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Rheumatoid arthritis (RA) is a systemic autoimmune dis-
ease and the most common form of inflammatory arthritis.45 
RA affects about 1% of the adult human population, and the 
associated increased activity in proinflammatory pathways and 
autoantibodies induce damage to the synovium, cartilage, and 
bone.40 Thus, RA can cause significant disability and discomfort 
and decrease quality of life.11 The pathogenesis of RA is not fully 
identified and apparently is multifactorial; the disease seems 
to be initiated or amplified by an interaction between CD4+ T 
cells and antigen-presenting cells. Macrophage activation oc-
curs, and proinflammatory cytokines such IL1 and TNFα are 
secreted abundantly. Proinflammatory cytokines stimulate sy-
novial fibroblasts and chondrocytes in the articular cartilage to 
secrete degrading enzymes, causing tissue destruction.3 TNFα 
blockers used to treat RA have become the world’s best-selling 

biologics.31 However, not all RA patients benefit from treatment 
with TNFα blockers;5 therefore, exploration of other therapeutic 
targets, such as the cytokine blocker IL1 receptor antagonist, is 
needed.

Animal models for autoimmune diseases are important in 
studying the pathogenesis of diseases and developing new 
therapies.44 Among those models for RA, rodent models of col-
lagen-induced arthritis (CIA) have been the most extensively 
used and the most widely studied.8,22,39 CIA is caused by over-
stimulation of innate immune reactivity by adjuvant treatment, 
which results in a systemic inflammatory response.7 Despite 
the utility of rodent models, it is important to study arthritis 
in NHP because they share many genetic, immunologic, and 
pathologic features with humans;30,48 due to their close phyloge-
netic relationship, humans and macaques show a larger percent-
age of shared nucleotide and amino acid sequences than that 
shared between humans and rodents. Genomic responses in 
mouse models poorly mimic human inflammatory diseases;41 in 
contrast to laboratory mice, NHP have many memory T cells.32 
Macaque models are useful for studies of preclinical safety and 
efficacy of new therapeutics due to the similar phylogenetics of 
humans and macaques.30,48 Another reason for using NHP to 
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study RA is that many of the new drugs currently being devel-
oped are monoclonal antibodies with specific targets, and NHP 
and humans share those specific target proteins.12 In our previ-
ous study, unexpected side effects occurred in our NHP models 
of CIA, including adverse effects that can present in patients 
with autoimmune diseases.12 Therefore, a NHP model of CIA 
can reflect the therapeutic effects and side effects in humans.

One review of the NHP CIA model suggests that quantita-
tive parameters for monitoring arthritis are needed because a 
semiquantitative arthritis scoring system through clinical diag-
nosis can be subjective, and very mild swelling can be difficult 
to detect against the background of a macaque’s black skin.18 
The authors suggested quantitative parameters for monitoring 
arthritis in NHP: (1) body weight to reflect generalized disease 
status; (2) C-reactive protein (CRP) to follow inflammation; and 
(3) collagen crosslinks of hydroxylysyl pyridinoline and lysyl 
pyridinoline in urine as an indicator of joint tissue damage.18

Cytokines have a crucial role in the immune response, and 
perturbation in the cytokine network can initiate and perpetu-
ate various autoimmune diseases.1,13,33 The cytokine network 
in RA is very complex, and targeting the cytokine unbalance 
potentially can control RA. Therefore, information regarding the 
various fluctuations in the cytokine and chemokine levels in the 
CIA model is beneficial to the research community. Correlations 
of serum IL6 level with clinical and laboratory indices of disease 
activity were studied in RA patients,29 and serum cytokines have 
been studied as serum immune markers in RA patients by using 
a multiplex system for early diagnosis, prediction of RA, and 
effective therapeutic management.2,10

No previous study has focused on the relationships (correla-
tion) among various disease parameters and cytokines during 
the development of CIA in NHP; few studies have focused on 
the serial changes and relationships among a single parameter 
(serum Hgb concentration) and cytokine levels.47 Therefore, our 
purpose in the current study is to determine cytokine changes 
that occur during the development of CIA in cynomolgus ma-
caques and to determine the relationships between cytokines 
and disease parameters in cynomolgus macaques with CIA.

Regarding the measurement of collagen crosslinks of hydrox-
ylysyl pyridinoline and lysyl pyridinoline in urine, sample col-
lection is cumbersome, and special equipment including HPLC 
instruments is necessary for analysis. Recent human studies 
suggest that serum levels of matrix metalloprotein 3 (MMP3) 
can be used as a laboratory marker to evaluate joint injury status 
and therapeutic effect and were superior to other traditional 
and routine laboratory indexes.28 Therefore, we here determine 
serum MMP3 changes during the development of CIA in cyno-
molgus macaques and the relationships between MMP3 and 
other disease parameters.

Materials and Methods
Study design. We used blood samples collected from 8 female 

cynomolgus macaques in our previous study12 for analysis of 
MMP3 and various cytokines; blood samples were collected 
weekly before (week 0) and after (weeks 1 to 7) immunization 
with type II collagen (CII). Data obtained from those samples 
were used for correlation analysis.

