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miR-204–containing exosomes ameliorate  
GVHD-associated dry eye disease
Tian Zhou1†, Chang He1*†, Peilong Lai2,3, Ziqi Yang1, Yan Liu1, Huiyi Xu1, Xiaojing Lin1, Biyan Ni1, 
Rong Ju1, Wei Yi1, Lingyi Liang1, Duanqing Pei2‡, Charles E. Egwuagu4, Xialin Liu1*

Graft-versus-host disease (GVHD)–associated dry eye disease is characterized by extensive inflammatory destruc-
tion in the ocular surface and causes unbearable pain and visual impairment. Current treatments provide limited 
benefits. Here, we report that exosomes from mesenchymal stromal cells (MSC-exo) administered as eye drops 
notably alleviate GVHD-associated dry eye disease by suppressing inflammation and improving epithelial re-
covery in mice and humans. In a prospective clinical trial, 28 eyes with refractory GVHD–dry eye disease exhibited 
substantial relief after MSC-exo treatment, showing reduced fluorescein scores, longer tear-film breakup time, 
increased tear secretion, and lower OSDI scores. Mechanistically, MSC-exo reprogramed proinflammatory M1 
macrophages toward the immunosuppressive M2 via miR-204–mediated targeting of the IL-6/IL-6R/Stat3 path-
way. Blockade of miR-204 abolished the effects of MSC-exo, while overloading L929-exo with miR-204 markedly 
attenuated dry eye. Thus, this study suggests that MSC-exo are efficacious in treating GVHD-associated dry eye 
disease and highlights miR-204 as a potential therapeutic agent.

INTRODUCTION
Dry eye disease is the most common ocular condition that develops 
in a substantial percentage of patients after allo-hematopoietic stem cell 
transplantation as part of chronic graft-versus-host disease (GVHD) 
(1). During the process of GVHD-associated dry eye disease, the 
interaction of donor T cell and host antigen-presenting cells leads 
to the activation of donor CD8 and CD4 T cells that can attack 
hematopoietic tissue and/or the ocular epithelial tissues including the 
cornea, conjunctiva, and lacrimal gland (2, 3), inducing extensive 
inflammatory destruction (2, 4, 5). While the infiltrated T cells from 
the donor, which has been demonstrated with green fluorescent 
protein labeling by one study (4), play predominant roles in the 
process, the recipient T cells such as the special innate-like  T cells 
may also be involved by contributing to the activation and recruit-
ment of donor T cells (6). From research on rodent models (2, 5) and 
patients (7–10), macrophages interact closely with donor T cells (11) 
and mediate the inflammatory cytokine release, orchestrating the 
disordered immune microenvironment of ocular surface. These ac-
tivated immune cells acted as major sources of cytotoxic cytokines 
(5, 12) and led to apoptotic cell death and deteriorated ocular tissue 
damage and, in severe cases, resulted in lacrimal gland fibrosis, for-
mation of conjunctival pseudomembrane, or corneal ulcer (13–15). 
This disease is characterized by irritation, pain, and refractory visual 
impairment and severely affects the patients’ quality of life, but the ef-
ficacy of current clinical drugs including tear supplements, steroid, 

and nonspecific immunosuppressants, or surgical intervention such 
as superficial epithelial debridement, amniotic membrane trans-
plantation, or penetrating keratoplasty in extremely severe cases 
remains limited (16). Some severe patients fail to respond to these 
available treatments and have no other therapeutic options (7, 14). 
It is thus the impetus to develop more efficacious immunotherapeutic 
agents and biologics for this devastating disease.

Mesenchymal stromal cells (MSCs) are characterized by their 
immunomodulatory functions that confer benefits in many human 
diseases (17). Over recent years, many studies suggest that the im-
munomodulatory functions of MSCs derive mostly from the paracrine 
effects of exosomes secreted by MSCs (MSC-exo) (18). Exosomes, 
30- to 150-nm nanosized extracellular vesicles, contain bioactive mol-
ecules [proteins, RNA, and microRNAs (miRNAs)] that are sur-
rounded and protected from degradation by a lipid bilayer (19, 20). 
The lipid compatibility and relatively small size of exosomes make 
them suitable for delivering immunoregulatory molecules across 
biological barriers (21). Besides, unlike transplanted stem cells, exo-
somes lack the ability to self-replicate, thus eliminating the con-
cerns for potential tumor formation (22). It was therefore of interest 
to investigate whether MSC-exo therapy would be effective for re-
lieving GVHD-associated dry eye disease because of its characteristic 
of immunomodulatory function and advantages in clinical applica-
tion. The better safety profile and increasing preference of MSC-exo 
over MSC therapy are reflected by 18 recent clinical trials registered 
at https://clinicaltrials.gov/, which recruited participants for thera-
peutic use of exosomes or extracellular vesicles from MSCs. Some 
trials showed the promising therapeutic efficacy of exosomes with-
out any topical or systemic side effects within 24 months (23).

In this study, we established two dry eye mouse models and con-
ducted a clinical study (NCT04213248) to evaluate the tolerability 
and efficacy of MSC-exo eye drops for treating GVHD-associated 
dry eye disease in patients who were refractory to currently avail-
able drugs or surgeries. In both mice and patients, MSC-exo eye drops 
notably restored ocular surface immune homeostasis and amelio-
rated inflammatory injuries in dry eye disease. The two dry eye 
mouse models also provided mechanistic insights into the effects of 

1State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-Sen 
University, Guangzhou 510060, P. R. China. 2Guangzhou Institutes of Biomedicine 
and Health, University of Chinese Academy of Sciences, Chinese Academy of Sci-
ences, Guangzhou 510530, P. R. China. 3Department of Hematology, Guangdong 
Provincial People's Hospital, Guangdong Academy of Medical Sciences, Guangzhou 
510080, P. R. China. 4Molecular Immunology Section, Laboratory of Immunology, 
National Eye Institute (NEI), National Institutes of Health (NIH), Bethesda, MD, USA.
*Corresponding author. Email: liuxl28@mail.sysu.edu.cn (X.L.); hech33@mail.sysu.
edu.cn (C.H.)
†These authors contributed equally to this work.
‡Present address: No. 18 Shilongshan Road Cloud Town, Xihu District, 310024 
Hangzhou, Zhejiang, P. R. China.

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

https://clinicaltrials.gov/
mailto:liuxl28@mail.sysu.edu.cn
mailto:hech33@mail.sysu.edu.cn
mailto:hech33@mail.sysu.edu.cn


Zhou et al., Sci. Adv. 8, eabj9617 (2022)     12 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 14

MSC-exo in GVHD-associated dry eye disease, showing that a miRNA, 
miR-204, is the primary immunomodulatory cargo in the MSC-exo. 
More precisely, miR-204 directly targeted interleukin-6 receptor 
(IL-6R) to suppress the activation of IL-6/IL-6R/Stat3 pathway, induc-
ing the inflammatory M1 macrophages to shift toward the immuno
suppressive M2 phenotype in the ocular surface.

