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Background: Sarcoidosis is a granulomatous inflammatory disease with limited blood markers to predict out
comes. The interferon-gamma (IFN-γ)-inducible chemotactic cytokines (chemokines), CXCL9 and CXCL10, are
both increased in sarcoidosis patients, yet they possess important molecular differences. Our study determined if
serum chemokines correlated with different aspects of disease severity.
Methods: We measured CXCL9 and CXCL10 serum levels at initial study visits and longitudinally in sarcoidosis
subjects using ELISA. We examined these chemokines’ relationships with pulmonary and organ involvement
outcomes, their gene expression, peripheral blood immune cell populations, and immunosuppression use.
Results: Higher CXCL10 levels negatively correlated with FVC, TLC, and DLCO at subjects’ initial visit and when
measured repeatedly over two years. CXCL10 also positively correlated with longitudinal respiratory symptom
severity. Additionally, for every log10(CXCL10) increase, the risk of longitudinal pulmonary function decline
increased 8.8 times over the 5-year study period (95% CI 1.6–50, p ¼ 0.014, log10(CXCL0) range 0.84–2.7). In
contrast, CXCL9 levels positively correlated with systemic organ involvement at initial study visit (1.5 additional
organs involved for every log10(CXCL9) increase, 95% CI 1.1–2.0, p ¼ 0.022, log10(CXCL9) range 1.3–3.3).
CXCL10, not CXCL9, positively correlated with its own blood gene expression and monocyte level. Immuno
suppressive treatment was associated with lower levels of both chemokines.
Conclusions: In sarcoidosis subjects, serum CXCL9 levels correlated with systemic organ involvement and CXCL10
levels strongly correlated with respiratory outcomes, which may ultimately prove helpful in clinical manage
ment. These differing associations may be due to differences in cellular regulation and tissue origin.

1. Introduction
Sarcoidosis is a systemic inflammatory disease characterized by nonnecrotizing granulomas occurring in adults of any age, sex, or race
[1–3]. Although any organ can be affected, pulmonary involvement
occurs in over 90% of patients, which can lead to abnormal lung func
tion and debilitating respiratory symptoms [4]. Two important clinical
challenges in the disease include predicting which patients will develop
progressive pulmonary and multi-organ disease, and deciding who to
treat and when to stop since treatment is not curative [5–7]. These
clinical challenges persist partly due to the paucity of detailed longitu
dinal sarcoidosis studies.
IFN-gamma (IFN-γ) is one of the main cytokines in sarcoidosisassociated inflammation [8–13], and several studies have identified

upregulation of interferon-inducible chemotactic cytokines (chemo
kines) in the blood of sarcoidosis patients compared to control groups
[14–23]. These chemokines, CXCL9, CXCL10, and CXCL11 all bind to
the CXCR3 receptor, and are responsible for homing of CD4þ T cells,
monocytes, and other inflammatory cells to sites of inflammation
including granulomas [16,17,24–29]. These chemokines also participate
in other functions related to angiogenesis and cell proliferation [30–32].
Results from studies in mice suggest that these chemokines have
nonredundant functions in vivo [24,33]. For example, CXCL11 has
unique properties related to T cell function and can also bind to the
CXCR7 receptor [34,35], which led us to examine it in a previous study
where we found its relationships to clinical outcomes of lung function
and organ involvement [23].
The other two chemokines, CXCL9 and CXCL10, can also bind and
signal through the CXCR3 receptor, but with different binding affinities
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immunosuppression use history, including dosages of oral corticoste
roids or disease-modifying antirheumatic drugs (DMARDs), specifically,
methotrexate, azathioprine, mycophenolate, colchicine, hydroxy
chloroquine, or anti-TNF-α therapy that subjects were actively taking at
the time of their study visits. For the current analysis, we included gene
transcript levels of CXCL9 and CXCL10 from whole blood RNA samples
that we previously described [22].

