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Abstract
Background: Congenital disorders of glycosylation are rare inherited diseases affect‐
ing many different proteins. The lack of glycosylation notably affects the hemostatic 
system and leads to deficiencies of both procoagulant and anticoagulant factors.
Objective: To assess the hemostatic balance in patients with multiple coagulation 
disorders by using a thrombin generation assay.
Method: We performed conventional coagulation assays and a thrombin generation 
assay on samples from patients with congenital disorder of glycosylation. The throm‐
bin generation assay was performed before and after activation of the protein C sys‐
tem by the addition of soluble thrombomodulin.
Results: A total of 35 patients were included: 71% and 57% had low antithrombin and 
factor XI levels, respectively. Protein C and protein S levels were abnormally low in 
29% and 26% of the patients, respectively, whereas only 11% displayed low factor IX 
levels. Under baseline conditions, the thrombin generation assay revealed a signifi‐
cantly higher endogenous thrombin potential and thrombin peak in patients, relative 
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1  | INTRODUC TION

Hemostasis is a physiological process that maintains blood flow and 
prevents blood loss (through clot formation) following vascular in‐
jury. Many coagulation proteins are involved in clot formation, and a 
deficiency in any one of them may lead to bleeding. Extension of the 
clot is regulated by physiological inhibitors, which may cause throm‐
bosis if they are lacking or altered. The final result is a tightly regu‐
lated balance between procoagulant and anticoagulant factors.1 The 
impairment of a single coagulation protein—usually resulting from 
mutation of the coding gene—may disrupt the hemostatic balance 
and thus lead to bleeding or thrombosis. On one hand, hemophilia 
is characterized by a lack in procoagulant factors VIII (FVIII) or IX 
(FIX), and results in severe bleeding.2 On the other, a deficiency in 
antithrombin (AT), a key endogenous coagulation inhibitor, and the 
first thrombophilic risk factor to be discovered in humans, leads to 
thrombosis. Since the discovery of AT, procoagulant states result‐
ing from impairment of the protein C (PC) system have been iden‐
tified.3 Some contexts (such as cirrhosis, the neonatal period, and 
disseminated intravascular coagulation) produce a combination of 
protein deficiencies that affect both procoagulant and anticoagulant 
factors.4,5 A lesser known etiology for combined impairments of co‐
agulation proteins is ascribed to congenital disorders of glycosyla‐
tion (CDG), a large group of rare inherited diseases. To date, around 
100 different CDG have been identified. Because of the importance 
of the glycosylation process for the function of many proteins, im‐
paired glycosylation results in broad multisystem clinical manifesta‐
tions. The most frequent CDG is phosphomannomutase deficiency 
(PMM2‐CDG).6 The clinical symptoms of PMM2‐CDG may include 
failure to thrive, developmental delay, cerebellar ataxia, strabismus, 
skeletal findings, and cardiac or renal involvement.7 Coagulation fac‐
tors, most of which are glycoproteins, are also frequently affected in 
CDG. Interestingly, patients with CDG may have a coagulation pat‐
tern that does not correspond to hepatocellular failure, factor con‐
sumption, or vitamin K deficiency. Indeed, low levels of both clotting 
factors (FIX and FXI) and coagulation inhibitors (especially AT, PC 

and protein S [PS]) are usually reported in the literature.7‒10 Primary 
hemostasis might also be affected in patients with CDG; there is 
evidence of thrombocytopenia related to SLC35A1‐CDG (a form af‐
fecting a specific sialic acid transporter 11) or the enhancement of 
platelet aggregation in PMM2‐CDG12even though the platelet N‐
glycoproteins appear to be normal.13 In childhood, PMM2‐CDG is 
marked by acute neurologic impairments mimicking stroke; these are 
commonly referred to as stroke‐like episodes. The episodes occur 
mainly during periods of fever or after head trauma, and are often re‐
vealed by confusional state, focal neurological deficit with mono‐ or 
hemiparesis, and sometimes, epileptic seizures.7,14 The hemostatic 
system's role in the pathophysiology of stroke‐like episodes has not 
yet been characterized. During the first 72  hours of a stroke‐like 
episode, magnetic resonance imaging may reveal vasogenic edema 
that is not restricted to arterial territories14‒16; in contrast, ischemic 
occlusion is rarely observed.17 Stroke‐like episodes may affect up 
to 50% of patients with PMM2‐CDG.7 Thrombosis and hemorrhages 
are also reported in CDG, but are less frequent than stroke‐like 
episodes.7,16,18,19 Because of multiple coagulation abnormalities af‐
fecting both procoagulant and anticoagulant factors, the hemostatic 
balance is difficult to assess in vivo. Hemostatic balance is usually in‐
vestigated by overall coagulation tests, such as the prothrombin time 
and the activated partial thromboplastin time; however, these tests 
have limitations. First, they explore only 5% of the total thrombin 