RESULTS
MSC-exo suppress dry eye in the BAC-induced mice
To examine whether MSC-exo would be an effective therapy for 
GVHD-associated dry eye disease, we used a widely used mouse model 
of dry eye induced by benzalkonium chloride (BAC), which shares 
essential clinical features with the dry eye disease in humans and is 
stable and suitable for the evaluation of treatment response (24, 25). 
The exosomes derived from mouse bone marrow MSCs (BM-
MSCs) or L929 fibroblast cells, which are usually used as controls 
for MSCs, were prepared and characterized by standard procedures 
(fig. S1, A to D). MSC-exo eye drops were formulated at 0.5 × 1010, 
2.5 × 1010, or 12.5 × 1010 particles/ml in 5 l per drop (26). When 
administrated twice a day for 7 days, the 2.5 × 1010 particles/ml for-
mulation was the most optimal and effective dose and was used for 
further study (fig. S2, A to C). BAC-induced dry eye mice that were 
treated with phosphate-buffered saline (PBS) or L929-exo developed 

corneal edema and showed reduced transparency with extensive 
corneal epithelium defects (detected by fluorescein staining), while 
the MSC-exo–treated dry eye mice presented transparent cornea 
with less fluorescein staining in comparison to both groups of PBS-​
treated or L929-exo–treated BAC mice (Fig. 1, A and B). The secretion 
of tear fluid, determined by the cotton thread test, showed marked 
reduction of tears in BAC mice treated with PBS or L929-exo in com-
parison to normal mice without dry eye disease (Fig. 1C). In con-
trast, the MSC-exo–treated dry eye mice had increased tear secretion 
(Fig. 1C and data file S1), indicating the potential efficacy of MSC-
exo in alleviating dry eye in BAC-induced mice. However, note that 
preservative-free artificial tears, which are commercial 0.3% sodium 
hyaluronate and are clinically used to treat dry eye disease, could 
not preserve the corneal epithelium or increase tear secretion in these 
mice (Fig. 1, A to C).

MSC-exo alleviate dry eye symptoms in NCG-GVHD 
mouse model
Next, we used the nonobese diabetic (NOD)–Prkdcem26Cd52 IL2rgem26Cd22 
Nju (NCG)–​GVHD mice, another well-established mouse model 
of GVHD-​associated dry eye disease, to assess the efficacy of MSC-
exo. The NCG mice lacked functional T cells, B cells, and natural killer 
cells, and the stable engraftment of human peripheral blood mononuclear 
cells (PBMCs) into the recipient NCG mice (hPBMCs-NCG) induced 

Fig. 1. Topical administration of MSC-exo alleviated dry eye symptoms in BAC-stimulated mice. (A) Representative images of slit lamp and fluorescein staining 
showing severe corneal edema and obvious epithelial defects (detected by fluorescein staining) in the eyes of BAC-stimulated mice treated with L929-exo or PBS. In 
contrast, BAC-stimulated mice treated with MSC-exo eye drops presented with transparent cornea and reduced fluorescein staining areas, similar to the PBS-control 
normal mouse eye. Unexpectedly, mice treated with artificial tears did not show similar reduction of corneal edema and epithelial defects. (B) Fluorescein staining scores 
of BAC-stimulated mice after treatment with MSC-exo or L929-exo. n = 12 mice, one-way ANOVA and Tukey’s post hoc test. (C) Cotton thread test showed substantially 
increased tear volume in BAC-stimulated mice treated with MSC-exo compared to PBS-, L929-exo–, or artificial tear–treated BAC mice. n = 12 mice, one-way ANOVA and 
Tukey’s post hoc test. n.s., not significant. **P < 0.01 and ***P < 0.001.
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clinical symptoms that resemble human GVHD (27, 28). As shown 
in Fig. 2A, NCG-GVHD mice treated with L929-exo suffered corneal 
edema, decreased corneal transparency, and severe extent of corneal 
epithelium defects, which were revealed by intense fluorescein stain-
ing throughout the entire cornea. In contrast, mice that received MSC-​
exo eye drops were partially protected from GVHD-associated dry 
eye disease with lower fluorescent scores and elevated tear volumes 
(Fig. 2, A to C). Again, the artificial tear treatment was less effective 
with similar tear volume as mice treated with L929-exo, further under-
scoring the therapeutic potential of MSC-exo in both mouse models 
of GVHD-associated dry eye disease.

Topical MSC-exo therapy suppresses human refractory 
GVHD–associated dry eye disease
Fourteen patients (28 eyes) with refractory GVHD–associated dry 
eye disease were enrolled in a clinical trial (NCT04213248) to inves-
tigate whether MSC-exo can be used to treat dry eye disease in humans. 
Exosomes were derived from human umbilical cord MSCs (UC-MSC-
exo) and manufactured as eye drops after modulating the osmotic 
pressure and pH index (fig. S1, A, E, and F). UC-MSC-exo were dis-
pensed in 10 g/50 l and administrated four times a day per eye for 
2 weeks. All 28 enrolled eyes of the patients with refractory GVHD–
associated dry eye disease had no response to topical steroid, artifi-
cial tears, or even autologous serum. Clinical symptoms of dry eye 
were monitored, and representative images under white light or co-
balt blue filters were taken 14 days after initiation of treatment with 

MSC-exo eye drops. The results revealed marked reduction in corneal 
epithelial damage and improvement of epithelial recovery detected 
by fluorescein staining [day 0 (D0) versus D14: 9.32 ± 0.64 versus 
3.43  ±  0.35, P  <  0.0001] (Fig.  3A). The relevant information and 
symptomatic description of the patients are provided (Fig. 3B, table 
S2, and data file S2). Fluorescein scores, tear-film breakup time, and 
Schirmer’s test of each eye were analyzed on days 7 and 14. After the 
treatment with MSC-exo eye drops, most patients exhibited reduced 
fluorescein scores, longer tear-film breakup time (D0 versus D14: 
1.23 ± 0.33 versus 2.85 ± 0.46, P < 0.0001), increased tear secretion 
(D0 versus D14: 2.50 ± 0.42 versus 4.68 ± 0.73, P = 0.0176), and 
lower ocular surface disease index (OSDI) scores (D0 versus D14: 
50.93 ± 7.30 versus 21.76 ± 4.55, P = 0.0002) (Fig. 3, C to F). The dry 
eye symptoms including sting, burn, crust, or redness were relieved 
after MSC-exo treatment. No obvious impact on intraocular pres-
sure was observed, and no complications relevant to MSC-exo were 
reported in these patients (Fig. 3G). Some patients could reduce the 
use of original drugs after the relief of dry eye symptoms. The remark-
able remission of dry eye symptoms correlated with the improvement 
of quality of life (Fig. 3, A to F). Together, these observations suggest 
that MSC-exo eye drop treatment is a safe, noninvasive, and efficient 
cell-free therapy for patients with GVHD-associated severe dry eye.

MSC-exo mediate ocular surface repair and relief  
of corneal inflammation
At the setting of dry eye, the ocular surface suffers from extensive 
inflammatory destruction. Histological analysis revealed that, in con-
trast to mice treated with PBS or L929-exo, MSC-exo treatment pre-
vented corneal epithelium degeneration, increased the thickness of 
the central cornea and epithelium layer, and restored the well-organized 
corneal structure (Fig. 4A and fig. S3A). A similar epithelium pro-
tection effect was also observed in conjunctiva and lacrimal gland 
(fig. S4, A and B). Immunohistochemical analysis revealed that MSC-exo 
inhibited terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling positive (TUNEL+) cellular 
apoptosis while it increased the proliferative responses of Ki67+ 
corneal epithelial cells (Fig. 4B and fig. S3B). The protective effects of 
MSC-exo were also correlated with the reduced amounts of CD11b+ 
macrophages that infiltrated the cornea. The down-regulation of 
proinflammatory genes including Il-6, Il-1, Il-17a, and Cd86 was 
found in the cornea and conjunctiva (Fig. 4C and figs. S3C and S4C). 
These observations suggested that MSC-exo preserved corneal struc-
tures by suppressing ocular surface inflammation during dry eye.