Abbreviations
ANOVA Analysis of Variance
DLCO
Diffusing Capacity of the Lungs for Carbon Monoxide
DMARD Disease Modifying Antirheumatic Drug
ELISA
Enzyme-Linked Immunosorbent Assay
FEV1
Forced Expiratory Volume in 1 Second
FVC
Forced Vital Capacity
FEV1/FVC Forced Expiratory Volume in 1 Second to Forced Vital
Capacity ratio
HR
Hazard Ratio
IFN-α
Interferon-alpha
IFN-α2a Interferon-alpha 2a
IFN-γ
Interferon-Gamma
LPS
Lipopolysaccharide
OR
Odds Ratio
%pred
Percent Predicted
PET
Positron Emission Tomography
TLC
Total Lung Capacity
TNF-α
Tumor Necrosis Factor Alpha
UCSF
University of California, San Francisco

2.2. Protein assay
We measured levels of CXCL9 and CXCL10 in serum using Quanti
kine Colorimetric Sandwich ELISA kits on samples obtained over a twoyear time period after enrollment per manufacturer’s instructions (R&D
Systems Minneapolis, MN, USA). Samples were thawed, analyzed in
duplicate, and processed in one batch. The duplicates per sample were
averaged for final interpretation.
2.3. Statistical analysis
We normalized chemokine levels and dyspnea scores using log10
transformations given their skewed distributions prior to analysis. We
used Chi-squared tests for analyzing categorical variables, t-tests for
bivariate comparisons of continuously distributed parametric data, and
analysis of variance (ANOVA) to analyze variables with more than two
groups. For adjusted cross-sectional analyses of data obtained at the
initial visit, we used linear regression models for continuous and nor
mally distributed clinical outcome variables; logistic regression for bi
nary outcomes; and Poisson regression for count data (i.e. number of
organs involved, where thoracic adenopathy and/or lung parenchymal
involvement was considered one organ).
To analyze all follow-up visit data and account for drop-outs, we
used mixed effects linear regression models that assessed correlations
between changes in predictors and dependent variables measured over
multiple visits. The fixed effects were the clinical predictors of interest
and the random effects were the subjects. In these mixed effects models,
we made conservative assumptions by allowing each subject to have a
separate intercept, allowing slopes to vary by subject, and using un
structured covariation matrices [52,53]. To determine if either chemo
kine was predictive of clinically significant pulmonary function decline
[54–56], we performed a time-to-event analysis as described in the
Supplementary Materials.
To identify independent predictors of chemokine levels, we per
formed similar linear regression and mixed effects models where che
mokine level was the outcome and whole blood RNA transcript levels for
CXCL9 and CXCL10, blood immune cell populations, or different clas
sifications of immunosuppression use (see Supplementary Materials)
were the predictors of interest. We calculated correlation coefficients (r
values) for these models by taking the square-root of the adjusted R2
from the linear regression equations; for mixed effects linear regression
models, the R2 values were initially calculated using methods as
described by Snijders and Bosker [57]. Where indicated, we adjusted
regression models for several confounders including age, sex, race, bi
nary designations for immunosuppression use (yes/no), and prior
smoking history (yes/no). All statistical analyses were done using Sta
ta/SE 15.1 software (StataCorp LLC, College Station, TX) and GraphPad
Prism 6 software (GraphPad Software, Inc., La Jolla, CA) was used to
construct figures.

[36,37]. They also differ in how they are induced, their ability to
antagonize other receptors [38], and their spatial expression in vivo. For
example, CXCL9 is solely induced by IFN-γ, whereas CXCL10 can also be
induced by TNF-α, IFN-α, and LPS [24,39–47]. Furthermore, CXCL9 and
CXCL10 are expressed in different tissues in humans [46,47], and are
produced by different cellular sources in mouse models directly
comparing their production in vivo [40]. These prior observations led us
to hypothesize that CXCL9 and CXCL10 may be associated with different
clinical outcomes based on their differing biological properties. In this
study, we wanted to determine if lung disease severity and multi-organ
involvement are differentially influenced by circulating levels of CXCL9
and CXCL10. To understand the relationship between chemokine levels,
pulmonary physiology, organ involvement, and other clinical data, we
took advantage of longitudinal measurements obtained over a five-year
follow-up period within our University of California, San Francisco
(UCSF) Sarcoidosis Cohort [48]. Finding unique relationships between
chemokines and distinct clinical features may provide more specific
markers for clinically meaningful outcomes to inform the care of
sarcoidosis patients.
2. Methods
2.1. Study population and measurements
We enrolled sarcoidosis subjects who met diagnostic criteria estab
lished by the American Thoracic Society [4] at any point in their disease
course as part of the UCSF Sarcoidosis Cohort as previously described
[48]. The study design required tissue confirmation of granulomatous
inflammation and no alternative lung disease at enrollment but in
dividuals did not have to be newly diagnosed to participate. This cohort
had follow-up visits every 6–12 months for up to 66 months (~5 years).
At each visit, blood sampling was performed and clinical data were
collected. The following data were used in this study: demographics,
organ involvement at the initial visit (as assessed by physician review of
medical records) [48], chest X-ray imaging at the initial visit, clinical
laboratory tests including complete blood counts, and pulmonary
function tests, which included forced expiratory volume in 1 s (FEV1)
percent predicted (%pred), forced vital capacity (FVC %pred), diffusing
capacity for carbon monoxide (DLCO %pred), and total lung capacity
(TLC %pred), and severity of respiratory symptoms as assessed by the
UCSD
Dyspnea
Questionnaire
[49–51].
We
obtained