to controls. After spiking with thrombomodulin, we observed impaired involvement 
of the protein C system. Hence, 54% of patients displayed a hypercoagulant phe‐
notype in vitro. All the patients with a history of stroke‐like episodes or thrombosis 
displayed this hypercoagulant phenotype.
Conclusion: A thrombin generation assay revealed a hypercoagulant in vitro pheno‐
type under baseline condition; this was accentuated by impaired involvement of the 
protein C system. This procoagulant phenotype may thus reflect the risk of severe 
vascular complications. Further research will have to determine whether the throm‐
bin generation assay is predictive of vascular events.

K E Y W O R D S

coagulation disorder, congenital disorder of glycosylation, thrombin generation assay

Essentials
•	 Factor XI and antithrombin are mainly affected in con‐

genital disorders of glycosylation.
•	 We assessed the hemostatic balance using thrombin 

generation assay.
•	 We evidenced a hypercoagulant phenotype in vitro in 

most patients.
•	 Patients with a history of stroke‐like episodes or throm‐

bosis displayed the hypercoagulant state.
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potential (i.e., just enough to clot the plasma).20 Furthermore, the 
overall coagulation tests are not sensitive to coagulation inhibitors 
in general and the PC system in particular (which cannot be acti‐
vated in the absence of soluble thrombomodulin [sTM]). The throm‐
bin generation assay (TGA) probes the whole thrombin formation 
process—from generation to inhibition—and thus takes account of 
both clotting factors and clotting inhibitors.20,21 By combining dif‐
ferent analytical conditions, all the anticoagulant systems can be 
investigated (i.e., the AT system under baseline conditions and the 
PC system in the presence of sTM).22 Although the TGA has been 
used to study the coagulation balance in patients with cirrhosis,23 
in neonates,24,25 and in patients with sepsis,26 it has not previously 
been applied (in the presence and absence of sTM) to studies of pa‐
tients with CDG.

2  | METHOD

2.1 | Study populations

Thirty‐five patients with confirmed CDG were enrolled in this retro‐
spective, multicenter study between 2010 and 2017. Patients being 
treated with anticoagulants were excluded from the study. Samples 
from 35 control subjects were also collected during consultations 
before minor surgery. Control subjects with known coagulation 
abnormalities or taking anticoagulants were excluded. The study 
was approved by the local investigational review board (Necker 
Children's Hospital, Paris, France; reference: 2018‐TP‐4). Patients 
were provided with study information and gave their consent to 
participation.

2.2 | Standard coagulation assays

Samples were collected in vacuum tubes containing 0.109 mol/L so‐
dium citrate. Platelet‐poor plasma was obtained after two cycles of 
centrifugation at 20°C for 15 minutes at 2000 × g (to achieve a platelet 
count <10 × 109/L), and then stored at −80°C. Standard coagulation 
tests were performed using the ACL TOP analyzer (Instrumentation 
Laboratory). Levels of FIX and FXI activity were measured in a clot‐
ting‐based assay using lyophilized, deficient plasma from Siemens 
(Siemens Healthcare Diagnostics SAS) or Werfen (Instrumentation 
Laboratory). AT activity was determined using a chromogenic assay 
(Stachrom® ATIII, Diagnostica Stago SAS). PC and PS anticoagulant 
activities were determined in specific clotting‐based assays (Staclot® 
PC and Staclot® PS, respectively; Diagnostica Stago SAS). The re‐
sults were interpreted according to the age‐appropriate reference 
interval for each assay.5

2.3 | The thrombin generation assay

To standardize the results as much as possible, the TGA was solely 
performed in the central laboratory at Necker Children's Hospital, 
using the calibrated, automated thrombogram method.27 Samples 
were mixed with PPP reagent® (tissue factor: 5 pmol/L; phospholipids: 

