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Key Points

• Bronchiolitis and
perivascular
inflammation with
phosphorylation of
ERK1/2 and AKT
within lymphocytes
characterize human
pGVHD.

• Dual inhibition of the
MEK/ERK and PI3K/
AKT pathways
prevents bronchiolitis
and perivascular
inflammation in murine
pGVHD.
Patients with pulmonary graft-versus-host disease (pGVHD) have a poor prognosis after

allogeneic hematopoietic stem cell transplantation (allo-HSCT). Furthermore, pGVHD

pathogenesis is not fully elucidated in humans, and currently available immunosuppressants

are inadequately effective. We performed pathologic evaluation of lung specimens from 45

allo-HSCT recipients with pGVHD who underwent lung transplantation. Patient pathology

was characterized by bronchiolitis and subpleural perivascular inflammation, with B-cell,

monocyte, and T-cell accumulation around bronchioles. Bronchiolitis, perivascular

inflammation, and peribronchial macrophage aggregation were also identified in a murine

pGVHDmodel after transplant of bonemarrow cells and splenocytes from C57BL/6 to B10.BR

mice. Amongmitogen-activated protein kinase kinase (MEK) inhibitors, cobimetinib, but not

trametinib, improved survival rates. Cobimetinib attenuated bronchiolitis, improved airway

resistance and lung compliance in the mice, and suppressed activation of B cells and tumor

necrosis factor α production by monocytes in vitro; these features were not suppressed by

trametinib or tacrolimus. Furthermore, cobimetinib suppressed activation of

phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling, resulting in B-cell and

monocyte suppression. Dual inhibition of the MEK/extracellular signal-regulated kinase

(ERK) and PI3K/AKT pathways using a combination of trametinib and the PI3K inhibitor

taselisib strongly suppressed B-cell activation in vitro and improved mouse survival rates

comparedwith vehicle ormonotherapywith trametinib or taselisib. Imagingmass cytometry

of human pGVHD revealed that T cells around bronchioles were positive for phosphorylated

ERK,whereas B cellswere positive for phosphorylatedAKT. Thus, perivascular inflammation

and bronchiolitis mediated by activation of the MEK/ERK and PI3K/AKT pathways are

essential for pGVHD and represent a potential novel therapeutic target in humans.
Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative treatment for hematologic
diseases; however, high levels of treatment-related mortality remain a serious challenge. Graft-versus-
host disease (GVHD) is a life-threatening complication, and the use of various immunosuppressants
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increases rates of relapse of underlying malignancies and
treatment-related mortality. Despite advances in the development
of molecular targeted reagents1,2 and cellular therapies,3 the
prognosis for patients with pulmonary GVHD, particularly bron-
chiolitis obliterans (BO), remains poor.4,5

Currently available treatments for BO after allo-HSCT include:
triplet therapy with inhaled corticosteroids, azithromycin, and
montelukast6; extracorporeal photopheresis7; and etanercept.8

However, these treatments are insufficiently effective. Murine
models of pulmonary GVHD exhibit donor-derived antibody depo-
sition and germinal center formation,9 as well as increases in
follicular helper T cells and germinal center B cells.10 Anti–inter-
leukin-21 (IL-21) and anti-CD40L antibodies suppress GVHD by
ameliorating antibody deposition. Thus, not only T cells but also B
cells, macrophages, neutrophils, and fibroblasts may be involved in
BO pathogenesis after allo-HSCT.11 Nevertheless, immunologic
triggers and therapeutic targets in BO have not been elucidated in
humans, partly because clinical studies using human lung tissues
are lacking.

Human pulmonary GVHD is often accompanied by pleuro-
parenchymal fibroelastosis (PPFE),12 an elastic fibrosis in the
pleura and subpleural parenchyma, predominantly in the upper
lobes, in interstitial pneumonia. We previously reported that PPFE
is associated with BO in post-HSCT pulmonary GVHD13; however,
the pathogenesis of PPFE after HSCT remains unclear.

mitogen-activated protein kinase kinase (MEK) inhibitors are
molecular targeted drugs, some of which are now approved by the
US Food and Drug Administration for the treatment of malignant
melanoma14,15 and lung cancer.16 MEK inhibitors also have the
potential to control inflammation in chronic obstructive pulmonary
disease,17 and they exhibit antifibrotic effects on murine chronic
kidney disease.18 We have shown that MEK inhibitors suppress
human T-cell alloreactivity19 and intestinal and cutaneous GVHD
while preserving graft-versus-tumor effects in mouse models.20 In
addition, phosphorylation of extracellular signal–regulated kinase
1/2 (ERK1/2) in CD4+ T cells may be a predictor of acute GVHD in
humans,21 suggesting that MEK/ERK signaling can be a thera-
peutic target for human GVHD; however, whether MEK inhibitors
are effective in preventing or treating refractory GVHD, such as BO
and PPFE, has not been investigated.

