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Abstract

Most pathogenic Clostridium difficile produce two major exotoxins TcdA and TcdB, in the
absence of which the bacterium is non-pathogenic. While it is important to investigate the role of
each toxin in the pathogenesis of C. difficile infection (CDI) using isogenic strains, it is impossible
to precisely control the expression levels of individual toxins and exclude bacterial factors that
may contribute to the toxins' effects during infection. In this study, we utilized an acute intestinal
disease model by injecting purified toxins directly into mouse cecum after a midline laparotomy.
We evaluated the physical condition of mice by clinical score and survival, and the intestinal tissue
damage and inflammation by histology. Depending on the dose of the toxins, mice developed mild
to severe colitis, experienced diarrhea or rapidly died. We found that both purified TcdA and TcdB
were able to induce clinical disease, intestinal inflammation, and tissue damage that resembled
CDI. TcdA was significantly faster in inducing intestinal inflammation and tissue damage, and
was approximately five times more potent than TcdB in terms of inducing severe gut disease and
death outcomes in mice. Moreover, we found that the two toxins had significant synergistic effects
on disease induction. Comparison of the /n vivo toxicity of TcdB from clinical strains revealed that
TcdB from an epidemic RT 027 strain was more toxic than the others. Our study thus
demonstrates that both TcdA and TcdB, independent of other factors from C. difficile bacterium,
are able to cause disease that resembles CDI and highlights the importance of targeting both toxins
for vaccines and therapeutics against the disease.
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1. Introduction

Clostridium difficile infection (CDI) is an antibiotic-associated disease characterized by life-
threatening diarrhea and colitis, reports of which have increased globally in the past several
decades. In United States, the incidence of CDI in hospitalized patients or that leads to
hospitalization has risen dramatically with more than 250, 000 cases per year [1]. Since the
emergence of hypervirulent strains, the mortality of CDI has increased 400% between 2000
and 2007 and the infection has led to 14,000 annual deaths in US [1]. Two exotoxins, toxin
A (TcdA) and toxin B (TcdB), secreted by the bacteria are the primary causes of CDI. Both
toxins are multidomain proteins and share a similar molecular mode of action [2,3]. The
toxicity of either toxin is mainly mediated via their glucosyltransferases that glucosylate
Rho GTPase family members of target cells and lead to pathogenesis in hosts [4-7].

The relative role of TcdA and TcdB in CDI pathogenesis has been a focus of investigation.
Studies using the intestinal loop model in animals and human intestinal organoids
demonstrated that TcdA, but not TcdB, induced intestinal tissue damage and inflammation
[8-13] whereas a study using human colonic explants showed that TcdB was more potent
than TcdA in inducing human epithelial barrier damage [14]. These arguments led to a
hypothesis that the differential effects of TcdB in animal and human intestines may be due to
the expression of toxin receptors [15]. More recently, the relative roles of TcdA and TcdB in
pathogenesis were examined in hamster [16,17] or mouse [18] infection models using
isogenic strains that express one of either toxin; these studies found that the genetically
engineered strains expressing TcdB alone caused more severe disease. Besides the two
major toxins TcdA and TcdB, C. difficile may produce other virulence factors that have been
proposed to play roles in pathogenesis, such as binary toxin (CDT) [19-21] or potentially
other unknown toxin co-factors [22].

In this study, we evaluated the relative roles of TcdA and TcdB in disease pathogenesis by
injecting a defined amount of highly purified toxins directly into the mouse cecum,
monitoring mouse clinical symptoms and survival, and assessing tissue damage and
inflammation. Our results indicated that individually, both toxins are pathogenic and capable
of inducing disease that mimics clinical symptoms of CDI in animals and humans. We also
compared the /n vivotoxicity of TcdB variants including TcdB from VPI 10463, M68 and
clinic isolated RT 027 strains. Our data further demonstrated that TcdA and TcdB have a
significant synergistic effect on inducing tissue damage and inflammation when present
together in the mouse intestine.