4 μmol/L) (Diagnostica Stago) in a 96‐well plate (Immulon, 2HB clear 
U‐bottom; Thermo Fisher Scientific). All samples were run in dupli‐
cate. Coagulation was triggered with calcium chloride in buffer con‐
taining the fluorogenic substrate (FluCa‐kit reagent®, Diagnostica 
Stago). For each individual plasma sample, we used a thrombin cali‐
brator (Diagnostica Stago) to correct for differences in sample color, 
inner filter fluorescence, and substrate consumption. Fluorescence 
was recorded for 60 minutes in a Fluoroskan Ascent microplate fluor‐
imeter (Thermolab Systems), and the data were then analyzed using 
Thrombinoscope™ software (version 5.0.0.742; Diagnostica Stago). 
The endogenous thrombin potential (ETP), the thrombin peak, the time 
to the thrombin peak, and the lag time were recorded for each assay. 
To assess the impact of the PC system on the TGA result, experiments 
were also conducted in the presence of recombinant sTM (American 
Diagnostica) at a final concentration of 7.5 nmol/L. As described by 
Perrin et al,26 an index “R” was calculated for the TGA parameters (i.e., 
the value in the presence of sTM divided by the value in the absence 
of sTM); the closer the ratio is to 1, the weaker the response to the PC 
system.

2.4 | Statistical analysis

All quantitative variables were expressed as the median (interquar‐
tile range). Statistical analysis was performed with Prism software 
(GraphPad Software Inc.). Intergroup comparisons were performed 
using the Mann‐Whitney U test. Correlations were determined by 
calculating Spearman's coefficient. The threshold for statistical sig‐
nificance was set to P < 0.05.

3  | RESULTS

3.1 | Characteristics of the study populations

Thirty‐five patients with confirmed CDG (15 males and 20 females; 
median age: 10 [4; 14] years) were enrolled in the study (Table 1). 
The control population comprised 35 volunteers (20 males and 15 
females; median age: 8 [2; 14] years). The patient and control group 
did not differ significantly with regard to age (P =  .3115). During a 
retrospective review of the participants’ medical records, we found 
that 10 patients with CDG had a history of stroke‐like episodes 
(n = 7), a thrombotic event (n = 2) or both (n = 1). No major bleeding 
(defined according to the International Society on Thrombosis and 
Hemostasis criteria) was reported, although bleeding related to es‐
ophageal varices occurred in two patients with mannose phosphate 
isomerase CDG. None of the blood samples were collected during 
an acute event.

3.2 | Combined coagulation protein deficiencies in 
patients with CDG

Given that FIX, FXI, AT, PC, and PS are primarily affected in CDG,7‒10 
we chose to assay these coagulation factors. Indeed, we found that 
CDG syndrome affected the activity of clotting factors and plasma 
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inhibitors. Relative to the age‐appropriate reference interval,5 we 
found that 20 patients (57%) had low FXI levels, whereas only 4 
(11%) displayed low FIX levels. Levels of AT, PC, and PS were also low 
in 25 (71%), 10 (29%), and 9 (26%) patients, respectively (Table 1). 
Only five patients in our series had a single factor deficiency (AT) 
(Figure 1), suggesting that AT is more likely to be affected in CDG 
syndromes. Interestingly, FXI levels were low in 19/25 (76%) patients 
with an AT deficiency, whereas PC and/or PS deficiency was associ‐
ated with AT deficiency (14/15 patients), FXI deficiency (14/15 pa‐
tients), or both (13/15 patients) (Figure 1). Moreover, levels of FXI 
correlated well with levels of AT (Spearman's r = .8443; P < .0001; 
Figure 1).

3.3 | The thrombin generation assay

In the patients with CDG, the baseline TGA revealed an abnormal 
thrombin generation profile relative to controls (Figure  2B). We 
observed a greater median ETP (1435 [1160‐2163]  nmol/L/min 
in patients with CDG vs 956 [893‐1157]  nmol/L/min in controls, 
P  <  .0001) and a greater thrombin peak (230 [193‐284] vs 157 
[110‐207] nmol/L, respectively; P < .0001; Figure 2B). The lag time 
and the time to peak were shorter in patients with CDG than in con‐
trols (2.50 [2.00‐3.00] vs 2.84 [2.67‐3.50] minutes for the lag time, 
P =  .001, and 5.23 [4.34‐6.50] vs 7.00 [5.84‐8.33] minutes for the 
time to peak, respectively, P  =  .0008; Figure  2B). Under baseline 
conditions, these changes in the thrombin generation profile evi‐
denced a hypercoagulant state in the patients. Similar results were 
obtained when the TGA was performed at a low TF concentration 
(1 pmol/L) in 25 patients with CDG, relative to controls (Figure S1).

