
Washington University School of Medicine Washington University School of Medicine 

Digital Commons@Becker Digital Commons@Becker 

Open Access Publications 

1-1-2020 

Insights into the role of the JAK/STAT signaling pathway in graft-Insights into the role of the JAK/STAT signaling pathway in graft-

versus-host disease versus-host disease 

Ramzi Abboud 

Jaebok Choi 

Peter Ruminski 

Mark A Schroeder 

Sena Kim 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.wustl.edu/open_access_pubs 

https://digitalcommons.wustl.edu/
https://digitalcommons.wustl.edu/open_access_pubs
https://digitalcommons.wustl.edu/open_access_pubs?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F11874&utm_medium=PDF&utm_campaign=PDFCoverPages


Authors Authors 
Ramzi Abboud, Jaebok Choi, Peter Ruminski, Mark A Schroeder, Sena Kim, Camille N Abboud, and John F 
DiPersio 



https://doi.org/10.1177/2040620720914489 
https://doi.org/10.1177/2040620720914489

Ther Adv Hematol

2020, Vol. 11: 1–13

DOI: 10.1177/ 
2040620720914489

© The Author(s), 2020.  
Article reuse guidelines:  
sagepub.com/journals-
permissions

Therapeutic Advances in Hematology

journals.sagepub.com/home/tah	 1

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License  
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission 
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Introduction

Allo-HCT and GVHD
Allogeneic hematopoietic cell transplantation 
(allo-HCT) is a potentially curative therapy for an 
array of hematological malignancies. Efficacy is 
mediated, in large part, through the graft versus 
leukemia (GvL) effect, and alloreactivity of donor 
T-cells against host leukemic cells.1 Grafted donor 
immune cells recognize leukemic cells as foreign 
and eliminate them. Evidence for GvL comes from 
a number of observations: patients who relapse 
after allo-HCT can achieve remission after stop-
ping immunosuppression or with donor lympho-
cyte infusions, allo-HCT with reduced intensity 
conditioning regimens can induce remission in 
acute myeloid leukemia (AML), T-cell depleted 

grafts have higher rates of relapse, and patients 
with AML who develop graft-versus-host disease 
(GVHD), especially chronic GVHD (cGVHD),2 
after allo-HCT have a lower rate of relapse. 
Unfortunately, this donor cell reactivity against 
malignant cells is coupled with donor cell reactivity 
against normal host tissues, which leads to GVHD.

GVHD is one of the main sources of morbidity and 
mortality after allo-HCT, limiting the use of this 
potentially curative therapy. GVHD can be classified 
as acute GVHD (aGVHD), cGVHD, and overlap 
syndrome, which presents with features of both. 
aGVHD occurs in 25–55% of patients after allo-
HCT, and cGVHD in 40% of patients. GVHD is 
life-threatening in 15–20% of patients. A Center for 
International Blood and Marrow Transplant Research 
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Table 1.  Cytokine receptors and downstream JAKs 
and STATs.9

Cytokine JAKs STATs

IFNγ JAK1/JAK2 STAT 1/STAT1

IFNα/β JAK1/TYK2 STAT1/STAT2

IL-6 JAK1/JAK2 STAT3/STAT3

IL-12 JAK2/TYK2 STAT4/STAT4

IL-3 JAK2/JAK2 STAT5a/STAT5b

GM-CSF JAK2/JAK2 STAT5a/STAT5b

IL-2 JAK1/JAK3 STAT5a/STAT5b

IL-4 JAK1/JAK3 STAT6/STAT6

IL-13 JAK1/JAK3 STAT6/STAT6

EPO JAK2/JAK2 STAT3/STAT5

MPL JAK2/JAK2 STAT3/STAT5

EPO, erythropoietin; GM-CSF, Granulocyte-macrophage 
colony-stimulating factor; IFNα/β, interferon alpha/
beta; IFNγ, interferon gamma; IL, interleukin; JAK, Janus 
kinases; MPL, myeloproliferative leukemia virus oncogene; 
STAT, signal transducers and activation of transcription.

study including 4224 patients with AML and 1517 
patients with myelodysplastic syndrome, showed 
that patients who develop aGVHD after transplant 
have an increased risk of treatment-related mortality 
and lower overall survival.3 Risk factors for GVHD 
include intensive chemotherapy, previous viral infec-
tions, and advanced stage of leukemia.

