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Abstract
Chronic graft-vs-host disease (cGVHD) is a multifactorial inflammatory disease that 
affects patients undergoing hematopoietic stem cell transplantation. Multiple organs, 
including the lacrimal glands (LGs), are negatively affected by cGVHD and lose 
function due to the resultant fibrosis. An abnormal immune response is thought to be 
a major factor in the development of chronic ocular GVHD, which is currently treated 
primarily with immunosuppressive therapies. However, all the treatments yield un-
satisfactory outcomes, and additional treatment strategies are needed. To meet this 
unmet medical need, we aimed to elucidate an additional pathway of chronic ocular 
GVHD. Our findings suggest a potential association between chronic ocular GVHD 
pathogenesis and stress-induced cellular senescence through the senescence-associ-
ated secretory phenotype (SASP). Senescent cells produce cytokines and chemokines, 
such as IL-6 and CXCL9. Indeed, senescent cell accumulation was presumably as-
sociated with cGVHD development in LGs, as evidenced by the improvement in LGs 
after the selective elimination of senescent cells (senolysis) with ABT-263. Results 
in the sclerodermatous cGVHD mouse model suggest that inhibiting the major com-
ponents of the SASP, including IL-6 and CXCL9, with senolytics is a potential novel 
strategy for treating cGVHD-affected LGs. Taken together, our results indicate a po-
tential association between the SASP and cGVHD development in LGs and suggest 
that targeted senolytic treatment may be a new therapeutic option for this disease.
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1 |  INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) is an es-
tablished treatment for life-threatening hematologic ma-
lignancies. The major complication of allogeneic HSCT is 
graft-vs-host disease (GVHD).1,2 Chronic GVHD (cGVHD) 
is a multifactorial disease characterized by immune system 
activation and progressive fibrosis3 and decreases the success 
of allogeneic HSCT due to increased risks of death and dis-
ability.4 Fibrosis in exocrine glands, including the lacrimal 
and salivary glands, as well as in the skin, lung, liver, and 
gastrointestinal tract is observed in cGVHD4-6 and distinct 
from acute GVHD.7 One of the most common complications 
is chronic ocular GVHDi.e. cGVHD-related dry eye disease, 
which occurs in more than 50% of cGVHD patients after 
HSCT and decreases quality of life.8-11

Progress in treating chronic ocular GVHD is hampered 
by the complex pathogenic mechanisms. Current treatments 
for chronic ocular GVHD include the local and/or systemic 
administration of glucocorticoids and immunosuppressants 
and topical lubricants, since the immune response is a major 
component of the pathophysiology of cGVHD. However, the 
response to immunosuppression remains unsatisfactory, with 
an overall response rate of 43%-86%.5,12 cGVHD is observed 
in 10%-19% of patients after T cell-depleted HSCT.13 Thus, 
effective treatment options for chronic ocular GVHD and sys-
temic cGVHD are needed.5,14 Although T cells are known 
to play important roles in the initiation of chronic ocular 
GVHD,12 we hypothesize the involvement of other pathways 
related to stress-induced senescence.15,16

Previous experimental studies have explained the patho-
physiology of cGVHD as regulatory T cell deficiency, thymic 
dysfunction, B cell activation, and cellular and cytokine net-
work interactions.17 Murine minor histocompatibility antigen 

(miHA)-disparate models have been used to investigate the 
pathogenesis of cGVHD, including chronic ocular GVHD.17-

19 miHA-mismatched bone marrow stromal/stem cells,19 the 
tissue renin-angiotensin system,20 and endoplasmic reticu-
lum stress21 are involved in the immune-mediated fibrosis in 
cGVHD in mice. In an animal model, macrophages in the lac-
rimal glands (LGs), which are affected by cGVHD, express 
senescence and oxidative stress markers. The senescence-re-
lated product lipofuscin accumulates in the LGs of cGVHD 
mice and chronologically aged mice, suggesting that cGVHD 
LGs undergo changes indicative of senescence.22 Age-related 
changes, including the development of eyebrow and eyelash 
poliosis or skin wrinkles, can progress rapidly in patients 
with severe cGVHD.22 Based on these findings, we hypoth-
esized that chronic ocular GVHD is related to senescence.23

Cellular senescence is a stress response induced by ex-
ternal or internal chemical and physical insults that leads to 
malignant tumorigenesis by affecting checkpoint activation 
and inducing a stable cell cycle arrest.24-27 Depending on the 
degree of stress, temporarily arrested cells can (1) transition 
into senescent growth arrest, (2) retain permanent damage 
and resume proliferation, or (3) successfully repair damage 
and resume normal cell cycle progression.26

Senescent cells not only can live for a long time, but also 
irreversibly arrest the cell cycle and secrete substances, in-
cluding inflammatory cytokines and chemokines, that pro-
mote chronic inflammation; this condition is termed the 
senescence-associated secretory phenotype (SASP).25,27 
SASP is the major downstream mediator of cellular se-
nescence.25,28 Interleukin (IL)-1β, IL-6, IL-8, CXCL1, 
and CXCL9 are reported to be major components of the 
SASP.25,27,29 Moreover, IL-6 is known to play a critical 
role in cGVHD progression.19,30,31 In the cGVHD mouse 
model, the mice undergo total body irradiation (TBI) and 
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allogeneic BMT, both of which may accelerate cellular 
senescence in these animals compared with syngeneic 
controls beyond that expected from conventional immune 
responses alone.22

This study aimed to determine whether cGVHD-affected 
LGs show signs of stress-induced senescence and release cy-
tokines and chemokines, the major components of the SASP. 
In addition, we aimed to confirm that the selective elimi-
nation of senescent cells (senolysis) by ABT-26328,32,33 im-
proves LGs affected by cGVHD.

2 |  MATERIALS AND METHODS

2.1 | Mice

B10.D2/nSnSlc and BALB/cCrSlc mice (7-9  weeks old) 
were purchased from Sankyo Laboratory, Inc (Tokyo, Japan). 
GFP mice were obtained by backcrossing B10.D2/nSnSlc 
mice with C57BL/6 GFP mice (Japan SLC Ltd, Shizuoka, 
Japan). Progeny of the 10th generation of backcrossed B10.
D2/nSnSlc GFP were used for the experiments.

2.2 | Whole bone marrow transplantation 
(BMT)

To generate the cGVHD mouse model, allogeneic BMT 
was performed with 7- to 9-week-old male B10.D2/nSnSlc 
and female BALB/cCrSlc mice as transplant donors and re-
cipients, respectively, as previously reported, representing 
MHC-compatible, miHA-mismatched BMT. As a non-cG-
VHD control, syngeneic BMT was conducted by trans-
planting donor cells from male BALB/cCrSlc mice into 
female BALB/cCrSlc mice, which were irradiated with 
7 Gy of X-ray using a Gammacell 137Cs source (Hitachi 
Medico, Ltd, Tokyo, Japan). Donor cells (1  ×  106 bone 
marrow cells/mouse and 2 × 106 spleen cells/mouse) were 
suspended separately in 100 µL of RPMI1640 medium, 
and then, combined. This 200-µL suspension was injected 
into the recipient via the tail vein.18 The recipient animals 
were maintained in sterile cages and given autoclaved food 
and acidified water. The cGVHD and non-cGVHD control 
mice were used for experiments at 2, 3, 4, or 8 weeks after 
BMT.

2.3 | Treatment of allogeneic BMT recipient 
mice with ABT-263

Allogeneic BMT recipient mice were divided into 2 groups; 
one was treated with ABT-263 (Navitoclax, S1001, Selleck 
Chemicals, Houston, TX), and the other was given solvent 

vehicle. Mice were treated daily for 7 consecutive days 
starting 10  days after BMT by gavage with either 50  mg/
kg, 25 mg/kg, 12.5 mg/kg of ABT-263 or vehicle (ethanol 
[Sigma-Aldrich, St. Louis, MO], polyethylene glycol 400 
[HR2-603, Hampton Research, Aliso Viejo, CA], and Phosal 
50 PG [H. Holstein, Hamburg, Germany] at a percentage 
ratio of 10:30:60).28,32,34 Mice were analyzed 28 days after 
BMT.

2.4 | Treatment of allogeneic BMT recipient 
mice with anti-mouse IL-6 receptor (anti-IL-
6R) monoclonal antibody (mAb)

Allogeneic BMT recipient mice were divided into 2 groups; 
one was treated with MR16-1 (Tocilizumab, Chugai, Tokyo, 
Japan), a humanized mAb specific for IL-6R, and the other 
was given vehicle (PBS, pH 7.4). The anti-IL-6R mAb or 
PBS was administered by IP injection at 2 mg/mouse 1 day 
before and at 0.5 mg/mouse 10, 17, and 24 days after BMT.35 
The mice were analyzed 28 days after BMT.

