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ABSTRACT

Powerful pathogens such as Bacillus anthracis and Yersinia pestis cause severe hemorrhagic syndromes
that have previously been attributed to a Disseminated Intravascular Coagulopathy (DIC). However, the
data attesting this statement are missing or contradictory. This study aimed at determining whether a
DIC do occur at the late stages of plague and anthrax. Using the mouse models of cutaneous anthrax and
bubonic plague, we observed that most B. anthracis-infected animals exhibited increased partial
thromboplastin time (aPTT) and prothrombin time (PT), along with a dynamic consumption of fibrin-
ogen, matching the characteristics of an overt DIC. In contrast, only heavily Y. pestis-infected mice dis-
played increased aPTT, but little fibrinogen consumption and no increase of PT were observed in most
infected animals, even at late stages of infection. Therefore, the coagulopathy that develops during
anthrax is compatible with a classical DIC, while Y. pestis-infected mice do not present with typical
parameters. This suggests that the mechanism involved in the hemorrhages observed during bubonic
plague is not a classical DIC, and that the coagulopathy exhibits a specific, atypical pattern. It is then
important to understand how these hemorrhages are triggered.

© 2022 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Hemorrhages are the mark of powerful and deadly pathogens,
and they often participate to the severity and morbidity of infec-
tious diseases. Only a few bacteria are capable of inducing systemic
bleedings. Both the Gram-negative Yersinia pestis and the Gram-
positive Bacillus anthracis, which are among the most potent bac-
terial pathogens, may cause severe hemorrhagic syndromes.

Abbreviations: DIC, Disseminated Intravascular Coagulopathy; aPTT, activated
Partial Thromboplastin Time; PT, Prothrombin Time; FT, Tissue Factor; FDP, Fibrin
Degradation Product; cfu, colony forming unit; LT, Lethal Toxin; ET, Edema Toxin.
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carniel@pasteur.fr (E. Carniel).

1 Co-senior authors: Pierre Goossens and Elisabeth Carniel.
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Bubonic plague is the most common clinical presentation of
Y. pestis infection in humans and animals. It occurs after a fleabite
and is characterized by the formation of a swelling lymph node
(bubo) draining the site of injection. From the bubo, Y. pestis reaches
the bloodstream and disseminates. Hemorrhages in all tissues have
been commonly observed during post-mortem pathological ex-
aminations of human victims who died of bubonic plague [1].
Comparable hemorrhages and external bleeding have also been
described in naturally infected animals [2] and in experimental
animal models [3].

Cutaneous anthrax, the most frequent form of B. anthracis
infection in humans, also leads to the multiplication of B. anthracis
in the draining lymph node [4]. The bacilli then enter the blood-
stream, causing blood vessel leakage and hemorrhages in human
victims and animal models [5—7]. At the final stage of the disease,
patients harbor dark and non-coagulable blood known as “anthrax
blood” [8]. It has been shown that the two well-characterized
toxins of Bacillus anthacis, the edema toxin (ET) and the lethal
toxins (LT), can induce hemorrhages by themselves [9,10]. However,
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recent scientific investigations have shown that the bacillus can
induce bleeding regardless of the action of the two toxins [11,12].
The hemorrhages observed during anthrax and plague have
often been described the consequence of a disseminated intravas-
cular coagulopathy (DIC) [11,13—15]. However, bacterial-induced
DIC is usually characterized by a generalized internal organs fail-
ure due to disseminated fibrin clots in vessels [16], rather than
bleedings that occur in only ~15% of cases [ 17]. Additionally, specific
data supporting this DIC hypothesis are scarce, partly missing or
contradictory. For infection by Y. pestis, no fibrinogen decrease has
been reported, and prothrombin time was not measured or was not
prolonged. DIC is a pathological process characterized by the over-
activation of the blood coagulation cascade (Fig. 1). The transient
formation of blood clots in vessels is followed by their fibrinolytic
disruption and by a complete consumption of key coagulation
factors such as fibrinogen, prothrombin, factor V and platelets, ul-
timately leading to multiple organs failure (due to numerous fibrin
clots) and/or severe bleeding (due to the exhaustion of coagulation
capacities and the absence of repair of blood vessels). In addition,
the release of bacterial inflammatory factors, such as LPS or pep-
tidoglycans during severe and systemic bacterial infections causes a
generalized activation of clotting factors in the blood [16]. Ac-
cording to the classical view, here called the canonical pathway, the
initiation of the DIC depends on the release of the Tissue Factor (TF),
generally through the trauma of vascular or circulating cells, lead-
ing to the activation of the extrinsic pathway of coagulation [18,19].
The extrinsic pathway eventually provokes the activation of
platelets and the formation of disseminated fibrin clots in the
microvessels (Fig. 1). Clots of fibrin are quickly degraded by fibri-
nolysis following the activation of plasminogen into plasmin. This
initial pathway is rapidly amplified by the activation of the intrinsic
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pathway, notably through the inflammation that usually accom-
panies the process.

