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Coagulopathies are a common feature of many human dis-
eases. Acquired coagulopathies represent an important cause of 
morbidity and mortality across a spectrum of disorders, includ-
ing trauma, malignant neoplasms, liver disease, and systemic 
autoimmune and inflammatory states. NHP are frequently used 
as models for human disease. In particular, rhesus macaques 
(Macaca mulatta) have a 92.7% genetic homology to humans, 
making this species a commonly used model in the study of 
transplantation medicine, as well as numerous infectious agents, 
including SIV, Ebola, dengue, malaria, hantavirus, plague, and 
rickettsial diseases.7,11,14,18,23,26,30,31,34,35

Many of these conditions are associated with bleeding and 
clotting complications. When assessing bleeding diatheses, 
in vitro coagulation assays, such as prothrombin time and 
activated partial thromboplastin time, have been the backbone 
of clinical testing. Although these in vitro coagulation assays 
and measurements of coagulation factors are easy to use and 
interpret, they often fail to reflect in vivo processes and do not 
capture the true risk of bleeding or clotting.12 Various coagu-
lation proteins, including D-dimer and antithrombin III, are 
increasingly being evaluated as biomarkers that might more 
accurately reflect the risk of hemostatic complications.5,17,20,25

The measurements of coagulation biomarkers are frequently 
limited to specialty clinical coagulation laboratories, logistically 
and financially hindering their use. Another common obstacle 
to measuring coagulation parameters in NHP is the lack of 
species-specific reagents. Here we describe the development 
of a bead-based ELISA assay to determine the normal ranges 
of 4 coagulation biomarkers in a population of healthy rhesus 

macaques: D-dimer, antithrombin III, protein C, and soluble 
P-selectin (sCD62P).

Materials and Methods
Animals and husbandry. A population of 28 healthy, Chinese-

origin rhesus macaques (age, 5 to 20 y; female, 17; male, 11) 
was used in clinical coagulation testing. All study animals 
were indoor-housed, either singly or paired, in an AAALAC-
accredited facility. Commercial primate chow (Lab Diet 5038, 
PMI Nutrition International, St Louis, MO) was fed twice daily. 
Environmental enrichment was provided daily in the form of 
toys, videos, fruits, vegetables, and other treats. While in quar-
antine, macaques were screened for endoparasites, Salmonella 
spp., Shigella spp., other enteric pathogens, tuberculosis, and 
a battery of viral agents including simian retrovirus, Macacine 
herpesvirus type 1 (B virus), simian T-lymphotrophic virus 1, 
measles virus, and SIV. With the exception of infrequent positive 
measles antibody titers, none of the macaques was positive for 
these agents. Each macaque is annually tested and confirmed 
negative for enteric pathogens and is semiannually tested for tu-
berculosis, fecal endoparasites, and B virus. All of the macaques 
were on IACUC-approved experimental protocols.

Blood collection and processing. All macaques were sedated 
with either ketamine (10 mg/kg IM) or tiletamine–zolazepam 
(5 mg/kg IM). Blood was collected from the femoral vein into 
two 2.9-mL sodium citrate (3.2%) and one 1.2-mL EDTA vacuum 
phlebotomy tubes (Sarstedt, Nümbrecht, Germany). The first 
sodium citrate tube was discarded to minimize the chance that 
endothelial and platelet activation from the initial venipuncture 
would result in spurious biomarker readings (that is, a ‘2-tube 
technique’ was used).21 Platelet-poor plasma was prepared 
within 4 h of the blood draw and was collected from the citrate 
tubes by 2 sequential centrifugations at 1700 x g for 10 min. 
The platelet-depleted plasma was then separated into 200-μL 
aliquots and stored at –80 °C until analyzed. A CBC analysis was 
performed inhouse (Hemavet 950 FS, Drew Scientific, Oxford, 
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and rhesus macaque (M. mulatta) forms of the biomarkers for 
the coagulation targets was confirmed (Table 1). According to 
these results, the antibodies we used in this study are likely 
able to accurately detect rhesus macaque targets, despite being 
originally raised against human antigens.

