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Introduction: Acute graft vs. host disease (aGvHD) is a frequent complication following
allogeneic haematopoeitic transplantation (HSCT). Despite recent advances, there are no
universally accepted biomarkers to determine development of aGvHD. MicroRNAs miR-
146a and miR-155 have been previously associated with aGvHD and show promise as
clinically translatable biomarkers. In this study, we performed comprehensive expression
profiling of miR-146a, miR-155, and miR-155* expression in aGvHD target tissue and
biofluids and relate expression to post-HSCT outcomes.

Materials and Methods: MicroRNA expression was assessed by gRT-PCR in
gastrointestinal (n = 31) and skin (n = 31) biopsies as well as serum (exploratory cohort
n = 34, verification cohort n = 81, diagnostic cohort n = 65) and urine (exploratory
cohort n = 30, verification cohort n = 56, diagnostic cohort n = 20) biofluids, including
extracellular vesicle (EV) cohorts (serum EV n = 15, urine EV n = 30). Expression was
related to aGvHD incidence, severity and overall survival.

Results: In Gl samples, expression of miR-155 (p = 0.03) and miR-146a (o = 0.03) was
higher at aGvHD onset compared to patients with no GvHD. In skin biopsies, expression
of miR-155 (p = 0.004) was upregulated in aGvHD patients compared to normal control
skin. Expression of miR-146a was higher in aGvHD compared to no aGvHD biopsies
(o = 0.002). In serum, miR-155 (p = 0.03) and miR-146a (p = 0.02) expression was
higher at day 14 (D14), while in urine expression was elevated at D7 post-HSCT in
patients who developed aGvHD compared to those disease-free. This was verified in
an independent serum (MiR-155 p = 0.005, miR-146a p = 0.003) and urine (MiR-155
p = 0.02, miR-146a p = 0.04) cohort, where both microRNAs were also associated
with aGvHD by ROC analysis. In serum and urine samples taken at the time of aGvHD
symptoms, expression of miR-155 and miR-146a was also elevated (serum miR-155 p
= 0.038, miR-146a p < 0.001; urine miR-155 p = 0.02, miR-146a p = 0.02). In contrast,
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independent t-test. * = Significant p<0.05.

FIGURE 3 | MiR-155 and miR-146a expression in serum extracellular vesicles. MiR-155 and miR-146a expression was assessed in the serum extracellular vesicle
fraction by TagMan gRT-PCR. (A,B) MiR-155 and miR-146a expression, respectively, in the EV fraction of serum samples of the exploratory cohort, taken at
sequential time points pre- and post-HSCT (n = 15) analyzed according to the incidence of overall aGvHD. Differential serum EV microRNA expression between
patients who developed overall aGvHD vs. those who remained disease-free was assessed and significant or borderline differences are shown. Error bars represent
mean with SEM and p-values were calculated using the independent t-test. (C,D) MiR-155 and miR-146a expression, respectively, in the EV fraction of the D14
verification cohort (n = 47) according to aGvHD incidence. Box plot whiskers represent minimum to maximum expression and p-values were calculated using the

The expression of miR-155 and miR-146a at D7 was significantly
positively correlated (p < 0.001, R* = 0.62).

To further explore the biomarker potential of miR-155 and
miR-146a, expression was assessed in a diagnostic cohort (n =
20) of urine samples taken at the onset of aGvHD symptoms,
from an independent cohort of patients transplanted in a
separate transplant center (Regensburg) (diagnostic cohort, n
= 20) (Table 3). Patients were of mixed underlying diagnosis,
approximately half of patients were male (11/20), the majority
received a RIC transplant (14/20; 70%) from a MUD donor
(14/20; 70%) and were CMV negative (13/20; 65%) (Table 3).
There was no significant difference between patient age, gender,
conditioning, relation, or CMV status beteen patients who
developed aGvHD compared to those that remained disease-
free (Table 3). Expression of miR-155 (p = 0.02) and miR-146a
(p = 0.02) was higher in patients with aGvHD (stage I-IV)
compared to those who did not have the disease (Figures 4G,H),
indicating these microRNAs to demonstrate altered expression
at aGvHD onset. When analyzed according to aGvHD severity,

expression of miR-155 (p = 0.006) and miR-146a (p = 0.008) was
significantly higher in patients with severe aGvHD (stage II-IV)
compared to no/mild aGvHD (stage 0-I).

miR-155, miR-155*, and miR-146a
Expression in Urine Extracellular Vesicles
Expression of miR-155, miR-155%, and miR-146a was also
assessed in the EV fraction of urine in an exploratory cohort
of sequential samples taken from pre-HSCT to D14 post-
HSCT (Table 3).

