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Systemic juvenile idiopathic arthritis (sJIA) is an immune disorder characterized by fever,

skin rash, arthritis and splenomegaly. Recently, increasing number of sJIA patients

were reported having lung disease. Here, we explored lung abnormalities in a mouse

model for sJIA relying on injection of IFN-γ deficient (IFN-γ KO) mice with complete

Freund’s adjuvant (CFA). Monitoring of lung changes during development of sJIA using

microcomputer tomography revealed a moderate enlargement of lungs, a decrease

in aerated and increase in non-aerated lung density. When lung function and airway

reactivity to methacholine was assessed, gender differences were seen. While male

mice showed an increased tissue hysteresivity, female animals were characterized by

an increased airway hyperactivity, mirroring ongoing inflammation. Histologically, lungs

of sJIA-like mice showed subpleural and parenchymal cellular infiltrates and formation of

small granulomas. Flow cytometric analysis identified immature and mature neutrophils,

and activated macrophages as major cell infiltrates. Lung inflammation in sJIA-like mice

was accompanied by augmented expression of IL-1β and IL-6, two target cytokines in the

treatment of sJIA. The increased expression of granulocyte colony stimulating factor, a

potent inducer of granulopoiesis, in lungs of mice was striking considering the observed

neutrophilia in patients. We conclude that development of sJIA in a mouse model is

associated with lung inflammation which is distinct to the lung manifestations seen in

sJIA patients. Our observations however underscore the importance of monitoring lung

disease during systemic inflammation and the model provides a tool to explore the

underlying mechanism of lung pathology in an autoinflammatory disease context.
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INTRODUCTION

Systemic juvenile idiopathic arthritis (sJIA) is a childhood
auto-inflammatory immune disorder, characterized by growth
retardation, spiking fever, skin rash, arthritis, splenomegaly
and polyserositis. Hematological changes, such as leucocytosis,
neutrophilia, anemia and thrombocytosis are typically seen.
High levels of interleukin-6 (IL-6), IL-18, C-reactive protein
(CRP) and S100 acute phase proteins are present in plasma
of sJIA patients (1–6). Around 10–15% of patients develop
a live-threatening complication, called macrophage activation
syndrome (MAS) which is associated with pancytopenia,
increased liver enzymes, high ferritin levels, and coagulopathy
(1, 7–9). MAS is associated with high production of IL-18
and interferon gamma (IFN-γ) (10). Part of sJIA patients
can successfully be treated with biologics targeting IL-1β
or IL-6, which replaced chronic high dose treatment with
corticosteroids (11–14).

Chronic parenchymal lung disease (PLD) has only rarely
been reported in sJIA (15, 16). Kimura Y et al described
for the first time 25 sJIA patients with chronic pulmonary
disease, characterized by pulmonary arterial hypertension (PAH),
interstitial lung disease (ILD) and pulmonary alveolar proteinosis
(PAP) (17). Recently, two studies reported lung disease in
patients with sJIA (18, 19). Radiographic analysis demonstrated
ground-glass opacities, subpleural reticulation, interlobular
septal thickening and lymphadenopathy. Histopathological
analysis revealed lymphoplasmacytic infiltration, mixed features
of PAP or endogenous lipoid pneumonia (ELP), vasculopathy,
alveolar epithelial cell hyperplasia and collagenous fibrosis.
Although sJIA equally occurs in both sexes, a non-significant
higher incidence of female patients with lung disease (66%) was
reported (19). The incidence of lung disease cases has increased
since 2010 and coincides with the increasing use of biologics,
Nigrovic et al., highlighted that “lung disease in sJIA might
be a dark cloud on the horizon in the management of sJIA”
(20, 21). Indeed, treatment with IL-1 or IL-6 inhibitors was
demonstrated as a risk factor in the development of sJIA lung
disease (19).

In this study, we investigated lung pathology in a mouse
model for sJIA. The model relies on a single injection of
BALB/C mice with complete Freund’s adjuvant (CFA). While
wild-type (WT) mice develop a transient and mild form of
inflammation, IFN-γ-deficient (IFN-γ KO) mice develop a
chronic inflammatory condition with clinical, hematological and
biological characteristics reminiscent to sJIA (22). Although
sJIA patients do not have mutations in the IFN-γ gene, defects
in the production of IFN-γ by NK cells have been reported
(23, 24). Furthermore, the clinical relevance of the model
lies in the many similarities with sJIA, including weight loss,
arthritis, skin rash, splenomegaly, lymphadenopathy, anemia,
granulocytosis, thrombocytosis, NK cell defects and increased
serum levels of IL-6 (Supplementary Table 1). To study lung
inflammation, we evaluated the functional, histopathological and
cellular aspects of lungs from CFA-injected IFN-γ KO mice (also
designated as sJIA-like mice) and included CFA-injected WT
mice for comparison.