DIC may be induced by different diseases and multiple mecha-
nisms, hence the biological parameters used to define the phe-
nomenon are those common to all processes. The biological signs
used to define a DIC include: an elongation of the prothrombin time
(PT), measuring the extrinsic pathway of coagulation (Fig. 1); an
elongation of the activated partial thromboplastin time (aPTT),
measuring the intrinsic pathway; a dramatic decrease of plasmatic
fibrinogen levels, due to the formation of fibrin clots; a drop of
platelet levels; and an increase of products of fibrin degradation
(FDP), following fibrinolysis. These parameters reflect the under-
lying consumption of clotting factors in both the extrinsic
(measured with PT) and intrinsic (measured with aPTT) pathways
of coagulation and fibrinolysis. However, the whole process is very
dynamic and biological parameters used to measure the phenom-
enon are not always decisive, especially early in the process, when
the DIC is compensated. Nonetheless, once the coagulation factors
are consumed, the coagulopathy is said overt DIC, or decompensated
DIC, and all biological parameters show clear defects in the coag-
ulation of both pathways.

The conjunction of severe bacterial infection and disseminated
hemorrhages dramatically increases the risk of fatal outcomes.
Since therapeutic strategies could be used to improve the vital
prognosis of patients with DIC, as previously proposed for plague
[14], it is of key importance to revisit existing data and determine
whether a true DIC occurs at the late stages of plague and anthrax.
Here, we tested the hemostatic parameters of mice infected either
with B. anthracis or Y. pestis to evaluate whether DIC actually occurs
during the pathogenesis of these two bacteria and could account
for the hemorrhages observed. We found that B. anthracis induces a
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Fig. 1. Schematic representation of human hemostasis cascades. The coagulation cascade starts either through the extrinsic pathway with the release of Tissue Factor after a trauma,
or through the intrinsic pathway with activation of Factor XII by sub-endothelial extracellular matrix proteins such as collagen. Both pathways converge to the common pathway
with the activation of Factor X that activates thrombin, which provokes the formation of fibrin clots. Clots of fibrin are degraded by plasmin during the fibrinolysis process. PT and
aPTT tests allow to measure the time of coagulation for each pathway. Fibrinogen dosage give an estimation of the consumption of circulating fibrinogen, hence an estimation of

formation of fibrin clots.
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coagulopathy resembling an overt DIC while Y. pestis displays a
more complex pattern of coagulation defects. We propose that each
of these pathogens induces a specific DIC through different mech-
anisms and that Y. pestis mechanisms do not correspond to the
canonical pathway as described in the literature.

2. Materials and methods
2.1. Bacteria and growth conditions

The Y. pestis strains used in this study were the fully virulent
wild type strain CO92 [20] and the plasmid cured Y. pestis ApPla
strain [21]. Bacteria were cultured at 28 °C for 36 h on Luria Bertani
agar plates supplemented with 0.002% (w/v) hemin (LBH) and were
suspended in phosphate buffered saline (PBS). The concentrations
of the resulting suspensions were estimated by measuring the
optical density at 600 nm and were confirmed by cfu count on LBH.

The Bacillus anthracis strain used was the encapsulated non-
toxinogenic ApagA 9602P strain. Spores were diluted in PBS and
the final concentrations were confirmed by serial plating on Brain
Heart Infusion (BHI) agar plates.