In the sequential exploratory cohort (n 30) (Table 3),
miR-155 expression was significantly lower at D7 in patients
who subsequently developed aGvHD compared to patients
that did not (p = 0.02; Figure 5A). Expression of miR-155*
was not detected in the urine EV samples, regardless of
time point or aGvHD grade (data not shown). Expression
of miR-146a in the sequential exploratory cohort was similar
in patients who developed aGvHD compared to those who
did not, with the exception of the D7 time point where
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FIGURE 4 | miR-155 and miR-146a expression in urine. MiR-155 and miR-146a expression was assessed in urine by TagMan qRT-PCR. (A,B) MiR-155 and
miR-146a expression, respectively. Patients of the exploratory cohort (n = 30) were segregated based on the incidence of aGvHD and microRNA expression plotted
at each sequential time point. Differential microRNA expression between patients who developed overall aGvHD vs. those who remained disease-free was assessed
and significant or borderline differences are shown. Error bars represent mean with SEM and p-values were calculated using the independent t-test. (C,D) MiR-155
and miR-146a expression, respectively, in the extended D7 urine sample verification cohort (n = 56) according to aGvHD incidence. Box plot whiskers represent
minimum to maximum expression and p-values were calculated using the independent t-test. (E,F) Receiver operator analysis of miR-155 and miR-146a expression,
respectively, in relation to incidence of aGvHD in the extended D7 urine sample verification cohort (1 = 56). (G,H) MiR-155 and miR-146a expression, respectively, at
aGvHD onset in the urine diagnostic cohort (n = 20) according to aGvHD incidence. Box plot whiskers represent minimum to maximum expression and p-values were

calculated using the independent t-test. * = Significant p<0.05.

miR-146a showed a trend to lower expression in patients
who remained aGvHD-free, although not to significance
(p = 0.07; Figure 5B).

Expression of miR-155 and miR-146a was further assessed at
D7 in urine EVs of a small independent cohort of samples (n =
15). Expression of miR-155 (p = 0.10) showed a trend toward
lower expression in patients whoe developed aGvHD, while
there was no significant difference in expression of miR-146a
(Figures 5C,D).

DISCUSSION

This study analyzed the expression of miR-155, miR-155%, and
miR-146a in target tissues (normal skin, aGvHD skin and aGvHD
gastrointestinal tissue) and body fluids (serum, urine and their
EV components) affected by aGvHD from patients undergoing
HSCT. MicroRNAs have been shown to be important in the
control of immunity, and miR-155 and miR-146a function in
immunoregulation by modulating both the adaptive and innate
immune response (11, 17). Although both miR-155 and miR-
146a have previously been reported to play a role in aGvHD (11,
17, 18), to date their expression has not been comprehensively
profiled in aGvHD target organs, or in biofluids and EVs from
post-HSCT patients.

Ranganathan et al. were the first to report an association
between miR-155 and aGvHD, including strong up-regulation of
miR-155 expression in the inflammatory cells of all patients with
small- and large-bowel aGvHD, whereas miR-155 expression
was absent in normal bowel (11). In the present study, we
assessed miR-155 expression in n = 31 GI biopsies taken from
patients with or without GI GvHD and observed significantly
elevated levels of miR-155 in patients who were diagnosed with
GI aGvHD (stage 1-4), in agreement with Ranganathan et al.
(11). In GI tissue, miR-155 has previously been reported to play
an important role in intestinal mucosal barrier (IMB) function,
where it regulates ras homolog family member A (RhoA),
resulting in downregulation of major protein components of
the apical junction complex of the IMB (29). IMB function
is closely associated with intestinal disease, such as irritable
bowel disease (IBD), and miR-155 expression has also shown
to be directly elevated in IBD such as ulcerative colitis and
Chrohn’s disease (30, 31). In GvHD, factors such as LPS and other
bacterial products that are important in GVHD pathogenesis may
undergo increased influx in the presence of increased intestinal
permeability, partly caused by miR-155. Although the precise
molecular mechanisms behind miR-155 function in intestinal
disease and inflammation are not fully understood, the most
documented pathway is via control of cytokine release (32).
With regard to miR-146a, expression was also elevated in the GI