MSC-exo reprogram ocular surface M1 macrophages into 
M2 phenotype
Macrophage-mediated inflammatory responses, which result in ep-
ithelial cell injuries and/or degeneration, have been considered to 
play a crucial role in dry eye disease (29). We therefore used the BAC 
mouse model to investigate whether the capacity of MSC-exo to sup-
press pathological changes that cause dry eye disease is attributable 
to the effects of MSC-exo on corneal macrophages. First, we labeled 
the MSC-exo by transfecting the MSCs with CD9-Tdtomato fusion 
gene and administered the CD9-Tdtomato–MSC-exo as eye drops 
to BAC-stimulated mice. Immunohistochemical analysis revealed the 
colocalization of CD9-Tdtomato–MSC-exo and CD11b+ macrophages 
on corneal whole mounts of the BAC mice, indicating that macro-
phages infiltrating the corneal stromal layer during dry eye disease 
were probably the potential targets of MSC-exo therapy (Fig. 5A). 

Fig. 2. The GVHD-associated dry eye disease was recovered by MSC-exo eye 
drops. (A) Slit lamp and fluorescein staining showing the representative ocular 
changes of hPBMC-induced GVHD in mice. The extensive epithelial defects were 
observed in the eyes of GVHD mice treated with L929-exo, while the MSC-exo eye 
drop group presented with reduced fluorescein staining areas. (B) The equal fluo-
rescein staining scores in the experiment groups before any treatments indicate 
the baseline. After MSC-exo treatment, the score notably decreased, while there 
were no statistical differences between artificial tears and L929-exo. n = 8 mice, one-
way ANOVA and Tukey’s post hoc test. (C) MSC-exo, but not artificial tear treat-
ment, could increase tear volume. n = 8 mice, one-way ANOVA and Tukey’s post 
hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Next, since the conversion of proinflammatory (M1) macrophages 
into the anti-inflammatory M2 phenotype correlated with wound 
healing and tissue regeneration (30, 31), we examined the M1/M2 
status upon the exosome treatments. As shown in Fig. 5 (B and C), 
although the dominant macrophage subset infiltrating the BAC-
induced dry eye cornea treated with PBS or L929-exo remained to be 
CD86+CD11b+CD11c− M1 type, their proportion notably decreased 
in mice treated with MSC-exo. On the other hand, the levels of the 
anti-inflammatory CD206+CD11b+CD11c− M2 macrophages were 
very low in the controls but increased markedly in the MSC-exo 
treatment group (Fig. 5C). Application of H2O2 was used to induce 
oxidative stress to mimic the dry eye insults (32). It could polarize 
the macrophage cell line raw264.7 into the M1 phenotype. As ex-
pected, MSC-exo treatment led to notably decreased expression of 
M1 macrophage marker (CD86) with concomitant increase of Arg1 
and CD206, two classic M2 markers (Fig. 5, D and E), suggesting 
that MSC-exo treatment was able to convert M1 macrophages into 
the anti-inflammatory M2 phenotype.

miR-204 is required for antixerophthalmic effect of MSC-exo
Exosomes contain miRNAs, and the transfer of exosomal miRNAs is 
emerging as a novel signaling intermediate that can be used to regu-
late the function(s) of a recipient cell (33). To investigate whether 
MSC-exo contain miRNAs that might contribute to its regulatory func-
tions, we analyzed miRNAs in MSC-exo or L929-exo and identified 
miR-204-5p, a master regulator of ocular development (34–36), as 
one of the most abundant miRNAs in MSC-exo (Fig. 6, A to C). The 
high level of miR-204-5p expression was further verified by quanti-
tative polymerase chain reaction (qPCR) using RNA isolated from 

MSC-exo–treated dry eye cornea (Fig. 6D). To further examine the 
key role of miRNA-204, we would like to perform the loss-of-function 
experiment. Since miRNA-204 is required for the survival and sta-
bility of MSCs, which precluded investigating its function during dry 
eye disease by knocking down miRNA-204 in MSCs, alternatively, we 
therefore pretreated the BAC mice with antisense oligonucleotides of 
mouse miR-204 (antagomiR-204) by subconjunctival injection, and 
this was followed by the administration of MSC-exo eye drops. The 
MSC-exo + antagomiR-204 group developed a full-blown dry eye disease, 
while the MSC-exo + antagomiR negative control (antagomiR-NC) group 
developed only mild dry eye symptoms, indicating that miR-204 block-
age abolished the therapeutic effects of MSC-exo (fig. S5, A to C).

Moreover, we also transfected L929 cells with miR-204 precursor 
and demonstrated the overexpression of pre–miR-204 and mature 
miR-204 (fig. S6, A to C). Eye drops containing purified L929-miR-204-​
exo were used to treat BAC-induced dry eye mice. As shown in Fig. 6E 
and fig. S6D, L929-miR-204-exo treatment displayed remarkably 
similar therapeutic effects as the MSC-exo group, providing sugges-
tive evidence that MSC-exo mediate their therapeutic effects on dry 
eye disease through miR-204.

miR-204 reprograms M1 macrophages toward M2 by 
targeting IL-6R
miR-204 is involved in multiple biological functions and diseases such 
as eye development, cancers, and diabetes by targeting many critical 
genes, particularly regulating the function of tumor-associated mac-
rophages (37). This led us to investigate whether miR-204 might 
also determine the differentiation of macrophages that infiltrate the 
cornea during dry eye disease by targeting specific pathways in the 

Fig. 3. MSC-exo suppressed dry eye symptoms in patients with GVHD-associated dry eye disease. (A) Representative images of ocular anterior segment under slit 
lamp and fluorescein examination before and 14 days after MSC-exo treatment. All 28 enrolled eyes with refractory GVHD–associated dry eye disease had no response to 
topical steroid, artificial tears, or even autologous serum. After MSC-exo eye drop usage, dry eye symptoms and pink eye were alleviated, and the cornea was more trans-
parent with less punctate erosion areas, indicating that MSC-exo can exert a potent antixerophthalmic effect in humans. (B) The relevant information and symptom de-
scriptions of the enrolled patients. (C) Fluorescein scores of individual eye with MSC-exo treatment at D0 and D14 showed decreased trend of fluorescein score in all eyes. 
(D) After 14-day usage of MSC-exo eye drops, more than half of the enrolled eyes presented with increased tear volume by Schirmer’s test. (E) More stable tear film was 
observed after MSC-exo treatment with increased tear-film breakup time. (F) Except for two patients, the others reported amelioration of dryness symptoms and im-
proved quality of life, as reflected by decreased OSDI scores after MSC-exo treatment. (G) MSC-exo treatment played no obvious impacts on intraocular pressure. (C to G) 
n = 28 eyes (14 patients), paired Student’s t tests. *P < 0.05 and ***P < 0.001.



Zhou et al., Sci. Adv. 8, eabj9617 (2022)     12 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 14

BAC-induced dry eye mouse model. Consistent with the antixerophthalmic 
effect of miR-204, treatment of BAC-induced dry eye with either 
L929-miR-204-exo or MSC-exo markedly decreased the frequency of 
CD86+ M1 macrophages, while it substantially increased CD206+ 
M2 in the BAC-induced corneal whole mount (Fig. 7A) or on fluo-
rescence-activated cell sorting (FACS) plots and graphs (Fig. 7B). Simi-
larly, mRNA expression of M1-related genes was markedly reduced 
in L929-miR-204-exo and MSC-exo treatment groups (Fig. 7C). On 
the other hand, pretreatment with antagomiR-204 induced the in-
crease of M1-related genes (fig. S7, A and B), indicating that miR-204 
suppressed M1 gene expression program, and this might contribute 
to the alterations of M1 transcriptome.

