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Abstract

Graft-versus-host disease (GVHD) is a major concern for patients undergoing allogeneic hematopoietic stem cell trans-
plantation (HSCT). Ruxolitinib has been proven effective in treating adult steroid-refractory GVHD; however, studies on
pediatric patients are relatively scarce. Thus, this single-center study evaluated the efficacy and safety of ruxolitinib in
pediatric patients with steroid-refractory GVHD. We retrospectively reviewed the data of patients aged<18 years who
underwent allogeneic HSCT and received ruxolitinib treatment for either acute GVHD (aGVHD) or chronic GVHD
(cGVHD) between 2018 and 2023. Data on the clinical response, concomitant and subsequent medications, adverse
events, and outcomes were obtained through medical chart review. Sixteen patients were analyzed in this study: seven with
aGVHD and nine with cGVHD. The overall response rate for the 16 patients was 81% (aGVHD, 86%; cGVHD, 77%).
The overall survival rate was 56%: (aGVHD, 57%; cGVHD, 55%). For 11 patients with at least stable disease, steroid
dosage could be reduced by at least 75%; however, corticosteroids were successfully tapered off in only six patients at
the last follow-up. Among four patients with documented lung cGVHD, none experienced lung cGVHD progression at
1-year follow-up. Further, 50% of the patients experienced grade 3 or 4 neutropenia and/or thrombocytopenia, and 56%
had viral reactivation. Two patients discontinued ruxolitinib owing to adverse events. Ruxolitinib treatment for pediatric
patients with aGVHD and cGVHD is associated with a high overall response rate, significant steroid-sparing effect, accept-
able toxicity, and manageable adverse events. However, blood count and viral reactivation should be closely monitored
during ruxolitinib use.
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Introduction
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used to manage various malignant and non-malignant dis-
eases in pediatric patients. Despite gaining experience in
HSCT, graft-versus-host disease (GVHD), including acute
GVHD (aGVHD) and chronic GVHD (cGVHD), remains a
challenge after HSCT.

The pathophysiology of aGVHD can be divided into
three phases [1]. First, host tissues are damaged by under-
lying diseases, treatments, infections, and the conditioning
regimen. Second, cytokines released by damaged tissues
activate host antigen-presenting cells, which further activate
mature donor T cells. Finally, effector T cells and inflam-
matory cytokines attack the epithelial cells of the skin,
liver, and gastrointestinal tract, causing aGVHD. Similarly,
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the pathophysiology of cGVHD can be divided into three
phases [1]. First tissue damage occurs, which is caused by
the conditioning regimen, preceding aGVHD, and infec-
tions. Second, the tissue damage leads to the release of
inflammatory mediators and activation of immune effector
cells. Finally, fibrogenic peptides initiate fibroblast activa-
tion and the production of extracellular matrix collagen,
causing sclerotic phenotype. Various cytokines are involved
in the pathophysiology of aGVHD and cGVHD.

The first-line systemic therapy for aGVHD and cGVHD
is glucocorticoids [2]. However, some patients remain
resistant or refractory to glucocorticoids. Furthermore, pro-
longed glucocorticoid use results in various well-known
adverse effects in children, including infection due to pro-
nounced immunosuppression, growth suppression, and
osteoporosis [3]. Therefore, other potential treatments for
steroid-refractory GVHD are required, particularly for the
pediatric population.

Janus kinase (JAK) is part of the receptor complex of
various cytokines, such as interleukin (IL)-2, IL-4, IL-7,
IL-9, IL-15, and IL-21 [4]. These cytokines activate the
JAK molecule and induce the binding of the signal trans-
ducers of activated transcription (STAT) protein, which is
activated through auto-phosphorylation [1, 4]. The activa-
tion of the JAK—STAT pathway is crucial to the activation,
survival, and lineage commitment of T cells; the activa-
tion of neutrophils; and the differentiation and maturation
of dendritic cells. Ruxolitinib, a selective inhibitor of JAK
proteins—particularly JAK1 and JAK2—ameliorates the
inflammatory state of different immune-mediated diseases
and has been used as an anticancer therapy. Through JAK1/
JAK2 inhibition, ruxolitinib plays the role of controlling
aGVHD and cGVHD through decreased neutrophil migra-
tion, cytokine signaling blockade, and inhibition of cytokine
release and T-cell expansion [5].

Ruxolitinib has been proven efficacious in controlling
aGVHD and ¢cGVHD in REACH2 and REACHS3 trials,
respectively [6, 7]. However, these trials included only
patients aged> 12 years. Studies on the efficacy of ruxoli-
tinib and its associated adverse events in the pediatric popu-
lation are relatively scarce.

Therefore, in this study, we aimed to evaluate the efficacy
of ruxolitinib and its associated adverse events in pediatric
patients with aGVHD or cGVHD.

