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...aGVHD developed a median of 13 days after SCT....characterized by skin
erythema, jaundice, diarrhea, and G- infections; 

…….cGVHD developed a median of 124 days after SCT .....characterized by skin
ulcerations, massive ascites, and G+ infections; 

………cGVHD could be distinguished from aGVHD by epidermal atrophy, dermal
fibrosis and by bile duct proliferation,

however this paradigm has been challenged in recent
mouse and human studies and is not absolute
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with GVHD can be watery, mucoid and in large volumes; 
can be accompanied by vomiting, gastrointestinal bleeding 
and severe abdominal pain[28]. Infectious etiologies ac-
count for only 10%-15% of  cases, yet diarrhea at any time 
after transplant should still prompt obtaining stool studies 
for Clostridium difficile toxin[29,30] as well as bacterial, viral 
and parasitic cultures if  indicated. Abdominal imaging 
with CT may show bowel wall edema and/or pneumatosis 
intestinalis which may be associated with either GVHD 
or CMV infection (Figure 2). If  cultures are negative, pa-
tients are usually treated with loperamide 4 mg po once 
followed by 2 mg/24 h as needed up to 24 mg/24 h. If  
diarrhea persists, strategies include scheduling loperamide 
every 4-6 h, adding atropine and diphenoxylate or tincture 
of  opium. Octreotide starting at 150 mg iv every 8 h can 
be considered for protracted cases and can be titrated to 
response[31]. Other critical measures include maintaining 
adequate hydration and electrolyte supplementation, treat-
ing infections, discontinuation of  medications causing 
diarrhea and assessment of  nutritional status. Persistent 
symptoms despite the above measures and/or new diar-
rhea presenting after engraftment should be investigated 
with endoscopy and biopsy. 

Visual findings of  acute GVHD may include mucosal 

engraftment. Keratinocyte growth factor (palifermin) has 
been shown to decrease the incidence of  mucositis by 
40% in patients receiving autologous stem cell transplant 
with aggressive total body irradiation (TBI)-based regi-
mens[25,26]. It is administered iv for 3 d before and after 
cytotoxic therapy. Other supportive measures include 
saline and bicarbonate rinses, mucosal coating agents 
(such as aluminum hydroxide), topical anesthetics such as 
lidocaine rinse and/or narcotic analgesia, topical nystatin 
for signs of  candidiasis and proton-pump inhibitor pro-
phylaxis. Total parenteral nutrition should be considered 
for patients who are unable to tolerate oral supplementa-
tion for more than 7 d. 

DIARRHEA 
Diarrhea occurs in almost half  of  patients receiving high-
dose chemotherapy conditioning and radiotherapy. It is 
most commonly associated with toxicity of  conditioning 
regimens within the first 2 wk after transplant (Figure 1). 

Alkylating agents, busulfan and combination regimens are 
frequent etiologies and cause diarrhea due to mucosal in-
flammation. Several other etiologies should be considered 

in patients having diarrhea in the post-transplant period 
(Table 2). Acute GVHD is the most common reason for 
diarrhea after engraftment (> 15 d) in allogeneic trans-
plants[27]; persistent or new diarrhea beyond 3 wk of  trans-
plant should be investigated for GVHD. The diarrhea 

Table 2  Differential diagnosis of post-transplant diarrhea 

Conditioning regimen-related

Acute GVHD
Drug toxicity

Antibiotic-related
Opioid withdrawal
Mycophenolate mofetil toxicity
Tacrolimus (thrombotic microangiopathy)
Proton pump inhibitors
Promotility agents
Magnesium salts
Metoclopramide

Infectious
Clostridium difficile

CMV
Rotavirus
Adenovirus
EBV
HSV
Astrovirus
Norovirus
Bacterial infections including ESBL
Fungal infections
Parasitic infections (Cryptosporidium, Microsporidia, Giardia)
Mycobacterial infections

Others
Lactose intolerance
Malabsorption
Pancreatic insufficiency

CMV: Cytomegalovirus; EBV: Epstein-Barr virus; HSV: Herpes simplex virus; 
GVHD: Graft-versus-host disease; ESBL: Extended spectrum β lactamase. 

Figure 2  Bowel wall edema in a patient with gastrointestinal graft-versus-
host disease. 

Figure 3  Histologic findings of acute graft-­versus-­host disease of the co-
lon (hematoxylin and eosin stain, x 400). Thin arrow marks apoptotic bodies; 
thick  arrow  marks  pericryptal  acute  inflammation.    

Tuncer HH et al . Gastrointestinal and hepatic complications of stem cell transplantation

CT scan: thickening of bowell wall 

Shimoni et al. The British Journal of Radiology 2012;85:416 

(Table I). ‘‘Late acute’’ disease is further classified as
‘‘persistent’’ (continuation of an acute GVHD epi-
sode past day 100), ‘‘recurrent’’ (a relapse of an
earlier episode of acute GVHD), or ‘‘late-onset
acute,’’ which often occurs after withdrawal of
immune suppression. Classic de novo chronic
GVHD occurs after day 100 with no previous history
of acute disease. The usefulness of the new classifi-
cation is still being determined; however, retrospec-
tive studies have determined that many patients
previously classified as chronic GVHD would now
be reclassified as late acute GVHD or overlap syn-
drome under the new guidelines, and these patients
may have poorer outcomes.15-17

ACUTE GRAFT-VERSUS-HOST DISEASE
Key points
d The incidence of acute graft-versus-host dis-
ease depends upon a number of transplant-
related factors, particularly the degree of
human leukocyte antigenecompatibility be-
tween donor and recipient

d The three primary clinical features of acute
graft-versus-host disease are skin rash, bili-
rubin elevation, and diarrhea

d Eosinophils do not reliably distinguish his-
tologic findings of drug exanthem from
acute graft-versus-host disease

The incidence of acute GVHD varies between 20%
and 70%, based on histocompatibility differences
between the donor and recipient, the intensity of the
conditioning regimen, the age of the recipient, and
the stage of primary disease, among other factors.18-22

The primary target organs of acuteGVHDare the skin,
liver (cholestatic jaundice), and gastrointestinal (GI)

tract (nausea, vomiting, and diarrhea). Acute GVHD
organ involvement is graded quantitatively (I to IV)
based on extent and type of skin involvement,
degree of bilirubin elevation, and volume of diarrhea
(Table II).23

Early cutaneous signs and symptoms include
pruritus, dysesthesias, or subtle macular erythema
and edema. This may be followed by a folliculocen-
tric or morbilliform eruption, often beginning on the
trunk, that becomes increasingly confluent over
time.24 The development of bullae or a positive

Table II. Clinical staging of acute graft-versus-host disease

Stage Skin Liver Gut

0 No rash related to GVHD Bilirubin,\2 mg/dL None
1 Maculopapular rash\25% of body surface area

without associated symptoms
Bilirubin, 2 to\3 mg/dL Diarrhea,[500 to 1000 mL/d,

nausea and vomiting
2 Maculopapular rash or erythema with pruritus or

other associated symptoms covering $ 25 and
\50% of body surface area or localized
desquamation

Bilirubin, 3 to\6 mg/dL Diarrhea,[1000 to 1500 mL/d,
nausea and vomiting

3 Generalized erythroderma or symptomatic
macular, papular, or vesicular eruption with
bullae or desquamation covering $ 50% of
the body

Bilirubin, 6 to\15 mg/dL Diarrhea,[1500 mL/d, nausea
and vomiting

4 Generalized exfoliative dermatitis, ulcerative
dermatitis or bullae

Bilirubin, $ 15 mg/dL Severe abdominal pain with or
without ileus

Adapted from Przepiorka et al.23

GVHD, Graft-versus-host disease.

Fig 1. Acute graft-versus-host disease. A, Morbilliform
eruption on the arm. B, Morbilliform eruption with bullae
and epidermal denudation on the central back.
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Figure 5-UPN 585. Early phase, generalized type, Day 137. Adherent white patch over hard and soft
palate with serpiginous red border (arrow). Figure 6-UPN 585. Early phase, generalized type, Day126. Hyperkeratosis, hypergranulosis and parakeratosis, acanthosis and hypertrophy, mild exocytosis
minimal basal vacuolization, eosinophilic body formation. (H&E, X190) Figure 7-UPN 394. Early
phase, generalized type, Day 147. Severe lichenold acanthosis, disruption of the epidermal melanin
unit with coarse interstitial clumps of melanin in stratum malpighii (arrow), severe basal layer vacu-
olization, and dermal inflammation. (H&E, X190) Figure 8-UPN 330. Early phase, generalized
type, Day 249. Thickened irregular membrane zone.(PAS-alcian blue, pH 2, X190)
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syndrome

At day +325

Late  onset acute GVHD
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Histopathology of Chronic GVHD

37B B & M T

Progression of histologic changes from acute to chronic cutaneous GVHD

apoptotic body

orthokeratosis,
hypergranulosis
and acanthosis. 

