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Newly diagnosed patients with high-risk acute graft-versus-host disease (aGVHD) often experience poor clinical outcomes and low
complete remission rates. Ruxolitinib with corticosteroids showed promising efficacy in improving response and failure free survival
in our phase | study. This study (ClinicalTrials.gov: NCT04061876) sought to evaluate the safety and effectiveness of combining
ruxolitinib (RUX, 5 mg/day) with corticosteroids (1 mg/kg/day methylprednisolone, RUX/steroids combined group) versus using
methylprednisolone alone (2 mg/kg/day, steroids-only group). Newly diagnosed patients with intermediate- or high-risk aGVHD
were included, with risk levels classified by either the Minnesota aGVHD Risk Score or biomarker assessment. Patients were
randomized in a ratio of 1:1 into 2 groups: 99 patients received RUX combined with methylprednisolone, while the other 99
received methylprednisolone alone as the initial treatment. The RUX/steroids group showed a significantly higher overall response
rate (ORR) on day 28 (92.9%) compared to the steroids-only group (70.7%, Odds Ratio [OR] = 5.8; 95% Confidence Interval [CI],
2.4-14.0; P < 0.001). Similarly, the ORR on day 56 was higher in the RUX/steroids group (85.9% vs. 46.5%; OR = 7.07; 95% Cl,
3.36-15.75; P < 0.001). Additionally, the 18-month failure-free survival was significantly better in the RUX/steroids group (57.2%)
compared to the steroids-only group (33.3%; Hazard Ratio = 0.46; 95% Cl, 0.31-0.68; P < 0.001). Adverse events (AEs) frequencies
were comparable between both groups, with the exception of fewer grade 4 AEs in the RUX/steroids group (26.3% vs. 50.5%

P =0.005). To our knowledge, this study is the first prospective, randomized controlled trial to demonstrate that adding ruxolitinib
to the standard methylprednisolone regimen provides an effective and safe first-line treatment for newly diagnosed high-risk acute

GVHD.
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INTRODUCTION

The standard initial treatment for Acute graft-versus-host
disease (@GVHD) has traditionally consisted of methylpredniso-
lone at a dose of 2 mg/kg/day or prednisone at 2.0-2.5 mg/kg/
day."” The response rate to corticosteroids monotherapy is
around 50%, and the 6-month overall survival rate for patients
with intermediate- and high-risk aGVHD, as determined by the
Minnesota aGVHD risk score and biomarker risk, is approximately
60%.%7° There is currently a lack of new treatment strategies for
intermediate- and high-risk aGVHD that can improve treatment
effectiveness and patient outcomes. Current guidelines do not
recommend combined first-line therapy. Previous studies have
shown that using corticosteroids at a dose of 2 mg/kg/day with a
second agent as first-line treatment for newly diagnosed aGVHD
offered no significant clinical benefit compared to standard
methylprednisolone treatment.””'” Importantly, survival at 100
days was shorter with those escalated immunosuppression.'®
Effectively controlling GVHD without subjecting aGVHD patients

; https://doi.org/10.1038/s41392-024-01987-x

to more intense and prolonged immunosuppression remains a
primary concern.

Ruxolitinib, a selective Janus kinase (JAK) 1/2 inhibitor, is
approved for managing steroid-refractory aGVHD.'*?* Jan H
reported that neutrophils infiltrating the ileum migrate to the
mesenteric lymph nodes during the early phase of GVHD,
contributing to its development.?* Ruxolitinib was shown to
reduce neutrophil infiltration into the mesenteric lymph nodes
and decrease MHC-II expression, thus mitigating an early event in
the pathogenesis of acute GVHD. Additionally, enhanced JAK-STAT
signaling has been identified as a factor responsible for the severe
GVHD phenotype induced by MicroRNA-146a deficient dendritic
cells.* Early inhibition of JAK1/JAK2 in clinic setting has emerged
as a potential therapeutic strategy, which may minimize GVHD
evolution and decrease second line therapies. There are no
previous prospective controlled studies reporting the efficacy of
ruxolitinib for newly diagnosed aGVHD. Further research suggests
that ruxolitinib could boost the effectiveness of corticosteroids in
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T cells?2?% The combination appears to shift the balance of
apoptotic factors, possibly overcoming corticosteroid resistance.?®
Therefore, it is plausible to hypothesize that incorporating
ruxolitinib could enhance corticosteroid efficacy as a first-line
treatment while minimizing steroid exposure in patients with
newly diagnosed aGVHD. The pharmacokinetics study on rux-
olitinib demonstrated that inhibition of cytokine-induced pSTAT3
by ruxolitinib is dose-dependent with maximal inhibition occur-
ring 1-2h for all doses.?”?® The maximal mean inhibition of
PSTAT3 was 40% at a dose of 5 mg and 54% at the dose of 10 mg,
while 90% inhibition was achieved at the highest tolerable dose of
200 mg.?’ This indicates that increasing the dose of ruxolitinib
from 5 mg to 10 mg did not result in a doubling of the inhibitory
effect on pSTAT3; the inhibitory at 5 mg was comparable to that at
10 mg. Therefore, it is reasonable to hypothesize that ruxolitinib at
a 5mg dose may be effectively utilized as part of first-line therapy
for newly diagnosed aGVHD patients.

