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Endometriosis is a common cause of chronic pelvic pain and 
infertility and affects more than 5.5 million women in North 
America alone.41 Although endometriosis is one of the most fre-
quently encountered gynecologic health problems among women 
of reproductive age, the pathophysiology of this disease remains 
elusive due to its complexity and multifactorial etiology. The 
presence of functional endometrial glands and stroma outside the 
uterine cavity defines endometriosis. Currently, the most widely 
accepted theory for the origin of ectopic endometrial tissue is a 
combined effect of retrograde menstruation and associated im-
plantation of endometrial fragments at an ectopic site. Progres-
sion of endometriosis lesions is thought to then be supported by 
peritoneal factors that allow cell adhesion and growth.44 Although 
endometriosis is not a neoplastic disease, it exhibits aggressive 
features such as cellular proliferation, invasion, and vascular pro-
liferation.12 Strong evidence indicates that endometriosis involves 
a pelvic inflammatory process, with immune dysfunction and 
alteration in the peritoneal environment.13,27 Numerous studies 
have demonstrated marked increases in macrophage populations 
and activity in the peritoneum of endometriosis patients.6,54,59 

Although macrophages are integral to homeostasis of the peri-
toneal environment, during endometriosis they mediate inflam-
mation and facilitate the establishment and maintenance of the 
disease.

Macrophages can be classified into 2 main populations: classi-
cally activated macrophages (M1), whose activating stimuli in-
clude IFNγ and LPS, and alternatively activated macrophages 
(M2), whose activating stimuli includes IL4, IL13, IL10, and trans-
forming growth factor (TGF) β.55 These polar phenotypes are not 
expressed together, but the activation state of tissue macrophages 
can change over time. This phenotypic switch is possible because 
macrophages retain plasticity, resulting in macrophage polariza-
tion that is transient and reversible.40 A key component in deter-
mining the phenotype of the differentially activated macrophage 
is their response to microenvironmental signals, and this response 
allows for expression of a spectrum ranging from the M1 to M2 
extremes.51 M1- and M2-activated macrophages perform differ-
ent functions by producing pro- or antiinflammatory factors. 
M1 macrophages have enhanced endocytic functions and an en-
hanced ability to kill intracellular pathogens; they also secrete 
large amounts of proinflammatory cytokines such as IL1α, IL6, 
IL12, and TNFα.7 In contrast, M2 macrophages are involved in 
resolution of inflammation and promotion of tissue repair, and 
they secrete antiinflammatory and immunosuppressive cytokines 
including IL10 and TGFβ.32 M2 cells also express proangiogenic 
factors, such as coagulation factor XIII and vascular endothelial  
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production of IL6, IL12, and TNFα. The lack of findings that 
support our hypotheses may suggest that the micro- or peritoneal 
environment is more important for lesion development or that 
another component of the systemic milieu is the determining fac-
tor in the development of endometriosis.

Materials and Methods
Case and control selection. All samples used in this study were 

archival samples previously collected from animals housed at the 
New England Primate Research Center. The facility is maintained 
in accordance with the Guide for the Care and use of Laboratory An-
imals21 and is AAALAC-accredited. Colony animals are main-
tained under an animal holding and breeding protocol approved 
by Harvard Medical School’s Standing Committee on Animals.

A retrospective analysis of necropsy records from the New 
England Primate Research Center was performed to identify 
subjects with (n = 6) and without (n = 4) endometriosis. Cases 
were included when animals were rhesus macaques (Macaca mu-
latta) born at NEPRC, were older than 10 y, and had a histologic 
diagnosis of endometriosis identified at necropsy. In addition, 
animals selected had no major concurrent diseases and had not 
received hormonal or other long-term medical therapy. Healthy 
age-matched controls were selected by a review of their medical 
record and necropsy report. Subclinical endometriosis was ruled 
out by histology. Animals were excluded when archival, forma-
lin-fixed, paraffin-embedded tissue blocks were unavailable for 
immunohistochemistry. Additional rhesus macaques meeting the 
same inclusion criteria were selected for serum cytokine analysis 
(endometriosis cases, n = 15; healthy age-matched controls, n = 
10). Serum samples were obtained from the serum archive at the 
New England Primate Research Center. These archival samples 
are collected for banking during routine preventative health care 
assessments and stored at −80 °C until the time of analysis. Three 
time points were selected for each subject and included samples 
representing ages of 4, 10, and 15 y.

