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limiting GVHD progression.

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) is
used in the treatment of neoplastic and immune disorders. Graft-
versus-host disease (GVHD), in which donor-derived T cells tar-
get recipient alloantigens to cause tissue pathology, is a common,
and frequently severe, complication of HSCT (1). Tissue damage
that occurs as a result of pretransplant conditioning is an import-
ant factor in GVHD initiation (2, 3), and we have demonstrated
that this primarily reflects a requirement for intestinal injury and
associated barrier loss (4). Thus, although conditioning-induced
damage typically resolves before GVHD is clinically apparent, the
two processes are closely linked.

Although efforts to reduce conditioning-associated intesti-
nal damage for prevention of GVHD initiation have shown some
efficacy, their utility is limited by the fact that intense anti-
neoplastic therapies and bone marrow ablation are necessary
for successful HSCT (2, 3). We therefore focused on the less-
well-defined mechanisms by which barrier loss promotes ongo-
ing attack of recipient tissues, i.e., GVHD propagation, which is
associated with local T cell recruitment and apoptosis of intes-
tinal crypt epithelial cells (5, 6). Identification of these mech-
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Graft-versus-host disease (GVHD) is a complication of hematopoietic stem cell transplantation (HSCT) that affects multiple
organs. GVHD-associated intestinal damage can be separated into two distinct phases, initiation and propagation, which
correspond to conditioning-induced damage and effector T cell activation and infiltration, respectively. Substantial evidence
indicates that intestinal damage induced by pretransplant conditioning is a key driver of GVHD initiation. Here, we aimed to
determine the impact of dysregulated intestinal permeability on the subsequent GVHD propagation phase. The initiation
phase of GVHD was unchanged in mice lacking long MLCK (MLCK210), an established regulator of epithelial tight junction
permeability. However, MLCK210-deficient mice were protected from sustained barrier loss and exhibited limited GVHD
propagation, as indicated by reduced histopathology, fewer CD8* effector T cells in the gut, and improved overall survival.
Consistent with these findings, intestinal epithelial MLCK210 expression and enzymatic activity were similarly increased in
human and mouse GVHD biopsies. Intestinal epithelial barrier loss mediated by MLCK210 is therefore a key driver of the GVHD
propagation. These data suggest that inhibition of MLCK210-dependent barrier regulation may be an effective approach to

anisms and means to prevent GVHD propagation could have
tremendous therapeutic potential (7-9).

Sustained intestinal barrier loss has been proposed as a contrib-
utor to GVHD propagation based on the observation that the degree
of intestinal barrier loss correlates with disease severity in patients
and mice with GVHD (4, 6, 8-13). However, it remains unclear
whether this increased permeability is a consequence of disease or
aprimary driver of disease propagation. This difficulty in separating
cause from effect has prevented detailed characterization of intesti-
nal barrier dysfunction as a contributor to GVHD pathogenesis. To
resolve this, we focused on defining mechanisms and consequences
of intestinal barrier loss during GVHD propagation.

Here, our analysis of human GVHD biopsies revealed elevated
expression and enzymatic activity of long myosin light chain kinase
(MLCK210), a well-defined regulator of tight junction permeabil-
ity (2, 14-16), suggesting that MLCK210-dependent alterations
in barrier function may drive GVHD propagation. Consistent
with this hypothesis, mechanistic studies in mice revealed that
MLCK210 deficiency in recipient mice reduced GVHD propa-
gation. Our studies demonstrate a requirement for MLCK210-
dependent intestinal permeability increases during the propaga-
tion phase and indicate that intestinal epithelial MLCK210 may
be an accessible target for limiting GVHD incidence and severity.

Results

MLCK210 expression and activity are increased in human GVHD. In
an effort to understand GVHD propagation, we analyzed intesti-
nal biopsies from patients with GVHD for common hallmarks of
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Figure 1. MLCK210 expression and myosin light chain phosphorylation
are increased within the intestinal epithelium of patients with GVHD.
(A) Representative histopathology of human small intestinal biopsies.
Arrowhead denotes an apoptotic cell. Scale bars: 50 um (top), 10 um (bot-
tom). (B) Human small intestinal biopsies from healthy controls (left) or
GVHD patients (right) were immunostained for Z0-1 (red), B-actin (white),
and Hoechst 33342 (blue). Scale bar: 10 um. Representative images are
shown. (C) Biopsies from healthy controls (left) or GVHD patients (right)
were immunostained for MLCK210 (brown), counterstained with hematox-
ylin, and scored from O to 3. Each point represents an individual patient.
Representative images from n = 9 patients and n = 8 controls are shown.
*P < 0.05, Mann-Whitney U test. Scale bar: 10 um. (D) Biopsies from
healthy controls (left) or GVHD patients (right) were immunostained for
phosphorylated myosin light chain (pMLC, green) and E-cadherin (ECAD,
red). Arrowhead denotes MLC phosphorylation at the perijunctional acto-
myosin ring. Stains were scored from 0 to 3, with each point representing
an individual patient. Representative images from n = 9 patients and n = 8
controls are shown. *P < 0.05, Mann-Whitney U test. Scale bar: 10 pm.
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intestinal damage and altered intestinal permeability. Although
patients with GVHD have increased intestinal permeability (17),
epithelial damage is limited to scattered apoptotic crypt epithelial
cells in most cases (Figure 1A) (18-20). Our analyses therefore
focused on patients with epithelial apoptosis but without greater
degrees of epithelial damage. Tight junction and epithelial struc-
ture within intestinal biopsies from these GVHD patients were
generally intact, as indicated by unaltered distribution of the
tight junction protein zonula occludens-1 (ZO-1) and actin rel-
ative to healthy control subjects (Figure 1B). We therefore asked
whether expression of MLCK210, a principal regulator of the tight
junction leak pathway, was increased in small intestinal biopsies
from patients with GVHD relative to healthy controls (Figure 1C).
GVHD biopsies exhibited increased MLCK210 expression, and
enhanced enzymatic activity, as indicated by increased myosin II
regulatory light chain (MLC) phosphorylation (Figure 1D). These
data are consistent with the hypothesis that MLCK210-mediated
changes in tight junction permeability are associated with GVHD
pathogenesis in human subjects.

