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BSTRACT

 

Background

 

Impairment of the protein C antico-
agulation pathway is critical to the thrombosis asso-
ciated with sepsis and to the development of purpura
fulminans in meningococcemia. We studied the ex-
pression of thrombomodulin and the endothelial pro-
tein C receptor in the dermal microvasculature of chil-
dren with severe meningococcemia and purpuric or
petechial lesions.

 

Methods

 

We assessed the integrity of the endo-
thelium and the expression of thrombomodulin and
the endothelial protein C receptor in biopsy specimens
of purpuric lesions from 21 children with meningo-
coccal sepsis (median age, 41 months), as compared
with control skin-biopsy specimens.

 

Results

 

The expression of endothelial thrombo-
modulin and of the endothelial protein C receptor
was lower in the patients with meningococcal sepsis
than in the controls, both in vessels with thrombosis
and in vessels without thrombosis. On electron mi-
croscopical examination, the endothelial cells were
generally intact in both thrombosed and nonthrom-
bosed vessels. Plasma thrombomodulin levels in the
children with meningococcal sepsis (median, 6.4 ng
per liter) were higher than those in the controls (medi-
an, 3.6 ng per liter; P=0.002). Plasma levels of protein
C antigen, protein S antigen, and antithrombin anti-
gen were lower than those in the controls. In two pa-
tients treated with unactivated protein C concentrate,
activated protein C was undetectable at the time of
admission, and plasma levels remained low.

 

Conclusions

 

In severe meningococcal sepsis, pro-
tein C activation is impaired, a finding consistent with
down-regulation of the endothelial thrombomodulin–
endothelial protein C receptor pathway. (N Engl J Med
2001;345:408-16.)
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EISSERIA MENINGITIDIS 

 

is the
leading infectious cause of death in chil-
dren in developed countries and is a
cause of disability resulting from exten-

sive skin damage and loss of limbs.

 

1,2

 

 Severe meningo-
coccal sepsis is characterized by marked inflammatory-
cell activation, disseminated intravascular coagulation,
and vascular compromise.

 

3-5

 

 As compared with other
forms of septic shock, the coagulopathy and microvas-
cular thrombosis that develop in this type of sepsis are
particularly severe. Purpura fulminans occurs in 10
to 20 percent of cases

 

6,7

 

 and in severe cases involves
thrombosis of the large vessels with infarction of the

N

 

digits and limbs.

 

6,8

 

 This disorder results from complex
dysregulation of normal hemostatic mechanisms.

 

6-8

 

Procoagulant pathways are activated,

 

9-12

 

 and there is
impairment of both the natural anticoagulant path-
ways

 

13-17

 

 and the fibrinolytic system.

 

18-21

 

 It remains
unclear why purpura fulminans develops in some pa-
tients, whereas in others with equally severe septic
shock there are no thrombotic complications.

Dysfunction of the protein C activation pathway
appears to be critical to the development of throm-
bosis in purpura fulminans.

 

6,7,22

 

 Protein C is a vitamin
K–dependent glycoprotein that circulates in plasma
as an inactive zymogen. Once activated, protein C
requires protein S as a cofactor for its anticoagulant
functions. Congenital and acquired deficiencies of
protein C or of protein S may result in purpura ful-
minans.

 

22-24

 

 Replacement therapy with protein C con-
centrate prevents purpura fulminans in children with
a congenital deficiency of this glycoprotein, and in-
fusions of activated protein C have been shown to
moderate the development of coagulopathy and pre-
vent death in animal models of gram-negative sepsis
and in humans with severe sepsis.

 

25,26

 

 In meningococ-
cal disease, plasma levels of protein C and protein S
are markedly reduced,

 

13,16,17,27

 

 but dysfunction of the
endothelial protein C activation pathway may also be
involved.

Activation of protein C requires binding of the
protein to two receptors on the endothelial surface:
thrombomodulin and the endothelial protein C re-
ceptor.