Materials and methods
Patients

Patients aged <18 years who were receiving ruxolitinib for
aGVHD or cGVHD after allogeneic HSCT were included
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in this single-center study. The diagnosis and grading of
aGVHD and ¢cGVHD were based on previous reports and
criteria published by the National Institute of Health [8, 9].
The dose of ruxolitinib is given according to REACH4 and
REACHS study designs [10, 11]. Patients receiving rux-
olitinib for indications other than GVHD, such as hemo-
phagocytic lymphohistiocytosis or Philadelphia-like acute
lymphoblastic leukemia, were excluded from the analysis.
Clinical data, including baseline demographics, severity
and extent of GVHD, medications before or after ruxolitinib
use, and clinical responses, were collected retrospectively,
with the approval of the Institutional Review Board.

Response assessment

For patients with aGVHD, ruxolitinib use duration, response
on day 28, best overall response, corticosteroid dose reduc-
tion on day 56, and grade>3 adverse effects and infections
that occurred during ruxolitinib use were recorded to evalu-
ate treatment response. For patients with cGVHD, ruxoli-
tinib use duration, corticosteroid dose reduction up to week
24, best overall response, organ response, grade>3 adverse
effects, and infections that occurred during ruxolitinib use
were recorded to assess treatment response.

Clinical response was defined based on previous articles
and criteria published by the National Institute of Health
[9, 12]. In cases of aGVHD, complete response (CR) was
defined as complete resolution of aGVHD symptoms in
all organs, whereas partial response (PR) was defined as
improvement in stage in all initially involved organs with-
out complete resolution and worsening in any other target
organs. In cases of cGVHD, CR was defined as the absence
of cGVHD manifestations, whereas PR was defined as clini-
cal improvement in one or more organs without progression
in any other target organs. The Common Terminology Crite-
ria for Adverse Events was used to evaluate adverse events.

Statistical analysis

Continuous variables are presented as medians and ranges,
whereas categorical variables are presented as percentages.
Statistical analysis was performed using SPSS version 22.0
(Chicago, IL, USA).

Results

Patients

In total, 16 patients received ruxolitinib for aGVHD (n=7)
or cGVHD (n=9) after allogeneic HSCT.
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Table 1 Demographics of patients with acute GVHD

No. Age (years) Indication Donor type Conditioning aGVHD before Ruxolitinib
Skin Liver Gl Overall

1 2.9 Atypical SCID MMUD BuFlu 3 2 4 4
2 16.2 ALD MMUD BuCy 3 0 1 2
3 4.9 JMML MMUD FluCyEto 0 2 1 3
4 5.1 ALD Haplo BuCy 3 0 1 2
5 6.6 SAA MMUD FluCyATG 3 0 1 2
6 0.6 CGD MMUD BuFluCy 3 1 1 2
7 11.1 ALL Haplo TBICy 1 1 4 4

ALD: Adrenoleukodystrophy; ALL: Acute lymphoblastic leukemia; ATG: Anti-thymocyte globulin; Bu: Busulfan; CGD: Chronic granulo-
matous disease; CsA: Cyclosporine; Cy: Cyclophosphamide; Eto: Etoposide; Flu: Fludarabine; GI: gastrointestinal; GVHD: Graft-versus-host
disease; Haplo: Haploidentical; JMML: Juvenile myelomonocytic leukemia; MMUD: Mismatched unrelated donor (human leukocyte anti-
gen<9/10 matched); SAA: Severe aplastic anemia; SCID: Severe combined immunodeficiency; TBI: Total body irradiation

Table 2 Treatment and outcomes of patients with acute GVHD

No. Other GVHD medication Ruxolitinib dose Duration of treatment (days) Best OR Adverse effects / Infection Survival
1 Steroid, CsA, Budesonide, Etanercept® 2.5 mg BID 646 CR Gr.3 Neutropenia Alive
CMYV, UTI
2 Steroid, CsA 5 mg BID 149 CR Gr. 4 Neutropenia Dead
Gr. 3 Thrombocytopenia
CMV, EBV
3 Steroid, CsA, Tacrolimus, Sirolimus 5 mg BID 1372 CR Gr. 3 Neutropenia Alive
Gr. 4 Thrombocytopenia
4 Steroid, CsA 10 mg BID 159 CR Nil Dead
5 Steroid, CsA 5mg QD 57 CR CMV Alive
6 Steroid, CsA 1.25 mg QD 93 CR Gr. 3 Neutropenia Dead
Gr. 4 Thrombocytopenia
7 Steroid, CsA, Tacrolimus, Sirolimus, 5 mg BID 56 PD Gr. 4 Neutropenia Dead
Budesonide, Etanercept® Gr. 3 Thrombocytopenia
BK virus