MATERIALS AND METHODS

Mice Immunization
IFN-γ KO and WT BALB/c mice were bred under specific
pathogen-free conditions. Six-to 8-week-old mice were
either or not subcutaneously injected at the tail base with
complete freund’s adjuvant (CFA) (Difco) containing heat-
killed Mycobacterium butyricum (1.5 mg/ml) as described
(Supplementary Table 1) (22). All animals experiments were
approved by the Ethics Committee of KU Leuven (P182/2014).

Micro-Computed Tomography
Micro-computed tomography was performed on day 0, day 12,
and day 21 post CFA-immunization. During the procedure, the
mice were anesthetized by inhalation of 1.5–2% isoflurane in
100% oxygen and scanned in supine position using a dedicated
small animal in vivo µCT scanner (Skyscan 1278, Bruker µCT,
Kontich, Belgium) as previously described (25). The following
parameters were used: 50 kVp X-ray source voltage and 346
µA current combined with a composite X-ray filter of 1mm
aluminum, 150ms exposure time per projection, acquiring three
projections per step with 0.9◦ increments over a total angle of
220◦, and 10 cm field of view covering the whole body producing
expiratory-weighted 3D data with 50µm isotropic reconstructed
voxel size. Each scan takes approximately 3min and is associated
with a measured radiation dose of 60–80 mGy (26). Software
provided by the manufacturer (NRecon, DataViewer, and CTan)
was used to reconstruct, visualize, and process µCT data
as described previously (25–27). For Hounsfield unit (HU)
calibration, a phantom was scanned consisting of an air-filled
1.5ml tube inside a water-filled 50ml tube. Based on full stack
histograms of a volume-of-interest (VOI) containing only water
or air, themain grayscale index of water (127) was set at 0 HU and
grayscale index of air (6) at −1000 HU. The non-aerated lung
volume, aerated lung volume, total lung volume and respective
densities within these volumes were quantified for a manually
delineated VOI covering the lung, avoiding the heart and
main blood vessels. The aerated and non-aerated lung densities
represents the density of air in the alveoli and the surrounding
epithelial, capillary and extracellular matrix and small airways
respectively. Oedema and accumulation of inflammatory cells are
associated with an increased density whereas destruction of the
alveoli would result in a decreased lung density. The threshold
used to distinguish aerated from non-aerated lung volume was
manually set at−180 HU and kept constant for all data sets.

Lung Function Measurements
At day 21 post CFA-infection, on the moment all overt signs
of inflammation were discernible, lung function measurements
were performed and mice were subsequently euthanized.
During function measurements, mice were anesthetized by
an intraperitoneal (i.p.) injection of pentobarbital (70 mg/kg
body weight). Lung function measurements were performed
using a forced oscillation technique (FlexiVent 7.6, SCIREQ,
Montreal, Canada), as described previously (28). Mice were
quasi-sinusoidally ventilated with a tidal volume of 10 mL/kg
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at a frequency of 150 breaths/min and a positive end-
expiratory pressure of 3 cm H2O, to mimic the characteristics
of spontaneous breathing. Airway resistance (Rn) was measured
using the “quick-prime 3” protocol, which induces oscillations
of 1 to 20.5Hz during 3 s. Lung volumes, such as forced
expiratory volume in 0.1s (FEV0.1), forced vital capacity (FVC)
and peak expiratory flow (PEF) were measured by using the
‘Negative Pressure Forced Oscillation’ technique. After baseline
measurements, each mouse was exposed to a methacholine
aerosol, generated with an in-line nebulizer (Aeroneb Lab
nebuliser, 2.5–4µm,Aerogen, Galway, Ireland) and administered
at increasing concentrations (0, 2.5, 5, 10, 20 and 40 mg/ml), each
during 5 s, and Rn measured.

