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Acute graft-versus-host disease (aGVHD) is a life-threatening complication after

allogeneic hematopoietic cell transplantation (allo-HCT). Despite the use of prophylactic
immunosuppression including calcineurin inhibitors, antimetabolites, antithymocyte
globulin, or posttransplant cyclophosphamide, patients still develop severe aGVHD. In
particular, patients with glucocorticoid-refractory GVHD (SR-GVHD) have a dismal
prognosis with a low 1-year post-allo-HCT survival rate. Most classical drugs used to prevent
or treat aGVHD target 1 specific pathway such as calcineurin inhibitors or mammalian
target of rapamycin inhibitors, or they interfere with fast-dividing activated cells

(eg, methotrexate, mycophenolate, and cyclophosphamide). In contrast to these drugs,
inhibition-of-signaling molecules, used by multiple immune cells and critical for signal
transduction of multiple proinflammatory cytokines, could be more efficacious at blocking
GVHD. Ruxolitinib blocks Janus kinases 1 and 2, which are required to mediate the
downstream signaling of multiple cytokine receptors. Recently, a multicenter phase 3
clinical trial showed that ruxolitinib led to significant improvements in efficacy outcomes
compared to best available therapy, which will lead to a paradigm shift in the treatment
of SR-GVHD.

Introduction

Systemic glucocorticoids are the standard of care for the initial treatment of grade II-IV acute graft-versus-
host disease (aGVHD)." However, many patients with aGVHD do not respond to glucocorticoids, and
6-month survival rates among glucocorticoid-refractory (SR) patients are ~50% with long-term
survival rates of only 5% to 30%.2 There were no US Food and Drug Administration (FDA)—approved
medications for SR-aGVHD for several decades, and there was a paucity of well-controlled phase 2/3
clinical trial results to support the use of alternative therapies.>® Cytokines play a major role in aGVHD
and a common denominator of many cytokines is the downstream activation of Janus kinases 1 and 2
(JAK1/2). Therefore, inhibition of JAK1/2 was tested as an approach to interfere with aGVHD in
different mouse models and found to have activity.®® This led to further functional testing in preclinical
models showing that JAK1/2 inhibition reduced major histocompatibility complex class Il (MHC-II)
expression on antigen-presenting cells® and decreased migration of neutrophils toward mesenteric
lymph nodes."® In parallel, patients who had failed multiple previous therapies for aGVHD were treated
with ruxolitinib in an individualized therapy approach showed encouraging response rates.'' Based on
these findings, prospective trials were initiated including a single-arm phase 2 study (REACH-1)
showing activity of ruxolitinib and leading to FDA approval.'? To clarify the question of whether
ruxolitinib was superior to best available therapy (BAT), a multicenter randomized phase 3 trial was
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performed (REACH-2).'® Here, we review the development of
ruxolitinib in SR-aGVHD, culminating with the results of the
successful phase 3 randomized trial.

Preclinical findings and rationale for the
clinical development of ruxolitinib

JAK1/2 inhibition may interfere with different levels of immune
activation and different phases of aGVHD. In the early phase of
aGVHD, the release of tissue damage—related molecules acting as
danger-associated molecular patterns promotes GVHD including,
besides others, hyaluronic acid, HMGB-1, adenosine triphos-
phate,' S100 protein,'® and uric acid.'® Damage of barrier tissues
leads to drainage of pathogen-associated molecular patterns into the
microenvironment, which also triggers GVHD. Recently, strategies
using antibacterial antibodies to eliminate invading bacteria have
been tested in preclinical models.'” The invading bacteria cause
recruitment of neutrophil granulocytes that promote local tissue
damage by release of reactive oxygen species'® and migration to
mesenteric lymph nodes where they present antigen to incoming
T cells."® This initial phase of GVHD requires inflammatory neutrophil
migration, which is inhibited when JAK1/2 is blocked.'® The different
levels of immune cell activation contributing to aGVHD, which are
targeted by ruxolitinib, are illustrated in Figure 1.

In the second phase, T-cell priming, costimulation, and cytokines are
crucial for the activation and survival of donor T cells that later cause
GVHD. Donor T cells are primed more effectively when MHC-l is
upregulated, which is blocked by JAK1/2 inhibition.® In agreement,
ruxolitinib blocked maturation of human dendritic cells in vitro.'®
Interleukin-2 (IL-2) receptor common y-chain (CD132) cytokines
IL-2, IL-7, and IL-15 provide T-cell survival signals. Antibody-based
inhibition of the common +y-chain reduced GVHD in the mouse
model by reducing downstream signals in T cells including JAK3.2°
Additionally, interferon-y signaling is reduced when JAK1/2 is
blocked, which reduced GVHD in the mouse model.®

The third phase of GVHD is characterized by the expansion
of donor T cells and organ damage. Ruxolitinib was shown by
independent groups to reduce T-cell expansion in vivo while
allowing for expansion of regulatory T cells.®® Besides its effects on
immune cells, topical ruxolitinib was shown to protect skin follicular
stem cells in mice.?' Conversely, topical corticosteroids applied for
treatment of skin inhibited skin stem cells and niche preadipo-
cytes.?" Different JAK inhibitors interfere with immune function as
reviewed in Schroeder et al*? and Chao.?®

These findings were partly reported in parallel to the clinical
development of ruxolitinib and further supported its use for SR-
GVHD.