2.5 | In vivo imaging

To detect myeloperoxidase activity of activated phagocytes 
such as macrophages in deep tissues in vivo, mice were anes-
thetized and received an IP injection of XenoLight RediJect 
Inflammation Probe (760535, PerkinElmer, Waltham, MA), 
a chemiluminescent reagent for monitoring inflammation, at 
200 mg/kg 10 minutes before beginning the photon record-
ing. The mice were placed in a dark box, and luminescence 
images were acquired using an electron multiplying CCD 
camera (C9100-13, Hamamatsu Photonics KK, Hamamatsu, 
Japan).36

2.6 | Histological analysis

Mice were sacrificed by cervical dislocation 3, 4, or 8 weeks 
after BMT. The LGs and skin were harvested and fixed with 
20% neutralized buffered formalin overnight, embedded in 
paraffin wax, and processed for H&E and Mallory stain-
ing.19,20 To quantify the fibrotic areas20,37 in the LGs and 
skin in tissue sections, images were acquired at 400 times 
magnification, and 3 images of the LGs and skin from each 
Mallory-stained section were examined. These images were 
analyzed using Color Deconvolution, a plugin for Image J, 
with which we separated the colors of each image into blue, 
green, and red. The area of blue color was measured using 
the same threshold.38 The average value obtained from the 3 
images from each sample was regarded as the value for the 
fibrotic area.
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2.7 | Immunohistochemistry using whole-
mount lacrimal glands

Mice were sacrificed, after which the LGs were removed 
using sterile technique and minced into small pieces using 
a scalpel. The tissue pieces were washed, incubated in BD 
CellFIX (340181, BD Pharmingen, San Diego, CA) for 
1  hour at room temperature, and permeabilized with 0.2% 
of Triton X-100 (3501-02, Nacalai tesque, Kyoto, Japan) 
for 10 minutes. The specimens were then blocked with 10% 
of normal goat serum (50062Z, Thermo Fisher Scientific, 
Waltham, MA) for 30 minutes and incubated with optimally 
diluted primary antibodies specific to CD4 (14-0042-81, 
RM4-5, eBioscience, San Diego, CA) and CD153 (14-1531-
85, RM153, eBioscience) overnight at 4°C, and then, with 
an Alexa Fluor 488-conjugated goat anti-rat IgG second-
ary antibody (A11006, Thermo Fisher Scientific) and DAPI 
(D21490, Thermo Fisher Scientific) for 45 minutes at room 
temperature to stain the nuclei, as described previously.39 
Isotype antibodies including rat IgG2a, κ (14-4321-82, 
eBR2a, eBioscience) for CD4 and rat IgG2b, κ (14-4031-82, 
eB149/10H5, eBioscience) for CD153 were used as nega-
tive controls. The samples were mounted with Fluorescent 
Mounting Medium (S3023, Agilent Technologies, Santa 
Clara, CA) on a glass slide and covered with a cover glass 
(C024241, Matsunami Glass, Osaka, Japan). Fluorescence 
images were captured with an LSM 700 or LSM 710 confo-
cal microscope (Carl Zeiss, Jena, Germany).

2.8 | Immunostaining of frozen 
tissue sections

Immunohistochemical analyses were performed as described 
previously.19 The LG tissues were embedded in optimal cut-
ting temperature (OCT) compound (4583, Sakura Finetek, 
Torrance, CA) in precooled isopentane and stored at −80°C 
until cutting into 6-µm-thick sections. The sections were fixed 
in acetone for 20 minutes at room temperature, rehydrated in 
PBS, and blocked with 10% of normal goat serum for 30 min-
utes at room temperature. In some experiments for single 
staining, the sections were incubated overnight at 4°C with 
optimally diluted primary antibodies. The primary antibodies 
used for the LGs from human samples were 53BP1 (SC-22760, 
H-300, Santa Cruz Biotechnology, Dallas, TX), IL-8 (ab18672, 
807, Abcam, Cambridge, United Kingdom), and IL-6 (ab6672, 
Abcam). Next, the sections were incubated for 45 minutes at 
room temperature with DAPI and the secondary antibodies. 
Each step was followed by three washes with PBS. In some 
experiments using mouse LGs, the tissue sections were dou-
ble stained with Bax (active monomer) (ALX-804-224-C100, 
6A7, Enzo Life Science, Farmingdale, NY) or Cleaved 
Caspase-3 (9661, Cell Signaling Technology, Danvers, MA). 

In some experiments using mouse LGss, acetone-fixed the tis-
sue sections were double stained with(1) purified p16 (sc-1207, 
M-156, Santa Cruz Biotechnology) and CXCL1 (ab17882, 
polyclonal, Abcam) or (2) CXCL9 (ab137792, polyclonal, 
Abcam) and APC-labeled CD68 (137007, FA-11, BioLegend, 
San Diego, CA) overnight at 4°C. After being washed, the sec-
tions were incubated for 45 minutes at room temperature with 
DAPI and the secondary antibodies. For double staining using 
fluorophore-conjugated primary antibodies, PE-labeled MHC 
class II (12-5321, M5/114.15.2, eBioscience) or PE-labeled 
IL-6(554401, MP5-20F3, BD Pharmingen) and either APC-
labeled CD3 (17-0031, 145-2C11, eBioscience), APC-labeled 
CD68, or APC-labeled CD154 (17-1541, MR1, eBioscience) 
were co-stained over night at 4°C. After being washed, the sec-
tions were incubated for 45 minutes with DAPI. For triple stain-
ing, the tissue sections were stained with Osteopontin (OPN) 
(O7635, polyclonal, Sigma-Aldrich), APC-labeled CD279 
(PD-1) (109111, RMP1-30, eBioscience), and either CD4 (14-
0042-81, RM4-5, eBioscience) or PE-labeled CD153(137007, 
FA-11, BioLegend) over night at 4°C. After being washed, the 
sections were incubated with DAPI and secondary antibod-
ies for 45 minutes at room temperature. In other experiments 
for double staining using same species for two primary anti-
bodies, acetone-fixed tissue sections were stained with PE-
labeled MHC class II and CD40 (124601, 3/23, BioLegend) 
in combination with Alexa Fluor 647-conjugated goat anti-rat 
IgG secondary antibody (A21247, Thermo Fisher Scientific) 
by two steps. The sections were incubated overnight at 4°C 
with optimally diluted the conjugated primary antibody as a 
first reaction, and then, for two hours at room temperature with 
optimally diluted purified primary antibodies as a second re-
action. Next, the sections were incubated for 45 minutes with 
DAPI and the secondary antibodies.40 The secondary antibod-
ies used were (1) Alexa Fluor 488-conjugated goat anti-rabbit 
IgG secondary antibody (A11034, Thermo Fisher Scientific) 
for p16, CXCL1, CXCL9, 53BP1, and IL-8; (2) Alexa Fluor 
488-conjugated goat anti-mouse IgG secondary antibody 
(A11029, Thermo Fisher Scientific) for IL-8; (3) Alexa Fluor 
568-conjugated goat anti-rat IgG secondary antibody (A11077, 
Thermo Fisher Scientific) for CD68; (4) Alexa Fluor 647-con-
jugated goat anti-hamster IgG secondary antibody (127-605-
160, Jackson ImmunoResearch Laboratories, West Grove, PA) 
for CD3 and CD154; (5) Alexa Fluor 488-conjugated rabbit 
anti-goat IgG secondary antibody (A11078, Thermo Fisher 
Scientific) for IL-1β and OPN; (6) Alexa Fluor 568-con-
jugated goat anti-rabbit IgG secondary antibody (A11011, 
Thermo Fisher Scientific) for Cleaved Caspase-3; (7) Alexa 
Fluor 568-conjugated goat anti-mouse IgG secondary antibody 
(A11004, Thermo Fisher Scientific) for Bax (active monomer); 
(8) Alexa Fluor 660-conjugated goat anti-rabbit IgG second-
ary antibody (A21074, Thermo Fisher Scientific) for CD4. 
Isotype-matched antibodies used as negative controls were 
(1) rabbit IgG antibody (2729, Cell Signaling Technology) for 
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p16, 53BP1, CXCL1, CXCL9, IL-8, and Cleaved Caspase-3; 
(2) rat IgG2a antibody (MAB006, 54447, R&D Systems, 
Minneapolis, MN) for CD68; (3) APC-labeled rat IgG2b, κ 
antibody (400611, RTK4530, BioLegend) for MHC class II; 
(4) APC-labeled rat IgG2a, κ antibody (400611, RTK4530, 
BioLegend) for CD68; (5) Armenian hamster IgG antibody 
(14-4888, eBioscience) for CD3 and CD154; (6) rat IgG2a, κ 
antibody for CD40; (7) PE-labeled Rat IgG1, λ antibody and 
(8) mouse IgG1, κ (14-4714-82, P3.6.2.8.1, eBioscience) for 
IL-8 and Bax (active monomer); (9) PE-labeled rat IgG1, κ an-
tibody (401905, BioLegend) for IL-6.