Immunohistochemistry. Single-label immunohistochemical 
staining was performed on formalin-fixed, paraffin-embedded tis-
sue sections by using specific antibodies directed against CD163 
(clone 10D6, Lab Vision, Fremont, CA), HLA–DP-DQ-DR (clone 
CR3/43, DakoCytomation, Carpinteria, CA), and Iba1 (poly-
clonal, Wako Chemicals, Richmond, VA). Prior to immunostain-
ing, tissue sections were deparaffinized in xylene, rehydrated in 
graded ethanol, and incubated in 3% hydrogen peroxide in PBS to 
suppress endogenous peroxidase activity. Antigen retrieval con-
sisted of microwave pretreatment in antigen unmasking buffer 
solution (Vector Laboratories, Burlingame, CA). Sections were im-
munostained with primary antibody, followed by avidin–biotin 
blocking (Vector Laboratories, Burlingame, CA) and sequential 
incubation with biotinylated secondary antibody and horserad-
ish peroxidase-conjugated avidin (ABC Standard or ABC Elite, 
Vector Laboratories). 3,3′-Diaminobenzidine chromogen (Dako-
Cytomation) was used to visualize antigen–antibody complex 
formation. Negative control slides were processed identically by 
using irrelevant, isotype-matched primary antibodies.

Quantification of cells after immunohistochemistry. Slides im-
munohistochemically labeled for CD163, human leukocyte an-
tigen (HLA)–DP-DQ-DR, and ionized calcium binding adaptor 
molecule 1 (Iba1) were examined microscopically (model BX40, 
Olympus, Irving, TX). Macrophage cell populations within 
healthy endometrium of control subjects, eutopic endometrium 

growth factor (VEGF) and have been associated with a high  
degree of vascularization in vivo.1 The pathogenesis of endo-
metriosis is therefore a likely combination of inappropriate or 
sustained polarization, leading to tissue damage (increased M1 
response) and immune dysfunction (increased M2 response) and 
allowing for persistence of ectopic endometrial tissue.

The use of animal models in endometriosis research is crucial. 
Work done with rodents involves the study of induced disease.53 
Despite this caveat, rodent models have been the basis for impor-
tant contributions. Global macrophage depletion in a rat model 
of endometriosis effectively inhibits the initiation and growth 
of endometriosis implants.15 Attenuation of endometriosis has 
recently also been demonstrated in a mouse model of endome-
triosis.4 In that study, systemic depletion of macrophages was 
associated with failure of endometrial lesion development and 
defective angiogenesis of established lesions. Further evaluation 
of specific roles of differentially activated macrophages in that 
study4 showed that adoptive transfer of alternatively activated 
macrophages (M2) was associated with enhanced endometriosis 
progression. Conversely, adoptive transfer of inflammatory mac-
rophages (M1) was associated with abrogated progression. In ad-
dition to evaluating murine lesions, the authors of the cited study4 
investigated markers for alternative macrophage activation in 
women with endometriosis and matched controls which revealed 
increased expression of CD163 and CD206 (2 markers of M2 po-
larized macrophages) in endometriosis lesions as compared with 
disease-free peritoneum. Although many studies have been pub-
lished about the pivotal role of macrophages in the pathophysiol-
ogy of endometriosis, only a few have dealt with activation of 
the M1 and M2 macrophage phenotypes.4,57 Furthermore, few 
studies have examined tissue infiltration of macrophages in eu-
topic endometrium of human subjects with endometriosis.6,23 An 
exhaustive literature search failed to identify studies that inves-
tigate the role of M1 and M2 macrophage populations in eutopic 
endometrium.