3. Results
3.1. Characteristics of sarcoidosis subjects
One hundred and eight sarcoidosis subjects had available longitu
dinal blood and clinical measurements for this analysis. There were 103/
108 subjects who had samples available for chemokine measurements
from the initial study visit; the remaining 5/108 had measurements at
2
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Table 1
Demographics at each visit.

Total
number
per visit
Age (years ±
SD)
Female (%)
Race (%)
African
American
White
Hispanic
Other
Ethnicity
Ever
Smokers
(%)

Table 2
Clinical characteristics of sarcoidosis subjects at their initial visit.

All
Subjects

Initial
Visit

6-month
follow-up

12-month
follow-up

24-month
follow-up

108

103

67

59

36

50 � 10

51 � 10

52 � 11

53 � 11

56 � 11

67 (62)

64 (62)

37 (54)

32 (54)

19 (53)

15 (14)

15 (15)

7 (10)

5 (8)

5 (14)

75 (69)
8 (7.4)
10 (9.3)

71 (69)
8 (7.8)
9 (8.7)

48 (71)
7 (10)
6 (9)

45 (76)
5 (8)
4 (7)

25 (69)
4 (11)
2 (6)

50 (46)

47 (46)

30 (44)

23 (39)

14 (39)

Imaging: Scadding Stage

N (%)

0
1
2
3
4
Immunosuppression use
Extra-thoracic involvement

11a (10)
13 (12)
50 (46)
10 (9)
24 (22)
49 (45)
74 (69)

Pulmonary Function Tests
FVC %predicted
FEV1 %predicted
FEV1/FVC
DLCO %predicted
TLC %predicted

N

Mean (SD)

Range

100
100
100
73
68

96 (15)
90 (18)
0.75 (0.088)
71 (14)
96 (15)

59–140
28–140
0.34–0.95
39–108
59–131

Abbreviations: DLCO ¼ Diffusing Capacity of the Lungs for Carbon Monoxide,
FEV1 ¼ Forced Expiratory Volume in 1 Second, FEV1/FVC ¼ Forced Expiratory
Volume in 1 Second to Forced Vital Capacity ratio, FVC ¼ Forced Vital Capacity,
TLC ¼ Total Lung Capacity.
a
Two subjects with Scadding stage 0 had prior lung involvement, the other
subjects either had neurologic or skin involvement.

the second and/or later visits (Table 1). Forty-nine percent of subjects
were taking systemic immunosuppressive therapy at the initial study
visit and the majority of subjects (74%) had extra-thoracic involvement
defined by physician assessment of medical records (Table 2).

longitudinal dyspnea scores and CXCL9 was lower and not statistically
significant in similar analyses (Table 3).

3.1.1. CXCL10 had greater correlation with pulmonary function and
respiratory symptoms relative to CXCL9
We previously found that CXCL9 and CXCL10 levels were not
perfectly correlated with each other at study enrollment (Spearman
r ¼ 0.72) [23]. Thus, we hypothesized that these chemokines may relate
differently to specific outcomes, including lung function. We first
correlated lung function with serum levels of each chemokine at initial
subject visit while adjusting for prior smoking and immunosuppression
use (Fig. 1). We found that %predicted FVC was 17% points lower
(~670 mL in this cohort) for each 10-fold increase in CXCL10 (e.g. 1.6 to
2.6 log10 units on the log scale) (Fig. 1A). We found similar results for
FEV1, DLCO, and TLC (Fig. 1B–D, Supplementary Table S1).
Our primary analysis goal was to examine the relationships between
repeated measurements of lung function and chemokine levels over the
initial two-year follow-up period. We used mixed effects models and
adjusted for prior smoking and immunosuppression use. Higher levels of
CXCL10 were associated with lower FVC, TLC and DLCO values
(Table 3). This indicates that in a given individual, the average %pre
dicted FVC was lower by 4.7% points for every 10-fold increase in
CXCL10 at any visit within the first two years of the study. In contrast,
CXCL9 was only correlated with DLCO (Table 3 and Supplementary
Table S1). Of note, the total ranges for log10(CXCL10) and log10(CXCL9)
in this study were 0.84–2.7 and 1.3–3.3, respectively.
To further assess pulmonary involvement by chest radiography ob
tained at initial subject visit, we compared chemokine levels by Scad
ding stage [48]. In analyses that compared chemokines between
Scadding stages 1 through 4, there were no differences in chemokine
levels between stages in either unadjusted (ANOVA) or adjusted (linear
regression) models. Also, neither of the chemokines differed between
subjects with or without fibrosis on chest radiography.
We also assessed whether CXCL10 and CXCL9 correlated longitudi
nally with respiratory symptoms as assessed by the UCSD Dyspnea score,
where a higher score indicates more dyspnea [49–51]. Using a similar
mixed effects model as for the pulmonary function measurements, we
found that for every 10-fold increase in CXCL10, the average shortness
of breath score increased by 58% (Table 3). To investigate whether this
effect on symptom severity was mediated by lower pulmonary function,
we also included a model with % predicted FVC and DLCO. After this
adjustment, CXCL10 was still statistically significantly correlated with
shortness of breath score (122% increase for every 10-fold increase in
CXCL10, 95% CI 6.4%–370%, p ¼ 0.038). The correlation between