 

22

 

 The resulting complex acts as a molecular
switch that limits the procoagulant activity of throm-
bin (Fig. 1); this complex also has a number of anti-
inflammatory properties.

 

22

 

 We postulated that disrup-
tion of the activated endothelial protein C complex
is an early event in the development of the wide-
spread thrombosis and disseminated intravascular co-
agulation associated with severe meningococcal dis-
ease. To test this hypothesis, we studied the expression
of thrombomodulin and the endothelial protein C

Copyright © 2001 Massachusetts Medical Society. All rights reserved. 
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receptor on the dermal endothelium in skin-biopsy
specimens from children with severe meningococcal
disease and related these findings to events in the
circulation.

 

METHODS

 

Patients and Specimens

 

Meningococcal disease was diagnosed according to clinical cri-
teria and was confirmed microbiologically in children admitted to

 

St. Mary’s Hospital, London.

 

19,28

 

 The study was approved by the
St. Mary’s local research-ethics committee and was conducted be-
tween January 1998 and November 2000. Informed consent was

 

obtained from the parents of the hospitalized children for the col-
lection of the clinical samples and from the healthy adults and the
parents of the healthy children who served as controls.

Plasma samples were obtained from 83 children with meningo-
coccal disease at recorded intervals after the first administration
of parenteral antibiotics. The median age of the children was 37
months (range, 1 to 210), and the median Glasgow Meningococ-
cal Septicemia Prognostic Score was 12 (range, 5 to 15) on a scale

 

of 0 to 15 (higher scores denote more severe disease).

 

29

 

 Two pa-
tients received treatment with unactivated protein C concentrate.
The patients were categorized according to the clinical severity of

 

their cutaneous disease, as follows: no scarring or only mild disease,
severe scarring (no plastic surgery required), or purpura fulminans
(requiring amputation or skin grafting or resulting in death due

to severe disease). Control plasma samples were obtained from
eight adults and eight healthy children before routine surgery.

Specimens of skin 3 mm in diameter were obtained by punch
biopsy from the edge of purpuric or petechial lesions in 21 pa-
tients with severe meningococcal sepsis (a consecutive subgroup
of the cohort of 83 children).

 

30

 

 The median age of these 21 chil-
dren was 41 months (range, 1 to 185). The median Glasgow Me-
ningococcal Septicemia Prognostic Score was 11 of 15 (range, 6 to
15), and 9 of 15 patients had a Pediatric Risk of Mortality score
above 50 percent.

 

31

 

 All the biopsy specimens were taken within
24 hours after the administration of the first dose of parenteral
antibiotics. In two additional patients, biopsy specimens were also
obtained three months into recovery, during plastic-surgery proce-
dures. Control skin-biopsy specimens were obtained from five chil-
dren during routine surgery.

 

Immunohistochemical Studies

 

Formalin-fixed, paraffin-embedded sections of the skin-biopsy
specimens were immunostained for thrombomodulin, endothelial
protein C receptor, a neutrophil marker (neutrophil elastase), en-
dothelial-cell markers (CD31 and CD34), and a monocyte marker

 

(CD68) by the avidin–biotin–peroxidase method.

 

32

 

 Sections 3 µm
thick were incubated with monoclonal antibodies to detect expres-
sion of thrombomodulin (antibody, 7.8 µg per milliliter), endo-
thelial protein C receptor (antibody, 0.2 mg per milliliter),

 

33

 

 neu-
trophil elastase (M0752, Dako), CD31 (M0823, Dako), CD34
(M7165, Dako), and CD68 (M0876, Dako). Antigen retrieval by

 

Figure 1.