Lymphocytic
infiltration

Day 98                          day 426 LICHEN



Histopathology of Chronic GVHD

37B B & M T

Progression into a sclerotic stage
Lichen SS-like features



Grafting with growth factor–mobilized blood cells and patient and
donor age showed no statistically significant associations with risk
of grades 2-4 acute GVHD (Figure 2).

Risk factors for development of NIH chronic GVHD treated with
systemic immunosuppression

Seven factors showed statistically significant associations with an
increased risk of NIH chronic GVHD (Figure 2 and Table 2): HCT

with HLA-matched unrelated donors (P ! .001), HCT with HLA-
mismatched related donors (P " .05), HCT with HLA-mismatched
unrelated donors (P ! .001), all compared with HCT with HLA-
matched related donors, the use of a female donor for a male
recipient (P ! .001), grafting with mobilized blood cells (P ! .001),
and older donor and recipient age (P " .006 and ! .001, respec-
tively). As shown in Figure 2, 2 factors associated with a decreased
risk of NIH chronic GVHD were the use of rabbit ATG in the
pretransplant conditioning regimen (P " .06) and a diagnosis of
CML (P " .04).

A separate analysis was carried out to assess the association of
acute GVHD with risk of NIH chronic GVHD. When acute GVHD
was evaluated as a time-dependent covariate with no adjustment
for the risk factors listed in the left column of Table 2, results
showed no statistically significant association of grade 1 (HR,
0.90; 95% CI, 0.62-1.30) or grade 2 (HR, 1.14; 95% CI, 0.95-1.37)
acute GVHD with risk of NIH chronic GVHD. Grades 3-4 acute
GVHD, however, showed a statistically significant association with
an increased risk of NIH chronic GVHD (HR, 1.42; 95% CI,
1.14-1.77).

Table 2 compares risk factors for NIH chronic GVHD before
and after adjustment for prior acute GVHD. Adjustment for prior
acute GVHD produced little change in the hazard ratio point
estimates and 95% confidence intervals for the association of
other risk factors with NIH chronic GVHD. The absence of major
change in the model indicates that the association of risk factors
with NIH chronic GVHD is independent of their association with
acute GVHD.

Comparison of risk factors for acute GVHD and NIH chronic GVHD

Whereas the overall profiles of risk factors for grades 2-4 acute
GVHD and NIH chronic GVHD were similar, we found some
notable differences (Figure 2). Recipient HLA mismatching and
grafts from unrelated donors had a greater effect on the risk of acute
GVHD compared with the effect on NIH chronic GVHD, whereas
the use of a female donor for a male recipient had a greater effect on
the risk of NIH chronic GVHD compared with the effect on the risk
of acute GVHD. Our analysis identified 3 discordant associations
with acute GVHD and NIH chronic GVHD: (1) the use of a

Figure 1. Cumulative incidence of grades 2-4 acute GVHD (top panel) and NIH
chronic GVHD (bottom panel).

Figure 2. Multivariate risk factor profiles for grades 2-4 acute GVHD and NIH
chronic GVHD. Hazard ratio and 95% CI for each risk factor are shown. The analysis
included 2355 grades 2-4 acute GVHD events and 1022 NIH chronic GVHD events.
Hazard ratios are relative to patients without the risk factor.

Table 2. Multivariate analysis of risk factors for NIH chronic GVHD
before and after adjustment for acute GVHD

Risk factor

Adjustment for acute GVHD,*
HR (95% CI)

No Yes

Unrelated donor 1.35 (1.14-1.59) 1.30 (1.10-1.54)

HLA-mismatched related donor 1.30 (1.01-1.68) 1.24 (0.95-1.60)

HLA-mismatched unrelated donor 1.76 (1.47-2.11) 1.67 (1.39-2.00)

Female donor for male patient 1.38 (1.21-1.59) 1.37 (1.19-1.57)

Mobilized blood cell grafts 1.74 (1.45-2.08) 1.74 (1.46-2.08)

Diagnosis of CML 0.86 (0.75-1.00) 0.88 (0.77-1.02)

Conditioning with TBI 1.11 (0.96-1.28) 1.07 (0.92-1.34)

Conditioning with ATG 0.68 (0.45-1.02) 0.70 (0.47-1.06)

Patient age per decade 1.13 (1.07-1.19) 1.13 (1.07-1.19)

Donor age per decade 1.09 (1.03-1.16) 1.09 (1.02-1.15)

Acute GVHD grade†

1 n/a 0.90 (0.62-1.30)

2 n/a 1.14 (0.95-1.37)

3-4 n/a 1.42 (1.14-1.77)

HR indicates hazard ratio; and n/a, not applicable.
*HRs are relative to patients without the risk factor.
†Time-dependent covariate.
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Comparative analysis of risk factors for acute graft-versus-host disease and for
chronic graft-versus-host disease according to National Institutes of Health
consensus criteria
Mary E. D. Flowers,1,2 Yoshihiro Inamoto,1 Paul A. Carpenter,1,3 Stephanie J. Lee,1,2 Hans-Peter Kiem,1,2

Effie W. Petersdorf,1,2 Shalini E. Pereira,1 Richard A. Nash,1,2 Marco Mielcarek,1,2 Matthew L. Fero,1,2 Edus H. Warren,1,2

Jean E. Sanders,1,3 Rainer F. Storb,1,2 Frederick R. Appelbaum,1,2 Barry E. Storer,1,4 and Paul J. Martin1,2

1Division of Clinical Research, Fred Hutchinson Cancer Research Center, Seattle, WA; and Departments of 2Medicine, 3Pediatrics, and 4Biostatistics, University
of Washington School of Medicine, Seattle, WA

Risk factors for grades 2-4 acute graft-
versus-host disease (GVHD) and for
chronic GVHD as defined by National
Institutes of Health consensus criteria
were evaluated and compared in 2941
recipients of first allogeneic hematopoi-
etic cell transplantation at our center. In
multivariate analyses, the profiles of risk
factors for acute and chronic GVHD were
similar, with some notable differences.
Recipient human leukocyte antigen (HLA)
mismatching and the use of unrelated

donors had a greater effect on the risk of
acute GVHD than on chronic GVHD,
whereas the use of female donors for
male recipients had a greater effect on
the risk of chronic GVHD than on acute
GVHD. Total body irradiation was strongly
associated with acute GVHD, but had no
statistically significant association with
chronic GVHD, whereas grafting with mo-
bilized blood cells was strongly associ-
ated with chronic GVHD but not with
acute GVHD. Older patient age was asso-

ciated with chronic GVHD, but had no
effect on acute GVHD. For all risk factors
associated with chronic GVHD, point esti-
mates and confidence intervals were not
significantly changed after adjustment for
prior acute GVHD. These results suggest
that the mechanisms involved in acute
and chronic GVHD are not entirely congru-
ent and that chronic GVHD is not simply
the end stage of acute GVHD. (Blood.
2011;117(11):3214-3219)

Introduction

During the past 3 decades, several studies have identified risk
factors associated with the development of acute and chronic
graft-versus-host disease (GVHD).1 In these studies, acute GVHD
generally referred to disease manifestations that occurred within
the first 100 days after hematopoietic cell transplantation (HCT),2-4

and chronic GVHD referred to disease manifestations that were
present after day 100.5 The most consistently reported factors
significantly associated with an increased risk of grades 2-4 acute
GVHD were recipient human leukocyte antigen (HLA) mismatch-
ing with the donor,6-8 alloimmunization of the donor,9-12 the use of a
female donor for male recipients,9,11-13 and older patient age.11,13,14

Less consistently reported risk factors have included prior cytomeg-
alovirus infection in the recipient,14,15 higher intensity of the
conditioning regimen (irradiation),12,14 donor age,16 and grafting
with growth factor–mobilized blood cells.14,17 For chronic GVHD,
the most consistently reported risk factors include prior acute
GVHD,18-20 grafting with growth factor–mobilized blood cells,17,21,22

the use of a female donor for male recipients,19,20,23 older patient
age,18-20,23 and mismatched and unrelated donors.20,24

The objective of the current study was to compare risk factor
profiles for grades 2-4 acute and chronic GVHD. For this purpose,
we used diagnostic criteria recommended by the National Institutes
of Health (NIH) Consensus Development Project on Criteria for
Clinical Trials in Chronic Graft-versus-Host Disease.25 According
to these criteria, acute and chronic GVHD are distinguished by

differences in clinical manifestations and not by the time after HCT.
Differences in the profile of risk factors for acute GVHD and NIH
chronic GVHD would suggest that these syndromes result from distinct
pathogenic pathways. Elucidation of risk factors would also help to
identify subgroups of patients who might benefit from new approaches
for the prevention of acute and chronic GVHD.

Methods

Patients

This retrospective study included 2941 adult and pediatric patients who
received a first related or unrelated allogeneic HCT with bone marrow or
growth factor–mobilized blood cells after high-intensity (ie, myeloablative)
conditioning regimens for treatment of hematologic malignancies between
July 1992 and December 2005 at the Fred Hutchinson Cancer Research
Center/Seattle Cancer Care Alliance. Patients had given written consent
allowing the use of medical records for research in accordance with the
Declaration of Helsinki, and the institutional review board approved the
study. Follow-up clinical information was available from medical records
submitted by referring physicians and from documentation generated by a
dedicated long-term follow-up clinical program.