2.9 | Immunostaining of formalin-fixed 
paraffin-embedded tissue sections

After deparaffinization and dehydration, target antigens were 
unmasked using microwave method at 100ºC for 10 minutes 
for p16 (sc-1661, F-12, Santa Cruz Biotechnology), Caspase-1 
(06-503-I, polyclonal, EMD Millipore Corporation, Temecula, 
CA), IL-1β (AF-401-NA, polyclonal, R&D Systems), IL-8 
(BS3479, polyclonal, Bioworld Technology, St. Louis Park, 
MN), CXCL1 (ab17882, polyclonal, Abcam), IL-6, CXCL9 
(ab137792, polyclonal, Abcam), CD68, CD45 (550539, 30-F11, 
BD Pharmingen), OPN(O7635, polyclonal, Sigma-Aldrich), 
and α-SMA (ab7817, 1A4, Abcam) or autoclave methods at 
120ºC for 20 minutes for γ-H2A.X (9718, 20E3, Cell Signaling 
Technology), 53BP1, p21 (ab2961, polyclonal, Abcam), Ki-67 
(RM-9106, SP6, Abcam), and HSP47 (SPA-470, M16.10A1, 
Stressgen Biotechnologies, Victoria British Columbia, Canada) 
in target retrieval solution (S169984, Agilent Technologies). 
The sections were blocked with 10% of normal goat serum 
or normal rat serum (012-000-120, Jackson ImmunoResearch 
Laboratories) for 30  minutes at room temperature and incu-
bated overnight at 4°C with optimally diluted primary anti-
bodies. The primary antibodies used for mouse samples were 
γ-H2A.X; 53BP1; p16; p21; Ki-67; Caspase-1; IL-1β; IL-8; 
CXCL1; IL-6; CXCL9; CD68; CD45; OPN; HSP47; and 
α-SMA. The sections were then incubated for 45 minutes at 
room temperature with DAPI and the secondary antibod-
ies including (1) Alexa Fluor 488-conjugated goat anti-rabbit 
IgG secondary antibody for γ-H2A.X, 53BP1, p21, Ki-67, 
Caspase-1, IL-8, CXCL1, IL-6, CXCL9, and Ki-67; (2) Alexa 
Fluor 488-conjugated goat anti-mouse IgG secondary antibody 
for p16, HSP47, and α-SMA; (3) Alexa Fluor 488-conjugated 
goat anti-rat IgG secondary antibody for CD68, and CD45; (4) 
Alexa Fluor 488-conjugated rabbit anti-goat IgG secondary an-
tibody (A11078, Thermo Fisher Scientific) for IL-1β and OPN; 
(5) Alexa Fluor 568-conjugated goat anti-rat IgG secondary 
antibody for CD68; and (6) Alexa Fluor 568-conjugated goat 
anti-mouse IgG secondary antibody (A11031, Thermo Fisher 
Scientific) for α-SMA. In some experiments, the co-expres-
sion of IL-6 and CD68 or of CXCL9 and α-SMA on the LGs 

was examined by double staining methods as described previ-
ously.19 Isotype-matched antibodies used as negative controls 
were (1) rabbit IgG antibody for γ-H2A.X, 53BP1, p21, Ki-67, 
Caspase-1, IL-8, CXCL1, IL-6, CXCL9, and Ki-67; (2) mouse 
IgG2a antibody for p16; (3) rat IgG2a antibody for CD68; (4) 
goat IgG antibody for IL-1β and OPN; (5) rat IgG2b, κ anti-
body for CD45; (6) mouse IgG2b antibody for HSP47; and (7) 
mouse IgG2a, κ antibody for α-SMA. The number of target 
cells per field was quantified by averaging at least five non-
overlapping fields for each section. To estimate the histological 
architecture and staining, each slide was observed three times 
by two independent observers (MY and YO). Image J was 
used to analyze the CXCL9- and OPN-positive areas in ves-
sels at 200 times magnification.38 Five images of the LGs for 
each sample were analyzed, and the colors of each image were 
separated into blue, green, and red. The area of green color was 
measured using the same threshold. The mean value obtained 
from 5 images for each sample was regarded as the value for the 
CXCL9- and OPN-positive areas.

2.10 | Apoptosis assay

Apoptosis was assayed with a fluometric TUNEL system 
(G3250, Promega, Madison, WI) as described previously.41 
Each step was followed by three washes with PBS. The frozen 
sections were fixed by immersing slides into freshly prepared 
4% of methanol-free formaldehyde in PBS for 25 minutes at 
4°C and permeabilized by immersing the slides into 0.2% of 
Triton X-100 in PBS for 5 minutes. The frozen sections were 
covered with 100 µL Equilibration Buffer and equilibrated 
at room temperature for 10  minutes. For the experimental 
reactions, an incubation buffer was prepared by combining 
Equilibration Buffer (45 µL), Nucleotide Mix (5 µL), and 
rTdT Enzyme (1 µL). Cleaning wipes (Kimberly-Clark Corp., 
Irvine, TX) were used to blot the areas around the equilibrated 
tissues, and 50 µL incubation buffer was added to a 5 cm2 area 
of the frozen sections. The slides were incubated at 37°C for 
60 minutes in a humidifying light-blocking chamber. The reac-
tion was stopped by immersing the slides into 2× saline sodium 
citrate buffer for 15 minutes at room temperature. The sections 
were incubated with DAPI at room temperature for 15 minutes.

2.11 | Immunocytochemistry of cultured 
fibroblasts derived from lacrimal glands 
in mice

LG fibroblasts from cGVHD and syngeneic control recipient 
mice were cultured as described previously.42 Briefly, LG 
tissue was minced with sterilized scissors into small pieces, 
and transferred to plates containing DMEM supplemented 
with penicillin (200 U/mL), streptomycin (200 U/mL), and 
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10% of fetal bovine serum for fibroblast growth. Cultures 
were maintained at 37°C in a humidified atmosphere of 
5% of CO2 and 95% of air. The medium was replaced with 
fresh medium every 3 days. Confluent cells were detached 
by incubation with 0.05% of trypsin for 1.5  minutes and 
centrifuged (400 ×g for 10 minutes at 4°C). The cell pellet 
was then resuspended in DMEM. LG fibroblast cultures 
were performed 3 times. The LG fibroblast cultures were 
used between the third and seventh passages. In addition, 
fibroblasts were cultured on fibronectin-coated chamber 
slides (354631, Corning, Corning, NY), fixed on the slide 
with 10% of neutral-buffered formalin (20211, Muto Pure 
Chemicals, Tokyo, Japan) for 30 minutes at room tempera-
ture, and incubated for 2 hours at room temperature with 
optimally diluted primary antibodies. Primary antibodies 
used for cultured fibroblasts were 53BP1, p16, Ki-67, and 
HSP47. The negative controls used were as described pre-
viously.19 The chambers were then incubated for 45 min-
utes at room temperature with DAPI and the secondary 
antibodies including (1) Alexa Fluor 660-conjugated goat 
anti-rabbit IgG secondary antibody (A21074, Thermo 
Fisher Scientific) for 53BP1; (2) Alexa Fluor 488-conju-
gated goat anti-rabbit IgG secondary antibody for p16; (3) 
Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary 
antibody for Ki-67; and (4) Alexa Fluor 568-conjugated 
goat anti-mouse IgG secondary antibody for HSP47.

2.12 | Transmission electron microscopy 
(TEM)

We examined under an electron microscope (1230 EXII 
and model 1400plus JEOL, Tokyo, Japan). Electron mi-
crographs were acquired with a BioScan camera (Gatan 
BioScan camera model 792, Roper Technologies, 
Sarasota, FL).

2.13 | RNA isolation and real-time 
quantitative polymerase chain reaction

Total RNA was performed as described previously42. 
Extracted from extra-orbital LGs using a miRNeasy mini 
kit (217004, Qiagen, Valencia, CA), and complementary 
DNA was synthesized using a ReverTra Ace qPCR RT 
Kit (FSQ-101, Toyobo, Osaka, Japan). Real-time qPCR 
was performed using the StepOnePlus system (4379216, 
Thermo Fisher Scientific). The primers used for qPCR, 
including Mm00515990_s1 for H2afx, Mm01271863_
m1 for Trp53bp1, Mm00494449_m1 for Cdkn2a (p16), 
Mm04205640_g1 for Cdkn1a (p21), Mm00434228_m1 for 
Il1b, Mm00446190_m1 for Il6, Mm00434946_m1 for Cxcl9, 
Mm00483888_m1 for Col1a2, and Mm01178820_m1 for 

Tgfb1, were purchased from Applied Biosystems/Thermo 
Fisher Scientific. All data were analyzed using the 2−ΔΔCT 
method, and the housekeeping gene GAPDH was used as the 
internal standard to measure the expression of mRNA. The 
experiments were performed in triplicate.

2.14 | ELISA

Serum was collected from mice using cheek venipuncture and 
humans using blood sampling from vein. The concentration 
of IL-6 in the supernatants was determined by ELISA using 
a specific kit, according to the manufacturer’s instructions 
(M6000B for mouse and D6050 for human, R&D Systems). 
The experiments were performed in triplicate.

2.15 | Isolation and co-culture of T cells and 
macrophages

Spleens were obtained from 4 cGVHD mice and 4 syn-
geneic control ones 4 weeks after BMT. T cells and mac-
rophages were purified from the spleens with anti-CD90.2 
monoclonal antibody (mAb)-conjugated microbeads (130-
110-443, Miltenyi Biotic, Bergisch Gladbach, Germany) 
or anti-F4/80 mAb-conjugated microbeads (130-110-443, 
Miltenyi Biotic), respectively, according to the manufactur-
er’s instructions. T cells and macrophages were co-cultured 
in RPMI at a ratio of 10:1 (T cells: 105 cells per well, mac-
rophages: 104 cells per well) for 4 days in a 96-well plate. 
The suspension cells were collected, and the adherent cells 
were harvested using a cell detachment solution (C5914, 
Sigma-Aldrich). These collected cells were stained with 
fluorophore-conjugated antibodies and analyzed by flow cy-
tometry as described below.