Other pathways are also involved in transplantation immunity
regulation. The phosphatidylinositol-3 kinase (PI3K)/protein kinase
B (AKT)/mammalian target of rapamycin pathway is an intracellular
signaling pathway important in cell cycle regulation.22 PI3K/AKT/
mammalian target of rapamycin signaling interacts with the proto-
oncogene serine/threonine-protein kinase/MEK/ERK pathway;
AKT inhibits the activation of the proto-oncogene serine/threonine-
protein kinase.23 Activation of PI3K/AKT signaling promotes cell
cycle progression of T cells24 and modulates T-cell differentia-
tion.25 Administration of PI3K inhibitors results in a high incidence
of acute GVHD.26 Hence, these pathways may be important in
GVHD onset and warrant further verification.

In the present study, we examined pulmonary GVHD pathology
using human histopathologic specimens and assessed the potency
of dual inhibition of PI3K/AKT and MEK/ERK signaling in a murine
model of pulmonary GVHD.
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Materials and methods

Immunohistochemical staining of human lung

specimens

Whole lung specimens from patients (N = 45) who underwent lung
transplantation at our institution for lung injury after allo-HSCT from
2008 through 2018 were histopathologically evaluated. Written
informed consent was obtained from all patients for use of their
specimens in this study. Approval for the use of patient specimens
was obtained from the Institutional Review Board of Kyoto
University (G0469).

Anti-human CD4 (NCL-CD4-1F6; Leica, Tokyo, Japan), CD8
(#M7103; Dako Japan, Kyoto, Japan), CD20 (#M0755; Dako), and
CD68 (#N1576; Dako) antibodies were used for immunohisto-
chemical staining. Primary antibodies were applied overnight at
4◦C, and specimens were then incubated with biotinylated sec-
ondary antibodies for 40 minutes. Avidin-biotin-peroxidase complex
(ABC-Elite, Vector Laboratories, Burlingame, CA) at a dilution of
1:100 in bovine serum albumin was then added for 50 minutes.27

Samples were stained with diaminobenzidine, and nuclei were
counterstained with hematoxylin.

Murine bone marrow transplantation

Following previous reports9,10 with minor modification, 8-week-old
B10.BR (H2Kk) mice (Japan SLC, Hamamatsu, Japan) were
treated with 120 mg/kg of cyclophosphamide on days –3 and –2,
and 7 Gy total body irradiation on day –1, and then infused with
5.0 × 106 T cell–depleted bone marrow cells (TCD-BM) and 2.0 ×
105 T cells, 8.0 × 105 splenocytes, or 2.0 × 105 T cells plus 4.0 ×
105 B cells from C57BL/6 (H2Kb) mice (Japan SLC) on day 0. T
cells were depleted from bone marrow cells using CD90.2
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
Cobimetinib (1 mg/kg per day), trametinib (0.1 mg/kg per day), and
taselisib (5 mg/kg per day) (all from Selleck Chemicals, Houston,
TX) were administered orally and tacrolimus (1 mg/kg per day;
Selleck Chemicals) was administered intraperitoneally from day
0 through day 28. Tacrolimus was dissolved in dimethyl sulfoxide
(DMSO) and reconstituted in saline, and other reagents were
dissolved in DMSO and reconstituted in 200 μL vehicle (methyl-
cellulose/polysorbate buffer).

GVHD severity was evaluated by using a previously reported clin-
ical GVHD scoring system,28 with minor modifications. Mice were
individually scored 3 times per week on a scale from 0 to 2 for six
parameters (hunched posture, activity, ruffled fur, alopecia, skin
indentation, and diarrhea), and GVHD scores were calculated by
summing each score.

On day 42, survival was assessed, and histopathologic evaluation
and measurement of respiratory function using flexiVent (emka
Technologies, Osaka, Japan) were performed.29 To exclude the
influence of thoracic deformity and cutaneous sclerosis, the chest
was opened under anesthesia and respiratory function tests per-
formed while mice were alive. Bone marrow cells and splenocytes
from recipients were analyzed by using flow cytometry. Anti-mouse
CD4 (EPR19514; Abcam, Cambridge, UK) and B220 (RA3-6B2;
Abcam) antibodies were used for immunohistochemical staining,
as described for human samples. Quantitative pathologic data
were obtained by using QuPath 0.3.0.30
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Mixed lymphocyte reaction

Based on our previous report,19 dendritic cells (DCs) were
acquired from monocytes collected from healthy human donors
that were cultured with granulocyte macrophage-colony stimulating
factor (1000 IU/mL; Bayer, Leverkusen, Germany), IL-4 (500
IU/mL; R&D Systems, Minneapolis, MN), IL-1 (10 ng/mL; R&D
Systems), tumor necrosis factor α (TNF-α) (10 ng/mL; R&D
Systems), IL-6 (15 ng/mL; R&D Systems), and prostaglandin E2
(1 mg/mL; Sigma-Aldrich, St. Louis, MO) for 7 days. Allogeneic
peripheral blood mononuclear cells (PBMCs) were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE) (Thermo
Fisher Scientific, Waltham, MA) at 5 μM and cocultured with 25 Gy
irradiated DCs for 7 days; cell proliferation was assessed by using
flow cytometry as CFSE dilution.