2.2. Animal experiments

Six-week-old OF1 female mice (Charles River Laboratory) were
housed in the Institut Pasteur biosafety level 3 animal facility
accredited by the French Ministry of Agriculture (accreditation B 75
15—01), in compliance with French and European regulations on
care and protection of Laboratory Animals (EC Directive 86/609,
French Law 2001—486 issued on June 6, 2001). Mouse infections
were carried out following approved protocols by the Institut
Pasteur ethic comity for animal experimentation (CETEA Institut
Pasteur, “Comité d’Ethique en Expérimentation Animale” regis-
tered by the French Ministry of Education and Research (MESR)
under the number 89); approved protocols CETEA 2014-0025/
MESR 08223 for Y. pestis and CETEA 2013-0088/MESR 01168.01 for
B. anthracis. Lipopolysaccharide (LPS) from E. coli 011:B4 (Inter-
chim) at a dose of 7.5, 15 or 35 mg/kg was administered intraper-
itoneally to groups of 10 mice 16 h before hemostasis analyses.
Y. pestis CO92 (1.5 x 10 bacilli), Y. pestis ApPla (2 x 108 bacilli) or
the encapsulated non-toxinogenic ApagA 9602 P B. anthracis strain
(10° spores) were injected subcutaneously to groups of 10 mice
24—36 h before hemostasis analyses. For Y. pestis, the experiment
was repeated in order to obtain enough surviving animals to
interpret the results, thus 14 additional mice were challenged to
compensate for dead individuals. Control mice received subcuta-
neously 100 pl of PBS. The apparent state of sickness of the animals
was scored. The mice were sacrificed and their spleen and blood
were collected. Bacterial loads were determined by plating blood
samples and spleen homogenates on LBH (Y. pestis) or BHI
(B. anthracis) plates. These loads were quantified precisely for
Y. pestis, while only thresholds were determined for B. anthracis.

In a second series of experiments, 10% Y. pestis bacilli were
injected subcutaneously to groups of five to ten mice. The mice
were sacrificed every 24 h for 5 days and their spleen and blood
were collected. The bacterial loads in these samples were quanti-
fied as described above.

2.3. Hemostasis analyses

Hemostasis tests were performed on blood samples containing
0.0109 M citrate final, using the kits STA-Fibri-Prest® Automate,
and STA®-Liquid Fib, STA-Neoplastine® Cl Plus, D-Di Test and STA-
PTT Automate from Diagnostica Stago. The blood volumes were
divided by half (50 ul) compared to usual protocols after validation
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of the precision and reproducibility with a STA-Unicalibrator. For
Y. pestis and LPS, the hemostasis measurements were performed in
a biosafety level 3 laboratory, and time to form a fibrin clot was
determined visually in glass tubes (estimated precision of 0.5s). For
B. anthracis, the coagulation time was determined using the STart®
4 machine from Diagnostica Stago (estimated precision of 0.1s). The
comparability of the results obtained with the two methods was
confirmed on samples from mice that received PBS or LPS.

2.4. Statistical analyses

All data were compared with the non-parametric test of
Mann—Whitney using the Prism software version 6.07 (Graph Pad
Software). Significance were set at P < 0.05. Value of aPTT were
tested with a two-tailed test while PT were tested with a one-tailed
test. *P < 0.05; **P < 0.001.

3. Results

To evaluate hemostasis alterations during bubonic plague and
cutaneous anthrax, we first determined normal values for blood
aPTT, PT and fibrinogen in our animal model, using a group of 10
animals that had received PBS subcutaneously (Table 1 and Fig. 2A).
As a positive control for DIC, we used the mouse experimental
model of LPS injection [22]. As expected, LPS-inoculated mice
exhibited clinical symptoms related to the amount of LPS injected
(Table 1). Their PT and aPTT increased with the concentrations of
LPS injected (Table 1 and Fig. 2B). Both aPTT and PT of the LPS-
injected mice were significantly different from the PBS control
mice using the Mann—Whitney U test (aPTT: **P < 0.0001, PT:
**P = (0.0003). The fibrinogen blood concentrations were increased
at the lowest dose of LPS and decreased at the highest dose
(Table 1), indicative of the dynamic activation and subsequent
consumption of this factor [22]. The extension of aPTT and PT is the
demonstration of a global coagulation defect and is commonly used
in the first-line diagnosis of DIC. For some of the mice, we tested the
presence of FDPs (fibrin degradation products due to fibrinolysis)
using a non-quantitative agglutination method. Characteristic FDP
agglutination was observable with LPS-injected animals confirming
the intense fibrinolysis accompanying the DIC. Fibrinogen con-
sumption, which is representative of the intense formation of fibrin
clots prior to the fibrinolysis process, also confirmed the diagnostic.

