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RESEARCH ARTICLE
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Allogeneic hematopoietic stem cell transplantation (aHSCT) can cure patients with otherwise fatal
leukemias and lymphomas. However, the benefits of aHSCT are limited by graft-versus-host disease
(GVHD). Minnelide, a water-soluble analog of triptolide, has demonstrated potent antiinflammatory
and antitumor activity in several preclinical models and has proven both safe and efficacious in
clinical trials for advanced gastrointestinal malignancies. Here, we tested the effectiveness of
Minnelide in preventing acute GVHD as compared with posttransplant cyclophosphamide (PTCy).
Strikingly, we found Minnelide improved survival, weight loss, and clinical scores in an MHC-
mismatched model of aHSCT. These benefits were also apparent in minor MHC-matched aHSCT

and xenogeneic HSCT models. Minnelide was comparable to PTCy in terms of survival, GVHD clinical
score, and colonic length. Notably, in addition to decreased donor T cell infiltration early after aHSCT,
several regulatory cell populations, including Tregs, ILC2s, and myeloid-derived stem cells in the
colon were increased, which together may account for Minnelide’s GVHD suppression after aHSCT.
Importantly, Minnelide’s GVHD prevention was accompanied by preservation of graft-versus-tumor
activity. As Minnelide possesses anti-acute myeloid leukemia (anti-AML) activity and is being
applied in clinical trials, together with the present findings, we conclude that this compound might
provide a new approach for patients with AML undergoing aHSCT.

Introduction

Allogeneic hematopoietic stem cell transplantation (aHSCT) is the preferred curative therapy for high-
risk and/or relapsed hematological malignancies because of its desirable anti-leukemia/anti-lymphoma
(graft-versus-tumor, GVT) effect (1-3). Although GVT effects are mainly mediated by donor-derived
alloreactive T cells, this population is also responsible for the development of graft-versus-host disease
(GVHD) (4-6). Despite current prophylactic strategies, GVHD is a major cause of morbidity and mor-
tality following aHSCT, and patients refractory to the first-line standard regimens for GVHD treatment
have a poor prognosis. Although the use of posttransplant cyclophosphamide (PTCy) has provided an
advance in treatment for patients with aHSCT (7-12), new strategies are still needed to improve the com-
plex balance between immune reconstitution and immunosuppression while preserving the beneficial
GVT effect.

Triptolide is the most potent bioactive compound isolated from the traditional Chinese herb T7ipte-
rygium wilfordii Hook F, which exhibits immunosuppressive, antiinflammatory, and antitumor activities
(13-18). Triptolide holds strong promise as an immunosuppressing agent based on several studies that
examined its potential therapeutic effect for GVHD prophylaxis and maintenance of GVT activity in
transplant recipients (19-27). Therapeutic use of triptolide and many of its derivatives is limited by
issues with solubility, a narrow therapeutic window, and toxicity (28). However, Minnelide (14-O-phos-
phonooxymethyltriptolide disodium salt) is a highly water-soluble prodrug of triptolide converted to its
active form by phosphatases present throughout the body, including the blood stream (29). Minnelide
also has a more favorable toxicity profile than triptolide and is now being tested in preclinical models of



. RESEARCH ARTICLE

multiple solid tumors (29-33) and acute myeloid leukemia (AML) (34). In addition, Minnelide is being
pursued in a phase I clinical trial for patients with AML.

Herein, we present preclinical assessment of Minnelide as a prophylactic therapy for GVHD in mul-
tiple murine and humanized models of aHSCT. In a complete MHC-mismatched model, we show that
Minnelide effectively prevented GVHD and markedly increased overall survival of recipients with daily
treatment of a short regimen of 2 weeks from day of transplant. Notably, together with decreased donor T
cell infiltration early after aHSCT, several adaptive and innate regulatory cell populations were increased
following Minnelide treatment. These included regulatory T cells (Tregs), type 2 innate lymphoid cells
(ILC2s), and myeloid-derived stem cells (MDSCs) in several target tissues, including the spleen, colon, and
lung. Treatment also promoted hematopoietic engraftment and importantly, GVT responses were effective-
ly maintained. Notably, Minnelide could directly inhibit T cell proliferation and reduced Th1l and CD8*
T cell IFN-y production early after transplantation. The use of NF-kB reporter mice demonstrated that a
brief 2-day treatment with Minnelide reduced activation of the NF-kB pathway, consistent with the above
findings. Importantly, to directly assess its ability to regulate human T cell-mediated GVHD, NSG mice
transplanted with mobilized human peripheral blood mononuclear cells (HuPBMCs) were treated with
Minnelide, which ablated in vivo human T cell proliferation and prevented xenogeneic GVHD (xGVHD).
Additionally, triptolide suppressed human CD4* and CD8" T cell proliferation in response to alloantigen
stimulation in vitro. Therefore, direct inhibition of T cells together with an immunoregulatory cell network
may account for Minnelide’s suppression of GVHD. In total, these findings support the notion that Min-
nelide may provide new opportunities for developing translational strategies for the prevention of GVHD
while maintaining GVT and potentially providing direct antitumor effects in some tumor models.