Frontiers in Immunology | www.frontiersin.org 11

March 2021 | Volume 12 | Article 639171


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Crossland et al. Post-HSCT miR-155-5p, miR-155%, miR-146a Expression

miR-155: Urine EV miR-155: D7 Verification Cohort
A 461 —— aGvHD (HV) c
~e— NoaGwHD 46 p=0.10
| E—
44 44 °
—= 1L
]
6 42 8 42 ®
& S a0 =
< 401 g
38 H
384 36 .
36 34
QO )
o o@
>
Time point ¥ @g&
B miR-146a: Urine EV D miR-146a: D7 Verification Cohort
44- ~e— aGvHD (V)
~e- NoaGVHD 44 p=0.38
42 43 ®e
-
[§] 40' * 42
; :
—a .
361 40 L o0
aul . Ll . 39 :
QO D
<® > ' N G;b <)Q.\A
2
Time point ¥ oc;s’
FIGURE 5 | miR-155 and mIR-146a expression in urine extracellular vesicles. MiR-155 and miR-146a expression was assessed in urine extracellular vesicles by
TagMan gRT-PCR. (A,C) MiR-155 and miR-146a expression, respectively. Patients of the sequential cohort (n = 26) were segregated based on the incidence of
aGvHD and microRNA expression in EVs was plotted at each time point. Differential microRNA expression between patients who developed aGvHD vs. those who
remained disease-free was assessed and significant or borderline differences are shown. Error bars represent mean with SEM and p-values were calculated using the
students t-test. (B,D) MiR-155 and miR-146a expression, respectively. Expression at D7 in EVs in the verification cohort (n = 15) according to aGvHD incidence. Box
plot whiskers represent minimum to maximum expression and p-values were calculated using the independent ¢-test.

tissue of patients with aGvHD. This is discordant with a recent  expression was assessed in skin biopsies taken at the onset of
study by Gartner et al. who showed an increase in intestinal ~aGvHD and we found significant up regulation of miR-155 in
permeability on day 15 in a mouse model of GvHD, which  aGvHD skin with a high histology aGvHD stage (stage 1-3), in
corresponded to reduced miR-146a expression (18). This is an ~ comparison to normal controls. This is in accordance with our
interesting observation, as LPS has been shown to induce miR-  previous microRNA profiling studies where we found elevated
146a expression in human monocytic leukemia cells (16), via ~ miR-155 expression in the skin of a rat GvHD model (35), as
binding to TLR4, triggering an intracellular signaling pathway  well as in cutaneous GvHD, whereby miR-155 expression was
that results in activation of NF-kB and subsequent miR-146a  elevlated at the time of GvHD onset compared to healthy control
upregulation (33, 34). While the studies of Gartner et al. focussed ~ skin (36). However, in the present study although expression
on day 15, the present study patient cohort was comprised of GI ~ was higher in a proportion of patients with aGvHD compared
tissue samples taken at the onset of clinical aGvHD symptoms.  to those with no skin aGvHD, or pre-HSCT biopsies, this did
The balance between LPS influx, tissue permeability and miR-  not reach significance. This suggests that in the skin, miR-155
146a expression in GvHD target GI tissue warrants further  expression may be affected by the HSCT conditioning regimen
investigation to fully understand the mechanistic pathways at a  triggering inflammatory skin damage, that is not specifically
molecular level during the development of GvHD and timing of  associated to aGvHD. Indeed, miR-155 has been found to be
symptomatic disease. Although miR-155" was expressed in GI ~ highly up-regulated by infiltrating immune cells in the skin of
biopsies in the present study, it was not associated with occurance ~ patients with atopic dermatitis (37). In this context, miR-155
of GI GvHD. is upregulated during T-cell differentiation and activation, as