Definition

Acute GVHD was graded according to previously described criteria.26

Endoscopic biopsies were used to establish the diagnosis of grade-2 GVHD

Submitted August 12, 2010; accepted January 11, 2011. Prepublished online
as Blood First Edition paper, January 26, 2011; DOI 10.1182/blood-2010-08-
302109.

An Inside Blood analysis of this article appears at the front of this issue.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 USC section 1734.

© 2011 by The American Society of Hematology
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grades 2-4 acute GVHD

Grafting with growth factor–mobilized blood cells and patient and
donor age showed no statistically significant associations with risk
of grades 2-4 acute GVHD (Figure 2).

Risk factors for development of NIH chronic GVHD treated with
systemic immunosuppression

Seven factors showed statistically significant associations with an
increased risk of NIH chronic GVHD (Figure 2 and Table 2): HCT

with HLA-matched unrelated donors (P ! .001), HCT with HLA-
mismatched related donors (P " .05), HCT with HLA-mismatched
unrelated donors (P ! .001), all compared with HCT with HLA-
matched related donors, the use of a female donor for a male
recipient (P ! .001), grafting with mobilized blood cells (P ! .001),
and older donor and recipient age (P " .006 and ! .001, respec-
tively). As shown in Figure 2, 2 factors associated with a decreased
risk of NIH chronic GVHD were the use of rabbit ATG in the
pretransplant conditioning regimen (P " .06) and a diagnosis of
CML (P " .04).

A separate analysis was carried out to assess the association of
acute GVHD with risk of NIH chronic GVHD. When acute GVHD
was evaluated as a time-dependent covariate with no adjustment
for the risk factors listed in the left column of Table 2, results
showed no statistically significant association of grade 1 (HR,
0.90; 95% CI, 0.62-1.30) or grade 2 (HR, 1.14; 95% CI, 0.95-1.37)
acute GVHD with risk of NIH chronic GVHD. Grades 3-4 acute
GVHD, however, showed a statistically significant association with
an increased risk of NIH chronic GVHD (HR, 1.42; 95% CI,
1.14-1.77).

Table 2 compares risk factors for NIH chronic GVHD before
and after adjustment for prior acute GVHD. Adjustment for prior
acute GVHD produced little change in the hazard ratio point
estimates and 95% confidence intervals for the association of
other risk factors with NIH chronic GVHD. The absence of major
change in the model indicates that the association of risk factors
with NIH chronic GVHD is independent of their association with
acute GVHD.

Comparison of risk factors for acute GVHD and NIH chronic GVHD

Whereas the overall profiles of risk factors for grades 2-4 acute
GVHD and NIH chronic GVHD were similar, we found some
notable differences (Figure 2). Recipient HLA mismatching and
grafts from unrelated donors had a greater effect on the risk of acute
GVHD compared with the effect on NIH chronic GVHD, whereas
the use of a female donor for a male recipient had a greater effect on
the risk of NIH chronic GVHD compared with the effect on the risk
of acute GVHD. Our analysis identified 3 discordant associations
with acute GVHD and NIH chronic GVHD: (1) the use of a

Figure 1. Cumulative incidence of grades 2-4 acute GVHD (top panel) and NIH
chronic GVHD (bottom panel).

Figure 2. Multivariate risk factor profiles for grades 2-4 acute GVHD and NIH
chronic GVHD. Hazard ratio and 95% CI for each risk factor are shown. The analysis
included 2355 grades 2-4 acute GVHD events and 1022 NIH chronic GVHD events.
Hazard ratios are relative to patients without the risk factor.

Table 2. Multivariate analysis of risk factors for NIH chronic GVHD
before and after adjustment for acute GVHD

Risk factor

Adjustment for acute GVHD,*
HR (95% CI)

No Yes

Unrelated donor 1.35 (1.14-1.59) 1.30 (1.10-1.54)

HLA-mismatched related donor 1.30 (1.01-1.68) 1.24 (0.95-1.60)

HLA-mismatched unrelated donor 1.76 (1.47-2.11) 1.67 (1.39-2.00)

Female donor for male patient 1.38 (1.21-1.59) 1.37 (1.19-1.57)

Mobilized blood cell grafts 1.74 (1.45-2.08) 1.74 (1.46-2.08)

Diagnosis of CML 0.86 (0.75-1.00) 0.88 (0.77-1.02)

Conditioning with TBI 1.11 (0.96-1.28) 1.07 (0.92-1.34)

Conditioning with ATG 0.68 (0.45-1.02) 0.70 (0.47-1.06)

Patient age per decade 1.13 (1.07-1.19) 1.13 (1.07-1.19)

Donor age per decade 1.09 (1.03-1.16) 1.09 (1.02-1.15)

Acute GVHD grade†

1 n/a 0.90 (0.62-1.30)

2 n/a 1.14 (0.95-1.37)

3-4 n/a 1.42 (1.14-1.77)

HR indicates hazard ratio; and n/a, not applicable.
*HRs are relative to patients without the risk factor.
†Time-dependent covariate.
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2941 patients

cGVHD

The incidence and risk factors for acute
and cGVHD are not the same!



A 3-phase model 
of cGVHD in humans

• Phase I – acute inflammation and tissue injury

• Phase II – chronic inflammation and dysregulated immunity

• Phase III - aberrant tissue repair and fibrosis



Third 
phase:

fibrotic
damage

and tissue
remodelling

Ocular sicca

Oral ulcers

Nail dystrophy

Skin sclerosis

Deep sclerosis

Bronchiolitis obliterans

Loss of bile ducts

Fasciitis

Skin ulcers

Although a number of animal models for cGVHD
exist, none captures all of the manifestations



Specific biological
findings in cGVHD

üAberrant B cell activity èAuto/allo-antibodies

üIncreased TGF-beta concentration

ü........macrophage polarization ..........

üCollagen deposition in target organs (tissue remodelling)

üT-reg unbalance



cGVHD requires both T and B cells:

experimental findings…

• thymectomy can prevent cGVHD pathology

• mice incapable of producing B cells do not develop cGVHD

• …Th17 cells and IL17 are the main actors of the tissue damage both

in autoimmune diseases and in cGVHD….



Tfh cells express CXCR5, which is critical for 
their migration into the GC 

At least one proinflammatory cytokine must be 

combined with TGF-beta  to induce Th17 cells. 

In mice, IL-6 is the critical second mediator

as



pathogenic role of these BCR-activated B-cell subsets in murine
models.56,57

Recent studies have revealed significant increases in B-cell activa-
tion in cGVHD. Compared with B cells in patients without cGVHD,
purifiedperipheral cGVHDBcellswere found tobe enlarged in size and
to contain more total protein per cell, indicating heightened metabolic
activity in vivo.58 These cells were also resistant to apoptotic death in
vitro, and addition of exogenous BAFF further augmented cell size and
attenuatedcell death.ExaminationofB-cell signalingpathwaysbywest-
ern blot demonstrated that the cell signalingmolecules protein kinase
B (Akt) and extracellular signal-regulated kinase (Erk) were constitu-
tively activated in cGVHD B cells compared with B cells in patients
without cGVHD. A relative decrease in 2 isoforms of the proapoptotic
protein Bcl2-interacting mediator of cell death (BIM) was also demon-
strated in cGVHD B cells, suggesting a mechanistic link between high
BAFF levels, aberrant B-cell signaling, and prolonged survival of
activated cells.59 Studies also demonstrated a significant increase in
B-cell signaling via the BCR pathway in patients with active cGVHD
after exposure to BCR ligand ex vivo. This increased responsiveness
to surrogate soluble antigen was related to increased levels of effector
proteins critical for downstream BCR signaling and cell activation. In
these assays, spleen tyrosine kinase (Syk) and B-linker protein (BLNK)
activation could be blocked using a small-molecule Syk inhibitor,
fostamatinib (Rigel Pharmaceuticals), suggesting potential therapeutic
use in cGVHD. Because Syk is required for positive selection of
immature/transitional B cells into the recirculating B-cell pool,60 the
reliance of cGVHD B cells on Syk activation affirms the importance
of the BCR signaling pathway on promotion of B cells in cGVHD.
The effect of BAFF and/or BCR blockade on the recovery of a func-
tional B-cell compartment after HSCT remains to be tested.