Evaluation of B-cell activation and TNF-α production

by monocytes

PBMCs from healthy donors or patients with chronic pulmonary
GVHD reconstituted with 200 μL of RPMI 1640 (Nacalai Tesque,
Kyoto, Japan) were aliquoted into 96-well plates (1 × 106 cells per
well) and stimulated with IL-4 (200 IU/mL; R&D Systems) and anti-
CD40 antibody (0.3 μg/mL; BioLegend, San Diego, CA) for
24 hours. The frequency of CD20+CD23+CD69+ cells, or the
mean fluorescence intensity (MFI) of CD69+ in CD20+CD23+

B cells, was measured by using flow cytometry. Approval for
analyzing patients’ peripheral blood samples was obtained from the
Institutional Review Board of Kyoto University (G0697).

PBMCs reconstituted with 200 μL of RPMI 1640 were aliquoted
into 96-well plates (1 × 106 cells per well) and stimulated with
1 μg/mL of lipopolysaccharide (Wako Pure Chemical Industries,
Osaka, Japan) for 4 hours. Cells were fixed and permeabilized with
FIX & PERM A/B buffers (Thermo Fisher Scientific). Intracellular
TNF-α and surface staining were analyzed. Intracellular TNF-α was
stained with allophycocyanin-conjugated mouse anti–TNF-α
(MAb11, BioLegend MAb11), and the frequency of TNF-α–positive
cells among CD68+ cells was determined according to flow
cytometry.

Flow cytometry

To evaluate phosphorylation of ERK1/2, PBMCs were stimulated with
phorbol-12-myristate-13-acetate (PMA) and ionomycin (1 ng/mL:1
mM; Sigma-Aldrich) for 5 minutes in RPMI 1640 supplemented with
10% fetal bovine serum (Thermo Fisher Scientific). Cells were then
fixed and permeabilized with FIX & PERM A/B buffers and stained for
intracellular phosphorylated ERK1/2 (pERK1/2) and surface antigens.
pERK1/2 was stained with rabbit anti-pERK1/2 (Cell Signaling
Technology, Danvers, MA) and Alexa 647–conjugated donkey
anti-rabbit immunoglobulin G (IgG) (Thermo Fisher Scientific). To
evaluate phosphorylation of AKT, PBMCs were stimulated with insulin
(Wako Pure Chemical Industries) for 10 minutes. Rabbit anti-phos-
phorylated AKT (pAKT) antibodies (Cell Signaling Technology) were
used. The following antibodies were also used: anti-human CD4
(SK3), CD8 (SK1), CD20 (L27), CD23 (M-L233), CD68 (Y1/82A),
and CD69 (FN50); and anti-mouse CD4 (RM4-5), CD19 (1D3),
CD62L (MEL-14) (Becton Dickinson, Franklin Lakes, NJ), and CD44
(IM7; BioLegend). Cells were analyzed by using a BD FACSLyric
instrument (Becton Dickinson, Franklin Lakes, NJ) with FlowJo
software, version 10.4 (Becton Dickinson).
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Western blotting

Aspreviously reported,19proteinswereextracted fromPBMCsbyusing
a radioimmunoprecipitation assay buffer (50 mM Tris-HCl, 150 mM
NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
and 1%NP-40; Thermo Fisher Scientific) supplemented with protease
inhibitor (Sigma-Aldrich) and phosphatase inhibitor (Sigma-Aldrich).
Proteins were quantified by modified Bradford assay (Bio-Rad, Hercu-
les, CA), resolved by 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, transferred to polyvinylidene difluoride membranes
(Bio-Rad), and incubatedwith rabbit anti-human ERK1/2 antibody (Cell
Signaling Technology) or mouse anti-human tubulin antibody (Sigma-
Aldrich) overnight. Signals were detected on an LAS3000 Imager
(Fujifilm, Tokyo, Japan) using horseradishperoxidase–linked anti-mouse
IgG or anti-rabbit IgG (Cell Signaling Technology).

Imaging mass cytometry analysis of human lung

specimens

Formalin-fixed paraffin-embedded slides of human pulmonary
GVHD were dewaxed with xylene, hydrated with ethanol, incubated
with antigen retrieval buffer (Agilent, Santa Clara, CA), and blocked
with 3% bovine serum albumin. Primary antibodies, including anti-
human CD4 (EPR6855), CD8a (RPA-T8), CD20 (H1), CD68
(KP1), pAKT S473 (D9E), and pERK1/2 (D1314.4E) (Fluidigm,
South San Francisco, CA), were applied overnight at 4◦C. Sec-
ondary incubation was with Cell ID intercalator-Iridium (Fluidigm),
for 30 minutes at room temperature. Stained tissue samples were
interrogated by using a Hyperion Imaging System (Fluidigm), and
acquired data were visualized by using the MCD viewer (Fluidigm).

Statistical analysis

Statistical analyses and data presentation were performed by using
R software31 version 4.1.0. Data are expressed as mean ± stan-
dard error of the mean (SEM). The log-rank test was used to
compare survival between 2 groups, and the two-tailed unpaired
t test was used for comparisons between 2 groups of continuous
variables. Statistical significance was defined as P < .05.