To identify the downstream targets of miR-204, we undertook the 
bioinformatic approach using TargetScan 6.0, microRNA.org, and 
miRBase. The regulation network of the predicted targeted genes of 
miR-204 is shown in Fig. 7D, and we focused on Il-6r, which is highly 
expressed in macrophage and plays a critical role in its function (38). 
To address whether miR-204-5p plays a direct role on IL-6/IL-6R 
signaling, we performed luciferase reporter assay and confirmed a direct 
interaction of miR-204-5p with the 3′ untranslated region (3′UTR) 
of the Il-6r gene (Fig. 7E). We also show that miR-204 down-​regulated 
IL-6 signaling correlated with the suppression of phospho-​Stat3 (p-Stat3) 
activation and the expression of Il-6 in Raw264.7 macrophages (Fig. 7F). 
Furthermore, small interfering RNA (siRNA)–mediated knockdown 

Fig. 4. MSC-exo could suppress the corneal inflammation during dry eye. (A) Corneal sections by hematoxylin and eosin staining revealed substantial loss of epithe-
lium in the PBS and L929-exo treatment groups in BAC model, with reduced thicknesses of the total central cornea and the epithelium layer. After MSC-exo treatment, the 
BAC-stimulated cornea exhibited a regular and well-organized corneal structure, with corneal thickness recovery. n = 6 eyes, one-way ANOVA and Tukey’s post hoc test. 
Scale bar, 50 m. (B) Immunofluorescence of corneal section revealed decreased TUNEL+ corneal cells, increased Ki-67+ proliferative cells, and less CD11b+ macrophage 
infiltration in the MSC-exo group in comparison to the PBS or L929-exo treatment group. n = 3 eyes, one-way ANOVA and Tukey’s post hoc test. Scale bar, 50 m. (C) In 
comparison to the L929-exo group, the MSC-exo group displayed reduced levels of proinflammatory cytokines, including Il-6, Il-1, and Il-17a. n = 6 eyes, unpaired Student’s 
t test. *P < 0.05, **P < 0.01, and ***P < 0.001.

http://microRNA.org
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of IL-6 and IL-6R alleviates dry eye symptoms in mice, suggesting 
that the therapeutic effects of MSC-exo–miR-204 derive, at least in 
part, from targeted inhibition of IL-6/IL-6R axis (fig. S8, A and B). 
The increase of CD206+ M2 macrophages induced by IL-6–siRNA 
and IL-6R–siRNA treatments also correlated with the reduction 
of M1-related gene expression (fig. S8, C and D). Together, our data 

suggest that miR-204/IL-6/IL-6R/Stat3 axis might regulate the mac-
rophage differentiation program.

Last, as shown in a schematic diagram (Fig. 8), MSC-exo eye drop 
treatment is an efficient therapy for GVHD-associated dry eye disease 
via delivering its miR-204 cargo. The miR-204 in MSC-exo directly 
targeted Il-6r gene and suppressed the activation of IL-6R/Stat3 pathway, 

Fig. 5. Macrophages were reprogrammed by MSC-exo from M1 to M2 phenotype in vivo and in vitro. (A) CD9+ exosomes were isolated from MSCs transfected with 
CD9-Tdtomato vector and administered as eye drops to BAC-stimulated mice. Immunochemical analysis of corneal whole mounts detected the colocalization of 
CD9-Tdtomato-MSC-exo with CD11b+ macrophages, suggesting that macrophages were targets of MCS-exo in the cornea. Scale bar, 10 m. (B) Detection of reduced 
numbers of CD68+CD11b+ activated macrophages in MSC-exo–treated corneal flat mounts. Scale bar, 50 m. (C) Representative cytometry plots and graphs of CD11b+ 
macrophages in the cornea of BAC-stimulated mice. Quadrants show percent CD11c-, CD86-, CD206-, and/or CD11b-expressing cells. n = 12 eyes (four corneas mixed in 
one sample), one-way ANOVA and Tukey’s post hoc test. (D) The immunofluorescence of M1 and M2 marker (CD86 and CD206, respectively) on cultured raw264.7 mac-
rophages. Scale bar, 50 m. n = 3, one-way ANOVA and Tukey’s post hoc test. (E) Western blot shows decreased expression of CD86, with increased Arg1 and CD206 ex-
pression after MSC-exo treatment in H2O2-stimulated raw264.7 cells. n = 3, one-way ANOVA and Tukey’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. DAPI, 
4′,6-diamidino-2-phenylindole.
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reprogramming M1 macrophages to M2 and restoring the ocular 
surface homeostasis in the GVHD-associated dry eye disease.

DISCUSSION
GVHD-associated dry eye disease is devastating with limited thera-
peutic options as the patients usually fail to respond to current drugs, 
rendering them to suffer from unbearable pain and apparent visual 
impairment, severely affecting their quality of life (39). MSC-based 
cell therapies have been investigated for the treatment of multiple 
human autoimmune and inflammatory diseases including GVHD 
in the past decade (40). The exosomes secreted by MSCs were iden-
tified as the major executor to modulate the immune response, and 
their cell-free advantage facilitated them to be a promising alterna-
tive for MSC therapy (41). In a previous study, systemic treatment 
of MSCs by intravenous injection could improve the relief of dry 
eye symptoms in 12 of 22 patients with refractory GVHD (42). The 
relative stable property of exosomes and eye drops as a noninvasive way 
leads to applying exosome eye drops rather than MSC injection as ther-
apeutic approaches. In this study, all the enrolled patients presented 
with improvements after MSC-exo eye drops, with relieved dry eye 

symptoms including sting, burn, crust, and redness. It is hard to com-
pare their efficacy because of the difference in patients’ inclusion cri-
teria between these two studies. Actually, for the patients whose dry 
eye symptoms persist after the other target organ symptoms of chronic 
GVHD were relieved by systemic treatments, topical therapies such 
as MSC-exo may be an optimal option.

In the current trial, all the enrolled patients have used long-term 
artificial tears but presented no relief of dry eye symptoms. Some of 
them exhibit certain degree of responses to the steroid or nonsteroidal 
anti-inflammatory eye drops initially but develop resistance later. 
As we have known, artificial tears are usually administrated for com-
plementing the insufficiency of tears but are unable to suppress the 
inflammatory injuries and prevent the progression of dry eye dis-
ease (43). By contrast, MSC-exo exert their therapeutic effects by 
suppressing the inflammatory injuries and maintaining the ocular 
surface homeostasis. In addition, the steroid and immunosuppres-
sants are nonspecific and hardly restore the immune homeostasis in 
the ocular surface. Long-term steroid is always avoided in clinic be-
cause of an increased risk of side effects including infection, glaucoma, 
and cataract (44). In this study, when the symptoms were relieved 
after MSC-exo treatment, some patients reduced the use of the original 