Results
Minnelide prevents GVHD and promotes hematopoietic engrafiment following aHSCT. To determine whether the
triptolide prodrug Minnelide affects the immune compartment, in the absence of an inflammatory stimu-
lus, naive BALB/c mice were treated daily for 30 days with either 0.1 or 0.2 mg/kg of this compound. No
changes in the overall splenic and lymph node CD4* and CD8"* T cell, Treg, and B cell compartments were
detected (Supplemental Figure 1; supplemental material available online with this article; undefinedDS1).
Transplants were then performed to assess the capacity of Minnelide treatment to ameliorate GVHD. Strik-
ingly, we found that daily doses of 0.1 mg/kg Minnelide from day —1 to day 28 improved weight loss,
GVHD clinical score, and overall survival as compared with the untreated group in a complete MHC-mis-
matched (B6—BALB/c) aHSCT model of GVHD (Figure 1, A-C). Animals receiving bone marrow (BM)
only and treated with Minnelide exhibited no differences in weight loss, clinical score, lethality, or change
in T cell frequency, indicating GVHD in untreated controls resulted primarily from allogeneic donor T cells
(Supplemental Figure 2, A-D). Given the short half-life of Minnelide, we also tested a dose of 0.05 mg/
kg twice daily and obtained similar results (Supplemental Figure 3, A-C). Ultimately, a dose of 0.1 mg/kg
once per day was selected for all subsequent experimental treatments. Blood monitoring at 2 weeks after
transplantation showed reduced donor CD4" and CD8" T cells in Minnelide-treated versus nontreated
animals (Figure 1D). At 2 months after transplantation, CD4* and CD8" T cell analyses demonstrated
improved frequency and ratios of these T cell subsets in the spleen, similar to the BM-only group (Figure
1E and Supplemental Figure 3D). We also noted thymocyte numbers were elevated and contained a nor-
mal number and percentage of CD4*CD8* double-positive (DP) thymocytes (Figure 1E and Supplemen-
tal Figure 3E). Histological evaluation of Minnelide-treated mice indicated a significant decrease in skin
involvement, as assessed by overall thickening and fibrosis 2 months after aHSCT (Figure 1F). Colons
from untreated mice exhibited mucosal thickening and severe inflammation with villi distortion. However,
colons from Minnelide-treated animals showed no disruption of villi architecture, mild inflammation, a
marked reduction in infiltrating CD3* T cells, and improved length (Figure 1, F-H). Importantly, all effects
on colon pathophysiology were visible as early as 1 week after transplantation (Supplemental Figure 3F).
An independent experiment was performed using B6 congenic donor BM (CD45.1) and T cells
(CD45.2) to assess post-HSCT multiple-lineage engraftment. Minnelide treatment augmented splenocyte
and thymocyte (as noted above) numbers, including higher CD4*/CD8* splenic ratios and DP thymocyte
numbers 7 weeks after aHSCT (Figure 2, A-D). Immune lineages involved in the pathogenesis of GVHD
were then assessed by flow cytometry (CD45.1, MHC H2K®), including T cells, NK cells, and antigen-pre-
senting cells (APCs). Mice receiving Minnelide treatment exhibited CD4" and CD8" T cell engraftment
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Figure 1. Recipients treated with Minnelide exhibited diminished acute GVHD after MHC-mismatched aHSCT. (A-C) An aHSCT was performed utilizing
a B6—BALB/c donor and recipient mouse model (day -1: 7.5-8.5 Gy; day 0: 5.5 x 10° TCD BM cells and pooled splenocytes containing 0.8 x 10° T cells) and
recipients were treated with 0.1 mg/kg Minnelide from day -2 to 28 after transplantation. Weight loss (A), clinical scores (B), and GVHD survival (C) are
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presented (n = 8 untreated, n = 16 Minnelide-treated, and n = 4 BM-only mice). (D) Representative flow cytometry contour plots and frequency of CD4* and
CD8" cells in the blood on day 14 after aHSCT. (E) Eight weeks after aHSCT, thymic and splenic T cell populations were evaluated and representative flow
cytometry plots are shown. (F) Representative H&E staining and pathology scores (on the right) (n = 2-6) from the skin and colon 8 weeks after aHSCT.
Original magnification, x200 (top) and x100 (bottom), respectively. (G) Representative photographs of colon anti-CD3 staining 8 weeks after transplan-
tation. Original magnification, x100. (H) Increased colon length in recipients of Minnelide treatment 8 weeks after aHSCT. These data are representative
of 4 independent aHSCT experiments in this model. Clinical scores were compared using Benjamini-Krieger-Yekutieli-corrected multiple t tests over time.
Groups were compared using 1-way ANOVA with Tukey’s multiple-comparison test and a log-rank test was used for survival analyses. *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001. Data are presented as mean + SEM.

from donor BM, reaching greater than 85% at 7 weeks after transplantation, which was indistinguishable
from BM-only transplanted mice (Figure 2E). Regarding B cells (CD19%), similar results were obtained
with overall engraftment and again was comparable to BM alone (Figure 2F). Additionally, CD11b- and
NK1.1-expressing populations indicated predominant repopulation from donor BM—derived progenitors
and the levels were comparable to BM-alone transplanted recipients (Figure 2, G and H).