2. Materials and methods

2.1. Mice

Six to eight week-old CD1 mice were purchased from Envigo (Frederick, Maryland). All
mice were housed in dedicated pathogen-free facilities in groups of 5 mice per cage under
the same conditions. Food, water, bedding, and cages were autoclaved. 10 mice were used
for each experiment group and the experiment was repeated once. For each group, 5 mice
were used for survival studies, and the other 5 mice were used for histopathological studies.
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All procedures involving mice were conducted under protocols approved by the Institutional
Animal Care and Use Committee.

Full-length wild-type TcdA and TcdB from VVPI 10463 strain (RT 087, toxinotype 0 [23]),
and TcdB from strain M68 (TcdBM®68, RT 017, toxinotype VIII [23]) were recombinant
toxins expressed in Bacillus megaterium and purified from total crude extracts using the
same method as described previously [24]. TcdB from a clinical isolate [25] (TcdB027, RT
027, toxinotype 111 [23]) was a gift from Dr. Xinhua Chen at Harvard University.

2.3. Cecum toxin injection surgery

Mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg)
injected intramuscularly. A midline laparotomy was performed and the cecum, ileum and
colon were exposed. An insulin syringe (29G) was inserted into the ileocecal junction and
100 pl of PBS or toxin was injected into the cecum. The gut was then returned to the
abdomen, and the incision was closed with silk sutures.

2.4. Clinical scoring

The clinical scores of the mice were evaluated by 2 experimenters independently 24 h post-
surgery. The clinical score system was modified from a previous study [26], and included
five criteria (activity level, posture, appearance of the coat, appearance of eyes and nose, and
diarrhea). Each parameter was graded on a scale from 0 up to 4 and added together to
generate a score with a maximum value of 15 (Table 2). A normal mouse would score 0 and
a mouse found dead would be scored as 15. Mice with a score equal to or higher than 11
were considered moribund and were euthanized. Weight loss was not included in our scale
since even the PBS treated mice lost weight when measured 24 h post-surgery, which was
most likely the result of less food consumption after the surgery; however, these control
mice recovered after 16-24 h and resumed their activities including eating, climbing and
grooming.

2.5. Intestinal inflammation and histopathology

Four to five mice from each treatment group were sacrificed 24 h post-surgery. Cecum
tissues were collected from each mouse for histopathological analysis. One portion was fast
frozen for myeloperoxidase assay, the rest portion was flushed with PBS and fixed with 4%
Phosphate Buffered Formalin. The fixed tissues were sectioned and stained with
hematoxylin and eosin by the EM/Histology Lab, Department of Pathology, University of
Maryland Baltimore. Overall damage was analyzed by two pathologists who were blinded to
the identity of each sample. Damage scores were based on five criteria each graded on a
scale from 0 to 3 (normal, mild, moderate to severe) and added together to generate a score
with a maximum value of 15. The criteria included were epithelial cell and architectural
disruption, hemorrhagic congestion, mucosal edema, mucosal depletion, and inflammatory
cell infiltration and inflammation.
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2.6. Myeloperoxidase (MPQO) assay

To measure neutrophil myeloperoxidase (MPOQ) activity, a portion of the resected cecum was
freeze-dried and homogenized in 1 mL of 50 mM pH 6.0 potassium phosphate buffer
containing 0.5% hexadecyl trimethyl ammonium bromide. The tissues were disrupted with
both sonication and freeze-thaw cycles, and then centrifuged. The supernatant was aliquoted
and its protein concentration was measured (Nanodrop 2000C, ThermoScientific). MPO
activity in the supernatants was determined using TMB peroxidase substrate (KPL) followed
by measurement of the absorbance of the samples at 450 nm using a plate reader. MPO
activity (in units per milligram of total protein) was calculated according to the standard
curve generated using purified MPO from human leukocytes (Sigma).

2.7. Cell rounding assay

The toxicity of sera and pleural fluids were assessed by cell rounding assays. Vero cells
(ATCC) seeded in 96-well plates were treated with either serum or pleural fluid samples.
Cell rounding was visualized by phase-contrast microscopy. Each sample was tested in
triplicate for overall cell rounding.