Experimental animals. We used 8 female cynomolgus ma-
caques (age, approximately 3 y; body weight, 2 to 3 kg) that 
were confirmed to be healthy after CBC analysis, serum bio-
chemistry, and health monitoring under protocols approved by 
the IACUC of Orient Genia (Sungnam, South Korea; IACUC no., 
ORIENT-IACUC-15077). Blood samples from all macaques were 
PCR-negative for herpes B virus, SIV, simian T lymphotropic 

virus, simian retrovirus type D, and tuberculosis (Zoologix, 
Chatsworth, CA). The macaques were housed individually in 
stainless steel cages and maintained on commercial dry food 
pellets (Primate Diet 5048, Lab Diet, St Louis, MO), vegetables, 
fruits, and water without restriction under SPF conditions (ex-
cluded organisms: herpes B virus, SIV, simian T lymphotropic 
virus, simian retrovirus type D, Monkeypox virus, Mycobacterium 
homis, Mycobacterium bovis, Marburg virus, and internal and ex-
ternal parasites). The cages were kept at a constant temperature 
(typically 23 ± 3 °C; June through August, 25 ± 4 °C) and humid-
ity (30% to 70%). The animals were acclimated for at least 4 wk 
prior to use. Control samples (n = 3) for proliferation of PBMC 
and histopathology were acquired from donor macaques used 
in a study of allo-islet transplantation approved by the IACUC 
of Genia (IACUC no., ORIENT-IACUC-16019). All procedures 
were in compliance with Animal Welfare Act Regulations6 and 
the Guide for the Care and Use of Laboratory Animals,23 and all ef-
forts were made to minimize animal pain and distress. The fa-
cility has been audited by the Korean Quarantine Inspection 
Agency and the Ministry of Food and Drug Safety.

Induction of CIA. To introduce CIA, chicken CII (catalog no. 
C9301, Sigma–Aldrich, St Louis, MO) was dissolved overnight 
at 4 °C in 0.1 M acetic acid to a concentration of 4 mg/mL. To 
minimize inflammation and necrosis, 1 mL of emulsion con-
taining 2 mg CII (0.5 mL) and complete Freund adjuvant (0.5 
mL; Sigma-Aldrich) was divided among 10 to 20 sites over 
the base of the tail and the back of each animal and injected 
intradermally as a primary inoculation. Three weeks later, the 
macaques were given a booster injection of 2 mg CII (0.5 mL) 
in incomplete Freund adjuvant (0.5 mL; Sigma-Aldrich). The 
inoculation procedure was conducted under ketamine sedation 
(10 mg/kg IM). Analgesic medication (tramadol, 2 mg/kg PO 
BID; Tridol, Alpa-Starry Health Care, Aligarh, India) was given 
as needed in response to assessment by the animal caretakers 
and a veterinarian. Ulcerative skin lesions that developed at 
the immunization sites were cleaned with saline solution, and 
antibiotic ointment was applied (Bactroban Ointment, Hanall 
Biopharma, Daejeon, Korea).

Clinical assessment of arthritis. Once each week, soft-tissue 
swelling (STS) in each joint was scored on a graded scale from 0 
(none) to 5 (severe). All joints of the fingers, toes, elbows, knees, 
wrists, and ankles (total, 64 joints) were evaluated, and the 
scores of the joints were summed. The swelling was analyzed 
by caliper and by measuring the volume of the hands and feet 
by water immersion.

Blood collection. Blood samples (4 mL) were collected from 
the femoral vein under ketamine sedation every week; 1 mL of 
each blood sample was collected into an EDTA tube for CBC 
analysis, and 3 mL was collected into a serum-separating tube 
for analysis of serum chemistry, antitype II collagen antibody, 
and various cytokines. Blood in serum-separating tubes was 
allowed to coagulate for 20 to 30 min, and sera were isolated im-
mediately by centrifugation (1977 × g, 20 min). Sera for detection 
of antitype II collagen antibody and cytokines were aliquoted 
into four 2-mL polypropylene vials and stored at –70 °C. Serum 
chemistry parameters were measured immediately after serum 
separation.

Detection of antitype II collagen antibody. CII antibodies were 
measured by using a commercial ELISA kit (human/macaque 
antichick type II collagen IgG antibody assay kit, Chondrex, 
Redmond, WA) according to the manufacturer’s instructions.

Blood parameters and serum MMP3 levels. CBC analysis (Cell 
Dyn 3700. Abbott Diagnostics, Lake Forest, IL) and serum chem-
istry (ALT, AST, total bilirubin, BUN, creatinine, total protein, 
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albumin, Na+, K+, Cl–, and CRP; model 7180 clinical analyzer, 
Hitachi Chemical, Osaka, Japan) were performed. A macaque 
MMP3 ELISA kit (Elabscience, Wuhan, China) was used accord-
ing to the manufacturer’s instructions to detect serum levels of 
MMP3.

Measurement of serum cytokine levels. Serum samples were 
assayed by using a NHP cytokine/chemokine Milliplex kit (cat-
alog no. PRCYTOMAG-40K, Millipore, Bedford, MA) for IFNγ, 
IL1β, IL4, IL6, IL10, IL12p40, IL15, IL17A, CCL2, and TNFα ac-
cording to the manufacturer’s instructions. Briefly, the samples 
were measured twice to calculate the median fluorescence inten-
sity. In addition, the MFI of each standard was obtained.