Intestinal epithelial MLCK210 expression and activity are
increased after allogeneic bone marrow transplantation in mice. We
previously developed a minor antigen mismatch GVHD model
that recapitulates human GVHD (4). In this bone marrow trans-
plant (BMT) model, transfer of donor bone marrow cells together
with mature splenocytes from mice of the 12956 strain (herein,
129) drives GVHD following infusion into irradiated C57BL/6]
(B6) recipient mice. Of note, the 129 and B6 mouse strains are
MHC matched (H-2" haplotype), but harbor minor antigen mis-
matches that trigger allorecognition of recipient B6 cells by donor
129 T cells. This system recapitulates many features of human
GVHD after HSCT, which is commonly HLA matched. For exam-
ple, GVHD propagation is relatively slow in this mouse model,
with appearance of clinical features on day 21 (d21) after BMT.
This allows unequivocal separation of GVHD propagation from
initiation-inducing damage caused by conditioning, as the latter
is healed by d14 after irradiation (4). Histological examination
on d14 after BMT showed that epithelial damage was limited to
rare apoptotic crypt cells after allogeneic BMT (129—B6) but not
syngeneic BMT (B6—B6) (Figure 2A). As in human GVHD, jeju-
nal epithelial MLCK expression (Figure 2, B and D) and activity
(Figure 2, C and D) were increased after allogeneic BMT. Disease
initiation in this model is characterized by IFN-y, IL-1f, and TNF
upregulation within jejunal mucosa after allogeneic, but not synge-
neic, BMT (Figure 2E), consistent with previous work showing that
TNF and IL-1p signaling induce MLCK210 upregulation (21-23).
Thus, this model recapitulates MLCK210 upregulation in human
disease and can be utilized to assess the impact of MLCK210-
dependent barrier regulation on GVHD pathogenesis.

Experimental GVHD-associated barrier loss requires intestinal epi-
thelial MLCK210. Epithelial MLCK210 regulates tight junction per-
meability in two distinct ways. Modest MLCK210 activation, such as
that induced by physiological stimuli, increases paracellular perme-
ability to molecules with diameters up to ~8 A (24, 25). In contrast,
activation of MLCK210 by pathologic stimuli, such as TNF, increases
tight junction permeability to larger molecules, including those with
diameters of 28 A and 70 A (2, 14, 26-28). To assess these distinct
modes of MLCK210-dependent barrier loss, we measured intestinal
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Figure 2. MLCK210 expression and activity as well as cytokines associated with MLCK210 upregulation are elevated in minor mismatch experimen-

tal GVHD. B6 WT recipients were lethally irradiated followed by a syngeneic (B6) or allogeneic (129) BMT. Mice were sacrificed 14 days after BMT. (A)
Representative histopathology of the small intestine. Arrowheads denote apoptotic epithelial cells. Scale bars: 50 um (top), 10um (bottom). (B) Jejunal
segments were immunostained for MLCK210 (green) and E-cadherin (red). Arrowheads indicate the location of the perijunctional actomyosin ring. Images
are representative of >3 independent experiments. Quantitative analysis is shown in D. Scale bar: 10 um. (C) Jejunal segments were immunostained for
phosphorylated myosin light chain (pMLC, green) and E-cadherin (red). Arrowheads indicate the location of the perijunctional actomyosin ring. Images are
representative of >3 independent experiments. Quantitative analysis is shown in D. Scale bars: 50 um (top), 10 um (bottom). (D) MLCK210 expression and
MLC phosphorylation were determined morphometrically. Each point represents an average of 4 fields from one segment of tissue from a single mouse.
Two segments were analyzed per mouse. Data are normalized to the mean of mice that did not receive BMT. MLCK210 mRNA was determined by quantita-
tive PCR (gPCR) in purified epithelial cells. Each point represents an individual mouse. Data are normalized to the mean of mice that did not receive BMT.
*P < 0.05, 2-tailed t test (B6—WT vs. 129—WT). (E) Jejunal cytokines were determined by ELISA. Each point represents an individual mouse. *P < 0.05,

2-tailed t test (B6—WT vs. 129—WT).

permeability of fluorescein and 4-kDa dextran (Figure 3A), which On d14 after BMT, increased intestinal fluorescein permea-

have diameters of 8 A and 28 A, respectively, in WT and MLCK210-
deficient (MLCK”") mice on the B6 background that received a BMT
from WT 129 donors. The MLCK”" mice lack MLCK210 but display
normal expression of the shorter, smooth muscle MLCK protein that
is derived from the same Mylk gene (2, 29).

Number2  February 2019
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bility was relatively muted in MLCK/~ mice compared with WT
controls (Figure 3B). Increased permeability to 4-kDa dextran was
not detected on d14, but it was significantly reduced in MLCK",
relative to WT, on d35 (Figure 3, C and D). These permeability
changes corresponded with increased intestinal epithelial MLC
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Figure 3. Allogeneic BMT fails to induce barrier dysfunction in MLCK~- mice. (A) Probes used to measure MLCK210-dependent barrier loss. (B) Intestinal
permeability to fluorescein was evaluated on d14 after syngeneic (B6—WT) or allogeneic (129—WT or MLCK~/-) BMT. Values are normalized to the mean of
WT mice that did not receive BMT. Each point represents an individual mouse. *P < 0.05, 2-tailed t test. (C and D) Intestinal permeability to 4-kDa dextran
on d14 (C) or d35 (D) after BMT, normalized to the mean of WT mice without BMT. Each point represents an individual mouse. *P < 0.05, 2-tailed t test.