Results

Human pulmonary GVHD is associated with

bronchiolitis and perivascular inflammation

First, we evaluated lung specimens from 45 patients with pulmonary
GVHD after allo-HSCT who underwent lung transplantation at our
hospital from 2008 to 2018. Patient clinical characteristics are sum-
marized in Table 1 and Table 2. Median age was 28 years; the male to
female ratio was almost 1:1. Sixty-four percent of the patients
received myeloablative conditioning before HSCT. The percentages
of patients whose allo-HSCT donor sources were bone marrow,
peripheral blood, and cord blood were 60%, 29%, and 11%,
respectively. Sixty-four percent could walk <50 m, and 33% had
severe respiratory failure requiring mechanical ventilation. Obstructive,
restrictive, and mixed ventilatory failure comprised 24%, 31%, and
44% of cases. Seventy-one percent received corticosteroids as
treatment for GVHD.

Three characteristic findings were commonly observed on hematox-
ylin and eosin (H&E)–stained and Elastica van Gieson (EVG)-stained
specimens: first, BO (Figure 1A); second, PPFE, with subpleural
10 JANUARY 2023 • VOLUME 7, NUMBER 1



Table 1. Characteristics of patients undergoing allo-HSCT

Characteristic Median (range) or N (%)

Age, y 28 (8-61)

Sex

Male 24 (53)

Female 21 (47)

Original disease

AML 17 (38)

ALL 10 (22)

MDS 4 (9)

NHL 6 (13)

AA 3 (7)

Others 5 (11)

HSCT conditioning

CY/TBI–based MAC 18(40)

BU/CY–based MAC 6 (13)

Other MAC 5 (11)

FLU/MEL–based RIC 3 (7)

FLU/BU–based RIC 4 (9)

Other RIC 3 (7)

Unknown 6 (13)

HSCT donor

rBM 10 (22)

rPB 13 (29)

uBM 14 (31)

CB 5 (11)

HaploBM 3 (7)

Years from HSCT to development of pulmonary

GVHD

<1 y 20 (44)

1-3 y 13 (29)

>3 y 12 (27)

Years from HSCT to lung transplant

1-5 y 19 (42)

5-10 y 13 (29)

>10 y 13 (29)

AA, aplastic anemia; AML, acute myeloid leukemia; ALL, acute lymphoid leukemia; BM,
bone marrow; BU, busulfan; CB, cord blood; FLU, fludarabine; Haplo, haploidentical; MAC,
myeloablative conditioning; MDS, myelodysplastic syndrome; MEL, melphalan; NHL, non-
Hodgkin lymphoma; PB, peripheral blood; r, related; RIC, reduced-intensity conditioning; u,
unrelated.
proliferation of elastic fibers in the upper lobes of the lung (Figure 1B);
and third, peribronchitis in centriacinar areas, macrophage aggrega-
tion around bronchi, and cholesterol clefts (Figure 1C). The numbers
of patients with these findings are presented in Figure 1E. In total,
90% (42 of 45) of patients had BO, and 70% (31 of 45) showed
concomitant BO, PPFE, and peribronchitis. Only 3 cases did not have
BO, one of which had organizing pneumonia. Furthermore, 27 of 35
cases with PPFE exhibited lymphocytic infiltration into bronchovas-
cular bundles (Figure 1D), and 21 of 42 cases with BO showed
lymphocytic bronchiolitis. These pathologic features were found in
multiple locations in the lungs of patients.
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Examination of H&E–stained specimens, focusing on bronchiolitis,
revealed nearby lymphocyte infiltration (Figure 1F), and immunohis-
tochemical staining detected substantial populations of CD4+ T cells
(Figure 1G) and CD8+ T cells (Figure 1H) in peribronchial areas.
Interestingly, CD20+ B cells (Figure 1I) and macrophages (Figure 1J)
were also abundant, suggesting that B cells and macrophages are
associated with the development of pulmonary GVHD.

Collectively, these data indicate that human pulmonary GVHD is
commonly characterized by BO, PPFE, and peribronchitis with
lymphocyte and monocyte accumulation around bronchioles.

Cobimetinib but not trametinib attenuates murine

pulmonary GVHD development

We next performedmurine bone marrow transplants that did or did not
cause pulmonary GVHD, then verified whether the pathologic findings
in mice shared similarities with those in human lung specimens
(Figure 1). First, B10.BRmice received TCD-BM only or TCD-BM plus
T cells from C57BL/6 mice, after cyclophosphamide (240 mg/kg)
administration and 7 Gy total body irradiation (CY/TBI) (Figure 2A-D).
Whereas themice transplantedonlywithTCD-BMsurviveduntil day42,
80% of those transplanted with TCD-BM + T cells developed diarrhea
and died by day 42. Both cobimetinib and trametinib improved survival
rates (vehicle 20% vs cobimetinib 70% vs trametinib 80% at day 42;
P = .04) (Figure 2A). Notably, these mice did not develop bronchiolitis,
regardless of treatment type (Figure 2B-C). Hence, T cell–infusedmice
developed gastrointestinal GVHD, whereas treatment with cobimetinib
or trametinib resulted in milder gastrointestinal GVHD and suppressed
GVHD scores (Figure 2D).