Histopathology and Immunofluorescence
Staining
Lungs were fixed for 24 h with 10% formalin and were
kept inflated at constant pressure throughout the fixation
process. Lung sections were stained with hematoxylin
and eosin, and were evaluated blindly by two experienced
lung pathologists. Images were taken with a Leica DFC295
microscope. Immunofluorescence staining was performed on
4µm acetone-fixed frozen lung and kidney sections. Tissue
sections were incubated with the primary anti-α-SMA (Cat.
Nr: 61001, ProGen, Heidelberg, Germany) antibody for 1 h
at RT. Binding of α-SMA primary antibody was detected
by incubation with goat anti-mouse IgG2a FITC (Southern
Biotech, Birmingham, AL, USA) for 30min. Nuclei were stained
with Hoechst, and sections were coverslipped with Prolong
Gold antifade reagent (Invitrogen). All immunofluorescence
images were taken with a Zeiss Axiovert 200M inverted
microscope and AxioVision acquisition software (Carl Zeiss,
Oberkochen, Germany).

Antibodies, Flow Cytometry and FACS
Sorting
To prepare single cell suspensions, lungs were digested for 45min
at 37◦C in RPMI 1640 supplemented with 5 % FCS, 2mM L-
glutamine, 0.05mM 2-mercaptoethanol, 100 U/ml penicillin, 100
mg/ml streptomycin (Invitrogen), 1 mg/ml collagenase type 2
(Worthington Biochemical), and 0.02 mg/ml DNase I (grade II
from bovine pancreas, Ingelheim). Red blood cells were lysed
using ACK Lysing Buffer (Gibco). Cells were incubated with FcR-
block (Miltenyi Biotec) and stained extracellularly in FACS buffer
(PBS +2% FCS +2mM EDTA). Antibodies used in this study
are listed in Supplementary Table 2. Before lineage gating, all
populations were first gated on live cells by using Zombie Aqua
516 (Biolegend). Forward and side scatter was used to limit debris
and doublets. Cells were run on a BD LSRFortessa X20 or a BD
FACSymphony equipped with the DIVA software and data were
analyzed using FlowJo software (LLC, V10).

qRT-PCR
Total RNA was extracted by PureLink RNA Mini kit
(Invitrogen) or the RNeasy Micro kit (Qiagen), followed
by the preparation of complementary DNA (cDNA) using
Superscript II reverse transcriptase and random primers

(Invitrogen). Real-time (RT) quantitative (q)PCR was
performed using a TaqMan gene expression assay (Applied
Biosystems) on a 7500 Real-Time PCR System Apparatus.
Primers used are listed in Supplementary Table 3. All primers
were obtained from Integrated DNA Technologies and RNA
expression was normalized to the expression of GAPDH RNA
(Mm99999915_g1) according to the delta-delta CT method.

Statistical Analyses
The two-tailed non-parametric Mann-Whitney U test was used
for all single comparisons of two unpaired groups. For data with
three or more groups, the non-parametric Kruskal-Wallis test
(unpaired data) or Friedman test (paired data) was used and was
followed by a Mann-Whitney U test. Data of longitudinal µCT-
derived biomarkers (mean lung density, total lung volume, non-
aerated lung volume and aerated lung volume) were analyzed
using amixed-effects model with Geisser-Greenhouse correction.
For multiple comparison, Sidak’s post hoc test was used. For
correlation analysis, the Spearman correlation coefficient was
determined. For all tests, statistical significance was assumed
with ∗p-value < 0.05; ∗∗p-value < 0.01; ∗∗∗p-value < 0.001;
∗∗∗∗p-value < 0.0001. All data analysis was performed using the
GraphPad Prism 7 software.

RESULTS

Changes in Lung Volume and Lung Density
Upon Immunization With CFA
When BALB/C mice are injected s.c. at the base of the
tail with CFA, they develop systemic inflammation within 21
days. While the inflammation is mild in WT animals, IFN-γ
KO mice develop a more severe disease with symptoms and
blood abnormalities that are similar to those reported in sJIA
patients (Supplementary Table 1) (22). To identify potential
lung disease during development of systemic inflammation,
mice were monitored by high-resolution low-dose in vivo
µCT before and after immunization with CFA, that is, at
day 12 when sJIA symptoms started to appear and at day
21 when blood abnormalities are maximal in both groups of
mice (22). Representation of µCT images and quantification
of lung volume and lung densities are shown in Figure 1

and Supplementary Figure 1. Visual inspection of the µCT
images showed a moderate enlargement and a reduced density
of the lungs over time in CFA-immunized mice (Figure 1A).
Surprisingly, IFN-γ KO mice have a larger lung volume than
WT mice, even before the start of immunization despite the
fact that the mean body weight in both groups was similar at
day 0 (Figure 1B, body weights are not shown). Following CFA-
immunization, total lung volume increased in both WT and
IFN-γ KO mice which was attributed to an increase in aerated
lung volume. CFA-challenge also resulted in a decrease of mean
lung density in bothWT and IFN-γ KOmice (Figure 1B). While
total and aerated lung densities decreased upon immunization
in both strains, the non-aerated density significantly increased in
IFN-γKOmice only (Figure 1C).When aerated and non-aerated
lung densities were plotted, the changes reached statistical
significance when data were separately quantified in females
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FIGURE 1 | WT mice and IFN-γ KO mice were immunized with CFA. Mice were scanned with µCT before (day D0) and at regular time points after the