Accumulating evidence shows that ruxolitinib is associated with
substantial myelosuppression activity, especially for the patients
with aGVHD.?°"?? The Food and Drug Administration’s approval of
ruxolitinib for steroid-resistant aGVHD was based on REACH
Study.®’ In the REACH1 study,®' patients with steroid-resistant
aGVHD were given an initial oral dose of ruxolitinib at 5 mg twice
daily, with the option to increase to 10 mg twice daily after 3 days
if there was no occurrence of cytopenia. However, in the
REACH1 study, adverse events (AEs) led to ruxolitinib discontinua-
tion in 324% of patients and dose reduction in 352% of
patients.?’ The median average daily dose of ruxolitinib was
10.3 mg/day (ranging from 5-20 mg/day), and the response on
day 28 was not found to be associated with ruxolitinib doses in
the REACH1 study.?' Similarly, in the REACH2 study,®® 37.6% of
patients experienced AEs that led to dose modifications, and
16.4% had events that resulted in the discontinuation of
ruxolitinib. In a study involving aGVHD patients with fibrosis,
ruxolitinib at 5 mg/day was found to be effective without causing
severe cytopenia, whereas 50% of patients treated with ruxolitinib
10 mg/day experienced severe cytopenia.”® In addition, prompt
discontinuation or rapid tapering of ruxolitinib may lead to
additional AEs such as aggressive, fatal GVHD.2>2325% The
patients’ haematopoietic reconstitutions are more fragile in the
early stage after engraftment compared to those in later stages. As
the timing is earlier for aGVHD patients who receive first-line
therapy than for those who receive second-line therapy, the
haematopoietic reconstitutions after the first onset of aGVHD are
more susceptible to the hematologic toxicity of ruxolitinib.
Therefore, it is reasonable to hypothesize that ruxolitinib at
5mg/day can be effectively and safely utilized as a first-line
treatment for newly diagnosed aGVHD patients.

We previously conducted a phase | dose-finding study to
identify the optimal treatment for patients with newly diagnosed
aGVHD, assessing various doses of ruxolitinib in combination with
corticosteroids.'® This preliminary study suggested that initiating
ruxolitinib at 5mg/day, rather than 5mg twice daily or 10 mg
twice daily, could be both effective and safe. As a result, we
designed the current phase 3 study to evaluate the efficacy and
safety of a combined regimen of ruxolitinib (5 mg/day) and
methylprednisolone (1 mg/kg/day) compared to a control regi-
men of methylprednisolone (2 mg/kg/day) in patients with newly
diagnosed intermediate- or high-risk aGVHD.*

RESULTS

Patients and baseline characteristics

From August 25, 2019, to June 1, 2022, a total of 198 patients with
newly diagnosed intermediate- or high-risk aGVHD were enrolled
from seven centers. These patients were randomized to the RUX/
steroids combined group (n=99) or the steroids-only group
(n=199) (Fig. 1 and Table 1). As of December 1, 2023, the median
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follow-up for surviving patients was 977.0 days (range,
553.0-1606.0 days) in the RUX/steroids combination group and
1052.0 days (range, 586.0-1600.0 days) in the steroids-only group.
The baseline demographic, transplantation-related, and disease-
related characteristics of the patients were comparable between
the two groups (Table 1). Detailed biopsy data for acute GVHD
target organs are provided in Supplemental data (Supplementary
Table 1). All patients had neutrophil engraftment. There was no
significant difference in the time to neutrophil engraftment
between the two groups (median time: 12 days [interquartile
range (IQR), 11-16] for the RUX/steroids combined group; 13 days
[IQR, 11-15] for the steroids-only group; P = 0.889). Similarly, there
was no significant difference in the time to platelet engraftment
between the two groups (median time: 14 days [IQR, 11-19] for
both groups; P=0.897). In the RUX/steroids group, four patients
did not complete the planned 56 days of therapy due to
malignancy relapse/progression (n=3) or death due to viral
gastroenteritis (n=1). Three patients in the steroids-only group
did not complete the 56-day treatment due to malignancy
relapse/progression (n=1) or death from infection (n=2). The
distribution of aGVHD grades was similar between the two
treatment groups (Table 1).

Primary endpoint

The ORR on day 28 was significantly higher in the RUX/steroids
combination group (92.9%) compared to the steroids-only group
(70.7%, odds ratio [OR] = 5.8, 95% Cl, 2.4-14.0; P < 0.001, Fig. 2a).
For patients with grade Ill-IV aGVHD, the ORR on day 28 was 92.3%
in the RUX/steroids combination group, compared to only 36.4%
in the steroids-only group (Table 2). Among patients with grade |l
aGVHD, the ORR on day 28 was 93.0% in the RUX/steroids
combination group, while it was 75.0% in the steroids-only group
(OR=44, 95% Cl 1.7-11.6, P=0.001, Table 2).

Among patients with high-risk aGVHD based on biomarker
measurement, the ORR on day 28 was 93.2% in the RUX/steroids
combination group compared to 56.8% in the steroids-only group
(OR=104, 95% Cl 2.7-38.7; P<0.001, Table 2). Among patients
with intermediate-risk aGVHD based on biomarker measurements,
the corresponding ORRs on day 28 were 92.7% vs. 81.8%
(OR=12.8, 95% Cl, 0.8-9.7; P=0.086, Table 2).

The ORR on day 28 was significantly higher in the RUX/steroids
combined group, regardless of the organs involved: 100.0% for
RUX/steroids vs 56.7% for steroids (lower gastrointestinal disease,
P <0.001); 90.5% for RUX/steroids vs 66.7% for steroids (skin
disease, P=0.002); 95.7% for RUX/steroids vs 76.3% for steroids
(upper gastrointestinal disease, P =0.017); 83.3% for RUX/steroids
vs 71.4% for steroids (liver disease, P=0.615, Table 2).

Secondary endpoints

The ORR on day 56 was notably higher in the RUX/steroids
combination group compared to the steroids-only group (85.9%
vs. 46.5%; OR=7.07; 95% Cl, 3.36-15.75; P<0.001, Fig. 2b). For
patients who showed a response at any time, the 6-month
probability of DOR was 81.3% (95% Cl, 72.9-88.4%) in the RUX/
steroids group, compared to 51.1% (95% Cl, 41.4-61.6%) in the
steroids-only group (P<0.001; Fig. 3a). In the RUX/steroids
combination group, 25 patients (25.3%) required second-line
therapies for recurrent aGVHD, compared to 54 patients (54.5%) in
the steroids-only group (P < 0.001; Supplementary Table 2).

The cumulative incidence of chronic GVHD of any grade at 18
months was 19.1% (95% Cl, 16.6-29.4%) in the RUX/steroids
combined group and 26.2% (95% Cl, 19.7-34.1%) in the steroids-
only group (P = 0.377). Furthermore, 78.9% of patients in the RUX/
steroids group and 70.1% in the steroids-only group were off
immunosuppressant therapy 18 months post-transplantation
(P=0.487).