2.16 | Flow cytometry analysis

Spleens were harvested from cGVHD mice and syngeneic 
control ones 4 weeks after BMT. The splenocytes from the 
cGVHD mice were pooled, and the same was applied to those 
from the syngeneic control ones. In some experiments, GFP-
transgenic mice were used as donors in order to distinguish 
donor- from recipient-derived cells, and the spleen cells were 
stained with anti-mouse CD68 and anti-mouse IL-6 antibod-
ies. In other experiments, the spleen cells were stained with 
anti-mouse CD68, anti-mouse IL-6, and anti-mouse p16 anti-
bodies. Single-cell suspensions of splenocytes were prepared 
by mashing spleens with the rubber end of a plunger from 
a 2.5  mL syringe through a 40  μM Nylon filter (352340, 
BD Falcon, Bedford, MA, USA). Hemolysis was performed 
using ACK lysis buffer (5  mL/spleen) (118-156-721EA, 
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Quality Biological, Inc, Gaithersburg, MD). The cells were 
then washed with PBS and stained with APC-labeled anti-
mouse CD68 antibody (137007, FA-11, BioLegend) for 
30  minutes on ice. Next, the cells were washed with PBS, 
permeabilized and fixed with a fixation/permeabilization 
solution (554714, BD Pharmingen) for 10  minutes on ice. 
After being washed with perm/wash buffer (554714, BD 
Pharmingen) twice, the cells were then incubated with PE-
labeled anti-mouse IL-6 antibody (554401, MP5-20F3, BD 
Pharmingen) and p16 antibody (sc-1207, M-156, Santa Cruz 
Biotechnology) for 30 minutes on ice. The cells were washed 
with the perm/wash buffer twice and stained with Alexa 
Fluor 488-conjugated goat anti-rabbit IgG secondary anti-
body (A11034, Thermo Fisher Scientific) for 30 minutes on 
ice. After being washed with the perm/wash buffer, the cells 
were suspended in staining buffer (FC001, R&D Systems, 
Minneapolis, MN). Isotype-matched antibodies used as 
negative controls were (1) rabbit IgG antibody (2729, Cell 
Signaling Technology) for p16; (2) APC-labeled rat IgG2a, 
κ antibody (400611, RTK4530, BioLegend) for CD68; (3) 
PE-labeled rat IgG1, κ antibody (401905, BioLegend,) for 
IL-6. The stained cells were analyzed using a flow cytometer 
(Gallios, Beckman Coulter Life Sciences, Indianapolis, IN), 
and the data were analyzed with software designed for the 
cytometer (Kaluza Analysis Software, Beckman Coulter Life 
Sciences, Indianapolis, IN).

2.17 | Fluorescein staining on the 
ocular surface

Four weeks after BMT, the recipient mice were evaluated 
for corneal epithelitis. One microliter of 0.5% of fluores-
cein sodium solution (Fluorescite, 877290, Novartis Pharma, 
Tokyo, Japan) was instilled into the temporal conjunctival sac 
without anesthesia. The ocular surface was observed under 
cobalt blue light using a microscope (SZ61, Olympus, Tokyo, 
Japan).

2.18 | Cotton thread test for measuring 
tear secretion

A phenol red thread (Zone-Quick; 2564187, Showa Yakuhin 
Kako Co., Ltd., Tokyo, Japan) was placed on the temporal 
side of the lower eyelid margin for 15 seconds. The length of 
moistened thread from the end was measured for both eyes, 
and the average was used as the tear volume.42 This proce-
dure was performed three times on each of three consecu-
tive days before BMT and day 27 after BMT. The average of 
the three measurements was used as the tear volume of each 
mouse at each time point.

2.19 | Biopsy of lacrimal gland specimens 
from patients

For the purpose of diagnosis, LG biopsy was performed for 
patients with cGVHD and IgG4-related disease. The remain-
ing LG specimens were used for this study.40,43 As cGVHD 
samples, we used the LGs from patients who had received 
HSCT and in whom dry eye disease developed later. The 
LGs from patients with IgG4-related disease were used as 
disease control samples.

2.20 | Diagnosis of the cGVHD-related dry 
eye disease in humans

Patients who experienced newly developed dry eye disease 
after HSCT were considered to have cGVHD if they met all 
three of the following criteria: (1) the symptoms of dry eye 
disease; (2) positive fluorescein staining (equal to or over 3 
on a scale of 0 to 9) and/or rose bengal staining (equal to or 
over 3 on a scale of 0 to 9); and (3) a Schirmer I test value 
of 5 mm or less and/or tear-film breakup time of 5 seconds 
or less.2 Patients in whom dry eye disease was not diagnosed 
after HSCT were regarded as non-cGVHD.

2.21 | Photographs of eyes of 
cGVHD patients

We followed up the HSCT patients at the dry eye outpatient 
clinic and recorded their ocular findings before and after HSCT 
collaborating with the KEIO BMT program transplant internist. 
Photographs of the anterior ocular segments from a cGVHD pa-
tient (58 years old female) were taken by a slit-lamp microscope 
device (BQ 900, HAAG-STREIT AG, Koeniz, Switzerland).

2.22 | Statistical analysis

Data were analyzed by the two-tailed unpaired Student’s 
t test or Welch’s t test. Two-sided P values less than .05 
were considered significant. The data are presented as the 
mean  ±  SEM. Statistical analyses were performed using 
both Microsoft Excel 2013 and R 3.4.2 (R Foundation for 
Statistical Computing, Vienna, Austria), and both methods 
yielded the same results.

2.23 | Study approval

For the human study, written informed consent was ob-
tained from all participants prior to study participation. The 
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institutional research ethics committee of Keio University 
School of Medicine approved this study (No. 20090277), 
and this study adhered to the tenets of the Declaration of 
Helsinki. For the animal study, all the experimental proce-
dures were in accordance with the Institutional Guidelines on 

Animal Experimentation at Keio University and the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision 
Research. Our animal protocols were approved by the Keio 
University Institutional Animal Care and Use Committee (# 
09152).
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3 |  RESULTS

3.1 | Activated macrophages in a cGVHD 
mouse model

To examine whether cGVHD-related immune processes are 
related to SASP, we used an established sclerodermatous 
cGVHD mouse model.18,19 Macrophages in the LGs of this 
model express the senescence biomarkers p16 and p38 and 
oxidative stress markers.22

We first analyzed whether the activity of the inflammation 
marker myeloperoxidase (MPO) was elevated in cGVHD. 
Imaging using the XenoLight RediJect inflammation probe 
showed that MPO activity was increased in cGVHD model 
recipients but not controls 35 days after BMT, which is after 
the onset of disease (Figure 1A). In addition, activated mac-
rophages infiltrated target organs, including the LGs, skin, 
lungs, liver, and intestine, in cGVHD mice 35  days after 
BMT (Figure 1A).

We next focused on the LGs, one of the most frequently 
affected organs in cGVHD.19,44,45 Compared with the LGs 
of syngeneic controls, those of allogeneic BMT recipients 
(cGVHD) had more inflammatory cells and larger fibrotic 
areas (Figure 1B), as described previously.46 Ultrastructural 
analysis revealed activated fibroblasts attached to macro-
phages in the cGVHD LGs (Figure 1C). Immunofluorescence 
showed that a subpopulation of macrophages expressing 
MHC class II and CD40 derived from GFP-positive donor 
cells exhibited the phenotype of antigen-presenting cells, 
which activated a subset of CD154+ T cells in cGVHD LGs 
but not control LGs (Supplemental Figure S1A,B).19 In addi-
tion, serum IL-6 levels were significantly higher in cGVHD 
mice than in control mice starting at 2 weeks, and these lev-
els gradually increased until 4 weeks after BMT (Figure 1D). 
Notably, the increase in serum IL-6 coincided with increases 
in tissue inflammation and fibrosis in cGVHD LGs. Donor-
derived macrophages from the spleen produced more IL-6 

in cGVHD mice than in syngeneic controls (Figure 1E). IL-
6-producing donor-derived macrophages accumulated in a 
time-dependent manner in cGVHD-affected LGs (Figure 1F, 
G).

These observations suggested that interactions among do-
nor-derived IL-6-producing macrophages, T cells, and fibroblasts 
contribute to LG pathology in cGVHD mice but not controls.

3.2 | Relationship between cGVHD and 
SASP-related molecules

Senescent cells are characterized by (1) the DNA damage 
response (DDR), (2) p16-RB and/or p53 pathway activa-
tion and irreversible cell cycle arrest, and (3) the secretion 
of SASP-related factors.15,24,26 To determine whether senes-
cent cells with these characteristics are present in cGVHD 
LGs, we firstly analyzed the mRNA and protein expression 
of molecules related to (1) the DDR, (2) senescence, and (3) 
the SASP in cGVHD LGs.

The mRNA expression of CXCL9, a major component of 
the SASP, was significantly elevated in cGVHD LGs com-
pared with control LGs (Supplemental Figure S2).