? Indicates medication added after ruxolitinib

CMYV: Cytomegalovirus; CR: Complete response; CsA: Cyclosporine; EBV: Epstein-Barr virus; OR: Overall response; PD: Progressive dis-

ease; UTI: Urinary tract infection

Of the seven patients who received ruxolitinib for
aGVHD, four were males, and three were females. Their
median age was 6.3 years (range: 0.7-16.5 years). The indi-
cation of allogenic HSCT, donor type, conditioning regimen
and severity of aGVHD are presented in Table 1 while the
use of GVHD medication is shown in Table 2. All patients
received cyclosporine and methotrexate as GVHD prophy-
laxis regimen. Grades 2, 3, and 4 aGVHD were diagnosed in
four, one, and two patients, respectively. Both patients with
grade 4 aGVHD had stage 4 lower gastrointestinal disease.
Two patients developed aGVHD after peripheral blood
stem cell boost. Six patients were receiving corticosteroid
treatment at the time of ruxolitinib initiation, whereas one
had discontinued corticosteroid treatment before ruxoli-
tinib use owing to post-transplant lymphoproliferative
disorder (PTLD). Two patients received tacrolimus and
sirolimus before ruxolitinib, and two received budesonide.
The two patients who received budesonide before ruxoli-
tinib received etanercept after ruxolitinib due to GVHD
progression.

Among the nine patients who received ruxolitinib for
c¢GVHD, five were males, and four were females. Their
median age was 9.0 years (range: 2.7-17.9 years). The indi-
cation of allogenic HSCT, donor type, conditioning regimen
and severity of cGVHD are presented in Table 2. Regarding
the severity of cGVHD, three of the nine patients had moder-
ate cGVHD, whereas six had severe cGVHD. Four patients
experienced lung cGVHD, with one having a score of 1 and
three having a score of 3. All patients received cyclosporine
and methotrexate as GVHD prophylaxis regimen. Before
initiation of ruxolitinib, all nine patients received cortico-
steroid, eight received cyclosporine, five received tacroli-
mus, four received sirolimus, one received mycophenolate
mofetil, and one received etanercept. Six of the nine patients
were still receiving corticosteroids at the time of ruxolitinib
initiation. Under use of ruxolitinib, one patient added siro-
limus and one received basiliximab for further control of
chronic GVHD.
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Table 3 Demographics of patients with chronic GVHD

No. Age Underlying disease Donor Type Conditioning c¢GVHD before Ruxolitinib
(year) Organ & Score Overall
1 1.5 MPS CB BuCy Skin 2, GI 1 Moderate
2 1.7 JMML CB BuCyMel Skin 2, GI 1 Moderate
3 13.7 AML MMUD BuCy Skin 2, Liver 3, Eye 2, Mouth 1 Severe
4 7.5 SAA Sibling CyATG Skin 2, Lung 3, Eye 1, Mouth 1 Severe
5 17.4 ALL MMUD TBICy Skin 1, Lung 1, GI 1 Moderate
6 9.7 AML Haplo FluBuCy Skin 3, Liver 1, GI 2, Mouth 3 Severe
7 10.4 AML Haplo BuCy Lung 3 Severe
8 1.5 AML Haplo BuCy Skin 2, Liver 2, GI 3 Severe
9 4.6 LAD Haplo FluMel Skin 2, Lung 3 Severe

ALL: Acute lymphoblastic leukemia; AML: Acute myeloid leukemia; ATG: Anti-thymocyte globulin; Bu: Busulfan; CB: Cord blood; CsA:
Cyclosporine; Cy: Cyclophosphamide; Flu: Fludarabine; GI: gastrointestinal; GVHD: Graft-versus-host disease; Haplo: Haploidentical; JMML:
Juvenile myelomonocytic leukemia; LAD: Leukocyte adhesion deficiency; Mel: Mephalan; MMUD: Mismatched unrelated donor(human leu-
kocyte antigen<9/10 matched); MPS: Mucopolysaccharidoses; SAA: Severe aplastic anemia; TBI: Total body irradiation

Table 4 Treatment and outcome of patients with chronic GVHD

No. Other GVHD medication Ruxolitinib ~ Treatment Best OR Organ response Adverse effect / Sur-
dose duration Infection vival
(day)
1 Steroid, CsA, Tacrolimus, Sirolimus 5 mg QD 1296 CR Skin / GI: CR Nil Alive
Steroid, CsA, Tacrolimus, Sirolimus 5 mg BID 661 CR Skin / GI: CR Gr. 3 Neutropenia Alive
3 Steroid, CsA 5 mg BID 41 PR skin / eye: PR Gr. 4 Triglyceridemia Dead
Sirolimus? liver/mouth: CR Gr. 4 Pancreatitis
HSV, Fungal infection
4 Steroid, CsA 5 mg BID 790 PR Lung: SD Nil Alive
Tacrolimus Skin: PR
eye/mouth: CR
5 Steroid, CsA, Tacrolimus 10 mg BID 113 CR Skin / GI: CR Gr. 4 Neutropenia Alive
Lung: CR Gr. 4 Thrombocytopenia
EBV(CSF)
6 Steroid, CsA, Tacrolimus, Sirolimus 5 mg BID 51 PR skin: PR CMV Dead
mouth/GI: PR
Liver: CR
7 Steroid, CsA, MMF 10 mg BID 1458 Unchanged  Unchanged Nil Dead
8 Steroid, CsA, Sirolimus, Etanercept 5 mg QD 21 Unchanged  Unchanged Gr. 5 Sepsis Dead
Basiliximab?® EBV
9 Steroid, CsA 5 mg QD 323 PR Lung: SD Nil Alive
Skin: PR