2.8. Statistical analysis

Clinical score, histology score, and MPO were analyzed using Two-tailed Welch's correction
unpaired #test to determine statistical differences. 72 h post-surgery survival curves for mice
in different treatment groups were analyzed to compare the sensitivity to different doses of
TcdA and/or TcdB. In this analysis, mice with scores 11 or greater according to the criteria
set forth under “Clinical scoring” were considered moribund and euthanized. The log-rank
Mantel-Cox test was used to determine if the survival curves of the various groups were
statistically different.

3. Results

3.1. Cecum injection of TcdA induced dose-dependent disease

Following the injection of TcdA, disease progression was monitored by clinical scores. A
dose-response was clearly observed between groups. Mice treated with 1 ug of TcdA
appeared to be normal when examined 24 h post-surgery (Fig. 1A). Their coats and eyes
were similar to PBS treated mice, and their posture and activity level were comparable with
the PBS group as well. When the dose of TcdA was increased to 5 g, most mice died
within 24 h and none of them survived after 36 h post-injection (Fig. 1B). Death occurred
even faster in the 25 pg TcdA treated group, with 60% of mice dying within 2 h post-
injection (Fig. 1B). Interestingly, diarrhea was only observed in 25 pg-TcdA treated mice.
Those who quickly developed watery diarrhea survived longer. Since mice that died within
24 h of toxin injection were assigned the maximum score, the clinical scores from the two
groups that received higher doses of TcdA reached near maximum, significantly higher than
the PBS group (Fig. 1 A, B).

Mice treated with different doses of TcdA also showed different levels of intestinal epithelial
tissue damage. Although the 1 ug TcdA group appeared normal clinically, gut tissues
collected 24 h post injection showed some histopathological damage: mild to moderate
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hemorrhagic congestion and inflammatory cell infiltration, with mild to severe mucosal
edema (Fig. 2A). However, the average histological score of this group was not significantly
different from the PBS treated group (Fig. 2B). Tissues from the 5 pg TcdA group showed
severe hemorrhagic congestion, inflammatory cell infiltration and mucosal edema (Fig. 2A).
Compared to the 5 pug TcdA group, 25 ug TcdA caused milder damage based on these three
histological criteria. That the histological damage was not fully developed may be due to the
quick death of the mice (Figs. 2B and 1A). MPO score showed a similar pattern, as the
activity of the 25-ug group is less than the 5 ug TcdA group (Fig. 2C). Since most of the
mice in the 25 pug TcdA group died within 2 h of toxin injection, the timespan may not
permit a significant influx of neutrophil.

3.2. Cecum injection of TcdB induced a dose-dependent disease

Mice from the 1 ug of TcdB group all appeared normal when examined 24 h post surgery
(Fig. 3A). Two mice died within 24 h of toxin injection while all the other mice appeared to
be normal in the group of mice injected with 5 ug TcdB (Fig. 3A); hence there were no
statistical differences in the clinical score and survival curve between mice in the 5 ug TcdB
group and the PBS group (Fig. 3A and B). All mice injected with 25 ug TcdB died within 24
h of injection (Fig. 3B).

Similar to the TcdA injected group, although most mice looked and behaved normal
following 1 ug and 5 pg TcdB injection, some histological damage can be observed. Mild
hemorrhagic congestion, mild to moderate inflammatory cell infiltration as well as severe
mucosal edema were observed in the tissues from both 1 pug and 5 pg TcdB groups, with
more severe histopathological changes in the latter group (Fig. 4A and B). In the 25 ug
group, these histological parameters reached severe levels and about half of the epithelial
tissues showed damage including epithelial depletion and extensive muscular hemorrhage.
The cecum MPO scores after TcdB treatment showed a toxin dose-dependent response
pattern among lower dose groups whereas the 25-ug group showed a lesser degree of MPO
activity (Fig. 4C).