During the early stage of disease in cGVHD LGs, infil-
trated interstitial cells surrounding the ducts and in the stroma 
expressed markers of the DDR (53BP1), DNA double-strand 
breaks (ɤ-H2A.X), and cell proliferation (Ki67)27,29,32,47 
(Figure  2A), as well as the senescence biomarkers p16 
(Figure  2B, right, quadrant images) and p21 (Figure  2B, 
left).15 The LGs of cGVHD mice had significantly more 
p16+CD68+ macrophages than those in syngeneic control 
mice, indicating the presence of senescent macrophages 
in the cGVHD LG microenvironment (Figure  2B, quad-
rant image). The number of cells/field expressing p16, 
Ki67, and CD68 was higher for cGVHD LGs than con-
trol LGs (Figure  2A,B), indicating that cGVHD LGs con-
tain DNA-damaged senescent cells. We further confirmed 

F I G U R E  1  Activated macrophages in the lacrimal gland and the time course of IL-6 elevation in the serum of cGVHD mice. A, 
Myeloperoxidase activity in cGVHD and control mice after disease onset revealed by imaging using the XenoLight RediJect inflammation probe. 
The cGVHD mice showed severe inflammation, which correlated with increased chemiluminescence in the LGs, salivary glands, skin, lungs, liver, 
and intestine (white arrows). B, H&E (left) and Mallory (right) staining of murine cGVHD (lower row) and control (upper row) LGs. Du, duct; 
I, inflammatory cells; F, fibrosis. Scale bar: 50 µm. C, Electron microscopic images showing an activated fibroblast attached to a macrophage in 
the cGVHD LGs (black arrow) and a quiescent fibroblast in the control LGs (black arrowhead). Ac, acinar cell; f, fibroblast; Mac, macrophage; 
mt, mitochondria. Scale bar: 1 µm. A-C, Data are representative of at least two independent experiments (n = 3 per group). D, Serum IL-6 levels 
in recipient mice of the cGVHD and control groups before and 2, 3, 4, and 8 weeks after BMT (n = 4 per group). Data are presented as the 
mean ± SEM. *P < .05, ** P < .01, unpaired Student’s t test. BMT, bone marrow transplantation. E, Flow cytometric analysis of IL-6-producing 
donor-derived GFP+ and recipient-derived GFP- macrophages among spleen cells. ***P < .001, unpaired Student’s t test. Data are presented as the 
mean ± SEM F, Double staining for IL-6 (red) and CD68 (white) in cGVHD and control LGs 2,3,4 and 8 weeks after BMT (white arrows indicate 
GFP+IL-6+CD68+ cells). The three colors in each image are shown individually. F (right), Time-dependent evaluation of IL-6-producing GFP+ 
macrophages in cGVHD LGs. *P < .05, ** P < .01, unpaired Student’s t test. Data are presented as the mean ± SEM G, Double staining for IL-6 
(green) and CD68 (red) in cGVHD and control LGs 8 weeks after BMT. Representative images are shown (cGVHD, n = 1 and 9 fields; control, 
n = 1 and 11 fields). Z-stack (1 µm) images of cGVHD LGs. 
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a significantly higher percentage of p16 expressing cells 
(Figure  2C, upper right) and IL-6+ p16+ cells (Figure  2C 
lower right) in total CD68+ macrophages in the spleen of 
cGVHD mice than that of syngeneic controls (Figure 2C). 
We next examined whether DNA-damaged cells in cGVHD 

LGs secrete SASP-related factors, including caspase-1 (an 
essential component of the inflammasome that processes 
IL-1β48) (Figure 2D left), IL-1β (a marker of upstream SASP 
induction),47 and IL-8 (a subsequent product) (Figure  2D, 
middle).47 Among inflammatory cells, CXCL1+CD68+ and 



   | 11YAMANE Et Al.

CXCL9+CD68+ double-positive cells (macrophages ex-
pressing major SASP components)25 were more populous in 
cGVHD LGs than in control LGs (Figure  2D, right). The 
numbers of caspase-1+, IL-1β+, IL-8+, CXCL1+CD68+, and 
CXCL9+CD68+ cells per area were significantly higher in 
the cGVHD group than in the control group (Figure 2D). In 
particular, IL-1β was more highly expressed on LG ducts 
in cGVHD mice than in control mice (Figure  2D, arrow). 
More CD45+ inflammatory cells infiltrated cGVHD LGs 
than control LGs (Figure 2E, left). Previous reports showed 
that CD153+PD1+CD4+ T cells express a cellular senes-
cence signature and secrete pro-inflammatory cytokines, 
including OPN,39 a known SASP factor49 and profibrotic 
molecule upregulated by IL-6 trans-signaling50 that regu-
lates epithelial-mesenchymal transition51 and is expressed in 
various tissues and cells.52 The number of OPN+ cells in the 
LGs was significantly higher in the cGVHD group than the 
control group (Figure 2E, middle, and Supplemental Figure 
S3). Moreover, PD1+CD153+ cells colocalized with OPN+ 
cells, and cGVHD mice had significantly more of these cells 
per field than control mice (Figure 2E, middle). To further 
examine LG fibrosis, we performed immunostaining for fi-
broblast markers, including the collagen-binding chaperone 
HSP4719 and the terminally differentiated fibroblast marker 
α-SMA.42,45 cGVHD LGs had more HSP47+ and α-SMA+ 
cells per field than control LGs (Figure 2E, right), suggest-
ing that a subpopulation of abnormally activated and prolif-
erative premature fibroblasts contribute to the severe fibrosis 
in cGVHD LGs, wherein mature fibroblasts abnormally 
transformed into senescent myofibroblasts. Taken together, 
these findings suggest that macrophages in cGVHD-affected 
regions activate the DDR, senesce, undergo cell cycle arrest, 
and produce SASP factors.

Cultured fibroblasts derived from cGVHD LGs showed 
higher 53BP1 and Ki-67 expression and HSP47 stain-
ing intensity than those from control LGs (Supplemental 
Figure S4), suggesting that a subpopulation of fibroblasts 
sustain DNA damage but remain activated and proliferate. 
Collectively, these findings indicate that IL-6, CXCL9, and 
OPN may be important SASP-related molecules in the pa-
thology of cGVHD in LGs.

3.3 | Stress-induced senescence is partially 
associated with the pathology of cGVHD

To further confirm the association between cellular se-
nescence and cGVHD, we used ABT-263 (Navitoclax), a 
potent senolytic agent that inhibits the anti-apoptotic ac-
tivity of Bcl-2 family proteins, selectively induces apop-
tosis, and eliminates senescent cells by activating the 
proapoptotic proteins Bax and Bak, causing mitochondrial 
fusion as the apoptotic response to cellular stress.15,28,32,33 
The allogeneic BMT recipient mice were divided into 2 
groups, which were treated with ABT-263 or vehicle only 
by gavage once daily for 7 days from days 10 to 16 after 
BMT (Figure  3A). To validate the mechanism of drug 
action on Bcl-2/Bax/Bak in LG tissue, we evaluated ac-
tivated BAX, cleaved caspase-3 and fragmented DNA 
(TUNEL-positive) levels (Figure  3B and Supplemental 
Figure S5). ABT-263 significantly and dose-dependently 
increased the numbers of activated BAX+ cells, cleaved 
caspase-3+ cells and TUNEL+ cells. There was no differ-
ence in body weight between the two groups (Figure 3C). 
To assess the function of cGVHD LGs, we measured the 
tear secretion volume, which was significantly higher 
4 weeks after BMT in ABT-263-treated mice than in vehi-
cle-treated mice (Figure 3D). In contrast to vehicle-treated 
mice, ABT-263-treated mice showed no blepharitis or 
diffuse corneal epithelitis (Figure 3E). Pathological anal-
ysis showed reduced inflammatory cell infiltration in the 
interstitial stroma of cGVHD LGs (Figure  3F) and skin 
(Supplemental Figure S6) in mice treated with 25 or 50 mg/
kg ABT-263 (Figure  3F). The fibrotic LG area per field 
was significantly smaller in ABT-263-treated mice than in 
vehicle-treated mice, and this effect was dose-dependent 
(Figure  3G). Ultrastructural images of the LGs revealed 
fewer inflammatory cells (Figure 3H, left, and I) and col-
lagen fibers (Figure 3H, middle) in the stroma and better 
preserved mitochondrial structures (Figure 3H, right) in 
ABT-263-treated mice than in vehicle-treated mice, sug-
gesting that ABT-263 has a beneficial effect in cGVHD 
LGs. These data suggest that stress-induced senescence 
contributes to the pathogenesis of cGVHD in LGs. Cdkn2a 