Antithrombin III. The assay had an average R2 of 0.964 on the 
basis of an 8-point standard curve, with the minimal detectable 
level of antithrombin III being 0.13 ng/mL (Figure 1 A, Table 2). 
There were no outliers (according to the Horn algorithm) among 
the 25 samples, and the Shapiro–Wilk test P value of 0.64 signi-
fied a normal distribution (Table 3, Figures 2 A and 3 A). The 
male plasma antithrombin III concentration ranged from 109.9 
to 147.1 μg/mL, whereas that for female macaques was 117.8 
to 140.2 μg/mL (Table 4, Figure 4 A). There was no correlation 
between the antithrombin III level and age for either male or 
female macaques (Pearson r = –0.04) or significant difference 
between sexes (P = 0.939; Table 4). According to these results, 
the expected normal range (mean ± 90% confidence interval) 
of antithrombin III in rhesus macaque is 124.2 to 133.4 μg/mL 
(Table 3).

D-dimer. The assay had an average R2 of 0.988 on the basis 
of an 8-point standard curve, with the minimal detectable level 
of D-dimer being 2.29 ng/mL (Figure 1 B, Table 2). Among the 
22 samples evaluated, 2 outliers were discarded according to 
the Horn algorithm. After the removal of these outliers, the 
Shapiro–Wilk test yielded a P value of 0.45, signifying normal 
distribution (Table 3, Figures 2 B and 3 B). The male plasma D-
dimer concentration ranged from 48.2 to 181.2 ng/mL, whereas 
that for female macaques was 95.9 to 203.9 ng/mL (Table 4, 
Figure 4 B). There was no correlation between the D-dimer 
level and age for either male or female macaques (Pearson r = 
0.009) or significant difference between sexes (P = 0.209; Table 
4). According to these results, the expected normal range (mean 
± 90% confidence interval) of D-dimer in the rhesus macaque is 
110.3 to 161.3 ng/mL (Table 3).

Protein C. The assay had an average R2 of 0.976 on the basis 
of an 8-point standard curve, with the minimal detectable level 
of protein C being 0.13 ng/mL (Figure 1 C, Table 2). There were 
no outliers according to the Horn algorithm among the 25 sam-
ples, and the Shapiro–Wilk P value of 0.48 indicated normal 
distribution (Table 3, Figure 2 C and 3 C). The male protein C 
concentration ranged from 2.8 to 3.9 μg/mL, whereas that for 
female macaques was 2.7 to 4.2 μg/mL (Table 4, Figure 4 C). 
There was no correlation between protein C level and age for 
either male or female macaques (Pearson r = 0.031) or significant 
difference between sexes (P = 0.727; Table 4). According to these 
results, the expected normal range (mean ± 90% confidence 
interval) of protein C in rhesus macaques is 3.2 to 3.6 μg/mL 
(Table 3).

Soluble P-selectin. sCD62P is released into the plasma as a 
result of platelet activation. Preanalytical variables are of the 
utmost importance when assessing for markers of platelet 
activation, because CD62P can be expressed by the platelet 
and released as a soluble factor within seconds and can be 
completely lost from the platelet surface within 2 h.22 The 
platelet-depleted plasma must be prepared as soon as pos-
sible, within 2 to 4 h of blood drawing if possible, and the 
anticoagulant used is also a significant variable.1,19 Once the 
platelet-depleted plasma is prepared from whole blood, there is 
no other source of sCD62P, but the sample should be analyzed 
promptly or frozen at –80 °C to prevent protein degradation.33 
During the analysis of sCD62P, the platelet count of a subject 
must be considered; for example, an otherwise normal sCD62P 
concentration in a subject with a normal platelet count would 

CT) to obtain the total platelet count. Any platelet count that 
was below 250 × 106/mL was reviewed manually by using a 
peripheral blood smear. If a sample was noted to have platelet 
clumps on the peripheral smear, it was discarded from analysis.