? Indicates medication added after ruxolitinib

CMV: Cytomegalovirus; CR: Complete response; CsA: Cyclosporine; CSF: Cerebrospinal fluid; EBV: Epstein-Barr virus; GI: gastrointestinal;
HSV: Herpes simplex virus; MMF: Mycophenolate mofetil; OR: Overall response; PR: Partial response; SD: Stable disease

Clinical response

The treatment details and outcome of patients are con-
cluded in Tables 3 and 4. In the aGVHD group, five patients
achieved CR, one achieved PR, and one had progressive
disease (PD) on day 28. One of the patients who achieved
CR was not receiving corticosteroid treatment at the time
of ruxolitinib initiation. In three of the other four patients
who achieved CR, corticosteroids were successfully dis-
continued before day 56. For the only patient who was still
receiving corticosteroids after starting ruxolitinib, a 90%
reduction in corticosteroid dosage was achieved on day
56. Five of the seven patients who received ruxolitinib for
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aGVHD kept receiving ruxolitinib as the final treatment
for aGVHD, whereas one who achieved PR and one with
PD received etanercept for better control of aGVHD after
ruxolitinib. On day 56, six patients achieved CR, and the
patient with PD on day 28 still had PD. Six of the seven
patients achieved CR as their best overall response. Three
patients were alive at the latest follow-up, whereas two died
from infection, one from thrombotic microangiopathy, and
one from idiopathic pneumonia syndrome.

In the ¢cGVHD group, three patients achieved CR,
four achieved PR, and the cGVHD status of two patients
remained unchanged as the best overall response. At week
24, two patients achieved CR, two achieved PR, and one
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Table 5 Pediatric experience of ruxolitinib use in this study and similar recent literature

SR-aGVHD SR-cGVHD
(including overlap syndrome)

Patients ORR CR Patients ORR CR
Khandelwal et al., 2017 11 45% 9% - - -
Gonzalez Vicent et al., 2019 13 77% 31% 9 89% 22%
Uygun et al., 2020 13 77% 69% 16 81% 6%
Laisne et al., 2020 29 72% 66% - - -
Yang et al., 2021 17 65% 30% 36 81% 28%
Mozo et al., 2021 8 87% 38% 12 91% 8%
Wang et al., 2022 - - - 20 70% 10%
NTUCH cohort 7 86% 86% 9 77% 33%

aGVHD: Acute graft-versus-host disease; cGVHD: Chronic graft-versus-host disease; SR: Steroid-refractory; ORR: overall response rate; CR:

complete response

had stable disease. Ruxolitinib use was discontinued in four
patients before week 24. The 1-year treatment response was
the same as that at week 24. No patient experienced PD
after ruxolitinib initiation. All three patients with moderate
c¢GVHD achieved CR. For specific organ response, among
the seven patients with skin involvement, three achieved
CR, whereas four achieved PR. Among the four patients
with gastrointestinal involvement, three achieved CR,
whereas one achieved PR. Notably, among the four patients
with lung involvement, only one achieved CR, whereas the
lung condition remained unchanged in the remaining three
patients at 1 year. Of the six patients still receiving cortico-
steroids at the time of ruxolitinib initiation, corticosteroids
were discontinued for three within 6 months. For the remain-
ing three, corticosteroids were reduced by 75%, 87.5%, and
90% relative to their original corticosteroid dosage. To alle-
viate cGVHD, one patient who achieved PR received siroli-
mus after ruxolitinib, and one with SD received basiliximab
after ruxolitinib. Five of the nine patients with cGVHD
were alive at the latest follow-up, whereas one died from
lung cGVHD, two from infection, and one from underlying
disease progression.

Adverse events

Cytopenia and viral infection were the two most common
adverse events in our cohort. High-grade (grade 3/4) cytope-
nia occurred in eight patients (50%) in our cohort, with five
experiencing both grade 3/4 neutropenia and thrombocyto-
penia. Two patients had grade 3 neutropenia, and one had
grade 4 thrombocytopenia. Patients with high-grade cyto-
penia continued treatment with dose adjustment, whereas
only one patient discontinued treatment owing to grade 4
thrombocytopenia.

Viral infection occurred in nine patients (56%): five were
infected with cytomegalovirus (CMV), three with Epstein—
Barr virus (EBV), and one with BK virus. Notably, most
of the viral infections that occurred in our patients were

manageable, except for one patient with EBV reactivation,
who was later diagnosed with central nervous system PTLD
and discontinued ruxolitinib. In addition to cytopenia and
viral infection, grade 4 hypertriglyceridemia and pancreati-
tis were also reasons for which ruxolitinib was discontinued
for one patient.