Next, B10.BR mice received TCD-BM or TCD-BM plus splenocytes
(S) from C57BL/6 mice after CY/TBI (Figure 2E-L). Whereas the
mice transplanted with TCD-BM only survived until day 42, 69% of
those transplanted with TCD-BM + S died by day 42 (Figure 2E);
they had mild diarrhea, but their respiratory pathology was fatal, with
bronchiolitis (Figure 2F), perivascular inflammation (Figure 2G), and
peribronchial macrophage aggregation (Figure 2H) commonly
observed in the lungs of TCD-BM + S transplanted mice (Figure 2I).
Notably, trametinib and tacrolimus did not improve survival rates,
whereas only cobimetinib did (vehicle 31% vs trametinib 7% vs
tacrolimus 10% vs cobimetinib 62% at day 42; P = .01) (Figure 2E).
Cobimetinib suppressed thickening of bronchiole walls and lym-
phocytic infiltration, while trametinib did not (Figure 2J-K).

Furthermore, mice transplanted with TCD-BM + S exhibited higher
airway resistance and lower lung compliance than those transplanted
with TCD-BM only. Cobimetinib treatment suppressed the increase in
airway resistance (1.65 ± 0.19 cm H2O.s/mL vs 2.86 ± 0.75 cm
H2O.s/mL; P < .001) and the decrease in lung compliance (13.14 ±
0.71 μL/cm H2O vs 8.99 ± 1.08 μL/cm H2O; P = .03) (Figure 2L-M).
Because trametinib-treated mice died or were too weak on day 42,
respiratory function tests could not be performed on them.

Immunohistochemical staining of the lungs revealed that cobime-
tinib and trametinib suppressed CD4+ T-cell infiltration equally
relative to vehicle (Figure 2N-O). Of note, cobimetinib inhibited B-
cell infiltration more strongly than trametinib (Figure 2P-Q). Cobi-
metinib also preserved naive T cells in the spleen, while promoting
B-cell engraftment in the bone marrow (supplemental Figure 1A-B).

To verify the role of B cells in pulmonary GVHD, B10.BR mice were
given TCD-BM with or without B/T cells of C57BL/6 after CY/TBI
MEK/ERK AND PI3K/AKT INHIBITION PREVENTS LUNG GVHD 109



Table 2. Characteristics of patients undergoing lung transplantation

Characteristic Median (range) or N (%)

BMI 15.2 (10.1-25.8)

PCO2 59.5 (34.0-115.0)

Hugh-Jones*

2-3 2 (4)

4 14 (31)

5 29 (64)

Oxygen

Nasal/mask 30 (67)

NPPV 9 (20)

Intubated 6 (13)

Pneumothorax

Yes 29 (64)

No 16 (36)

Respiratory failure

Obstructive 11 (24)

Restrictive 14 (31)

Mixed 20 (44)

Corticosteroids

None 13 (29)

2.5-10 mg PSL 16 (36)

12.5-30 mg PSL 16 (36)

Immunosuppressants

None 34 (76)

Calcineurin inhibitors 9 (20)

MMF 2 (4)

Chronic GVHD in other organs

None 36 (80)

Skin 5 (9)

Eye 1 (2)

Skin/oral/eye 3 (7)

Concomitant infection

Aspergillosis 4 (9)

NTM 3 (7)

None 38 (84)

Donors for lung transplantation

Living 36 (80)

Brain-dead 9 (20)

BMI, body mass index; MMF, mycophenolate mofetil; NPPV, noninvasive positive pressure
ventilation; NTM, nontuberculous mycobacteriosis; PCO2, partial pressure of carbon dioxide;
PSL, prednisolone.
*Hugh-Jones: 1, able to perform exertion and walk upstairs as well as a healthy person of

the same age; 2, able to walk as well as a healthy person of the same age but unable to
walk upstairs as well as a healthy person; 3, unable to walk as fast as a healthy person
on level ground but able to walk 1 mile at own pace; 4, unable to walk 50 yards without
resting; and 5, shortness of breath during conversation, and dressing and undressing, and
unable to go out due to shortness of breath.
(Figure 2R). Similarly, cobimetinib (but not trametinib) prolonged
survival compared with vehicle-treated controls. Histologic thick-
ening of bronchiole walls with lymphocytic infiltration was
observed, which is similar with GVHD after whole splenocyte
infusion (supplemental Figure 2).
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These results indicate that murine pulmonary GVHD shows path-
ologic findings of bronchiolitis, perivascular inflammation, and
macrophage aggregation around the bronchioles (Figure 2F-H).
Notably, these findings are also commonly observed in BO, PPFE,
and peribronchitis in humans (Figure 1). In addition, among MEK
inhibitors, cobimetinib, but not trametinib, attenuated murine pul-
monary GVHD by suppressing B-cell infiltration (Figure 2E,J,P,Q),
prompting us to investigate the pharmacologic differences
between cobimetinib and trametinib.

