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Clostridium perfringens bacteremia is a rare but rapidly fatal condition, especially in patients exhibiting massive
intravascular hemolysis (MIH), gas gangrene, and septic shock. Herein, we present an autopsy case of
C. perfringens septicemia exhibiting MIH, gas gangrene, and cytokine storm. The patient was an 84-year-old
female with a history of biliary reconstruction surgery for congenital biliary dilatation. She developed MIH,
elevated inflammatory mediator levels, thrombocytopenia, and coagulopathy. She went into shock within 1 h of
the presentation and died within a few hours. Rapid progression was associated with the transformation of liver
abscesses into gas-filled abscesses on computed tomography scan, suggesting the rapid outgrowth of gas-
producing bacteria. The patient was finally diagnosed with MIH and gas gangrene due to C. perfringens infec-
tion based on the presence of this bacterium in the blood and bile. On autopsy, gas gangrene was observed in
almost all organs, originating from the bile duct. Polymerase chain reactions targeting C. perfringens toxins
identified the isolated bacterium as C. perfringens type A expressing a-toxin (CPA), perfringolysin O (PFO), and
collagenase (ColA). Elevated interleukin 6 and tumor necrosis factor-a expression levels were observed in the
serum, and such proinflammatory responses were partially mediated by Toll-like receptor 2. This study eluci-
dated the association between the toxin profiles of clinically isolated C. perfringens and the host cytokine re-
sponses in the patient.

Introduction

Clostridium perfringens is a Gram-positive anaerobic bacterium that
colonizes the gastrointestinal tract, soil, and foods [1-3]. It can survive
in harsh environments such as high temperatures, low nutrient levels,
and the presence of oxygen by forming spores [1-3]. The widespread
distribution of C. perfringens is associated with various infections and
diseases, including foodborne gastroenteritis, gas gangrene, hep-
atobiliary infections, and massive intravascular hemolysis (MIH) [1-3].
Although most cases of foodborne gastroenteritis caused by
C. perfringens are mild and self-limiting, those with C. perfringens
bacteremia have a poor prognosis [1-3]. MIH, gas gangrene, and cyto-
kine storm are considered to contribute to the lethal outcome of

C. perfringens bacteremia [1-3]. Another critical aspect of C. perfringens
bacteremia is its exceptionally rapid disease progression, which is
attributed to an extremely rapid doubling time of < 10 min [4]. MIH and
septic shock caused by this bacterium can lead to death within few hours
of diagnosis [1,5,6]. However, no specific treatment other than antibi-
otics for lethal C. perfringens infections has been established because the
immunopathogenesis of this disorder has not been fully elucidated.
The molecular mechanisms underlying host-C. perfringens in-
teractions have been poorly understood. C. perfringens secretes a broad
range of toxins that can destroy host organ architecture and active host
immune systems [1-3]. Previous studies on the pathogenesis of
C. perfringens bacteremia have mainly utilized in vitro culture systems
where host immune cells are exposed to recombinant toxins and/or
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C. perfringens strains. Although these studies have provided insights into
individual properties of each toxin, the association between clinical
C. perfringens isolates and disease manifestations or immune responses
remains unclear. Herein, we have presented an autopsy case of
C. perfringens bacteremia exhibiting gas gangrene, MIH, and cytokine
storm. Polymerase chain reactions (PCRs) targeting toxins identified the
expression of C. perfringens a (CPA) toxin, perfringolysin O (PFO), and
collagenase (ColA) in the isolated strain. In addition, immunological
analyses revealed that the presence of CPATPFO"ColA™ in C. perfringens
type A contributed to the cytokine storm partially through Toll-like re-
ceptor 2 (TLR2) signaling. This study sheds light on the relationship
between toxin profiles and host cytokine responses in lethal
C. perfringens infections.