Increased activation and survival of cGVHD B cells has also been
linked to Bruton tyrosine kinase (Btk), another critical molecule in
the BCR signaling pathway.61 As with Syk blockade, treatment with
ibrutinib (Pharmacyclics), aBtk inhibitor, blockedBtkanddownstream
activation of phospholipase C gamma2 (PLCg2) in cGVHD patient
B cells, further suggesting that increased BCR activation contrib-
utes to cGVHD pathology. Figure 2 summarizes the B-cell sig-
naling pathways that have been shown to be activated in cGVHD.
Taken together, these studies suggest that both BAFF- and BCR-
associated signaling pathways likely cooperate to prime cGVHD-
mediating B cells for survival and antigen responsiveness.59,61,62

Although constitutive Akt and Erk signaling found in cGVHD B cells
may be because of either BAFF or BCR signaling, decreased expres-
sion of Bim appears to be related primarily to BAFF signaling. Syk,
BLNK, andBtk are primarily activated byBCRsignaling inBcells, but
Syk may also be required for BAFF signaling under certain circum-
stances.63 Selective targeting of B-cell signaling pathways has been
shown to be an effective therapeutic approach in patients with various
B-cell malignancies. The preclinical studies summarized previously
suggest that selective inhibition of these pathwaysmay also be effective
in patients with cGVHD.

Evidence now also points to signaling defects in B-cell subsets with
immune regulatory capacity. Interleukin-10 production by so-called
B10 cells was recently found to be dampened in patients with active
cGVHD. Interestingly, B10 cells produced via Toll-like receptor 9
stimulation from active cGVHDbut not from non-cGVHDpatients had
a significantly diminished capacity to phosphorylate Erk.43 The B10
subsets identified in cGVHD include CD24HiCD271 B cells, pre-
viously identified in healthy individuals,64 and a PB-like population,
similar to one previously identified inmice.65 Both subsets areCD271

and, like other B10 cells, likely antigen dependent (Figure 1A).66 Taken
together, these recent studies reinforce the notion that function cannot be

presumed based on cell surface phenotype alone. Additional studies are
required to functionally distinguish B10 cells that potentially mitigate
cGVHD from constitutively activated B-cell subsets that are potentially
pathogenic.

In summary, the postallogeneicHSCTmilieu has unique potential
for production of B-cell allo- and autoreactivity. How B cells and/or
the antibodies they produce potentially contribute to cGVHD initiation
and progression in conjunction with T cells is an area of active
investigation.8-10,67 Achievement of B-cell tolerance after HSCT is
imperative, but challenging in the context of naive B-cell lymphopenia,
persistent stimulation by alloantigen, and infectious and inflammatory
signals.19 Current data suggest a critical breakdown in peripheral
B-cell tolerance in patients with cGVHDwhere increased responsive-
ness to antigen via BCR is associated with poor recovery of the naive
B-cell compartment and increased B-cell survival. Defects in the
recovery of B cells with regulatory functions may also contribute to
abnormal B-cell homeostasis after HSCT. New strategies to block
BAFF-mediated survival, augment B-cell lymphopoiesis, and
restore normal B-cell homeostasis after HSCT will require further
examination in preclinical studies. Additionally, further character-
ization of the functional capacities of aberrantly activated B-cell
subsets from cGVHD patients and testing of novel targeted agents in
relevant murine models will help guide the clinical development of
urgently needed preventative and curative therapies.
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Figure 2. Aberrant B-cell signaling in active cGVHD. B cells in cGVHD exhibit
increased constitutive signaling through Erk and Akt that is also associated with

decreased levels of proapoptotic Bim. Aberrant BAFF-associated signaling is
associated with a heightened metabolic state and resistance to apoptosis.
Constitutive BCR-associated signaling in cGVHD B cells is associated with

increased responsiveness to surrogate antigen ex vivo, suggesting a mecha-
nistic link between elevated BAFF levels and aberrant B-cell survival. After
initiation of BCR signaling, cGVHD B cells exhibited increased BLNK and Syk

phosphorylation compared with B cells from patients without cGVHD. Shaded
pathways are common to BAFF and BCR signaling. Unshaded pathways are

specific for BCR signaling.
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Primary endpoint: best ORR (no time points!)
Secondary EP: sustained response at 20 wks; steroid sparing; PRO; NO FFS

• Response criteria based on the 2006 NIH cGVHD Consensus

• Two changes based on the 2014 NIH update: a change in organ score from 0 to 1 not
considered progression, and organ non evaluable for response when the organ
response was confounded by a non-cGVHD–related factor.

• response assessments conducted every 12 weeks. 
Blood 2017



sustained response for$20 weeks and 22 (79%) showed evidence of
response at theirfirst response assessment. For the 24 responderswhose
first efficacy assessment was conducted at week 13, the median time
to initial response was 87 days; however, for the 4 responders who
were enrolled after the protocol amendment and whose first response
assessment occurred at week 5, the median time to initial response was
30 days.

Analysis by organ domain showed similar rates of response in the
skin (88%), mouth (88%), and gastrointestinal organs (91%). Of
25 responders with$2 involved organs, 20 (80%) showed a response
in$2 organs (Table 3). Ten of 11 patients whowere previously treated
with rituximab had response assessments; 7 (64%) of these patients
responded to ibrutinib. Patients with steroid-dependent cGVHD
appeared to have somewhat better responses to ibrutinib than patients
with steroid-refractory or both steroid-dependent and -refractory
cGVHD with best ORRs of 75% vs 50% vs 50% and CR rates of
25% vs 17% vs 13%, respectively. There did not appear to be a sub-
stantial difference in best response between patients using additional
immunosuppressants at baseline (n 5 22) when compared with those
who did not (n5 20) with ORRs of 64% vs 70% and CR rates of 18%
vs 25%.

The median corticosteroid dose among responders decreased from
0.29mg/kgper day (range, 0.06-1.30mg/kgperday) at baseline (n542)
to 0.12 mg/kg per day (range, 0.00-0.18 mg/kg per day) at week 49
(n 5 12) (Figure 2). Five responders completely discontinued cortico-
steroidsduring response to ibrutinib treatment.Overall, 26patients (62%)
reached a corticosteroid dose of,0.15 mg/kg per day during the study.

TheORR resultswere supported by exploratory analyses of patient-
reported symptoms, which showed clinically meaningful improve-
ments (at least a 7-point decrease in Lee cGVHD Symptom Scale
overall summary score) in 10 of the 42 (24%) treated patients on at least
2 consecutive visits. Clinically meaningful improvement in summary
scores was reported for 17 of 28 (61%) responders and 1 of 14 (7%)
nonresponders. The median Total Summary Score for responders
decreased from 32.8 (n 5 28) to 25.7 at week 49 (n 5 15). Median
overall clinician-assessed cGVHD severity score improved from 7
(n 5 41) to 3 at week 49 (n 5 15). A corresponding improvement in
median patient-reported overall cGVHD score from 7 (n5 42) to 4 at
week 49 (n5 14) was reported in the all-treated population (Figure 3).

Pharmacodynamic and biomarker studies

Pharmacodynamic studies showed that mean steady-state occupancy
levels of BTK and ITK were 93% (range, 46% to 99%; n 5 36) and
37% (range, 0% to 71%; n5 38), respectively, on day 8 of treatment.
These steady-state occupancy levels were observed as early as 4 hours
after treatment initiation and persisted for the analysis period. BTK
occupancy was sufficient to effectively block 91% of BTK-driven
basophil activation in an ex vivo IgE stimulation assay. Furthermore,
measurement of ITK-mediated activation of PLCg1-Y783 in CD4
T cells conducted for 4 patients revealed that ITK kinase function was
inhibited by a mean of 73% (range, 52% to 86%) on day 8 (Figure 4).

A biomarker analysis based on samples from all 42 patients showed
a significant reduction in soluble plasma factors that are markers of
inflammation and lymphocyte activation, including tumor necrosis
factor-a and soluble CD25. Reductions in several chemotactic factors,
includingC-X-Cmotif chemokine ligand 9 (CXCL9) andC-X-Cmotif
chemokine ligand 10 (CXCL10), were observed.An analysis of factors
associated with tissue fibrosis revealed reductions in epidermal growth
factor and granulocyte-macrophage colony-stimulating factor. These
changes occurred after ibrutinib was administered, and an overall
downward trend was maintained for measured time points (Figure 5).

Discussion

Treatment with ibrutinib in patients with cGVHD that had failed 1 or
more lines of systemic therapy resulted in a high frequency of sustained
responses. The study population was heterogeneous, representative of
many cGVHD patients requiring additional systemic therapy. Using
theNIH cGVHDConsensus panel response criteria, ibrutinib treatment

Table 2. Treatment-emergent adverse events reported in ‡10% of
patients regardless of the cause

Adverse event
(N 5 42) Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Fatigue 5 (12) 14 (33) 5 (12) 0 0

Diarrhea 7 (17) 4 (10) 4 (10) 0 0

Muscle spasms 8 (19) 3 (7) 1 (2) 0 0

Nausea 8 (19) 3 (7) 0 0 0

Bruising 6 (14) 4 (10) 0 0 0

Upper respiratory

tract infection

3 (7) 5 (12) 0 0 0

Pneumonia 1 (2) 0 4 (10) 1 (2) 1 (2)

Pyrexia 4 (10) 1 (2) 2 (5) 0 0

Headache 3 (7) 2 (5) 2 (5) 0 0

Fall 6 (14) 1 (2) 0 0 0

Cough 4 (10) 2 (5) 0 0 0

Constipation 3 (7) 2 (5) 0 0 0

Dyspnea 4 (10) 0 1 (2) 0 0

Hyperglycemia 1 (2) 1 (2) 3 (7) 0 0

Hypokalemia 0 2 (5) 3 (7) 0 0

Peripheral edema 1 (2) 4 (10) 0 0 0

Data are presented as n (%).
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Figure 1. Best cGVHD response. The best cGVHD response was measured based
on the 2005 NIH response criteria in patients with cGVHD (N 5 42). The 5 patients
who had no response assessment during the study are included in the denominator

in this intent-to-treat analysis. Reasons for discontinuing the study before a response
assessment included toxicity (n 5 4) and noncompliance with study drug (n5 1).PD,

progressive disease; SD, stable disease.
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yielded anORR for cGVHDof 67% in these pretreated patients, with
nearly one-third achieving a CR. The ORR in the response-evaluable
patient population was 76%, allowing for comparison with histor-
ical reports of efficacy of other second-line therapies. Sustained
response was observed with 71% of responders maintaining
response for $20 weeks. Similar response rates were seen across
affected organs, and 80% of patients with multiple organ involve-
ment showed response in $2 organs. Observed responses were
associated with decreased corticosteroid use and an improvement in
cGVHD symptoms.