Fig. 6. miR-204 was required for the antixerophthalmic effect of MSC-exo. (A) miRNA profiling assays were performed on L929-exo and MSC-exo and GO analysis of 
the target genes of differentially expressed miRNAs in various processes. (B) Differentially up-regulated miRs in MSC-exo that target genes involved in the regulation of 
immune responses. (C) Volcano plot of differentially expressed miRNAs in MSC-exo than L929-exo. Red dots, up-regulated miRNAs; blue dots, down-regulated miRNAs 
with a >2.0-fold change. (D) qPCR analysis of miR-204-5p expression in the cornea tissue after MSC-exo treatment. n = 6 eyes, one-way ANOVA and Tukey’s post hoc test. 
(E) Slit lamp and fluorescein staining analysis of BAC-stimulated mice treated with PBS or exosomes indicated in the figure. Fluorescein staining scores are indicated in the 
right. L929-miR-204-exo showed similar therapeutic potential with the MSC-exo group. n = 10 mice, one-way ANOVA and Tukey’s post hoc test. ***P < 0.001.
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Fig. 7. miR-204 was the candidate mediator of MSC-exo for macrophage reprogramming from M1 to M2 by targeting IL-6R signaling. (A) L929-miR-204-exo and 
MSC-exo treatments suppressed the CD86+ M1 macrophages and promoted CD206+ M2 ones in the BAC-induced corneal whole-mount staining. Scale bar, 50 m. 
(B) Flow cytometry showed that, in the BAC-induced dry eye corneas, the percentage of CD11b+CD11c− macrophages decreased after L929-miR-204-exo or MSC-exo 
treatment compared with L929-miR-NC-exo controls, with more prominent reduction in the MSC-exo group. In addition, both treatments inhibited the percentage of 
CD11b+CD11c−CD86+ M1 macrophages to a similar extent. n = 12 eyes (four corneas mixed in one sample), one-way ANOVA and Tukey’s post hoc test. (C) mRNA expres-
sions of IL-6, IL-1, and CD86 were decreased after L929-miR-204-exo and MSC-exo treatments in comparison to the L929-miR-NC-exo group. n = 6 eyes, one-way ANOVA 
and Tukey’s post hoc test. (D) Predicted regulatory networks of genes targeted by miR-204. (E) Luciferase reporter assay demonstrating direct interaction of miR-204-5p 
with 3′UTR of the Il-6r gene. One-way ANOVA and Tukey’s post hoc test. n = 3. *P < 0.05, **P < 0.01, and ***P < 0.001. (F) Western blot analysis showing the suppression of 
IL-6R, IL-6, and p-Stat3 by mmu-miR-204-5p precursor.
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drugs, indicating that the MSC-exo treatment is a promising candi-
date. During the trial, some patients complained of transient irrita-
tion shortly after topical administration of MSC-exo eye drops. The 
patients have not reported any systemic complications relevant to 
MSC-exo treatment. Considering the immunoregulatory property 
of MSC-exo, long-term usage of MSC-exo may increase the risk of 
side effects similar to those of steroid or immunosuppressive drugs, 
such as infection, glaucoma, or cataract. The long-term efficacy and 
safety of MSC-exo eye drops are also important and needed to be 
evaluated in further investigation.

Although the pathogenesis of GVHD-associated dry eye disease 
remains unclear, researches consider it as a multifactorial disease 
characterized by a loss of immune homeostasis of the ocular surface 
(45). Infiltration of CD4 and CD8 T cells as well as other immune cells 
such as macrophages and mononuclear cells was also observed in 
the lacrimal gland, cornea, and conjunctiva in both mouse GVHD 
models (2, 5) and human patients with mild or severe ocular GVHD 
(7–9). For example, Peszkowski et  al. (46) showed that the rat 
GVHD model displayed markedly increased CD4 and CD8 T cells in 
the lacrimal glands at day 7 after the first perioral signs of GVHD.  
The conjunctiva-associated lymphoid tissue (CALT) and the closely 
related tear duct–associated lymphoid tissue with abnormal stimula-
tion or structure were also believed to be crucial for the pathogenesis 
(47). Loss of epithelial integrity and potential presentation of anti-
gens in CALT, which is composed of mainly effector lymphocytes 
and also innate effector cells, would lead to a loss of immune toler-
ance and the induction of inflammatory immune responses by, e.g., 

T helper 1 (TH1) or TH17 cells (48). The recruited T cells and other 
immune cells in the target ocular tissues were shown to express spe-
cific markers, such as CD154 on T cells or CD86+/CD40+ on macro-
phages, consistent with an activated phenotype (11). These activated 
macrophages displayed remarkable phenotypic plasticity and func-
tional diversity due to their heterogeneous and phenotype shift. In 
general, M1 macrophages could produce proinflammatory cytokines 
[IL-1, tumor necrosis factor– (TNF-), IL-6, etc.] and induce inflam-
mation and tissue destruction. In contrast, the M2 macrophages are 
characterized by high expression of CD206 and Arg1 and produc-
tion of an anti-inflammatory cytokine that resolves inflammation 
and promotes wound healing (49). As macrophage acts as a “double-​
edged sword” because of the M1 and M2 phenotypes, the indiscrim-
inate inhibition of macrophage activation has failed to improve tissue 
regeneration and recovery. Instead, the modulation of macrophage 
polarization (M1/M2 shift) seems to be a promising therapeutic strat-
egy for many inflammatory diseases (50). In this study, we found 
M1 macrophages (CD86+CD11b+CD11c−) as the dominant macro-
phage subset that infiltrated the cornea during dry eye in the mouse 
model, and their levels substantially decreased following MSC-exo 
treatment. On the other hand, the proportion of anti-inflammatory 
M2 macrophages (CD206+CD11b+CD11c−) was relatively low in mice 
with dry eye disease, but their numbers increased markedly follow-
ing treatment with MSC-exo. Thus, activated M1 macrophages that 
infiltrated local ocular surface tissue may initiate the production of 
a cytokine storm that induces corneal pathological development of 
dry eye disease, while MSC-exo promote the M1 macrophages to re-
program into M2 phenotype and improve tissue recovery and ho-
meostasis of the ocular surface. Together, our results suggested that 
MSC-exo not only suppressed the macrophage infiltration and activa-
tion in the eye but also modulated their phenotype shifts effectively.

MSC-exo carry a complex cargo of nucleic acids, proteins, and 
lipids, of which miRNAs have been recognized to be deeply impli-
cated in intercellular communication (51). miRNA in exosomes 
could be efficiently integrated by specific recipient cells and regulate 
the cellular functions persistently (52). It is therefore important to 
note the miRNA content comparison analysis between MSC-exo and 
L929-exo. From the Gene Ontology (GO) analysis on the targeting 
genes of the differentially expressed miRNAs, we found that the im-
mune system process was among the top-ranked biological process-
es, and then, we pulled out all the notably up-regulated miRNAs in 
MSC-exo whose target genes are involved in the regulation of immune 
responses. Among these miRNA candidates, the miR-204-5p is one 
of the most abundant miRNAs in MSC-exo. It is the most studied 
one, and its activity critically contributes to both ocular development 
and corneal repair (34–36). Furthermore, subconjunctival injection 
of BAC mice with antagomiR-204 abrogated the ability of MSC-exo 
to confer the protection from GVHD-associated dry eye disease, 
while L929-miR-204-exo eye drops ameliorated dry eye in mice. In ad-
dition, L929-miR-204-exo showed similar therapeutic effects as 
MSC-exo, indicating that MSC-exo mediated the therapeutic effects 
on dry eye disease through miR-204. Despite this, the cooperative 
regulation among multiple miRNAs would not be excluded for con-
tributing to the effect of MSC-exo. Despite multiple targets of miR-
204 that have been identified, we detected Il-6r, a predominant gene 
regulating macrophage functions, as the target of miR-204-5p. We 
went further to demonstrate that this particular interaction of miR-204 
and IL-6R mediated the down-regulation of IL-6/IL-6R/Stat3 sig-
naling, which is primarily responsible for macrophage phenotype 

Fig. 8. Schematic drawing showing that MSC-exo eye drops alleviate GVHD-​
associated dry eye disease by reprogramming M1 macrophages to M2 via miR-​
204–mediated targeting of IL-6R/Stat3 pathway. The miR-204 in MSC-exo directly 
targeted the Il-6r gene and suppressed the activation of IL-6R/Stat3 pathway, re-
sulting in the M1 macrophages in the dry eye cornea to reprogram toward 
immunosuppressive M2 phenotype. MSC-exo, which are enriched in miR-204, 
could restore the ocular surface homeostasis by switching M1 to M2 and ameliorate 
the inflammatory destruction during the GVHD-associated dry eye disease.
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transition and alleviation of dry eye. siRNA-mediated knockdown 
of IL-6 and IL-6R alleviated dry eye symptoms, further suggesting 
that the therapeutic effects of MSC-exo-miR-204 might derive from 
targeted inhibition of IL-6/IL-6R axis. The evidence linked exosomal 
miR-204 to IL-6/IL-6R/Stat3 signaling, and hence, the suppression of 
M1 macrophages sheds new light on the MSC-exo therapeutic action.