To evaluate the response to the PC system, the TGA was then 
performed in the presence of 7.5 nmol/L of sTM. Spiking with sTM 
is expected to decrease the ETP and the peak (relative to the base‐
line condition, as illustrated by the control thrombogram shown 
in Figure  2A). When the PC system is not activated, the relative 
decreases in the ETP and peak are not observed (see patient 6 in 
Figure 2A). The assay's sensitivity to the PC system is reflected by 
the RETP and RPeak ratios. The response to PC system was altered in 
patients with CDG (relative to controls) as illustrated by the greater 
values of RETP (0.37 [0.26‐0.62] vs 0.23 [0.14‐0.32], respectively; 
P =  .0005) and RPeak (0.48 [0.33‐0.74] vs 0.35 [0.28‐0.49], respec‐
tively; P  =  .0104; Figure  2C). The impaired PC involvement in pa‐
tients with CDG accentuates the hypercoagulant state observed in 
vitro under baseline conditions.

Last, the overall hemostatic balance for each patient was as‐
sessed with regard to the baseline ETP (in the absence of sTM, cor‐
responding to the ability to generate thrombin) and RETP (reflecting 
impairment of the PC system; Figure 3). Baseline thrombin genera‐
tion (reflected by the ETP) is influenced by the deficiencies in pro‐
coagulant factors (FIX and FXI) and AT, whereas RETP is influenced 
by the PC system. Nineteen of the 35 patients (54%) expressed a 
hypercoagulant phenotype in vitro (relative to controls), with ele‐
vated baseline thrombin generation (n = 9), impaired involvement of 
the PC system (n = 5), or both (n = 5). Moreover, all 10 patients with Pa

tie
nt

 (#
)

A
ge

 a
t b

lo
od

 
co

lle
ct

io
n 

(y
)

Se
x

CD
G

PT
 (%

)
aP

TT
 (r

at
io

)
Fi

br
in

og
en

 
(g

/L
)

Fa
ct

or
 IX

 (%
)

Fa
ct

or
 X

I (
%

)
A

nt
ith

ro
m

bi
n 

(%
)

Pr
ot

ei
n 

C 
(%

)
Pr

ot
ei

n 
S 

(%
)

Ev
en

t

29
3

F
PM

M
2

87
1.

05
3.

8
10

0
55

68
44

42

30
4

F
PM

M
2

97
1.

15
3.

7
64

34
37

29
39

SL

31
12

F
M

PI
77

1.
21

2.
2

62
62

77
56

59
Bl

ee
di

ng
 fr

om
 e

s‐
op

ha
ge

al
 v

ar
ic

es

32
2

M
D

PM
1

10
6

1.
01

3.
1

95
92

63
99

91

33
18

F
D

PA
G

T1
95

—
4.

1
10

3
12

4
10

1
69

70

34
25

F
PM

M
2

88
1.

09
3.

2
86

75
77

79
82

35
19

M
CC

D
C1

15
97

1.
14

—
82

52
74

10
8

40

C
oa

gu
la

tio
n 

pr
ot

ei
n 

le
ve

ls
 a

re
 e

xp
re

ss
ed

 a
s 

a 
pe

rc
en

ta
ge

 o
f t

he
 n

or
m

at
iv

e 
va

lu
e 

fo
r p

oo
le

d 
pl

as
m

a 
(s

et
 to

 1
00

%
). 

Re
su

lts
 in

 b
ol

d 
ty

pe
 c

or
re

sp
on

d 
to

 v
al

ue
s 

be
lo

w
 th

e 
ag

e‐
ad

ju
st

ed
 n

or
m

at
iv

e 
re

fe
re

nc
e 

in
te

rv
al

s.
Re

fe
re

nc
e 

va
lu

es
—

pr
ot

hr
om

bi
n 

tim
e 

(P
T)

: >
70

%
; a

ct
iv

at
ed

 p
ar

tia
l t

hr
om

bo
pl

as
tin

 ti
m

e 
(a

PT
T)

: r
at

io
 <

1.
2;

 fi
br

in
og

en
: 1

.5
‐3

.5
 g

/L
; f

ac
to

r I
X 

(a
ge

 u
p 

to
 3

 m
o:

 >
20

%
; 3

‐6
 m

o:
 >

40
%

; 6
 m

o‐
15

 y
: >

50
%

; >
15

 y
: 

>6
0%

); 
fa

ct
or

 X
I (

ag
e 

up
 to

 3
 m

o:
 >

25
%

; 3
‐6

 m
o:

 >
50

%
; >

6 
m

o:
 >

60
%

); 
an

tit
hr

om
bi

n 
(a

ge
 1

‐3
 m

o:
 >

50
%

; >
3 

m
o:

 >
80

%
); 

pr
ot

ei
n 

C 
(a

ge
 1

‐3
 m

o:
 >

40
%

; u
p 

to
 1

5 
y:

 >
50

%
; >

15
 y

: >
70

%
); 

pr
ot

ei
n 

S 
(a

ge
 1

‐6
 m

o:
 

>5
0%

; u
p 

to
 1

5 
y:

 >
60

%
; u

p 
to

 5
0 

y:
 >

50
%

) [
26

].
A

bb
re

vi
at

io
ns

: A
LG

12
, m

an
no

sy
ltr

an
sf

er
as

e 
8;

 A
LG

6,
 a

lp
ha

‐1
,3

‐g
lu

co
sy

ltr
an

sf
er

as
e;

 C
C

D
C1

15
, c

oi
le

d‐
co

il 
do

m
ai

n 
co

nt
ai

ni
ng

 1
15

; D
PA

G
T1

, d
ol

ic
ho

l‐p
ho

sp
ha

te
 N

‐a
ce

ty
lg

lu
co

sa
m

in
e‐

1‐
ph

os
ph

ot
ra

ns
fe

r‐
as

e;
 D

PM
1,

 d
ol

ic
ho

l‐p
ho

sp
ha

te
‐m

an
no

se
 s

yn
th

as
e;

 M
PI

, p
ho

sp
ho

m
an

no
se

 is
om

er
as

e;
 N

A
, n

ot
 a

va
ila

bl
e;

 P
M

M
2,

 p
ho

sp
ho

m
an

no
m

ut
as

e 
2;

 S
L,

 s
tr

ok
e‐

lik
e 

ep
is

od
e.

TA
B

LE
 1

 
(C

on
tin

ue
d)



     |  1803PASCREAU et al.

CDG and a documented history of stroke‐like episodes (n  =  7) or 
thrombotic events (n = 2) or both (n = 1) displayed a hypercoagulant 
phenotype in the TGA. The small number of patients prevented us 
from performing a 2 × 2 contingency table analysis.

4  | DISCUSSION

In CDG syndrome, the lack of glycosylation affects many plasma gly‐
coproteins, including hemostatic proteins, which generally contain 
several glycosylation sites.28 As previously described in the litera‐
ture on patients with CDG,7‒10 we observed in our series a charac‐
teristic coagulation pattern, with a decrease in both procoagulant 
and anticoagulant factors. AT and FXI were the main coagulation 
factors affected, with low levels in, respectively, 71% and 57% of 
the patients with CDG; this was probably because the lack of glyco‐
sylation is known to have a strong impact on the folding, secretion, 
and/or stability of these proteins.29,30 Clearance might also be af‐
fected by the glycosylation defect; indeed, sialidase treatment of AT 
is associated with a significantly shorter in vivo half‐life in rabbits.31 
The lack of glycosylation might also affect the coagulation proteins’ 
activity as well as their levels. Indeed, the absence of AT's N‐glycan 
chain at Asn 135 results in a greater affinity for heparin.32,33 The PC 
and PS levels were also low in 29% and 26% of the patients, respec‐
tively, whereas only 11% of the patients displayed a FIX deficiency. 
PC also has four glycosylation sites, which are reportedly involved in 
the protein's secretion, its activation by the thrombin‐TM complex 
or its anticoagulant activity.34