The focus is on prevention of GVHD as an estab-
lished disease remains notoriously difficult to treat. 
There are many regimens in use to prevent GVHD 
after allo-HCT, but in general they include combi-
nations of agents that reduce T-cell activation 
(cyclosporine, tacrolimus, sirolimus), reduce 
T-cell proliferation (methotrexate, mycophenolate 
mofetil), and cause T-cell depletion (antithymo-
cyte globulin, post-transplant cyclophosphamide).4 
Treatment options for an established disease are 
limited, with steroids representing first line therapy 
for aGVHD and cGVHD. Outcomes in patients 
who do not respond to steroids are dismal, with 
steroid-refractory aGVHD patients having a long 
term survival rate of 5–30%.5 The first US Food 
and Drug Administration (FDA) approvals in this 
setting have come recently: ruxolitinib for steroid-
refractory aGVHD (May 2019) and ibrutinib for 

steroid-refractory cGVHD (August 2017). An 
array of other agents are currently undergoing pre-
clinical and clinical trials.

The JAK/STAT system
Janus kinases (JAK) and signal transducers and 
activation of transcription (STAT) were described 
in the early 1990s as a family of rapid membrane 
to nucleus signaling molecules that act down-
stream of over 50 cytokines.6 JAK kinases phos-
phorylate intracellular STAT family proteins in 
response to extracellular signaling (Table 1). 
Phosphorylated STATs then dimerize and trans-
locate to the nucleus, where they bind to enhanc-
ers and promoters to regulate transcription of 
target genes, predominantly without the need of 
second messengers7 (Figure 1). There are four 
members of the JAK family – JAK1, JAK2, JAK3, 
and TYK2 – and seven members of the STAT 
family – STAT1, STAT2, STAT3, STAT4, 
STAT5a, STAT5b, and STAT6.8 Each JAK 
kinase is activated by multiple cytokines, and 
there is overlap in downstream effects. 
Furthermore, STATs have overlapping and at 
times competing effects on individual genes. An 
example is the Bcl-2 gene, which is modulated by 
STAT1 (which downregulates transcription) as 
well as STAT3, STAT5, and STAT6 (which 
upregulate transcription).9 It is possible that 
blockade of one JAK or STAT protein may allow 
dominant transcription modulation by another 
member of the JAK/STAT system, and the ulti-
mate physiologic effects are difficult to predict.

It has long been known that both loss-of-function 
and gain-of-function mutations in the JAK/STAT 
system can have profound phenotypic effects.10 
JAK1 and JAK2 loss results in perinatal and embry-
onic lethality, respectively. Immunodeficiency syn-
dromes are caused by both JAK3 loss (JAK3-SCID) 
and TYK2, due to a lack of response to inflamma-
tory cytokines including interferon gamma (IFNγ), 
interferon alpha/beta (IFNα/β), interleukin (IL)-6, 
IL-10, IL-12, and IL-23.11,12 Gain-of-function 
mutations are associated with myeloproliferative 
syndromes, including activating JAK2 in poly-
cythemia vera, essential thrombocythemia, mye-
lofibrosis, and hypereosinophilia.

Small molecule JAK inhibitors – or JAKinibs – 
have varying specificity for the JAK kinases.13 
Given the ubiquity of the JAK/STAT system in 
inflammatory processes, modulation with JAKinibs 

https://journals.sagepub.com/home/tah


R Abboud, J Choi et al.

journals.sagepub.com/home/tah	 3

Fi
gu

re
 1

. 
Th

e 
JA

K
/S

TA
T 

Sy
st

em
. T

he
 J

A
K

/S
TA

T 
sy

st
em

 is
 d

ow
ns

tr
ea

m
 o

f o
ve

r 
50

 c
yt

ok
in

e 
re

ce
pt

or
s.

 J
A

K
s 

ph
os

ph
or

yl
at

e 
ST

AT
s,

 w
hi

ch
 th

en
 d

im
er

iz
e 

an
d 

tr
an

sl
oc

at
e 

to
 th

e 
nu

cl
eu

s 
w

he
re

 th
ey

 r
eg

ul
at

e 
ge

ne
 tr

an
sc

ri
pt

io
n.

 P
ro

m
is

cu
ity

 a
nd

 r
ed

un
da

nc
y 

ex
is

ts
 a

t m
ul

tip
le

 le
ve

ls
, i

nc
lu

di
ng

 p
ro

m
is

cu
ity

 o
f c

yt
ok

in
e 

re
ce

pt
or

s 
an

d 
D

N
A

 
ST

AT
 b

in
di

ng
 d

om
ai

ns
 a

nd
 o

ve
rl

ap
 a

t t
he

 S
TA

T 
ph

os
ph

or
yl

at
io

n 
le

ve
l. 