CFA-immunization (day D12, day D21). (A) Representative transverse µCT images of a WT and KO CFA-immunized mice at the selected time points. The position of

the shown images was choses at 100 z-positions after the first bifurcation of the airways. (B) Three lung volumes were established: total lung volume (ml), aerated

long volume (ml) and non-aerated long volume (ml). (C,D) The mean lung density, aerated lung density and non-aerated lung density were measured and expressed in

HU units. Data are represented as mean group values with standard error (SE). Blue graphs represent CFA-immunized WT mice, red graphs represent

CFA-immunized IFN-γ KO mice. */# p < 0.05; **/## p < 0.01; ***/### p < 0.001; ****/#### p < 0.0001 by repeated measures two-way ANOVA. Asterisk represents

time-based differences and hashtag represents differences between WT and IFN-γ KO mice.
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and males (Figure 1D). In conclusion, development of systemic
inflammation elicited by CFA, is associate with a moderate
increase in aerated lung volume and a decrease in aerated lung
density, the latter being indicative for loss of alveolar integrity.
The more severe inflammation in IFN-γ KO mice is associated
with an increased non-aerated lung density, which may be
indicative for inflammatory infiltrates (25).

Functional Lung Alterations in
CFA-Challenged IFN-γ KO Mice
On day 21, a time-point on which most systemic features were
apparent (22), lung function and non-specific airway reactivity
to methacholine was assessed. Distinct functional alterations
were measured between male and female mice, therefore both
sexes are shown separately. Lung forced vital capacity (FVC),
forced expiratory volume 0.1 (FEV0.1) and the FVC/FEV0.1 ratio
(also known as Tiffeneau-index 0.1) did not show any difference
between the experimental groups (data not shown). In contrast,
lung structural parameters, such as tissue damping (G) and tissue
hysteresivity (eta=G/H) were significantly higher in male CFA-
challenged IFN-γ KOmice compared to naïve IFN-γ KOmice. A
significant lower airway resistance (Rn) in male IFN-γ KO mice
compared with male WT mice, regardless of the CFA injection
was also observed. These changes in G, eta and Rn were not seen
in female mice (Figure 2A). After the baseline measurements,
a dose-response challenge with methacholine was performed
to evaluate the airway hyperreactivity. Airway resistance of
female CFA-challenged IFN-γ KO mice was significantly higher
at 20 and 40 mg/ml compared with other treatment groups
(Figure 2B). This was also reflected in a significantly lower
FEV0.1 upon methacholine challenge with 20 and 40 mg/ml in
female CFA-challenged IFN-γ KO mice (Figure 2C), confirming
airway hyperreactivity in female CFA-challenged IFN-γKOmice.
In male mice, all dose-responses to methacholine were the same
and no airway hyperreactivity could be measured (Figure 2B,
C). In conclusion, CFA-immunization leads to functional lung
alterations in IFN-γ KO mice. Whereas male mice show
increased tissue hysteresivity, female mice were characterized by
an increased airway hyperreactivity.

Histopathology Reveals Cell Infiltration
and Granulomas in Lungs of
CFA-Challenged Mice
On day 21 post-immunization, lungs of mice were
histopathologically evaluated (Figure 3). Lungs of naïve
WT and IFN-γ KO mice had a normal preserved parenchymal
appearance without cellular infiltrates. In contrast, histological
alterations were observed in both CFA-immunized WT and
IFN-γ KO mice. Subpleural and parenchymal cellular infiltrates
were present, ranging from small nodular lesions comprised
of macrophages and lymphocytes to overt granulomatous
inflammation, comprised of prominent multinucleated giant
cells and mainly lymphocytic inflammation. No granulomas
were reported in other organs including liver, kidney, brain or
colon (22). Granulomas in IFN-γKOmice were more extensively
present and also contained scattered neutrophils. No necrosis