In the present study, we used an approach to assess the impact 
of combined deficiencies (affecting both procoagulant and antico‐
agulant factors) on the hemostatic balance in patients with CDG. 
The TGA enabled us to assess the entire thrombin formation pro‐
cess (from generation to inhibition), and thus to take account of both 
clotting factors and coagulation inhibitors. In patients with CDG, 

application of the TGA revealed higher levels of thrombin genera‐
tion (i.e., a significant increase in ETP and the peak) and a shorter 
lag time and time to peak in patients with CDG, relative to controls. 
These results attest to a hypercoagulant state in vitro under baseline 
conditions. In order to assess the response to the PC system, we 
also performed the TGA after spiking with sTM22; we observed a 
significant impaired involvement of the PC system. This impairment 
was probably the result of the protein C deficiency evidenced in 29% 
of the patients. The lower sensitivity to the PC system in patients 
accentuated the hypercoagulant phenotype observed at baseline 
in vitro. This approach to characterizing hemostasis (i.e., applying 
the TGA under baseline conditions and then after activation of the 
PC system) has already been used to study the coagulation balance 
in patients with combined coagulation factor deficiencies. Indeed, 
in clinical settings affecting both procoagulant and anticoagulant 
factors such as cirrhosis23,35 and the neonatal period,25 the results 
of the TGA suggest that the overall hemostatic balance is not al‐
tered: a decrease in thrombin generation is counterbalanced by a 
decrease in sensitivity to the PC system. This probably explains the 
low bleeding tendency of patients with cirrhosis other than gastro‐
intestinal bleeding, the pathophysiology of which is mainly related 
to portal hypertension and therefore leads to esophageal varices, 
rather than coagulation impairment.36 Similarly, two patients in our 
series experienced bleeding related to esophageal varices and portal 
hypertension: a hypercoagulant TGA profile was seen for patient 18, 
whereas patient 31 had a normal profile. A relatively normal coagu‐
lation balance (according to the TGA) has been reported in neonates, 
despite markedly low levels of vitamin K‐dependent coagulation fac‐
tors.25 In the context of septic shock, and despite a clear impairment 
of thrombin generation under baseline conditions (probably reflect‐
ing consumption coagulopathy), patients are highly resistant to the 
PC system—leading to an overall procoagulant phenotype in vitro.26 
Interestingly, the patients with CDG in our series who had experi‐
enced stroke‐like episodes or thrombosis all displayed a hyperco‐
agulant phenotype in vitro. This observation suggests that patients 
with a disrupted hemostatic balance are more exposed to the oc‐
currence of stroke‐like episodes or thrombosis. Furthermore, none 
of the patients with a normocoagulable phenotype had a history of 
thrombosis or stroke‐like episodes. Despite this hypercoagulant in 
vitro phenotype in patients with CDG, the incidence of thrombo‐
sis in our series was low (three cases). We hypothesize that in vivo 
the prothrombotic effect of AT deficiency is counterbalanced by the 
low level of FXI—as suggested by the strong correlation between 
AT and FXI levels in our study population. Furthermore, it has been 
reported that patients with FXI deficiency have a low incidence of 
thrombotic events.37,38 In our series, the patients were more likely 
to have a history of stroke‐like episodes than a history of throm‐
botic events. In children, the occurrence of stroke‐like episodes is 
not limited to PMM2‐CDG syndrome; many disorders (such as mi‐
graine, epilepsy, and even tumors) can mimic stroke.39 In patients 
with PMM2‐CDG, the pathophysiology of stroke‐like episodes has 
yet to be characterized. Recently, their similarity with acute events 
in channelopathy related to familial hemiplegic migraine has offered 

F I G U R E  1   Correlation between factor XI (FXI) and antithrombin 
levels in patients with congenital disorders of glycosylation (CDG). 
Dashed lines represent the reference interval in children over the 
age of 6 months (for CDG 17, aged 2 months, the reference interval 
is >50% for antithrombin and >25% for FXI). Patients who also 
displayed protein C and/or PS deficiencies are represented by gray 
crossed circles. The correlation between FXI and antithrombin 
levels was determined using Spearman's rank test
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F I G U R E  2   Results of the thrombin generation assay. Thrombin generation was performed with PPP reagent® (final concentrations: tissue 
factor, 5 pmol/L; phospholipids, 4 μmol/L). The endogenous thrombin potential (ETP, nmol/L/min), thrombin peak (peak, nmol/L), lag time 
(min), and time to peak (min) were recorded. A, Typical thrombograms. Thrombogram obtained in the absence of thrombomodulin (TM; black 
line) using plasma from controls (left panel). The addition of thrombomodulin (7.5 nmol/L) resulted in a decrease in thrombin generation 
(gray line) via the activation of protein C. Baseline thrombin generation in patient 6 (right panel) revealed a hypercoagulant profile, relative 
to controls. After the addition of TM, a hypocoagulant effect was no longer observed (gray line) because of an impairment of protein C. The 
data are representative of two independent experiments. B, Baseline thrombin generation. Each point corresponds to a study participant, 
and the mean ± SEM is also shown. Patients with a history of a stroke‐like episode or thrombosis are represented by triangles. C, Response 
to thrombomodulin addition. Results are expressed as the RETP ratio (ETP in the presence of TM/ETP in the absence of TM) and the RPeak 
ratio (peak in the presence of TM/peak in the absence of TM). Data are presented as the mean ± SEM. *P < .05; **P < .01; ***P < .001
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a research approach.14 Even though there is no evidence of ischemic 
occlusion during stroke‐like episodes in PMM2‐CDG,14‒16 the hyper‐
coagulability state may still contribute to their development. Indeed, 
as hypothesized in migraine with aura, the occurrence of a transient 
ischemic attack cannot be ruled out.40,41