B
lo

ck
ad

e 
of

 in
di

vi
du

al
 s

ig
na

lin
g 

el
em

en
ts

 m
ay

 th
er

ef
or

e 
ha

ve
 in

co
m

pl
et

e 
ef

fe
ct

s.
 Il

lu
st

ra
tio

n 
co

ur
te

sy
 o

f A
le

ss
an

dr
o 

B
al

ia
ni

 ©
 (2

01
9)

.
EP

O
, e

ry
th

ro
po

ie
tin

; G
M

-C
SF

, G
ra

nu
lo

cy
te

-m
ac

ro
ph

ag
e 

co
lo

ny
-s

tim
ul

at
in

g 
fa

ct
or

; I
FN

α
/β

, i
nt

er
fe

ro
n 

al
ph

a/
be

ta
; I

FN
γ,

 in
te

rf
er

on
 g

am
m

a;
 IL

, i
nt

er
le

uk
in

; J
A

K
, J

an
us

 k
in

as
es

; M
P

L,
 

m
ye

lo
pr

ol
ife

ra
tiv

e 
le

uk
em

ia
 v

ir
us

 o
nc

og
en

e;
 S

TA
T,

 s
ig

na
l t

ra
ns

du
ce

rs
 a

nd
 a

ct
iv

at
io

n 
of

 tr
an

sc
ri

pt
io

n.

https://journals.sagepub.com/home/tah


Therapeutic Advances in Hematology 11

4	 journals.sagepub.com/home/tah

has been studied in various settings, including 
rheumatologic disease,13,14 hematological malig-
nancies,15,16 solid tumor malignancies,17 and septic 
shock.18 Currently, there are a large number of 
clinical trials involving JAK and STAT inhibitors 
in all of these disease areas. JAKinibs with FDA 
approvals or in clinical trials for hematologic dis-
eases are partially listed in Table 2. Ruxolitinib is 
FDA-approved for treatment of steroid-refractory 
aGVHD. Baricitinib, itacitinib and ruxolitinib are 
undergoing clinical trials for treatment or preven-
tion of aGVHD or cGVHD GVHD.

The remainder of this review focuses on the patho-
physiology of aGVHD and cGVHD. Within each 

section, we will discuss the evidence for JAK/
STAT system involvement as well as effects of 
inhibition (Figure 2).

Acute GVHD: three step model
aGVHD is traditionally characterized as a three 
step process: (a) tissue damage from disease and 
conditioning chemoradiotherapy, (b) donor 
T-cell activation, and (c) recruitment and acti-
vation of other immune cells.19 The JAK/STAT 
pathways are active in each step.20 The patho-
physiology of each step is reviewed separately 
below, with a focus on evidence for JAK/STAT 
involvement and utility of pathway inhibition.

Figure 2.  The role of the JAK/STAT system in graft-versus-host disease. Top: Three step model of acute 
GVHD. Bottom: Arrows with flat heads represent inhibition of JAKs by itacitinib (orange), ruxolitinib (red), and 
baricitinib (green).

https://journals.sagepub.com/home/tah
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Table 2.  JAK/STAT inhibitors for hematologic diseases (GVHD indications highlighted).

Drug Target of 
inhibition

Disease setting Clinical phase

FDA Approved:  

Fedratinib JAK2 Myelofibrosis FDA Approved

Ruxolitinib JAK1/JAK2 Myelofibrosis FDA Approved

  Polycythemia Vera FDA Approved

  Steroid Refractory Acute GVHD FDA Approved

Baricitinib JAK1/JAK2 
>JAK3/TYK2

Rheumatoid Arthritis FDA Approved

Under Clinical Investigation:  

Baricitinib JAK1/JAK2 
>JAK3, TYK2

Chronic GVHD Phase II (NCT02759731)

  Prevention of acute GVHD Phase I (NCT04131738)

Cerdulatinib SYK/JAK Non-Hodgkin lymphoma Phase II (NCT01994382, NCT04021082)

Gandotinib JAK2 Myeloproliferative neoplasms Phase II (NCT01594723)

Itacitinib JAK1 Prevention of acute GVHD Phase I (NCT03320642, NCT03755414)
Phase II (NCT04127721)

  Acute GVHD Phase I (NCT04070781, NCT03497273)
Phase II (NCT03846479, NCT03721965)