3.3. TcdA and TcdB showed a synergetic effect on mouse intestines

In single toxin treatment experiments, neither 1 ug TcdA nor 5 pg TcdB caused discernible
clinical symptoms in surviving mice although their tissues exhibited histopathologic
changes. In order to investigate whether TcdA and TcdB have synergistic effects on disease
pathogenesis, groups of mice were injected with mixtures of both toxins. Synergistic effects
of the two toxins were observed including more severe clinical symptoms, higher mortality
and more extensive tissue damage (Figs. 5 and 6). 80% of mice treated with 1 ug TcdA plus
5 ug TcdB (A1B5) died within 40 h, which is significantly higher than the mortality rates of
mice treated with either 1 ug TcdA (0%) or 5 pug TcdB (20%) (Fig. 5B). Moreover, mice
injected with both TcdA and TcdB rapidly developed clinical symptoms while groups of
mice injected with individual toxins appeared to be either normal or have significantly less
severe disease (Fig. 5A). Histopathologically, ceca from mice injected with both toxins also
exhibited significantly higher tissue damage, inflammation, and histology scores than ceca
from mice injected with individual toxins (Fig. 6A and B). In addition to edema and
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inflammatory cell infiltration, significant hemorrhage occurred in the epithelia, which was
not seen in single low-dose toxin groups (Figs. 2A and 4A).

Next, we investigated the effects of an equal ratio of toxins (2 pg TcdA plus 2 ug TcdB
(A2B2)). Similar effects were seen in A2B2 treated mice as in A1B5 treated mice (Figs. 5
and 6). Surprisingly, hemorrhage was more extensive from mucosal to muscle layer in A2B2
treated cecum, which may be due to increased TcdA (Fig. 6A). The MPO activity assay
showed that a significant neutrophil influx was induced by both combinations of TcdA and
TcdB. Compared with single toxin treated groups, the presence of both toxins resulted in
more severe systemic pleural accumulation in the chest (Table 1). The results here
demonstrated that C. difficile toxins worked synergistically to induce a more severe disease.

3.4. Comparison of the in vivo toxicity of TcdB variants

Since TcdB variants were frequently identified in clinical strains, we examined the /n vivo
toxicity of selected variants. 5 ug of TcdB (RT 087, toxinotype 0), TcdB027 (RT 027,
toxinotype I11) or TcdBM68 (RT 017, toxinotype V1I1) were injected into cecum. All the
mice succumbed to TcdB027 within 72 h while 40% of the TcdBM®68 treated mice survived
(Fig. 7A). 5 ug of TcdB only induced mild disease that 80% of the mice survived (Fig. 7A).
The disease induced by TcdB027 was rapidly developed since the average clinical score at
24 h was about 9 compared to 3 in TcdB or TcdBM68 groups (Fig. 7B). The data suggested
that hypervirulent TcdB027 more potently initiated disease than the other TcdB variants.

4. Discussion

The large clostridial toxins TcdA and TcdB are the major virulence factors of C. difficile.
Most pathogenic C. difficile strains produce both TcdA and TcdB during the infection, but
their relative roles in disease pathogenesis are not well known [8,14,16,17]. No conclusive
studies have been reported to clarify the role of individual toxins in CDI manifestation. In
terms of determining the pathogenic role of TcdA and TcdB, the infection model is not able
to exclude other factors from C. difficile that may affect the progression of disease. The
complexity of infection, which includes the level of bacteria colonization, possible
unidentified cofactors, and the amount of either toxin produced in the gastrointestinal (GI)
tract, hinders the clarification of the roles of the individual toxins in disease pathogenesis.
The amount of each toxin produced in the Gl tract after bacterial colonization may vary
greatly; however, the increased virulence of an epidemic NAP1/BI/027 strain was attributed
to its increased secretion of both toxins /n vitro[27,28]. In humans, C. difficile colonizes the
large intestine and in the mouse infection model, disease mainly occurs in the cecum and
colon [29-31]. To avoid the limitations described above, we directly injected defined
amounts of purified toxins into mouse ceca to induce disease. Utilizing this cecum injection
model, we describe here an overall profile of virulent potency of TcdA and TcdB in the Gl
tract. In this study, both toxins were capable of inducing disease independently, although
earlier studies showed that TcdB might not be the primary virulence factor in animal
intestines [8]. The pathogenic responses of the hosts including inflammation, tissue damage
and clinical symptoms caused by either toxin were similar to responses observed from C.
difficile infected mice [29-31]. Since either toxin alone or their variants were demonstrated
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to trigger disease, it is evident that both are virulence factors responsible for C. difficile
infection. Therefore, treatments against both toxins were necessary for therapeutic
interventions.