Case presentation

An 84-year-old Japanese female was brought to our emergency room
with severe back pain and low-grade fever. She had a history of
noninsulin-dependent diabetes mellitus (DM) treated with hypoglyce-
mic agents for 20 years. Her DM was well controlled, with a recent
hemoglobin Alc level of 6.6 %. She underwent biliary reconstruction
surgery for congenital biliary dilatation 40 years ago. On physical ex-
amination, she appeared unwell with tachypnea but had a normal level
of consciousness. Initial vital signs were blood pressure of 151/73
mmHg, pulse rate of 98 beats/min, respiratory rate of 30 breaths/min,
axillary temperature of 36.9 °C, and oxygen saturation of 97 % on
ambient air. Blood tests revealed an abnormally bright red color of the
serum, indicating intravascular hemolysis [7] (Fig. 1a). The presence of
MIH was confirmed by a marked decrease in hemoglobin levels (1.8
g/dL) and an increase in serum lactate dehydrogenase levels (6691 U/L)
(Table 1). The patient also had leukocytosis, elevated C-reactive protein
and procalcitonin levels, severe thrombocytopenia, coagulopathy with
elevated D-dimer levels, and metabolic acidosis with a base excess of
—9.8 mmol/L (pH; 7.382, PaCOy; 26.4 mmHg). These laboratory find-
ings indicated septicemia with MIH, necessitating immediate vigorous
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Table 1
Laboratory findings on admission.

Laboratory tesr Presentation Normal range
Hematology
White blood cells (pL) 20490 3300-8600
Neutrophil (%) 83.9 38-77
Monocyte (%) 0.5 2.7-9.3
Lymphocyte (%) 14.8 20.2-53.2
Red blood cells (uL) 197 x 10* 386 x 10-492 x 10*
Hemoglobin (g/dL) 1.8 11.6-14.8
Platelets (uL) 4.6 x 10" 15.8 x 10*-34.8 x 10*
Biochemistry
Total protein (g/dL) 8.5 6.6-8.1
Albumin (g/dL) 2.9 4.1-5.1
Aspartate aminotransferase (U/L) 716 13-30
Alanine aminotransferase (U/L) 205 7-23
Lactate dehydrogenase (U/L) 6691 124-222
Alkaline phosphatase (U/L) 196 38-113
y-glutamyl transpeptidase (U/L) 22 9-32
Total bilirubin (mg/dL) 2.4 0.4-1.5
Amylase (U/L) 36 44-132
Blood urea nitrogen (mg/dL) 43 8-20
Creatinine (mg/dL) 1.26 0.46-0.79
C-reactive protein (mg/dL) 8.78 0-0.14
Lactic acid (mg/dL) 54.5 4-16
Procalcitonin (ng/mL) 6.37 0-0.5
Hemoglobin Alc (%) 6.6 4.6-6.2
Coagulation
PT-INR 1.70
APTT (sec) 33.2 24-39
D-dimer (pg/mL) 7.0 0-1
Fibrin degradation products (pg/mL) 20.5 0-5

fluid resuscitation.

Computed tomography (CT) scan of the abdomen revealed low-
density areas (LDAs) in the right lobe of the liver along with pneumo-
bilia (Fig. 1b, left panel), suggesting liver abscesses associated with post-
choledochojejunostomy reflux cholangitis. While awaiting blood test
results, the patient experienced increasing back pain and restlessness. A

Fig. 1. Patient with lethal Clostridium perfringens infection with massive intravascular hemolysis and gas gangrene. (a) Serum of the patient at presentation. (b)
Abdominal computed tomography (CT) images obtained at presentation (left panel), 1.5 h (middle panel), and 2.5 h after death (right panel). The lesion in the right
lobe of the liver, initially seen as a low-density area at presentation (left panel), was replaced by a gas-filled cavity 1.5 h later (middle panel). A postmortem CT scan
revealed rapid and massive expansion of gas-filled cavities in the right and left lobes of the liver (right panel).
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contrast-enhanced CT scan performed 1.5 h after the initial plain CT
scan clearly showed the transformation of the initial LDAs into gas-filled
cavities (Fig. 1b, middle panel), confirming the diagnosis of septicemia
due to a rapidly progressive gas-producing liver abscess. Empiric anti-
biotic treatment (meropenem 0.5 g) was initiated after two sets of blood
cultures were obtained. Despite intensive treatment, the patient’s con-
dition deteriorated rapidly, leading to cardiopulmonary arrest and death
within 2.5 h of presentation to the emergency room. Postmortem CT
imaging revealed massive expansion of gas-producing abscesses in the
liver (Fig. 1b, right panel). Due to the unexpected death and rapid
progression of the disease, the patient’s family consented to an autopsy,
which was performed 7 h after death.