Although response rates ranging from 20% to 70% have been
reported in studies of second-line agents for cGVHD,15 these results
were often based on small, uncontrolled trials with suboptimal study
designs. Subsequent randomized studies to confirm the initial results
were all unsuccessful. To explain the discrepancy between the results
of early trials and subsequent randomized studies,Martin et al analyzed
60 early cGHVD trials using 10 clinical trial quality indicators.30

The analysis of these trials, most of which were conducted before
publication of the NIH standardized response criteria for cGVHD,27

showed that the studies satisfied an average of only 2.5 of the 10 clinical
trial quality measures.30 The investigators concluded that poor study
design, including lack of rigorous entry, organ response, and overall
response criteria, may have biased the reported efficacy in the early
phase studies, leading to later unsuccessful controlled studies with the
same agents. In 2005, the NIH cGVHD Consensus panel developed
response criteria to improve evaluation of cGVHD response27;

implementation of these criteria has been shown to reduce bias in the
reported efficacy of second-line treatment of cGVHD.31 Although
theNIH criteriawere created to provide themost objective assessments
of response, they still represent a subjective determination of cGVHD
activity by the clinician. Because the present study used the NIH-
defined response criteria, the ORR in this study is more robust than
those reported in historical studies.

This cGVHD study is the first to report sustained response as an
efficacy endpoint. This end point is clinically relevant because cGVHD
patients generally require therapy for an extended period, and short-
term responses do not allow for resolution of disabling symptoms or
tapering of corticosteroids. Without a sustained response, the most
common approach to improve response is the addition of new agents
to ongoing therapy with corticosteroids.32 Nearly three-quarters of
responders in this study maintained their response for$20 weeks, and
this was accompanied by meaningful reductions or discontinuation in
corticosteroid use. Although the reduction of steroid doses in this open-
label study couldhave been influenced by the investigators’ assessment
of response, our results suggest that ibrutinib may have a steroid-
sparing effect, which could reduce the morbidity associated with long-
term corticosteroid use.33

The clinical efficacy of ibrutinib in cGVHD is further supported
by an overall improvement in Lee cGVHD Symptom Scale score in
61% of responders. The Lee Symptom Scale directly measures the
effect of ibrutinib on patient quality of life and symptom burden based
on themultiorganmanifestations of the disease.4 The positive effect on
symptom burden among responders was reinforced by a decrease in
cGVHD severity scores reported by both clinicians and patients.

Ibrutinib showed an acceptable safety profile in this pretreated
cGVHD patient population, with AEs similar to those observed in
ibrutinib-treated patients with B-cell malignancies and for patients
with cGVHD treated with concomitant corticosteroids. One-third of
patients discontinued treatment because of AEs. The relatively higher
discontinuation rate for AEs comparedwith those observed in patients
with B-cell malignancies may reflect that most patients had a low
Karnofsky Performance Status score, comorbidities, and reduced
fitness level, consistent with the relapsed cGVHD population on
ongoing immunosuppressants. As expected for cGVHD patients on
long-term corticosteroid treatment, AEs, including hyperglycemia
and infections, were observed. AEs associated with ibrutinib, such
as major bleeding and atrial fibrillation, occurred infrequently in this
population.

Table 3. Sustained response rate, organ response, and response in
multiple organs among patients who responded to ibrutinib

No. of responders
Sustained response

rate n (%)

Sustained response

of $20 wk

28 20 (71)

Organ

No. of responders with organ

involvement at baseline Best ORR, n (%)

Skin 24 21 (88)

Mouth 24 21 (88)

Gastrointestinal 11 10 (91)

Organs showing

response

No. of patients with ‡2 involved

organs at baseline among

responders Best ORR, n (%)

$2 organs 25 20 (80)
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Figure 2. Change in corticosteroid doses over time.

Median change in weekly average of daily corticosteroid
doses for responders over time. Responders include patients
with a best overall response of CR and PR (n 5 28). Nonre-

sponders include patients with stable disease, patients with
progressive disease, and patients who were not evaluable for

response (n 5 14).
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yielded anORR for cGVHDof 67% in these pretreated patients, with
nearly one-third achieving a CR. The ORR in the response-evaluable
patient population was 76%, allowing for comparison with histor-
ical reports of efficacy of other second-line therapies. Sustained
response was observed with 71% of responders maintaining
response for $20 weeks. Similar response rates were seen across
affected organs, and 80% of patients with multiple organ involve-
ment showed response in $2 organs. Observed responses were
associated with decreased corticosteroid use and an improvement in
cGVHD symptoms.

Although response rates ranging from 20% to 70% have been
reported in studies of second-line agents for cGVHD,15 these results
were often based on small, uncontrolled trials with suboptimal study
designs. Subsequent randomized studies to confirm the initial results
were all unsuccessful. To explain the discrepancy between the results
of early trials and subsequent randomized studies,Martin et al analyzed
60 early cGHVD trials using 10 clinical trial quality indicators.30

The analysis of these trials, most of which were conducted before
publication of the NIH standardized response criteria for cGVHD,27

showed that the studies satisfied an average of only 2.5 of the 10 clinical
trial quality measures.30 The investigators concluded that poor study
design, including lack of rigorous entry, organ response, and overall
response criteria, may have biased the reported efficacy in the early
phase studies, leading to later unsuccessful controlled studies with the
same agents. In 2005, the NIH cGVHD Consensus panel developed
response criteria to improve evaluation of cGVHD response27;

implementation of these criteria has been shown to reduce bias in the
reported efficacy of second-line treatment of cGVHD.31 Although
theNIH criteriawere created to provide themost objective assessments
of response, they still represent a subjective determination of cGVHD
activity by the clinician. Because the present study used the NIH-
defined response criteria, the ORR in this study is more robust than
those reported in historical studies.

This cGVHD study is the first to report sustained response as an
efficacy endpoint. This end point is clinically relevant because cGVHD
patients generally require therapy for an extended period, and short-
term responses do not allow for resolution of disabling symptoms or
tapering of corticosteroids. Without a sustained response, the most
common approach to improve response is the addition of new agents
to ongoing therapy with corticosteroids.32 Nearly three-quarters of
responders in this study maintained their response for$20 weeks, and
this was accompanied by meaningful reductions or discontinuation in
corticosteroid use. Although the reduction of steroid doses in this open-
label study couldhave been influenced by the investigators’ assessment
of response, our results suggest that ibrutinib may have a steroid-
sparing effect, which could reduce the morbidity associated with long-
term corticosteroid use.33

The clinical efficacy of ibrutinib in cGVHD is further supported
by an overall improvement in Lee cGVHD Symptom Scale score in
61% of responders. The Lee Symptom Scale directly measures the
effect of ibrutinib on patient quality of life and symptom burden based
on themultiorganmanifestations of the disease.4 The positive effect on
symptom burden among responders was reinforced by a decrease in
cGVHD severity scores reported by both clinicians and patients.

Ibrutinib showed an acceptable safety profile in this pretreated
cGVHD patient population, with AEs similar to those observed in
ibrutinib-treated patients with B-cell malignancies and for patients
with cGVHD treated with concomitant corticosteroids. One-third of
patients discontinued treatment because of AEs. The relatively higher
discontinuation rate for AEs comparedwith those observed in patients
with B-cell malignancies may reflect that most patients had a low
Karnofsky Performance Status score, comorbidities, and reduced
fitness level, consistent with the relapsed cGVHD population on
ongoing immunosuppressants. As expected for cGVHD patients on
long-term corticosteroid treatment, AEs, including hyperglycemia
and infections, were observed. AEs associated with ibrutinib, such
as major bleeding and atrial fibrillation, occurred infrequently in this
population.