Sequence homology. To determine the level of sequence ho-
mology between the human and rhesus macaque coagulation 
biomarker targets in this study, a BLAST analysis on Uniprot 
(http://www.uniprot.org) was performed.4 Because D-dimer 
is a multimer composed of the fibrinogen β chain and γ chain 
monomers, the sequences for these monomers were used in the 
homology analysis of D-dimer.

Measurement of coagulation biomarkers. A magnetic bead-
based sandwich ELISA format was used to obtain quantitative 
outputs for coagulation biomarkers. Antibodies and recom-
binant proteins for D-dimer, antithrombin III, protein C, and 
soluble sCD62P were purchased from R and D Systems (Min-
neapolis, MN), Novus Biologicals (Littleton, CO), Haematologic 
Technologies (Essex Junction, VT), Affinity Biologicals (ON, 
Canada), and Abcam (Cambridge, UK), respectively. Human 
plasma was used in assay development due to the lack of com-
mercially available macaque plasma. Normal and abnormal 
human plasma were purchased from commercial sources (En-
zyme Research Laboratories, South Bend, IN). Magnetic bead 
coupling and confirmation of bead coupling were performed 
according to manufacturer’s instructions (Luminex, Austin, 
TX). When possible, multiple targets were analyzed in the same 
assay utilizing established multiplexing methods.

The assays were developed and optimized according to 
standard protocols from the bead manufacturer (Luminex). 
Samples were read by using a Flexmap 3D (Luminex). The 
standard curve was generated by using 5-parametric-curve 
fitting with platform-specific software (xPONENT Software 
Solutions, Luminex, Austin, TX). Control samples were run in 
duplicate on each plate for quality control. Plasma was diluted 
to the optimal concentration to be read within the range of the 
standard curve. The inter- and intraassay variability for each 
of the targets is reported in Table 1.

Statistical analysis. For each biomarker, the intraassay coef-
ficient of variation (CV) was calculated based on samples run in 
duplicate on each plate. For each biomarker, the interassay CV 
was calculated based on the same clinical sample, run in du-
plicate on at least 3 plates on 3 different days. The highest and 
lowest values of each biomarker were removed from analysis. 
Histograms were created for each of the biomarkers to assess 
for normality.15 The Horn algorithm with Turkey interquartile 
fences was used to identify outliers associated with the upper 
and lower extremities.15 All the biomarkers exhibited a Gauss-
ian distribution, confirmed by the Shapiro–Wilk test (P < 0.05); 
therefore, analysis was performed using parametric methods.15 
The mean and 90% confidence intervals were calculated for 
all determinations and separately for both sexes. Independent 
sample 2-tailed student t tests assuming equal variance were 
performed to identify significant differences between the male 
and female groups for each biomarker. The Pearson correlation 
coefficient between age and each biomarker was calculated. 
Statistical significance was defined as a P value of 0.05 or less. 
All statistical analysis was performed by using GraphPad 
Prism (GraphPad Software, San Diego, CA), StatPlus (Ana-
lystSoft, Walnut, CA), and Excel (Microsoft, Redmond, WA).

Results
Sequence homology. The female rhesus macaques had a mean 

age of 11 ± 5.4 y, whereas male macaques had a mean age of 8 ± 
3.7 y. Sequence homology between the human (Homo sapiens) 
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Table 1. Sequence comparison of coagulation biomarker genes

Protein length (no. of amino acids) %Homology between 
proteinsTarget Pathway Homo sapiens Macaca mulatta

Antithrombin III Anticoagulation 464 464 97

Fibrinogen β chaina Coagulation and fibrinolysis 491 491 96

Fibrinogen γ chaina Coagulation and fibrinolysis 453 453 96

Protein C Anticoagulation 461 462 95
sCD62P Platelet activation 830 829b 95
aUsed as representative for D-dimer sequence homology
bUncharacterized protein

Figure 1. Representative standard curves of coagulation biomarkers in rhesus macaques. The standard curve was generated by using 5-paramet-
ric-curve fitting in platform-specific software. (A) Antithrombin III standard curve, R2 = 0.98. (B) D-dimer standard curve, R2 = 0.97. (C) Protein 
C standard curve, R2 = 0.99. (D) sCD62P standard curve, R2 = 0.97. MFI, mean fluorescence intensity.