(E and F) Jejunum harvested on d35 and immunostained for phosphorylated myosin light chain (pMLC, green) and E-cadherin (ECAD, red). Arrowheads
denote perijunctional actomyosin ring. Note the preservation of myosin light chain phosphorylation within villus smooth muscle in MLCK~'- mice. Each
point represents the average of 4 fields from one segment of tissue; 2 segments were analyzed per mouse. Data are normalized to the mean of WT mice
without BMT. Scale bars: 50 um (top), 10 um (bottom). **P < 0.01, ANOVA with Bonferroni's correction (vs. all other conditions). (G and H) 35 days after
BMT, mice were injected with Alexa Fluor 647-BSA and sacrificed 30 minutes later. Confocal imaging demonstrates bright intravascular signal, indica-

tive of retained dye, in WT and MLCK~/- mice without BMT or after syngeneic (B6—B6) BMT. In contrast, intravascular signal is markedly diminished in
both WT and MLCK™- mice after allogeneic (129—B6) BMT. Note the sharp paracellular pattern in MLCK~- mice, consistent with preservation of the tight
junction barrier, relative to the diffuse signal over the epithelium of WT mice (arrowheads). Scale bar: 25 um. Each point represents an average of 6 regions
of lamina propria from one mouse. Data are normalized to mean of WT mice without BMT. **P < 0.01, ANOVA with Bonferroni’s correction (vs. other con-
ditions for each genotype; matched conditions across genotypes were not significantly different).
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Figure 4. GVHD severity is markedly reduced in MLCK~"- mice. B6 WT or MLCK/~ recipients were lethally irradiated, followed by a syngeneic (B6) or allo-
geneic (129) BMT. (A) Relative weight and (B) disease activity scores (n = 8-12/group). *P < 0.05, 2-tailed t tests on d35 (129—WT vs. 129—MLCK™). (C)
Serum TNF as determined by ELISA, 35 days after BMT. Each point represents an individual mouse. **P < 0.01, 2-tailed t test (129—WT vs. 129—MLCK").
(D) Survival (n = 6-8/group). **P < 0.01, Kaplan-Meier log-rank test (129—WT vs. 129—MLCK™). (E and F) Liver, skin, and jejunum were harvested 35 days
after BMT and sections immunostained for CD8 (green) and E-cadherin (ECAD, red). (E) Representative images of biliary and squamous (skin) epithelium
from WT (left panels) and MLCK/- (right panels) mice are shown. Arrowheads denote infiltration by CD8" cells. Scale bars: 20pum. (F) Representative images
of jejunum from WT (left) and MLCK™~ (right) mice. Arrowheads denote direct contact of CD8 cells with the epithelium. Scale bar: 50 um. (G) Jejunum har-
vested 35 days after BMT was immunostained for CD3, CD4, Foxp3, and T-bet. Graphs show CD3*, CD4*Foxp3*, or CD4*T-bet* T cells. Each point represents an

individual mouse. **P < 0.01, 2-tailed t test.

phosphorylation between d14 and d35 after BMT in WT mice
(Figure 3, E and F). This was particularly evident within the apical
perijunctional actomyosin ring, which interfaces directly with the
tight and adherens junctions (30). Increased epithelial MLC phos-
phorylation was not detected in MLCK”~ mice (Figure 3, E and F).
Thus, although several kinases, e.g., Rho and citron kinases, can
phosphorylate MLC in other cell types (31), MLCK210 is responsi-
ble for increased intestinal epithelial MLC phosphorylation during
GVHD progression. Notwithstanding previous studies indicating
a role for MLCK210 in endothelial contraction and regulation of
microvascular permeability (32, 33), there were no differences
between WT and MLCK” mice in terms of tissue permeability
to intravenously injected albumin 35 days after BMT (Figure 3, G
and H). Therefore, the genetic MLCK210 inhibition in this GVHD

jci.org  Volume129  Number2  February 2019

model limited MLC phosphorylation and paracellular permeabil-
ity in intestinal epithelia but did not prevent increased microvas-
cular permeability.

MLCK210-dependent processes contribute to GVHD progression.
Intestinal epithelial tight junction barrier preservation in MLCK/-
mice provides an opportunity to define the contributions of tight
junction dysregulation to GVHD progression during the propaga-
tion phase. Weight loss (Figure 4A) and disease activity (Figure
4B) were similar in WT and MLCK’" mice during the first week
after minor mismatch BMT, indicating that radiation-induced
damage in the initiation phase was not affected by MLCK210 defi-
ciency. Weight loss of MLCK”" and WT recipients diverged on d28
after allogeneic BMT, and by d35 weight loss in WT mice was 40%
greater than that in MLCK”" mice (Figure 4A). Disease activity of
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MLCK” and WT mice differed within 10 days of BMT, and this dis-
crepancy increased as disease progressed (Figure 4B). Serum TNF
levels were also markedly lower in MLCK” mice (Figure 4C). Fur-
ther, long-term survival was improved in MLCK”", compared with
WT, after allogeneic BMT (Figure 4D). As an additional measure
of disease progression, we assessed intestinal mucosal infiltration
by CD8* T cells, the major effectors of tissue damage in GVHD.
There were fewer CD8" T cells within the intestinal mucosa as well
as in biliary and skin epithelium of MLCK”" minor mismatch (129)
BMT recipients relative to WT (Figure 4, E and F), in line with the
reduced histopathology at these sites in MLCK/~ mice. Further,
CD3" T cell infiltrate density in the small intestine was markedly
reduced in MLCK™, relative to WT (Figure 4G). Subset analyses
failed to show significant differences in numbers of CD4*Foxp3*
regulatory or CD4*T-bet* Thl-polarized skewed T cells in MLCK™~
versus WT BMT recipients (Figure 4G).