The current study uses rhesus macaques, which have been 
studied extensively in reproductive medicine.58 Because sponta-
neous development of the disease requires menstrual shedding, 
endometriosis occurs naturally only in some nonhuman primate 
species, making development of lesions more comparable to the 
establishment of disease in humans.14 Compared with rodents, 
the nonhuman primate model of endometriosis is advantageous 
due to a close recapitulation of human disease and physiology. 
Work characterizing M1 and M2 macrophage activation in a spe-
cies with spontaneous disease development may reflect a closer 
immunologic characterization to humans. In the current study, 
macrophage populations were evaluated in archival tissue col-
lected from rhesus macaques with a diagnosis of endometriosis as 
confirmed by histologic examination. To characterize the pheno-
type of endometrial tissue macrophages in ectopic endometriosis 
lesions and eutopic endometrium of both cases and controls, im-
munohistochemistry was used to quantify cells expressing M1- 
and M2-specific markers. We hypothesized that endometriosis 
lesions and eutopic endometrium of rhesus macaques would be 
associated with a polarized macrophage infiltration consisting 
of increased numbers of M2 macrophages. This increase in M2 
response may cause reduced immune clearance of ectopic endo-
metrial cells, facilitating their implantation and growth. Further 
we speculated that M2 polarization would be associated with in-
creased serum cytokines including IL10 and VEGF and decreased 
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Comparison of macrophage markers of activation. To identify 
and quantify the phenotype of macrophages in endometriosis, 
antibodies against antigens commonly expressed on macro-
phages were used. M2-polarized macrophages were identified by 
positive immunostaining for the M2-specific cell-surface marker 
CD163,3,28 whereas HLA–DP-DQ-DR was used as a marker for 
M1-polarized macrophages.30,42,43 The panmacrophage marker 
used was Iba1.20,24 A cell with an oval to round nucleus with fine 
dendritic processes that showed strong membranous and cy-
toplasmic staining but no nuclear staining was identified as a 
macrophage. The results of the macrophage quantification are 
summarized in Table 1. Representative images of histopathology 
and immunohistochemical staining for macrophage markers are 
presented in Figure 1.

Endometriosis lesions defined by endometriotic glands and 
stroma were infiltrated extensively by CD163-immunoposi-
tive macrophages (Figure 1 K; 528 cells per 20× field), whereas 
healthy control endometrium shows only sparse CD163 immu-
nopositive macrophage infiltration (Figure 1 C; 67.5 cells per 
20× field; P = 0.009). Although not statistically significant, there 
was an upward trend in CD163-immunopositive macrophages 
(Figure 1 G; 288.5 cells per 20× field; P = 0.15) in the eutopic 
endometrium of macaques with endometriosis. Cell counts for 
Iba1 positivity differed significantly between endometriosis 
lesions (Figure 1 J; 418 cells per 20× field) and healthy control 
endometrium (Figure 1 B; 180 cells per 20× field; P = 0.006) and 
between endometriosis lesions and eutopic endometrium from 
macaques with endometriosis subjects (Figure 1 F; 287.5 cells 
per 20× field; P = 0.01).

Comparison of circulating serum cytokine levels. The results 
of quantification of circulating serum cytokines are summarized 
in Table 2. Save for a statistically significant increase in TGFα in 
macaques with endometriosis (12.69 pg/mL) relative to healthy 
controls (7.18 pg/mL; P = 0.02) and a marginally significant trend 
toward increased soluble cluster of differentiation 40 ligand 
(sCD40L) in macaques with endometriosis (27.20 pg/mL) rela-
tive to healthy controls (7.18 pg/mL; P = 0.06), there were few ap-
preciable differences in the levels of circulating serum cytokines 
(Table 2). These differences were observed at the aged sampling 
point (15 y) only, with no significant differences in circulating cy-
tokines observed between cases and controls at puberty (4 y) or at 
peak breeding age (10 y). Several cytokines circulate at very low 
levels in both affected and unaffected rhesus macaques, in which 
at least 50% of samples were below the limit of detection for gran-
ulocyte colony stimulating factor, granulocyte–macrophage colo-
ny stimulating factor, IL4, IL17, IL10, IL1b, TNFα, IL1ra, IL6, and 
IFNγ. Statistical comparison of these analytes was not performed.

Discussion
In the current study, we demonstrate that the presence of en-

dometriosis is associated with significant alterations in the num-
ber of tissue macrophages expressing M1 or M2 surface markers. 
The data demonstrate that the M2 macrophage phenotype occurs 
more frequently in endometriosis lesions compared with control 
endometrium in rhesus macaques.