Macroscopic examination upon performing autopsy revealed liver
abscesses with a spongiform appearance in both lobes (Fig. 2a). Micro-
scopically, massive hepatocyte necrosis with gas bubble formations,
indicative of gas gangrene, was observed (Fig. 2b). Neutrophil infiltra-
tion, coagulation necrosis, and numerous bacilli colonies were observed
within the liver abscess (Fig. 2¢). Due to severe necrosis and autolysis,
biliary epithelial cells were not found around the chol-
edochojejunostomy site (Fig. 2d). Gas gangrene was not confined to the
liver, as other organs like the heart (Fig. 3a), lung (Fig. 3b), stomach
(Fig. 3c), pancreas (Fig. 3d), small intestine, colon, kidneys, adrenal
glands, and thyroid gland were also affected. In particular, the stomach
exhibited severe emphysematous changes with a spongiform appear-
ance, and colonies of bacilli were found in the interstitium and vascular
spaces of all affected organs (Fig. 3a-d). Gram staining of the vacuolated
areas of the heart revealed the proliferation of oblong-shaped Gram-
positive bacilli (Fig. 3e). Based on the autopsy findings, the present case
was finally diagnosed as multiple organ failure due to gas gangrene
caused by a Gram-positive bacillus infection. Although C. perfringens and
Edwardsiella tarda were detected in the blood and bile, C. perfringens was
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Fig. 2. Pathological findings of the liver and bile duct on autopsy. (a) Gross appearance of the liver showing abscess formation with an internal spongiform
appearance on the cut surface (arrowheads). (b, ¢) Microphotographs of the liver (b. low magnification image, scale bar: 100 um, c. high magnification image, scale
bar: 50 um) showing massive necrosis of hepatocytes with gas bubble formations during hematoxylin and eosin staining. A marked proliferation of bacilli was
observed in the liver abscess (arrows). (d) Microphotograph of the choledochojejunostomy site (hematoxylin-eosin stain, scale bar: 100 um). Biliary epithelial cells
could not be found around the choledochojejunostomy site due to severe necrosis and autolysis. Arrows indicate destruction of the bile duct epithelium.
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identified as the likely causative bacterium based on the presence of
numerous Gram-positive bacilli in the affected organs. In particular, the
severe destruction at the choledochojejunostomy site and the detection
of C. perfringens in the bile support the hypothesis of retrograde bile duct
infection with this bacterium leading to multiple liver abscesses, septi-
cemia, and multiorgan gas gangrene.

The clinical course of this case was typical of C. perfringens bacter-
emia, as the patient developed MIH, septic shock, hepatobiliary infec-
tion, and gas gangrene within a couple of hours [1]. Despite the rapid
progression to death, the pathogenesis of lethal C. perfringens infection
remains unclear. In this study, we aimed to elucidate the
host-C. perfringens interaction that underlies the rapid progression and
death of this case. To achieve this, we conducted toxinotyping of
C. perfringens isolated from this patient and determined the host cytokine
responses.