Stroke‐like episodes have several reported triggering factors. 
In particular, hyperthermia may reduce the activity of PMM2 and 
thus accentuate the glycosylation defects affecting coagulation 
factors. Indeed, temperature instability of several PMM2 variants 
has been reported in the literature.42 Furthermore, for some AT 
variants, hyperthermia reportedly induced a conformational change 
in the protein and transient AT deficiency, leading to an increased 
risk of thrombosis.43,44 Patients with PMM2‐CDG and pre‐existing 
coagulation abnormalities appear to be more sensitive to disturbing 
factors or trauma and thus disseminated intravascular coagulation, 
as already described during stroke‐like episodes or in inflammatory 
disease.17,45 Another case report indicated that surgery is also a 
critical situation because administration of FXI triggered a serious 
coagulation imbalance and disseminated intravascular coagulation.46 
These observations suggest that coagulation protein deficiencies 
in patients with CDG should be considered as a whole and not in 
isolation.

Our study had some limitations. In contrast to the purified sTM 
used in the assay, the patients’ abnormally glycosylated TM may be 
less well secreted or less active. Indeed, the deletion of EGF‐like do‐
mains 4 and 5 (which contain N‐glycan chains) reduces thrombin's 
binding affinity and its cofactor activity.47 Thus, mobilization of 
the PC system might have been more impaired in vivo in patients 
with CDG than in vitro. Although the plasma thrombomodulin con‐
centration was higher in patients with CDG than in controls (2.95 

[2.24‐4.33] vs 2.06 [1.79‐2.38] ng/mL, P = .0009; Figure S2), it was 
probably not high enough to counterbalance the procoagulant phe‐
notype observed in the TGA. Indeed, the TM concentration used 
in the assay is 100 times higher than those measured in plasma. 
Moreover, antithrombotic effects of human recombinant soluble 
thrombomodulin was observed at plasma levels ranging from 100 
to 1000 ng/mL.48,49

We did not explore the role of the second physiological 
thrombin inhibitor (α2‐macroglobulin), levels of which are higher 
in children than in adults. Indeed, levels of α2‐macroglobulin are 
significantly elevated up to the age of 10  years.50 Alpha2‐mac‐
roglobulin is also highly N‐glycosylated, and abnormal isoforms 
were evidenced in one patient with CDG51 and thus are possibly 
involved in the modulation of coagulation in patients with CDG. 
Furthermore, the TGA was performed on platelet‐poor plasma 
that lacked the other blood cells involved in hemostasis (such 
as platelets). Last, the TGA is reportedly suitable for detecting 
an AT deficiency and seems less influenced by FXI. TGA is more 
sensitive to FXI in the presence of platelets and when the tissue 
factor concentration is low.52‒54 In our conditions, when TGA is 
assessed in platelet‐poor plasma with high tissue factor concen‐
tration (5  pmol/L), the thrombin generation profile is primarily 
driven by antithrombin deficiency. However, with low tissue factor 
concentration (1 pmol/L), an impact of FXI deficiency cannot be 
ruled out.55 In a subset of our patients and age‐matched controls, 
TGA was also performed with low tissue factor concentration 
(1 pmol/L), and we observed significantly greater in the ETP and 
the thrombin peak in patients with CDG (Figure S1).

A prospective study will be necessary to determine whether the 
TGA phenotype predicts the occurrence of vascular events. Even 
though no stroke‐like episodes and/or thrombosis were reported in 
study participants with no history of coagulation abnormalities, one 
cannot rule out the occurrence of a coagulation imbalance during a 
febrile episode or in another situation favoring the accentuation the 
N‐glycosylation defect.
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