The 18-month failure-free survival was significantly higher in the
RUX/steroids combination group compared to the steroids-only
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Fig. 1

Study design and consort diagram. a Flow chart of treatment schedule. Newly diagnosed intermediate or high-risk acute graft-versus-

host disease (aGVHD) patients underwent randomization and treatment of RUX/steroids combined or steroids only regimen after aGVHD risk
evaluation. The medication of conditioning, GVHD prophylaxis regimen, and taper process of aGVHD treatment were described detail in

“Methods” Patients were monitored for safety, treatment response,

and clinical endpoints. “Day; “Week’, and “Year” referred to time after

aGVHD treatment. b Enrollment of patients into the study. ATG anti-thymocyte globulin; CMV cytomegalovirus; CsA cyclosporine A; DLI donor
lymphocyte infusion; EBV Epstein-Barr virus; GVHD graft versus host disease; MRD measurable residual disease; PTLD post-transplantation

lymphoproliferative disorder; RUX ruxolitinib

group (RUX/steroids 57.2%, steroids-only 33.3%; HR 0.46 [95%Cl,
0.31-0.68]; P < 0.001; Fig. 3b; Supplementary Fig. 1). Both groups
had comparable 18 months cumulative incidence rates of relapse
(RUX/steroids 17.4% [95% Cl, 10.7-25.6%)], steroids-only 17.2%
[95% Cl, 10.5-25.3%]; P =0.679; Supplementary Fig. 2) and non-
relapse mortality (NRM) (RUX/steroids 12.3% [95% Cl, 6.7-19.6%],
steroids-only 16.2% [95% Cl, 9.8-24.2%)]; P = 0.513; Supplementary
Fig. 3). The 18-month OS rates were similar between the groups,
with 75.4% in the RUX/steroids group and 70.5% in the steroids-
only group (HR 0.91 [95% Cl, 0.54-1.54]; P = 0.734; Supplementary
Fig. 4), as were the 18-month DFS rates (RUX/steroids 71.4%,
steroids-only 67.4%; HR 091 [95% Cl, 0.55-1.50]; P=0.720;
Supplementary Fig. 5, Supplementary Table 3).

For patients with grade lll-IV aGVHD, the 18-month NRM tended
to be lower in the RUX/steroids combination group compared to
the steroids-only group (16.3% vs 45.5%; HR 0.29 [95% Cl,
0.06-1.52]; P = 0.088; Supplementary Fig. 6). Among patients with
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high risk aGVHD, the 18-month DFS tended to be higher in the
RUX/steroids group than in the steroids-only group (RUX/steroids
70.5%, steroids-only 61.3%; HR 0.74 [95%Cl, 0.36-1.53]; P=0.417).

The steroids-only group received a significantly higher cumu-
lative dose of methylprednisolone (27.8 + 7.6 mg/kg) compared to
the RUX/steroids combination group (17.6 + 3.6 mg/kg), and this
difference was statistically significant (P < 0.001). Additionally, the
duration of methylprednisolone treatment was significantly longer
in the steroids-only group compared to the RUX/steroids
combination group (48.7 + 24.4 days vs. 29.4 + 9.3 days; P = 0.032).

Safety and tolerance analysis

The median duration of ruxolitinib exposure was 177.0 days
(range, 17.0-447.0 days) in 96 patients, and this duration varied
due to several reasons: disease relapse or measurable residual
disease (n=17), CMV disease (n=>5), post-transplantation lym-
phoproliferative disease (n=1), pulmonary infection (n=2),

SPRINGER NATURE
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steroids (n = 99)

Table 1. Characteristics of the patients at baseline®
Characteristic No. (%)
Ruxolitinib/

Steroids only
(n=99)

35.0 (14.0-65.0)
65 (65.7)

64.0 (42.8-98.1)
22.5 (16.0-32.8)

Age, median (range), y
Male
Weight, median (range), kg

Body-mass index, median
(range), kg/m2

Diagnosis of underlying malignant disease

Acute myelogenous 54 (54.5)
leukemia

Acute lymphoid leukemia 28 (28.3)
Myelodysplastic syndrome 5 (5.1)
Chronic myelogenous 1(1.0)
leukemia

Non-Hodgkin lymphoma 5(5.1)
Other acute leukemia 2 (2.0)
Other leukemia 4 (4.0)

Disease Risk Index
low 15 (15.2)
Intermediate 46 (46.5)
High 32 (32.3)
Very High 5(5.1)
missing 1(1.0)
HCT-CI

0 59 (59.6)
1 22 (22.2)
2 9 (9.1)

3 5(5.1)

4 2 (2.0)

5 1(1.0)
missing 1(1.0)

Time from diagnosis to HCT,
median (range), d

169 (12-859)

Time from HCT to screening, 25 (17-89)

median(range), d

Conditioning regimen
Modified Bu/Cy 85 (85.9)
Bu/Flu 8 (8.1)
Modified TBI/Cy 6 (6.1)

Donor’s age, median (range), y 37 (14.0-63.0)

Donor-recipient ABO match

Match 56 (56.6)

Major mismatch 21 (21.2)

Minor mismatch 17 (17.2)

Bidirectional mismatch 5(5.1)
Donor-recipient gender match

Female to male 24 (24.5)

Female to female 9 (9.1)

Male to female 26 (26.3)

Male to male 40 (40.4)
Graft

MNCs, median (range), 10.7 (2.8-28.0)

x10%/kg

CD34", median (range), 4.9 (0.8-11.8)

x10%/kg

34.0 (14.0-64.0)
67 (67.7)

67.0 (42.2-118.0)
23.3 (15.0-38.5)

40 (40.4)

34 (34.3)
11 (11.1)
2 (2.0)

3 (3.0)
5 (5.1)
4 (4.0

1 (11.1)
48 (48.5)
33 (33.3)
6 (6.1)
1 (1.0

47 (47.5)

40 (40.4)
5(5.1)

3 (3.0

3 (3.0

0 (0.0)
1(1.0)