  Chronic GVHD Phase II (NCT04200365)
Phase III (NCT03584516)

  Prevention of Cytokine Release Syndrome Phase I (NCT04071366, NCT03755414)

  Hodgkin Lymphoma Phase II (NCT03697408)

  Myelofibrosis Phase II (NCT03144687)

  Acute Lymphocytic Leukemia Phase I (NCT03989466)

Lestaurtinib JAK2 Acute myeloid leukemia Phase II (NCT02428543)

Momelotinib JAK1/JAK2 Myeloproliferative neoplasms Phase III (NCT04173494)

Pacritinib JAK2 Prevention of GVHD Phase II (NCT02891603)

  Myeloproliferative neoplasms Phase II (NCT03645824)

  Lymphoproliferative Disorders Phase I (NCT03601819)

Ruxolitinib JAK1/JAK2 Acute myeloid leukemia, Acute lymphoblastic 
leukemia, Acute GVHD, Chronic GVHD, Chronic 
myeloid leukemia, Hodgkin lymphoma, Non-
Hodgkin Lymphoma, Hypereosinophilic disorders

Total 76 studies recruiting subjects. 
Eight studies recruiting in acute or 
chronic GVHD.

FDA, US Food and Drug Administration; GVHD, graft-versus-host disease; JAK, Janus kinases; STAT, signal transducers and activation of 
transcription.
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Phase I: tissue damage
Prior to allo-HCT, conditioning chemoradiother-
apy causes tissue damage, inducing a systemic 
inflammatory state. Inflammatory cytokines such 
as TNFα and IL-1 are released, and higher levels 
are associated with GVHD.21 Higher intensity of 
conditioning has also been associated with more 
severe GVHD in both animal models and human 
studies.22,23 There are a number of innate and 
adaptive mechanisms through which tissue injury 
leads to immune activation, and many signal 
through the JAK/STAT system.24

Damage-associated molecular patterns.  Damage-
associated molecular patterns (DAMPs) are endog-
enous biomolecules, including ATP, HMGB1, uric 
acid and heat shock proteins that are released in the 
context of tissue injury. They lead to immune acti-
vation through an array of pathways, including toll-
like receptors (TLRs),25 NLRP326 and STAT1.27 
STAT1, specifically, may be a particularly impor-
tant mediator of GVHD. In preclinical models in 
which STAT1 is knocked out in CD4+ T-cells, 
T-regulatory expansion is promoted and GVHD is 
reduced.28 STAT1 is downstream of two cytokine 
receptors, the IFNγ and IFNα/β receptors.29 These 
cytokines are known mediators of GVHD.28,30 The 
IFNγ and IFNα/β receptors signal through JAK1/
JAK2 and JAK1/TYK2, respectively.29,31 Targeting 
GVHD at both the level of the IFNγ receptor and 
the JAK1/JAK2 level has been successful, and the 
combination may be synergistic. In murine allo-
HCT models, inhibition of this axis with IFNγ-R 
blockers or JAKinibs alone or in combination pre-
vents GVHD.28,30,32

Pathogen-associated molecular patterns and the 
gut microbiome.  Pathogen-associated molecular 
patterns (PAMPs) are exogenous biomolecules, 
including bacterial lipopolysaccharides (LPSs). 
Gut injury from conditioning chemoradiother-
apy increases translocation of bacteria, leading 
to release of PAMPs into tissue and blood. In 
step 3 of aGVHD (below), PAMPs activate 
primed antigen-presenting immune cells through 
TLRs. Therefore, the role of the gut microbiome 
in GVHD has long been an active area of 
research. Recently, rapid progress has been made 
possible by modern bacterial genome sequenc-
ing technologies. Pre-transplant microbiome 
diversity is associated with reduced mortality, 
and loss of diversity – worsened by prophylactic 
antibiotics and total parenteral nutrition (TPN) 
– is associated with increased GVHD and 

mortality.33,34 Furthermore, certain bacteria may 
be protective against GVHD, including Lactoba-
cillus and Blautia genus. TLR activation by bac-
terial LPS induces Notch signaling in monocytes, 
which can be abrogated by STAT3 inhibition.35 
STAT3 is downstream of the IL-6 receptor. This 
may represent an opportunity to break the posi-
tive feedback loop between steps one and three 
in the development of aGVHD. Consistent with 
this concept, several groups have shown promis-
ing clinical results targeting this signaling axis 
with tocilizumab, an IL-6 receptor blocking anti-
body, to prevent aGVHD.36,37