Proliferation of PBMC from macaques with CIA. Blood samples 
(5 mL) were harvested from study macaques and supplemented 
with citrate phosphate dextrose adenine 1 solution (700 μL, 
Green Cross, Seoul, South Korea) as an anticoagulant. Gradient 
centrifugation with Ficoll-Paque (GE Healthcare Life Sciences, 
Piscataway, NJ) was performed at 400 × g for 30 min. PBMC were 
washed twice with PBS without calcium chloride or magnesium 
chloride (DPBS, Wel Gene, Seoul, South Korea) and adjusted to 
2 × 106 viable cells/mL in complete endotoxin-free RPMI 1640 
medium (GE Healthcare Life Sciences) supplemented with 10% 
fetal calf serum (Gibco, Grand Island, NY) and 1× antibiotic–an-
timycotic (Gibco). PBMC (2 × 105 cells/100 μL per well) were 
seeded in 96-well plates (Thermo Scientific, Waltham, MA). 
Cells were treated with CII (40 μg/mL) or not and cultured at 
37 °C in a humidified 5% CO2–air atmosphere for 72 h (total vol-
ume, 200 μL per well). After 3 d in culture, BrdU assays (labeling  
time, 6 h; Cell Proliferation ELISA BrdU, colorimetric, Roche Di-
agnostics, Mannheim, Germany) were carried out according to 
the manufacturer’s instructions. The reaction was quantified by 
measuring OD450, with a reference range wavelength of 690 nm. 
The stimulation index (mean OD value of CII-stimulated culture /  
mean OD value of medium-only culture) was calculated for 
each treatment.

Radiographic examination. Radiographic images (Veterinary 
Digital Radiographic Imaging System, LATIVET, ATLAIM Cor-
poration, Seongnam, South Korea) were obtained once each 
week from macaques under ketamine sedation, and changes 
were noted. The radiographic appearance of all 4 limbs was 
graded according to a previous study:30 0, no change; 1, disap-
pearance of the articular cavity and progression of obscurity of 
the epiphysis; 2, increased number of joints lacking articular 
cavities, closure of the epiphysis, unclear boundary between 
bones, and progression of obscurity of the surroundings; and 3, 
further advancement of these changes and twisted bones.

Histopathology. In this study, we assessed the macaques be-
fore (week 0) and after (weeks 1 to 7) CII immunization. For 
histopathology, data from CIA macaques (n = 4) and healthy 
control macaques (n = 3) were compared.

Affected interphalangeal joints were harvested from the ma-
caques with STS, and the third digits of the hands and feet were 
harvested from control macaques without STS. For histopatho-
logic examination, the proximal interphalangeal joint tissues 
were fixed with 10% neutral buffered formalin (Sigma-Aldrich) 
and subsequently decalcified with 15% EDTA (pH 7.4, BIOS-
ESANG, Sungnam, South Korea) on a shaker at room tempera-
ture for 4 wk. After decalcification, the tissues were dehydrated 
and embedded in paraffin. For histopathologic assessment of 
damage, the paraffin-embedded tissues were sliced into 4-µm 
sections, deparaffinized in xylene, rehydrated in graded alcohol, 
and stained with hematoxylin and eosin (Dako, Carpinteria, 
CA) and safranin O (IHC World, Woodstock, MD). For immu-
nohistochemistry of joint tissue, paraffin-embedded sections 

were deparaffinized in xylene, rehydrated in graded alcohol, 
and transferred to 0.01 M PBS (pH 7.4). Subsequently, sections 
underwent antigen retrieval with proteinase K (catalog no. 
S3020, Dako) for 15 min at room temperature. Endogenous per-
oxidase was blocked by incubating the slides with 3% hydrogen 
peroxide in PBS for 10 min at room temperature. After washing 
in PBS, sections were treated with 1% BSA for 2 h at room tem-
perature to block nonspecific binding. Subsequently, sections 
were incubated overnight at 4 °C with rabbit antiCD3 (dilution, 
1:1000; catalog no. A0452, Dako), and mouse antiCD68 (dilu-
tion, 1:50; catalog no. M0814, Dako) antibodies. After washing 
in PBS, peroxidase-conjugated antimouse/rabbit IgG (dilution 
1:100; Real Envision Detection System Peroxidase DAB, Dako) 
for 1 h at room temperature. The color reaction was visualized 
by incubating with 0.05% 3,3′ DAB for 1 to 3 min, and then the 
sections were washed with distilled water. Finally, the sections 
were lightly counterstained with Harris hematoxylin (Young-
dong Diagnostics, Yongin, South Korea) for 30 s to 1 min before 

Figure 1. Changes in (A) body weight, (B) soft-tissue swelling scores, 
and (C) antitype II collagen antibody levels during the development 
of arthritis in an NHP model of collagen-induced arthritis. (A) Body 
weight (B) Soft tissue swelling scores (C) Serum level of antitype II col-
lagen antibody. Data are expressed as box-and-whisker plots (n = 8); 
repeated-measures ANOVA and pairwise comparisons were used to 
evaluate the means of k-related samples (before compared with after 
CII inoculation). *, Values differ significantly (P < 0.05).
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dehydration and mounting. In addition, spleen and lymph node 
samples were stained with hematoxylin and eosin.