Cumulatively, these data demonstrate that MLCK210 con-
tributes significantly to systemic GVHD propagation but has no
measurable effect on the initiation phase. Although a role for
MLCK210 in non-epithelial cell types, e.g., endothelia, cannot be
completely ruled out (29, 34), the use of donor cells from WT mice
in these studies excludes a role for MLCK210-dependent changes
in immune and other bone marrow-derived cells as a potential
explanation for reduced disease in MLCK"" recipients.

Intestinal epithelial MLCK210 drives barrier loss and GVHD
propagation. To verify that the disease amelioration observed in
MLCK”~ BMT recipients was due to deletion of MLCK210 within
intestinal epithelia, we asked whether the protection observed in
MLCK” mice could be reversed by crossing MLCK’~ mice with
transgenic mice specifically expressing MLCK within the intestinal
epithelium. The MLCK"™ mice used express constitutively active
MLCK under control of the intestinal epithelium-specific 9-kb
villin promoter (35). Weight loss (Figure 5A), disease activity (Fig-
ure 5B), survival (Figure 5C), cytolytic CD8"granzyme B* T cell infil-
tration (Figure 5D), and histopathology (Figure 5, E and F) of both
MLCK™MLCK”- and MLCK" mice were all similar to those of WT
mice. In contrast, each of these features of GVHD was significantly
ameliorated in MLCK”" mice relative to WT, MLCK™MLCK”, or
MLCK" mice (Figure 5, A-F). In addition, the hallmark skin ulcer-
ation observed in advanced GVHD was similar in MLCK™ and WT
mice, while this characteristic was absent and fur texture markedly
less perturbed in MLCK”~ mice (Figure 5G).

To better define the impact of MLCK-dependent barrier regula-
tion on GVHD propagation, we assessed overall disease severity on
d35 as a function of barrier loss on d14 after BMT. When all 4 geno-
types that received allogeneic BMT as well as mice that received
syngeneic BMT were considered, there was a strong correlation
between ultimate disease severity and permeability increases that
occurred much earlier (Figure 5H; r = 0.75, P < 0.01). As a whole,
these results indicate that disease propagation and cumulative
GVHD severity are driven by MLCK210-dependent regulation of
intestinal epithelial permeability.

MLCK210 inhibition reduces GVHD in a major antigen mis-
match model. In order to test the role of MLCK210 in a sepa-
rate GVHD model, we injected irradiated B6 recipients (H-2°
haplotype) with bone marrow and splenocytes from BALB/c
donors (H-2¢ haplotype). In this pairing the donor and recipient

RESEARCH ARTICLE

are MHC mismatched, leading to substantial allorecognition of
recipient antigen by donor immune cells. This results in a robust
graft-versus-host response and rapid GVHD progression. As
in minor mismatch GVHD, skin ulcerations (Figure 6A), histo-
pathology (Figure 6, B and C), and disease activity (Figure 6D)
were all improved in MLCK ™, relative to WT, recipients. Despite
protection, d35 disease activity scores of MLCK”" mice receiving
major mismatch BMT were substantially greater than those of
MLCK”" mice after minor mismatch BMT. The greater severity
of major mismatch GVHD was also apparent in survival of WT
mice; ~40% survived to d35 after BALB/c—B6 BMT relative to
~70% after 129—B6 BMT. Nevertheless, survival of MLCK/
mice on day 35 after major mismatch BMT was more than twice
that of WT mice (Figure 6E).

Similar to minor mismatch disease, major mismatch GVHD
was associated with marked increases in intestinal epithelial
MLCK210 expression (Figure 6F) and intestinal epithelial MLC
phosphorylation in WT mice (Figure 6, G and H). In contrast, no
increases in MLC phosphorylation were detected in intestinal epi-
thelia of MLCK”" mice (Figure 6, G and H). Finally, lamina propria
infiltration by CD8*granzyme B* T cells was significantly greater
in WT, relative to MLCK”", mice after major mismatch BMT (Fig-
ure 6I). Taken together, these results demonstrate that MLCK210
deletion limits propagation of major antigen mismatch GVHD and
provides further evidence that intestinal epithelial MLCK210 is a
critical regulator of GVHD pathogenesis.

MLCK210-dependent intestinal epithelial tight junction barrier
loss is associated with polyclonal cytolytic T expansion within mes-
enteric lymph nodes. While the data above indicate a key role
for MLCK210-dependent intestinal paracellular permeability
increases in GVHD propagation, they do not explain how intesti-
nal barrier loss is translated to systemic disease. To better assess
immune aspects of disease progression, we developed an antigen-
specific GVHD model. We used OVA as a model antigen, as the
minor antigen(s) responsible for allorecognition have not been
defined in the 129—B6 model (36). WT and MLCK”- B6 mice
expressing membrane-bound OVA (mOVA™ and mOVA™MLCK”)
were used as BMT recipients. For these studies, WT B6 bone mar-
row and splenocytes were supplemented with a minor fraction of
splenocytes from congenically disparate (CD90.1) B6 OT-I mice,
which express a transgenic T cell receptor reactive to the OVA
peptide SIINFEKL in the context of H-2K® (37). GVHD developed
in mOVA™ BMT recipients, but not in WT B6 recipients lacking
membrane-bound OVA expression, confirming that the OVA
peptide serves as a minor mismatch antigen rendering recipient
mice susceptible to GVHD (Figure 7, A and B). When mOVA™ and
mOVA™MLCK”- BMT recipients were compared, the kinetics with
which weight and disease activity scores diverged were similar to
that in the 129 B6 allogeneic BMT model. Characteristic histo-
pathological features of GVHD were evident in mOVA'™ BMT recip-
ients but were significantly decreased in mOVA™MLCK" recipients
(Figure 7C). Finally, consistent with the results in 129—B6 alloge-
neic BMT, the density of CD3* T cells within the small intestine
of mOVA™ BMT recipients was far greater than that in mOVA™
MLCK”" recipients (Figure 7D). Thus, MLCK210 deletion in this
antigen-specific model limits GVHD propagation and recapitulates
the effects seen in minor and major antigen mismatch models.
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Figure 5. GVHD severity is modulated by intestinal epithelial MLCK210. B6 recipients of the indicated genotypes were lethally irradiated, followed by a 129
BMT. (A) Relative weight and (B) disease activity scores (n = 6-9/group). *P < 0.05, ANOVA with Bonferroni’s correction vs. all other conditions. (C) Survival