Macrophages and neutrophils.  Neoangiogenesis 
and gastrointestinal infiltration by macrophages 
and neutrophils are among the earliest events in 
GVHD.5 Macrophages residing in target tissues 
secrete significant amounts of nitric oxide, causing 
direct tissue damage and inhibition of epithelial 
stem cell proliferation. Macrophage production  
of nitric oxide occurs through cooperative  
JAK2/STAT3 and PI3-K signaling.38 Neutrophils 
are recruited to the gastrointestinal tract by 
DAMPs and PAMPs, enhancing aGVHD through 
tissue damage.39 Granulocyte-macrophage colony- 
stimulating factor-activated neutrophils signal 
through the JAK2/STAT3 and STAT5b axis.40 
Whether macrophage and neutrophil activity in 
GVHD can be prevented by targeting the JAK/
STAT system is an ongoing area of research.

Phase II: donor T-cell activation
This state of systemic inflammation leads to an 
increase in major histocompatibility complex 
(MHC) expression by antigen-presenting cells 
(APCs) at the time of donor cell infusion. This leads 
to phase II in aGVHD: donor T-cell activation.

After infusion, donor T-cell receptors recognize 
allo-antigens presented on MHC molecules by 
host (direct) or donor (indirect) antigen present-
ing cells. This leads to rapid donor T-cell activa-
tion and secretion of an array of cytokines, 
including IL-2, IL-15 and IFNγ. Multiple models 
have demonstrated the correlation between 
elevated IFNγ signaling and GVHD. The dose 
effect of IL-2, however, has been less clear. 
Administration of low dose IL-2 increases the 
severity of GVHD in preclinical models,41 how-
ever high doses of IL-2 are protective in others,42 
perhaps through inhibition of IFNγ signaling.43 A 
phase I–II clinical trial of an anti-IL-2 receptor 
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antibody for steroid refractory aGVHD showed 
some responses,44 but this approach has not been 
taken forward in additional clinical trials.

Trafficking of activated donor T-cells to target 
organs is an essential step in the development of 
aGVHD. In response to activation by APCs, 
T-cells secrete IFNγ and initiate signaling through 
the IFNγ-receptor and JAK/STAT system.28 This 
results in increased T-cell expression of CXCR3, 
leading to T-cell trafficking to the gut, liver, and 
skin.28 This trafficking is reduced in IFNγ-
receptor- or CXCR3-knockout models, and both 
trafficking and GVHD are reduced by JAKinibs 
in mouse models.28,30,45 Furthermore, dual inhi-
bition of the IFNγ-receptor and IL-6-receptor, 
both genetically and pharmacologically, com-
pletely prevents aGVHD in murine models.30

Phase III: recruitment and activation  
of immune cells
Phase III of aGVHD involves recruitment of 
other cell types and propagation of tissue damage 
through cellular and inflammatory effectors.

Effector T-cells.  Activated cytotoxic T-cells (CTLs) 
induce apoptosis of host tissues through multiple 
pathways. CD8+ CTLs predominantly use the per-
forin/granzyme pathway, while CD4+ CTLs use 
the Fas/Fas ligand pathway. Both pathways are 
important in aGVHD, and murine models deficient 
in either perforin-dependent killing or Fas ligand 
still develop GVHD, with differential severity in tar-
get tissues.30,46 IFNγ increases Fas ligand expression 
on CD4+ CTLs.47 Granzyme has different roles in 
GVHD and GVL, depending on the T-cell subset. 
For example, the lack of granzyme in the CD8 sub-
set cells prevents GVHD and augments GVL, while 
the lack of granzyme in the CD4 subset cells aggra-
vates GVHD and impairs GVL.48–50

B-cells.  While T-cells have long been regarded as 
the main regulators of aGVHD and cGVHD, the 
role of B-cells has recently been examined more 
closely.51–57 B-cells are central to adaptive immune 
response, specializing in memory responses, anti-
gen presentation and the formation of antibodies 
against foreign bacteria, viruses and peptide anti-
gens. Cytokines classically attributed to B-cells 
include IL-6, TNFα and IL-10. In addition, 
B-cells can secrete IL-2, IFNγ, IL-12 and IL-4, 
causing differentiation of naïve T-cells into TH1 
and TH2 effector subtypes.55 Other B-cell subsets 

have immunosuppressive functions and can 
induce anergy and T-cell deletion.52–54