Statistical analysis. All data are expressed in box-and-whisker 
plots. Difference between before and after inoculation values 
were examined statistically by using repeated-measures ANOVA 
and pairwise comparisons to compare the means from k-related 
samples. Group means were compared by using Mann–Whitney 
U tests (PBMC proliferation data, control compared with CIA). 
Normal distribution was assessed by using the Shapiro–Wilk test. 
Because most of the data were not distributed normally, nonpara-
metric tests were used. Spearman rank correlations were used to 
evaluate relationships. Correlations were defined as weak posi-
tive (0.1 to 0.3), moderate positive (0.3 to 0.7), strong positive (0.7 
to 1.0), weak negative (–0.1 to –0.3), moderate negative (–0.3 
to –0.7), or strong negative (–0.7 to –1.0).

Confidence levels of 95% or higher were considered signifi-
cant; that is, P value less than 0.05. All statistical analyses were 
performed by using SPSS version 22.0 (IBM, Armonk, NY).

Results
Here we focus on the clinical parameters, clinicopathologic 

data, serum levels of various cytokines, and their relationships 
during the development of a CIA model in cynomolgus ma-
caques.

Clinical observations. All macaques gradually lost body 
weight after CII inoculation. Compared with those at week 0, 
body weights at weeks 1, 3, 4, 5, 6, and 7 after inoculation de-
creased significantly (P = 0.005, P = 0.007, P = 0.028, P = 0.008, 
P = 0.003, and P = 0.002, respectively; Figure 1 A). STS was de-
tected during weeks 4 through 7 after inoculation but did not 
reach statistical significance (Figure 1 B).

AntiCII antibody levels in serum. Serum levels of antiCII 
antibodies increased gradually after CII inoculation and was 
significantly higher during weeks 2 through 7 than that at 
week 0 (week 2, P = 0.010; week 3, P = 0.005; week 4, P = 0.001; 
week 5, P < 0.001; week 6, P < 0.001; and week 7, P < 0.001; 
Figure 1 C).

Figure 2. Changes in clinicopathologic parameters during development of arthritis in an NHP model of collagen-induced arthritis. (A) WBC 
count. (B) Platelet count. (C) Hgb concentration. (D) Serum level of C-reactive protein. (E) Serum creatinine. (F) Serum level of MMP3. Data 
are expressed in box-and-whisker plots (n = 8); repeated-measures ANOVA and pairwise comparisons were used to evaluate the means from 
k-related samples (before compared with after CII inoculation). *, Values differ significantly (P < 0.05).
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Blood parameters. WBC and platelet counts did not change 
significantly during the development of RA in cynomolgus ma-
caques (Figure 2 A and B). Serum Hgb levels during weeks 1, 4, 

5, 6, and 7 after inoculation were significantly lower than that at 
week 0 (P < 0.001, P = 0.005, P = 0.001, P = 0.001, and P = 0.024, 
respectively; Figure 2 C). Serum levels of CRP during weeks 3 

Figure 3. Changes in serum cytokine levels during the development of arthritis in cynomolgus macaques. Serum levels of (A) IFNγ, (B) IL1β, 
(C) IL6, (D) IL17A, (E) CCL2 (MCP1), (F) TNFα, (G) IL15, (H) IL12p40, (I) IL10, and (J) IL4 were determined serially after CII inoculation. Data 
are expressed as box-and-whisker plots (n = 8); repeated-measures ANOVA and pairwise comparisons were used to evaluate the means from 
k-related samples (before compared with after CII inoculation). *, Values differ significantly (P < 0.05).
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through 7 after inoculation were significantly higher than that at 
week 0 (week 3, P = 0.035; week 4, P = 0.012; week 5, P = 0.013; 
week 6, P = 0.009; and week 7, P = 0.008, respectively; Figure 2 
D). In addition, serum creatinine decreased gradually after CII 
inoculation, and decreased values persisted in most animals 
throughout the experimental period. These decreases in serum 
creatinine were significant during weeks 4, 5, 6, and 7 after in-
oculation (P = 0.013, P = 0.013, P = 0.049, and P = 0.027, respec-
tively; Figure 2 E). The serum MMP3 level was significantly 

increased at all time points after inoculation (week 1, P = 0.008; 
week 2, P = 0.018; week 3, P = 0.029; week 4, P = 0.014; week 5, 
P = 0.026; week 6, P = 0.006; and week 7, P = 0.007; Figure 2 F).

Serum cytokine levels. The serum levels of many inflamma-
tory cytokines increased after CII induction of RA in cynomolgus 
macaques (Figure 3). Specifically, compared with week 0 lev-
els, IFNγ increased during weeks 2 through 7 after inoculation 
(week 2, P = 0.035; week 3, P = 0.017; week 4, P = 0.022; week 5, 
P = 0.015; week 6, P = 0.015; and week 7, P = 0.016). Serum IL6 

Table 1. Relationships between parameters during development of collagen-induced arthritis in cynomolgus monkeys.