Materials and methods

C. perfringens has been classified into seven types (types A to G) based
on the secretion profiles of toxins: CPA, C. perfringens p toxin (CPB), €
toxin (ETX), 1 toxin (ITX), C. perfringens enterotoxin (CPE), and necrotic
enteritis B-like toxin (NetB) [2,4]. In addition, extracellular enzymes
such as PFO and ColA have been shown to be involved in the destruction
of host tissues and degradation of the extracellular matrix [2]. Genomic
PCRs targeting CPA, CPB, ETX, ITX, CPE, NetB, PFO, and ColA were
performed using bacterial DNA of C. perfringens isolated from the pa-
tient’s blood and a commercially available type A strain of C. perfringens
(JCM#1290; RIKEN BioResource Research Center, Tsukuba, Japan).
The C. perfringens strains were cultured overnight in thioglycolate broth
at 37 °C in an anaerobic environment. Bacterial genomic DNA was
extracted using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany)
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following the manufacturer’s instructions. Isolated DNA (5 ng) was
applied to the thermal cycler for PCRs using Quick TagHS DyeMix
(TOYOBO, Tokyo, Japan). The PCR conditions were as follows: hot start
for 150 s at 95 °C, amplification for 40 cycles (denaturation for 1 min at
95 °C, annealing for 1 min at 55 °C, and extension for 1 min at °C), and
final extension for 10 min at 72 °C. The PCR products were run on a
2.5 % agarose gel stained with ethidium bromide. The PCR primer se-
quences and expected band sizes are presented in Table 2.

To visualize host cytokine responses, serum samples from the patient
and healthy control (A.H.) were analyzed using cytokine and chemokine
arrays (R&D Systems, Minneapolis, USA), as previously described [8,9].
A total of 200 pL of serum was applied to the membrane. To determine
the TLRs involved in the production of proinflammatory cytokines by
C. perfringens, female C57BL/6 mice aged 6 weeks were obtained from
Japan SLC Inc. (Hamamatsu, Japan). Age- and sex-matched TLR2-defi-
cient (TLR2”"), TLR4-deficient (TLR4”"), or TLR2 and TLR4-double
deficient (TLR27"TLR4”") mice were also employed [10,11]. Spleno-
cytes were prepared from these mice, and cells (2 x 10%/mL) were
stimulated with heat-killed C. perfringens (3 x 10° CFU/mL) for 24 h.
After stimulation, mRNA was isolated from splenic cells and transcribed

Table 2
Primer sequences for detection of toxins and enzymes.
Toxin Primer Gene sequence (5—3") Size
gene directions (bp)
cpa forward AGTCTACGCTTGGGATGGAA 900
reverse TTTCCTGGGTTGTCCATTTC
cpb forward TCCTTTCTTGAGGGAGGATAAA 611
reverse TGAACCTCCTATTTTGTATCCCA
cpe forward GGGGAACCCTCAGTAGTTTCA 506
reverse ACCAGCTGGATTTGAGTTTAATG
etx forward TGGGAACTTCGATACAAGCA 396
reverse TTAACTCATCTCCCATAACTGCAC
iap forward AAACGCATTAAAGCTCACACC 293
reverse CTGCATAACCTGGAATGGCT
pfoA forward TGTAGCTTATGGAAGAACTA 591
reverse CACCATTCCCAAGCAAGACC
colA forward CCTGATGAATTTTTTCCACCAAA 281
reverse GGATATGATGCTAAAAACACTGAGTTCTAT
netB forward CGCTTCACATAAAGGTTGGAAGGC 316

reverse TCCAGCACCAGCAGTTTTTCCT

{ / I
Fig. 3. Microphotographs of organs affected by gas gangrene. Extensive necrosis and vacuolation with a massive proliferation of bacilli are observed in the heart (a),

lung (b), stomach (c), and pancreas (d) (hematoxylin and eosin staining, scale bar: 100 um). Gram staining of the vacuolated areas of the heart revealed the pro-
liferation and accumulation of oblong-shaped Gram-positive bacilli (e).

into cDNA for quantitative PCR (qPCR) analysis, as previously described
[10,12,13]. mRNA expression was determined using SYBR Green-based
qPCR on a LightCycler 480 system (Roche Diagnostics, Tokyo, Japan).
PCR primers for the IL6 genes were purchased from Qiagen (Valencia,
USA), and Actin mRNA expression was used as a reference gene.

Results

The type of C. perfringens was initially determined based on the
expression profiles of the toxins [2,4]. A commercially available type A
strain (JCM#1290) was used as a control for PCRs. C. perfringens isolated
from this case expressed CPA, PFO, and ColA, but not CPE (Fig. 4a). In
addition, the patient’s C. perfringens did not express CPB, ETX, ITX, or
NetB (data not shown). This toxin expression profile (CPATPFO*ColA™)
matched that of JCM#1290, indicating that CPA'PFO'ColA™
C. perfringens type A caused MIH, gas gangrene, and septic shock in the
patient.