As skin may be considered one of the primary target organs  well as by allergens. Down regulation of cytotoxic T-lymphocyte
of aGvHD, the role of aGvHD associated microRNAs in a  associated protein 4 (CTLA-4), a negative regulator of T-cell
skin-specific environment may further our understanding of  activation and a target of miR-155 could contribute to the skin
the molecular pathology of the disease. In this regard, miR-155  inflammation observed (37). Although the present study focused
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on miR-155 expression, we did not assess expression of its
potential targets in the skin, which would be informative to
evaluate in future studies. MiR-155* was not expressed in normal
control skin samples, but was expressed in skin samples taken
at suspected aGvHD onset in 71% of the patients. However,
this expression did not correlate with aGvHD incidence or
severity according to either clinical or histology stage. Overall,
this suggests that miR-155* expression is triggered by the HSCT
conditioning or procedure, but is not associated with skin
aGvHD. Deep sequencing of murine microRNAs has shown
that tissue specific expression differences exist between miR-
5p or miR-3p strands (38). It is entirely possible therefore that
expression of miR-155* is tissue and inflammation specific,
as we did find low levels of miR-155* expression in some
of the skin biopsies taken at onset of GvHD, but there was
no expression in normal or pre-transplant skin samples. MiR-
146a expression was significantly higher in samples with a high
skin histology aGvHD stage (stage 1-3) compared to patients
with no skin aGvHD, and compared to the pre-HSCT group.
We have previously associated expression of miR-146a with
development of GvHD in a rat model (35), and miR-146a has
known roles in skin inflammation and inflammatory conditions
such as psoriasis and atopic dermatitis (39-41). In psoriasis, miR-
146a is significantly over-expressed in psoriatic lesions compared
with healthy control skin. Expression levels were highest in
organs containing leukocytes and showed low expression in
healthy skin, suggesting the high levels observed in psoriasis
were due to infiltrating cells (40). Expression of miR-146a is
regulated by the transcription factor nuclear factor-Kf (NF-
KB) and interestingly, two of its validated targets TRAF6 and
IRAK1 (16) are TNF-a regulators, suggesting that miR-146a
may control TNF-a signaling in the skin (42). The elevated
miR-146a levels observed in the skin of aGvHD patients in the
present study support further investigation of the role of miR-
146a targets, specific to skin tissue. The hypothesis that elevated
expression observed in clinical aGvHD skin biopsies may be in
part due to infiltrating cells that highly express miR-146a also
warrants consideration.

Focusing on bodily fluids, we found significantly higher
expression of serum miR-155 and miR-146a in patients who
subsequently developed overall clinical aGvHD (grade I-1V)
compared to those who remained aGvHD-free (grade 0) in
samples taken at D14 post-HSCT. This result was verified
in an independent cohort of transplant samples taken at the
onset of symptoms, and both microRNAs were found to be
significantly up upregulated in patients with overall aGvHD
(grade I-IV) compared to patients with no aGvHD. Conversely,
in serum EV samples we found significant downregulation of
miR-155 and miR-146a expression at D14. In urine samples
taken on D7 post-HSCT, the expression of both miR-155 and
miR-146a was significantly higher in patients who subsequently
developed clinical aGvHD (grade I-1V) compared to patients
who remained aGVHD-free. Similarly, the expression of both
miR-155 and miR-146a in D7 post-HSCT urine EV samples was
higher in patients who did not develop aGvHD, although not to
significance. We found no evidence of miR-155* expression in
serum or urine (including their EV compartments).