Table 3. Sustained response rate, organ response, and response in
multiple organs among patients who responded to ibrutinib

No. of responders
Sustained response

rate n (%)

Sustained response

of $20 wk

28 20 (71)

Organ

No. of responders with organ

involvement at baseline Best ORR, n (%)

Skin 24 21 (88)

Mouth 24 21 (88)

Gastrointestinal 11 10 (91)
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Figure 2. Change in corticosteroid doses over time.

Median change in weekly average of daily corticosteroid
doses for responders over time. Responders include patients
with a best overall response of CR and PR (n 5 28). Nonre-

sponders include patients with stable disease, patients with
progressive disease, and patients who were not evaluable for

response (n 5 14).
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RNA from magnetic bead-separated skin cells on days 14 and 21
post-BMT. Residual, negatively selected cells (keratinocytes, fi-
broblasts, endothelial cells, and other resident skin cells) did not
make significant TGF-!1 mRNA. The amount of TGF-!1 mRNA
per "g RNA expressed by monocyte/macrophages was approxi-
mately 1.9- and 1.4-fold more than that expressed by T cells on
days 14 and day 21 post-BMT. This suggests that monocyte/mac-
rophages are the main source of TGF-!1 in Scl GVHD skin, since
CD11b! cells were approximately 2- to 3-fold more numerous
than T cells. These data also suggest that fibroblasts and endothe-
lial cells present in the residual cell preparation do not make sig-
nificant amounts of TGF-!1 mRNA. We chose mouse Thy-1.2
microbeads for the positive selection of mouse T cells, a standard
method (25). The purity was "90% by flow analysis when we
analyzed the Thy-1.2 bead-selected cells stained with anti-CD3
Ab. Although Thy-1.2 may be expressed on other cell populations,
such as endothelial cells, the numbers of non-T cells expressing
Thy-1.2 in skin would be very small compared with the number of
cutaneous infiltrating T cells.

Anti-TGF-! Ab treatment reduces CD11b!, 2F8! monocyte/
macrophage influx into skin in murine Scl GVHD
We hypothesize that monocyte activation by host-reactive donor T
cells is an initiating event in Scl GVHD and scleroderma that may
lead to increased cutaneous TGF-! production and skin fibrosis.
We previously demonstrated that starting on day 7 and by day 14
post-BMT, the percentages of CD11b!monocyte/macrophages in-
filtrating skin are markedly increased, and by day 21, monocyte/
macrophages are increased approximately 5- to 6-fold in Scl
GVHD compared with control animals. This early infiltration of
monocyte/macrophages is accompanied by up-regulation of
TGF-!1 mRNA synthesis and prominent skin thickening (1).

We have shown that 300 "g anti-TGF-! Ab/animal successfully
prevents skin and lung fibrosis in experimental animals with Scl
GVHD (1). An unexpected finding not presented in that report was
the observation that the numbers of immune cells infiltrating skin
in anti-TGF-!-treated animals were markedly reduced. To further
investigate this observation, we repeated the experiments and ex-
amined the effect of pan-specific anti-TGF-! Ab treatment on
types of cells infiltrating skin using flow cytometric analysis (not
shown) and immunostaining for monocyte/macrophages (CD11b
and 2F8). We chose the dose of anti-TGF-! Ab (150 "g by tail
vein injection on days 1 and 6 post-BMT) and the early time points
because of our previously reported results (1) and published data
using anti-TGF-! Ab to prevent fibrosis in other mouse models of
fibrosis (15, 16). By day 21 post-BMT, infiltration of skin by
CD11b! and 2F8! mononuclear cells was effectively blocked by
anti-TGF-! Abs in Scl GVHD (Fig. 7, A and B). The percentage
of CD11b! cells in anti-TGF-! Ab-treated experimental animals
that did not develop skin and lung fibrosis (4.8 # 0.2% of the total
skin cells by flow analysis (not shown), 6.2 # 2.8% by immuno-
staining) was comparable to that in control animals (4.2# 0.3% by
flow analysis (not shown) and 1.6 # 0.3% by immunostaining).
Untreated animals with Scl GVHD had 25.1# 6.4% CD11b! cells
by flow analysis (not shown) and 28.0 # 2.6% by immunostaining
(plotted in Fig. 8). Staining with 2F8, another macrophage marker,

FIGURE 6. Cutaneous TGF-!1 is the critical TGF-! isoform, and
monocyte/macrophages and T cells are the main cutaneous cell populations
making TGF-!1 in early Scl GVHD. A, TGF-!1, but not TGF-!2 or -!3,
mRNA is up-regulated in skin of animals with early Scl GVHD. The plot-
ted data show fold up-regulation of mRNA for TGF-!1, -!2, and -!3 by
RT-PCR analysis of total skin RNA (E/C). B, Single-cell suspensions from
back skin were separated by magnetic beads for monocyte/macrophages
(CD11b) and T cells (Thy-1.2). Total RNA was prepared from separated
cells and residual cells, and subjected to RT-PCR analysis. The purity of
monocytes and T cells was defined by flow cytometry ("90%) for each
population by staining with anti-CD11b and anti-CD3 Ab. Both CD11b!

and Thy-1.2!, but not residual cells, synthesize TGF-!1 mRNA. Upper
panel, Scanned agarose gels showing ethidium bromide-stained PCR prod-
ucts. Data from a representative animal per group are shown (n $ 3–5).
Lower panel, Plotted values showing the ratio of TGF-!1 mRNA to !-actin
RT-PCR products ( p $ 0.005, using unpaired t test to compare the ratio of
TGF-!1 mRNA to !-actin of Thy-1.2! cells population to that of CD11b!

cell population on day 14; p $ 0.002 on day 21).

FIGURE 7. A–E, Anti-TGF-! Abs administered on days 1 and 6 post-
BMT effectively block immune cells infiltrating skin and prevent collagen
I synthesis in Scl GVHD. A–E, Immunostaining results on acetone-fixed
frozen skin sections from syngeneic BMT control, Scl GVHD, and anti-
TGF-! Ab-treated Scl GVHD mice on day 21 post-BMT (scale bar $ 50
"m). A, Stained with anti-CD11b Ab; B, anti-2F8 Ab, a class A scavenger
receptor; C, anti-CD3 Ab; D, anti-I-Ad Ab; E, type I collagen antiserum.
Staining with isotype control Abs (on the same slide with specific Ab) is
always negative (not shown). Micrographs show immunostaining results
from a representative animal per group (n $ 3–5).
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• Inactivating APC (decreasing DC expression of major histocompatibility complex class II) 

• Reducing alloreactive T-cell proliferation

• Expanding T-reg

• Decreasing inflammatory cytokine production

• Inhibition of B cell activity in GC
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MSC Therapy Attenuates Obliterative Bronchiolitis after
Murine Bone Marrow Transplant
Kashif Raza1¤a, Trevor Larsen2., Nath Samaratunga2., Andrew P. Price3, Carolyn Meyer3, Amy Matson3¤b,

Michael J. Ehrhardt3, Samuel Fogas3, Jakub Tolar3, Marshall I. Hertz1, Angela Panoskaltsis-Mortari1,3*

1 Pulmonary, Allergy, Critical Care and Sleep Medicine, University of Minnesota, Minneapolis, Minnesota, United States of America, 2 Breck High School, Edina, Minnesota,

United States of America, 3 Pediatric Blood and Bone Marrow Transplant Program, University of Minnesota Cancer Center, Minneapolis, Minnesota, United States of

America

Abstract

Rationale: Obliterative bronchiolitis (OB) is a significant cause of morbidity and mortality after lung transplant and
hematopoietic cell transplant. Mesenchymal stromal cells (MSCs) have been shown to possess immunomodulatory
properties in chronic inflammatory disease.

Objective: Administration of MSCs was evaluated for the ability to ameliorate OB in mice using our established allogeneic
bone marrow transplant (BMT) model.

Methods: Mice were lethally conditioned and received allogeneic bone marrow without (BM) or with spleen cells (BMS), as a
source of OB-causing T-cells. Cell therapy was started at 2 weeks post-transplant, or delayed to 4 weeks when mice
developed airway injury, defined as increased airway resistance measured by pulmonary function test (PFT). BM-derived
MSC or control cells [mouse pulmonary vein endothelial cells (PVECs) or lung fibroblasts (LFs)] were administered. Route of
administration [intratracheally (IT) and IV] and frequency (every 1, 2 or 3 weeks) were compared. Mice were evaluated at 3
months post-BMT.

Measurements and Main Results: No ectopic tissue formation was identified in any mice. When compared to BMS mice
receiving control cells or no cells, those receiving MSCs showed improved resistance, compliance and inspiratory capacity.
Interim PFT analysis showed no difference in route of administration. Improvements in PFTs were found regardless of dose
frequency; but once per week worked best even when administration began late. Mice given MSC also had decreased
peribronchiolar inflammation, lower levels of hydroxyproline (collagen) and higher frequencies of macrophages staining for
the alternatively activated macrophage (AAM) marker CD206.

Conclusions: These results warrant study of MSCs as a potential management option for OB in lung transplant and BMT
recipients.