F I G U R E  2  SASP-related molecules are elevated in cGVHD lacrimal glands. A, B, Lacrimal gland (LG) sections from cGVHD and control 
mice 3 and 8 weeks after bone marrow transplantation (BMT) were stained for ɤ-H2A.X and 53BP1 (DNA damage response, green, A), Ki-67 
(proliferation, green, A) and p21 (senescence, green, B). B, Lacrimal gland (LG) sections from cGVHD and control mice 4 weeks after bone 
marrow transplantation (BMT) were stained for p16 (senescence) and CD68 (macrophage). Colocalization of p16 (green) and CD68 (red) (arrows) 
shown by quadrant image (B, right). C, Flow cytometric analysis of IL-6 and p16-expressing CD68+ cells. *P<.05. D, Caspase-1 (inflammasome, 
green), IL-1β and IL-8 (upstream of SASP induction, green), and CXCL1 and CXCL9 (SASP components). Colocalization of CD68 (red) and 
CXCL1 or CXCL9 (green). IL-1β+ cells on the ducts are indicated by white arrows. E, The leukocyte marker CD45 (green) and the fibrosis 
markers HSP47 and α-SMA (green); colocalization with senescent T cell markers (PD1, white; CD153, red) and a SASP marker (OPN, green). The 
number of PD1+CD153+OPN+ cells per field of the LG 4 weeks after BMT. Data are representative of three (8 weeks after BMT) or one (3 and 
4 weeks after BMT) independent experiment (n = 3 or 4 per group;> 5 fields). A-E, Data are presented as the mean ± SEM. *P < .05, ** P < .01, 
*** P < .001, unpaired Student’s t test. DAPI stains nuclei blue. Scale bar: 50 µm
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(p16) and Cxcl9 gene expression in LGs was significantly 
inhibited in ABT-263-treated mice compared with vehi-
cle-treated mice (Supplemental Figure S7). The number of 
cells expressing the DDR marker 53BP1; the senescence 
markers p16 and p21; the SASP components IL-1β, IL-8, 
and IL-6; CD68; CD45; and HSP47 in the LG stroma was 

significantly lower in the ABT-263-treated cGVHD mice 
than in the vehicle-treated mice (Figure 4A). These find-
ings indicate that the depletion of senescent cells may mit-
igate the effects of cGVHD on LGs. Interestingly, CXCL9 
secretion in LG blood vessels was significantly suppressed 
in ABT-263-treated mice compared to vehicle-treated mice 
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(Figure 4B), probably because this chemokine is a chemo-
attractant for macrophages and T cells in cGVHD-affected 
tissue.53,54

The number of CD4+ T cells and CD153+ T cells per 
field in LGs was significantly lower in the ABT-263-
treated mice than in the vehicle-treated mice (Figure 4C, 
Supplemental Figure S8), indicating the senescence of 
some T cells in vehicle-treated cGVHD LGs. Senescent T 
cells were not detected in mice treated with 25 or 50 mg/
kg ABT-263 (Supplemental Figure S8). Regulatory T cells 
remained in LGs of mice treated with 12.5-25 mg/kg ABT-
263 (Supplemental Figure S9). Since 25 mg/kg ABT-263 
improved fibrosis and inflammation better than 12.5 mg/kg 
ABT-263 (Figure 3F), the higher concentration was consid-
ered ideal in this cGVHD mouse model. We hypothesized 
that (1) senescent macrophages produce IL-6 and CXCL9, 
(2) CXCL9 recruits neighboring T cells in the microenvi-
ronment, and (3) IL-6 and/or CXCL9 promote the prolifer-
ation of an abnormal fibroblast subset damaged by various 
stresses.

To evaluate these hypotheses, we investigated how senes-
cence aggravates cGVHD LGs. We focused on IL-6, since it 
is the most prominent SASP cytokine directly controlled by 
DDR signaling25 and plays a critical role in cGVHD.19,30,31 
To confirm that SASP exacerbates cGVHD, we performed 
an inhibition experiment using the anti-mouse IL-6R mAb 
MR16-1. Allogeneic BMT recipient mice were divided into 
2 groups that were treated with MR16-1 or PBS (vehicle 
control) by intraperitoneal injection 1 day before and 10, 
17, and 24 days after BMT (Figure 5A). By day 28 after 
BMT, the vehicle-treated mice exhibited a cGVHD phe-
notype, including blepharitis, skin keratinization, rough 
fur, and diarrhea (Figure  5B). Notably, histological anal-
ysis revealed a significant reduction in excessive fibrosis 
in the LGs and skin of MR16-1-treated mice compared to 
vehicle-treated mice (Figure  5C,D). The findings in the 

vehicle group coincided with those in the sclerodermatous 
cGVHD mouse model (Figure 5B). Ultrastructural findings 
of the LG stroma showed lymphocytes and debris in ve-
hicle-treated mice, which were scarce in MR16-1-treated 
mice (Figure  5E, left, and F). The basal lamina of the 
vascular endothelial cells in the LGs was thicker in vehi-
cle-treated mice than in MR16-1-treated mice (Figure 5E, 
right).

Cdkn2a (p16) and Cdkn1a (p21) gene expression in 
cGVHD LGs was significantly lower in MR16-1-treated 
mice than in their vehicle-treated counterparts (Supplemental 
Figure S10). Il6 gene expression in cGVHD LGs tended to be 
lower in the MR16-1-treated group than in the vehicle-treated 
group (Supplemental Figure S10).

Next, we examined SASP-related protein levels in 
cGVHD LG tissues. There were no significant differences 
in the protein levels of DDR markers in LGs from the two 
groups (Figure 6A, left). On the contrary, consistent with 
the gene expression data (Supplemental Figure S10), the 
number of senescence biomarker-positive cells per field of 
LGs was significantly lower in the MR16-1-treated mice 
than in the control mice (Figure  6A, middle). Increased 
Cdkn2a mRNA and p16 protein levels are reported to en-
hance Cdkn2a mRNA stability in replicative senescence,55 
suggesting that IL-6 signaling blockade inhibits senescent 
cells from infiltrating the stroma in cGVHD LGs. There 
were more cells expressing proliferative cell markers in 
MR16-1-treated mice than in control mice (Figure  6A, 
right). MR16-1 treatment did not suppress the induction 
of apoptosis or upstream SASP-related molecule expres-
sion in cGVHD LGs (Figure 6B, left), suggesting that IL-6 
is downstream of caspase-1 and IL-8. There were signifi-
cantly fewer IL-6+ cells and macrophages in the cGVHD 
LG stroma in the MR16-1-treated group than in the control 
group (Figure 6B, middle). MR16-1 significantly reduced 
the number of HSP47+ cells per field in the MR16-1-treated 

F I G U R E  3  Cellular senescence contributes to cGVHD A, Schematic of the experimental treatment protocol with ABT-263, a potent senolytic 
and specific inhibitor of the antiapoptotic proteins BCL-2 and BCL-xL A and D, BMT, bone marrow transplantation. B, Dose-dependent increase 
in Bax (proapoptotic protein, red) expression in cGVHD LGs treated with ABT-263. C, Body weight of ABT-263- and vehicle-treated cGVHD 
mice (n = 5 per group). D, Mean tear volume in cGVHD mice treated with ABT-263 or vehicle (n = 5 per group). Data are presented as the 
mean ± SEM. *P < .05, unpaired Student’s t test for ABT-263 versus vehicle and paired Student’s t test for the vehicle group before vs after BMT 
E, Representative photographs of the cornea and eyelid (left) and fluorescein staining of the ocular surface (right) (n = 7 per group). Skin hair was 
lost around the eyelid of the vehicle-treated cGVHD mouse (red arrowheads). F, H&E and Mallory staining of LGs of ABT-263- and vehicle-
treated cGVHD mice. Scale bar: 100 µm. G, Blue fibrotic areas identified by Mallory staining were measured by ImageJ software (n = 3 per 
group; 3 fields). Black bar: vehicle-treated group. White bar: ABT-263-treated group. Data are presented as the mean ± SEM. **P < .01, unpaired 
Student’s t test. . B-G, Data are representative of two independent experiments. H, Electron microscopy analysis of LGs in ABT-263-treated (lower 
row) and vehicle-treated (upper row) cGVHD mice. Stromal areas in vehicle-treated cGVHD mice contain lymphocytes (upper left, red arrows) 
and collagen fibers (upper middle, red arrowheads), but those in ABT-263-treated cGVHD mice have no lymphocytes (lower left, red arrow) or 
collagen fibers with debris (lower middle, red arrowhead). Aberrant mitochondrial structures (upper right, red star) in vehicle-treated cGVHD 
mice. Mitochondria with normal cristae (lower right, red star) and secretory granules (lower right, red crosses) in ABT-263-treated cGVHD mice. 
Cap, capillary; ly, lymphocyte; Col, collagen; Mt, mitochondria. Scale bars: 2 µm (left) and 500 nm (middle and right). I, The number of infiltrated 
interstitial cells in the LGs per field (1225 µm2) (n = 2 per group; 5 fields in total). Data are presented as the mean ± SEM. **P < .01, unpaired 
Student’s t test
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group compared to the vehicle group (Figure  6B, right), 
suggesting that IL-6 is a SASP molecule that aggravates 
cGVHD-related fibrosis. CXCL9 and OPN expression in 
endothelia and on vessel surfaces were significantly de-
creased in MR16-1-treated cGVHD LGs compared to ve-
hicle-treated controls (Figure 6C), suggesting that CXCL9 
and OPN are downstream of IL-6. A high magnification 

view of the images in Figure 6C revealed the localization 
of CXCL9 and OPN in the capillary lumen (Figure  6D). 
Collectively, these data suggest that IL-6 promotes senes-
cence features in cGVHD.