(n = 8-15/group). *P < 0.05, Kaplan-Meier log-rank test, MLCK~"- compared with all other groups. (D) Sections of jejunum were immunostained for CD8 (green)
and granzyme B (red) 35 days after BMT. Representative images are shown. Arrowheads indicate colocalization. Scale bar: 20 um. Each point represents an
individual mouse. **P < 0.01, ANOVA with Bonferroni's correction for MLCK210-KO mice vs. all other conditions (except syngeneic BMT) on d35. (E) Histopa-
thology of jejunum (arrowheads denote apoptotic epithelial cells), liver (arrowheads denote lymphocytes infiltrating biliary epithelium), and skin (arrowheads
denote apoptotic squamous cells, asterisks indicate preserved pilosebaceous units) on d35. Scale bars: intestine, 100 pm, 20 pm; liver, 300 um, 50 um; skin,
300 pm. (F) Total pathology scores (sum of jejunum, liver, and skin scores) 35 days after BMT. Each point represents an individual mouse. **P < 0.01, ANOVA
with Bonferroni's correction (vs. all other conditions). (G) Gross photos of 2 mice/group 35 days after BMT. Arrowheads point to hair loss and skin ulcers. Scale
bar: 1cm. (H) Correlation between intestinal permeability to fluorescein at 2 weeks after BMT and GVHD severity 5 weeks after BMT. Each point represents an
individual mouse. Colors correspond to those for each condition shown in F. r = 0.75, P < 0.01 by Pearson’s correlation coefficient and degrees of freedom.
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The major advantage of the mOVA™ GVHD model is that it
allows direct analysis of the CD90.1* OT-I T cells that drive dis-
ease. Based on reduced numbers of tissue-infiltrating T cells in
MLCK”" BMT recipients (Figure 4G and Figure 7D), we expected
that the proportion of CD90.1* T cells within lymph nodes and
spleen would be similarly reduced in MLCK” recipients. This was
not, however, the case. The fractions of CD3* T cells that were
CD90.1*in spleen, axillary/brachial lymph nodes, and mesenteric
lymph nodes of mOVA™ and mOVA™MLCK”- BMT recipients
were similar (Figure 7E). This suggested that some other charac-
teristic of the CD90.1" T cells might explain their enhanced patho-
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Figure 6. GVHD is diminished in MLCK~'- mice

Skin following major mismatch BMT. B6 WT or
: ¢ MLCK-/- recipients were lethally irradiated,
followed by BALB/c BMT. (A) Gross photos of
3 mice/group 35 days after BMT. Arrowhead
points to hair loss and skin ulcers. Scale bar:
0.5 cm. (B) Representative histopathology
of jejunum (arrowheads denote apoptotic
epithelial cells; arrows indicate intraepithe-
lial lymphocytes), liver (arrowhead indicates
intraepithelial lymphocyte; asterisk denotes
neutrophils, i.e., active pericholangitis), and
skin (asterisk is adjacent to a damaged pilose-
baceous gland) on d35. Scale bars: intestine,
200 pm, 20 pm; liver, 200 pm, 20 pm; skin,
100 um. (C) Total pathology scores (jejunum,
liver, and skin) 35 days after BMT. Each point
represents an individual mouse. **P < 0.01,
2-tailed t test. (D) Disease activity scores
at 35 days after BMT. Each point represents
an individual mouse. *P < 0.01, 2-tailed t
test. (E) Survival (n = 9 per group). *P < 0.05,
Kaplan-Meier log-rank test, MLCK™- compared
with WT. (F) MLCK210 mRNA was analyzed by
gPCR in purified jejunal epithelial cells. Each
point represents an individual mouse. Data
are normalized to the mean of mice that did
not receive BMT. **P < 0.01, 2-tailed t test.
(G and H) Jejunum was harvested 35 days
after BMT and sections immunostained for
phosphorylated myosin light chain (pMLC,
green) and E-cadherin (ECAD, red). Arrow-
heads denote perijunctional actomyosin ring.
**P < 0.01, 2-tailed t test. Scale bar: 25 pm.
(1) Jejunum was harvested 35 days after BMT
and immunostained for CD8, granzyme B, and
E-cadherin. Left: quantification of CD8*gran-
zyme B* cells/mm? of tissue. **P < 0.01,
2-tailed t test. Right: representative images
of CD8 (green) infiltration. Arrowheads in
low-power views denote intraepithelial CD8*
cells. Scale bars: 50 um, 10 um.

genicity in MLCK210-expressing BMT recipients. Consistent with
this, the fraction of CD90.1*CD8" T cells expressing granzyme B
was significantly greater in mesenteric lymph nodes of mOVA™
BMT recipients relative to mOVA™MLCK”~ BMT recipients (Fig-
ure 7, F and G). Remarkably, this was also the case for polyclonal
CD90.1CD8* T cells within mesenteric lymph nodes of mOVA™
and mOVA™BMLCK”" BMT recipients (Figure 7, F and G). In con-
trast, the proportions of axillary/brachial lymph nodes and spleen
CD90.1* and CD90.1" CD8* T cells expressing granzyme B were
unaffected by MLCK210 deletion (Figure 7G). These data indicate
that MLCK210 expression within the intestinal epithelium spe-
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Figure 7. Genetic MLCK210 inhibition reduces effector CD8+ T cell accumulation within mesenteric, but not systemic, lymph nodes. B6 mOVA™ (n = 14), B6
mOVATMLCK~ (n = 11), and B6 WT controls (1 = 4) were lethally irradiated, followed by an OT-1 BMT consisting of 5 million WT bone marrow cells, 10 million
WT splenocytes, and 2 million OT-I splenocytes. (A) Weight and (B) disease activity scores. **P < 0.01, 2-tailed t tests on d35. (C) Pathology scores of GVHD
target organs (jejunum, liver, and skin) and representative small intestinal histopathology 35 days after BMT. Each point represents an individual mouse.