Cobimetinib inhibits B-cell and monocyte activation

more strongly than trametinib

Next, we tested the differential effects of cobimetinib and trameti-
nib on T cells, B cells, and monocytes in vitro. First, CFSE dilution
of human T cells was analyzed in mixed lymphocyte reactions with
monocyte-derived DCs and allogeneic PBMCs. Whereas no CFSE
dilution of CD4+ and CD8+ T cells was observed in the absence of
allogeneic DCs, coculture with allogeneic DCs and DMSO resul-
ted in substantial CFSE dilution (Figure 3A-B). Both cobimetinib
and trametinib inhibited CFSE dilution. Given that the clinical serum
concentration of cobimetinib was 10 times higher than that of
trametinib,32 these results indicate that cobimetinib inhibits allor-
eactive T-cell proliferation at an equivalent level to trametinib.

Next, the effects of MEK inhibitors on human B cells were inves-
tigated. The MFI of CD69 in CD20+CD23+ cells was evaluated as
activation of B cells stimulated with anti-CD40 antibody and IL-4.
CD69 MFI was 10 times higher after stimulation than that before
stimulation. Interestingly, treatment with cobimetinib led to a
greater decrease in CD69 MFI than trametinib (Figure 3C-D).

The suppressive effects of the drugs on human monocytes were
also analyzed. After lipopolysaccharide stimulation, 63% of mono-
cytes were positive for TNF-α (Figure 3E). Tacrolimus did not
suppress TNF-α production, whereas cobimetinib suppressed
TNF-α production more strongly than trametinib (Figure 3E-F).

Thus, cobimetinib suppresses B-cell and monocyte activation more
strongly than trametinib.

Cobimetinib, but not trametinib, inhibits PI3K/AKT

and MEK/ERK signaling

The differential effects of cobimetinib and trametinib on various
kinases were subsequently investigated. Inhibition of ERK1/2
phosphorylation in PMA/ionomycin-stimulated human PBMCs was
evaluated by using flow cytometry, which revealed that cobimetinib
and trametinib both inhibited ERK1/2 phosphorylation in a dose-
dependent manner (Figure 4A-B). Separate western blot analysis
of ERK1 and ERK2 phosphorylation revealed that cobimetinib and
trametinib also inhibited phosphorylation of both ERK1 and ERK2
in a dose-dependent manner (Figure 4C). These results indicate
that both cobimetinib and trametinib inhibit activation of the MEK/
ERK pathway equivalently.

Next, the effects of cobimetinib and trametinib on AKT phosphor-
ylation were examined. In T and B cells, AKT is rapidly phosphor-
ylated on stimulation with insulin. Notably, treatment with
cobimetinib inhibited phosphorylation of AKT at the T308 position;
conversely, trametinib did not inhibit AKT T308 phosphorylation
(Figure 4D-E). This difference in phosphorylation was significant in
B cells but not in T cells (Figure 4E).
10 JANUARY 2023 • VOLUME 7, NUMBER 1
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Figure 1. Bronchiolitis, perivascular inflammation, and peribronchitis characterize human pulmonary GVHD. (A-D) Representative images of human pulmonary

GVHD. Upper images are H&E stained, and lower figures are EVG stained. (A) BO, (B) PPFE, (C) peribronchitis and cholesterol cleft, and (D) perivascular inflammation.

(E) Numbers of patients who had BO, PPFE, peribronchitis, and organizing pneumonia (OP), with overlap among the patients shown. (F-J) Images of specimens stained with H&E

(F) or immunohistochemically stained for CD4 (G), CD8 (H), CD20 (I), and CD68 (J) in bronchiolitis.
We then investigated the effects of dual inhibition of the MEK/ERK
and PI3K/AKT pathways on human B-cell activation. Frequency of
CD20+CD23+CD69+ cells was evaluated after stimulation by anti-
CD40 antibody and IL-4. Addition of a PI3K inhibitor, taselisib, with
trametinib led to an additive decrease in the frequency of
CD23+CD69+ cells (Figure 4F-G).

Next, PBMCs from patients with chronic pulmonary GVHD were
analyzed regarding T- and B-cell activation after stimulation with
PMA/ionomycin. Their phosphorylation of ERK1/2 within CD4+ T
cells was modest compared with healthy donors, but it was sub-
stantially inhibited by cobimetinib or trametinib in a dose-dependent
manner (supplemental Figure 3A). Meanwhile, stimulation with IL-4
and the anti-CD40 antibody resulted only in few CD23+CD69+

cells (supplemental Figure 3B), which made it difficult to investigate
B-cell suppressive effects of trametinib/cobimetinib.