Mice infected with B. anthracis often had high bacterial loads in
spleen (>107 cfu) and blood (>10° cfu/ml), but their clinical
symptoms did not correlate with the intensity of the bacteremia
(Table 1 and Fig. 2C). Most infected animals (7/10) had prolonged PT
(13.85—20s) and aPTT (69s to >100s), whereas one third (3/10) of
them presented no defect in aPPT or PT in spite of patent sickness
symptoms and the presence of bacteria in their spleen and blood.
The aPTT and PT of the B. anthracis-challenged mice were signifi-
cantly different from the PBS control mice (aPTT: **P = 0.0001, PT:
*P = 0.0017) but were not distinguishable from the group of LPS
injected mice (aPTT: P = 0.2461, PT: P = 0.3349), indicating com-
parable coagulation processes. Fibrinogen levels displayed a large
range of values (from 1.82 to 4.04 mg/ml) (Table 1) which probably
reflected different stages of the activation/consumption process.
The blood taken from these mice looked dark, fitting the descrip-
tion of “anthrax blood”. Overall, although there was no direct cor-
relation between the clinical status and the hemostatic disorders
measured, the increased PT and aPPT observed in most B. anthracis-
infected mice fitted with the definition of a canonic DIC. Further-
more, our results based on the use of a non-toxinogenic ApagA
strain confirmed recent findings that LT and ET toxins are not
necessary to induce such coagulation defect [11,12]. These results
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Table 1
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Hemostasis parameters in mice that received PBS (negative control), LPS (positive control for DIC), B. anthracis or Y. pestis.

Treatment aPPT (s) PT (s) Fibrinogen (mg/ml) Spleen® (cfu/organ) Blood® (cfu/ml) Clinical status®
Control® 20-50 9-13 1.9-29 NA NA 0
LPSY (mg/kg)
7.5 46 11 453 NA NA +
7.5 48.1 11.2 ND NA NA +
7.5 58 13 3.86 NA NA +
7.5 61 13 3.59 NA NA +
7.5 62 13 3.36 NA NA +
15 51 18 2.32 NA NA ++
15 52.5 17 2.14 NA NA ++
15 61.1 16 2.32 NA NA ++
35 64 15.3 <0.88 NA NA +4++
35 >90 >90 <0.88 NA NA 4+
B. anthracis®
35.1 10.4 ND >107 >10° +
424 112 27 <107 >107 ++
416 114 3.76 ND ND ++
69 13.8 1.82 ND ND ++
80 15 ND >107 >107 +
>100 20 4.04 >107 >10° +
>100 16 4.04 >107 >10° -+
100 14.7 2.44 ND ND ++
>100 15 2.55 >107 >10° ++
>100 15 2.8 >107 >107 +4+
Y. pestis
41 11 4.17 8.2 x 10° 0 +
44 11 497 45 x 10* 0 +
<30 12 417 7.0 x 10° 0 +
42 115 48 2.0 x 107 5.0 x 10% o+
48 11 49 40 x 10* 35 x 10° ++
49 11.5 6.35 2.6 x 10* 5.5 x 10° ++
49 12.5 5.9 1.4 x 10* 2.8 x 107 S
50 115 5.05 5.3 x 10* 3.5 x 10° ++
52 11 453 4.1 x 10° 3.0 x 10° e
53 12,5 ND 1.4 x 10* 7.5 x 103 ++
57 12.5 497 9.0 x 107 1.8 x 10° o+
85 12.5 453 2.0 x 10° 1.5 x 10° e
61 14 ND 2.0 x 107 nd At
60 145 ND 5.1 x 10* 5.0 x 107 ST
94 15.5 15 1.0 x 108 5.0 x 107 +++
Y. pestis ApPla®
<30 11 ND 1% 10? 1 x 10? +
<30 10 ND 2.5 x 108 ND ++
31 10 ND 8.5 x 108 1% 10° ++
38 11 ND 1.2 x 108 8 x 106 ++
42 10 ND 2.5 x 10° 1 x 10? et
46 11 ND 2 x 108 1 x 10? +4++
80 10 ND 3 x 10° 1% 10? -+
98 11 ND 1.3 x 107 1x10° +4++

Ordering was based on increasing severity of the parameters and symptoms. Each line corresponds to one mouse.
Abbreviations: aPPT: Activated partial thromboplastin time; PT: Prothrombin time; NA: not applicable; ND: not determined.