Preclinical studies with B-cell targeting therapies 
for GVHD have shown opposing results, consist-
ent with the ability of B-cells to either promote or 
inhibit cytotoxic T-cell function. aGVHD is 
reduced in B-cell deficient mice receiving mis-
matched B-cell depleted grafts.58 However, host 
B-cells can suppress GVHD through IL-10 secre-
tion, and removing this B-cell-derived IL-10 
through killing or gene editing B-cells leads to 
more severe aGVHD.51

Likewise, clinical experiences with anti-CD20 
therapies have had mixed results. One report 
included patients treated with rituximab as part 
of conditioning, and rates of aGVHD were 
encouraging.59 A randomized phase II trial com-
pared four doses of rituximab at day +21 then at 
day +175 with untreated patients showed no dif-
ference in aGVHD between the two groups. A 
third report described the use of rituximab in 
patients with steroid-refractory aGVHD with 
occasional complete responses observed.59 
Together, these reports indicate that B-cell deple-
tion may have a role in prophylaxis against 
aGVHD if used early in the peri-transplant period 
and also in the frontline treatment of aGVHD.

There is rationale for targeting the JAK/STAT sys-
tem to modulate B-cell activity. Stimulation of the 
B-cell Receptor (BCR) leads to downstream phos-
phorylation of multiple STATs, including STAT1, 
STAT3 and STAT5.57 STAT phosphorylation can 
occur in both JAK-dependent and-independent 
manners. In a B-cell line, BCR activation by the Src 
kinase Lyn causes JAK-independent STAT phos-
phorylation, which is not inhibited by loss of JAK1 
and JAK2 activity.60 In contrast, in chronic lympho-
cytic leukemia cells, BCR stimulation by anti-human 
IgM antibody caused STAT3 phosphorylation and 
shuttling to the nucleus.61 This effect was blocked by 
JAK1/2 inhibition with ruxolitinib, but not by Lyn 
kinase blockade with dasatinib.61 Therefore, the type 
and magnitude of BCR stimulation affects whether 
STAT3 signaling occurs in a JAK/STAT-dependent 
or -independent manner. The effect of JAKinibs on 
B-cells in the context of human aGVHD is a current 
area of investigation.

Natural killer cells.  Natural killer (NK) cells are the 
first donor-derived lymphocyte subset to recover 
after allo-HCT. Similar to B-cells, NK cells can 
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both inhibit and promote GVHD, depending on the 
physiologic milieu, as well as the specific NK cell 
subtype.62 Transplantation of activated human NK 
cells into SCID mice induces GVHD.63 Conversely, 
in a phase I trial, memory-like NK cells from haploi-
dentical donors showed anti-leukemia activity in 
recipients without causing GVHD.64 The pro-
GVHD effects of NK cells are mediated through 
inflammatory cytokines including IL-2, IFNγ and 
TNFα, which signal through the JAK/STAT sys-
tem. Furthermore, disruption of these pathways can 
reduce cytotoxicity of NK cells in preclinical mod-
els. In a murine sarcoma model, TRAIL-mediated 
NK cell cytotoxicity was dependent on IFNγ.65 In 
multiple independent models, disruption of the 
IL-12/STAT4 axis through STAT4 deletion leads to 
impaired cytotoxicity of NK cells.66,67 The role of 
NK cells in GVHD, and the effects of JAKinibs on 
NK cells, are active areas of investigation. In patients 
with aGVHD treated with the JAK1 inhibitor itaci-
tinib, those with signs of overactive NK cell activity 
had a higher response rate.68

Chronic GVHD
While cGVHD is a distinct syndrome from 
aGVHD, they share many immunologic underpin-
nings through which APC interactions with allore-
active T-cells lead to an immune response against 
recipient tissue.69,70 Features distinct to cGVHD 
include insufficient central tolerance due to thymic 
dysfunction, insufficient peripheral tolerance due 
to T-regulatory dysfunction and tissue fibrosis. 
The role of the JAK/STAT pathway is an area  
of current investigation. Ruxolitinib therapy 
reduces the number of circulating activated  
T (CD3+HLA-DR+) cells in patients with 
cGVHD.71 There are other novel T-cell signaling 
pathways that have been implicated in cGVHD. 
Recently, the Rho-associated kinase 2 (ROCK2) 
inhibitor KD025 was shown to reduce cGVHD 
end organ damage and induce a shift from T folli-
cular helper cells to T follicular regulatory cells. 
There was a reduction in STAT3 and an increase 
in STAT5 phosphorylation.72 The role of ROCK2 
was subsequently described as a feed-forward sig-
nal potentiating STAT3-related gene transcription 
through a ROCK2/STAT3/JAK2 complex.73 A 
clinical trial evaluating the safety and activity of 
KD025 in patients with cGVHD is underway 
(Clinical Trials.gov Identifier: NCT02841995). 
B-cell activity is important in cGVHD, and the evi-
dence for JAK/STAT involvement in B-cell signal-
ing is discussed above. Ibrutinib, a Bruton’s 