To pursue mechanistic insight into the findings of this 
study, we cocultured various donor- and recipient-origi-
nated T cells with macrophages from the spleen of cGVHD 



   | 15YAMANE Et Al.

or syngeneic control mice (Figure  7A). Flow cytome-
try revealed that IL-6+p16+ macrophages were predomi-
nantly derived from cGVHD mice compared to syngeneic 
controls (Figure  7B). Among the cocultures, IL-6+p16+ 
macrophages from cGVHD mice were the most senescent 
upon coculture with T cells from cGVHD recipients. In 
addition, cGVHD macrophages interacting with recipient 
T cells (wild-type BALB/c T cells) expressed IL-6 and 
p16, suggesting that donor-derived p16+ senescent macro-
phages may activate recipient T cells as antigen-present-
ing cells, leading to IL-6 production in the cGVHD LG 
microenvironment.

3.4 | SASP-related molecules associated 
with clinical findings in human cGVHD

To evaluate the clinical implications of our findings, we ex-
amined clinical samples. Patients with severe cGVHD often 
show ocular changes associated with senescence, including 
poliosis and conjunctival carcinoma.22 We hypothesized that 
the T cell immune response and stress-induced senescence 
accelerate chronic ocular GVHD, resulting in excessive ocu-
lar fibrosis such as symblepharon and fornix shortening in 
cGVHD patients (Figure 8A).

To investigate whether stress-induced senescence is re-
lated to cGVHD progression in human LGs, we performed 
immunofluorescence analyses. 53BP1, IL-8, and IL-6 were 
highly expressed around the ducts and associated with many 
inflammatory cells in human cGVHD LGs compared to 
IgG4-related disease LGs (disease control) (Figure 8A,B).

The distributions of these molecules were different be-
tween the two groups. IL-6 was expressed on fibroblastic 
cells in cGVHD LGs but not in IgG4 tissue, whereas endo-
thelia in both diseases expressed IL-6. Serum IL-6 levels 
were higher in chronic ocular GVHD patients than in those 
without chronic ocular GVHD (Figure 8C), suggesting that 
DDR activation and SASP molecules contribute to cGVHD 
LG in humans.

4 |  DISCUSSION

Here, we demonstrated that the pathogenesis of cGVHD in 
affected LGs is partially associated with stress-induced senes-
cence through the SASP evoked by senescent cells, although 
cGVHD is initiated by T cell-mediated immune responses.5 
The chronic ocular GVHD-associated secretory phenotype 
and SASP have similarities and overlapping components,56 
especially IL-1β, IL-8, CXCL1, IL-6, CXCL9, and OPN.

The gene and protein expression levels observed in our 
study suggest that a subset of macrophages, T cells, and fi-
broblasts senesce in response to DNA damage. The DDR 
starts with the recognition of DNA double-strand breaks by 
ɤ-H2A.X and amplified chromatin modifications by 53BP1. 
Simultaneously, the DDR facilitates cell cycle checkpoints 
and activates cyclin-dependent kinase inhibitors, including 
p16 and p21. When the DNA lesions are irreparable, the cells 
undergo permanent growth arrest (senescence) or apoptosis 
(death) involving caspase-1 and IL-1β expression. SASP 
reinforces senescence in cells damaged by various stresses. 
Senescent cells secrete factors such as IL-1β and IL-8 as up-
stream mediators of SASP in the early phase,47 CXCL1 at 
three weeks after BMT, IL-6 at four weeks after BMT,29 and 
CXCL9 and OPN as downstream components of IL-6, subse-
quently accelerating cellular senescence, and finally, leading 
to senescent changes, including cGVHD-related fibrosis.23,56 
Therefore, senescent cells with DNA damage produce SASP 
factors similar to late extracellular DDR signals.57

Senescent macrophages promote inflammation-driven an-
giogenesis in several age-related diseases, including athero-
sclerosis and age-related eye disease.58 Our data suggest that 
senescent macrophages in the host environment are among 
the crucial origin cells that produce excessive SASP factors 
(Figure 2A-E).

Notably, a recent report showed that administering 
ABT-263 to either sublethally irradiated or chronologically 
aged mice effectively depletes senescent cells, thereby re-
ducing TBI-induced premature aging of the hematopoietic 
system and rejuvenating aged hematopoietic stem cells in 

F I G U R E  4  Effects of ABT-263 in the cGVHD lacrimal gland. A-C, Lacrimal gland (LG) sections from ABT263- and vehicle-treated mice 
4 weeks after bone marrow transplantation (BMT) were stained for 53BP1 (DNA damage response, A upper low), p16 and p21 (senescence, A 
upper low), Ki-67 (proliferation, A upper low), caspase-1 (inflammasome component, A middle low), IL-1β and IL-8 (upstream indicators of SASP 
induction, A middle low), IL-6 (SASP component, A middle low), CD68 (macrophages, A lower low), CD45 (leukocytes, A lower low), osteopontin 
(OPN) (proinflammatory cytokine and SASP, A lower low), and HSP47 and α-SMA (fibrosis, A lower low) (green), and CD4 and CD153 (T cell 
and senescent T cell, C). The number of target (except OPN)-positive cells per field in the stroma and of OPN+ cells per field on acini from the 
ABT-263-treated mice (n = 5) and the controls (n = 8) (> 5 fields per sample) 4 weeks after BMT B, Representative images of CXCL9, a SASP 
molecule, in LGs from ABT-263- and vehicle-treated mice 4 weeks after BMT. Green areas indicate CXCL9+ secretion from vascular endothelia 
measured by Image J software (n = 3-4 per group;> 5 fields per sample). A - B Scale bar, 50 µm. C, Senescent CD4+ (green) and CD153+ T 
cells (green) among inflammatory cells in the lobules and stroma in LGs from ABT-263-treated mice (n = 7) and controls (n = 9) 4 weeks after 
BMT. The number of CD4+ and CD153+ cells per field from ABT-263-treated and control mice (> 5 fields per sample). Representative images of 
CD153+ cells in LGs from control mice (white arrowheads) are shown. Scale bars: 50 µm (left and middle) and 20 µm (right). A-C, DAPI stains 
nuclei in blue. Data are representative of two independent experiments and presented as the mean ± SEM. *P < .05, ** P < .01, unpaired Student’s 
t test. ABT-263, a potent senolytic, is a specific inhibitor of the antiapoptotic proteins BCL-2 and BCL-xL
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F I G U R E  5  Blockade of IL-6, a major SASP factor, alleviates cGVHD. A, Schematic of the experimental treatment protocol for MR16-1, an 
anti-mouse IL-6 receptor monoclonal antibody. BMT, bone marrow transplantation. B, Representative photographs of MR16-1-treated and vehicle-
treated cGVHD mice. The control mice exhibited cGVHD phenotypes such as blepharitis (red arrow), skin keratinization (red arrowheads), rough 
fur (red star), and diarrhea (red cross). The MR16-1-treated mice did not show cGVHD phenotypes. C, H&E and Mallory staining of lacrimal 
glands (LGs) and skin from MR16-1-treated and vehicle-treated cGVHD mice. D, Blue fibrosis areas identified by Mallory staining were measured 
by ImageJ software (n = 3 per group; 3 fields). Data are presented as the mean ± SEM. *P < .05, unpaired Student’s t test. Scale bar, 100 µm. B-D, 
Data are representative of two independent experiments. E, Electron microscopy analysis of LGs from MR16-1- and vehicle-treated cGVHD mice. 
Stromal areas in vehicle-treated cGVHD mice contain lymphocytes (upper left, red arrow) and debris (upper left, red arrowheads), which are scarce 
in MR16-1-treated mice (lower left, red arrowhead). The basal lamina of vascular endothelial cells was thickened in vehicle-treated cGVHD mice 
(upper right, red arrow) compared to ABT-263-treated mice (lower right, red arrow). Cap, capillary; ly, lymphocyte; BL, basement lamina. Scale 
bars: 2 µm (left) and 500 nm (right). F, The number of infiltrated interstitial cells in the LGs per field (1225 µm2) (n = 3 per group; 4 fields in total). 
Data are presented as the mean ± SEM. **P < .01, unpaired Student’s t test
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F I G U R E  6  MR16-1 reduces the protein expression of senescence biomarkers and SASP-related molecules in cGVHD lacrimal glands. A-B, 
Lacrimal gland (LG) sections from MR16-1- and vehicle-treated mice 4 weeks after bone marrow transplantation (BMT) were stained for ɤ-H2A.X 
and 53BP1 (DNA damage response), p16 and p21 (senescence), Ki-67 (proliferation), caspase-1 (inflammasome), IL-8 (upstream indicator of 
SASP induction), IL-6 (SASP component), CD68 (macrophages), D45 (leukocytes), and HSP47 and α-SMA (fibrosis) (green). The number of 
target (except OPN)-positive cells per field in the stroma and of OPN+ cells per field in acini from MR16-1-treated and vehicle-treated mice (n = 5 
per group; >5 fields). Data are presented as the mean ± SEM. *P < .05, ** P < .01, unpaired Student’s t test. Scale bar: 50 µm. C, Representative 
images of CXCL9 (major SASP component) and OPN (proinflammatory cytokine) in the LGs of MR16-1- and vehicle-treated mice 4 weeks after 
BMT. Green areas indicating secretion (CXCL9 or OPN) from vascular endothelia were measured by ImageJ software (n = 5 per group;> 5 fields). 
Data are presented as the mean ± SEM. **P < .01, unpaired Student’s t test. Scale bar: 50 µm. D, Representative images of CXCL9 or OPN inside 
endothelia (white arrows) in the stroma of cGVHD LGs from vehicle-treated control mice 4 weeks after BMT. BV, blood vessel. Scale bar: 20 µm. 
A-D, DAPI stains nuclei blue. MR16-1, anti-mouse IL-6 receptor monoclonal antibody
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F I G U R E  7  Cocultures of macrophages and T cells from various spleen sources. A, Cellular source of macrophages and T cells from spleen 
for cocultures. Macrophages and T cells from syngeneic controls (blue), cGVHD mice (gray), wild-type B10.D2 mice (red), and wild-type BALB/c 
mice (green). B, Flow cytometry analyses after coculture of macrophages and T cells from various sources. WT, wild-type. C, Percentages of IL-
6+p16+ (white bar), IL-6+ cells (black bar), and p16+ cells (gray bar) among cocultured CD68+ macrophages . Syngeneic controls (n = 4), cGVHD 
mice (n = 4), wild-type B10.D2. mice (n = 4), and wild-type BALB/c mice (n = 4).　Data analysed at 4 weeks after BMT for syngeneic and 
cGVHD mice.
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chronologically aged mice.32 To validate the effects of ABT-
263 on Bcl-2/Bax/Bak in LGs, we analyzed several mole-
cules, including activated Bax and cleaved caspase-1, and 
performed TUNEL staining to determine whether this drug 
increases apoptosis in LG tissues. Activated Bax, cleaved 
caspase-1, and fragmented DNA (TUNEL staining) in-
creased in a dose-dependent manner, indicating that ABT-
263 can effectively induce apoptosis. Based on these results, 