@ Precise bacterial loads for Y. pestis and thresholds for B. anthracis.

b 0: healthy; +: sick (slight shivering and slow movement); +-+: very sick (shivering and prostrated but still reactive to stimuli); +++: moribund (shivering, prostrated and

irresponsive).

¢ Control mice received PBS subcutaneously and were used to define normal ranges (80%—120% of normal values + standard deviation) for hemostasis parameters.
410 mice received LPS intraperitoneally 16 h before blood sampling and were used as positive controls for hemostasis disorders that characterize a DIC.

€ 10 mice were subcutaneously infected with 10 spores of B. anthracis ApagA 9602 P 24 h prior to blood sampling.

f 10 + 14 mice were subcutaneously infected with 1.5 x 10° cfu of Y. pestis CO92 24 h prior to blood sampling. Six animals died before sampling.

& 10 mice were subcutaneously infected with 2 x 10° Y. pestis ApPla prior to blood sampling. Two animals died before sampling.

also suggested that although the DIC was concomitant with disease
progression, it was not the main factor causing the symptoms.

Of 10 mice infected with Y. pestis, four mice were already dead at
24 h because of the high bacterial inoculum (1.5 x 10> cfu) used,
and therefore could not be included in the analysis. We repeated
the experiment and pooled the results in order to obtain enough
animals to interpret the outcomes. Three of the surviving mice
presented no bacteremia and had a moderate bacterial load in the
spleen (<108 cfu), together with mild signs of infection (Table 1). PT
and aPTT, parameters were normal and the elevated fibrinogen
concentration was in line with an early stage of infection. Five mice

presented with a more advanced stage of infection, with bacter-
emia (10°—5.10% cfu/ml) along with moderate to strong symptoms.
They had a normal PT, an elevated aPTT but within the normal limit
(48—50), and a higher fibrinogen concentration than the three
previous mice. Four mice had major signs of infection that fitted
with high bacterial loads in the spleen (>10° cfu) and the presence
of bacteria in the blood (Table 1 and Fig. 2D). Three of them were
moribund. The four mice displayed an elevated aPPT (52s—85s),
although not as high as that observed for B. anthracis-infected mice.
Strikingly, their PT were within normal values (11—12.5). There
were signs of fibrinogen consumption, as evidenced by a level of
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Fig. 2. Plotting of Activated partial thromboplastin time versus Prothrombin time in treated-mice. Groups of mice received: 100 uL of PBS subcutaneously (A), 100 uL of various
concentrations of LPS intraperitoneally (B), 10° spores of B. anthracis ApagA 9602P subcutaneously (C), 1.5 x 10 cfu of Y. pestis C092 subcutaneously (D), or 2 x 106 cfu of Y. pestis
ApPla subcutaneously (E). Mice were sacrificed 24—36 h after injection (or 16 h for LPS), and plasmatic aPTT and PT were measured. Dotted lines represent the normal value
thresholds: 9s < PT < 13s, and 30s < aPTT<50s. Each dot represents an individual mouse. Moribund animals are identified with red color. Actual values, bacterial enumeration, and

animal status are indicated in Table 1.

this factor higher than in the control mice, but lower than in the five
previous less sick mice (4.5—5 mg/ml compared to 4.9—6.35 mg/
ml). The three last mice were also moribund with high levels of
bacteria in their blood and spleen, and displayed overt DIC: elon-
gated PT and aPTT along with low fibrinogen level for one mouse.
The PT and aPTT in the group of Y. pestis-infected mice were
significantly different from the PBS control mice (PT: **P = 0.0084;
aPTT: **P = 0.00008) but not from the LPS challenged mice (PT:
P = 0.1238; aPTT: P = 0.9806). Some of the Y. pestis-infected mice
presenting with coagulation defect were tested and showed the
presence of FDP characteristic of intense fibrinolysis. Interestingly,
Y. pestis presented with a coagulation defect different from that of
B. anthracis: coagulation factors of the intrinsic pathway, measured
with the aPTT, were consumed before those of the extrinsic
pathway, showing a pattern that did not correspond to the ca-
nonical pathway of activation of DIC.