nor neutrophilic inflammation was found in immunized WT
mice. Furthermore, CFA-challenged IFN-γ KO mice showed
a mild diffuse interstitial lymphocytic inflammation. In some
of the immunized mice, widening of the alveolar spaces was
observed, consistent with the observed decrease in aerated lung
density. However, no intra-alveolar pathology was present and
there was no evidence of PAP or oedema. No overt signs of
fibrosis were observed and the absence of collagen deposition
was confirmed by an immunohistochemical staining of Alpha-
smooth muscle actin (α-SMA) (Supplementary Figure 2).
In conclusion, a single injection of CFA at the base of
the tail leads to a predominantly monocyte, macrophage
and neutrophilic pulmonary infiltration in both WT
and IFN-γ KO mice which was more pronounced in the
sJIA-like animals.

Lungs of CFA-Immunized IFN-γ KO Mice
Present With Elevated Numbers of
Neutrophils and Activated
Monocytes/Macrophages
To further characterize the observed pulmonary inflammation,
flow cytometric analysis was applied on single cell suspensions
of lung tissues. As can be seen in Figure 4A, numbers of
neutrophils were significantly increased in CFA-IFN-γ KO
mice. In sJIA patients with lung disease, it was hypothesized
that the inflammatory milieu could polarize macrophage away
from the phenotype necessary for recycling the surfactant
(18). We therefore characterized four different subsets of
monocytes/macrophages (MO/MA) in lung of our mice, more
specifically classical inflammatory Ly6C+ MO/MA, non-classical
patrolling Ly6C− MO/MA, interstitial macrophages (IM) and
alveolar macrophages (AM) (29). As shown in Figure 4A, the
Ly6C+ MO/MA subset was found to be significantly increased
in CFA-challenged KO mice, while other subsets remained
unchanged. Interestingly, when CD80 positive macrophages
were determined, which is considered as an activating marker
and M1-like marker (30), CFA-immunized IFN-γ KO mice
showed a significantly higher percentage of CD80+ Ly6C+

MO/MA, Ly6C− MO/MA and IM (Figure 4B). Numbers of
SiglecF+CD64- eosinophils, CD11b+ dendritic cells (DC) and
CD103+ DCs were increased upon CFA-immunization in WT
mice, whereas they were only slightly elevated in immunized
IFN-γ KOmice (Supplementary Figures 3A–C).

Number of lymphocytes were either unchanged (CD4+ T
cells or B220+ B cells) or were significantly decreased in the
diseased IFN-γ KO mice (CD8+ T cells and NK cells). In
analogy with our previous data obtained in spleen and LNs (22),
CFA-immunization was associated with an increased number
of γδ T cells in lungs of both WT and IFN-γ KO mice
(Figure 4C). In all studied leukocyte populations, no differences
were found between male and female mice. Nevertheless, the
highest monocyte/macrophage activation was seen in the female
mice. In conclusion, myeloid cell number and activation of
macrophages are elevated in the lung tissues of CFA-immunized
IFN-γ KOmice.
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FIGURE 2 | WT mice and IFN-γ KO mice were immunized with CFA. NI WT and IFN-γ KO mice were included as controls. Baseline lung function parameters and

airway hyperreactivity were assessed at day 21 post CFA-injection. (A) Baseline tissue damping (G), tissue hysteresivity (eta = G/H) and airway resistance (Rn) were

measured using a forced oscillation technique (QP3) in both male (closed) and female (open) mice. Data are represented as mean group values and individual data

points. *p < 0.05 by by Kruskal-Wallis followed by Mann-Whitney U test. (B) The dose-response of the airway resistance to methacholine (0–40 mg/ml), in both male

(closed) and female (open) mice, was measured using the forced oscillations technique (QP3). *p < 0.05 for IFN-γ KO CFA compared to IFN-γ KO NI at 20 mg/ml. **p

< 0.01 and ***p < 0.001 for IFN-γ KO CFA compared to WT CFA and IFN-γ KO NI respectively at 40 mg/ml (Two-Way ANOVA). (C) The dose-response of the forced

expiration volume in 0.1 sec (FEV0.1) to methacholine (0–40 mg/ml) was measured using a negative pressure forced expiration maneuver (NPFE), in male (closed) and

female (open) mice. **p < 0.01 for IFN-γ KO CFA compared to IFN-γ KO NI at 20 mg/ml. ***p < 0.001 for all groups compared to IFN-γ KO CFA at 40 mg/ml.