Although expression of miR-155 and miR-146a in body fluids
may be informative from an aGvHD biomarker perspective,
it is challenging to elucidate the source of expression of
these microRNAs. Further studies are required in order to
understand their cell of origin as well as functionality in aGvHD
pathobiology at a systemic level, given their complex roles in
immunity and inflammation. Indeed, elevated expression of
miR-155 in the serum of aGvHD patients may be directly
related to its central role of miR-155 in inflammation,
where it has been identified as a component of the primary
macrophage response to inflammatory mediators such as LPS,
IFN-B, polyriboinosinic-polyribocytidylic acid (poly IC), and
TNF-o (43). Furthermore, up-regulated miR-155 expression
is associated with increased cytokine release during the
inflammatory response (44). However, miR-155 has also been
found to control the intensity of the inflammatory response
by targeting the Toll-like receptor/interleukin-1 (TLR/IL-1)
inflammatory pathway in human dendritic cells (DCs) (45).
Indeed, miR-155 is important in the regulation of myeloid
cells, where it is required for optimum DC production of
cytokines (45). Induction of miR-155 expression in DC-
exposed to tol-like receptor 4 (TLR4) ligand and LPS leads
to modulation of the IL-1 signaling pathway (45). Ceppi
et al. therefore proposed that miR-155 functions as part
of the negative feedback loop controlling the secretion of
inflammatory cytokines by LPS-induced DC activation and
thus, is pivotal in the fine tuning of the immune response
(45). MiR-155 is also up regulated during T-cell differentiation
and promotes the development of T-cells, including Th17
and regulatory T-cell (Treg) subsets (46). MiR-155 has been
previously implicated in the pathogenesis of autoimmune
diseases, including rheumatoid arthritis (RA) (47) and systemic
lupus erythematosus (SLE) (48) as well as in aGvHD, where
in a murine model miR-155 is upregulated in T-cells and
regulates the severity of aGvHD, indicating a pro-inflammatory
role of miR-155 (11). Subsequent studies assessing miR-155
expression as a biomarker for aGvHD in plasma and serum
samples have shown promise (12, 13), and biofluids as sources
of biomarkers in general are advantageous, as sample collection
in non-invasive.

MicroRNA-146 also plays a key role in the regulation of
innate as well as adaptive immunity and we have previously
associated high serum expression post-HSCT with patients who
subsequently develop aGvHD (19). MiR-146a has been shown to
target IRAK1 and TRAF6, and functions as a negative regulator
in Toll-like receptor (TLR) and pro-inflammatory cytokine (IL-1)
signaling pathways (16, 17). IRAK1 codes for a key intracellular
signaling protein that is activated by ligands of TLRs. IRAK1 links
TLR with the TRAF6 intracytoplasmic activator of transcription
factor NF-kB, which subsequently increases the expression of a
number of genes related to immunological response such as TNF-
a and IL-8 (49, 50). Subsequently, IRAK1 is subjected to negative
feedback by miR-146a, the expression of which is also NF-kB
dependent, leading to a concerted immunological response. MiR-
146a is highly expressed in Treg cells and is induced upon
activation of effector T-cells and myeloid cells. In the latter, miR-
146a acts as a negative feedback regulator to limit TRAF6 and
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IRAK1-mediated signaling in an inflammatory settings (16, 51),
whereas in activated human T cells, miR-146a has been suggested
to oppose apoptosis and IL-2 production (52). With regard to
GvHD, LPS can trigger miR-146a expression (16, 17). Upon
stimulation with LPS or monocyte activation via cell surface
receptors such as TLR4, miR-146a will target IRAKI and TRAF6
both in vivo and in vitro and is partially responsible for IL-1-
induced upregulation of NF-kB (53). Stickel et al. showed that
transfer of miR-146a-deficient T-cells caused increased GVHD
severity, elevated TNF-a serum levels, and reduced survival (17).
In addition, TRAF6 was increased in miR-146a-deficient T-cells
upon contact with alloantigen, which translated into increased
nuclear factor-kB activity and TNF-a production in miR-146a-
deficient T-cells. In contrast, the use of a miR-146a mimic
reduced aGvHD severity (17).