 

 Endothelial Activation of Coagulation and the Protein C Pathway.
Coagulation is initiated by tissue factor and other coagulation-factor complexes on the surface of endothelial cells and monocytes.
The activated factor X that is consequently generated requires activated cofactors V and VIII to produce thrombin, which in turn
forms a complex with thrombomodulin. Protein C activation takes place by way of interaction between the thrombomodulin–throm-
bin complex and the endothelial protein C receptor. Activated protein C, together with its cofactor, protein S, inactivates factors V
and VIII to provide negative feedback to the generation of thrombin. Complex 1 comprises tissue factor and coagulation factors VII,
IX, and X; complex 2 comprises factors IX and X and cofactor VIII; and complex 3 comprises factor X, prothrombin, and cofactor V.
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microwave heat induction in citrate buffer (pH 6.0; HDS05, SD
Supplies) was required for optimal staining with the anti-CD31,
anti-CD34, and anti-CD68 antibodies.

 

34

 

 Primary antibody bind-
ing was detected with an immunoperoxidase kit (Vectastain Elite
ABC kit, Vector Laboratories).

In each section, the degree of thrombosis was assessed (severe
[more than 66 percent of the vessels thrombosed], moderate [33
to 66 percent of the vessels thrombosed], or mild [less than 33
percent of the vessels thrombosed]), as was the degree of inflam-
mation (severe, moderate, or mild). The intensity of immunostain-
ing was graded semiquantitatively as strong, moderate, weak, or
absent by comparison with the staining observed in control skin
specimens, with strong staining equivalent to that in the controls.
For each antigen, two to five sections, with 30 to 75 µm between
sections, were studied to ensure that in all the biopsy specimens,
both normal and abnormal tissue was obtained.

To avoid bias, all the sections were initially compared with the
controls by a single investigator, who was unaware of the identity
of the patients and the severity of their illness. For each antigen,
20 random sections were then assessed separately by two independ-
ent, blinded investigators to ensure that the interpretation of the
staining was consistent and accurate. In addition, 15 biopsy spec-
imens were examined by two independent histopathologists who
had no knowledge of the nature of the study. Additional informa-
tion is in Supplementary Appendix 1 (available with the full text of
this article at http://www.nejm.org).

 

Electron Microscopy

 

For electron microscopy, skin-biopsy specimens were fixed in
4 percent glutaraldehyde and stained with osmium tetroxide. Final
staining was with uranyl acetate and Reynold’s lead citrate. Trans-
mission electron microscopy (model 400, Philips) was carried out
at magnifications of 1000 to 2800.

 

Assays of Plasma Antigens

 

Thrombomodulin antigen and thrombin–antithrombin com-
plexes were detected with the use of a thrombomodulin enzyme-
linked immunosorbent assay (ELISA) kit (Immubind [no. 837],
American Diagnostica) and a TAT-complex ELISA kit (Enzygnost,
Dade Behring). Endothelial protein C receptor, protein C, pro-
tein S, and antithrombin antigens were measured by ELISA.

 

35-38

 

Activated protein C in plasma was measured with the use of a mod-
ified enzyme-capture assay.

 

39

 

 The lower limit of detection was 3 ng
per milliliter. Details of this method are in Supplementary Appen-
dix 2 (available with the full text of this article at http://www.
nejm.org).

 

Statistical Analysis

 

Data are expressed as medians, means, and ranges. Compari-
sons between the patients and the controls were performed with
use of paired t-tests with log-transformed data.

 

RESULTS

 

Histologic and Ultrastructural Findings

 

In all the biopsy specimens, the general tissue struc-
ture was well preserved; there was evidence of throm-
bosis and frequently of a perivascular, acute inflam-
matory-cell infiltrate of neutrophils and monocytes
(Fig. 2). Thrombosis was classified as severe in 5 of
the 21 patients, moderate in 9, mild in 4, and absent
in 3. Inflammation was assessed as severe in 6 of these
21 patients, moderate in 12, and mild in 3. The in-
tensity of staining for the endothelial-cell markers
CD31 and CD34 in the biopsy specimens from the
patients with meningococcal sepsis was generally
equivalent to that observed in the control skin spec-

imens, but discontinuous staining was occasionally
observed in both thrombosed and nonthrombosed
vessels. Transmission electron microscopy of skin-biop-
sy specimens from five children with purpuric lesions
revealed that although some vessels (both those with
and those without thrombosis) showed loss of endo-
thelial cells with a characteristic lack of organelles, this
finding was not widespread. The integrity of the endo-
thelial cells was generally preserved in both throm-
bosed and nonthrombosed vessels (Fig. 3).