Body weight STS score AntiCII MMP3

Parameter r P r P r P r P

IL6 −0.472b <0.001 0.547b <0.001 0.567b <0.001 0.624b <0.001
IL15 −0.275a 0.028 0.386b 0.002 0.353b 0.004 0.447b <0.001

TNFα −0.144 0.256 0.026 0.841 −0.160 0.206 −0.244 0.052

CCL2 −0.528b <0.001 0.173 0.171 0.309a 0.013 −0.006 0.965

IL4 −0.474b <0.001 0.160 0.207 0.181 0.153 −0.168 0.186

IL1β −0.377b 0.002 0.102 0.423 0.284a 0.023 −0.002 0.987

IL17a −0.108 0.395 −0.024 0.851 −0.017 0.893 0.115 0.366
IL10 −0.375b 0.002 0.261 0.037 0.210 0.097 0.073 0.566

IFNγ −0.723b <0.001 0.357b 0.004 0.448b <0.001 0.214 0.090

IL12p40 −0.325b 0.009 0.290 0.020 0.077 0.545 0.165 0.192
CRP −0.519b <0.001 0.542 <0.001 0.529b <0.001 0.536b <0.001
Creatinine 0.343b 0.005 −0.604b <0.001 −0.413b 0.001 −0.221 0.079

STS score −0.464b <0.001 1 — 0.286a 0.022 0.287a 0.021

Body weight 1 — −0.464b <0.001 −0.443b <0.001 0.101 0.428

Platelet −0.266a 0.034 0.057 0.657 0.049 0.698 0.051 0.690
Hgb 0.276a 0.027 −0.600b <0.001 −0.362b 0.003 −0.417b 0.001

WBC 0.081 0.525 −0.025 0.847 −0.195 0.122 0.381b 0.002
AntiCII −0.443b <0.001 0.286 0.022 1 — 0.249a 0.047

MMP3 0.101 0.428 0.287 0.021 0.249a 0.047 1 —

CRP Creatinine Hgb WBC

Parameter r P r P r P r P

IL6 0.873b <0.001 −0.447b <0.001 −0.506b <0.001 0.223 0.076

IL15 0.588b <0.001 −0.501b <0.001 −0.298a 0.017 0.021 0.871

TNFα −0.026 0.835 0.143 0.260 0.304a 0.015 0.155 0.221

CCL2 0.362b 0.003 −0.130 0.305 −0.103 0.417 0.063 0.620
IL4 0.092 0.472 −0.225 0.075 0.098 0.441 0.212 0.093

IL1β 0.305a 0.014 −0.219 0.081 −0.015 0.904 0.215 0.088

IL17a 0.188 0.137 −0.137 0.279 0.158 0.212 0.437b <0.001
IL10 0.262a 0.037 −0.226 0.072 0.027 0.832 0.246 0.050

IFNγ 0.645b <0.001 −0.330b 0.008 −0.293a 0.019 −0.064 0.616

IL12p40 0.347b 0.005 −0.156 0.217 −0.044 0.730 0.241 0.055
CRP 1 — −0.345b 0.005 −0.425b <0.001 0.136 0.285

Creatinine −0.345b 0.005 1 — 0.486b <0.001 −0.003 0.983

STS score 0.542b <0.001 −0.604b <0.001 −0.600b <0.001 −0.025 0.847

Body weight −0.519b <0.001 0.343b 0.005 0.276a 0.027 0.081 0.525

Platelet 0.042 0.744 −0.092 0.470 −0.179 0.157 0.203 0.108
Hgb −0.425b <0.001 0.486b <0.001 1 — −0.021 0.868

WBC 0.136 0.285 −0.003 0.983 −0.021 0.868 1 —
AntiCII 0.529b <0.001 −0.413b 0.001 −0.362b 0.003 −0.195 0.122

MMP3 0.536b <0.001 −0.221 0.079 −0.417b 0.001 0.381b 0.002

Spearman rank correlation was used to evaluate relationships between parameters: weak positive, 0.1 to 0.3; moderate positive, 0.3 to 0.7; strong 
positive, 0.7 to 1.0; weak negative, –0.1 to –0.3; moderate negative, –0.3 to –0.7; and strong negative, –0.7 to –1.0
aP (2-tailed) < 0.05
bP (2-tailed) < 0.01
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was increased during weeks 1, 3, and 4 (P = 0.019, P = 0.043, and 
P = 0.036, respectively), and the serum level of IL1β was sig-
nificantly higher during week 4 than that at week 0 (P = 0.034). 
Serum CCL2 (that is, MCP1) was significantly higher during 
weeks 1, 2, 4, 5, 6, and 7 than at week 0 (P = 0.002, P = 0.012,  
P = 0.037, P = 0.008, P = 0.036, and P = 0.027, respectively). Lev-
els of IL17A, TNFα, IL15, IL12p40, IL10, and IL4 did not change 
significantly during the development of CIA in cynomolgus 
macaques.