212 (14-625)

25 (15-77)

85 (85.9)

10 (10.1)

4 (4.0

34 (8.0-57.0)

56 (56.6)
19 (19.2)
18 (18.2)
6 (6.1)

19 (19.2)
9 (9.1)

23 (23.2)
48 (48.5)

10.3 (2.3-32.7)

4.9 (0.9-20.0)
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Table 1. continued
Characteristic No. (%)
Ruxolitinib/ Steroids only
steroids (n = 99) (n=99)
Source of graft
Matched sibling donor 12 (12.1) 10 (10.1)
Haploidentical donor 76 (76.8) 78 (78.8)
Unrelated donor 11 (11.1) 11 (11.1)
Cytomegalovirus positive at 99 (100) 99 (100)
HCT
Donor cytomegalovirus 99 (100) 99 (100)
positive at HCT
Overall aGVHD grade at baseline®
Grade Il 86 (86.9) 88 (88.9)
Grade lll 10 (10.1) 6 (6.1)
Grade IV 3 (3.0 5(5.1)
aGVHD organ involvement at baseline
Skin 63 (63.6) 72 (72.7)
Liver 6 (6.1) 7 (7.1)
Lower Gl 24 (24.2) 30 (30.3)
Biomarker risk at baseline®
Intermediate 55 (55.6) 55 (55.6)
High 44 (44.4) 44 (44.4)
Overall aGVHD risk
Minnesota high and 13 (13.1) 11 (11.1)
biomarker high
Minnesota standard and 31 (31.3) 33 (33.3)
biomarker high
Minnesota standard and 55 (55.6) 55 (55.6)
biomarker intermediate
Coadministrations of antifungal drugs
Voriconazole 83 (83.8) 82 (82.8)
Posaconazole 8 (8.1) 7 (7.1)
Caspofungin 8 (8.1) 10 (10.1)
aGVHD acute graft versus host disease, Bu busulfan, Cy cyclophosphamide,
Flu fludarabine, Gl gastrointestinal tract, HCT hematopoietic stem cell
transplant, HCT-C/ hematopoietic cell transplant -comorbidity index, MNC
mononuclear cells, TBI total body irradiation
?Data are presented as number (percentage) of patients unless otherwise
indicated
PBaseline defined as the last acute GVHD assessment prior to or on
randomization date +3 days, but no later than the treatment start date

financial problems (n=2), physician decision (n=1), recurrent
GVHD (n = 4), death (n = 3), or scheduled design (n = 61). None of
the 96 patients discontinued ruxolitinib due to hepatotoxicity.
The most frequently observed AEs up to day 28 post-treatment
were anemia, gamma-glutamyl transferase increase, and hyper-
glycemia (Table 3). Grade 3 or higher AEs occurred in 87.9% of
patients in the RUX/steroids group and 84.8% in the steroids-only
group (P=0.534). Grade 4 AEs were more common in the
steroids-only group, affecting 50.5% of patients, compared to
26.3% in the RUX/steroids group (P = 0.005). Thrombocytopenia, a
known side effect of ruxolitinib, was also prevalent, with 24.2% of
patients in the RUX/steroids group and 41.4% in the steroids-only
group experiencing grade 4 thrombocytopenia. Importantly, all
cases of thrombocytopenia were reversible, and none of the 96
patients discontinued ruxolitinib due to decreased platelet count.
The percentages of patients who experienced fungal infections,
bacterial infections, CMV reactivation at 6 months, Epstein-Barr
virus reactivation and post-transplantation lymphoproliferative
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Fig.2 Overall response at day 28 and day 56. The primary endpoint was an overall response (complete or partial response) on day 28 (a), and
the secondary endpoint was a overall response on day 56 (b). Two-sided P values were calculated using a stratified Cochran-Mantel-Haenszel

test

disease occurred at similar rates between the RUX/steroids and
steroids-only groups (all P>0.05; Supplementary Tables 4-5).
Assessment of control of hyper glycemia and hypertension,
degree of quality-of-life (assessed by MD Anderson Cancer Center
Symptom inventory, MDASI), blood potassium and calcium
concentrations during the first 45 days of treatment showed no
statistically significant differences between the two groups,
although there were trends that patients in RUX/steroids group
had lower blood glucose concentrations and more reduction in
MDASI severity (Supplementary Fig. 7).

Changes of GVHD biomarkers and immune reconstitution

We evaluated the changes in biomarker levels in aGVHD patients
treated with different first-line therapies (RUX/steroids and
steroids only). There were no differences in pre-enrollment
biomarker scores based on sST2 and REG3a between CR and
refractory patients in either group. For the patients who achieved
complete remission on day 14 and 28 after RUX/steroids
combined treatment, levels of REG3a and tumor necrosis factor
receptor 1 (TNFR1) significantly decreased by day 14 compared to
their  pre-enrollment levels (REG3a: P;4,=0.002 and
P.adjust=0.005, P,g3=0.583 and P.adjust=1.000; TNFR1:
P;4=0.002 and P.adjust = 0.005, P, =0.057 and P.adjust =0.172;
Supplementary Fig. 8a). Meanwhile, levels of other biomarkers
after RUX/steroids combined treatment did not differ significantly
between groups (Supplementary Fig. 8).

In this study, the Cl of CD4" T cell reconstitution (CD4" cell
count =0.05 x 10%/L at two consecutive measurements within 100
days post-transplantation >*3") was also assessed. Patients treated
with RUX/steroids appeared to have a higher Cl of CD4" T cell
immune reconstitution by day 100, compared with patients
treated with steroids only (RUX/steroids 65.7% [95% Cl,
54.4-76.7%], steroids-only 56.0% [95% Cl, 45.2-67.4%]; P =0.231;
Supplementary Fig. 9a). On 28 days, 180 days and 365 days after
enrollment, patients after RUX/steroids combined treatment had
higher level of Treg cells compared with patients after steroids
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only treatment (P,g=0.007, P;gp=0.059 and Psss = 0.042, Sup-
plementary Fig. 9b, g, h). On 180 days after enroliment, patients
receiving RUX/steroids combined treatment had more CD3" T
(P=0.019), CD8" T (P = 0.025) and NK cells (P = 0.030) compared
with patients receiving steroids only treatment (Supplementary
Fig. 9¢, d, f).