Discussion

In the present study, we demonstrated a high overall
response rate (ORR) and CR rate for pediatric patients
with GVHD treated with ruxolitinib. This is consistent with
the results of previous studies on the subject worldwide
(Table 3). According to the literature, the ORR for patients
with aGVHD receiving ruxolitinib ranged between 45%
and 87%, while an ORR of 86% was observed in the pres-
ent study. Furthermore, the ORR for patients with cGVHD
receiving ruxolitinib ranged between 70% and 91% in pre-
vious studies, while an ORR of 77% was observed in the
present study. The steroid-sparing effect in the present study
was also promising, with median steroid dose reduction
being 100% in the aGVHD group on day 56 and 95% in the
c¢GVHD group at 6 months. Among 11 patients with SD,
corticosteroids were successfully tapered off for six at the
last follow-up.

Ruxolitinib has been proven efficacious in controlling
glucocorticoid-refractory aGVHD in REACH2 trial. In
the REACH2 trial, 309 patients were enrolled, with 154
randomly assigned to the ruxolitinib group and 155 to the
control group [6, 13]. The cumulative incidence of loss of
response at 6 months was 10% and 39% in the ruxolitinib
and control groups, respectively. The median failure-free
survival was longer with ruxolitinib than with the control
therapy (5.0 months vs. 1.0 month).

In the present study, the high ORR in the aGVHD group
might be explained by the disease status of patients being
relatively non-severe, with only one patient having grade 4
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aGVHD. However, despite stage 4 gastrointestinal involve-
ment, the patient was responsive to ruxolitinib and achieved
CR as the best overall response. According to previous stud-
ies, GVHD with gastrointestinal involvement was not only
associated with poor response rate to traditional aGVHD
treatment and high non-relapse mortality rate after allogenic
HSCT but was also indicated as one of the major risk factors
for corticosteroid resistance [14, 15]. In the REACH2 trial,
most enrolled patients had lower gastrointestinal aGVHD
(68.3%), and the overall response in the trial was also con-
firmative [6]. Furthermore, according to a recent systematic
review, in a cohort of patients aged <12 years, ORRs of 72%
and 69% were observed among patients with grade 3/4 and
gastrointestinal aGVHD, respectively, with no significant
difference in response according to grading and gastrointes-
tinal involvement [15]. Therefore, ruxolitinib may also be
effective in treating grade 4 gastrointestinal aGVHD. Nota-
bly, according to a previous report, the time to best over-
all response may be longer than 28 days [4]. In the present
study, five of seven patients with gastrointestinal aGVHD
achieved CR within 28 days and one patient had PR on day
28 only but achieved CR afterward.

In the REACHS3 trial, 329 patients were enrolled, with
165 randomly assigned to the ruxolitinib group and 164
to the control group [7, 13]. The ORR at the primary end-
point was significantly higher with ruxolitinib than with
the control therapy (49.7% vs. 25.6%). The steroid dosage
was reduced in both groups, with a slightly greater reduc-
tion observed in the ruxolitinib group. The probability of a
maintained response at 12 months was 68.5% and 40.3% in
the ruxolitinib and control groups, respectively. The median
failure-free survival was longer in the ruxolitinib group than
in the control group (> 18.6 months vs. 5.7 months).

In the cGVHD group in the present study, all three
patients with moderate disease achieved CR, and no case
of PD was observed. Among the four patients with lung
c¢GVHD, one with a score of 1 achieved CR, the status of
one with a score of 3 remained unchanged for at least 1.5
years, one with a score of 3 initially experienced a slight
improvement in the forced expiratory volume over the first
second, but the improvement did not fulfill PR criteria, and
the status of one with a score of 3 remained unchanged for 3
years but progressed to respiratory failure afterward. Bron-
chiolitis obliterans syndrome is the pulmonary involvement
of cGVHD and can be life-threatening. In the REACH3
trial, the response rate of patients with cGVHD with lung
involvement was low, with 8.6% and 6.1% observed in the
ruxolitinib and control groups, respectively [7]. However,
responsiveness to ruxolitinib treatment in patients with lung
c¢GVHD [16], particularly at an early use, has been reported
in previous studies [17]. The findings in our cohort also
support the role of ruxolitinib in treating lung cGVHD if
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administrated in the early phase. Nevertheless, further pro-
spective studies are needed to validate this finding.

In the REACH2 and REACH3 trials, the adverse events
that were more significant in the ruxolitinib group than in
the control group included cytopenia, hepatotoxicity, and
dyslipidemia, whereas no significant difference in CMV and
EBYV reactivation was observed.