Correlation analysis. Relationships between cytokines and 
disease parameters were analyzed in this study (Table 1). Serum 
levels of IFNγ, CCL2 (MCP1), and IL6 changed significantly 
after induction of CIA. Specifically, body weight (an indicator 
reflecting general body condition) was closely correlated (mod-
erate negative correlation) with IFNγ (Spearman, r = –0.723,  
P < 0.001), CCL2 (MCP1; Spearman, r = –0.528, P < 0.001), and 
IL6 (Spearman, r = –0.472, P < 0.001). In particular, IFNγ levels 
showed a strong negative correlation with body weight. In ad-
dition, levels of IL6 (Spearman, r = 0.547, P < 0.001), IL15 (Spear-
man, r = 0.386, P = 0.002), and IFNγ (Spearman, r = 0.357, P = 
0.004) were closely correlated (moderate positive correlation) 
with the clinically assessed STS score, and IL6 showed the high-
est correlation with STS score.

In regard to monitoring inflammation, CRP was closely corre-
lated with IL6 (Spearman, r = 0.873, P < 0.001), IFNγ (Spearman, 
r = 0.645, P < 0.001), and IL15 (Spearman, r = 0.588, P < 0.001), 
with IL6 showing strong positive correlation with CRP. STS 
scored showed moderate negative correlation with creatinine 
level (Spearman, r = –0.604, P < 0.001), body weight (Spearman, 
r = –0.464, P < 0.001), and Hgb (Spearman, r = -0.600, P < 0.001). 
Serum creatinine showed moderate positive correlation with 
body weight (Spearman, r = 0.343, P = 0.005). The MMP3 level 
in serum showed moderate positive correlation with the serum 
levels of CRP, IL6, and IL15 (Spearman, r = 0.536, P < 0.001; r = 
0.624, P < 0.001; and r = 0.447, P < 0.001, respectively).

Proliferation of PBMC from macaques with CIA. In vitro prolif-
eration assays were performed to determine whether macaques 
with CIA showed increased proliferation of PBMC against the 
CII autoantigen. After culture in the presence of CII, PBMC from 
macaques with CIA showed a greater proliferative response 
than those from control macaques (Figure 4). The stimulation 
indexes (mean ± SEM) of the control and CIA groups were 1.349 ± 
0.095 and 4.478 ± 1.145, respectively, and the stimulation index 
of the CIA group was significantly (P < 0.05) increased (Figure 4). 
These results suggest that the CIA model was induced appropri-
ately immunologically.

Radiographic examination. From week 4 after inoculation on-
ward, epiphyses became increasingly obscure, and the articular 
cavity disappeared on radiographic examination (Figure 5). STS 
scores greater than 0 were a score of 1 for 1 macaque at week 
4; during week 5, 3 macaques had scores of 1 and 2 macaques 
showed scores of 2; for week 6, 2 macaques scored as 1 and 3 
received a score of 2; and 2 macaques had scores of 1, 2 animals 
were score 2, and 1 macaque gained a score of 3 at week 7.

Histopathology. After the end of the experiment, the histo-
pathology of the proximal interphalangeal joint was assessed. 
In the control macaques, which did not receive CII, the carti-
lage area stained bright red with safranin O (Figure 6 A), but 
the CIA macaques with proximal interphalangeal joint swelling 
showed narrowing of the joint space, and the cartilage area was 
severely damaged (Figure 6 A). In addition, the CIA macaques 
demonstrated erosion of the articular cartilage, infiltration of 
inflammatory cells (CD3+ T cells and CD68+ macrophages) and 
synovial hyperplasia, and overgrowth of pannus were observed 

(Figure 6 B). Furthermore, lymph nodes were enlarged; struc-
tural disorganization was present in lymph nodes and spleen; 
and proliferation of splenic white pulp and prominent germinal 
centers were present (Figure 6 C).

Discussion
Susceptibility to arthritis development is highly strain depen-

dent in CIA models. Among NHP species, squirrel, rhesus, and 
cynomolgus macaques are all susceptible, but cebus macaques 
are not.42 Studies of sex-linked differences in the susceptibility of 
cynomolgus macaques to CIA indicate that female cynomolgus 
macaques are more susceptible to CIA than males.46 Specifically, 
all 10 female macaques developed overt arthritis and produced 
antiCII antibodies and crossreactive antibodies to macaque type 
II collagen. In contrast, only 1 of 5 male macaques developed 
transient mild arthritis and little antibody to macaque type II 

Figure 4. Proliferation of PBMC from macaques with collagen-induced 
arthritis (CIA). PBMC (2 × 105 cells in 100 μL per well) were seeded in 
96-well plates. Cells were cultured with or without CII (40 μg/mL) for 
72 h, after which they were evaluated in a BrdU assay. The stimulation 
index value (mean optical density values of CII-stimulated cultures 
divided by the mean optical density values of medium-only cultures) 
was calculated for each treatment. (A) Proliferation of PBMC. (B) Pro-
liferation of PBMC against CII. (C) Stimulation index. Data are ex-
pressed as box-and-whisker plots (n = 3 or 4 per group); group means 
were compared by using Mann–Whitney U tests. *, Value significantly 
(P < 0.05) different from that for the control group.
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collagen.42,46 Therefore, we used female cynomolgus macaques 
in the current study.