DISCUSSION

This is the first prospective, randomized controlled trial to show
that combining ruxolitinib with methylprednisolone is a superior
first-line therapy for intermediate- and high-risk aGVHD compared
to the standard 2 mg/kg/day methylprednisolone regimen. This
novel approach resulted in significantly improved ORRs on days
28 and 56, more durable response at 6 months, and better failure-
free survival compared to corticosteroid monotherapy. Responses
were observed regardless of the involved organs and the patients’
risk status based on biomarkers. Moreover, the novel first-line
therapy was associated with reduced exposure to steroids and
was well-tolerated.

The significant improvement of durable response with the
ruxolitinib/steroids combination regimen as a first-line therapy is
important from several aspects. An important aspect of this novel
regimen is the use of methylprednisolone at 1 mg/kg/day instead of
traditional 2 mg/kg/day. This adjustment effectively controls GYHD
without exposing aGVHD patients to more intense and prolonged
immunosuppression. In earlier trials, a 2mg/kg/day dose of
methylprednisolone was commonly used when combined with a
secondary aogent as first-line treatment for newly diagnosed
aGVHD.'%*1® Mielcarek et al. reported that in patients with grade
llb or higher aGVHD, initial treatment with 1 mg/kg methylpredni-
solone was linked to an increased need for secondary immuno-
suppressive therapy but did not negatively impact survival.>® In our
novel regimen, the initial lower dose of 1 mg/kg/day was selected to
complement the addition of ruxolitinib to the standard first-line
therapy, with the goal of minimizing the risk of refractory aGVHD.
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Table 2. Overall response rate at day 28 (Full analysis set) Table 2. continued
Ruxolitinib/ Steroids  Odds ratio P Ruxolitinib/ Steroids  Odds ratio P
steroidsn (%)  n (%) (Ruxolitinib/ value® steroidsn (%)  n (%) (Ruxolitinib/ value®
Steroids) Steroids)
Intermediate 99 99 Liver
and high-risk Number of 6 7
Number of patients
patients ORR 5 (83.3) 5(714) 200 0615
ORR 92 (929) 70 (70.7) 58 <0.001 95% Cl 35.9-99.6 29.0-96.3 0.13-29.81
95% Cl 86.0-97.1 60.7-79.4 2.4-14
Lower Gl
CR 91 (91.9) 70 (70.7) 4.79 <0.001 Number of 24 30
95% Cl 84.7-96.4 60.7-79.4 2.06-11.12 patients
Intermediate-risk ORR 24 (100) 17 (56.7) 2.403975e + 08 <0.001
Number of 55 55 95% Cl 85.8-100 37.4-74.5 2-inf
patients
ORR 51 (92.7) 45(81.8) 2.8 0.086 aGVHD acute graft versus host disease, ORR overall response rate, CR
95% Cl 82.4-98.0 69.1-90.9 0.8-9.7 acomplete remission, cl conﬁdencg interval, G/ ga.str.o!ntestmal
P values are two-sided and unadjusted for multiplicity of analyses
High-risk
Number of 44 44
patients Another important aspect of this novel regimen is that 5 mg of
ORR 41 (93.2) 25 (56.8) 104 <0.001 ruxolitinib was administered once daily. Ruxolitinib is primarily
95% Cl 81.3-98.6 41.0-717 2.7-387 metabolized by the cytochrome P450 (CYP450) enzymes, speci-
Intermediate-biomarker-risk fically CYP2C9 and CYP3A4.2'?? Azoles are potent CYP3A4
Number of 55 55 inhibitors and commonly used for prophylaxis or treatment of
patients fungal infections during aGVHD treatment. Without the concomi-
ORR 51(92.7) 45 (81.8) 2.8 0.086 tant use of azoles, the plasma half-life of ruxolitinib is
95% Cl 82.4-98.0 69.1-90.9 0.8-9.7 approximately 3 h, and its accumulation following repeated
High-biomarker-risk dosing is insignificant, and the maximal mean inhibitory effect
Number of 24 44 of twice daily dosing is close to that of once-daily dosing.’'* A
patients previous study reported that the elimination half-life of ruxolitinib
ORR 41 (93.2) 25 (56.8) 104 <0.001 increases by approximately 2.5-fold when administered in
95% Cl 81.3-98.6 41.0-717 2.7-38.7 combination with fluconazole.®' Our previous study also demon-
strated that co-administration of ruxolitinib with voriconazole
aGVHD grade --d 32 - h
Grade Il doubled ruxolitinib exposure.® In this study, most patients used
Number of 86 88 azoles concurrently with rl..l).(0.|ltlnlb, leading to increased expo-
patients sure. As a result, the ruxolitinib dose was reduced to 5 mg/day.
ORR 80 (93.0) 66 (750) 44 0.001 ;I.'here;ore, th? USGG?/LYSX'Ohtlnlb atdS mg on”cg dqu;s part of first-
95% Cl 85.4-97.4 64.6-83.6 1.7-11.6 Ine therapy for a In our study Is welljustified.
Grade NIV While improved survival would offer strong support for the
race efficacy of a treatment in GVHD trials, it is important to note that
Number of 13 1 successful control of GVHD does not always correlate with
patients . X .
ORR 12 (923) 4364 210 0,008 enhanced survival. For instance, Levine JE et al. found that
X - ) : ) although there were significant differences in day 28 response
95 /"Cf ‘64'0‘99'8 10.9-69.2 1.9-227.205 rates between etanercept plus steroids and steroids alone for
aGVHD risk by Minnesota treating acute GVHD, survival differences were only seen in
aGVHD high risk patients with related donors, but not those with unrelated
Number of 13 11 donors."" Among related donors, the gap in survival between
patients treatment groups was much smaller than the difference in
ORR 12 (92.3) 4(364) 210 0.008 response rates.'' Similarly, Robert Zeiser reported a higher overall
95% Cl 64.0-99.8 10.9-69.2 1.9-227.205 response rate on day 28 in the ruxolitinib group compared to the
Patients’ age control group (62% vs. 39%; P<0.001) in patients with
50 to 65 years glucocorticoid-refractory acute GVHD, but no significant difference
Number of 24 20 in 18-mo.nth overall survival (37.62%% in the ruxolitinib group vs.
patients 36.18% in the control group).”” In GVHD treatment trials,
ORR 23 (95.8) 14 (70.0) 9.9 0.043 discrepancies between response and survival outcomes are likely
95% Cl 78.9-99.9 45.7-88.1 1.1-90.7 influenced by faFtors such as infection§, regimen-related toxicity,
aGVHD organ involvement relapse of malignancy, and underlying conditions unrelated
Skin to GVHD.
Number of 63 7 The difference in ORR between the RUX/steroids and steroids-
p:t?;nf; ° only group was bigger at day 56 compared to day 28. The reason
ORR 57 (90.5) 48 (66.7) 475 0,002 may .b.e-due to two points. Flrstly., the early administration of
ruxolitinib may lead to bigger difference in ORR at day 56
95% Cl 80.4-96.4 54.6-77.3 1.79-12.57