3.1.2. CXCL10 had greater predictive value for pulmonary function
declines
To assess whether chemokine levels measured during the first two
years of the study were associated with pulmonary function declines at
any point in the ~5 years (66 months) of total follow-up, we performed a
time to event analysis. First, we identified subjects with a decline in
absolute FVC or DLCO values of �10% or �15%, respectively [54,55], at
any time after subjects’ initial visit. Next, we performed analyses to
determine if the risk of pulmonary function decline was increased with
higher chemokine levels (represented as either binary variables desig
nating those above or below the median chemokine value or continuous
chemokine level variables). In unadjusted analysis, subjects with a
CXCL10 level above the median (176 pg/mL) had a higher risk of
eventual decline (log-rank p ¼ 0.037). In the Cox proportional hazards
models, we included age, sex, race, and prior smoking as co-variates, but
we stratified by immunosuppression use since this variable violated the
proportional hazards assumption based on the Schoenfeld test [56].
Subjects with CXCL10 levels above the median had 4.1 times the risk of
pulmonary function decline (HR ¼ 4.1, 95% CI 1.5–12, p ¼ 0.0078)
(Fig. 2A). Modeled as a continuous variable, we found that each 10-fold
increase in CXCL10 was associated with 8.8 times the risk of experi
encing a decline (HR for log10(CXCL10) ¼ 8.8, 95% CI 1.6–50,
p ¼ 0.014). This relationship did not meet statistical significance for
CXCL9 (log rank p ¼ 0.40, adjusted HR ¼ 1.9 with p ¼ 0.17 for CXCL9
dichotomized at the median (119 pg/mL); adjusted HR for
log10(CXCL9) ¼ 2.2, p ¼ 0.15) (Fig. 2B). As a sensitivity analysis to
address subjects censored prior to complete follow-up, we tested
different assumptions about event rates in those censored. Whether we
assumed all censored subjects made it to the five-year follow-up without
a decline, all censored subjects had decline at the time of censoring, or
the same proportion of randomly chosen censored subjects had a decline
at the time of censoring as those who made it to five-year follow-up, the
direction and magnitude of the effects of our predictors on the hazard
ratios or log-rank statistics as reported above did not change.
3.1.3. CXCL9, but not CXCL10, positively correlated with organ
involvement
Our second main analytic goal was to assess relationships between
total systemic organ involvement and levels of CXCL9 and CXCL10 at
subjects’ initial visit [23]. First, we compared chemokine levels in
3
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Fig. 1. Correlations between pulmonary function measurements and serum CXCL10 levels at initial subject visit. A) FVC, B) FEV1, C) DLCO, and D) TLC. Data are
displayed as log10 transformations of serum CXCL10 levels (individual values denoted by open black circles) and fitted lines for predicted pulmonary function values
(dashed lines). The β-coefficients show how the average %predicted pulmonary function values vary for every log10-increase in CXCL10 (see Supplementary Table S1)
(*p < 0.05, **P < 0.01). Both fitted lines and β-coefficients were adjusted for prior smoking and immunosuppression use. Abbreviations: FEV1 ¼ Forced Expiratory
Volume in 1 Second, FVC¼ Forced Vital Capacity, DLCO ¼ Diffusing Capacity for Carbon Monoxide.