*P < 0.05, 2-tailed t test. Arrows denote intraepithelial lymphocytes; arrowheads denote apoptotic bodies. Scale bars: 50 um; inset: 10 um. (D) Small intestine
samples from day 35 after BMT were immunostained for CD3 (green), Z0-1(red), E-cadherin (ECAD, blue), and Hoechst 33342 (white). Representative images
are shown. Scale bar: 50um. Graph shows CD3* infiltration in the small intestine 35 days after BMT; each point represents an individual mouse. *P < 0.05,
2-tailed t test. (E) Flow cytometry analysis of cells isolated from spleen, mesenteric lymph nodes (MLN), and axillary/brachial lymph nodes (A/B) on d35 after
BMT. The proportions of CD8* T cells relative to live cells are shown. (F and G) CD8" T cell intracellular granzyme B expression as evaluated by flow cytometry 35
days after BMT. (F) Representative flow cytometry plots and (G) quantification. Each point represents an individual sample. *P < 0.05, 2-tailed t test.

cifically enhances the cytolytic potential of CD8* effector T cells ~ Discussion

within regional lymph nodes and suggest that this may be a princi- ~ We show here that preventing MLCK-dependent intestinal epi-
pal mechanism by which increased intestinal epithelial tight junc-  thelial tight junction barrier dysfunction can limit GVHD pro-
tion permeability drives systemic GVHD propagation. pagation, as defined by reduced tissue damage, cytolytic T cell
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differentiation, and mortality. The idea that tight junction pres-
ervation could be beneficial has long been proposed (4, 13,
38, 39), but the hypothesis has never been tested by selective-
ly preventing disease-associated barrier loss during the prop-
agation phase. Our use of mice lacking MLCK210 allowed us
to determine the selective impact of cytoskeletally mediated
intestinal epithelial tight junction permeability on GVHD and
to distinguish this effect from pretransplant conditioning-
associated damage during disease initiation. Our data demon-
strate a causal role for MLCK210-dependent tight junction reg-
ulation, rather than gross epithelial damage, in driving GVHD
propagation after recovery from conditioning-induced damage.
The results further suggest that MLCK210-dependent changes
in intestinal tight junction permeability promote disease prop-
agation by establishing a local environment that fosters cyto-
lytic effector CD8" T cell expansion. We also observed reduced
CD8" T cell infiltration in the distant target organs of the liver
and skin in MLCK”" mice after allogeneic BMT compared with
WT recipients. We speculate that the decrease in CD8* T cells
in systemic target organs in MLCK”  mice reflects quelling
of the cytokine storm propagated by tight junction-mediated
barrier dysfunction.

In addition to regulating intestinal epithelial tight junctions,
MLCK210 has been reported to regulate endothelial retraction and
apoptosis (40-43). Moreover, endothelial damage and increased
microvascular permeability have been linked to GVHD pathogene-
sis (44-46). We therefore considered the alternative hypothesis that
the protective effect of MLCK210 deletion could reflect preservation
of vascular, rather than intestinal, barrier function. We tested this in
two ways. First, we directly assessed vascular permeability to fluor-
escently tagged albumin. WT and MLCK”- mice demonstrated simi-
lar loss of vascular albumin after BMT. The one qualitative difference
was that albumin released from vessels within the villus highlighted
sharply defined lateral intercellular spaces with a bright spot just
beneath the apical junctional complex in MLCK”", but not WT, mice.
This suggests that albumin was able to leak out of vessels and across
the epithelial basement membrane, but that diffusion was limited by
the epithelial tight junction. Although vascular albumin was similarly
lost in WT mice, fluorescent albumin within the intestinal epithelium
of these mice created wider profiles of lateral intercellular spaces.
These data indicate that vascular albumin leakage and barrier loss
after BMT are similar but that intestinal epithelial barrier function is
preserved during GVHD in MLCK, relative to WT, mice.

A potential contribution of endothelial MCLK210 was fur-
ther probed using a genetic approach. Because tissue-specific
MLCK210-knockout mice are not available, we took advantage
of MLCK™ mice that express constitutively active MLCK under
control of the intestinal epithelium-specific 9-kb villin promoter
(14, 15, 47). Expression of this transgene has been shown to
restore colitis-associated MLC phosphorylation within intestinal
epithelia of MLCK210-deficient mice (15). The transgene also
restored GVHD in MLCK”" mice; the magnitude of disease was
similar in WT, MLCK™MLCK”-, and MLCK" mice; and severity
in each was greater than that in MLCK”~ mice. Thus, intestinal
epithelium-specific MLCK activation and consequent MLC
phosphorylation are able to complement MLCK210 deletion.
Since the transgene is not expressed in endothelium, the contrast

RESEARCH ARTICLE

between MLCK™MLCK”-and MLCK” mice indicates that endo-
thelial MLCK210 is not required for GVHD propagation. This
might be surprising, given the ability of MLCK210 to regulate
endothelial permeability (29, 48-52). However, our data demon-
strate that GVHD-associated increases in microvascular perme-
ability are comparable in WT and MLCK”" recipients. We must
therefore conclude that other effectors (53-57) or direct endo-
thelial damage (40, 44, 46, 58, 59) are responsible for increased
microvascular permeability in GVHD.