Next, we compared Minnelide to PTCy treatment, a novel and widely used prophylactic GVHD treat-
ment. Mismatched aHSCT recipients were administered Cy (50 mg/kg) on days 3 and 4 after aHSCT (35,
36) or Minnelide as described above. Notably, the treatments were virtually identical in preventing GVHD
and significantly superior compared with untreated mice, as assessed by survival, GVHD clinical score,
colon length, splenic CD4* and CD8" naive/effector cells, and thymic T cells (Supplemental Figure 4,
A-D). Additionally, Minnelide was administered over different time periods: twice (days 3 and 4 to mimic
PTCy), 1 week (days 1-7), and 2 weeks. Day 3 and 4 treatment did have some beneficial effect on mouse
survival. Administration for the first week resulted in improved survival and some transient clinical score
improvement versus days 3 and 4 (Supplemental Figure 4, E and F). Notably, administration for 14 days
resulted in 100% survival and diminished GVHD scores (Supplemental Figure 4, E and F) that correlated
with longer GI length (data not shown).

In a model of MHC-matched, minor antigen—disparate donors/recipients (C3H.SW—B6), daily Min-
nelide treatment also reduced GVHD clinical scores and augmented the numbers of lymph node cells
in recipients (Supplemental Figure 5A). However, in a chronic GVHD model (B10.D2—BALB/c), no
effect on clinical scores was observed following Minnelide therapeutic administration in the second month
after aHSCT (Supplemental Figure 5B). In total, these findings demonstrated that Minnelide treatment
prevented experimental GVHD in independent models and promoted multiple-lineage chimerism from
transplanted donor cells.

Minnelide limits donor T cell proliferation and proinflammatory cytokine production during acute GVHD. Cellu-
lar events within the first 1-2 weeks after transplantation are critical to the development of GVHD. Nota-
bly, less CD3" cell infiltrate in Minnelide versus untreated mice was detected at early time points (1 week
after aHSCT) (Figure 3A). To extend this finding and further investigate the effect by Minnelide on cellu-
lar events and signaling pathways involved in early T cell responses, we evaluated T cell proliferation in
response to Minnelide treatment. Minnelide requires phosphatase activity that leads to activation and pas-
sage through cell membranes. Therefore, to examine T cell proliferation in vitro, it was necessary to employ
triptolide and we identified sharply reduced splenic T cell proliferation in a time- and concentration-depen-
dent manner (Figure 3B). In vivo, following aHSCT, recipients were administered 0.1 mg/kg Minnelide
for up to 1 week (these animals showed reduced GVHD clinical scores as anticipated; data not shown) and
the splenic T cell response was evaluated. After 6 hours of in vitro stimulation with an anti-CD3 mAb,
splenocytes showed a marked reduction in CD4* (Th1) and CD8* T cells producing IFN-y (Figure 3, C and
D) and Th22 cells producing IL-13 (Figure 3E). While Minnelide did not alter Treg frequency and subsets
under homeostatic conditions (Supplemental Figure 1D and data not shown), during the first week after
aHSCT in Minnelide-treated animals, the frequency of CD4*FoxP3* Treg cells was found to be elevated
(Figure 3F) and a summary of 2 independent experiments illustrates these proinflammatory T and Treg
cell observations (Figure 3G). Perhaps the Treg increase could result from lymphopenic conditions due to
Minnelide’s reduction of GVHD, by decreasing T cell expansion early after aHSCT.

Next, to examine the effect of Minnelide on proinflammatory cytokine production early after aHSCT,
serum was collected from recipients during the first week after MHC-mismatched transplantation. Sig-
nificant decreases were identified in several inflammatory cytokines on day 4, specifically TNF-a, IFN-y,
MCP-1, and GM-CSF (Figure 4, A—G). Only TNF-a remained decreased on day 7 (Figure 4, H-K). NF-xB
is a key signaling pathway involved that induces inflammatory cytokine production in immune cells.

JCl Insight 2024;9(9):e165936 https://doi.org/10.1172/jci.insight.165936 4
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Figure 2. Minnelide treatment promotes lymphoid engraftment after MHC-mismatched aHSCT. (A-H) An aHSCT was
performed utilizing the same model as in Figure 1(B6—BALB/c donor and recipient strain combination), but trans-
planted BM was derived from congenic B6-CD45.1 donors and T cells from B6-CD45.2 donors. Recipients were treated
with 0.1 mg/kg Minnelide from day -2 to 28 after transplantation. Seven weeks after aHSCT, splenic and thymic tissues
were analyzed for total cell numbers (A and C), splenic CD4*/CD8* ratio (B), and CD4*CD8* DP thymocytes (D). (E) Rep-
resentative flow cytometry contour plots and frequency of donor (transplanted hematopoietic progenitors) BM-derived
(Kb*CD45.1*) CD4* and CD8" cells in the spleen seven weeks after aHSCT are shown. Kb, MHC H2K®. Frequency of splenic
CD19* (F), CD11b* (G), and NK1.1* (H) cells derived from donor BM 7 weeks after transplantation. GVHD, n = 3; Minnelide,
n = 3; BM only + Minnelide, n = 3. Groups compared using 1-way ANOVA with Dunnett’s multiple-comparison test. *P <
0.05; **P < 0.01; ***P < 0.001. Data are presented as mean + SEM.