The host cytokine and chemokine responses to septicemia caused by
CPA"PFO'ColA™ C. perfringens type A were then examined. Cytokine
and chemokine arrays revealed elevated levels of C-C chemokine ligand
2, C-X-C motif chemokine ligand 8 (CXCL8), granulocyte-colony stim-
ulating factor, interleukin 6 (IL-6), IL-18, and tumor necrosis factor-a
(TNF-a) in the patient’s cells (Fig. 4b). This indicated heightened innate
immunity in the present case, with cytokine storms likely involving IL-6,
IL-18, and TNF-a, mainly produced by macrophages and dendritic cells.

Given that the bacterial sensing of TLRs drives proinflammatory
cytokine responses by immune cells [10,12-14], we aimed to determine
the type of TLRs responsible for enhanced cytokine responses. Robust
IL-6 mRNA expression was observed in splenocytes from TLR2- and
TLR4-intact C57BL/6 mice upon stimulation with heat-killed
CPA"PFO'ColA"T C. perfringens type A isolated from the patient
(Fig. 4¢). In contrast, IL-6 mRNA expression was markedly reduced in
splenocytes from TLR2”" mice or TLR2/"TLR4”" mice, whereas IL-6
expression was comparable in splenocytes from C57BL/6 mice and
TLR4”" mice (Fig. 4¢). These findings suggest that retrograde bile duct
infection with CPATPFO"ColA™ C. perfringens type A-induced cytokine
storms partially propagate through TLR2, but not TLR4, in this case.
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Fig. 4. Host cytokine responses against Clostridium perfringens isolated from this case. (a) Toxin profiles of Clostridium perfringens isolated from the patient and a
commercially available type A strain (JCM#1290). The leftmost lane represents the 100-bp DNA ladder. Agarose gel electrophoresis of polymerase chain reaction
(PCR) products revealed that C. perfringens isolated from the patient expressed CPA, PFO, and ColA, but not CPE. CPA, C. perfringens a toxin; PFO, perfringolysin O;
ColA, collagenase. (b) Profiles of serum cytokines and chemokines. Cytokine and chemokine arrays revealed heightened proinflammatory responses in the patient
serum. CCL2; C-C chemokine ligand 2, CXCL8; C-X-C motif chemokine ligand 8, G-CSF; granulocyte-colony stimulating factor. (c) Toll-like receptors (TLRs) involved
in the production of proinflammatory cytokines by C. perfringens. Splenocytes prepared from C57BL/6 mice or mice deficient in TLR2 and/or TLR4 were stimulated
with heat-killed C. perfringens. IL-6 mRNA expression was expressed as the mean =+ standard error of the mean. * * P < 0.01.

Discussion

C. perfringens is a Gram-positive anaerobic bacterium that colonizes
the gastrointestinal tract, soil, and foods [1,2]. Despite being a
commensal bacterium, infection by C. perfringens can result in various
conditions, such as food poisoning, enterocolitis, gas gangrene, hep-
atobiliary infection, sepsis, and MIH [1-3]. Because of the high inci-
dence of foodborne gastroenteritis caused by C. perfringens, an
association between this bacterium and gastrointestinal injury has been
well established [1-3]. In addition to self-limiting foodborne gastroen-
teritis, C. perfringens can cause lethal conditions like MIH, gas gangrene,
and septic shock. Herein, we present an autopsy case of lethal
C. perfringens septicemia with the typical manifestations of MIH, septic
shock, and gas gangrene. van Bunderen et al. reported that only 8 of 40
patients with C. perfringens septicemia survived, with 21 patients dying
within 10 h of admission [6]. The rapid progression and poor prognosis
of this case are consistent with previous reports [1-3,6]. Nonetheless,
the present case is unique in that ordinary liver abscesses transformed
into gas-filled nodules due to the extremely rapid overgrowth of
C. perfringens, leading to shock and altered consciousness within 1 h of
stable vital sign verification. Additionally, it is worth noting that sys-
temic gangrene developed within a couple of hours despite immediate
intensive treatment and antibiotic administration, as confirmed by au-
topsy findings.