CD163 shows high specificity for the monocyte–macrophage 
lineage and is highly expressed in immunosuppressive M2- 
polarized macrophages.22,28 Alternative macrophage activation 
leads to stimulation of antiinflammatory cytokine production and 
inhibition of proinflammatory cytokine expression, thus reducing 

of macaques with endometriosis, and ectopic lesions of macaques 
with endometriosis were quantified by using automated image 
analysis. Lesions considered for review consisted of endometri-
otic glands and periglandular endometriotic stroma including 
endometriotic cysts and associated surrounding fibrous tissue. 
Five randomly chosen fields were captured of each slide at 20× 
magnification by using a microscope-mounted digital camera 
(Olympus). The images were transferred to the Image J software 
program (NIH, Bethesda, MD) for automated cell counting. Each 
image was converted to a grayscale format and subjected to 
threshold limits and particle size boundaries to quantify the total 
number of cells stained with 3,3′-diaminobenzidine. The data 
from each set of 5 images then were compiled to calculate the 
average cell count per field for each macrophage marker.

Quantification of circulating serum cytokines. Cytokines were 
evaluated by using the 23-plex Milliplex MAP Nonhuman Pri-
mate Cytokine kit (Millipore, Billerica, MA) by using Luminex 
technology (Millipore). Frozen serum was thawed, mixed by vor-
texing, and then centrifuged at 8000 × g for 5 min to isolate debris 
prior to use in the assay. Samples were prepared according to the 
manufacturer’s directions by using a 96-well filter membrane micro-
titer plate and vacuum filtration unit (Millipore Vacuum Mani-
fold). After the final wash, samples were suspended in 150 µL  
Luminex Sheath Fluid (Millipore) and analyzed (Luminex 200, 
Millipore). Acquisition gates were set at 8000 to 15,000; sample 
volume was 100 µL; and 50 events per bead were acquired. Man-
ufacturer-provided quality-control standards and established ex-
pected ranges for each analyte were used for assay validation. 
Mean fluorescence intensity was analyzed by using Milliplex 
Analyst software and compared with a standard curve to gener-
ate concentration values. Values below the range of the standard 
curve were set to 0.

Statistical analysis. Two-tailed Student t tests were used to assess 
group differences in circulating serum cytokines between cases and 
controls (Stata software, Stata Press, College Station, TX). P values of 
less than 0.05 were considered significant. Because of nonnormal dis-
tribution and a small sample size, the nonparametric Kruskal–Wallis 
test was used to determine significant differences in cell counts 
between healthy uterus of controls, eutopic endometrium of cases, 
and endometriosis lesions. Pairwise comparisons were performed 
by using the Wilcoxon rank-sum test. Bonferroni correction was 
performed to adjust for multiple comparisons. Owing to this cor-
rection factor, a P value of less than 0.01 was considered significant. 
Data are expressed as mean ± 1 SD for normal data and median ± 
interquartile range for nonnormal data.

Results
The retrospective analysis of necropsy records from January 

1997 to April 2010 identified 60 cases of endometriosis among a 
total of 1042 necropsies performed on female rhesus macaques. 
This number translates to a prevalence of 5.8%, which is com-
parable to published human statistics.18 For the part of the study 
that assessed macrophage populations, 6 adult rhesus macaques 
with endometriosis were selected and ranged from 12 to 18 y old 
(median, 15 y) with lesion severity ranging from mild to severe. In 
addition, 4 healthy female rhesus macaques identified for use as 
controls ranged in age from 11 to 17 y (median, 15 y). For serum 
cytokine analysis, 15 macaques with endometriosis were selected 
and were 12 to 21 y old (median, 16 y); the 10 healthy controls 
identified ranged in age from 11 to 19 y (median, 15 y).
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by cues in the tissue microenvironment, including cytokines and 
growth factors that determine the macrophage phenotype and 
function.29