Table 2. Assay parameters and variance

Average fit of  
standard curvea

Average  
intraassay CV 

(%)

Average 
interassay 

CV (%)

Antithrobin III 0.964 7.59 11.56
D-dimer 0.988 12.24 16.64
protein C 0.976 6.43 25.55
sCD62P 0.967 9.04 2.12
aCalculated based on the mean R2 value of the standard curve according 
to 5-parametric-curve fitting of all sample plates run.

indicated elevated sCD62P levels in a subject with a decreased 
platelet count.

The assay had an average R2 of 0.967 on the basis of an 8-point 
standard curve, with the minimal detectable level of soluble 
sCD62P being 0.12 ng/mL (Figure 1 D, Table 2). A single outlier 
(according to the Horn algorithm) was discarded to yield a total 
of 24 samples, which were associated with a Shapiro–Wilk P of 
0.50, signifying normal distribution (Table 3, Figures 2 D and 3 
D). The male plasma sCD62P concentration ranged from 0.11 
to 0.19 ng/106 platelets (Table 5), and that for female macaques 
was 0.11 to 0.15 ng/106 platelets (Tables 4 and 6, Figure 4 D). 
There was no correlation between sCD62P concentration and 
age for either male or female macaques (Pearson r = –0.253)  
or significant difference between sexes (P = 0.194; Table 4). 
According to these results, the expected normal range (mean ± 

90% confidence interval) of sCD62P in rhesus macaques is 0.12 
to 0.14 ng/106 platelets (Table 3).
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Table 3. Biomarker ranges and descriptive statistics in a population of healthy adult rhesus macaques

Antithrombin III (μg /mL) D-dimer (ng /mL) protein C (μg /mL) sCD62P (ng/ 106 platelets)

Sample size 25 20 25 24
Mean 128.8 135.8 3.40 0.13
90% Confidence interval 4.6 25.5 0.22 0.01
Minimum 103.7 39.8 2.33 0.09
Maximum 156.6 241.1 4.84 0.21
Skewnessa −0.06 0.03 0.43 0.83
Kurtosisa −0.42 −0.72 0.04 0.80
25% Quartile 124.1 100.2 2.92 0.11
75% Quartile 137.7 171.4 3.78 0.15
Interquartile range 13.6 71.2 0.86 0.04
Shapiro–Wilks P 0.64 0.45 0.48 0.50
a Fisher-Pearson coefficient

Figure 2. Representative histograms and overlaid normal curves. (A) Antithrombin III. (B) D-dimer. (C) Protein C. (D) sCD62P.

Discussion
Here we describe the development of bead-based sandwich 

ELISA assays for 4 clinically relevant coagulation biomarkers in 
Chinese-origin rhesus macaques (M. mulatta) and report ranges 
for these molecules in this healthy population. These biomarkers 
can provide valuable information about a subject’s coagulation 
state. There are 4 main arms of the hemostatic system: coagula-
tion, anticoagulation, fibrinolysis, and platelet activation (Figure 
5). D-dimer is a fibrin degradation product that forms when 
crosslinked fibrin is cleaved by plasmin.36 Circulating D-dimer 
is therefore an indicator of fibrinolytic activity, and an elevated 
D-dimer can be suggestive of ongoing abnormal clot turnover 

or a primary hyperfibrinolytic state. Antithrombin III is a 
natural anticoagulant that is synthesized in the liver. Acting as 
a serine protease inhibitor, antithrombin III binds and inhibits 
a number of coagulation factors, including factors II and X.29 
Protein C is a vitamin-K–dependent factor which, when acti-
vated, also functions as a natural anticoagulant; protein C also 
has cytoprotective and anti-inflammatory roles.13,24 P-selectin 
(CD62P) is a cell-adhesion molecule normally present in platelet 
α-granules. After platelet activation, CD62P translocates to the 
cell surface, and some of the translocated protein is released into 
the plasma in a soluble form. Although CD62P can originate 
from the Weibel–Palade bodies of activated endothelial cells, 
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Figure 3. Scatter plots of each biomarker with the mean (middle horizontal bar) and standard deviation error bars for rhesus macaques. (A) 
Antithrombin III (mean ± 1 SD), 128.8 ± 13.9 μg/mL. (B) D-dimer, 136.4 ± 69.3 ng/mL. (C) Protein C, 3.4 ± 0.7 μg/mL. (D) sCD62P, 0.13 ± 0.04 
ng/106 platelets.