we further assessed whether ABT-263 effectively eliminates 
senescent cells in cGVHD LGs and reduces cGVHD pa-
thology. This senolytic drug, which specifically inhibits the 
antiapoptotic proteins BCL-2 and BCL-xL, removed senes-
cent cells, including macrophages, T cells, and fibroblasts, 
in this cGVHD mouse model (Figure 4A,C). This clearance 
of senescent cells ameliorates the negative effects of cGVHD 
(Figure 3B-I) and suppresses the protein levels of DDR and 
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senescence biomarkers and SASP factors (Figure 4A-C), sug-
gesting that ABT-263 partially abrogates the negative effects 
of stress-induced senescence in cGVHD. We propose that 
25 mg/kg ABT-263 is the ideal dose in this cGVHD mouse 
model based on the maintenance of LG structures, depletion 
of CD4+CD153+OPN+ senescent T cells, and preservation of 
Foxp3+ regulatory T cells.

Next, since SASP factors are the major downstream 
paracrine signals of cellular senescence,25,28 we demon-
strated that IL-6 is one important SASP molecule in cGVHD 
(Figure 1D-F and 2B-E).

Inhibiting IL-6 may negate the stable activation of p1655 
and p21 (Figure  6A; Supplemental Figure S5A), lead to 
the reduced secretion of SASP factors, including CXCL9 
and OPN (Figure 6C), and suppress cGVHD-triggered in-
flammation and fibrosis (Figures 5B-F and 6B). These data 
support the hypothesis that cellular senescence induced by 
IL-6, a canonical SASP component, promotes cGVHD-re-
lated fibrosis. Furthermore, we observed that the basal lam-
ina of vascular endothelial cells in cGVHD LGs was thicker 
in the vehicle-treated group than the MR16-1-treated group 
(Figure 5E). This thickened basal lamina may result from 
exhaustion due to repeated damage and repair of the ves-
sel walls,43 as senescent macrophages (Figure 2B-D) and 
CD3+ or CD154+ T cells (Supplemental Figure S1A,B) in 
the host microenvironment may frequently infiltrate LG 
tissues from blood vessels. Senolysis and the inhibition 
of IL-6 signaling may relieve the abnormal T cell migra-
tion through vascular endothelial cells induced by CXCL9 
(Figures 4B and 6C).

This study had some limitations. First, additional in-
vestigations are required to further characterize the DDR 
in specific cells in cGVHD. However, more specific, 
sensitive, and timely markers of the DDR are needed for 
these experiments.56 Second, considering this is an in vivo 
cGVHD mouse model, it is difficult to accurately detect 

proliferating and nonproliferating cells. Third, IL-6 is a 
key molecule at the intersection of immune response me-
diators from immunocompetent cells and SASP factors 
from senescent cells; thus, it is necessary to separate these 
processes and study them individually. Further studies, 
such as those involving the depletion of senescent mac-
rophages, T cells, or fibroblasts and the analysis of spe-
cific cultured cells, are required to determine the origin of 
SASP-producing senescent cells and to analyze the molec-
ular mechanisms and signal transduction of SASP compo-
nents underlying the time-dependent changes in cGVHD 
LGs and other target organs.

Based on these findings, we propose the following 
model for the pathogenesis of cGVHD in LGs (Figure 8D). 
Several stressors arrest the cell cycle, and macrophages ex-
posed to severe damage undergo senescence and produce 
the SASP factors IL-6 and CXCL9 upon interacting with 
CD4+OPN+CD153+ senescent T cells. Then, IL-6, a major 
driver of the SASP, reinforces macrophage senescence in 
an autocrine manner. In addition, CXCL9 facilitates the 
recruitment of neighboring T cells to the microenviron-
ment early after onset.53  T cell senescence after HSCT 
was recently reported in an acute GVHD animal model.59 
These senescent CD4+OPN+CD153+ T cells may accel-
erate stress-induced senescence as a late complication of 
cGVHD. Moreover, IL-6 may induce the senescence of a 
subpopulation of fibroblasts. In addition, OPN, another 
SASP factor, promotes epithelial-mesenchymal transition 
in cGVHD LGs.44,50-52 As a result, a subset of senescent/
mature fibroblasts synthesizes abnormal collagens. On the 
contrary, when IL-6 affects other fibroblasts in the host en-
vironment in response to stress, the fibroblasts are exposed 
to only moderate, not permanent, damage, and resume 
proliferation. These fibroblasts affected by macrophages 
and T cells also synthesize excessive abnormal collagens 
and extracellular matrix,43,45 leading to inflammation and 

F I G U R E  8  Characteristics of the ocular surface and lacrimal glands in human cGVHD and hypothetical model of pathogenic process in 
chronic ocular GVHD. A, Photographs from a cGVHD patient (58 yearsold, female) with symblepharon (white star) and fornix shortening (white 
arrowhead). B, Immunostaining for the DNA damage response marker 53BP1 (green), and senescence-associated secretory phenotype (SASP)-
related molecules, IL-8 and IL-6 (green), in the stroma around ducts in cGVHD lacrimal glands (LGs) and IgG4-related disease LGs as a disease 
control. 53BP1, IL-8, and IL-6 positive cells in the stroma of the cGVHD LGs. 53BP1+ ductal epithelial cells (white arrows) and IL-6+ endothelial 
cells (white star) are shown in the IgG4-related disease LGs. 53BP1+ endothelial cells (white star), interstitial fibroblast (white cross), and 
interstitial cells (white arrowheads), IL-8+ interstitial cells (white arrowheads), and IL-6+ endothelial cells (white star) and interstitial fibroblast 
(white crosses) are shown in the cGVHD LGs. DAPI stains nuclei in blue. Scale bars: 50 µm (53BP1 and IL-8) and 20 µm (IL-6). C, IL-6 levels in 
the serum of humans from the cGVHD and the non-cGVHD controls (cGVHD, n = 15, male = 7, female = 8, average age = 51.6 y/o; non-cGVHD 
controls, n = 7, male = 2, female = 5, average age = 47.7 y/o). Data indicate means ± SEM. *P < .05 by unpaired Student’s t test. D, Schematic 
of the hypothetical model of chronic ocular GVHD pathogenesis. Several stressors cause cell cycle arrest. Macrophages exposed to severe damage 
undergo senescence and produce the SASP factors IL-6, CXCL1 and CXCL9 followed by IL-1β and IL-8. Then, IL-6 reinforces macrophage 
senescence in an autocrine manner. CXCL9 facilitates the recruitment of neighboring T cells to the microenvironment early after disease onset. 
Senescent T cells may accelerate stress-induced senescence as a late complication of cGVHD. Osteopontin (OPN) is a SASP factor that promotes 
epithelial-mesenchymal transition in cGVHD LGs. Consequently, a subset of senescent/mature fibroblasts, macrophages and T cells begin to 
synthesize abnormal collagens and extracellular matrix, leading to inflammation and abnormal fibrosis in cGVHD LGs
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abnormal fibrosis in cGVHD LGs. Collectively, our find-
ings suggest that senescent cells with the SASP or cells 
with stress-induced senescent features contribute to the 
pathogenesis of cGVHD in the LG, although immuno-
logical inflammation is the major underlying mechanism. 
Inhibiting the SASP evoked by senescent cells may be a 
new clinically translatable strategy for attenuating the ef-
fects of cGVHD in LGs and other target organs.
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