Y. pestis carries a plasmid called pPla, which encodes a plas-
minogen activator known to play an important role in the patho-
genicity of the bacterium. Because of the central function of
plasminogen activation as an activator of fibrinolysis we tested a
strain of Y. pestis cured of pPla. We adjusted the inoculum of the
ApPla strain to mimic the disease progression of the parental strain
[21] and measured the hemostatic parameters of Y. pestisApPla-
infected mice. All mice presented with moderate to high loads of
bacteria in the spleen (10° to 10° cfu) and bacteremia in blood,
probably due to the high initial inoculum. Six out of ten mice had
moderate to severe symptoms, not associated with any coagulation
defect. Two mice presented with severe symptoms associated with
elevated aPTT (80s and 98s) but normal PT (10s and 11s). The last
two mice died before the analysis. The ApPla strain reproduced the
same hemostatic pattern as the parental strain and showed a non-
canonical activation of the DIC (Table 1 and Fig. 2E).

To further understand the initiation of the DIC in Y. pestis-
infected mice, we repeated the experiment with a lower bacterial
inoculum and followed the kinetics of bacterial multiplication in
spleen and blood, along with aPPT and PT values. Because some
animals were already moribund on day 4 (D4), introducing a bias of

selection at late stages of infection, the data from D4 and D5 were
pooled. We observed an increase of the bacterial load in the spleen
from D1 to D4/5 (Fig. 3A) and a bacteremia which started on D3 and
affected the majority of animals on D4/5 (Fig. 3B). For most animals,
the aPTT values remained within the normal limits until D3 but
they went past the threshold on D4/5 in 60% of infected mice
(Fig. 3C). The distribution of values of aPTT for the Y. pestis-infected
mice was significantly different from those of PBS-challenged mice
(*P = 0.0072) but not from LPS (P = 0.42) observed in Table 1. The
animals with an increased aPTT were bacteremic and had high
bacterial loads in their spleen. However, some heavily infected and
bacteremic mice still had a normal aPTT. With the exception of two
mice on D4/5, the PT remained within the normal range or at the
threshold, in the majority of mice (Fig. 3D), even when their aPTT
was prolonged, and despite the fact that they had bacteremia and
high bacterial loads in their spleen. The distribution of values of PT
for these mice was significantly different from those of PBS-
challenged mice (*P = 0.0038) and also from LPS-challenged
mice (*P = 0.028) observed in Table 1, demonstrating a unique
pattern for the coagulopathy of these animals. These results
describe a kinetic of elongation of the coagulation time that starts
with the intrinsic pathway before impairing the extrinsic pathway.
In agreement, mice were moribund and would have probably died
before any defect in the extrinsic pathway would be measurable.
These data thus confirm that most Y. pestis-infected mice present
with a compensated DIC not initiated through the extrinsic path-
ways, as suggested by the canonical view, and our observation that
mice can die from plague before the installation of an overt DIC.

4. Discussion

In this study, we confirm that hemostasis alterations that take
place during cutaneous anthrax are consistent with an overt DIC, as
previously proposed [10—12], and are independent of the produc-
tion of both LT and ET toxins. In contrast, we show that Y. pestis
induces an atypical coagulopathy that does not match the canonical
DIC described in the literature.
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Fig. 3. Bacterial load, aPPT and PT kinetics in Y. pestis-infected mice. Groups of mice infected subcutaneously with 100 cfu of Y. pestis C092 were sacrificed every 24 h for 5 days and
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challenged mice from Table 1 are indicative of aPTT and PT values of LPS-induced DIC (C and D). Bacterial loads were quantified in spleen (A) and blood (B). Plasmatic aPTT (C) and
PT (D) were measured every day. Since some mice were already moribund on D4, the data from D4 and D5 were pooled. Horizontal dotted lines represent the normal value
thresholds. Short horizontal black bars represent the median. Some missing data for aPTT on D1 and D2 are due to an insufficient amount of blood collected to perform all

measurements.

The analysis of the hemostatic status of human bubonic plague
patients with clinical signs of purpura in the early 1970s indicated
prolonged aPTT, low platelet counts, and positive ethanol gelation
tests (which detect circulating fibrin monomers) [14]. In the mouse
experimental model of bubonic plague, extended clotting times
and aPTT were also reported, along with a decreased platelet
numbers [15]. The alteration of these hemostasis factors was
attributed to a DIC although some data were lacking or were
sometimes contradictory, such as no fibrinogen decrease, PT not
measured or not prolonged. This shortcut was probably accepted
because of similar but more comprehensive studies on the pneu-
monic model of plague [13]. However, the physiopathology of
pneumonic plague is different from that of the bubonic form,
particularly with regard to the inflammatory process [23]. During
pneumonic plague in Macaca mulatta, prolonged PT and aPTT were
observed, suggesting an actual overt DIC. This coagulopathy
occurred along with an increased inflammatory response after 36 h
[23]. Here we show that at the pre-mortem phase of bubonic pla-
gue, Y. pestis induces a coagulopathy characterized by a prolonged
aPTT, but with normal PT values and only a moderate consumption
of fibrinogen, as compared to LPS-induced DIC or during anthrax.
The fact that a ApPla strain of Y. pestis, which lacks the plague
plasminogen activator, displayed the same type of coagulopathy
profile as the wild type strain indicates that fibrinolysis is not
important in the initiation of this particular hemostatic disorder.