(=1
(=}
(=}
(=}
(=3
o

@
(=1
[
[=1

.
(=1

% CD19Kb*CD45.1*
@
o
]

% NK1.1*Kb*CD45.1
@
(=]

L]
(=]
% CD11b*Kb*CD45.1"
(=]
o

Because Minnelide has been shown to suppress NF-«B signaling in vitro (37), we next determined whether
it could also do so in vivo, under inflammatory conditions. Since bacterial products (e.g., LPS) leak across
the gut wall following conditioning and transplantation, NF-kB reporter mice (FVB NGL, see Methods)
were injected with 1 mg/kg LPS with or without 0.1 mg/kg Minnelide and 4 hours later luciferase was
measured as an indicator of NF-kB activity. Strikingly, we found a substantial reduction in NF-kB activa-
tion in Minnelide-treated mice relative to controls (Supplemental Figure 6).
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Figure 3. Minnelide can inhibit T cell proliferation and decrease T cell proinflammatory cytokines early after MHC-mismatched aHSCT. Recipients were
treated with 0.1 mg/kg Minnelide from day -2 to 7 after transplantation, and on day 7 colons and spleens were evaluated. (A) Representative photographs

of colon anti-CD3 staining show a marked decrease in CD3* cell infiltrate. Original magnification, x100. (B) Purified T cells were seeded in 96-well plates and
treated with different doses of triptolide for 120 hours. A dose-dependent decrease in proliferation was observed in response to 0.5-50 nM triptolide. A signif-
icant and lasting reduction in proliferation was observed in response to treatment. (C-G) On day 7 after aHSCT, spleens were analyzed for frequency of donor
(C) Th1 cells producing IFN-y, (D) CD8* cells producing IFN-y, (E) Th22 cells producing IL-13, and (F) CD4*FoxP3* Tregs. (G) Summary data of the frequency of the
indicated donor (MHC H2K®-positive, Kb*) cell populations. These data were pooled from 2 independent aHSCT experiments (untreated, n = 5; Minnelide, n =
5). Groups were compared using a 2-tailed, unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean + SEM.
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Figure 4. Minnelide decreases cytokine storm in recipient mice following MHC-mismatched aHSCT. (A-K) Using the major BM transplantation model
described in Figure 1, recipients were treated with 0.1 mg/kg Minnelide from day -2 to 7 after transplantation, and on days 4 (A-G) and 7 (H-K) serum was
collected via cardiac puncture for cytokine quantification using the LEGENDplex Mouse Inflammation Panel (see Supplemental Methods). The specific cyto-
kines evaluated are indicated on the y axis of each graph. Groups were compared using 1-way ANOVA with Tukey’s multiple-comparison test. *P < 0.05; **P
< 0.07; ***P < 0.001. Data are presented as mean + SEM.

Minnelide treatment increases innate and adaptive regulatory cell populations that promote immunosuppressive

activity in acute GVHD target tissues following MHC-mismatched aHSCT. An independent experiment was per-
formed using a complete MHC-mismatched (B6—BALB/c) aHSCT model of GVHD. As shown in Figure
1, daily doses of 0.1 mg/kg Minnelide improved weight loss and GVHD clinical score as compared with
the untreated group (Supplemental Figure 5C). Three weeks after transplantation, colonic lamina propria
from each group of mice were analyzed and we found a reduced frequency of CD11b* cells together with
increased levels of regulatory populations, including MDSCs and ILC2s (Figure 5, A-C) that expressed
substantial levels of KLRG1 and ICOS (Figure 5, D and E).
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Notably, Tregs were found to be significantly increased in the colon in 2 independent experiments

in Minnelide-treated animals compared with untreated recipients (Figure 5F). Moreover, a terminal dif-

ferentiation marker, KLRG1, was also found to be higher in this regulatory population in mice treated
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with Minnelide (Figure 5G). Furthermore, CD4* Th2 (Gata3") frequency was elevated together with
decreased CD4" conventional T (Tconv) and CD8" T cells in the colon 3 weeks after transplantation
(Figure 5, H-J). We also examined another frequent GVHD target tissue, i.e., the lung, and found Treg
levels were doubled in this compartment as well approximately 3 weeks after aHSCT (Figure 5K). These
increases contrast with the overall decrease in the frequency of T cells in the colon at this time point
(Figure 3A) as well as in the spleen (Figure 5L). Moreover, CD11c-expressing cells in the GI tract were
examined at several time points (1 week, not shown; 8 weeks, see Supplemental Figure 5D) and the lev-
els of CD11c* cells were reduced in the Minnelide-treated mice (Supplemental Figure 5D). These new
data sets provide insight into regulatory pathways that may underlie immune mechanism(s) induced by
Minnelide treatment.
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Figure 7. Functional immunity is intact in Minnelide-treated recipients. Two months
after aHSCT, recipients received 2 skin grafts, applied on the trunk of each mouse, 1
from B6 x BALB/c F, (H2") mice and 1 from C3H/He] third-party (H2") donors. Grafts
were assessed and scored on the indicated days (Minnelide n=5; BM only n = 2). (A)
Allograft score. Graft scoring was performed as follows: 0, intact graft and healthy
appearance; 1, inflamed graft, but without signs of necrosis observed; 2, inflamed
graft and less than 25% necrosis observed; 3, inflamed graft and between 25% and
75% necrosis observed; and 4, greater than 75% necrosis detected or loss of graft. (B)
Allograft survival. All mice accepted the F, (B6 x BALB/c) skin grafts, whereas all C3H/
HeJ grafts were rejected in both Minnelide and BM-only transplant recipients by day 21.
(C) Representative photographs of skin grafts present on recipient mice on days 8 and
31 from both groups. Groups were compared using log-rank for survival analyses. Data
are presented as mean + SEM.