In our current study, eutopic endometrium from rhesus ma-
caques with endometriosis showed a trend toward increased 
expression of M2 macrophages compared with that in endome-
trium from healthy rhesus. This difference may contribute to the 
survival of endometrial cells that have refluxed through the fallo-
pian tubes into the peritoneal cavity and thus in the development 
of endometriosis. Perhaps similar changes in eutopic endome-
trium predispose to lesion development at the peritoneum or 
other ectopic sites. Few studies have examined the immunophe-
notype of the eutopic endometrium of women with and without 
endometriosis. Evaluation of the panmacrophage marker CD68 
has revealed significantly increased macrophage numbers in the 

inflammation. Macrophages may act to suppress the immune re-
sponse to endometriosis and provide an environment permissive 
to the growth and progression of endometriosis lesions. We sur-
mise that recruited macrophages largely develop an immunosup-
pressive phenotype (M2), thereby supporting endometrial tissue 
survival, attachment, and invasion through matrix remodeling, 
angiogenesis, and lesion maintenance.

The increase in M2-polarized macrophages in macaque endo-
metriosis lesions as compared with healthy control endometrium 
is an important finding consistent with a microenvironment that 
supports implantation of endometrial debris. M2-polarized mac-
rophages have a decreased phagocytic repertoire.25,56 Support-
ing this concept is the discovery that peritoneal macrophages in 
women with endometriosis have reduced phagocytic ability.8 This 
reduced phagocytic capacity of M2 macrophages likely is driven 

Table 1. Quantification of macrophage cell populations (median no. per 20× field ± interquartile range) within the healthy uterus of controls (n = 4), 
eutopic uterus of macaques with endometriosis (n = 4), and endometriosis lesions of macaques with endometriosis (n = 9)

Marker Healthy uterus Eutopic uterus Endometriosis lesion Kruskal–Wallis Pa

Iba1 180 ± 47.5b 287.5 ± 120.5c 418 ± 119b,c 0.003

CD163 67.5 ± 65.5d 288.5 ± 413.5 528 ± 191d 0.02

HLA–DR-DP-DQ 93 ± 123.5 128.5 ± 152 250 ± 168 0.21
aSignificance set at P ≤ 0.05.
bP = 0.006 (Wilcoxon rank-sum test; significance set at P ≤ 0.01 to account for multiple comparisons) between groups.
cP = 0.01 (Wilcoxon rank-sum test) between groups.
dP = 0.009 (Wilcoxon rank-sum test) between groups.

Figure 1. Representative images of histopathology (A, E, and I; hematoxylin and eosin staining; magnification, 10×) and immunohistochemical stain-
ing (magnification, 20×) for the macrophage markers Iba1 (B, F, J), CD163 (C, G, and K), and HLA–DP-DQ-DR (D, H, and L). Images include those of 
healthy control endometrium (A through D), eutopic endometrium from a macaque with endometriosis (E through H), and an ectopic pelvic abdomi-
nal wall endometriosis lesion (I through L).
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in animals that have died at national primate centers is as high 
as 29% when only animals older than 10 y are included.16 Endo-
metriosis is not life-threatening in women; however, in rhesus 
macaques, untreated disease will result in complications associ-
ated with endometriosis lesions and masses, which contribute to 
the death of the animal.35 As a result, endometriosis causes 3 prob-
lems. First, the disease is difficult to diagnose in its early stages. 
Second, medical or surgical treatment of the disease resulting in 
hormonal suppression could affect the outcomes of aging studies. 
Third, a study subject with debilitating disease may be lost due 
to euthanasia. All of these complications represent potential re-
search confounders. These areas require further research in either 
women or nonhuman primates.

In light of the findings of the current study, the presence of 
increased CD163 staining in endometrial biopsies could repre-
sent a potential diagnostic marker. Currently, the ‘gold standard’ 
in the diagnosis of endometriosis involves laparoscopy, biopsy, 
and histology.48 A noninvasive diagnostic tool that detects early 
endometriosis before advanced-stage disease occurs has yet to 
be developed but is critical for research in nonhuman primates. 
The identification of predictive biomarkers to exclude from aging 
studies research subjects that have endometriosis will be beneficial. 
Furthermore, the identification of sensitive and specific markers 
indicative of endometriosis for use in clinical medicine would 
be a medical breakthrough that would benefit both nonhuman 
primate and human populations.

eutopic endometrium of women with endometriosis compared 
with normal controls.6,23 In these cited studies, the menstrual cycle 
phase was analyzed and was an important factor. A limitation of 
our current study is that subphases of the menstrual cycle were 
not differentiated based on the histologic appearance of the endo-
metrium. Identifying correlating features between histology and 
menstrual subphase is an important area for further investigation. 
Nonetheless, our findings indicate a connection between various 
immune changes in eutopic endometrium and the existence of 
endometriosis. Furthermore, our findings support the idea that 
distinct immune cell populations are altered in eutopic tissue in 
endometriosis.