for every 10-fold increase in CXCL9, the odds of having more than one
organ involved increased 5.7 times (odds ratio (OR) ¼ 5.7, p ¼ 0.017,
95% CI 1.4–24). Next, using a Poisson regression adjusted for age, sex,
race, and immunosuppression, we found a statistically significant in
crease in organ number with higher CXCL9 levels (log10(CXCL9) β ¼ 1.5,
95% CI 1.1–2.0, p ¼ 0.022), indicating that for every 10-fold increase in
CXCL9, between 1 and 2 additional organs were involved (Fig. 3B). In
contrast, there were no differences in CXCL10 levels between those with
one versus greater than one organ involved in unadjusted (p ¼ 0.13) or
adjusted (OR 95% CI 0.41–9.4, p ¼ 0.43) analyses and there was no
statistically significant correlation between organ involvement and
CXCL10 using Poisson regression (95% CI 0.74–1.9, p ¼ 0.47).
Finally, we used logistic regression to assess if either chemokine level
was higher in subjects with specific organ system involvement. In these
analyses, we required 10 or more subjects to have that organ involved to
provide a sufficient sample size. Higher CXCL9 levels increased the odds
of extra-thoracic lymph node involvement (OR log10(CXCL9) ¼ 6.7, 95%
CI 1.6–28, p ¼ 0.0090) and ocular disease (OR log10(CXCL9) ¼ 12, 95%
CI 2.3–58, p ¼ 0.0029). In contrast, CXCL10 levels were not significantly
associated with either extra-thoracic lymph node involvement (OR 95%
CI 0.30–9.2, p ¼ 0.57) or ocular involvement (OR 95% CI 0.74–150,
p ¼ 0.083).

Table 3
Results from mixed effects regression models of respiratory variables measured
repeatedly over two years.
Outcome

Main Predictora

β-coefficient

95% CI

p-value

FVC %pred

CXCL9
CXCL10
CXCL9
CXCL10
CXCL9
CXCL10
CXCL9
CXCL10
CXCL9
CXCL10

1.1
4.6
1.9
1.6
12
15
2.2
9.5
17%b
58%

(-2.5, 4.8)
(-9.1, 0.68)
(-1.6, 5.4)
(-6.0, 2.8)
(-19, 5.4)
(-24, 6.7)
(-7.9, 3.6)
(-17, 2.5)
(15%, 61%)
(5.0%, 140%)

0.54
0.047
0.28
0.48
4.5x10¡4
5.0x10¡4
0.46
0.0076
0.34
0.028

FEV1 %pred
DLCO %pred
TLC %pred
Dyspnea Score

Abbreviations: CI ¼ Confidence Interval, DLCO ¼ Diffusing Capacity of the
Lungs for Carbon Monoxide, FEV1 ¼ Forced Expiratory Volume in 1 Second,
FVC ¼ Forced Vital Capacity, %pred ¼ % predicted, TLC ¼ Total Lung Capacity.
a
Chemokine variables analyzed as log10 transformations; models adjusted for
immunosuppression use and prior smoking.
b
Coefficients for dyspnea score are shown as the % change in score for each
10-fold increase in chemokine level.

subjects with one versus greater than one organ involved, and then
determined if total organ number increased incrementally with higher
levels of each chemokine. In unadjusted analyses, we found higher
CXCL9 levels in subjects who had greater than one organ involved
compared to only one organ (mean CXCL9 � SD was 258 � 360 versus
123 � 71 pg/mL, p ¼ 0.034, N ¼ 37 vs. 64, respectively) (Fig. 3A). After
adjusting for age, sex, race, and immunosuppression use, we found that

3.1.4. CXCL10, not CXCL9, correlated with its own gene expression in
peripheral blood and blood monocyte counts
Because we found that CXCL9 and CXCL10 were predictive of
different clinical sarcoidosis outcomes, we wanted to explore potential
reasons for these differences, specifically if there was evidence that the
4
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Fig. 2. Relationship between serum CXCL10 and CXCL9 and longitudinal decline in lung function.
We defined lung function decline as a percent change in absolute forced vital capacity or diffusing capacity of 10% or 15%, respectively, over the study period (~
5 years). Total time at risk was 291 person-years. We used Cox proportional hazards models adjusted for age, race, sex, prior smoking, and immunosuppression use
and dichotomized subjects based on chemokine levels above or below median values to assess the predictive value of these chemokines for lung function decline.
Abbreviations: HR ¼
hazard ratio.