The incidence of viral infection was 56% in our cohort,
which was relatively higher than that in previous studies.
Five patients experienced CMV reactivation. However, there
was no CMV-related mortality or morbidity after appropri-
ate treatments, including tapering down immunosuppres-
sants or ganciclovir use. Notably, one patient developed
EBV-related central nervous system PTLD, which resulted
in ruxolitinib discontinuation. In recent studies, only a few
cases of PLTD after ruxolitinib use have been reported [18,
19]. The causal relationship between PTLD and ruxolitinib
is difficult to define owing to the use of multiple immuno-
suppressive agents. Ruxolitinib initiation has been reported
to be a significant poor prognostic factor for the first CMV
and EBV reactivation in cases of GVHD [20]. Considering
the efficacy of ruxolitinib in controlling steroid-refractory
GVHD, applications of novel viral prophylactic strategies
(such as letermovir), and relatively rare virus-related end-
organ diseases developed if viral reactivation was managed
appropriately, ruxolitinib could still be used under regular
viral load monitor.

Hematological adverse events were also significant,
occurring in 50% of patients in our cohort. However, sev-
eral possible etiologies of hematological toxicity exist,
making it difficult to clarify the causality. To address the
ruxolitinib-related cytopenia, ruxolitinib was continued for
most patients with dose adjustment, except one patient with
grade 4 thrombocytopenia.

In addition to viral infection and hematological adverse
effects, grade 4 hypertriglyceridemia and pancreatitis
were the reasons why ruxolitinib was discontinued for one
patient. Grade 4 hypertriglyceridemia may occur due to
the concomitant use of glucocorticoids (2 mg/kg/day) and
voriconazole, thus inducing a drug—drug interaction. Since
ruxolitinib is primarily metabolized by cytochrome P450
3A4, it is crucial to closely monitor adverse events and dose
adjustment might be needed [21]. No liver toxicity was
observed in the present study.

Integrating the results of recently published studies on the
pediatric experience of ruxolitinib use for steroid-refractory
GVHD, the ORR was generally good. A significant steroid-
sparing effect was observed among responders. Generally,
the adverse effects included cytopenia, viral reactivation
(particularly CMV viremia), and liver toxicity. The actual
frequency of adverse effects varied among different studies.
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The frequency of liver toxicity owing to ruxolitinib use is
lower in the pediatric population than in adults [21].

Body weight and metabolism differ among children at
different stages and ages; therefore, the suitable dosage for
pediatric patients is under discussion. Cytochrome P450 3A4
is the primary enzyme responsible for ruxolitinib metabo-
lism [21]. In pediatric patients, the liver is immature, and
may further impact ruxolitinib metabolism. In a recent study
by Cook et al., the mean ruxolitinib clearance was higher in
children aged <2 years than in those aged>2 years, and the
clearance was reduced with combined treatment with azoles
and azithromycin [22]. With a higher clearance, the plasma
concentration was lower. Therefore, even though the recom-
mended pediatric dosage of ruxolitinib has been established,
clinical response and adverse events should be monitored,
and dose titration might be considered if suboptimal clinical
response is observed, particularly in patients aged <2 years.

Currently, the REACH4 trial is being conducted to
explore the pediatric use of ruxolitinib for aGVHD [10].
The trial involves patients aged between >2 and <18 years.
The enrolled patients were distributed into three groups
according to age, with different groups assigned different
ruxolitinib dosages: group 1 included patients aged between
>12 and <18 years receiving 10 mg BID, group 2 included
those aged between >6 and <12 years receiving 5 mg BID,
and group 3 included those aged between >2 and <6 years
receiving 4 mg/m* BID. The preliminary results showed
ORRs of 83.3%, 83.3%, and 86.7% on day 28 in groups 1,
2, and 3, respectively, with a general ORR of 84.4%. The
durable ORR on day 56 for all patients was 66.7%, with
groups 1, 2, and 3 having durable ORRs of 55.6%, 75%, and
73.3%, respectively, on day 56.

In addition to the REACH4 trial, the REACHS trial is
also underway and will be conducted to study the results
of pediatric use of ruxolitinib for cGVHD. In the published
interim analysis, 45 patients who underwent allogeneic
HSCT and had been diagnosed with moderate-to-severe
cGVHD were enrolled. The allocation of enrolled patients
was similar to that in the REACH4 trial, which was accord-
ing to age and ruxolitinib dosage. The interim analysis of
the REACHS trial revealed an ORR of 40%, with ORRs of
41% and 39% observed among treatment-naive and corti-
costeroid-refractory patients, respectively. The most com-
mon treatment-related adverse events were neutropenia and
thrombocytopenia [11]. The upcoming final results of the
REACH4 and REACHS trials are highly anticipated.

Our study has some limitations. As this is a single-center
study, the case number is limited. In addition, the clinical
data were collected retrospectively which may lead to selec-
tion bias or information bias.

In conclusion, ruxolitinib use for GVHD after allo-
genic HSCT was associated with high ORR in our cohort,

particularly in the aGVHD group. The dosage of cortico-
steroids could be reduced significantly after ruxolitinib use.
Blood cell counts and CMV/EBYV infection status should be
closely monitored given the high rate of severe cytopenia
and viral reactivation. Complete data on the pediatric use
of ruxolitinib for GVHD remains lacking. Therefore, fur-
ther research and discussion are required to provide a more
comprehensive understanding of ruxolitinib use in pediatric
patients with GVHD.

