen-specific CD8*
T cells (14). They elegantly demonstrated that Fli-1 inhibited T
effector-like (Teff-like) cell differentiation by coordinating with
Runx1 and antagonizing Runx3 function. Interestingly, in our allo-
BMT models, Fli1*® CD8* T cells showed comparable frequencies
of KLRGI'CD127" Teff cells, but greater frequencies of KLRG1
CD127* memory precursor cells, than did WT controls in recipient
spleens and livers. Fli1“° CD8" T cells produced less IFN-y in recipi-
ent spleens and lower levels of Lag3 in recipient livers. Similarly, in
our scRNA-Seq analysis, FIiI*® CD8" T cells showed higher enrich-
ment for memory genes, but lower enrichment for effector pathway
genes. On the other hand, Flil#* CD8* T cells had more effector
but less memory gene enrichment compared with WT controls,
suggesting a possible gene dose effect of Fli-1 on CD8* T cell dif-
ferentiation. Consistent with this study, we found that FliI° CD8*
T cells expressed higher levels of Runx3, a TF critical for epigenetic
modification and differentiation of CD8* CTLs into effector mem-
ory cells and tissue-resident memory cells (51, 52). Furthermore,
both Flil# and FiI*° CD8" T cells had higher activation but lower
exhaustion gene module scores than did WT controls, suggesting
that Fli-1 may negatively regulate CD8"* T cell function during the
allogeneic response. However, since CD4"* T cells were the predom-
inant T cell subset that drove GVHD pathogenesis in these tested
models, we interpret this to mean that the GVHD alleviation result-
ed from the reduced CD4* T cell activation in allo-BMT. Under this
condition, CD8" T cells did not exhibit higher effector function and
maintained greater memory programming in the absence of Flil.

There has still been relatively little progress in the field in the
development of a Fli-1-specific inhibitor, despite its known involve-
ment in multiple types of malignancies. Therefore, some of the
only pharmacological strategies available to date that can inhibit
Fli-1 are known chemotherapy drugs such as CPT, TPT, and ETO.
Thus, we used each of these drugs in our study to determine whether
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targeting Fli-1 pharmacologically would be beneficial in allo-HCT.
We observed that CPT did not obviously impair the enzymatic activ-
ity of topoisomerase I at low concentrations in activated murine T
cells. It was also previously reported that CPT is significantly less
effective at preventing the growth of malignant cell lines designed to
overexpress Fli-1 (15). The current study further supports our recent
report that low doses of CPT or TPT inhibit Fli-1 and significantly
attenuate lupus nephritis without liver toxicity or myelosuppression
(57). Taken together, these results suggest that CPT or TPT acts
through Fli-1 inhibition as an important and currently underappre-
ciated mechanism of action. Nonetheless, beyond targeting Fli-1, we
cannot exclude other potential mechanisms by which the topoisom-
erase inhibitors alleviated GVHD in vivo, given that topoisomeras-
es are involved in DNA repair, replication, and transcription during
mitosis (58). Inhibition of topoisomerases by CPT, ETO, or TPT
could induce apoptosis of activated T cells during the G, to S-phase
transition (59), reduce the expression of MHC-II and costimulatory
molecules on APCs (60, 61), or activate the stimulator of IFN genes
(STING) pathway (62) and other Fli-1-regulated inflammatory fac-
tors, such as CXCR3, IL-6, C16-ceramide, GM-CSF, and miR-17-92
(4-8). All of these pathways have been shown by us and others to crit-
ically contribute to GVHD pathogenesis (9, 10-13, 63).

We used low-dose CPT and examined its effect on GVHD
prevention and leukemia control. We found in subsequent studies
involving allo-HCT experiments that P815 expressed low levels of
Fli-1 compared with other cell lines such as the Jurkat cell line. This
could potentially explain why there was an early benefit of CPT
administration against P815. We observed that the GVL response
against P815 or A20 was not impaired by CPT treatment. In agree-
ment with our data showing the ability of CPT to inhibit Fli-1 and
preserve the GVL effect, both Flil""'Cre* T cells and FliI"/Cre* T
cells also had the ability to preserve the GVL effect.

In addition, ETO, as well as TPT, was able to reduce Fli-1
expression and ¢cGVHD development through suppression of
inflammatory T cell responses, while sparing Tregs in lymphoid
tissues, in agreement with a previous report showing that ETO was
able to selectively target activated T cells (64). While human effec-
tor T cells were reduced in both the spleen and the liver, human
CD4*FoxP3* Treg were not reduced after CPT treatment, suggest-
ing that CPT can selectively target effector T cells without impairing
Tregs. These findings are consistent with our in vitro data showing
that inhibition of Fli-1 enhanced murine iTreg numbers and func-
tional molecules. These effects of CPT, TPT, and ETO may be due,
at least in part, to a reduction of Fli-1 activity (15, 16). Interestingly,
ETO used in the clinic as a myeloablative conditioning regimen has
compared favorably with other agents such as cyclophosphamide
for the ability to reduce leukemia relapse and GVHD severity (65,
66). Thus, it is worth exploring in future studies whether current-
ly utilized chemotherapeutic agents such as TPT, ETO, and other
chemically related drugs (e.g., irinotecan) could be repurposed as
strategies to reduce Fli-1 activity and prevent or treat GVHD in the
clinical setting. Furthermore, more highly specific Fli-1 inhibitors
have recently been identified that will promote the targeting of Fli-1
as an interventional strategy in clinical applications (67).