DIC diagnosis is defined by the prolongation of coagulation time,
demonstrating a global coagulation defect confirmed by measuring
fibrinolysis. According to the canonical view of DIC, the dissemi-
nated coagulation starts with the release of TF, induced through
different mechanisms, and prompting the initiation of the extrinsic
pathway (measured with PT). The deregulated phenomenon is
amplified through the secondary activation of the intrinsic pathway

(measured by aPTT) [18]. Various studies have questioned the value
of PT, aPTT and fibrinogen to diagnose DIC [24,25], in particular
considering that DIC is a dynamic process and that these tests can
stay within normal value early in the process, while the DIC is still
compensated. Additionally, this canonical view of DIC has been
challenged and scientists proposed more recently that the initia-
tion of DIC could be multifactorial and varies depending on the
underlying cause [17,26,27]. In the case of bacterial-induced sepsis,
it is thought that the inflammatory process, notably due to LPS
release from Gram-negative bacteria, initiates TF activation of the
intrinsic pathway, usually provoking a DIC characterized by a
generalized internal organ failure due to numerous blood clots [19].
As a corollary, bleeding consecutive to a DIC is rare during bacterial
infections and occurs in only ~15% of cases [17]. Here we tested two
bacterial pathogens commonly causing bleeding, and we show that
their mechanism of DIC induction is different from each other.
While B. anthracis provokes rapidly an uncompensated DIC with
classic hemostatic parameters, Y. pestis on the other hand, induces a
coagulation defect that is characterized by an initial consumption of
factors of the intrinsic pathway before a more global coagulation
defect. In a recent work, we have shown that the interaction be-
tween Y. pestis and the blood vessels is very brutal [28]. The plague
bacillus is capable of degrading blood vessels within the organs
before reaching the circulating blood. Then, the bacilli circulating in
the bloodstream seem to be capable to cross back the endothelial
vascular barrier by opening tight junction to reach secondary or-
gans [28]. These phenomena happen as early as 48 h post-infection,
and local bleedings are observable within the infected organs at a
time when no coagulation defects are measured. We thus propose
that the interaction of Y. pestis with blood vessels, in particular the
opening of tight junctions, might specifically trigger the intrinsic
pathway through contact activation with the subendothelial
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extracellular matrix. Following this initiation of disseminated
coagulation at the sites of bacterial crossing of the blood barrier, the
whole coagulation cascade would be activated, sometimes leading
to an overt DIC, when the victim did not die from the infection
before.

Of note, we have observed for both B. anthracis and Y. pestis, that
the state of the DIC is not directly correlated with the fatal outcome.
Some moribund B. anthracis-infected animals had normal coagu-
lation parameters, and inversely, animals looking fine could display
an advanced DIC. Similarly, some moribund Y. pestis-infected mice
presented a compensated DIC with normal PT parameters. In both
cases, the bacterial invasion of all organs was likely the cause of the
host death, while the coagulation defect only aggravated factor the
disease outcome. Thus, coagulation parameters might not be a good
indicator of the disease progression for these two pathogens. Since
the atypical DIC unveiled here results from a mechanism specific to
Y. pestis, elucidating it might open ways to block it, and therefore
improve the outcome of plague patients. Additionally, the symp-
tomatic treatment of the coagulation defect might have importance
to mitigate consequences for survivors, such as the loss of ex-
tremities (fingers, toes, nose, etc.) due to gangrene.

Altogether our data thus demonstrate that hemorrhagic bacte-
rial pathogens induce bleeding in their host by different and
probably specific mechanisms, and that Y. pestis induces a specific
coagulation pattern different from the canonical view of the DIC.
We believe this work supports the recent hypotheses that DIC
cannot be limited to the canonical view and is actually a multifac-
torial syndrome with specific alterations of biological parameters
depending on the initiating cause.
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