Dual inhibition of the MEK/ERK and PI3K/AKT

pathways suppresses the development of murine

pulmonary GVHD

To evaluate the efficacy of combined trametinib and taselisib treat-
ment in murine pulmonary GVHD, TCD-BM and splenocytes from
C57BL/6 mice were first transplanted into B10.BR mice (Figure 5).
Whereas mice transplanted only with TCD-BM survived until day 42,
10 JANUARY 2023 • VOLUME 7, NUMBER 1
77% of mice transplanted with TCD-BM + S died by day 42. Neither
trametinib nor taselisib monotherapy improved survival rates; however,
cobimetinib monotherapy and combination therapy with trametinib
and taselisib increased mouse survival (vehicle 23% vs trametinib 0%
vs taselisib 18% vs cobimetinib 64% vs combination 58%, at day 42)
(Figure 5A). Histopathologic analysis showed that cobimetinib mon-
otherapy or combination therapy with taselisib plus trametinib sup-
pressed lymphocytic infiltration into peribronchial and perivascular
areas, whereas taselisib did not (Figure 5B-C). Moreover, cobimetinib
monotherapy or combination therapy with taselisib and trametinib, but
not taselisib monotherapy, suppressed infiltration of CD4+ T cells and
B cells around the bronchioles (Figure 5D-E). Mice treated with tra-
metinib died before day 42 and could not be histologically evaluated.
Thus, dual inhibition of the MEK/ERK and PI3K/AKT pathways can
suppress pulmonary GVHD in vivo.

B and T cells in human pulmonary GVHD are positive

for pERK and phosphorylated AKT

Finally, imaging mass cytometry of human pulmonary GVHD speci-
mens was conducted by using the Hyperion Imaging System. Among
all the pulmonary GVHD cases collected, we specifically focused on 7
cases of lymphocytic bronchiolitis and BO with rich lymphocyte infil-
tration. Five patients received corticosteroids, and 2 did not take any
immunosuppressants. One patient had both pulmonary and cuta-
neous GVHD, and 6 had pulmonary GVHD alone. Representative
MEK/ERK AND PI3K/AKT INHIBITION PREVENTS LUNG GVHD 111
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images from 2 patients with substantial lymphocytic infiltration are
presented in Figure 6A-H; patient #1 had BO, and patient #2 had
lymphocytic bronchiolitis. Images of specimens from patient #1
stained with H&E and EVG revealed BO and perivascular inflamma-
tion (Figure 6A). Furthermore, imaging mass cytometry revealed that
CD4+, CD8+, and CD68+ cells were diffusely infiltrated around the
bronchioles, whereas CD20+ cells formed clusters around the bron-
chioles and blood vessels (Figure 6B). Most of the CD20+ cells were
10 JANUARY 2023 • VOLUME 7, NUMBER 1
positive for phosphorylated AKT, whereas pERK was partially positive
in CD4+ and CD8+ cells (Figure 6C-D).

Images of specimens from patient #2 stained with H&E and EVG
revealed lymphocytic infiltration around bronchioles (Figure 6E).
Most CD20+, CD4+, and CD8+ cells were positive for phosphor-
ylated AKT, whereas pERK was positive only in some CD4+ and
CD8+ cells (Figure 6F-H). Summative data on pERK in CD4+ and
MEK/ERK AND PI3K/AKT INHIBITION PREVENTS LUNG GVHD 113
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CD8+ cells and phosphorylated AKT in CD20+ cells from the 7
patients are presented in Figure 6I. Collectively, these results
provide a rationale for targeting the MEK/ERK and PI3K/AKT
pathways to suppress pulmonary GVHD in humans.

Discussion

In the present study, we examined the pathology of human pul-
monary GVHD specimens and the potency of MEK inhibitors in
murine pulmonary GVHD models. We found that bronchiolitis and
perivascular inflammation were associated with pulmonary GVHD
and that dual inhibition of the MEK/ERK and PI3K/AKT pathways
prevented bronchiolitis and perivascular inflammation in a murine
pulmonary GVHD model. Based on our results, we propose that
BO, PPFE, and peribronchitis be included in the criteria for path-
ologic diagnosis of pulmonary GVHD, which has potential for
translation to develop a novel treatment strategy.

The involvement of B cells and macrophages in chronic GVHD
pathogenesis has been reported previously.33,34 Regarding drugs
that inhibit B-cell activation, ibrutinib, an irreversible inhibitor of
10 JANUARY 2023 • VOLUME 7, NUMBER 1
Bruton’s tyrosine kinase and IL-2–inducible tyrosine kinase, has
been approved by the US Food and Drug Administration for the
treatment of chronic GVHD,2 and spleen tyrosine kinase inhibitors
can attenuate murine GVHD.35,36 Of drugs that inhibit macrophage
activation, pirfenidone ameliorates murine pulmonary GVHD.37

However, these drugs inhibit only B cells or macrophages and
cannot simultaneously inhibit the activation of various cells involved
in pulmonary GVHD. Conversely, MEK inhibitors can simulta-
neously suppress the activation of cells, including T cells, B cells,
and monocytes, because the MEK/ERK pathway is involved in
activation of all these cell types, as shown in our investigations.