Acknowledgements We thank all the patients who participated in this
study and their parents.

Author contributions All authors contributed to the study concep-
tion and design. Material preparation, data collection and analysis
were performed by Meng-Yao Lu, Hsiu-Hao Chang, Yung-Li Yang,
Chang-Hsueh Wu, Dong-Tsamn Lin, Kai-Hsin Lin, Shu-Wei Chou
and Shiann-Tarng Jou. The first draft of the manuscript was written
by Chiao-Yu Cheng and Shu-Wei Chou, and all authors commented
on previous versions of the manuscript. All authors read and approved
the final manuscript.

Funding This study was supported by grants from the National Sci-
ence and Technology Council (112-2314-B-002 -054 -MY2 to S.W.
Chou) and National Taiwan University Hospital (NTUH 113-N0049
to S.W. Chou).

Data availability No datasets were generated or analysed during the
current study.

Declarations

Ethical approval This study was performed in line with the principles
of the Declaration of Helsinki. This study has been approved by the
Institutional Review Board of National Taiwan University Hospital.

Informed consent The patient’s consent was waived for retrospective
study.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Ali H, Salhotra A, Modi B, Nakamura R (2020) Ruxolitinib
for the treatment of graft-versus-host disease. Expert Rev Clin

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Annals of Hematology

10.

11.

12.

13.

Immunol 16:347-359. https://doi.org/10.1080/1744666X.2020.1
740592

Martin PJ, Rizzo JD, Wingard JR et al (2012) First- and second-
line systemic treatment of acute graft-versus-host disease: rec-
ommendations of the American Society of Blood and marrow
transplantation. Biol Blood Marrow Transpl 18:1150-1163. https
://doi.org/10.1016/j.bbmt.2012.04.005

Liu D, Ahmet A, Ward L et al (2013) A practical guide to the
monitoring and management of the complications of systemic
corticosteroid therapy. Allergy Asthma Clin Immunol 9:30. http
s://doi.org/10.1186/1710-1492-9-30

Marcuzzi A, Rimondi E, Melloni E et al (2022) New applications
of JAK/STAT inhibitors in Pediatrics: current use of Ruxolitinib.
Pharmaceuticals (Basel) 15:374. https://doi.org/10.3390/ph15030
374

Zeiser R, Socie G (2020) The development of ruxolitinib for glu-
cocorticoid-refractory acute graft-versus-host disease. Blood Adv
4:3789-3794. https://doi.org/10.1182/bloodadvances.202000209
7

Zeiser R, von Bubnoff N, Butler J et al (2020) Ruxolitinib for
glucocorticoid-refractory acute graft-versus-host disease. N Engl
J Med 382:1800-1810. https://doi.org/10.1056/NEJMoal917635
Zeiser R, Polverelli N, Ram R et al (2021) Ruxolitinib for gluco-
corticoid-refractory chronic graft-versus-host disease. N Engl J
Med 385:228-238. https://doi.org/10.1056/NEJM0a2033122
Ball L, Egeler R (2008) Acute GvHD: pathogenesis and classifi-
cation. Bone Marrow Transpl 41. https://doi.org/10.1038/bmt.20
08.56. S58-S64

Lee SJ (2017) Classification systems for chronic graft-versus-
host disease. Blood 129:30-37. https://doi.org/10.1182/blood-20
16-07-686642

Locatelli F, Kang HJ, Bruno B et al (2022) Ruxolitinib in pedi-
atric patients with treatment-naive or steroid-refractory acute
graft-versus-host disease: primary findings from the phase /I
REACH4 study. Blood 140:1376-1378. https://doi.org/10.1182/
blood-2022-155708

Locatelli F, Antmen B, Kang HJ et al (2024) Ruxolitinib in treat-
ment-naive or corticosteroid-refractory paediatric patients with
chronic graft-versus-host disease (REACHS): interim analysis
of a single-arm, multicentre, phase 2 study. Lancet Haematol
11:e580-e592. https://doi.org/10.1016/S2352-3026(24)00174-1
MacMillan ML, DeFor TE, Weisdorf DJ (2010) The best end-
point for acute GVHD treatment trials. Blood 115:5412-5417. ht
tps://doi.org/10.1182/blood-2009-12-258442

Jagasia M, Zeiser R, Arbushites M, Delaite P, Gadbaw B, Bub-
noff NV (2018) Ruxolitinib for the treatment of patients with

@ Springer

15.

18.

19.

20.

21.