Day 8

Day 31

Minnelide treatment in recipient mice preserves functional immunity following aHSCT, as assessed by effective
GVT and skin allograft rejection responses. To achieve relapse-free survival, amelioration of GVHD must be
accompanied by maintenance of potent GVT responses. Here, we report that Minnelide reduces donor
T cells and cytokine production in the context of GVHD. However, there is also evidence that Minnelide
has anti—tumor cell activity. Therefore, several established mouse tumors used for GVT studies were exam-
ined to determine their susceptibility to direct killing by this triptolide prodrug. First, we tested the effect
of triptolide on P815 mastocytoma and A20 B cell lymphoma (H29) tumor cell lines in vitro. Triptolide
exhibited potent dose-dependent killing activity against both tumor cell lines, beginning at low doses (P815
and A20 IC,: 1.942 x 10 M and 1.600 x 10~ M, respectively) (Supplemental Figure 7, A and B). Con-
sistent with the in vitro findings, nontransplanted mice injected with 2 X 10¢ A20 lymphoma cells showed
significant tumor growth ablation in mice treated with Minnelide at a GVHD-regulating dose (0.1 mg/
kg/day) (Supplemental Figure 7C). In contrast, Minnelide did not prevent tumor progression in untrans-
planted BALB/c mice injected with AF9S* (H2¢) cells and therefore could provide a useful preclinical
model for a GVT response independent of Minnelide. Next, we assessed whether Minnelide treatment
preserved GVT responses in a clinically relevant oncofusion protein—induced leukemia. MLL-AF9C cells
were administered into BALB/c mice together with donor B6 T and BM cells 1 day after irradiation (8 Gy).
Mice were treated with 0.1 mg/kg Minnelide for 30 days. As anticipated, Minnelide treatment reduced
GVHD severity, regardless of whether animals were injected with MLL-AF9 leukemia cells (Figure 6,
A-C). Importantly, T cell-mediated GVT activity was preserved, as assessed by absence of MLL-AF9°?
tumor cells in peripheral blood 3 weeks after aHSCT (Figure 6D). Furthermore, when blood, peripher-
al lymph nodes, spleen, and BM were examined 6 weeks after transplantation, we noted that antitumor
activity in Minnelide-treated recipients was as effective as in recipients that were not treated with this drug
(Supplemental Figure 8).

Next, we investigated the impact of Minnelide on tolerance to donor and recipient antigens, placing
multiple skin grafts onto individual aHSCT recipient mice. Two heterotopic skin grafts, specifically one
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Figure 8. Treatment with Minnelide reduced xGVHD. (A-F) NSG recipient mice were irradiated (2 Gy) and the following day underwent transplantation
with human mobilized PBMCs (6 x 10°). Recipients were treated with 0.1 mg/kg Minnelide from day -2 to 28 after transplantation. Schematic of experi-
mental outline (A), overall survival (B), weight loss (C), and xGVHD clinical scores (D) are presented (n = 6 xGVHD or Minnelide and n = 3 control [no xGVHD]
mice). (E) Representative photographs of xGVHD and Minnelide-treated recipients 4 weeks after transplantation. (F) Flow cytometry contour plots and
frequency of human CD4*, CD8*, and CD14- cells in the blood 2 weeks after transplantation. These data are representative of 2 independent (n = 6/group)
human-to-mouse HSCTs. Clinical scores were compared using Benjamini-Krieger-Yekutieli-corrected multiple t tests over time. (G) Proliferation assays of
CellTrace Violet-labeled human PBMCs stimulated by either anti-CD3 (OKT3 mAb) in vitro for 4 days and a 1-way mixed lymphocyte reaction for 6 days.
Groups compared using 2-way ANOVA with Dunnett’s multiple-comparison test or log-rank for survival analyses. *P < 0.05; **P < 0.01; **P < 0.001; ****pP
< 0.0001. Data are presented as mean + SEM.

from B6 x BALB/c F, (H2"¢) mice, and one from C3H/HeJ “third-party” (H2*) donors were applied to
the trunk of each BALB/c mouse 2 months after aHSCT (by this time after aHSCT, 100% mortality had
occurred in untreated GVHD animals). Strikingly, Minnelide-treated animals transplanted with donor T
cells plus BM accepted the F, skin grafts, as did recipients transplanted with BM only. These results demon-
strated tolerance to donor and host alloantigens in both groups. In contrast, these same recipient groups
rejected complete MHC-mismatched third-party C3H/HelJ allografts by 3 weeks after skin grafting (Figure
7, A—C). These findings together with the GVT data above provide evidence of functional immunity in
recipients of BM plus T cells treated with Minnelide. Moreover, such immunity was accompanied by the
establishment of tolerance to donor and host but not “third-party” alloantigens.