Table 4. Biomarker comparison according to sex and age in a population of healthy adult rhesus macaques

Male macaques Female macaques

n Mean ± 1 SD n Mean ± 1 SD R2a Pb

Antithrombin III (μg/mL) 9 128.5 ± 18.6 16 129.0 ± 11.2 −0.04 0.939

D-dimer (ng/mL) 8 114.7 ± 66.5 12 149.9 ± 54.0 0.009 0.209

Protein C (μg/mL) 9 3.3 ± 0.6 16 3.4 ± 0.7 0.031 0.727

sCD62P (ng/106 platelets) 8 0.2 ± 0.0 16 0.1 ± 0.0 −0.253 0.194
aPearson’s correlation coefficient between age and biomarker for both male and female macaques. 
bP value between male and female macaques calculated by using 2-tailed Student t test with equal variance.

sCD62P is commonly used as a soluble marker of in vivo platelet 
activation.2,6,8,16

Only a few commercially available coagulation assays have 
sufficient cross-reactivity for use with NHP specimens. Some 
reference ranges for coagulation parameters in rhesus macaques, 
including those for D-dimer and antithrombin III, have been 
reported previously9,27. Regarding antithrombin III, the range 
established in the current study (124.2 to 133.4 μg/mL) is 
somewhat higher than the previously reported range (72 to 100 
μg/mL).9 This finding may be due to increased sensitivity or 
interspecies cross-reactivity of our assay but does not suggest 
a biologically significant discrepancy between our study and 
previous ones, given the broad range of normal antithrombin 
III values in humans. Likewise, the range for D-dimer that we 
established in the current study (110.3 to 161.3 ng/mL) is some-
what lower than the previously reported normal range (220 to 

540 ng/mL).27 To our knowledge, the current study marks the 
first time that sCD62P and protein C concentration ranges have 
been reported for rhesus macaques. The ranges of sCD62P and 
protein C (0.12 to 0.14 ng/106 platelets and 3.18 to 3.62 μg/mL, 
respectively) in rhesus macaques are similar to reported human 
reference ranges (0.06 to 0.16 ng/106 platelets and approximately 
3.6 μg/mL, respectively).10,28

The variation in the reported ranges in our study may be due 
to inherent differences in the cross-reactivity, specificity, and 
sensitivity of the assays used. In addition, most of the assays de-
scribed for rhesus studies have been optimized for human use. 
The methods developed here have been tested and optimized 
specifically for use with rhesus macaque plasma samples. We 
surmise that our assays are likely to be useful for other NHP 
samples, because we have achieved similar measurements in 
preliminary evaluations of samples from cynomolgus macaques 
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Table 5. Plasma levels of soluble P-selectin in male rhesus macaques

Macaque no.
sCD62P  
(ng/mL)

Platelet count 
(x106/mL)

sCD62P (ng/106 
platelets)

1 77.6 381 0.20
2 28.4 306 0.09
3 58.4 274 0.21
4 43.6 378 0.12
5 51.2 395 0.13
6 40.8 350 0.12
7 57.2 388 0.15
8 83.2 586 0.14

Mean ± 1 SD 55.1 ± 18.4 382 ± 93 0.15 ± 0.04

Table 6. Plasma levels of soluble P-selectin in female rhesus macaques

Macaque no.
sCD62P  
(ng/mL)

Platelet count 
(x106/mL)

sCD62P (ng/106 
platelets)