Clinical trials and retrospective case studies

Following the description of the activity of therapeutic JAK1/2
blockade in experimental rodent models,®® the first 6 patients who
were treated with ruxolitinib for acute (n = 4) or chronic (n = 2) SR-
GVHD were reported.” All 6 patients with advanced disease
responded and 1 of these 6 patients achieved a complete
remission (CR). Since then, numerous retrospective studies
reported the activity of ruxolitinib in SR-aGVHD, but only a few
included a meaningful number of patients. Table 1 summarizes
these retrospective studies. Patients with either chronic or acute
SR-GVHD are often mixed in the same reports, and some reports
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Figure 1. The proposed mechanism of action of ruxolitinib in aGVHD.
Ruxolitinib interferes with cytokine sensing, cytokine production, recruitment of
tissue-damaging myeloid cells, chemotaxis, MHC expression, and T-cell priming.
IFN, interferon; IL, interleukin; P, phosphate; ROS, reactive oxygen species; T,17, T
helper 17 cell.

also mix adult and pediatric patients. The largest retrospective
study, by Zeiser et al,"" included 54 patients with aGVHD. In this
series, 42% of patients (n = 18) treated with ruxolitinib had
a documented infectious event. Infectious events were significantly
more common among patients treated for acute SR-GVHD than in
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Table 1. Retrospective analyses

No. overall No. with SR-aGVHD CR, n (%) ORR, % Comment Reference
95 54 25 (46.3) 81.5 Multicenter United States and European Union; previous lines 3 (1-7) 11
43 19 12 (63) 84 25
23 23 5 (22) 69.5 Multicenter Spain Grupo Espafiol de Trasplante Hematopoyético; 26
previous lines 3
75 32 20 (63) 75 Single center: adults and children; median follow-up, 28 mo 27
22 13 4 (31) 77 Pediatrics 28
13 11 4 (36) 45 Pediatrics 29
29 13 9 (69) 84 Pediatrics 30

CR, complete remission; ORR, overall response rate.

patients treated for chronic SR-GVHD (P < .005). Among patients
treated for acute SR-GVHD, both viral (n = 11) and bacterial (n =
10) events were frequently encountered. Overall, in these
retrospective analyses summarized in Table 1, the CR rates were
22% to 69% among the patients but caution should be stressed
given the heterogeneity of treated patients (some having received
>3 lines before ruxolitinib).

The REACH-1 trial was the first formal open-label, phase 2 study
(ClinicalTrials.gov identifier NCT02953678) that led to FDA
approval in the United States.'? Patients aged =12 years with
grades Il to IV SR-aGVHD were eligible. The primary end point was
overall response rate (ORR) at day 28; the key secondary end point
was duration of response (DOR) at 6 months.

In this first prospective multicenter, open-label, single-cohort, phase
2 trial, patients were recruited at 26 medical centers across 17 US
states. Patients underwent their first hematopoietic cell trans-
plantation from any donor source for hematologic malignancies, had
evidence of myeloid engraftment,'® and received no more than 1
systemic treatment in addition to corticosteroids for treatment of
aGVHD. Patients received a starting oral dose of ruxolitinib at 5 mg
twice daily, with an option to increase to 10 mg twice daily after
3 days in the absence of cytopenias.

Seventy-one patients were treated and most had grade lll/IV GVHD
(N = 48 patients [67.6%]) at enrollment. At day 28, 39 patients
(54.9% [95% confidence interval (Cl), 42.7% to 66.8%]) had an
overall response, including 19 (26.8%) with CR responses. Best
ORR at any time was 73.2% (complete response, 56.3%).
Responses were observed across all target organs (skin [61.1%)],
upper [45.5%] and lower [46.0%] gastrointestinal tract, and liver
[26.7%]). Median DOR was 345 days. Overall survival (OS)
estimate at 6 months was 51.0%. The most common treatment-
emergent adverse events were anemia (64.8%), thrombocytopenia
(62.0%), hypokalemia (49.3%), neutropenia (47.9%), and periph-
eral edema (45.1%).