Minnelide diminishes human donor T cell expansion and abrogates xGVHD. To assess whether Minnelide
regulates human T cell responses, we used an xGVHD model involving HuPBMCs from mobilized donors
(Supplemental Figure 9). Recipient NSG mice were irradiated (2 Gy) on day —1 and the following day
received 6 X 10° mobilized HuPBMCs. Groups were either untreated (controls) or treated with 0.1 mg/kg
Minnelide for 30 days (Figure 8A). Mobilized human CD34" cells (without T cells) were also transplanted
into separate animals as negative xGVHD controls. Once again, we found that Minnelide treatment sig-
nificantly prevented severe GVHD in this xenograft model, as assessed by weight loss, clinical score, and
overall survival (Figure 8, B-E). Notably, donor human CD4* and CD8" T cells were almost completely
absent from the blood of Minnelide-treated animals, similar to the negative control mice. In contrast, mice
undergoing xGVHD contained a marked frequency of human donor cells in the peripheral blood (Figure
8F). Interestingly, at this time, increased levels of donor CD14* cells were identified in these animals, con-
sistent with the notion that Minnelide did not directly damage this lineage (Figure 8F). To directly address
triptolide regulation of human T cell proliferation, PBMCs were stimulated in vitro with an anti-CD3
mAD and allogeneic stimulator cells (Figure 8G). Both polyclonal and antigen-stimulated cultures exhib-
ited dose-dependent triptolide inhibition of CD4* and CD8* T cell proliferation. In total, these immune
findings demonstrated that Minnelide suppressed xGVHD by specifically targeting human donor T cells.

Discussion

Immunosuppressants with calcineurin inhibitors remain the standard of care for recipients of aHSCT to
prevent GVHD. Unfortunately, these compounds have multiple off-target effects on a variety of tissues.
More recently, PTCy has been used as GVHD prophylaxis in matched and mismatched donors with good
GVHD prevention, but with its own toxicities (7, 8, 10, 12, 35). GVHD prophylaxis balancing reduction
of GVHD and preservation of GVT is still needed. Triptolide compounds have been previously exam-
ined for antiinflammatory activity as well as their ability to inhibit immune responses, including GVHD;
however, triptolide is largely insoluble in aqueous solvents, limiting its clinical application (14). Ideally,
triptolide derivatives that are water soluble with high efficacy and low toxicity would represent an advance
for in vivo use to regulate transplant immunity. Minnelide, a water-soluble triptolide prodrug, was shown
to exhibit minimal toxicity even after more than 1 year of in vivo administration and it can rapidly con-
vert to triptolide in the presence of phosphatases, which are ubiquitous (29). Preclinical studies reported
that Minnelide possesses potent antiproliferative activity against several cancers, including pancreatic and
hematologic, dramatically reducing tumor growth, preventing metastasis, and improving overall survival
(30, 34, 37). Minnelide is also the most clinically advanced compound for cancer treatment among all
triptolide analogs (ClinicalTrials.gov NCT03117920) (17, 38). Here, we demonstrated that low doses of
Minnelide treatment prevented severe acute GVHD using multiple models of aHSCT, with substantial
improvement in outcomes without abrogating antitumor activity, i.e., GVT responses against experimen-
tal AML. Overall, in addition to ameliorating GVHD, Minnelide may be effective in eradicating residual
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disease in some hematological malignancies due to both direct and indirect (via GVT) activities, thereby
providing a potentially novel therapeutic approach to improve aHSCT.

Recently, Giri et al. showed that Minnelide treatment exhibited potent antileukemic effects in human
AML in vitro and in vivo models, using tumor cell lines and patient-derived cells (34). Similarly, in the
present study, we found that triptolide induced dose-dependent killing of the P815 mastocytoma and A20
B cell lymphoma tumor cell lines in vitro and Minnelide exhibited antitumor activity in vivo (A20). Since
the MLL-AF9° cells did not show susceptibility in vivo to the Minnelide dose being used, this AML was
selected to enable evaluation of GVT activity following aHSCT and results showed that the antitumor
response was maintained concurrent with a reduction in GVHD. Therefore, we posit that the potential
combination of direct antitumor activity concomitant with GVHD-mediated suppression and maintenance
of GVT responses make Minnelide an attractive agent for clinical development.

Two decades ago, triptolide and its derivatives were examined in murine haploidentical MHC (B6—F,)
and MHC-matched (B10.D2—BALB/c) aHSCT models (19, 20). Using a water-soluble triptolide derivative
(PG490-88, 0.535 mg/kg for 21 days), Chen et al. found amelioration of preclinical GVHD and proposed
that it involved inhibition of early IL-2 synthesis (19). Because V33" T cell deletion was incomplete, the
authors implicated antigen-specific tolerance. In vitro, triptolide was previously reported to inhibit NF-«B,
NFAT, and diminished IL-2 production in T cells (39). In our studies, Minnelide was employed at a substan-
tially lower concentration (0.1 mg/kg) to investigate its capacity to inhibit initial responses driving GVHD.
Indeed, at this low dose, we observed a marked decrease in donor T cell frequency within the peripheral lym-
phoid compartment following both MHC-mismatched allogeneic (B6—BALB/c) and xenogeneic (HuPB-
MC—NSG) transplantation as early as 1-3 weeks after aHSCT (Figure 1, Figure 5, and Figure 8). Consistent
with the diminished xGVHD findings, triptolide diminished human T cell proliferation in response to anti-
TCR and alloantigen stimulation. Minnelide also markedly diminished proinflammatory effector populations
(CD8* and Th1 IFN-y—producing cells) and serum levels of proinflammatory cytokines (including TNF-a,
IFN-y, MCP-1, and GM-CSF) (Figures 3 and 4). These findings support the notion that Minnelide abrogates
T cell proliferation and inflammatory responses that promote acute GVHD. GVHD prophylaxis for patients
often involves calcineurin inhibitor-based (CNI-based) regimens with methotrexate with or without anti—thy-
mocyte globulin for HLA-matched transplants (40). PTCy plus tacrolimus with or without mycophenolate
mofetil (MMF) has been introduced for haplo-mismatched transplants and shown promise compared with
tacrolimus = MMF * methotrexate based on improvement reported in a number of studies, including lower
grade 34 GVHD and diminished lower GI and chronic GVHD versus CNI (41). Since 2017, several new
drugs have been FDA approved for second-line defense, i.e., ibrutinib, belumosudil, and ruxolitinib, and the
CTLA-4 costimulation blocker abatacept is currently being examined for GVHD treatment (42-45). While
CNI-associated toxicity in elderly patients can include nephrotoxicity, hypertension, and electrolyte abnor-
malities, they are administered typically for several (often 3—6) months and can be tapered (46, 47). Studies
here found that 14 days of Minnelide treatment in MHC-mismatched recipients resulted in long-lasting effects
without loss of antitumor activity. As noted above, we also observed that triptolide in vitro and Minnelide in
vivo exhibited antitumor activity, suggesting the drug could provide additional benefit to patients transplanted
due to hematopoietic cancers. Therefore, it may be interesting to consider combining CNI with Minnelide, as
both inhibit T cells, and Minnelide also elevated regulatory populations.