1 43.6 343 0.13
2 53.6 359 0.15
3 48.4 466 0.10
4 38.8 393 0.10
5 59.6 414 0.14
6 55.2 364 0.15
7 44.8 524 0.09
8 46.0 345 0.13
9 51.2 315 0.16
10 48.8 456 0.11
11 40.8 433 0.09
12 46.8 347 0.13
13 46.4 345 0.13
14 52.4 389 0.13
15 48.0 291 0.16
16 56.4 568 0.01

Mean ± 1 SD 48.8 ± 5.7 397 ± 76 0.13 ± 0.03

Figure 4. Coagulation biomarker measurements in male and female rhesus macaques (middle horizontal bar, mean; error bars, +/-1 SD). (A) 
Antithrombin III. (B) D-dimer. (C) Protein C. (D) sCD62P.

(Macaca fascicularis). These assays should be optimized for use 
in other species. Furthermore, when developing new assays, the 
intra- and interassay CV are ideally maintained at less than 10% 
and less than 20%, respectively, to ensure reliable results.3 In 
our assays, there was a 12.2% intraassay variability for D-dimer 
and a 25.6% interassay variability for protein C (Table 2); the 
parameters for the other assays reported fell within the desired 
ranges. Human error is the most likely cause for this increased 
variability, because the plasma dilution required for the assays 
may be as high as 1:10,000, thereby increasing the risk of error.32

Our study has several strengths, including the presence of 
both male and female macaques across a range of ages, and the 

choice of assay platform used. The many advantages to using a 
bead-based ELISA format for these assays include high sensitiv-
ity, quantitative readouts, and the potential for multiplexing, 
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Figure 5. Schematic diagram representing the 4 main arms of coagulation: platelets (purple), coagulation (green), anticoagulation (red), and 
fibrinolysis (blue). Primary hemostasis results in the initiation of platelet aggregation at the site of stimulation and sCD62P release. Secondary 
hemostasis has 2 main pathways, intrinsic and extrinsic, which intersect at the common pathway, beginning at factor X. Antithrombin III and 
protein C are major anticoagulant proteins; antithrombin II inhibits factors IIa and Xa, whereas protein C inhibits Va and VIIa. Fibrinolysis can 
occur via plasmin cleaving crosslinked fibrinogen, resulting in fibrin degradation products, including D-dimer. PS, protein S; protein C, protein 
C; TM, thrombomodulin; uPA, urokinase plasminogen activator; tPA, tissue plasminogen activator; FDP, fibrin degradation products; TF; tissue 
factor; ATIII, antithrombin III; sCD62P, soluble P-selectin; and I through XIII are coagulation factors, with ‘a’ indicating activation.

which accommodates the measurement of multiple coagulation 
biomarkers from just microliters of plasma. Some limitations of 
our approach include the lack of species-specific reagents for 
NHP. The current assays were developed by using antibodies 
developed against human recombinant proteins. In light of the 
sequence homology of the Homo sapiens and Macaca mulatta pro-
teins, we presume that there is sufficient species cross-reactivity 
with these reagents to provide clinically useful readings. This 
conclusion is supported by the fact that the ranges of values 
we obtained in this study are similar to the reference ranges 
reported for humans. Another limitation to the current study 
was the small sample size of normal healthy adult rhesus ma-
caques included.15 Although reference ranges can be calculated 
from as few as 20 to 40 subjects, ideally a pool of more than 120 
subjects is used.15 To establish official reference ranges for rhesus 
macaques by using the developed assays, a larger sample size 
with geographic variability should be analyzed to confirm the 
normality of sample distribution.

The development and validation of assays specific for rhesus 
macaques are important in the clinical evaluation of the hemo-
static system. We have developed and validated 4 assays for 
the evaluation of biomarkers representing the coagulation and 
anticoagulation systems as well as platelet activation. In addi-
tion, we report—for the first time—normal ranges for protein 

C and sCD62P in this healthy population of rhesus macaques. 
Future studies will be focused on expanding the coagulation 
biomarker panel, increasing the speed and sensitivity of these 
assays, and reducing the total volume of sample required.
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