Fig. 3. Relationship between serum CXCL9 levels and the number of organs involved with sarcoidosis.
Organ assessments were performed by study physician review of the patient’s records at initial subject visit. A) Subjects categorized as having one or more than one
organ involved. B) Relationship between total organ involvement and CXCL9. Data are displayed as log10 transformations of CXCL9 levels (individual values denoted
by open black circles). The lower limits of assay detection denoted by the dashed line in A). The dashed line in B) represents the fitted line for organ number adjusted
for age, sex, race, and immunosuppression use.

two chemokines were differentially produced by cells in the blood.
Given that several blood immune cell populations can produce these
chemokines, including monocytes and T cells [58–60], we analyzed
gene expression data previously generated from the same blood samples
used to measure the chemokine proteins [22]. In cross-sectional and
longitudinal mixed effects linear regression analyses adjusted for age,
sex, race, and immunosuppression use, we found that CXCL10 protein
level was positively correlated with CXCL10 expression, but the degree
of correlation between CXCL9 expression and CXCL9 protein was lower
and did not meet statistical significance (Table 4 and Fig. 4). For every
doubling of CXCL10 expression, CXCL10 protein level increases by 32%
(p ¼ 1.0 � 10 6), suggesting that peripheral blood could be a significant
source of CXCL10, whereas the main source of CXCL9 may be from other
tissues.
To identify a potential immune cellular source of CXCL10 in the
blood, we assessed the relationships between CXCL10 chemokine levels
and concentrations of blood immune cell populations as measured by
clinical laboratory testing. In analyses using repeated measures of the
blood markers, we found that the counts of peripheral blood monocytes
(but not white blood cells, lymphocytes, or neutrophils) were positively
associated with serum CXCL10 level suggesting that monocytes could be

a source of CXCL10 in the blood (Table 4). Congruent with the corre
lations of CXCL9 protein to CXCL9 gene expression, we found no rela
tionship between serum levels of CXCL9 and blood monocytes.
3.1.5. CXCL9 and CXCL10 are both negatively correlated with
immunosuppression use
Because immunosuppression use could influence CXCL9 and CXCL10
levels through reducing inflammation, we controlled for immunosup
pression as part of our analysis plan using a binary variable (any
immunosuppression use or none at a given visit). However, we also
wanted to determine how immunosuppression itself influenced che
mokine levels. Using the observational data collected from this cohort
on the types and amounts of immunosuppression at each blood draw, we
performed separate mixed effects models where either CXCL9 or
CXCL10 was the dependent variable and immunosuppression use was
the predictor (using binary or continuous metrics). Controlling for age,
sex, and race in these models, we found that CXCL9 and CXCL10 levels
were 28–29% lower in subjects taking any immunosuppression at a
given blood draw (Table 5). Using a different model that included two
separate terms for immunosuppression use with prednisone dose in mg/
day as a continuous variable and DMARD use (e.g. methotrexate or
5
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differentially associated with specific clinical outcomes. For CXCL10, we
found negative correlations with lung function measurements both at
entry into the cohort and over time and we found that higher CXCL10
levels during the first two years of follow up increased the risk of having
a future clinically significant decline in FVC or DLCO during the 5-year
study period. Higher CXCL0 levels also correlated with greater dyspnea
scores in longitudinal analyses. There was less association of CXCL9 with
these same outcomes. In contrast, when examining the endpoint of
organ involvement, we found that CXCL9 was positively associated with
the total number of organs involved as well as for specific organs, such as
ocular or extra-thoracic lymph node involvement, while CXCL10 was
not. In a prior study, we examined the relationship of these same out
comes with levels of CXCL11 [23]. Interestingly, we found that higher
CXCL11 levels at enrollment increased the risk of future DLCO and FVC
decline and positively correlated with number of organs involved. We
speculate that a reason for these different associations between the three
chemokines and clinical outcomes may be related to differences in re
ceptor recognition and cellular sources of production [24,33–37]. Taken
together, the findings suggest that each chemokine could be used to help
predict specific clinical outcomes in sarcoidosis patients.
Our findings are consistent with prior sarcoidosis studies that found
elevated levels of CXCL9 and/or CXCL10 in the lung (lavage fluid,
lavage cells, or tissue) [29,62–66] or the lung and blood [14–17,67].
Most of these studies found higher chemokine levels when comparing all
sarcoidosis subjects to healthy controls. Some studies compared Scad
ding stage I or II subjects to healthy controls [64,65,68,69]. Two studies
€fgren’s syn
found lower levels of these chemokines in subjects with Lo
€fgren sarcoidosis [64,65]. These studies were
drome relative non-Lo
cross-sectional in design, except one that measured lung lavage che
mokine levels and did not find these levels to be predictive of radio
graphic remission at two-year follow-up [65]. The strength of our study
was the fact that it included a longitudinal study design to correlate
pulmonary physiology and chemokine levels, with both values
measured repeatedly. We also carried out detailed organ phenotyping
amongst sarcoidosis subjects, allowing us to assess relationships be
tween chemokine levels and organ involvement at entry into the cohort.
We also observed that higher immunosuppression usage was asso
ciated with lower chemokine levels. Our finding that DMARD use was
associated with lower levels of both chemokines, whereas only CXCL10
levels were lower with higher doses of prednisone could potentially be
due to differing effects of prednisone on the sources of CXCL10 and
CXCL9. However, given that these were correlative analyses, there could
be other non-causal explanations. We acknowledge that our study was
not a randomized clinical trial and was not designed to differentiate
patients with active versus resolved sarcoidosis or assess the effect of