It was interesting that the EV compartment of serum
demonstrated lower expression of miR-155 and miR-146a
expression at D14 post-HSCT in patients who developed
aGvHD, and suggests specific packaging of these microRNAs in
response to post-HSCT processes. Interestingly, both microRNAs
demonstrated increased expression in patients who later
developed aGvHD on DO and D7, which then decreased
dramatically by D14 compared to patients who remained
aGvHD-free. In a mouse model system, Alexander et al. have
shown that the EVs of bone marrow derived DCs contain miR-
155 that can reprogramme recipient DCs in a manner that
enhances their response to LPS, while miR-146a dampens the
pro-inflammatory response by DCs following LPS treatment
(54). These results are consistent with previous observations that
miR-155 and miR-146a play opposing roles during inflammation.
In a transplant setting, as previously described, both miR-
155 and miR-146a can be induced by LPS, which is a central
component in triggering aGvHD pathology. A recent study by
Schulte et al. (55) proposes that in macrophages miR-146a and
miR-155 are responsive to different levels of LPS and control
different aspects of the TLR4 response. They demonstrated
a “checkpoint” effect, where, in an inflammatory response to
LPS miR-146a is initially up-regulated. However, it becomes
saturated with increasing levels of LPS and as a result, miR-155
is upregulated. Our data suggests a further role for miR-146a
and miR-155 in the EVs of post-HSCT patients, however, it is
unclear why expression of both microRNAs is downregulated
in the EVs of patients who develop aGvHD, particularly in
relation to their opposing roles in inflammation. Alexander
et al. proposed several possible explanations as to why EVs
may contain both of these functionally distinct miRNAs. First,
EVs may transfer both pro- and anti-inflammatory miRNAs
together in order to counteract inflammatory responses by
recipient cells. Second, it is possible that miR-155 and miR-
146a are encapsulated into separate EV's that have been assessed
collectively as one population, and that individual EVs are
delivered to different target cells. Thirdly, release of either
microRNA to target cells may be finely tuned in a dynamic
manner, whereby the ratio of each microRNA release can change
over time (54). Overall, our data further suggest a role for
EV miR-155 and miR-146a in aGvHD pathology that requires
further investigation.

Although we have included verification cohorts to validate
the results obtained from body fluid samples, verification GI and
skin tissue cohorts are challenging to compile. Despite our results
being consistent with previous reports, this highlights the need
for collaboration amongst the GvHD research community in
order to generate well-characterized, multi-center patient cohorts
to allow for more extensive verification of potential biomarkers.
This is essential not only for comprehensive validation and
translation of results into clinical trials, but also for the
purpose of collating detailed clinical information to evaluate the
homogeneity of patient cohorts. In the present study, across
all cohorts, the majority of patients were male, received RIC
conditioning with Cyclosporine A (+MTX/MMF) prophylaxis
and a MUD donor. Patient CMV status was varied, whereby
some cohorts had a majority of CMV positive patients, while
others were mainly CMV negative. Although it has been shown
that CMV infection can alter the expression of some cellular
microRNA (56), there was no significant difference in miR-146a,
miR-155%, or miR-155 expression between patients CMV positive
compared to CMV negative for any of the cohorts (data not
shown). Another limitation of the study is highlighted by the
limited specificity of individual microRNAs by ROC analysis.
This is an important consideration, as while we are initially
reporting that individual microRNAs are raised in specific patient
groups compared to others, the results are too preliminary to
claim that these microRNAs can individually act as biomarkers
for diagnostic or prognostic purposes. Indeed, this raises a
common issue for developing biomarkers for this intent; if
biomarkers are to be used for diagnostic/prognostic purposes,
it is likely that a signature of biomarkers with significant
individual differences between groups will give a more accurate
discriminatory score, with an improved combined ROC curve
that may be incorporated into predictive/prognostic algorithms.

In conclusion, this is the most comprehensive study
conducting miR-155 and miR-146a expression profiling in
aGvHD to date. We report that expression of miR-155 and miR-
146a is elevated in GI aGvHD compared to patients without
GI GvHD, and in the skin of patients with cutaneous GvHD
compared to normal control skin (miR-155) and compared to
patients pre-HSCT and patients with no skin GvHD (miR-146a).
Furthermore, expression of both miR-146a and miR-155 was
elevated in the serum and urine of patients with overall aGvHD at
D14 prior to the onset of symptomatic disease, and also ataGvHD
diagnosis. Finally, expression of miR-146a and miR-155 was
lower in the serum and urine EVs of patients with overall aGvHD,
suggesting specific packaging of these microRNAs into EVs in
response to the post-HSCT environment. Overall, our results
further support a role for miR-155 and miR-146a in aGvHD,
however, the link between their involvement in generalized
inflammation and in specific pathophysiology requires further
investigation at a systemic level.
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