The primary clinical approach to treating GVHD after allo-
geneic BMT is immunosuppression (7). However, immunosup-
pression also increases risk of infection; compromises graft
viability; and, in the case of HSCT as part of cancer therapy,
can dampen graft-versus-tumor activity (60-66). Thus, there
is an urgent need for alternate approaches to prevent GVHD
development or reduce its severity. The current study identi-
fies MLCK210 as a critical regulator of GVHD propagation and
indicates that MLCK210 may be a promising therapeutic target.
This will, however, require defining mechanisms to avoid tox-
icities resulting from inhibition of non-barrier functions of epi-
thelial MLCK210 as well as smooth muscle MLCK, which has an
identical catalytic domain (15, 67, 68).

These studies clearly distinguish between GVHD initia-
tion and propagation and indicate that MLCK210-dependent
increases in intestinal epithelial tight junction permeability
are central to propagation. In contrast, previous work from our
group and others indicates that tight junction-independent
barrier loss, due to epithelial damage, is necessary for GVHD
initiation (4). Thus, while barrier loss is critical to both initia-
tion and propagation of GVHD, the mechanisms and impact of
barrier loss differ markedly.

Finally, these studies demonstrate that the magnitude of
increases in intestinal permeability shortly after GVHD initia-
tion, i.e., on d14, correlates with disease severity at later times.
Noninvasive analyses of intestinal permeability are relatively
easy to accomplish in patients (69, 70). It would therefore be of
interest to determine whether intestinal permeability has similar
prognostic value in patients. If so, one could envision developing
barrier-restorative therapies that are used selectively in patients
with increased intestinal permeability at early times after HSCT.

In summary, these data show that MLCK210-mediated
intestinal epithelial barrier dysfunction is a primary contrib-
utor to systemic GVHD propagation. The results also suggest
that targeting non-hematopoietic functions, such as epithelial
barrier integrity, may provide an alternative to immunosuppres-
sion for the treatment of GVHD.

Methods

Immunohistochemistry and immunofluorescence. Deidentified patient
biopsies were obtained from the archives of the University of Chicago
Department of Pathology under an IRB-approved protocol. Duo-
denal biopsies from subjects with GVHD were included only if (i)
they were collected 2 or more weeks after HSCT, in order to exclude
effects of pretransplant conditioning or other interventions in the peri-
transplant period; and (ii) clinical and histological features of disease
were present. Biopsies from patients who had not undergone HSCT
and did not have duodenal disease served as controls. Formalin-
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fixed mouse tissues were embedded in paraffin and assembled into
tissue microarrays before staining. After deparaffinization, 5-um sec-
tions were rehydrated, and antigen was unmasked by boiling in 0.01
citrate (pH 6.0) or 0.01 M Tris/EDTA (pH 9.0), both with 0.05%
Tween-20. Slides were stained with rat anti-human ZO-1 (clone
6B6E4), rat anti-mouse ZO-1 (clone R40.76), mouse anti-E-cadherin
(Abcam, clone M168), rabbit anti-B-actin (Abcam, ab8227), rabbit anti-
phosphorylated MLC (Cell Signaling Technology, catalog 3671), mouse
anti-MLCK (MilliporeSigma, clone K36), rat anti-CD3 (Bio-Rad, clone
CD3-12), rabbit anti-CD3 (Abcam, clone SP7), biotinylated rat anti-
CD8a (Invitrogen, clone 45M15), biotinylated rat anti-CD4 (Invitrogen,
clone 4SM95), rabbit anti-CD4 (Abcam, clone EPR19514), rabbit anti-
granzyme B (LifeSpan Biosciences, catalog LS-B7602), biotinylated rat
anti-Foxp3 (Invitrogen, clone FJK-16s), or mouse anti-T-bet (Invitrogen,
clone 4B10). MLCK detection in human samples used donkey anti-
mouse IgG conjugated to HRP and the Envision+ System-HRP (DAB)
kit (Dako). All other primary antibodies were detected using Alexa
Fluor-conjugated streptavidin or highly purified secondary Fab’, frag-
ments (Jackson ImmunoResearch Laboratories Inc.) with Hoechst 33342
(Invitrogen). Stained sections were mounted in Permount for peroxidase
stains and ProLong Diamond (Invitrogen) for fluorescent stains. H&E-
stained and immunoperoxidase-stained tissues were imaged using a
DMLB microscope (Leica) with10x HCFLPLAN NAO.25and 40x HCFL
PLAN NAO.65 objectives and a MicroPublisher 3.3 CCD camera (QIm-
aging) controlled by QCapture Pro 6. Post-acquisition processing was
performed in Adobe Photoshop Lightroom. Fluorescence-stained tissues
were imaged using either (i) a DM4000 epifluorescence microscope
(Leica) equipped with 63x NA1.32 HCX PlanApo and 20x NAO.70
HC PlanApo objectives and Retiga Exi (QImaging) or Coolsnap HQ2
(Photometrics) cameras or (i) an Axioplan 2 microscope (Zeiss) with
20x NAO.8 Plan-Apochromat and 100x NA1.30 Plan-Neofluar objec-
tives and a Coolsnap HQ (Photometrics) camera. All fluorescence
microscopes were controlled by Metamorph 7 (Molecular Devic-
es). Images of larger tissue areas, e.g., for quantitative analysis of T
cell infiltrates, were collected as tiled images using a DM4000, 20x
NAO0.70 HC PlanApo objective, and Coolsnap HQ2 controlled by cus-
tom journals with MetaMorph. Post-acquisition processing, including
stitching of tiled images and quantitative analysis of signal intensity,
was performed using Metamorph. T cell infiltrates were counted
manually on tiled images.