compared to day 28. Early ruxolitinib as first-line therapeutic
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Fig. 3 Duration of response (a) and failure-free survival (b)

strategy may minimize GVHD evolution and decrease second line
therapies, which supported the efficacy of ruxolitinib for steroid-
refractory disease. Secondly, the continuous administration of
ruxolitinib from day 28 to day 56 after enrollment in the RUX/
steroids combined group may increase the difference in ORR
between the two groups. In the RUX/steroids combined group,
methylprednisolone was discontinued by day 42 after enrollment,
CsA was discontinued by day 102 and ruxolitinib by approximately
day 180. Thus, on day 56, patients in the RUX/steroids group were
treated with ruxolitinib and CsA. In the steroids-only group,
patients received CsA and 0.1 mg/kg/day methylprednisolone by
day 56. Thereby, the difference in ORR may be attributed to the
early and sustained administration of ruxolitinib. Ruxolitinib
treatment in recipients of allogeneic stem cell transplants has
been shown to increase regulatory T cells, which are associated
with immunologic tolerance>*** To maximize the potential
benefits of ruxolitinib, calcineurin inhibitors were discontinued
earlier than ruxolitinib after RUX/steroids treatment. A short
duration of calcineurin inhibitor treatment and the absence of
recurrent aGVHD may accelerate immune reconstitution. Monitor-
ing immune reconstitution of lymphocyte subgroups reveals a
superior recovery of CD41 T cells and Treg cells. These findings
emphasize the advantage of the RUX/steroids strategy in
promoting immune reconstitution.

This carefully designed ruxolitinib/steroids combination
regimen showed encouraging safety results. The main con-
cerns when adding ruxolitinib to methylprednisolone are the
potential for increased myelosuppression and thrombocytope-
nia.2%3%37 Rates of cytopenia, both of any grade and grade 3 or
higher, were similar between the two groups. However, a major
concern with ruxolitinib use is the increased risk of viral
infections.?’378 Qur study demonstrated that adding ruxoli-
tinib at a dose of 5 mg/day did not increase the CMV and EBV
reactivation rates.

The present trial has some limitations. This study was not
blinded. The reason was that the tapering strategies for CsA and
methylprednisolone differed between the two groups. The mean
age of the enrolled patients was relatively young, at 35.8 years,
which might have led to an overestimation of the activity of the
ruxolitinib/corticosteroids combined regimen. However, it is worth
noting that the ORR on day 28 in patients aged 50-65 years was
95.8% in the RUX/steroids group, compared to 70.0% in the
steroids-only group. The high proportion of patients with grade Il
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aGVHD in this study may have contributed to the high response
rate, although this proportion is similar to those reported in other
studies.'""*'® Acute GVHD in our study was primarily diagnosed
based on clinical findings, which could have influenced the
therapeutic evaluation of ruxolitinib. Response with ruxolitinib was
not improved largely as compared with steroids for patients with
aGVHD involving the liver in this study.

In conclusion, the first-line use of 1 mg/kg methylprednisolone
combined with 5 mg/day ruxolitinib was superior to the conven-
tional therapy of 2 mg/kg/day methylprednisolone for aGVHD, as
demonstrated by significantly improved durable overall response
and failure-free survival. This enhancement in first-line aGVHD
treatment was achieved without increasing steroid exposure, non-
relapse mortality, or infectious complications.

MATERIALS AND METHODS

Study design

The study protocol has been previously published® and
registered in ClinicalTrials.gov (Identifier: NCT04061876). This was
an open-label, multicenter, randomized phase 3 controlled trial
that enrolled patients with newly diagnosed aGVHD who required
initial systemic immunosuppressive therapy. The enrollment
started on August 25, 2019, and was completed on June 1,
2022, involving seven Chinese transplantation centers. Patients
were randomly 1:1 to receive either ruxolitinib (5 mg/day) plus
methylprednisolone (1 mg/kg/day) or methylprednisolone (2 mg/
kg/day) alone. The randomization was stratified by pre-transplant
disease status (complete remission vs. not) and aGVHD risk
(intermediate vs. high). Intermediate aGVHD risk was defined by
the low risk of Minnesota aGVHD Risk Score? and intermediate
biomarker risk. High aGVHD risk was defined by the high risk of
Minnesota aGVHD Risk Score® or high biomarker risk. The
diagnosis and response are clinically based and not histology
based. Stratified permuted block randomization lists ensured
balanced stratification. Randomization was performed through an
independent interactive web-based response system, with codes
generated by a statistician not involved in the study or site
operations. This study was open-label, and both the investigators
and participants were aware of the treatment groups due to
differences in the tapering strategies for CsA and methylpredni-
solone. However, the study staff responsible for data analysis and
outcome assessments were blinded to the treatment allocations.?
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Table 3. Most frequent adverse events up to day 28 (safety population)
Characteristic Ruxolitinib/steroids (n = 99) Steroids (n =99)