Table 4
Results from regression models for CXCL9 or CXCL10 levels with either their
respective mRNA transcript levels or peripheral blood monocyte concentrations.
Cross-sectional Models at Initial Visita
Outcome

Main Predictor
Corresponding CXCL9 or CXCL10 Level (Log2 [Relative Expression])b

CXCL9
CXCL10

β-coefficientc

95% CI

p-value

r value

16%
32%

(6.5, 43)
(19, 47)

0.18
1.0x10¡6

0.15
0.54

Longitudinal Modelsd
Outcome
Main Predictor
Corresponding CXCL9 or CXCL10 Level (Log2[Relative
Expression])
β-coefficient
95% CI
p-value
r value
CXCL9
CXCL10

CXCL9
CXCL10

6.7%
16%

(-0.30, 13)
(9.2, 24)

0.058
2.9x10¡6

0.31
0.54

Monocytes (106 cells/mL)e
β-coefficient
95% CI

p-value

r value

3.7%
47%

0.86
0.022

0.29
0.43

(-35, 44)
(5.6, 110)

Abbreviations: CI ¼ Confidence Interval.
a
Linear regression models with measurements obtained at initial subject visits
and adjusted for age, race, sex, and immunosuppression use.
b
CXCL9 expression range: 1.9 – 5.6; CXCL10 expression range 2.8 – 3.0.
c
Non-linear combinations of β-coefficients performed to show the %change in
chemokine level for every unit increase in predictor.
d
Mixed effects models with measurements obtained over two years and
adjusted for age, race, sex, and immunosuppression use.
e
Monocytes concentrations had a total range of 1.5 � 106 cells/mL.

azathioprine) as present or not, we found that higher prednisone levels
resulted in lower CXCL10 levels and DMARD use was associated with
lower levels of both chemokines (Table 5).
4. Discussion
Sarcoidosis is a systemic disease involving granulomatous inflam
mation with upregulation of immune pathways related to IFN-γ [11,12,
20,61]. In this study, our goals were to compare serum levels of two
interferon-induced chemokines, CXCL9 and CXCL10, with respect to
important clinical outcomes in sarcoidosis. Because in vivo and in vitro
observations have shown differences in the types of inflammatory
stimuli that can induce these chemokines [24,39–47], we were inter
ested in assessing whether the circulating levels of each chemokine were

Fig. 4. Relationship between serum chemokines and their respective whole blood mRNA gene transcript level at initial subject visit.
We analyzed paired chemokine and mRNA gene transcript levels measured from the same blood sample and obtained at subjects’ initial visit using linear regression
analysis. Data for A) CXCL10 and B) CXCL9 are displayed as log10 transformations of chemokine values and log2 transformations of relative gene expression values
(individual values denoted by open black circles) with the fitted lines for the chemokines adjusted for age, sex, race, and immunosuppression. The β-coefficients show
the % increase in chemokine level for every log2-unit increase in gene expression adjusted for age, sex, race, and immunosuppression use (See Table 4); CXCL10
**p ¼ 1.0 � 10 6, CXCL9 p ¼ 0.18.
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Table 5
Results from mixed effects regression analysis of CXCL9 or CXCL10 obtained over two years and immunosuppression use at time of
measurement modeled in two different ways.
Main Predictor(s)a

Outcome

Model 1: Binary Immunosuppression Use (Yes/No)
β-coefficientb
CXCL9
CXCL10

29%
28%

(95% CI)

p-value

(-42,
(-37,

4.9x10¡4
6.4x10¡6

Model 2: Prednisone Dose (mg/day)c
β-coefficient
CXCL9
CXCL10

0.70%
9.6%

14)
17)