tyrosine kinase (BTK) inhibitor that inhibits B-cell 
activity, was FDA approved for steroid refractory 
cGVHD in 2017 based on the PCYC-1129-CA 
study showing a response rate of 67%.74 Ibrutinib 
is being evaluated in a phase III study as frontline 
therapy for cGVHD (Clinical Trials.gov Identifier: 
NCT02959944).

Clinical evidence of JAK/STAT inhibition for 
prevention and treatment of GVHD
JAK inhibition for the prevention and treatment 
of GVHD is an extremely active area of study. 
There are many open and recruiting clinical trial 
in this area (Table 2). A number of clinical trials 
have completed with results reported. One of 
these has led to an FDA approval.

Ruxolitinib, a JAK1/2 inhibitor, gained FDA 
approval in May 2019 for the treatment of steroid-
refractory aGVHD. In the REACH1 trial, a single 
arm phase II study, the overall response rate for 
ruxolitinib in patients with steroid-refractory 
aGVHD was 55% by day 28 and 73% at any time. 
Responses were fast (median day 7) and durable 
(median duration of response 345 days) and 
occurred in lung, liver, intestines and skin.75 
Ruxolitinib was shown to reduce levels of soluble 
IL-2 receptor, IL-6, and IFNγ.71,76 Of note, only 
5.6% of patients had relapse of disease. Patients did 
experience hematologic toxicity, with cytopenias 
seen in all three lines. Infectious complications 
included cytomegalovirus, sepsis, and bacteremia. 
In another disease, a pilot study investigating the 
use of ruxolitinib for GVHD prophylaxis in patients 
with myelofibrosis undergoing allo-HCT has com-
pleted recruitment (Clinical Trials.gov Identifier: 
NCT02806375), with interval results indicating 
feasibility of the approach, although therapy may 
be associated with delayed engraftment.15

Itacitinib, a JAK1 inhibitor, is being studied for 
the treatment of aGVHD and cGVHD. A phase 
I study of itacitinib in patients with aGVHD 
revealed overall response rates of 83% and  
64% respectively for treatment of naïve and 
steroid-refractory patients. Unfortunately, the 
Gravitas-301 phase III study evaluating itacitinib 
in combination with corticosteroids in patients 
with treatment-naïve aGVHD failed to meet its 
primary (overall response rate at say 28) and sec-
ondary (non-relapse mortality at 6 months) end-
points (Incyte Press Release 1/2/2020). The 
GRAVITAS-309 phase III study is currently 
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evaluating itacitinib with corticosteroids versus 
corticosteroids alone as first-line treatment for 
moderate or severe cGVHD. Itacitinib is also 
being evaluated for prevention of aGVHD after 
haplo-HCT (Clinical Trials.gov Identifier: 
NCT03755414) and after cellular therapies 
(Clinical Trials.gov Identifier: NCT04071366).

Baricitinib is under investigation for the preven-
tion of GVHD (Clinical Trials.gov Identifier: 
NCT04131738) and the treatment of cGVHD 
(Clinical Trials.gov Identifier: NCT02759731). 
Pacritinib is under investigation for the preven-
tion of GVHD (Clinical Trials.gov Identifier: 
NCT02891603).

Interleukin 6, which is upstream of JAK1, JAK2, 
and STAT3, is upregulated after allo-HCT. Two 
groups have conducted early stage trials integrating 
the IL-6 receptor blocking agent tocilizumab into 
GVHD prophylaxis. The first trial used cyclo-
sporine, methotrexate, and tocilizumab: the day 
100 incidence of grade 2–4 aGVHD was 12% 
(95% CI 5–24) and the incidence of grade 3–4 
aGVHD was 4% [95% confidence interval (CI) 
1–13].37 The second trial used tacrolimus, metho-
trexate, and tocilizumab, and the cumulative inci-
dences of grades II–IV and III–IV aGVHD were 
14% (95% CI 5–30) and 3% (95% CI 0–11) at day 
100.36 Both trials reported a reduction in aGVHD 
of the GI tract, consistent with known IL-6 signal-
ing involvement in T-cell trafficking to the gut.28 
There are two trials currently recruiting patients 
(Clinical Trials.gov Identifiers: NCT03699631 
and NCT03434730) examining the role of tocili-
zumab to prevent GVHD after all-HCT.