Grade 1-2 Grade 3 Grade 4 Grade 5 Grade 1-2 Grade 3 Grade 4 Grade 5
Any event 12 (12.1) 61 (61.6) 26(26.3) 0 15 (15.2) 34 (34.3) 50 (50.5) 0
Anemia 50(50.5) 46 (46.5) 0 0 60 (60.6) 32 (32.3) 6 (6.1) 0
Platelet count decreased 26 (26.3) 34 (34.3) 24 (24.2) 0 19 (19.2) 28 (28.3) 41 (41.4) 0
Neutropenia 46 (46.5) 19 (19.2) 5 (5.1) 0 17 (17.2) 17 (17.2) 17 (17.2) 0
Leukopenia 50 (50.5) 17 (17.2) 5 (5.1) 0 21 (21.2) 11 (11.1) 19 (19.2) 0
Diarrhea 12 (12.1) 0 0 0 17 (17.2) 2 (2.0) 2 (2.0) 0
Pyrexia 26 (26.3) 0 0 0 24 (24.2) 2 (2.0) 0 0
Febrile neutropenia 0 0 0 0 0 2 (2.0 0 0
Cytomegalovirus infection 58 (58.6) 9 (9.1) 0 0 52 (52.5) 9 (9.1) 0 0
Epstein-Barr virus infection 65 (65.7) 5 (5.1) 0 0 67 (67.7) 4 (4.0) 0 0
Hypertension 9 (9.1) 5 (5.1) 0 0 17 (17.2) 9 (9.1) 0 0
Hypokalemia 48 (48.5) 31 (31.3) 0 0 47 (47.5) 19 (19.2) 4 (4.0) 0
Alanine aminotransferase increased 50 (50.5) 5(5.1) 0 0 54 (54.5) 13 (13.1) 0 0
Aspartate aminotransferase increased 36 (36.4) 5(5.1) 0 0 50(50.5) 4 (4.0) 0 0
Gamma-glutamyltransferase increased 60 (60.6) 29 (29.3) 2 (2.0 0 60 (60.6) 28 (28.3) 4 (4.0) 0
Fatigue 22 (22.2) 2 (2.0) 0 0 24 (24.2) 0 0 0
Abdominal pain 0 0 0 0 2 (2.0) 0 0 0
Back pain 4 (4.0 0 0 0 0 0 0 0
Hypomagnesaemia 50 (50.5) 0 0 0 43 (43.4) 2 (2.0) 0 0
Hyperglycemia 89 (89.9) 0 0 0 82 (82.8) 11 (11.1) 0 0
Hypocalcemia 41 (41.4) 0 0 0 41(41.4) 2 (2.0) 0 0
Hyperkalemia 2 (2.0) 0 0 0 0 0 0 0
Blood creatinine increased 7 (7.1) 0 0 0 9 (9.1) 0 0 0
Acute kidney injury 0 0 0 0 0 0 0 0
Urinary tract infection 7 (7.1) 0 0 0 9 (9.1) 0 0 0
hemorrhagic cystitis 19 (19.2) 7 (7.1) 0 0 15(15.2) 9 (9.1) 0 0
Nausea 24 (24.2) 0 0 0 11 (11.1) 0 0 0
Vomiting 12(12.1) 0 0 0 2 (2.0) 0 0 0
Hypophosphatemia 29 (29.3) 0 0 0 37 (37.4) 0 0 0
Fall 5 (5.1) 0 0 0 2 (2.0 0 0 0
Pneumonia 7(7.0) 5 (5.1) 0 0 9 (9.1) 4 (4.0) 0 0
Hypoalbuminaemia 65 (65.7) 0 0 0 75 (75.8) 2(2.0) 0 0
Peripheral edema 0 0 0 0 4 (4.0) 0 0 0
Sepsis 0 0 0 0 0 0 0 0
According to Common Terminology Criteria for Adverse Events (CTCAE) Version 5.0 Published: November 27, 2017

Endpoints

The primary endpoint was the overall response rate (ORR) to
aGVHD treatment at 28 days post-enrollment.® ORR was defined
as the percentage of patients in each group who attained either a
partial response (PR) or complete response (CR) without requiring
additional immunosuppressive agents. In aGVHD, CR was char-
acterized by the complete absence of aGVHD symptoms, while PR
was defined as an improvement of at least one stage in a single
organ without worsening in others. No response (NR) was
classified as either no improvement, worsening symptoms in
any organ, or the emergence of new GVHD-related symptoms.
Additionally, GVHD progression after 3 days of therapy or lack of
improvement within 7 days was also considered NR.

Secondary endpoints included ORR on day 56 and the duration
of response (DOR) at 6 months, non-relapse mortality (NRM),
incidence of relapse, recurrent aGVHD, incidence of chronic GVHD,
overall survival (OS), disease-free survival (DFS), and failure-free
survival (FFS, detail information in Supplemental Methods).

SPRINGERNATURE

Secondary systemic therapy for aGVHD was assessed within
6 months after enroliment. The dose and duration of corticoster-
oids used were analyzed. The safety endpoints were assessed by
the frequency of AEs, which were as defined according to the
National Cancer Institute Common Terminology Criteria for
Adverse Events (CTCAE, version 4.0, Supplemental Methods).

Patients and eligibility

Inclusion criteria included: (1) age between 14 and 65 years; (2)
newly diagnosed aGVHD; and (3) intermediate- or high-risk
aGVHD, as determined by the Minnesota aGVHD Risk Score® (high
risk) or biomarker risk classification (intermediate- or high-
risk).>28294% Exclusion criteria comprised: (1) chronic GVHD; (2)
late aGVHD after donor lymphocyte infusion; (3) prior systemic
immunosuppressive therapy for aGVHD; (4) contraindications to
methylprednisolone; or (5) treatment with JAK inhibitor therapy
after graft infusion. The study was approved by the Ethics
Committee of the Chinese People’s Liberation Army General
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Hospital, and all participating patients provided informed consent
prior to enrollment.