DMARD Use (Yes/No)

(95% CI)

p-value

(-1.6, 0.17)
(-1.7, 0.33)

0.12
0.0034

β coefficient
35%
22%

(95% CI)

p-value

(-47,
(-34,

5.0x10¡5
5.1x10¡4

20)
11)

Abbreviations: CI ¼ Confidence Interval, DMARD ¼ disease-modifying antirheumatic drug.
a
Models adjusted for age, race, and sex.
b
Non-linear combinations of β-coefficients performed to show the %change in chemokine level for every unit increase in
continuous predictor or if binary variable ¼ Yes.
c
Prednisone dose in units of 1 mg/day.

treatment on these protein levels, however our findings suggest that
these serum chemokine levels have potential as prognostic markers for
both pulmonary outcomes and response to therapy. There is precedent
for using CXCL9 and CXCL10 as markers of disease activity in other
granulomatous diseases. CXCL9 and CXCL10 levels have been found to
be predictive of disease progression and response to therapy in tuber
culosis [70–72]. Chung et al., showed that protein levels of CXCL9 and
CXCL10 were increased in those with confirmed tuberculosis infection
compared to those without active infection and both protein levels
decreased after successful treatment [72]. Thus, these chemokines could
be potentially used in several granulomatous diseases to assess prognosis
and treatment efficacy.
This study was not designed to understand the mechanisms for why
these chemokines relate to different clinical endpoints. However, to
explore ideas for why CXCL10 was more predictive for lung outcomes
and CXCL9 was more correlated with systemic organ involvement, we
compared serum protein levels to their blood mRNA transcript levels.
CXCL10 protein was more strongly correlated with CXCL10 mRNA
transcript level as well as with monocyte levels in the blood, while
CXCL9 was not correlated with its respective mRNA transcript or
monocyte levels. Prior studies have shown that both monocytes and
macrophages can express CXCL9 and CXCL10 gene transcripts [47,59,
73–75], although human monocytes cultured ex vivo have shown greater
secretion of CXCL10 protein compared to CXCL9 after stimulation with
IFN-α2a [60]. Given that our data are observational, we can only spec
ulate on potential explanations for our findings in the context of the
clinical observations we found. One possibility is that major sources of
CXCL10 protein in the blood are peripheral circulating monocytes and
cells in the lung, while blood CXCL9 protein levels are influenced more
by activities of IFN-γ on fibroblasts, endothelial cells, and macrophages
in affected tissues throughout the body. Future understanding of the
cellular regulation of these chemokines in vivo will further our under
standing of the roles of these proteins in the disease pathogenesis.
Our study was limited by the lack of longitudinal data related to
organ involvement and chest radiography, which prevented us from
assessing these outcomes over time. The fact that we did not find an
association between these chemokines and fibrosis on chest imaging is
likely due to a combination of low power (only 22% of subjects had
fibrosis), the lack of serial imaging to identify those who may have
developed fibrosis during the follow-up period, and the lack of PET scan
imaging to differentiate those subjects with fibrosis who do not have
evidence of granulomatous inflammation from those with persistent
inflammation. To address the dropout in our cohort, we used mixed
effects modeling methodology for our longitudinal analyses, which
allowed us to account for variable follow-up [53]. Another important
limitation relates to generalizability since our cohort was

heterogeneous, therefore our study design did not allow us to extrapo
late the prognostic value CXCL10 or CXCL9 levels at initial diagnosis and
is also was not designed to address the question of whether these che
mokine levels can predict the likelihood of spontaneous remission.
Additionally, while we did not find any differences in CXCL9 or CXCL10
based on race, our cohort is demographically composed of greater
numbers of white subjects than other racial or ethnic groups. Some of
these limitations can be addressed in future studies that take advantage
of existing biorepositories from other large U.S.-based cohorts such as
those from the GRADS and ACCESS studies [55,76,77].
5. Conclusions and future directions
In summary, we provide evidence showing that serum CXCL10 levels
correlated with a greater number of lung function measures, pulmonary
function decline, and respiratory symptoms as compared to CXCL9,
which had greater correlation with systemic organ involvement. These
differences may be related to each chemokine’s cellular source, which is
supported by our analyses using levels of mRNA transcripts and circu
lating immune cells. Future goals include determining how CXCL9 and
CXCL10 correlate with outcomes when measured at time of diagnosis
and how they change in response to treatment. With this information,
we may be able to leverage biological data taken at the time of
sarcoidosis diagnosis to inform patient prognosis and guide clinical
decision making.
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