 

Thrombomodulin and Endothelial Protein C Receptor 
Expression on Endothelium

 

The intensity of staining for endothelial thrombo-
modulin in the biopsy specimens from all the pa-
tients with meningococcal sepsis was less than that
in the specimens from the controls (Fig. 4). Throm-
bomodulin staining was weak in 15 and moderate in
6 of the 21 specimens from the patients with menin-

 

Figure 2.

 

 Skin-Biopsy Specimen from a Patient with Meningo-
coccal Sepsis.
A biopsy specimen from a purpuric lesion shows areas con-
taining thrombosed vessels (right-hand arrow in Panel A and
arrow in Panel B) and a perivascular infiltrate (left-hand arrow
in Panel A) (hematoxylin and eosin, ¬100 [Panel A] and ¬400
[Panel B]). Panel C shows inflammatory cells (arrow) around
nonthrombosed vessels (hematoxylin and eosin, ¬400). The cel-
lular infiltrate consisted of both neutrophils (identified by neutro-
phil-elastase staining) and monocytes and macrophages (iden-
tified by CD68 staining).

A

B C
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gococcal sepsis. The intensity of staining for endo-
thelial protein C receptor was lower in 17 of these
21 specimens than in the control specimens: it was
judged to be weak in 11 and moderate in 6, but stain-
ing was strong (i.e., equivalent to that of the con-
trols) in the other 4 specimens (Fig. 5). Comparative-
ly weak staining for thrombomodulin and endothelial
protein C receptor was also observed in areas with
little thrombosis. Occasionally, areas of weak throm-
bomodulin staining were identified where moderate
or strong staining for endothelial protein C receptor
was preserved in adjacent sections. In two patients

with severe purpura fulminans, comparative exami-
nation of skin-biopsy specimens over time revealed the
resolution of most of the initial changes, with some
residual acute inflammatory infiltrate three months
later (Fig. 6).

 

Plasma Levels of Thrombomodulin, Endothelial Protein C 
Receptor, Protein C, Protein S, and Antithrombin Antigens 
and Thrombin–Antithrombin Complexes

 

The plasma levels of thrombomodulin antigen were
significantly higher in all the patients with meningo-
coccal disease on day 1 after the initiation of treat-

 

Figure 3.

 

 Transmission Electron Micrographs of Skin-Biopsy Specimens from Patients with Meningo-
coccal Sepsis.
The endothelium is intact (arrows) in both a thrombosed vessel (Panel A, ¬1300) and a nonthrom-
bosed vessel (Panel B, ¬2200). The black areas are artifacts that result from the processing of small
and fragile specimens.

A B
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ment than in the controls (P=0.002). The levels had
returned to normal six to eight weeks later. The lev-
els of thrombomodulin antigen correlated with the
severity of disease (Table 1). Plasma levels of endothe-
lial protein C receptor antigen in the children with
moderate disease were not significantly different from
those in either the children or the adults who served
as controls (P=0.35 and P=0.30, respectively). Plas-
ma levels of protein C, protein S, and antithrombin
antigens were also low on day 1 (P<0.001, P=
0.004, and P=0.01, respectively, for the comparison
with the levels in the controls). Activation of coag-
ulation was confirmed by the detection of high levels
of thrombin–antithrombin complexes on day 1.