Exosomes have been proved to be ideal cargos for drug delivery 
in comparison to other RNA-based therapy. Exosomes could avoid 
the challenges including instability, rapid degradation, and difficulties 
in delivering to target tissues in vivo. The advantages of exosomes 
make them attractive and potential for treating many diseases. The 
specific structure of phospholipid bilayer lets exosomes protect their 
contents from in vivo degradation (53). In contrast, the small RNA-
based therapy still faces the challenge of instability and easy degra-
dation. They have poor delivery and need to be packed with positively 
charged polymers to allow them to cross over the cell membrane, 
which may cause cytotoxicity. In addition, exosomes have some ad-
vantages over a small-molecular inhibitor of IL-6R. The reported 
small-molecular inhibitors of IL-6/IL-6R have a higher likelihood 
for off-target effects, since the binding region of IL-6–IL-6R–gp130 is 
too complex and broad, and are thus associated with adverse reactions 
(54). In contrast, exosomes are natural components of human body 
fluids and are generally considered safe, nontoxic, and less immuno-
genic (55). Here, topical eye drop usage of L929-miR-204-exo also 
presented a potential therapeutic effect similar to that of MSC-exo, 
indicating that engineering exosomes that integrated needed properties 
such as miR-204, which could be manufactured at large scale, are the 
future direction of development and facilitate miRNA-​based therapy.

A major limitation of this prospective clinical trial, which has been 
approved to examine whether MSC-exo eye drop therapy would be 
effective in patients with GVHD-associated dry eye disease, is its 
relatively small sample size and short-term follow-up. In addition, 
MSC-exo therapy still faces the challenges for clinical applications, 
including the stability during storage and transport and the hetero-
geneity of exosome composition because of the culture conditions 
and purification methods (20, 56). Mechanistically, our conclusion that 
MSC-exo treatment mediates its immuno-regulatory effects through 
miR-204 was, to a large extent, based on the demonstration that L929-​
miR-204-exo alleviated dry eye symptoms in two mouse models. 
Current mouse models could provide some mechanistic insights 
but still have certain limitations in mimicking the pathological de-
velopment of GVHD-associated dry eye disease. Moreover, because 
of the complexity of the exosome content, we cannot exclude the roles 
of other elements such as mRNAs, noncoding RNAs, or proteins.

In summary, our findings demonstrated that MSC-exo exhibit a 
promising therapeutic effect on both mouse models of BAC induction 
and GVHD-associated dry eye disease. In particular, the antixeroph-
thalmic efficacy of MSC-exo identified in our clinical study provided 
a possibility for extended application of MSC-exo in other severe 
dry eye diseases such as Sjogren’s syndrome and other connective 
tissue diseases. It would be promising and interesting to enroll pa-
tients with wider spectrum of severe dry eye diseases for longer follow-​
up to get a more reliable conclusion. Mechanistically, MSC-exo could 
reprogram the M1 macrophages to anti-inflammatory M2, orches-
trating the immune homeostasis in the ocular surface. miR-204 in 
exosomes is the mediator candidate by directly targeting on IL-6R and 
suppressing the activation of IL-6/IL-6R/Stat3 pathway to modulate 
macrophage phenotypes. Together, we posit that miR-204–containing 
MSC-exo eye drops can be exploited as a safe and noninvasive therapy 

for human dry eye disease and that miR-204/IL-6/Stat3 axis plays crit-
ical roles in maintaining ocular surface homeostasis and corneal 
transparency by regulating the balance between M1 and M2 macro-
phages on the ocular surface.

MATERIALS AND METHODS
Patient enrollment and examination
The patients diagnosed as chronic GVHD based on the National 
Institutes of Health (NIH) criteria and those complaining of dry eye 
symptoms were enrolled in this clinical trial (39). These patients pre-
sented with controlled and stable systematic GVHD signs on other 
organs but showed poor responses to the available ocular treatments, 
including artificial tears, glucocorticoid, immunosuppressor, or punc-
tal occlusion. Thus, they were diagnosed with refractory GVHD–associated 
dry eye disease. Patients who met the inclusion and exclusion criteria 
were recruited in this trial (Supplementary Text). All patients signed 
the informed consents, and the baseline of clinical indicators including 
corneal fluorescein score, Schirmer’s test, tear-film breakup time, 
and OSDI scores was recorded and scaled as previously described 
(57–59). Then, the enrolled eyes received 10 g/50 l of UC-MSC-
exo eye drops four times a day for continuous 14 days. In the clinic, 
the patients who received eye drops were educated to press on the 
lacrimal duct area to minimize nasal mucosa or systemic absorp-
tion. The clinical indicators were monitored, and any side effects or 
adverse events relevant to topical application of the MSC-exo eye 
drops would be recorded during the follow-up. The clinical trial was 
conducted under the guidance of Good Clinical Practice standards 
and the Declaration of Helsinki, 1989, and the protocol was approved 
by the Ethics Committee of Zhongshan Ophthalmic Center, Sun-Yat 
Sen University (no. 2019KYPJ048) and registered at www.clinicaltrials.
gov (NCT04213248).

MSC culture and exosome preparation
The exosomes used for clinical patients were derived from human 
UC-MSCs, and the exosomes used in vitro and in mice were derived 
from murine bone marrow MSCs. For human MSCs, the umbilical 
cords were rinsed twice with PBS supplemented with penicillin and 
streptomycin, and the cord vessels were removed. The washed cords 
were subsequently cut into small fragments that were individually 
attached to the substrate of culture plates and then were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bo-
vine serum (FBS) and incubated at 37°C with 5% CO2. The medium 
was replaced every 3 days after the initial culture, and well-devel-
oped colonies of fibroblast-like cells appeared about 10 days later. The 
colonies were then dissociated by 0.25% trypsin and further cul-
tured. After three passages, cells were sorted by flow cytometry with 
negative markers of CD34-BV421 (562577, BD Pharmingen), 
CD45-PE (phycoerythrin) (304008, BioLegend), and CD11b-FITC 
(fluorescein isothiocyanate) (11-0118-42, eBioscience) and positive 
markers of CD44-FITC (11-0118-42, eBioscience), CD29-PE (12-0299-​
42, eBioscience), CD73-PerCP-Cy5.5 (561260, BD Pharmingen), 
CD166-​BV421 (562936, BD Pharmingen), and CD105-APC (allo-
phycocyanin) (562408, BD Pharmingen), and cells with multilineage 
differentiation ability were identified as human UC-MSCs, as 
previously described (60), which fulfill the minimal definition crite-
ria proposed by the International Society for Cellular Therapy. 
The human UC-MSCs from passages 3 to 5 were used for the 
experiments.

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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Primary murine bone marrow MSCs were isolated and cultured 
as described previously (61). In brief, 4- to 6-week-old C57BL/6J mice 
were sacrificed by CO2, and their tibia/fibula and femur were col-
lected to extrude the bone marrow using a 22-gauge needle. The bone 
marrow cells were resuspended in DMEM/F-12 medium contain-
ing 10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml) 
and seeded at a density of 1 × 106 cells/ml. The culture medium was 
changed 24 hours later and twice a week thereafter. The expanded cells 
were sorted by flow cytometry with negative markers of CD11b-
FTIC (553310, BD Pharmingen), CD45-APC (559864, BD Pharmingen), 
and CD34-BV421 (562608, BD Pharmingen) and positive markers 
of CD44-PE (553134, BD Pharmingen), CD29-FITC (11-0291-82, 
eBioscience), and SCA-1-BV421 (108128, BioLegend). The cells were 
expanded in three to five passages for usage. The cell line of murine 
MSCs purchased from Cyagen Biosciences Inc. (MUBMX-01001) 
was also used. A CD9-TdTomato fusion protein expression vector 
(Mm01684; GeneCopoeia Inc., CA, USA) was used to transfect MSC 
line. After selection by puromycin-containing medium, MSCs sta-
bly expressing CD9-TdTomato were sorted by flow cytometry with 
TdTomato fluorescent. The murine fibroblast cell line L929 pur-
chased from ScienCell Corporation (ScienCell Research Laborato-
ries, Carlsbad, CA, USA) was used as the control of murine MSCs.