The median (range) follow-up interval was 156 days. Subgroup
analysis of baseline characteristics demonstrated that the day 28
response was associated with aGVHD grade at enrollment; no
other significant associations were observed for other factors
evaluated (day 28 response grade Il vs grade lIl/IV aGVHD; odds
ratio, 0.15; P = .0042). The 12-month cumulative incidence rate for
nonrelapse mortality (NRM) was 52.9%.
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On 24 May 2019, the FDA approved ruxolitinib for SR-aGVHD.?*
For the purposes of establishing efficacy, the FDA analysis only
included patients who (a) progressed after 3 days of treatment with
2 mg/kg methylprednisolone (MP) per day (equivalent), (b) did not
improve after 7 days of treatment with 2 mg/kg MP per day
(equivalent), (c) progressed to a new organ after treatment with
1 mg/kg MP per day (equivalent) for skin and upper gastrointestinal
GVHD, or (d) recurred during or after a steroid taper. Additionally,
patients were excluded if they had received a systemic treatment
other than corticosteroids for aGVHD. Using these parameters, the
final population for the FDA efficacy analysis included 49 patients.
Additional follow-up through at least day 180 was requested by the
FDA to establish durability of the responses with additional
evaluations performed weekly for 4 weeks and every 28 days
thereafter, including days 100, 180, and 365. The safety population
included all 71 patients treated. The FDA adjudicated the root
cause of death. Within 30 days of the last dose of ruxolitinib, 21
patients (30%) died of GVHD, 2 (3%) died of infection, none
died of relapse, and none died of an adverse reaction to
ruxolitinib. An adverse reaction resulting in treatment discontin-
uation occurred in 31% of patients. The most common adverse
reaction leading to treatment discontinuation was infection
(10%). The most common adverse reactions (=10%) leading
to dose interruption or dose reduction were infection, thrombo-
cytopenia, and neutropenia. Adverse events included infections,
bleeding, thrombosis, relapse, and graft failure. Infection of any
type was reported in 78% of patients (grades -V in 62%). The
most common infections were sepsis (25%) and cytomegalovirus
infections (20%). Hemorrhage was reported in 49% of patients
(grades IV in 20%). The benefit/risk assessment of the FDA is
summarized in Table 2.

The REACH-2 trial'®> was a phase 3, multicenter, open-label,
randomized trial comparing efficacy and safety of oral ruxolitinib
(10 mg twice daily) with BAT, in patients with steroid-refractory
aGVHD after allogeneic stem cell transplantation (ClinicalTrials.
gov number NCT02913261). The primary end point was ORR
at day 28, defined as the proportion of patients who achieved
a complete response or partial response when compared with
baseline organ staging without the use of additional systemic
therapy for aGVHD. The key secondary end point was durable
ORR at day 56, defined as the proportion of patients in each
treatment group with response at day 28 that was maintained
at day 56. Other secondary end points included duration of
response, best overall response (complete or partial response up
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Table 2. FDA benefit/risk assessment

Dimension Evidence

Conclusions

Condition SR-aGVHD potentially lethal

Current option
evidence of efficacy

No approved therapies; drugs often used off-label with low

Poor prognosis of SR-aGVHD

Clinical medical need

Benefit In NCT02953678, day 28 ORR was 57% and DOR 0.5 mo based The magnitude of ORR and DOR supports the use of ruxolitinib
on the analysis of 49 patients
Risks Safety analysis included 71 patients; fatal infection occurred in Potential risks of cytopenias, infections, and hemorrhage can be

149% and fatal hemorrhage in 4%; the most common AEs were

expected

mitigated

Adapted from Table 7 in Przepiorka et al?* with permission.
AE, adverse event; DOR, duration of response.

to day 28 before start of additional systemic therapy for aGVHD),
failure-free survival, and NRM.

Eligible patients were aged =12 years and recipients of allogeneic
stem cell transplantation (any donor source, any stem cell source)
who developed grade II-IV steroid-refractory aGVHD requiring
systemic immunosuppressive therapy. Steroid-refractory was
defined as progressing based on organ assessment after at
least 3 days of systemic steroid therapy, with or without calcineurin
inhibitors; lack of response after 7 days; or failure during steroid
taper.

Patients were randomized (1:1) to ruxolitinib or BAT for up to
24 weeks, stratified by baseline aGVHD grade (Il vs Ill vs IV).
Ruxolitinib was given orally at a dose of 10 mg twice daily.
Tapering of ruxolitinib was permitted after day 56 for responding
patients. The type of BAT was chosen by the investigator at time of
randomization from the following options: antithymocyte globulin,
extracorporeal photopheresis, mesenchymal stromal cells, low-
dose methotrexate, mycophenolate mofetil, mammalian target of
rapamycin inhibitors (everolimus or sirolimus), etanercept, or
infliximab. Crossover from BAT to ruxolitinib was permitted if
patients did not respond at day 28 or if they lost their response
thereafter and required additional systemic therapy and did not
have signs of chronic GVHD.