In this study, we correlated the severity of disease to the amount of toxin present in the Gl
tract. Apparently, the presence of 5 ug of either toxin was required to develop clinical
symptoms in the mouse model. However, TcdA more potently induced disease in this
particular model. 5 pg of TcdA was lethal while 5 pg of TcdB only caused 20% death. Even
though TcdB027 was most virulent toxin B in this study, it took a longer time to reach the
endpoint of death at 5 ug when compared with TcdA. /n vitro studies revealed that TcdB is a
potent cytotoxin that causes cytopathic and cytotoxic effects in cultured cells within hours,
even at a picogram concentrations [32,33]. However, TcdA is approximately 1000 times less
cytotoxic to most cultured cells than TcdB /n vitro [34], but previous /n vivo studies showed
that only TcdA was an enterotoxin [8,35-37], suggesting that toxins' behaviors /n vivo and
in vitro may vary. Human a.-defensin was demonstrated to protect host from TcdB induced
disease [38]. Therefore, the defenses against toxins, including antibody response from the
host immune system, may affect the potency of the toxins and play a certain role in disease
progression [39-42]. TcdA seemed to induce more acute responses since high doses of
TcdA killed most of the animals within 12 h, while the deaths caused by TcdB at the same
dose were delayed for several hours (Figs. 1 and 3). This further supports that TcdA was
more potent than TcdB in this model, although the host transcriptional responses to TcdA
and TcdB are reportedly similar [43]. But the rapid death caused by TcdA may also be due
to shock; however, a few of the mice treated with the highest dose of TcdA quickly produced
watery diarrhea which may have flushed out some of the excess toxin and allowed them to
survive for a few extra hours, but they still succumbed to death in less than 48 h like those
receiving a fifth of the dose. Therefore, the different potency of toxins /n vivo and in vitro
emphasizes the importance of an /n vivo study to understand the virulence of TcdA and
TcdB.

In an earlier study, TcdA and TcdB were hypothesized to have synergistic effects based on
that TcdB would not damage intestine unless TcdA first disrupted the intestinal epithelium
[8]. In the cecum injection model, although either toxin was capable of inducing disease, we
did observe the synergistic effects in terms of disease severity. Two different ratios of TcdA
and TcdB were tested in this study since the relative amount of secretion of the two toxins
during C. difficile infection was unclear. Although both combinations of toxins had
synergistic effects, the increased amount of TcdB appeared to aggravate the disease. It is
possible that the presence of small amount of TcdA accelerated the effects of TcdB although
a higher dose TcdB alone was pathogenic.

To summarize this study, utilizing a cecum injection model, we excluded the impact from C.
difficile bacteria and its products other than TcdA and TcdB and demonstrated that both
TcdA and TcdB in the Gl tract were pathogenic. TcdA more potently evoked CDI-like
diseases in cecum injection mouse model and the synergistic effects of the toxins were
significant.
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Fig. 1. Physical condition and survival after various single doses of TcdA
A) Clinical scores of mice treated with various doses of TcdA for 24 h. The scores were

assessed according to the criteria in Table 2; B) Survival curve. Mice were monitored for
survival for 72 h post toxin injection. Mice with a score equal to or higher than 11 were
considered moribund and were euthanized. (n = 10 per group) Al: TcdA 1 pg; A5: TcdA 5
ug; A25: TcdA 25 pg *: p<0.05, vs PBS; **: p<0.01, vs PBS; ***: p<0.001, vs PBS.
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Fig. 2. Tissue damage by TcdA
A) H&E stained ceca. Tissues were collected from mice exposed to TcdA after 24 h and