One week after transplantation, together with the diminished cytokine levels noted above, a marked
reduction in donor T cell infiltrate was found in the colon of Minnelide-treated recipients. Strikingly, this
effect was maintained 8 weeks after transplantation and was accompanied by conserved villi and overall
improved tissue architecture compared with untreated animals. Early damage to the GI tract results in
leakage of bacterial products, including LPS, which plays a key role in driving intestinal inflammation and
development of GVHD. Following LPS binding to TLR4, MyDS88 signaling leads to NF-«xB activation.
Along with other transcription factors, these events promote cytokine/chemokine production contributing
to initiation and amplification of systemic inflammation, resulting in acute GVHD that is often associat-
ed with morbidity and mortality after aHSCT (48, 49). We previously reported that Minnelide treatment
downregulated NF-kB activity in pancreatic tumors (37). Notably, experiments here showed Minnelide
significantly inhibited NF-xB activation in vivo following LPS administration. Altogether, these findings
demonstrated that Minnelide prevented GVHD-driven events, including GI T cell infiltration, intestinal tis-
sue damage, and inflammatory cytokine production. We propose that the latter process might be mediated
by Minnelide’s inhibition of NF-kB signaling.
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Triptolide and its analogs have been found to regulate several immune cell populations in pathologic
conditions. For example, in rheumatoid arthritis, triptolide suppressed maturation, migration, and differen-
tiation of DCs (50, 51). Triptolide was also reported to diminish costimulatory molecules and inflammato-
ry cytokines in monocytes/macrophages (14, 52). These findings, together with the decrease in inflamma-
tory cytokine serum levels in Minnelide-treated animals early after aHSCT, makes it tempting to speculate
that the compound could also affect function and migration of APCs in transplanted mice. In physiologic
conditions, we found that Minnelide treatment did not affect B cells, CD4* and CD8" T cells, or Tregs in
naive mice. Regarding the latter, p-STATS5 expression, which is required for Treg proliferation and function,
was not altered by Minnelide treatment in animals undergoing Treg expansion, supporting the notion that
Treg IL-2 signaling remained intact (data not shown). Interestingly, in the setting of GVHD after donor
T cells were transplanted, an increase in CD4*FoxP3* Treg frequency was observed with Minnelide treat-
ment in several GVHD target tissues (e.g., spleen, colon, and lung). Remarkably, with regard to a regulato-
ry cell mechanism, 3 weeks after transplantation in treated recipients, several innate regulatory populations
were also evaluated. Increased levels of MDSCs and ILC2s, with the latter population including significant
expression of ICOS that reportedly regulates these cells under homeostatic and inflammatory conditions in
mice (53), were identified. Thus, we posit that together with direct inhibition of T cell proliferation, Min-
nelide’s induction of an adaptive and innate regulatory cell network may account for GVHD suppression.

In total, findings in the present study demonstrated Minnelide regulation of mouse as well as human
T cell immune responses in the aHSCT setting. Notably, this compound is currently in clinical trials for
patients with gastric/pancreatic cancers (ClinicalTrials.gov NCT01927965 and NCT03117920) and a study
is now recruiting for treatment of non—transplant-related relapsed or refractory AML (ClinicalTrials.gov
NCT03760523). Graft-versus-malignancy responses following aHSCT are crucial for the eradication of
hematologic malignancies, particularly AML (3). The experimental findings here using a murine leukemia
model are encouraging, as reduction in GVHD was accompanied by GVT responses against this AML.
Dependent on the concentration of Minnelide, such responses may benefit from its direct antitumor activ-
ity in certain cancers. Findings here indicated that in comparison with PTCy application, Minnelide treat-
ment resulted in equivalent reduction in GVHD and improvement of outcomes. Overall, we propose that
Minnelide treatment may provide a new translational therapeutic strategy for patients undergoing aHSCT
for hematologic cancers to reduce GVHD and maintain GVT.