Citation: Raza K, Larsen T, Samaratunga N, Price AP, Meyer C, et al. (2014) MSC Therapy Attenuates Obliterative Bronchiolitis after Murine Bone Marrow
Transplant. PLoS ONE 9(10): e109034. doi:10.1371/journal.pone.0109034

Editor: Peter Chen, Cedars-Sinai Medical Center, United States of America

Received February 11, 2014; Accepted September 3, 2014; Published October 1, 2014

Copyright: ! 2014 Raza et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by National Heart, Lung and Blood Institute R01HL55209 (APM), National Institute of Arthritis and Musculoskeletal and Skin
Diseases R01 AR063070 (JT), R01 AR059947 (JT), and T32 HL07741 (‘‘Training in Lung Science’’ training grant support of KR). The confocal microscope was
purchased through an NCRR Shared instrumentation grant (National Center for Research Resources grant 1S10RR16851). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: panos001@umn.edu

. These authors contributed equally to this work.

¤a Current address: Department of Medicine, Columbia University, New York, New York, United States of America
¤b Current address: Georgetown Medical School, Washington, D.C., United States of America

Introduction

Obliterative bronchiolitis (OB) is a significant problem in lung
transplant and BMT recipients. OB is directly or indirectly
responsible for almost 40% of lung transplant related deaths [1].
This is mainly due to chronic allograft dysfunction, manifesting as
OB, characterized histologically by inflammation and fibrosis of
small airways. In BMT recipients, the incidence of OB has been
reported to be as high as 29% with increased risk of mortality and
is associated with chronic graft-versus-host disease (GVHD) [2,3].

After transplant, the host immune system is activated by exposure
to allogeneic tissue antigens, resulting in an inflammatory cascade
with alloimmune and non-alloimmune dependent factors contrib-
uting to the response. The cumulative end result of this cascade is
OB [4]. Current management strategies involving immunosup-
pressive medications have not been very successful.

Lack of suitable animal models has limited efforts to understand
and develop therapeutic strategies for OB. We have previously
reported a new murine BMT model, in which chronic GVHD

PLOS ONE | www.plosone.org 1 October 2014 | Volume 9 | Issue 10 | e109034

(R&D Systems, Minneapolis, MN); FGF7/KGF (BlueGene,
Shanghai); MPO (RayBioTech, Norcross, GA); TSG6 (MyBio-
source, San Diego, CA). Other cytokines were evaluated on a
Luminex (Austin, TX) using rat-specific bead sets: FasL, G-CSF,
GM-CSF, IFNc, IL-4, IL-12p40&p70, LIX, RANTES (Millipore,
Billerica, MA); PAI-1, CXCL1, TNFa, IL1a, IL-2, IL-4, IL-6
(R&D Systems).

Statistical Analysis
Data were analyzed by analysis of variance or t test with

significance at P#0.05. Numerical data are shown as the mean 6
standard error.

Results

Determination of time points for cell therapy
intervention for OB

To understand the kinetics of OB development, and to define
time points for intervention in each experiment, PFTs were done
in individual mice sequentially at defined time points post-BMT.

(Figure 1) In the BMS mice (OB group), lung resistance and
compliance deteriorated from 2 weeks post-BMT and diverged
from the BM group at 4 weeks post-BMT. All mice, including
those receiving BM only, have some reduction in lung function
early after BMT; i.e. BMS mice were not statistically different
from BM mice at 2 weeks. This resolves in BM mice as they
recover and are hematopoietically rescued. Thus, an intervention
would be more meaningful if it could be done when the beginning
of OB manifestations can be clearly identified. In subsequent
experiments, we considered these two times as points of
intervention, with the 2 week point as ‘‘early’’ and the 4 week
time point as ‘‘late’’ cell therapy. The initial decline in lung
function by PFTs was confirmed for every mouse prior to cell
therapy.

Early administration of MSCs resolves OB after BMT
Mice receiving BMS were given either MSCs or PVECs weekly

starting at 2 weeks post-BMT (i.e. early). Interim analysis at day 60
post-BMT demonstrated that MSCs were equally as effective
when administered via either the IV or IT route as shown by

Figure 3. Administration of MSC post-BMT reduces OB histopathology. Representative H&E stained lung cryosections of day 90 post-BMT
shown for mice receiving T cell-depleted bone marrow only (BM); BM and allogeneic splenocytes (BMS; OB group). The split panels show the range
of injury in this model. MSCs IV or IT as indicated, beginning at 2 or 4 weeks and given weekly; PVECs IT beginning at 2 weeks and given weekly;
LFs IV beginning at 4 weeks and given weekly until day 90. The split panels show the range of injury seen in this group similar to the BMS group.
Original magnification 2006 (206objective lens). The top right corner panel shows semiquantitative pathology scores; n = 4–6/group pooled from 4
experiments.
doi:10.1371/journal.pone.0109034.g003
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immunomodulatory agents by teams interested in their thera-
peutic use. These anti-inflammatory properties are curious in a
cell type which largely provides stromal support to tissues and
is an integral part of the stem-cell niche(s) in multiple organs,
but may in fact be directly related to this “stemness.” In order
to persist in tissues such as lung for long periods (a key feature
of stem cells), the usual cues which initiate apoptosis—in partic-
ular the accumulation of dysfunctional mitochondria—need to
be overcome. MSCs have evolved the ability to “outsource” the
removal of dysfunctional mitochondria (a process termed
mitophagy) to macrophages in order to suppress apoptotic
cues, and have coevolved powerful immunosuppressive and
immunomodulatory signaling mechanisms to suppress the over-
whelming inflammatory response which would otherwise inevi-
tably follow the potent damage signal of macrophage-mediated
mitophagy [22]. Hence, although the stem-like and anti-
inflammatory properties of MSCs are linked through mitophagy,
it is the anti-inflammatory properties which have led to MSCs
being studied to treat inflammatory and immune-mediated dis-
eases. Since the pro-inflammatory macrophage phenotype has
been implicated in the pathogenesis of obliterative bronchiolitis
[23, 24], the idea behind the work presented here is to use this
feature of MSC biology to favorably alter macrophage pheno-
type and CLAD natural history, an approach previously found to
be effective in preclinical studies [9, 10].

The “first-pass effect” whereby cells delivered intrave-
nously are required to transit the lung so that there is extensive

and homogeneous, although admittedly temporary, retention
as they pass through the pulmonary circulation is a major
advantage for cell therapies designed to treat pulmonary dis-
ease as delivery is relatively straightforward. Even more attrac-
tively, retained cells target areas of injured/inflamed lung,
remain for up to 7 days and are activated upon reaching the
target site to secrete prostaglandin-E2 (PGE2) and TSG6 [25,
26]. In support of this idea, we found that culture of bone-
marrow derived MSCs in media supplemented with BAL super-
natant obtained from CLAD affected lungs led to significant
upregulation of TSG6 expression (data not shown). It is TSG6
which mediates the anti-inflammatory effect of MSCs retained
in the lung on macrophages [27] and other cells [28], even in
organs as distant as the cornea and heart [29]. Evasion of the
host immune system is also in part TSG6 dependent [30], as is
the induction of Treg [3]. Finally, TSG6 also directly inhibits neu-
trophil migration by binding IL8 [31], and explains most of the
therapeutic effect in acute lung injury and bleomycin-induced
pulmonary fibrosis [32]. In addition to their immune suppres-
sive properties, MSCs secrete a variety of anti-fibrogenic pro-
teins and enzymes such as interleukin-10 (IL-10), hepatocyte
growth factor and matrix metalloproteinases and are effective
in bleomycin-induced lung fibrosis [33]. These properties,
in combination with targeted and persistent TSG6, PGE2 and
IL-10 secretion by MSCs retained and activated in areas of
abnormal lung, underlie their therapeutic effect in inflamma-
tory diseases and animal models of transplantation [34], and

Figure 3. Effect of mesenchymal stromal cell (MSC) treatment on lung function and walk distance. Lung function (A) and 6MWD (B) before
and after intravenous infusion of MSCs. Abbreviations: 6MWD, 6-minute walking distance; FEV1, forced expiration volume in 1 second; MSCs,
mesenchymal stromal cells.