PPFE is believed to be triggered by excessive interstitial inflam-
mation.38 In addition, PPFE after allo-HSCT and alveolar fibroelas-
tosis in restrictive allograft syndrome after lung transplantation have
common pathologic characteristics,12,39 suggesting that PPFE is
associated with an alloimmune response; however, the details of
PPFE pathogenesis remain unclear. We assume that insufficient
circulation may cause PPFE in human lung specimens because we
frequently observed subpleural perivascular inflammation, indicating
that subpleural inflammation likely causes ischemia, leading to
MEK/ERK AND PI3K/AKT INHIBITION PREVENTS LUNG GVHD 115
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fibrosis. We did not observe PPFE in the murine pulmonary GVHD
model, possibly because the development of fibrosis is a lengthy
process, and our experiments were of relatively limited duration;
however, perivascular inflammation of both human and murine pul-
monary GVHD specimens was observed. Because cobimetinib
suppressed the development of these features in the mouse model,
we consider it likely that cobimetinib can suppress the development
of PPFE in humans. A previous report showed that histologically,
pulmonary GVHD is characterized by intrabronchiolar T cells,
apoptosis, and perivenulitis.40 Because T-cell infiltration around
bronchioles causes BO, apoptosis is associated with macrophage
aggregation, and perivenulitis is associated with PPFE, our results
are consistent with those presented in this previous report.
10 JANUARY 2023 • VOLUME 7, NUMBER 1
The MEK/ERK and PI3K/AKT pathways are involved in lymphocyte
and monocyte proliferation and differentiation.19,41,42 PI3K/AKT
signaling is conversely activated by MEK inhibitors in murine
models,43 consistent with our results showing that simultaneous
inhibition of the MEK/ERK and PI3K/AKT pathways more potently
suppressed human lymphocyte and monocyte activation. The MEK/
ERK and PI3K/AKT pathways are also involved in intestinal epithelial
cell and skin epidermal cell proliferation, and complete inhibition of
both pathways may lead to increased adverse events such as skin
rashes and diarrhea.44 Combination of trametinib and taselisib is an
attractive option, but there are non-negligible risks of unknown side
effects due to drug interactions. The side effects of cobimetinib
include potential hepatic or renal impairment but are generally
MEK/ERK AND PI3K/AKT INHIBITION PREVENTS LUNG GVHD 117
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Figure 5. Treatment with a combination of trametinib and taselisib inhibits the development of pulmonary GVHD in mice. B10.BR mice were given CY/TBI and
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plus taselisib were administered. (A) Survival curves of recipient mice are shown. Vehicle or combination therapies, n = 12 per group; others, n = 11 per group. Transplantations

were performed twice, independently. (B) Pathologic images around bronchioles of lung specimens stained with H&E. (C) The proportions of bronchiolitis in all bronchioles

in mice receiving BM/BM + S and treated with taselisib, cobimetinib, or taselisib + trametinib (n = 5 per group). Bars, mean values; error range, standard error of the

mean. (D) Immunohistochemically stained images of murine bronchioles. Upper, CD4; lower, B220. (E) Numbers of CD4+ and B220+ cells in the peribronchial areas (n = 5 per
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tolerable.45 Trametinib has high selectivity for MEK and does not
inhibit other kinases.46 Cobimetinib inhibits phosphorylation of AKT
T308 in addition to MEK/ERK, which raises translational potential for
suppression of pulmonary GVHD without increased adverse events.

The present study found that MEK inhibitors promoted B-cell
engraftment in the bone marrow and suppressed B-cell infiltration
118 MURANUSHI et al
in the lung in a murine lung GVHD model. We previously showed
that MEK inhibitors ameliorate murine intestinal/cutaneous GVHD
while preserving graft-versus-tumor effects20 as well as promoting
immune reconstitution in a xenogeneic GVHD model.47 MEK
inhibitors may also be promising in terms of separating GVHD from
antitumor/anti-infective immunity.
10 JANUARY 2023 • VOLUME 7, NUMBER 1
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The present study has some limitations. First, we could not confirm
B-cell activation in the patients’ PBMCs (supplemental Figure 3).
This result may be attributed to the fact that the patients took several
immunosuppressants, including calcineurin inhibitors and cortico-
steroids, for several months. B-cell activation status may be different
in peripheral blood and the lungs, which should be further investi-
gated. Second, it is unknown what types of toxicities are observed
when MEK and PI3K inhibitors are administered to human GVHD
patients. If skin rash or diarrhea worsens after administration of MEK
and PI3K inhibitors, it may be difficult to differentiate whether those
are worsening of GVHD or toxicities of the drugs. Third, the time
course of activation of the MEK/ERK and PI3K/AKT pathways in
human GVHD has not been clarified. The best timing of inhibiting
MEK/ERK and PI3K/AKT pathways should be explored.

In conclusion, human pulmonary GVHD is associated with bron-
chiolitis and circulatory failure due to perivascular inflammation, and
cells other than T cells, such as B cells and monocytes, play
important roles in pulmonary GVHD pathogenesis. Cobimetinib
suppresses the onset of bronchiolitis and perivascular inflammation
in a murine model of pulmonary GVHD by inhibiting the activation
10 JANUARY 2023 • VOLUME 7, NUMBER 1
of T cells, B cells, and monocytes. These results suggest that
cobimetinib has potential for use as a prophylactic agent against
human pulmonary GVHD. Clinical application of cobimetinib for
GVHD prophylaxis is warranted.
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