Mice. Donor female 12956 and BALB/c mice were purchased from
Taconic and the Jackson Laboratory, respectively. All mice were on
a C57BL/6] (B6) background, and were bred and maintained at the
University of Chicago, Brigham and Women’s Hospital, or Boston
Children’s Hospital. B6 mice that express membrane-bound OVA on
the surface of all cells (mOVA) were purchased from the Jackson Lab-
oratory. B6 CD90.1/OT-I mice were generated from mice purchased
from the Jackson Laboratory. MLCK2107/~ and MLCK"™ mice were
developed as previously described (14, 29). MLCK2107~ mice (29)
were backcrossed to B6 mice for 10 generations, and background was
confirmed by high density SNP analyses.

Transplantations. For allogeneic BMT, 5 x 10° bone marrow cells
and 30 x 10° million splenocytes (minor mismatch BMT) or 5 x 10¢
bone marrow cells and 10 x 10° million splenocytes (major mismatch
BMT) were given to age-matched, 7- to 12-week-old B6 recipients
24 hours after lethal irradiation (11 Gy). Antigen-specific GVHD was
induced by iv. injection of 5 x 10° bone marrow cells and 10 x 10°
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splenocytes from B6 WT mice and 2 x 10° B6 CD90.1/OT-I splenocytes
into lethally irradiated B6 mOVA recipient mice. Mice were weighed
and scored semiweekly. Disease activity was scored from O to 2 for pos-
ture, activity, fur texture, and hair loss, for a maximum score of 8. GVHD
score was calculated by adding scores for weight loss relative to starting
weight (>5%:1;>7.5%: 2; >10%: 3;>12.5%: 4;>15%: 5) and disease activ-
ity (activity 1-3: 1; 4: 2; 5: 3; 6: 4; 7-8: 5) for a maximum total score of 10.
Mice were sacrificed and considered dead of disease, i.e., deceased, if
weight loss was greater than 20% or disease activity was greater than 7
for two consecutive measurements, as required by IACUC policies.

Cytokine measurements. Serum or jejunal sections (0.5 cm) homog-
enized in cell lysis buffer (Bio-Rad) were assayed for IFN-y, TNF, and
IL-1B by ELISA using Ready-SET-Go! kits (eBioscience).

MLCK210 transcript quantification. For MLCK210 mRNA quantifi-
cation, jejunal epithelial cells were isolated using Matrigel Cell Recov-
ery Solution (Corning), as described previously (71, 72). RNA was
extracted using the RNeasy mini KIT (QIAGEN). After DNase treat-
ment (Invitrogen), cDNA was generated using iScript RT supermix
(Bio-Rad). SsoAdvanced Universal SYBR Green Supermix (Bio-Rad),
primers against long Mylk (GCGTGATCAGCCTGTTCTTTCTAA,
GCCCCATCTGCCCTTCTTTGACC) and Krt8 (AAGGTGTGGAAA-
GAGCTAGCC, ATAGACGTTGACTGCACGCACT), and a CFX96
real-time thermocycler (Bio-Rad) were used for detection. Raw data
were analyzed by the ACt method, with Krt8 used for normalization.
Changes were calculated by the AACt method.

Intestinal and vascular permeability assays. Mice were denied
access to food, but allowed water, for 3 hours before delivery of 12
mg FITC-4-kDa dextran or 0.25 mg free (unconjugated) fluores-
cein by oral gavage. Serum was collected after 3 hours and ana-
lyzed using a SynergyHT platereader (Bio-Tek) with 485 nm exci-
tation and 528 nm emission. Data were normalized to age and
sex-matched disease-free controls. For vascular permeability, 200
ug Alexa-647 BSA (Invitrogen) in 200 pl 0.9% saline was injected
i.v. 30 minutes before mice were sacrificed. Segments (1.0 cm) of
jejunum were fixed in 4% paraformaldehyde in PBS overnight, equil-
ibrated in 30% sucrose, and snap-frozen in optimal cutting tempera-
ture (OCT) media. Thick (20 pm) cryosections were cut, mounted in
SlowFade Diamond (Invitrogen), and imaged using a Leica DMI6000
inverted spinning disk (Yokogawa CSU-X1) confocal microscope with
a 20x NA0.70 HC PlanApo objective and a Zyla 4.2 sCMOS camera
(Andor) camera. Regions demonstrating well-oriented mucosal archi-
tecture, defined villi and crypts, and a visible vascular core within
the villus were imaged as 15-pum-thick Z-stacks at 0.5-um intervals.
Sum projections were created using Metamorph and vascular dye
retention calculated as mean intensity of the vascular core. Matched
pseudocolor scales were applied for image presentation.

Histopathology scoring. Histopathological analysis of GVHD tar-
get organs was performed by a subspecialty-trained gastrointestinal
pathologist blinded to the experimental conditions. Jejunum, liver,
and skin were scored from O to 3 at 0.5 intervals based on 4 features,
for a maximum organ score of 12 and a maximum total score of 36
using previously reported criteria (4).

Flow cytometry. Freshly isolated samples from lymph nodes
and spleen were stained using PE-conjugated anti-CD90.1, FITC-
conjugated anti-CD8, APC-conjugated anti-Vo2 (eBioscience), and
BV510s-conjugated anti-granzyme B (BD). Flow cytometry was per-
formed with a FACSCanto (BD) and analyzed with FlowJo.
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Statistics. All data presented are mean * SEM. Statistical sig-
nificance was determined by unpaired, 2-tailed ¢ test, ANOVA
with Bonferroni’s correction, 2-tailed Mann-Whitney U test, or
Kaplan-Meier log-rank test. Pvalues and the type of statistical anal-
ysis performed are described in the figure legends. In figures, *P <
0.05 and **P < 0.01. P < 0.05 was considered significant.

Study approval. Studies of deidentified patient biopsies were
approved by the University of Chicago Institutional Review Board.
All experiments using mice were approved by and complied with
regulations of the IACUCs of the University of Chicago, Brigham
and Women'’s Hospital, or Boston Children’s Hospital.
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