Methods

Sex as biological variable. The nature of the experiments involves transplants in which cages must be main-
tained for extended time periods. The experimental results were therefore obtained using female animals
without bias from injuries and hormones due to fighting and aggressive behavior in the cages. We anticipate
that results would be the same in males.

Animals. C57BL/6J (B6, stock 000664), BALB/c (stock 000651), C3H.SW (stock 000438),
B6-CD45.1 breeder (stock 002014), B6-EGFP breeder (stock 003291), NGL-NF-xB-GFP-luciferase [FVB.
Cg-Tg(HIV-EGFP,luc)8Tsb/J; stock 027529], and NSG (stock 005557) mice were purchased from The
Jackson Laboratory and maintained in our animal facility. All mice were maintained in specific pathogen—
free housing at the University of Miami and given autoclaved food and water ad libitum. Mice were used
at 8-16 weeks of age.

aHSCT and Minnelide treatment. For MHC-mismatched transplants, BALB/c mice received 7.5-8.5 Gy on
day —1 and BM was injected 24 hours later with or without T cells from sex- and age-matched B6 (5.5 x 10°
BM cells after T cell depletion [TCD] and pooled splenocytes containing 0.8 X 10¢ T cells) donors. TCD of
the BM was performed using HO134 hybridoma supernatant (anti-Thy1.2, 40% of final volume at 25 x 10°
cells/mL) and rabbit complement (Cedarlane Labs) immediately prior to transplantation. Mice were mon-
itored 3 times per week for weight loss and clinical score, as previously described (54, 55). In brief, clinical
signs of GVHD were scored on a scale from 0 to 2 for 5 parameters: weight loss, diarrhea, fur texture, posture,
and alopecia. Mice exhibiting a clinical score greater than 6 were sacrificed and their death was recorded as
the next day, in accordance with our animal protocols. Minnelide was dissolved in saline and administered
intraperitoneally at a dose of 0.05 mg/kg 2 times per day or 0.1 mg/kg/day for 30 consecutive days.

Experiments to assess GVT utilized MLL-AF9 GFP* BALB/c leukemia cells (56). For these exper-
iments, 5000 leukemia cells were cotransplanted with B6 donor spleen with and without TCD BM cells.
Tumor burden was assessed via flow cytometric analysis of blood, spleen, and BM compartments.
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For a description of histopathology and immunostaining, allogeneic heterotopic skin transplantation,
flow cytometry, multiplex cytokine array, and T cell proliferation assay, see Supplemental Methods. A com-
plete list of antibodies used in this study can be found in Supplemental Table 1.

Xenogeneic human to mouse transplantation and Minnelide treatment. HIPBMCs were isolated from human
mobilized (Filgrastim) peripheral blood by Ficoll separation and viable T cells counted. NSG mice were
irradiated (2 Gy, total body irradiation) and transplanted the following day with 6 X 10¢ HuPBMCs, which
included 3.6 x 10° T cells and approximately 2 x 10* CD34* cells. Recipient mice were injected with or
without 0.1 mg/kg Minnelide from day —2 to day 28. Mice were monitored 3 times per week for GVHD
clinical score (as above), weight loss, and survival until 6 weeks after transplantation. Control recipients
were administered positively selected human CD34" cells from the same donor to mimic BM-only groups
in the aHSCT.

One-way mixed lymphocyte reaction. Fresh blood (30 to 40 mL) from 2 genetically distinct donors was
collected and HuPBMCs were isolated using Ficoll-Paque (GE Healthcare) following the manufacturer’s
protocol. Triptolide (Sigma-Aldrich) stock, 1 mM in DMSQO, was added to complete media to a concen-
tration of 12.5 nM followed by serial dilutions to 2.5, 0.5, and 0.1 nM. The vehicle was DMSO added to
complete media at a concentration of 12.5 nM. Isolated HuPBMCs were plated at 500,000 responder and
1,000,000 irradiated stimulator HuPBMCs per well. Responder HuPBMCs were labeled with CellTrace
Violet (CTV; Thermo Fisher Scientific) on day 0 of the culture at 2.5 pM CTYV final concentration prior to
plating. Wells were collected on day 6 for manual counting and CTV proliferation assessment gating CD4*
and CD8" lymphocytes. For in vitro stimulation, PBMCs isolated from 1 donor were plated in wells with
OKT3 (1 pg/well) and rhIL-2 (200 ng/well) at 1,000,000 HuPBMCs/well after CTV labeling on day 0 at
2.5 uM CTYV final concentration. Wells were collected on day 4 for manual counting and CTV proliferation
assessment after gating on CD8* lymphocytes.

Statistics. Numbers of animals per group are described in the figure legends. All figure panels include
data sets obtained from individual animals. All graphing and statistical analyses were performed using
GraphPad Prism 9. Significance of differences between 2 experimental groups was determined using a
2-tailed, unpaired ¢ test. For experiments comparing more than 2 groups, data were analyzed using a 1-way
or 2-way ANOVA with a post hoc Dunnett’s or Tukey’s multiple-comparison test. For experiments using
multiple ¢ tests over time, P values were adjusted using the 2-stage linear step-up procedure of Benjamini,
Krieger, and Yekutieli (57). For survival analyses, a log-rank (Mantel-Cox) test was performed. Statistical
tests performed are indicated in the figure legends. A P value of less than 0.05 was considered significant:
*P<0.05,**P<0.01, ***P<0.001, ****P < (0.0001. Data are shown as mean * SEM.
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