The patient in the present case had a history of biliary reconstruction
for congenital biliary dilatation. The destruction of the chol-
edochojejunostomy site by gas gangrene, along with the detection of

C. perfringens in the bile, strongly suggests that the lethal infection
originated from the bile duct. In line with the present case, recent
epidemiological and clinicopathological studies have identified the
biliary tract as the most common entry site for C. perfringens [15]. In
addition, other studies have shown that hepatobiliary diseases and a
history of hepatobiliary surgery are associated with C. perfringens
septicemia[16,17]. The patient in this case also had DM, which is
another risk factor for lethal infection with this organism [15,16].
Therefore, it is speculated that the abnormalities of the hepatobiliary
system and the presence of DM may have allowed C. perfringens to enter
the bile ducts, leading to the formation of gas-producing liver abscesses
and systemic bacterial dissemination.

The relationship between bacterial pathogenic factors and host im-
mune responses in a lethal C. perfringens infection has not been well
understood. The rapid progression to lethal outcome in this case led us to
examine the involvement of C. perfringens toxins and cytokine responses.
PCR analyses for the determination of toxin profiles identified
C. perfringens as CPATPFO"ColA™ type A, which is associated with the
clinical manifestations. CPA causes gas gangrene by degrading sphin-
gomyelin and phosphatidylcholine in the plasma membrane [2,18]. The
degree of erythrocyte hemolysis is parallel to PFO expression [1,5]. Of
interest, human peripheral blood mononuclear cells produce large
amounts of CXCL8, IL-6, and TNF-a upon stimulation with recombinant
PFO, indicating a link between cytokine storm and PFO expression [1,5].
Consistent with these findings, cytokine and chemokine array analyses
clearly showed elevated expression of CXCL8, IL-6, and TNF-« in the
patient’s serum. Collectively, these studies, along with our data, suggest
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that retrograde bile duct infection with C. perfringens type A led to MIH,
gas gangrene, and cytokine storms through the secretion of PFO and
CPA. To the best of our knowledge, the present case is the first to
demonstrate the association between toxin profiles and host cytokine
responses.

Although proinflammatory cytokine responses by macrophages and
dendritic cells depend on the activation of TLRs [14], the specific
TLRs-recognizing components of C. perfringens have not been identified.
We found that CPATPFO"ColA™ C. perfringens type A isolated from the
present case induces IL-6 expression in a TLR2-dependent and
TLR4-independent manner. Consistent with these findings, mRNA
expression of IL-6 and TLR2 is upregulated in murine muscle tissues
upon C. perfringens infection [19]. However, another study suggests that
TLR4-deficient C3H/HeJ mice exhibit reduced IL-6 responses upon
intramuscular injection with C. perfringens [20]. These discrepancies in
the role of TLR4 in C. perfringens-mediated IL-6 release may be attrib-
utable to strain differences in C. perfringens. Further studies are neces-
sary to identify the TLRs involved in the C. perfringens-induced cytokine
storm. However, CPAYPFO"ColA™ C. perfringens type A isolated from the
patient contributes to the cytokine storm partially through TLR2, which
primarily recognizes lipoproteins and peptidoglycans. Immediate and
aggressive antibiotic therapy alone may not be sufficient for treating
patients infected with CPA"PFO'ColA" C. perfringens type A if they
manifest MIH and gas gangrene, as demonstrated in the present case.
Therefore, targeting TLRs and/or proinflammatory cytokines may be
useful, although no report on the efficacy of biologics in C. perfringens
infection is available.

In conclusion, we present an autopsy case of gas gangrene, MIH, and
cytokine storm resulting from CPATPFO'ColA" C. perfringens type A
infection originating in the biliary tract. Our PCR and cytokine analyses
revealed the molecular mechanisms by which the toxin profiles of
C. perfringens contribute to the development of MIH, gas gangrene, and
cytokine storms.
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