Figure 2. Effect of mesenchymal stromal cell (MSC) treatment on hemodynamics and gas exchange. (A): MAP, (B): HR, and (C): SaO2 follow-
ing MSC infusion. Data are presented at median6 interquartile range, *, p< .05 versus preinfusion. Abbreviations: HR, heart rate; MAP,
mean systemic arterial pressure; SaO2, peripheral oxygen saturation.
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Effect of mesenchymal stromal cell
on lung function in 10 pts

Mesenchymal Stromal Cell Therapy for Chronic LungAllograft Dysfunction: Results of a First-in-Man StudyDANIEL C. CHAMBERS,a,b DEBRA ENEVER,b SHARON LAWRENCE,c MARIAN J. STURM,d,e RICHARD HERRMANN,d,eSTEPHANIE YERKOVICH,a,b MICHAEL MUSK,c PETER M.A. HOPKINSa,bKey Words. Lung transplantation • Graft rejection • Cell- and tissue-based therapy • Mesenchymal
stromal cells • Clinical trial • Phase 1ABSTRACTChronic lung transplant rejection (termed chronic lung allograft dysfunction [CLAD]) is the mainimpediment to long-term survival after lung transplantation. Bone marrow-derived mesenchymalstromal cells (MSCs) represent an attractive cell therapy in inflammatory diseases, including organrejection, given their relative immune privilege and immunosuppressive and tolerogenic proper-ties. Preclinical studies in models of obliterative bronchiolitis and human trials in graft versus hostdisease and renal transplantation suggest potential efficacy in CLAD. The purpose of this phase 1,single-arm study was to explore the feasibility and safety of intravenous delivery of allogeneicMSCs to patients with advanced CLAD. MSCs from unrelated donors were isolated from bone mar-row, expanded and cryopreserved in a GMP-compliant facility. Patients had deteriorating CLADand were bronchiolitis obliterans (BOS) grade! 2 or grade 1 with risk factors for rapid progression.MSCs (2 x 106 cells per kilogram patient weight) were infused via a peripheral vein twice weeklyfor 2 weeks, with 52 weeks follow-up. Ten Patients (5 male, 8 bilateral, median [interquartilerange] age 40 [30–59] years, 3 BOS2, 7 BOS3) participated. MSC treatment was well tolerated withall patients receiving the full dosing schedule without any procedure-related serious adverseevents. The rate of decline in forced expiratory volume in one second slowed after the MSC infu-sions (120 ml/month preinfusion vs. 30 ml/month postinfusion, p 5 .08). Two patients died at 152and 270 days post-MSC treatment, both from progressive CLAD. In conclusion, infusion of alloge-neic bone marrow-derived MSCs is feasible and safe even in patients with advanced CLAD.

Oc STEM CELLS TRANSLATIONAL MEDICINE 2017;00:000–000SIGNIFICANCE STATEMENT
Long-term survival after lung transplantation is compromised by the development of chronic
lung allograft dysfunction (CLAD) which is characterized by inflammation, fibrosis, respiratory
failure, and death. Ten-year post-transplant survival is only 30%-40%, with CLAD explaining
much of this mortality. Preclinical studies suggest that mesenchymal stromal cell (MSC) treat-
ment will be effective in CLAD. However, safety concerns remain, since MSCs have the capacity
to differentiate into pro-fibrotic cells, potentially implicating them in graft fibrogenesis. In this
first-in-man study, we demonstrate that MSC therapy is feasible and safe in patients with CLAD,
providing an important foundation for future studies to assess efficacy.INTRODUCTION
Long-term survival after lung transplantation is
compromised by the almost inevitable develop-
ment of chronic lung allograft dysfunction (CLAD)
which results from recurrent and compounding
alloimmune, infectious and other insults and is
characterized by neutrophilic inflammation, fibro-
sis, respiratory failure, and death. Ten-year survival
following transplantation is only 30%-40%, with
CLAD explaining much of this mortality, and has
changed little over three decades [1].

Bone-marrow derived mesenchymal stromal
cells (MSCs) hold great promise in the fields of

allogeneic solid organ and bone-marrow trans-
plantation since they are able to abrogate T-cell
mediated immune responses [2], foster long-
lasting peripheral tolerance through the induction
of a regulatory phenotype in CD41 lymphocytes
[3, 4] and attenuate neutrophilic inflammation
through the secretion of tumor necrosis factor-
a-stimulated gene 6 (TSG6) in response to
pro-inflammatory stimuli [5]. These favorable char-
acteristics have recently been translated into pro-
ven efficacy in human renal transplantation [6].
Several preclinical studies now suggest that MSC
treatment will be effective in CLAD [7–10].
However, despite these studies, safety concerns
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CELL BASED DRUG DEVELOPMENT, SCREENING, ANDTOXICOLOGY
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In vivo expanding Treg agents

• IL-2 low dose

•Ruxolitinib

•Bortezomib
• hypomethylating agents*

• Rapamicin

• Cell therapy: MSC/Treg infusion

*Goodyear OC et al. Azacitidine augments expansion of regulatory T cells after allogeneic SCT in patients with AML. Blood. 2012
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continues to be corticosteroids, with or without the use of a
calcineurin inhibitor for the purpose of reducing steroid duration.
In terms of second-line therapy, there is no standard of care, and
there exist a number of small, non-randomized studies or case
series that have reported various therapies, none of which are
known to be superior over another.13,14 Unfortunately, prognosis
for patients with steroid-refractory disease remains poor. An
additional consideration aside from efficacy is tolerability, since
patients require ongoing immunosuppressive therapy for a
median of 2 years, and a small percentage of patients will require
treatment for over 7 years.15 Thus, the treatment goals in chronic
GVHD include improvement or stabilization of organ manifesta-
tions, limitation of long-term treatment-related toxicities, improve-
ment in functional capacity or quality of life, and ultimately
improvement in overall survival. The unmet need for chronic
GVHD therapies is underscored by the fact that there are no
United States Food and Drug Administration (FDA) or European
Medicines Agency (EMA)-approved agents in the treatment of
GVHD. Therefore, clinical trials are essential for the discovery of
novel targets that are both safe and effective, and all patients with
chronic GVHD should be enrolled on a clinical trial when possible.

CHALLENGES IN DRUG DEVELOPMENT
There are several obstacles that exist in the drug development in
chronic GVHD. First, standard drug development pathways for
other diseases have not been feasible in chronic GVHD. Although
a number of animal models for chronic GVHD exist, none captures
all of the manifestations.16 Although several exciting chronic
GVHD therapies were initially tested in murine models, experts
have suggested that the emphasis now also has to be on
performing thoughtful, well-designed and efficient clinical
studies.17 Second, until recently, only agents that were FDA
approved in other diseases were being tested in chronic GVHD.
The absence of non-FDA-approved agents being tested for
chronic GVHD and the unmet clinical need created pressures for
off-label use of promising agents, which siphoned patients from
enrollment in clinical trials. Third, chronic GVHD is a rare disease
with heterogeneous clinical manifestations. The patient-to-patient
variation has previously limited assessment of disease status and
hence response to therapy. In this regard, the NIH Consensus
Conferences in 2005 and subsequent guidelines for the diagnosis
and study of chronic GVHD were a major advance in the field. The
utility of these guidelines has now been verified in multiple
centers in prospective trials,18,19 and were updated and revised in
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Targets to blockade chronic GVHD

Expand 
thymopoiesis:
KGF
IGF
IL-7
Steroid blockade

Expand 
Tregs:
IL-2

Deplete B cells:
Rituximab

Block B activation:
Belimumab (BAFF)
Fostamatinib (Syk)
Cerdulatinib (Syk)
Ibrutinib (BTK)

Non-lymphocyte targets:
Hedgehog inhibitors
Neutrophil elastase inhibitors

Block T activation & 
cytokine-induced lineages:
JAK inhibitors 
(Ruxolitinib, Baricitinib)
Proteasome inhibitors
CTLA4-Ig fusion protein

Block trafficking of 
effectors from LN:
Ponesimod (S1P1R)

1. APC activated, move to LN
2. APC activate Th1, Th17, Tfh T cells
3. Tfh support Ab-producing B cells
4. T-& B-cells infiltrate tissue
5. Ab deposition and cytotoxic attack
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Figure 1. Targets to blockade chronic GVHD. In the white boxes, points of potential blockade of the process of chronic GVHD are indicated,
listing the therapeutic modalities involved. These are superimposed over a model of CGVHD pathogenesis with the following stages: (1) in the
tissues, antigen-presenting cells (APC-purple) are activated, process tissue antigens and migrate to draining lymph nodes. (2) In lymph nodes,
donor-derived T cells (red) become activated and differentiated into Th1, Th2, Tfh and Th17 Tmemory and effector cells. (3) Activated Tfh cells
support germinal center formation and development of antibody-secreting B cells (green). (4) T- and B cells infiltrate the tissues, recruited by
chemokines (red triangles) secreted by myeloid and epithelial cells. (5) Antibodies bind to host tissues and cytotoxic Th1/Tc1 and Th17
effectors damage tissue (blackened epithelial cells). Additionally, the thymus can be a source of new naive T cells to reconstitute the
populations of regulatory and broad-repertoire conventional T cells. The bone marrow similarly is a source of naive B cells.

Novel targets in graft-versus-host disease
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New targets in cGVHD

èanti-TGF-b; 

PDGF agents 

(TKI, Pirfenidone, 

Nintenatinib)



How to evaluate the efficacy
of a new TX in cGVHD?

• Response according to NIH 
(physician reported
measures/symptoms; 
patient reported symptoms; 
dynamic&global scales; 
functional activities); 

• FFS/PFS/OS

• Success of TX……

Pitfalls/advantages

§ Confounding factors

(topic TX; comorbidities/toxicities)

• Timing&duration of response

• Mixed responses&trivial worsening

• Ceiling effect

FFS: need of longer F-U; need to standardize failure criteria

OS/PFS: lack of informations about toxicities or changes in IS TX

Need validation; absence of informations about death/toxicity

End Point
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