 

Activated Protein C in Plasma

 

On day 1 after the initiation of treatment, 11 of
14 patients had undetectable plasma levels of activat-
ed protein C (lower limit of detection, 3 ng per mil-

liliter). On days 2, 3, and 4, activated protein C was
undetectable in all 14 of these patients. Two patients
received unactivated protein C concentrate (50 IU
per kilogram of body weight every eight hours) on
days 1, 2, and 3. Although trough levels (measured
immediately before an infusion) and peak levels (meas-
ured one hour after an infusion) of protein C antigen
were within the normal range, activated protein C
was not detected. To ensure that these observations
were not due to the presence of a plasma inhibitor,
in separate experiments plasma samples from patients
with meningococcal sepsis were spiked with exoge-
nous activated protein C before the assay. In these
experiments, 80 to 90 percent of the expected func-
tion of the added activated protein C was recovered
(data not shown).

 

Figure 4.

 

 Skin-Biopsy Specimens Incubated with a Monoclonal
Antibody against Thrombomodulin (Immunoperoxidase Stain).
Panel A (¬200) shows normal skin with intense thrombomodulin
staining on endothelial cells (arrow). Epidermal cells are known
to stain nonspecifically with this antibody

 

33

 

 (as seen in the area
of dense staining [upper right]). Panels B (¬200), C (¬400), and
D (¬200) show skin specimens from patients with meningococ-
cal sepsis. There is reduced thrombomodulin staining in non-
thrombosed vessels (arrows in Panels B and D) and throm-
bosed vessels (arrows in Panel C).

A

CB

D

 

Figure 5.

 

 Skin-Biopsy Specimens Incubated with an Antibody
against Endothelial Protein C Receptor (Immunoperoxidase
Stain).
Panel A (¬200) shows normal skin, with intense staining for en-
dothelial protein C receptor on endothelial cells (arrow). Epider-
mal cells are known to stain nonspecifically with this antibody

 

33

 

(as seen in the area of weak staining [upper part of panel]).
Panels B (¬200), C (¬400), and D (¬200) show skin from children
with meningococcal sepsis, in which the staining for endothe-
lial protein C receptor is reduced, in both nonthrombosed ves-
sels (arrows in Panels B and D) and thrombosed vessels (ar-
rows in Panel C).

A

CB

D
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DISCUSSION

 

The control of intravascular thrombosis depends
on a carefully regulated balance of prothrombotic
and antithrombotic mechanisms both on the vessel
wall and in the circulation. Because of the difficulties
of studying the vascular endothelium, most of what
is known about changes in endothelial thromboreg-
ulatory pathways has been inferred from studies in
vitro. We studied important regulators of the coag-
ulation process in both the vascular endothelium and
the plasma of children with acute meningococcal sep-

sis. The results show impairment of an endothelium-
based anticoagulation pathway in vivo.

We found a marked reduction in the expression of
thrombomodulin and endothelial protein C recep-
tor on the endothelium of both thrombosed and
nonthrombosed dermal vessels in children with early
meningococcal disease. Ultrastructural studies showed
that this reduction could not be explained simply by
the loss of endothelial cells. The finding that plasma
levels of activated protein C were low or undetect-
able in children with meningococcal sepsis, as well
as the failure of activated protein C levels to rise after
the administration of unactivated protein C concen-
trate (in two patients), suggests that the reduction in
the endothelial expression of thrombomodulin and
endothelial protein C receptor results in the impair-
ment of protein C activation. Given the widespread
generation of thrombin in meningococcal sepsis, we
would have expected the plasma levels of activated
protein C to increase markedly if the endothelial
pathways for activation were intact. Alternative ex-
planations are that the activated protein C is bound
to cellular sites, that it has been inactivated, or that
it has been cleared from the circulation. Whatever the
mechanism, in meningococcal sepsis a functional im-
pairment of the endothelial protein C activation path-
way will exacerbate the existing state of hypercoagu-
lability that is due to markedly reduced levels of
protein C, protein S, and antithrombin.