Intervention

GVHD prophylaxis and supportive therapy. The enrolled patients
had been diagnosed with hematologic malignancies and had
undergone allogeneic peripheral blood stem cell transplantation.
The procedures for hematopoietic stem cell mobilization, collec-
tion, conditioning regimens, and GVHD prophylaxis were con-
ducted as previously described'®*'™** Most transplantation
recipients received rabbit anti-thymocyte globulin (rATG), cyclos-
porine A (CsA), mycophenolate mofetil, and short-term metho-
trexate for GVHD prophylaxis (detail information in Supplemental
Methods). Quantification of EBV and CMV DNA was performed by
polymerase chain reaction (PCR) analysis twice weekly until
3 months after transplantation. Supportive care was provided as
previously described.'®

GVHD treatment

Blood samples were collected prior to the initiation of corticoster-
oid therapy to assess biomarker status, with results expected
within 24 h after starting corticosteroids. Ruxolitinib therapy was
administered within 24 h after corticosteroid treatment, based on
biomarker risk. Ruxolitinib treatment was not initiated until
biomarker results were available. Patients identified with low
biomarker-based risk were excluded, and the treatment regimen
was determined by the physician.

Ruxolitinib plus corticosteroids treatment. In the RUX/steroids
combined group, patients initially received intravenous methyl-
prednisolone (Pfizer, NY, USA) at a dosage of 1 mg/kg/day for at
least 7 days. Ruxolitinib (Jakavi, Novartis, Nurnberg, Germany) was
administered orally at a daily dose of 5mg. If GVHD patients
responded to treatment, achieving either PR or CR at 7 days, the
dosage of methylprednisolone was gradually reduced. A recom-
mended taper schedule was provided to discontinue methylpred-
nisolone by 6 weeks (Supplemental Methods). Following the
discontinuation of steroid therapy and no recurrence of GVHD,
CsA was tapered over a 60-day period. Following the discontinua-
tion of CsA, if there was no recurrence of GVHD, ruxolitinib was
tapered over 90 days, with a total duration of approximately
6 months.

Corticosteroids treatment. In the steroids-only group, patients
were initially administered methylprednisolone at a dose of 2 mg/
kg/day, divided into two doses daily, for at least 7 days before
starting dose reduction. The methylprednisolone dosage was
gradually reduced after achieving CR and tapered over 10 weeks
(Supplemental Methods). CsA was administered intravenously at
2mg/kg twice daily, aiming for target trough levels of
150-250 ng/mL. In the steroids-only group, CsA treatment lasted
for about 6 months.

Second-line therapy. In both groups, second-line therapy was
initiated for patients with refractory aGVHD, which was defined as
GVHD progression after 3 days of therapy, lack of improvement
within 7 days, or failure to achieve CR after 14 days of treatment
(see supplemental Methods and Supplementary Table 2 for more
details).

Luminex assays for aGVHD biomarker measurement

An algorithm score based on ST2 and REG3a concentrations at the
onset of GVHD was used to classify aGVHD patients into high-,
medium-, and low-risk groups. Blood samples were collected for
the measurement of aGVHD biomarkers at various time points,
including before patients underwent the conditioning regimen, on
days 7, 14, 28, 60, and 90 after transplantation, at the onset of
aGVHD, and 3-7 days after enrollment (Supplemental Methods).
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Immunophenotyping

Immune monitoring was conducted on peripheral blood samples
collected on 28, 56, 180, 365, 560 and 720 days after enrollment.
Antibodies against CD3, CD4, CD8, CD20 and CD56 (BD
Biosciences, USA) were used to detect CD3" T, CD41 T, CD8™ T,
B and NK cells via BD FACS Canto Il (BD Biosciences, USA). Treg
cells were identified by gating the population of
CD3"CD41CD25"Foxp3™ cells.

Sample size

The sample size calculation was based on the primary endpoint
(ORR). In our previously phase | study involving 32 aGVHD patients
treated with corticosteroids as first-line therapy, the expected ORR
was 55%.'° Additionally, an ORR of 82.05% was observed in
patients with aGVHD grades |-IV who received a combination of
steroid and ruxolitinib as first-line therapy, including twelve
patients with grade | aGVHD. Therefore, an expected ORR of
75% was established for those treated with the steroid-ruxolitinib
combination. The study was designed with a 2-sided significance
level a = 5% and a power of 1-3 = 80%. 86 patients were required
for each group as estimated using Z-Test statistics of PASS
software (NCSS LCC, USA). Allowing a drop-out rate of 15%, a total
of 198 patients were required (99 for each group, Fig. 1).*°

Statistical analysis

All randomized participants will be analyzed for outcomes, with
missing data expected to be under 10%. If needed, multiple
imputations will be applied, and best-case/worst-case scenarios
used for handling missing data.

Continuous data are presented as median with interquartile
range (IQR) or mean and standard deviation (SD), depending on
the normality of the distribution. Categorical data are described as
n (%). The ORR, along with its 95% Cl, was assessed using the
Cochran-Mantel-Haenszel test, stratified by pre-transplant disease
status and biomarker risk. The Kaplan-Meier method estimated
DOR, OS, DFS, and FFS, with group differences analyzed by the
log-rank test. Cumulative incidence rates of recurrent aGVHD,
cGVHD, NRM, and relapse were estimated using a competing risk
model and compared with the Fine and Gray test. Competing
events were defined as follows: for recurrent aGVHD, relapse and
death without recurrent aGVHD; for cGVHD, relapse and death
without cGVHD; for relapse, death without relapse; and for NRM,
relapse. For biomarker and immune reconstitution analyses, the
Friedman test was used to identify statistically significant
differences among time points for each biomarker. If the Friedman
test was significant, Wilcoxon tests were conducted as follow-up
tests, with Bonferroni correction applied to adjust the p-value for
each biomarker analysis. A two-sided P <0.05 was considered
statistically significant. All analyses were performed using SPSS
22.0 software (IBM Corporation, Armonk, NY, USA) or R version
4.1.2 (www.cran.r-project.org), and all statistical analyses were
based on the intend-to-treat set.
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