The exosome-free FBS used for MSC culture and supernatant col-
lection was prepared by 100,000g centrifugation for 16 hours at 4°C 
with the deposits discarded. To manufacture exosomes, we chose 
the classical isolation method by ultracentrifugation to obtain exo-
some from supernatant of large volume, which is still considered as 
the “gold standard” for exosome isolation that minimally affects the 
membrane structure and contents (62). The cells were cultured in 
medium containing 10% exosome-free FBS for 48 hours, and culture 
supernatant was collected. Then, these supernatants were obtained 
by sequential centrifugation at 200g for 10 min, 2000g for 20 min, 
10,000g for 30 min, and 100,000g for 2 hours at 4°C. The pellet was 
washed twice with PBS and filtered through the 0.22-m filter. The 
prepared exosomes were stored until use at −80°C. The morphology and 
size distribution of exosomes were identified by transmission electron 
microscopy (FEI Tecnai 12, Philips, The Netherlands) and NanoSight 
tracking analysis (NanoSight NS300, Malvern, UK) as previously de-
scribed (63). Markers of exosomes—including CD63, CD9, CD81, 
annexin A1, and HSP90—were analyzed by Western blot (20).

Mice and dry eye models
The C57BL/6J mice (6 to 8 weeks old; male versus female mice is 
1:1) and male NCG mice were used for establishing dry eye models. 
NCG mice were purchased from the National Resource Center of 
Model Mice and Model Animal Research Center of Nanjing Uni-
versity. These mice were kept in a specific pathogen–free facility in 
the Animal Laboratories of Zhongshan Ophthalmic Center. This study 
was approved by the Ethics Committee of Zhongshan Ophthalmic 
Center, Sun-Yat Sen University (no. 2018-066). All the experiments 
were carried out in accordance with the approved guidelines of the 
Animal Care and Use Committee of Zhongshan Ophthalmic Center 
and the Association Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision Research.

BAC mice model was induced by 5-l eye drops of 0.2% BAC 
(Sigma-Aldrich, St. Louis, MO, USA) twice a day for 7 days on C57BL/6J 
mice. These mice were randomly assigned to different treatment 
groups with 5 l of eye drop per eye, twice a day for 7 days (MSC-exo 
in 0.5 × 1010, 2.5 × 1010, or 12.5 × 1010 particles/ml; L929-exo; 

artificial tears; PBS; L929-NC-miR-exo; or L929-miR-204-exo, respec-
tively). The MSC-exo were preservative-free and had physiologi-
cal osmolarity and pH comparable to those of the artificial tears. 
For the antagomiR treatment experiment, the MSC-exo–treated 
BAC mice simultaneously received 1 l of 200 nM antagomiR-204 or 
antagomir-NC by subconjunctival injection on days 0, 3, and 6. For 
the experiment using IL-6/IL-6R siRNA treatment, the BAC mice 
were treated by subconjunctival injection of 1 l of 50 M IL-6-siR-
NA or IL-6R-siRNA on days 0, 3, and 6 for three times.

The NCG mice received 1 × 107 cells per 300 l of human PBMCs 
by tail vein injection to establish GVHD model. Systematic symp-
toms including body weight loss, diarrhea, hair loss, and activities 
were monitored, and clinical scores were evaluated every 3 days as 
previously described (64). The histological analysis of typical organs 
is shown in fig. S9. When the mice could be diagnosed as GVHD 
and present classic dry eye symptoms including corneal defects, limbus 
palpebralis edema, and so on, they would receive respective treat-
ments (2.5 × 1010particles/ml, 5 l per eye, twice a day for 7 days). 
The ocular surface examination was then performed.

Murine ocular surface examination
After anesthetizing by intraperitoneal injection of pentobarbital 
(0.05 mg/g body weight), tear quantity was measured using the cot-
ton thread test (Zone-Quick, Showa Yakuhin Kako, Tokyo, Japan) 
without topical anesthetic. The thread was held with jeweler forceps 
and applied to the lateral canthus for 30 s and then turned red in con-
tact with tears. Wetting of the thread was measured in millimeters 
under a dissecting microscope. Fluorescein staining was performed 
with 5 l of 0.5% fluorescein sodium solution instilled into the con-
junctival sac, and the mouse ocular surface was observed under a slit 
lamp microscope (Slit Lamp BX900; Haag-Streit, USA). The corneal 
epithelial damage was evaluated under a cobalt blue filter and divided 
into five parts, graded from 0 to 3 in each part (65).

Mmu-miR-204-5p precursor transfection of L929 
and Raw264.7 cell
Fibroblast cell line L929 cells and macrophage cell line Raw264.7 
were purchased from ScienCell Corporation (ScienCell Research 
Laboratories, Carlsbad, CA, USA). These cells were transfected with 
mmu-miR-204-5p precursor (HH20180611DZQ-LV01, Hanbio Bio-
technology Co., Shanghai, China). Plasmid transfection was performed 
using Lipofectamine 2000 (Invitrogen) following the manufacturer’s in-
structions. For the stable transfection of miRNAs, the cells were se-
lected with puromycin (500 g/ml; LOUNBIOTECH, Guangzhou, China) 
and sorted by a FACSAria I cell sorter (Becton-Dickinson, Franklin 
Lakes, NJ, USA). The sorted cells were cultured for expansion. The trans-
fected L929 cells were cultured with exosome-free FBS, and the superna-
tants were collected to obtain exosomes by centrifugation. The Raw264.7 
cells were pretreated with L929-exo or MSC-exo (2.5 × 105/ml, dis-
solved in PBS) for 2 hours and then stimulated with hydrogen perox-
ide (200 M) or hypoxia (1% O2, 5% CO2, and balanced N2) at 37°C for 
24 hours, and then cells were harvested to analyze macrophage polar-
ization states or miR-204–related signaling pathway activation.

Immunofluorescence staining
The cornea flat mounts, cryosections, and cultured cells were fixed 
in 4% paraformaldehyde and blocked with 0.5% Triton X-100/5% 
bovine serum albumin for 2 hours at room temperature. The sam-
ples were incubated with primary antibodies overnight at 4°C and 
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then with secondary antibodies for 1 hour. The primary antibodies 
included anti-CD11b antibody (ab8878, Abcam), anti-CD68 anti-
body (ab53444, Abcam), anti-CD86 antibody (ab119857, Abcam), 
anti-CD206 antibody (AF2535, R&D Systems), and anti-Ki67 anti-
body (ab16667, Abcam). Secondary antibodies included donkey 
anti-rabbit immunoglobulin G (IgG) (H + L) Alexa Fluor 555, donkey 
anti-rat IgG (H + L) Alexa Fluor 488, donkey anti-rabbit IgG (H + L) 
Alexa Fluor 488, and donkey anti-goat IgG (H + L) Alexa Fluor 555 
secondary antibodies (1:1000; Invitrogen). TUNEL staining (In Situ 
Cell Death Detection Kit, Fluorescein; Roche, IN, USA) was per-
formed according to the manufacturer’s instructions. The corneal 
whole mounts were dissected into four petals and detected by ZEISS 
(LSM880, Germany). Three images of each petal were captured in 
mid-periphery areas of each cornea, respectively.