In preclinical studies, PTCy was found to be effective in pre-
venting GVHD that was largely attributed to selective elimination of
alloreactive T cells, functional impairment of alloreactive T cells, and
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preferential recovery of CD4" Tregs (68, 69). High-dose cyclophos-
phamide (50 mg/kg) given on day 3 or days 3 and 4 after transplan-
tation was associated with a low incidence of aGVHD but extensive
c¢GVHD in patients following nonmyeloablative HLA-haploidentical
HCT. However, malignant relapse was a major reason for treatment
failure in these patients with high-risk hematologic malignancies
and was possibly caused by cyclophosphamide-mediated deletion
of tumor-specific CD8" T cells (54, 70). In the setting of myeloabla-
tive conditioning regimens, although relapse rates were reduced,
increased GVHD and nonrelapse mortality were observed (71, 72).
An alternative strategy to separate T cell GVH and GVL responses
is highly warranted. We directly compared the outcomes of CPT,
ETO, and TPT versus PTCy treatment using a haploidentical model
of GVHD and found that 2 weeks of CPT treatment showed the best
outcomes, free of GVHD and leukemia relapse (Supplemental Figure
14, D-G). Two doses of CPT or ETO early after BMT were as effec-
tive as PTCy in preventing GVHD and had a less negative impact
on the GVL effect and were thus more effective in controlling leuke-
mia relapse. Therefore, targeting Fli-1 with CPT, ETO, or TPT may
represent an effective therapeutic approach in GVHD prophylaxis,
while maintaining the GVL effect.

In conclusion, we show evidence that Fli-1 plays a critical role
in the alloreactive and antigen-specific CD4" T cell response, and
based on these results, we show that Fli-1is a pathogenic factor that
can promote inflammatory T cell phenotypes and suppress Tregs,
both in vitro and in vivo. Thus, targeting Fli-1 using a pharmaco-
logical strategy could be potentially beneficial in the allo-HCT set-
ting by (a) targeting leukemias and lymphomas that overexpress or
rely on Fli-1; and (b) targeting pathogenic alloreactive T cells that
utilize Fli-1 to some extent for differentiation, survival, or cellular
functions. Overall, these results suggest that strategies to reduce
Fli-1 expression or transcriptional activity may be a promising area
of future research for therapies that aim to reduce GVHD devel-
opment without compromising the ability of T cells to mediate
antileukemia activity. The identification and implementation of
specific Fli-1 inhibitors will further promote the translation of our
findings into clinical applications.

Methods

Experimental mice. Female and male BALB/c (H-29), C57BL/6 (B6).
Ly5.1 (H-2°, CD45.1), B6.Ly5.2 (H-2, CD45.2), and (BALB/c x DBA2)F1
(B6D2F1, H-2*4) mice were purchased from Charles River Laboratories.
Ragl”~ (H-2Y) and NSG mice (NOD.Cg-Prkdc*c™ 12rg™"" Tg(HLA-A/
H2-D/B2M)1Dvs./Sz]; stock no. 014570) were purchased from The Jack-
son Laboratory. FIiI"/ mice on a B6 background were a gift from Xian
Zhang’s group (MUSC, Charleston, South Carolina, USA) (19). T cell
conditional deletion of Flil exons 3 and 4 was mediated by a Cre/lox sys-
tem utilizing the CD4 promoter. Homozygous Flil exon 3 and 4 deletion
(referred to as Flil"? Cre*) was mediated via Flil"! CD4Cre*; heterozy-
gous Flil exon 3 and 4 deletion (referred to as Flil""" Cre*) was mediated
via Flil”"" CD4Cre*;and WT controls (referred to as FliI"7"T) were Flil"/
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CD4Cre’, Flil""" CD4Cre’, or FliI"""T CD4Cre". Flil" CD4Cre* mice
were also crossed with Marilyn transgenic mice, described previously
(27), to generate HY-antigen-specific T cells with reduced Fli-1 activity.
All mice were maintained in a specific pathogen-free facility at an Ameri-
can Association for Laboratory Animal Care-accredited Animal Resource
Center at the MUSC and the MCW. Mice were randomly assigned to
groups for all relevant experiments, and both female and male donor and
recipient mice were tested in genetic and pharmacological experiments.

Experimental procedures and statistics. Allo-BMT, the GVL mod-
el, treatment with Fli-l-inhibiting drugs, and statistical analyses are
described in detail in the Supplemental Methods. RNA-Seq raw data
files can be found in the Sequence Read Archive (SRA) database
(SAMN30526153, SAMN30526154, SAMN30526155, SAMN30526295,
SAMN30526296, and SAMN30526297).

Study approval. All animal experiments were approved by the IACUC
of the MUSC and the Animal Use Application (AUA) of the MCW.
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