The primary study objective was met: the ORR at day 28 was
statistically significantly higher with ruxolitinib than with BAT (62.3%
vs. 39.4%:; odds ratio, 2.64; 95% CI, 1.65-4.22; P < .001). The
complete response rate was 34.4% and 19.4%, respectively. ORR
was highest in patients with grade Il (75.5% vs. 50.9%) and IIl
(56.3% vs. 37.5%) aGVHD at baseline in the ruxolitinib and BAT
groups, respectively; however, the odds ratio for ORR with
ruxolitinib compared with BAT was highest in patients with grade
IV aGVHD at baseline (563.3% vs. 23.3%; odds ratio, 3.76). The key
secondary objective was also met: the rate of durable overall
response at day 56 was statistically significantly higher with
ruxolitinib (39.6% vs. 21.9%; odds ratio, 2.38; 95% CI, 1.43-
3.94; P < .001). Best overall response was 81.8% with ruxolitinib
and 60.6% with BAT (odds ratio, 3.07; 95% CI, 1.80-5.25; P <
.001). Median failure-free survival with ruxolitinib was statistically
significantly longer than with BAT (4.99 months vs 1.02 months;
hazard ratio, 0.46; 95% Cl, 0.35-0.60; P < .001), and the
cumulative incidence of failure events at 1 month was lower with
ruxolitinib than with BAT (18.5% vs 49.1%) and remained lower at
all time points up to 18 months (61.0% vs 81.8%). For NRM, the
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cumulative incidence of events at 18 months was 49.4% with
ruxolitinib and 50.8% with BAT.

No difference in OS between the ruxolitinib and BAT arms of the
REACH-2 trial was found. However, OS was not the primary
objective of the study, and the study was not powered to detect
a difference in OS. In the REACH-2 study, ORR was used as
surrogate end point. The median OS was 11.1 months vs
6.5 months in the ruxolitinib and control groups, respectively,
which indicates a trend towards better survival in the ruxolitinib

group.

The most common adverse events (any grade and grade lll or
higher) up to day 28 were thrombocytopenia and anemia. The
incidence of relapse of the underlying disease was not different in
the ruxolitinib compared to the BAT group.'® Infections of severity
grade |l up to day 28 occurred in 22.4% and 18.7% of patients,
respectively. The safety profile of ruxolitinib was consistent with the
safety profile of ruxolitinib found in the REACH-1 trial. Although
38% of patients required ruxolitinib dose modifications, the
number of patients who discontinued ruxolitinib due to adverse
events was low (11%). Infection rate, which is particularly
relevant in SR-aGVHD, was generally similar with ruxolitinib and
BAT.®® The incidence of cytomegalovirus infection was 25.7%
in the ruxolitinib group, which might be seen higher than the
12.7% reported in the REACH-1 trial, at a first glance but not
statistically different from BAT (25.7% vs 20.7%). A total of 72
patients (47.4%) and 77 patients (51.3%) died by the cutoff date
in the ruxolitinib and BAT arms, respectively, including 43
(28.3%) and 36 (24.0%) during the randomized treatment
period (median, 63 days vs 29 days for ruxolitinib vs BAT). Most
deaths were attributed to aGVHD (34 [22.4%)] and 37 [24.7%],
respectively).

Lessons from the REACH trials
and conclusions

Despite numerous phase 2 trials and 2 previous randomized phase
3 trials for acute SR-GVHD, no treatment has demonstrated
superiority over other treatments, and, with the exception of
ruxolitinib, no new drugs have been approved either as first- or
second-line treatment for aGVHD in the last 30 years.>® The
REACH-2 trial thus represents the first successful randomized
trial in this setting, a strong argument for a practice change with
ruxolitinibb now being considered the gold standard in acute
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SR-GVHD."® The median OS was not different between the
ruxolitinib and the control group, possibly because of the relatively
short follow-up.'® Whether crossover from BAT to ruxolitinib,
which occurred in over 50%,2 can fully explain this lack of survival
advantage will need longer follow-up. The long-term follow-up of
the REACH-2 trial will also enable chronic GVHD estimates and
long-term infectious-risk evaluation. Another important conclusion
from the study is that treatment of a disease with such complex
and multifaceted pathophysiology as GVHD might be most
successful with agents that have broad biological “reach” into
multiple pathways that contribute to the disease.

Finally, this trial included mainly adult patients: only 9 patients
(2.9%) were 12 to 18 years old. Whether ruxolitinib response
rates will be similar in a pediatric population warrants further

studies, but data from retrospective studies summarized in Table 1
are encouraging.
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