22.

steroid-refractory GVHD: an introduction to the REACH trials.
Immunotherapy 10:391-402. https://doi.org/10.2217/imt-2017-0
156

Biavasco F, Thorst G, Wasch R et al (2022) Therapy response of
glucocorticoid-refractory acute GVHD of the lower intestinal
tract. Bone Marrow Transpl 57:1500—1506. https://doi.org/10.10
38/s41409-022-01741-3

Baccelli F, Gottardi F, Muratore E et al (2024) Ruxolitinib for
the treatment of acute and chronic graft-versus-host disease in
children: a systematic review and individual patient data meta-
analysis. Bone Marrow Transpl 59:765-776. https://doi.org/10.1
038/541409-024-02252-z

Schoettler M, Duncan C, Lehmann L, Furutani E, Subramaniam
M, Margossian S (2019) Ruxolitinib is an effective steroid spar-
ing agent in children with steroid refractory/dependent bron-
chiolitis obliterans syndrome after allogenic hematopoietic cell
transplantation. Bone Marrow Transpl 54:1158—1160. https://doi.
org/10.1038/s41409-019-0450-3

. Zhang X, Zhao X, Shen Y et al (2022) Ruxolitinib as an effective

and steroid-sparing first-line treatment in newly diagnosed BOS
patients after hematopoietic stem cell transplantation. Front Phar-
macol 13:916472. https://doi.org/10.3389/fphar.2022.916472
Przepiorka D, Luo L, Subramaniam S et al (2020) FDA approval
Summary: Ruxolitinib for treatment of steroid-refractory Acute
graft-versus-host disease. Oncologist 25:¢328—e334. https://doi.o
rg/10.1634/theoncologist.2019-0627

Khandelwal P, Teusink-Cross A, Davies SM et al (2017) Rux-
olitinib as salvage therapy in steroid-refractory acute graft-ver-
sus-host disease in pediatric hematopoietic stem cell transplant
patients. Biol Blood Marrow Transpl 23:1122—1127. https://doi.o
rg/10.1016/j.bbmt.2017.03.029

Lebon D, Dujardin A, Caulier A et al (2023) Ruxolitinib-induced
reactivation of cytomegalovirus and Epstein-Barr virus in graft-
versus-host disease. Leuk Res 125:107005. https://doi.org/10.101
6/j.leukres.2022.107005

Appeldoorn TYJ, Munnink THO, Morsink LM, Hooge MNL,
Touw DJ (2023) Pharmacokinetics and pharmacodynamics of
ruxolitinib: a review. Clin Pharmacokinet 62:559—571. https://d
0i.org/10.1007/s40262-023-01225-7

Cook E, Dong M, Chiang SCC et al (2024) Ruxolitinib phar-
macokinetics and pharmacodynamics in children with acute and
chronic graft-versus-host disease. Transpl Cell Ther 30. https://do
1.org/10.1016/j.jtct.2024.02.018.:528 e1-528 e12

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.2217/imt-2017-0156
https://doi.org/10.2217/imt-2017-0156
https://doi.org/10.1038/s41409-022-01741-3
https://doi.org/10.1038/s41409-022-01741-3
https://doi.org/10.1038/s41409-024-02252-z
https://doi.org/10.1038/s41409-024-02252-z
https://doi.org/10.1038/s41409-019-0450-3
https://doi.org/10.1038/s41409-019-0450-3
https://doi.org/10.3389/fphar.2022.916472
https://doi.org/10.1634/theoncologist.2019-0627
https://doi.org/10.1634/theoncologist.2019-0627
https://doi.org/10.1016/j.bbmt.2017.03.029
https://doi.org/10.1016/j.bbmt.2017.03.029
https://doi.org/10.1016/j.leukres.2022.107005
https://doi.org/10.1016/j.leukres.2022.107005
https://doi.org/10.1007/s40262-023-01225-7
https://doi.org/10.1007/s40262-023-01225-7
https://doi.org/10.1016/j.jtct.2024.02.018
https://doi.org/10.1016/j.jtct.2024.02.018
https://doi.org/10.1080/1744666X.2020.1740592
https://doi.org/10.1080/1744666X.2020.1740592
https://doi.org/10.1016/j.bbmt.2012.04.005
https://doi.org/10.1016/j.bbmt.2012.04.005
https://doi.org/10.1186/1710-1492-9-30
https://doi.org/10.1186/1710-1492-9-30
https://doi.org/10.3390/ph15030374
https://doi.org/10.3390/ph15030374
https://doi.org/10.1182/bloodadvances.2020002097
https://doi.org/10.1182/bloodadvances.2020002097
https://doi.org/10.1056/NEJMoa1917635
https://doi.org/10.1056/NEJMoa2033122
https://doi.org/10.1038/bmt.2008.56
https://doi.org/10.1038/bmt.2008.56
https://doi.org/10.1182/blood-2016-07-686642
https://doi.org/10.1182/blood-2016-07-686642
https://doi.org/10.1182/blood-2022-155708
https://doi.org/10.1182/blood-2022-155708
https://doi.org/10.1016/S2352-3026(24)00174-1
https://doi.org/10.1182/blood-2009-12-258442
https://doi.org/10.1182/blood-2009-12-258442

	﻿Ruxolitinib for pediatric acute and chronic graft-versus-host disease: a single-center retrospective study of efficacy and safety
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Patients
	﻿Response assessment
	﻿Statistical analysis

	﻿Results