This idea has been confirmed by others using a simulated in 
vitro pelvic environment, in which expression of RANTES was 
higher in endometriotic tissue and eutopic endometrium com-
pared with normal endometrium.57 In the cited study, RANTES 
induced the formation of M2 macrophages, which have an in-
creased capacity to inhibit apoptosis of endometrial stromal cells 
in the tissue culture system, thereby promoting growth of endo-
metrial debris. Perhaps changing the macrophage balance from 
the immunosuppressive phenotype to the proinflammatory phe-
notype is a potential new therapeutic strategy for endometrosis.

Endometriosis has the potential to affect research studies that 
are unrelated to this disease. For instance, the number of studies 
using aging colonies of nonhuman primates is increasing, as are 
associated clinical complications from long-term chronic diseases, 
such as endometriosis.35 The reported prevalence of endometriosis 

Table 2. Circulating serum cytokine levels (mean ± 1 SD) at the aged (15 y) time point of controls and macaques with endometriosis

Analyte (pg/mL) Macaques with endometriosis Controls Pa
Samples below range of  

standard curve (%)

G-CSF not determined not determined not determined 80
GM-CSF not determined not determined not determined 100
IL4 not determined not determined not determined 100
IL17 not determined not determined not determined 100

TNFα not determined not determined not determined 100

IL1ra not determined not determined not determined 92
IL6 not determined not determined not determined 92

IFNγ not determined not determined not determined 68

VEGF 345.70 ± 796.31 1656.19 ± 3607.52 0.28 48

IL10 2.05 ± 4.03 3.77 ± 7.20 0.45 32

IL18 12.50 ± 19.24 15.42 ± 20.35 0.72 28

sCD40L 27.20 ± 48.18 1.10 ± 3.48 0.06 20

IL12/23 40.81 ± 77.90 20.57 ± 13.48 0.34 8

IL15 20.25 ± 6.97 19.81 ± 10.71 0.90 4

IL2 14.80 ± 6.99 11.03 ± 8.83 0.24 4

MIP1a 9.12 ± 0.55 10.42 ± 2.12 0.09 4

IL1b 2.83 ± 0.06 2.90 ± 0.17 0.24 0

IL5 4.76 ± 5.86 5.05 ± 3.38 0.89 0

IL8 1173.27 ± 1275.02 845.21 ± 1075.61 0.51 0

MCP1 477.92 ± 192.94 415.86 ± 386.62 0.65 0

MIP1b 6.00 ± 0.23 6.69 ± 1.59 0.65 0

TGFα 12.69 ± 7.44 7.18 ± 3.39 0.02 0

IL13 13.25 ± 0.74 13.31 ± 0.94 0.88 0

G-CSF, granulocyte colony stimulating factor; GM-CSF, granulocyte macrophage colony stimulating factor; MCP1, monocyte chemoattractant protein; 
MIP1a, macrophage inflammatory protein 1a; MIP1b, macrophage inflammatory protein 1b
aP value determined by using 2-tailed Student t tests.
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maintenance of endometrial implants. However, the influences 
of the microenvironment may take precedence over systemic 
changes. The peritoneal environment must favor the implanta-
tion of endometrial cells for endometriosis to become established. 
Similarly, increased adhesion and angiogenesis must accompany 
reduced immune surveillance and clearance of endometrial cells 
for the growth of lesions. The identification of M2 polarization 
in a rhesus macaque model is an important finding. Because the 
onset of endometriosis in rhesus macaques closely recapitulates 
the pathophysiology of the disease in humans, this species likely 
will become an important animal model for further investigation 
of the role of macrophage polarization in endometriosis.
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The current study examined cytokines to identify trends con-
sistent with M2 polarization. The investigation involved 23 cir-
culating serum cytokines but failed to demonstrate any trends 
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