Induction of CIA was successful on the basis of clinical symp-
tomatology, including joint swelling and stiffness; clinicopatho-
logic and immunologic findings including elevated CRP levels, 
antitype II collagen antibody, and increased proliferation against 
autoantigen; and histopathologic findings of cartilage damage. 
According to previous studies, lymph node enlargement is an 
important physical finding associated with RA: a study regard-
ing the frequency of palpable lymph nodes during active dis-
ease and remission in human patients with RA reported that 
overall frequency of enlarged lymph nodes in patients with 
active RA was 82%, and palpable lymph nodes disappeared 
during remission in the majority of patients.9 In histopathologic 
examination, lymphadenopathy in a patient with RA usually 
revealed reactive follicular hyperplasia, plasma cell infiltration 
in the interfollicular area, and increased germinal centers with 
many B cells.27,50 In our current study, lymph node enlargement 
and proliferation of white pulp and prominent germinal centers 
were observed in the spleen and lymph nodes from macaques 
with CIA. Furthermore, the number of proliferating B cells in 
lymph nodes and spleen were significantly increased in ma-
caques with CIA in our previous study.12

In our cytokine assays, serum levels of IFNγ, CCL2, and 
IL6 significantly changed after induction of macaque CIA. In 
particular, the serum IFNγ level showed strong negative cor-
relation and CCL2 and IL6 levels showed moderate negative 
correlation with body weight, which is an indicator of general 
body condition. Likewise, serum IFNγ, CCL2, and IL6 levels 
were significantly higher in mice at 6 wk after CIA induction 
than in normal age-matched DBA/1 mice.14 Furthermore, mice 
with CIA showed increased serum levels of IL15, IL2, IL4, KC, 
and TNFα but not of IL10, IL12p70, IL17, IL1α, IL1β, MIP2, or 
RANTES.

In a study of serum IFNγ, TNFα, and IL1β levels in 40 hu-
man patients with RA, increases in serum IFNγ were detected in 
10 patients, TNFα in 20 patients, and IL1β in 5 patients.38 IFNγ 
seems to be dichotomous in RA: it plays a critical role in the 
pathogenesis of RA in humans by development of Th1 effector 
cells, stimulation of B cell maturation, antibody production of 
isotype switch to Th1-associated antibodies, increased expres-
sion of MHC I and II, stimulation of antigen presentation, and 
increased expression of cell adhesion molecules. In contrast, 

IFNγ is also an important immune modulator through inhibi-
tion of Th17 differentiation, increased activity of T regulatory 
cells, induction of immune tolerance by indoleamine 2,3-dioxy-
genase, inhibition of osteoclastogenesis, and inhibition of neu-
trophil-specific chemokine and mobilization of neutrophils.39

In previous studies, CCL2 (MCP1) levels in synovial fluid 
and serum were significantly higher in patients with RA com-
pared with osteoarthritis and in patients with high RA disease 
activity compared with moderate disease activity.43 In addition, 
increased serum levels of IL8 and CCL2 were present in patients 
with juvenile RA showing systemic features.15 One study re-
ported that, in human RA patients, serum levels of RANTES 
and CCL2 are more sensitive markers of disease activity than 
conventional markers of inflammation.51 The CCL2 results from 
human patient studies match well with those from our NHP 
study.

In this study, the serum level of CRP was closely correlated 
with IL6, IL15, and IFNγ; in particular, CRP showed a strong 
positive correlation with IL6 and moderate positive correlation 
with IL15 and IFNγ. CRP, which is associated with the inflam-
matory response, showed an increase beyond the upper limit 
of the reference range after CIA induction (that is, after CII in-
oculation). CRP is a key acute-phase protein in many species. In 
the production of acute-phase proteins, TNFα, IL1β, and IFNγ 
are essential for the expression of inflammatory mediators such 
as prostaglandins and leukotrienes, and these cytokines induce 
the production of platelet-activating factor and IL6. After stim-
ulation by proinflammatory cytokines, Kupffer cells produce 
IL6 and present it to hepatocytes in the liver. Therefore, IL6 is 
the predominant mediator of the hepatocytic secretion of most 
acute-phase proteins.24

In previous studies of human patients, serum IL6 level during 
RA showed correlation with clinical and laboratory indices of 
disease activity, including CRP (r = 0.2), Ritchie articular index 
(r = 0.3), and duration of morning stiffness (r = 0.2).21,29 In addi-
tion, serum IL6 level showed better agreement with treatment 
response than did the erythrocyte sedimentation rate or CRP.26 
In our macaque model of CIA, serum IL6 level was likewise 
correlated with various clinical and laboratory parameters, 
including CRP (r = 0.873), MMP3 (r = 0.624), antiCII antibody 
(r = 0.567), STS score (r = 0.547), Hgb (r = –0.506), and creatinine 
(r = –0.447). Consequently, IL6 potentially could be used as an 
additional marker in the evaluation of macaque CIA.