fixed in 4% formalin for H&E staining. B) Average histopathological scores of 4-5 mice
with each TcdA treatment; C) MPO activity assay. A small portion of cecum from each
mouse was collected and lysed for MPO assay. Al: TcdA 1 ug; A5: TcdA 5 pg; A25: TcdA
25 pg *: p<0.05, vs PBS; **: p< 0.01, vs PBS; ***: p< 0.001, vs PBS.
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Fig. 3. Physical condition and survival after various single doses of TcdB
A) Clinical scores of mice treated with various doses of TcdB for 24 h. The scores were

assessed according to the criteria in Table 2; B) Survival curve. Mice were monitored for
survival for 72 h. Mice with a score equal to or higher than 11 were considered moribund
and were euthanized (n = 10 per group) B1: TcdB 1 pg; B5: TcdB 5 pg; B25: TcdB 25 ug *:

p<0.05, vs PBS; **: p<0.01, vs PBS; ***: p<0.001, vs PBS.
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Fig. 4. Tissue damage by TcdB
A) H&E stained ceca. Tissues were collected from mice exposed to TcdB after 24 h and

fixed in 4% formalin for H&E staining. B) Average histopathological scores of 4-5 mice
with each TcdB treatment; C) MPO activity assay. A small portion of cecum from each
mouse was collected and lysed for MPO assay. B1: TcdB 1 ug; B5: TcdB 5 pug; B25: TcdB
25 pg *: p<0.05, vs PBS; **: p< 0.01, vs PBS; ***: p< 0.001, vs PBS.
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Fig. 5. Synergistic effects of TcdA and TcdB
Mice were injected with individual toxins (TcdA or TcdB) or their mixtures. The clinical

scores at 24 h (A) and survival curves for 72 h (B) are exhibited. Mice with a score (Table 2)
equal to or higher than 11 were considered moribund and were euthanized (n = 10 per
group) Al: TcdA 1 ug; B5: TcdB 5 ug; A1B5: 1 ug TcdA + 5 pg TedB; A2B2: 2 pug TcdA
+2 g TedB. *: p<0.05, vs A1B5.
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Fig. 6. Synergistic effects of TcdA and TcdB
A) H&E stained ceca. Tissues were collected from mice exposed to mixtures of TcdA and

TcdB after 24 h and fixed in 4% formalin for H&E staining. B) Average histopathological
scores of 4-5 mice from each treatment. C) MPO activity assay. A small portion of cecum
from each mouse was collected and lysed for MPO assay. Al: TcdA 1 ug; B5: TcdB 5 g;
A1B5: 1 pg TcdA + 5 pg TedB; A2B2: 2 ug TedA + 2 pug TedB. *: p< 0.05, vs PBS; **: p<
0.01, vs PBS.
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Fig. 7. Comparison of thein vivo toxicity of TcdB variants
A) Clinical scores of mice treated with TcdB variants for 24 h. The scores were assessed

according to the criteria in Table 2; B) Survival curve. Mice were monitored for survival for
72 h. Mice with a score equal to or higher than 11 were considered moribund and were
euthanized (n = 10 per group) B5: TcdB 5 pg; B027-5: TcdB027 5 ug; BM68-5: TcdBM68 5
ug *: p<0.05, vs PBS; **: p<0.01, vs PBS; ***: p< 0.001, vs PBS.
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Table 1

The presence of toxins in systemic effusions after cecum injection?.

TcdA positive  TcdB positive

serum/PE. serum/PE.
TcdA 1 pg 11 -
TcdA 5 ug 3/4 -
TcdA 25 ug 2/2 -
TcdB 1 ug - -
TcdB 5 ug - 212
TcdB 25 pug - 3/4
TcdA 2ug/TcdB 2 g 7/7 a17
TcdA 1pg/TcdB5ug  4/4 3/4

Page 18

a . . . . L . .
7 mice were used for each toxin treatment. Total number of mice with toxin in serum or pleural effusion (P. E.) among 7 mice were shown. The
presence of toxin was detected by a cell rounding assay.
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