Toxicity of long-term use of JAK inhibitors
As more patients are treated with JAK inhibitors 
for extended periods of time, a close eye must be 
kept on long-term toxicities. Much of the long-
term safety data comes from the rheumatology 
literature, where JAK inhibitors are used as disease- 
modifying therapies.77 There is, however, grow-
ing experience using long-term JAK inhibition in 
myeloproliferative neoplasms. These data suggest 
there may be an increased incidence of cutaneous 
malignancies and infections.

In the COMFORT-II phase III trial of ruxolitinib 
versus best available therapy for myelofibrosis, 
17% of patients treated with ruxolitinib devel-
oped non-melanoma skin cancers, compared with 

2.7% in the control group.78 Furthermore, a 
recent case series described five cases of aggres-
sive skin cancers – including one lentigo maligna 
melanoma and one metastatic undifferentiated 
pleomorphic sarcoma – in patients with myelofi-
brosis on ruxolitinib.79 In contrast, patients with 
rheumatoid arthritis (RA) treated with tofacitinib 
or baricitinib did not appear to be at increased 
risk of cutaneous malignancies or lymphoma. 
Patients with RA have a lower risk of malignancy 
than the general population, which may underpin 
some of this conflicting data.

A number of infectious complications appear to 
be increased in patient treated with JAK inhibi-
tors. Herpes zoster infections are more common 
in patients treated tofacitinib, baricitinib, and 
ruxolitinib.77,80 There may also be a mild increase 
in pulmonary and urinary tract infections. In 
patients with GVHD, who are profoundly immu-
nosuppressed and frequently suffer from infec-
tions, it may be especially difficult to determine 
the effect of JAK inhibition on infection rates.

These long-term complications may be specifi-
cally relevant to patients with cGVHD. JAK inhi-
bition for prevention of GVHD or treatment of 
aGVHD may be of sufficiently limited duration, 
thus minimizing these toxicities.

Conclusion
The JAK/STAT signaling pathways have both 
inflammatory and immunoregulatory effects. 
JAKinibs with different JAK specificities and 
inhibitory capacities have the potential to pro-
duce very different clinical results. Both the dose 
and specificity of JAKinibs are important in deter-
mining clinical outcomes, with different diseases 
demanding different profiles of inhibition for 
optimal therapeutic activity. Both baricitinib and 
ruxolitinib are regarded as JAK1/2 inhibitors, yet 
there are significant differences in their effect on 
both GvL and GVHD.30 Indeed, there is evidence 
that GvL and GVHD could be uncoupled with 
the right approach. In a murine mismatched allo-
HCT model, baricitinib caused greater GVHD 
reduction compared with ruxolitinib, with para-
doxical improvement in GvL.30 Baricitinib causes 
less inhibition of STAT5 phosphorylation, and 
STAT5 plays a role in regulatory T-cell expan-
sion, which in turn may suppress GVHD.14,30,81,82 
This underscores the importance of dosing and 
specificity of JAKinibs in optimizing clinical 
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outcomes for patients. This is exemplified in 
another systemic inflammatory disease: sepsis. In 
a mouse model of Candida sepsis, an intermedi-
ate dose of ruxolitinib led to superior survival 
compared with both high and low doses.18 Fungal 
burden was highest in mice treated with high 
doses of ruxolitinib, implying that death was dic-
tated by immune over-suppression. This immune 
suppression, in the context of allo-HCT or cellu-
lar therapies, could reduce GvL or immune medi-
ated tumor killing, respectively. Altogether, these 
data signal that the type and dose of JAK inhibi-
tion will dictate clinical outcomes, and great care 
must be taken in both JAKinib selection and tim-
ing of intervention.

These data support a “Goldilocks Effect” - both 
too little and too much JAK/STAT inhibition 
being suboptimal for the prevention and treat-
ment of GVHD in the context of allo-HCT for 
malignant hematologic conditions. Immune over-
suppression could lead to higher rates of relapse 
and lower rates of engraftment. Immune under-
suppression could lead to a higher rate and sever-
ity of GVHD. JAKinibs may represent a new tool 
in balancing GVL and GVHD, allowing a cus-
tomized approach for each patient based on dis-
ease status and comorbidities.
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