Figure 5. Changes in radiographs of the hindfeet during the development of arthritis in an NHP model of collagen-induced arthritis. At week 4 
after inoculation, the epiphysis became indistinct, and the articular cavity disappeared on radiographic examination (arrow).
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Hemoglobin also decreased significantly after CIA induction, 
and it decreased relatively less in subjects with fewer clinical 
symptoms. Anemia is one of the most common extraarticular 
manifestations of RA (30% to 60% of RA patients),19 and in-
flammatory cytokines are thought to play important roles in 
inflammatory anemia in RA.25 In a previous study, iron-deficient 
anemia was induced after collagen immunization in macaques; 

hemoglobin level, RBC count and serum iron level in cynomol-
gus macaque with CIA were negatively correlated with serum 
level of IL6.47 In our study, Hgb also showed moderate negative 
correlation with IL6 (r = –0.506, P < 0.001). One study suggested 
that IL6 is responsible for the hypoferremia of inflammation 
by inducing renal synthesis of hepcidin, the iron regulatory 

Figure 6. Histopathology of the proximal interphalangeal joints, spleens, and lymph nodes from control and arthritic macaques. (A) Articular 
cartilage sections were stained with hematoxylin+eosin (H&E) and safranin O (original magnification: 12.5×, 40×, and 100×); in the control 
animals, the cartilage area stained bright red due to safranin O (arrow). However, in the CIA animals with proximal interphalangeal joint 
swelling, the joint space was narrowed, and the cartilage area was severely damaged (arrows). (B) Erosion of the articular cartilage, infiltra-
tion of inflammatory cells, synovial hyperplasia, and overgrowth of pannus are present in an animal with CIA. Immunohistochemistry with 
antiCD3 antibody and antiCD68 antibody revealed the infiltration of many CD3+ T cells and CD68+ macrophages into the synovium of ma-
caques with CIA (arrows; original magnification: 40× and 200×). (C) Lymph nodes were enlarged, and structural disorganization was present 
in lymph nodes and spleen, with proliferation of white pulp and prominent germinal centers in an animal with CIA (arrow; H&E staining, 
original magnification: 40×).
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hormone.34 Hepcidin blocks iron absorption by the duodenum 
and inhibits the release of iron from macrophages.35

Serum creatinine level decreased significantly after CIA 
induction in our macaques. Serum creatinine is an index that 
reflects renal function, but its pattern is inversely proportional 
to the severity of arthritis: one study reported that an increased 
arthritis score was accompanied by a decrease in serum cre-
atinine due to muscle wasting during CIA. Serum creatinine 
reflects muscle mass, and—in addition to joint destruction—
muscle wasting is a quality-of-life issue for patients with RA;20 
some studies revealed a higher risk of muscle wasting in pa-
tients with RA compared with the general population.37 Muscle 
dysfunction is a clinically intractable and common complication 
that negatively affects prognosis and quality of life in patients 
with.49 Creatinine is the spontaneous breakdown product of 
creatine phosphate and creatine, which mainly are found in stri-
ated muscle. Ideally, subjects should consume a meat-free diet 
for 7 d prior to measurement of creatinine levels. Consequently, 
the use of creatinine concentration to track muscle wasting may 
have limitations in human patients due to diet and renal func-
tion; however, this measure potentially could be useful in young 
experimental animals that are fed a controlled diet (commercial 
dry food pellets).

The major components of the cartilage matrix include type 
II collagen, proteoglycan, water, other proteins, and glycopro-
tein. MMP3 is one of the most important degrading enzymes 
of cartilage matrix.17 In RA, inflammatory cytokines such as 
TNFα, IL1β, and IL17 act synergistically and play a critical role 
in the secretion of matrix metalloproteinases from fibroblasts 
and macrophages. These proteolytic enzymes can destroy all 
of the structural proteins in the extracellular matrix of cartilage; 
therefore, MMP1 and MMP3 play important roles in RA.36 In 
our study, serum level of MMP3 increased significantly after 
CIA induction in NHP, and the serum level of MMP3 showed 
moderate positive correlation with those of CRP, IL6, and IL15. 
In recent human studies, serum levels of MMP3 showed mod-
erate positive correlation with CRP (r = 0.39), serum amyloid 
A (r = 0.40), IL6 (r = 0.30),4 erythrocyte sedimentation rate (r = 
0.62), and disease activity score (DAS 28, r = 0.57).16 MMP3 was 
shown to be superior to other traditional and routine labora-
tory indexes28 and therefore may be an informative laboratory 
marker for evaluating joint injury status and therapeutic effect.

Taken together, our results show that serum levels of IFNγ, 
CCL2, and IL6 change significantly after induction of CIA in 
NHP. These cytokines were closely correlated with body weight, 
which is an indicator of general body condition; IFNγ levels 
showed particularly strong negative correlation with body 
weight. In addition, among the tested cytokines, IL6 showed 
the highest correlation with STS score and serum CRP in NHP 
CIA (moderate positive and strong positive correlation, respec-
tively). Furthermore, the serum level of MMP3 was significantly 
increased after compared with before induction of CIA and was 
moderately positively correlated with the serum levels of CRP, 
IL6, and IL15. These findings agree well with human studies, 
and patterns of serum immune markers in macaque CIA were 
similar to those of human RA. The cytokine network in rheu-
matoid arthritis is very complex, and targeting the cytokine un-
balance can control RA. Furthermore, recent serum cytokine 
studies in human patients with RA showed that serum immune 
markers (cytokines) can be used as tools for diagnosis and prog-
nosis10 and for effective therapeutic management.2

This study broadens our understanding of the relationships 
between cytokines and the disease parameters of CIA. These 

cytokines could be used as markers for monitoring during ef-
ficacy testing of new therapeutics in NHP.
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