Several processes during the acute inflammatory
response have been implicated in the reductions in
endothelial-cell thrombomodulin and endothelial pro-
tein C receptor. These include down-regulation of
transcription of the genes encoding thrombomodu-
lin and endothelial protein C receptor in response to
cytokines and endotoxin

 

40,41

 

 and enzymatic cleavage
of the protein C activation complex.

 

42,43

 

 As others have
observed in studies of sepsis,

 

44,45

 

 we found a marked
elevation of plasma thrombomodulin levels in me-
ningococcemia and a relation between plasma anti-
gen levels and the severity of the disease. Given our
finding of reduced thrombomodulin expression in
dermal endothelium, there appears to be shedding of
this molecule from the endothelial surface rather than
failure of protein production.

 

46

 

 This shedding may be
mediated by an inflammatory process involving both
meningococci in the dermis

 

47,48

 

 and host inflamma-
tory cells and mediators.

 

3,5,12,49

 

 We have previously
shown in vitro that meningococci adhering to the
vascular endothelium act as a focus for the up-regu-
lation of cell-adhesion molecules (intercellular adhe-
sion molecule 1, vascular-cell adhesion molecule 1,
and E-selectin [CD62E]) and for the attachment of
neutrophils

 

50,51

 

 and that endothelial-cell glycosami-
noglycans are cleaved from the endothelial surface in
response to activated neutrophils and other inflam-
matory stimuli.

 

50,52,53

 

 Thrombomodulin is normally
attached to a glycosaminoglycan (chondroitin sulfate)

 

Figure 6.

 

 Immunostaining for Thrombomodulin in Skin-Biopsy
Specimens from Patients with Meningococcal Sepsis during
the Initial Infection and Three Months Later (Immunoperoxi-
dase Stain, ¬200).
Thrombomodulin immunostaining of skin-biopsy specimens
from a patient with acute meningococcal sepsis during the ini-
tial infection (Panel A) and three months later (Panel B) is shown.
The same sequence is shown for a second patient (Panels C and
D). Panel E is another initial specimen from the second patient.
The arrows in Panels A and E show unthrombosed vessels with
reduced thrombomodulin staining, and the arrow in Panel C a
thrombosed vessel with reduced thrombomodulin staining.
Partial recovery of thrombomodulin expression (arrows in Pan-
els B and D), together with some residual inflammatory infiltrate,
is seen in both patients after three months.

Initial Infection Three Months

A B

C

E

D
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on the endothelial surface,

 

54

 

 and disruption of the
glycosaminoglycan component of thrombomodulin
by these mediators may therefore lead to further dys-
function of this molecule. Why similar changes in the
endothelial protein C receptor in plasma were not
observed remains uncertain.

 

55

 

 Soluble endothelial pro-
tein C receptor may be bound to activated leukocytes

 

56

 

or further degraded, reducing its immunoreactivity.

Severe meningococcal sepsis frequently presents a
therapeutic challenge.

 

4

 

 Current strategies involving
the replacement of clotting factors, platelets, and fi-
brinogen may be insufficient to arrest the progres-
sion of widespread thrombosis.15,25,57-61 An improve-
ment in the outcome of children with meningococcal
sepsis who were treated with unactivated protein C
concentrates has been described in case reports and

*P values are for the comparison with the children without meningococcal sepsis (controls). For
each analyte, the number of samples varied according to the quantity of plasma available for analysis.

TABLE 1. RESULTS OF ANALYSIS OF PLASMA ANTIGEN LEVELS IN CHILDREN 
WITH MENINGOCOCCAL SEPSIS ON DAY 1 AFTER THE INITIATION OF TREATMENT 