Hematoxylin and eosin staining
Eyes were fixed in formalin overnight, embedded in paraffin, and 
cut into 3-m vertical slices. Sections were washed in deionized wa-
ter for 5 min and incubated with hematoxylin buffer for 10 min at 
room temperature. Then, these sections were rinsed in deionized 
water and dipped in 1% eosin solution for 15 s. After rehydrating in 
alcohol gradients, slices were washed again and mounted. Histolog-
ical analyses of corneal tissues were observed under a microscope 
(Leica DM4000, Germany), and images were processed and analyzed 
with ImageJ software (Public Domain, imagej.nih.gov/ij/). The thick-
ness of the total cornea and corneal epithelium layer was counted 
and analyzed blindly by trained pathologists.

Flow cytometry
The corneas were dissected out and placed in 1 ml of RPMI with 
deoxyribonuclease І (0.002 g) and collagenase D (0.004 g) in a 37°C 
bath for 60 min, with inverting every 10 min while pipetting up and 
down. The digestion was stopped by 200 l of FBS, and cell suspen-
sion was filtered through a 70-m strainer (BD Biosciences, San Diego, 
CA, USA). The cells were washed with PBS containing 1% FBS and 
1% Hepes (MP Biomedicals) and stained with CD45-APC (559864, BD 
Pharmingen), CD11b-BV421 (101236, BioLegend), CD11c-PerCP-Cy5.5 
(45-0114-83, eBioscience), CD86-PE (553629, BD Pharmingen), and 
CD206-FITC (141704, BioLegend) antibodies for 30 min at room tem-
perature. A multilaser Becton-Dickinson FACSCalibur (BD Biosci-
ences) was used to collect the data, and FlowJo software was used 
for analysis.

Western blotting
The protein concentration was determined by bicinchoninic acid 
protein assay. Equal amount of protein was used, and Western blot-
ting was performed as previously described (66). Primary antibodies 
included anti-CD9 antibody (ab92726, Abcam, MA), anti-CD63 anti-
body (216130, Abcam, MA), anti-CD81 antibody [10037, Cell Sig-
naling Technology (CST)], anti–annexin A1 antibody (3299, CST), 
anti-HSP90 antibody (4877, CST), anti–IL-6R antibody (ab83053, 
Abcam, MA), anti-Stat3 antibody and anti-p-Stat3 antibody (9139S 
and 9145S, CST), anti–IL-6 antibody (12912, CST), anti–nuclear fac-
tor B antibody (8242S, CST), anti–TNF- antibody (ab1793, Abcam, 
MA), anti–IL-1b antibody (NB600-633, Novus), anti-CD86 antibody 
(ab119857, Abcam, MA), anti-Arg1 antibody (sc-18355, Santa Cruz 
Biotechnology, CA), and anti–-actin antibody (ab28696, Abcam, MA). 
The gray intensity of protein blots was measured using ImageJ soft-
ware (NIH).

Real-time PCR
The total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA, 
USA) and was converted into first-strand complementary DNA using 
the PrimeScript RT reagent Kit (TaKaRa Biotechnology Co. Ltd., 
Dalian, China) or riboSCRIPT Reverse Transcription Kit (RiboBio 
Co. Ltd., Guangzhou, China) according to the manufacturer’s instruc-
tions. Quantitative real-time PCR experiments were performed with 
SYBR Green I in a LightCycler 96 (Roche Applied Science, Mannheim, 
Germany). The primers are listed in table S1. For normalization and 
relative quantification, Gapdh gene and U6 were used as reference 
genes. Expression was calculated by relative quantification using 
the 2−CT method.

Luciferase activity assay
Luciferase activity assays were conducted as reported previously 
(67). The wild-type IL-6R 3′UTR firefly luciferase reporter plasmids 
and IL-6R 3′UTR firefly luciferase reporter plasmids with the po-
tential miR-204-5p binding site mutated were cotransfected with 
miR-204-5p mimics or miR-NC mimics to human embryonic kid-
ney 293 cells, respectively. Renilla luciferase reporter plasmids were 
also transfected as internal control. The luciferase activities were mea-
sured by a Dual-Glo Luciferase Assay Kit (Promega) 48 hours after 
transfections.

RNA library construction and miRNA sequencing
For total RNA extraction from L929-exo and MSC-exo, TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA) was used according to the 
manufacturer’s instruction. Three experimental replicates per group 
were performed. The concentration and integrity of each RNA sample 
were measured by Agilent 2100 Bioanalyzer (Thermo Fisher Scien-
tific, Waltham, MA, USA) and are shown in fig. S10. Library prepa-
ration and miRNA sequencing were performed by Biomarker Cloud 
Technologies Co. Ltd. (Beijing, China) using the miRNA library prepa-
ration kit. Standard polyacrylamide gel electrophoresis gel electro-
phoresis was used to examine RNA integrity. The clustering of the 
index-coded samples was performed on a cBot Cluster Generation 
System using the TruSeq PE Cluster Kit v4-cBot-HS (Illumia) accord-
ing to the manufacturer’s instructions. After cluster generation, the 
library preparations were sequenced on an Illumina platform, and 
single-end reads were generated. Raw reads of fastq format were first 
processed through in-house perl scripts followed by removing reads 
containing adapter, ploy-N, and low-quality reads. In addition, clean 
data were obtained by removing the sequences smaller than 15 nucleo-
tides (nt) or longer than 35 nt. At the same time, Q20, Q30, GC content, 
and sequence duplication level of the clean data were calculated to 
ensure data with high quality.

Bioinformatic analysis
The reads were used to detect known miRNA and novel miRNA pre-
dicted by comparing with Genome and known miRNAs from miRBase. 
miRNA expression levels were estimated for each sample by map-
ping back onto the precursor sequence and obtaining read count for 
each miRNA from the mapping results. Differential expression anal-
ysis was performed using the DESeq2 R package (1.10.1). The resulting 
P values were adjusted using Benjamini and Hochberg’s approach for 
controlling the false discovery rate (FDR). miRNAs with |log2(FC)| ≥ 1; 
FDR  ≤  0.05 found by DESeq2 were assigned as differentially ex-
pressed. GO enrichment analysis of the differentially expressed genes 
was implemented by the GOseq R packages based on the Wallenius 
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noncentral hypergeometric distribution. All genes in GO term “im-
mune system process” (0002376) were mapped to the annotated miR 
dataset with paired miR filtered. All miRs and immune-related miRs 
were ranged on the basis of the level of log2 fold change and were 
represented by bar chart and volcano plots drawn with ggplot2 v3.3.2. 
The RNA sequencing dataset was deposited in Gene Expression Om-
nibus (GSE166585). In addition, the target genes of mmu-miR-204-5p 
were illustrated by miRnet, a miRNA-centric network visual analytics 
platform, with 860 target genes based on the database TarBase v8.0.

Statistics
All experiments were performed at least two times, and biological 
replicates are indicated in the figure legends by n. The statistical 
analysis was performed using GraphPad Prism (GraphPad Software, 
version 6.0, La Jolla, USA). The differences of ocular examination 
results between D0 and D14 were analyzed using a paired Student’s 
t test. All quantitative data are presented as means ± SEM, with the 
number of samples provided in the figure legends, which were ana-
lyzed by a two-tailed unpaired Student’s t test (two groups) or one-way 
analysis of variance (ANOVA) (>2 groups) with Tukey’s post hoc 
comparisons test. P ≤ 0.05 was considered as statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abj9617

View/request a protocol for this paper from Bio-protocol.
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