AND IN CONTROLS.*

ANALYTE

NO. OF

CHILDREN

SEVERITY OF 
DISEASE MEDIAN RANGE MEAN

P 
VALUE

ng/liter

Thrombomodulin 
antigen

76 Control 3.6 2.8–5.0 3.7 —
Mild disease 4.7 2.9–15.5 5.7 0.05
Moderate disease 6.4 4.3–20.8 7.5 0.002
Severe disease 8.2 3.8–17.8 8.5 <0.001
Any disease 6.4 2.9–20.8 7.1 0.002
Convalescence 4.8 2.9–9.6 5.1 0.52

ng/ml

Endothelial protein C 
receptor antigen

65 Control 415 150–724 403 —
Mild disease 238 118–514 260 0.99
Moderate disease 314 99.9–412 276 0.35
Severe disease 310 118–784 332 0.78
Any disease 264 99.9–784 292 0.35
Convalescence 451 244–1080 530 0.90

IU/ml

Protein C antigen 58 Control 0.72 0.63–1.14 0.79 —
Mild disease 0.19 0.07–0.81 0.23 0.01
Moderate disease 0.15 0.06–0.30 0.16 <0.001
Severe disease 0.27 0.05–0.64 0.27 <0.001
Any disease 0.19 0.05–0.81 0.24 <0.001
Convalescence 0.75 0.51–1.30 0.79 0.28

IU/ml

Protein S antigen 61 Control 0.73 0.66–1.23 0.84 —
Mild disease 0.43 0.16–0.89 0.45 0.03
Moderate disease 0.38 0.15–0.69 0.41 0.004
Severe disease 0.49 0.12–1.06 0.49 0.005
Any disease 0.43 0.12–1.06 0.46 0.004
Convalescence 0.68 0.49–1.16 0.75 0.03

IU/ml

Antithrombin antigen 74 Control 1.06 0.61–7.48 1.81 —
Mild disease 0.40 0–0.90 0.40 0.01
Moderate disease 0.32 0.01–0.64 0.31 0.01
Severe disease 0.38 0–1.06 0.42 0.001
Any disease 0.38 0–1.06 0.39 0.01
Convalescence 1.17 0.59–1.88 1.21 0.61

µg/ml

Thrombin–antithrom-
bin complexes

15 Control 5.3 0–24.3 6.6 —
Mild disease 10.6 4.5–87.2 18.1 0.33
Moderate disease 39.0 21.9–56.1 39.0 0.13
Severe disease 76.7 57.0–150.0 83.9 0.001
Any disease 38.4 4.5–150.0 47.1 0.19
Convalescence 3.3 2.0–12.9 5.7 0.84
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one uncontrolled series.57,62-64 The theoretical advan-
tage of protein C is that it would be activated at the
site of injury in response to the generation of throm-
bin and that the activation of the anticoagulant system
would be proportional to the concentration of throm-
bin and cease when thrombin generation was con-
trolled by the normal anticoagulant systems. However,
this approach requires the vascular protein C activa-
tion complex to be intact. Our finding that the endo-
thelial pathways required for protein C are impaired
in severe meningococcal sepsis may have important
therapeutic implications. For example, activated pro-
tein C does not require a functioning thrombomod-
ulin–endothelial protein C receptor pathway, so it
may be more effective than unactivated protein C
concentrate in patients in whom the activation com-
plex is compromised. A successful phase 3 clinical trial
of activated protein C in adults has recently been re-
ported.26 

Endothelial events are important in controlling
both coagulation and inflammation within the vas-
cular compartment,7,12 so studies of plasma events
can provide only a partial picture of the processes in-
volved. The strategy we used may be helpful in inves-
tigating the thrombotic and inflammatory processes
in other acute disorders. Although observations made
in dermal blood vessels may not fully reflect events
in the systemic circulation, it is likely that for a gen-
eralized disease such as meningococcal sepsis, events
in the cutaneous vasculature reflect those taking place
elsewhere. The levels of protein C are low in many
forms of sepsis,65,66 and the endothelial dysfunction
we observed may also occur in other severe bacterial
infections. We speculate that the dysfunction of the
endothelial protein C activation pathway that occurs
in meningococcal sepsis is more profound than that
in other forms of septic shock and that this differ-
ence may explain the common association of this dis-
ease with purpura fulminans.
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