(Two-Way ANOVA). Blue graphs represent CFA-immunized WT mice, red graphs represent CFA-immunized IFN-γ KO mice. Figures 2B,C show the mean values of

Rn and FEV0.1, respectively, against the methacholine concentrations between 0 and 40 mg/ml. (n = 7–8).
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FIGURE 3 | Histopathology of pulmonary involvement in CFA-immunized mice. WT and IFN-γ KO mice were immunized with CFA. NI WT and IFN-γ KO mice were

include as controls. (A) Representative H&E-stained lung section of WT mice illustrating the normally preserved parenchyma. I is enlargement of the delineated area.

(B) Representative H&E-stained lung section of CFA-challenged WT mice at day 21. I and II highlights the presence of subpleural nodules. The parenchyma is further

normally preserved. (C) Representative H&E-stained lung section of KO mice illustrating the normally preserved parenchyma. I is enlargement of the delineated area.

(D) Representative H&E-stained lung sections of CFA-challenged IFN-γ KO mice at day 21. I, II are enlargements of the delineated areas. Scale is indicated in the

black boxes (in µm). Arrow indicate multinucleated giant cells in granuloma-like cells lesions.
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FIGURE 4 | WT mice and IFN-γ KO mice were immunized with CFA. NI WT and IFN-γ KO mice were included as controls. Lung cells were analyzed by flow

cytometry. (A) Absolute number of Ly6G+CD11b+ neutrophils, CD11b+MHCII-Ly6Cpos monocytes/macrophages (MO/MA), CD11b+MHCII-Ly6Cneg MO/MA,

CD64+SiglecF-CD11c- interstitial macrophages (IM) and CD64+SiglecF+CD11c+ alveolar macrophages (AM) were measured. (B) Percentage of CD80+, were

determined within the interstitial macrophages (IM), Ly6C- MO/MA and the Ly6C+ MO/MA. (C) Absolute number of CD4+ T cells, CD8+ T cells, B220+ B cells,

DX5+CD122+ NK cells and CD3+γδTCR+ γδ T cells were measured. Dots represent individual mice (male closed, female open), horizontal bars represent mean

group values with standard error (SE). *p < 0.05; **p < 0.01; ****p < 0.0001 by Kruskal-Wallis followed by Mann-Whitney U test.
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CFA-Immunized IFN-γ KO Mice Show
Increased Expression of Inflammatory
Mediators in Lung Tissue
To assess the inflammatory mediators involved in the observed
lung inflammation, mRNA levels of inflammatory cytokines
and chemokines were measured by qPCR in lung tissue of
the four groups of mice (Figure 5). Upon CFA-immunization,
expression of the pro-inflammatory cytokines IL-1β, IL-6, TNFα,
IL-17, and IL-22 increased significantly in predominantly in
IFN-γ KO mice. IL-10, an anti-inflammatory cytokine was
significantly lower in CFA-challenged IFN-γ KO vs. WT mice
(Figure 5A). In a replicate experiment, cytokines were measured
in the lungs, lymph nodes and spleens of CFA-immunized
IFN-γ KO mice. Intriguingly, levels of IL-1β and IL-6 in
lung tissue were similar or higher than levels found in lymph
nodes and spleen respectively, pointing to the importance
of a non-lympoid organ as source for these two cytokines
(Figure 5B). Analysis of the type I and the type II IFN genes,
exposed an increased expression of CXCL9 and CXCL10 in
CFA-immunized WT mice only (Supplementary Figure 4A).
Since neutrophils and monocyte/macrophages were the most
abundant infiltrating cells in lung tissue of CFA-challenged
mice, we examined expression of the main neutrophil
and monocyte/macrophage chemoattractants: keratinocyte
chemoattractant (KC) (CXCL1), macrophage inflammatory
protein 2 (MIP2 / CXCL2), granulocyte chemotactic protein
2 (GCP2/CXLC6) and monocyte chemoattractant protein 1
(MCP1). All of the chemokines were significantly increased
in immunized IFN-γ KO mice and two in WT counterparts.
We further analyzed granulocyte colony stimulating factor
(G-CSF), a potent inducer of granulopoiesis, and found
significant increased expression levels in lung tissue of CFA-
induced IFN-γ KO mice, as compared to its naïve and
WT counterparts, and these data may explain the observed
neutrophilia in these mice (Figure 5C). Furthermore, a positive
correlation was found between the number of neutrophils or
the number of conventional inflammatory Ly6Cpos monocytes
and the relative expression of either IL-1β, IL-17, G-CSF
or MCP-1. In addition, a positive correlation could be
made between the absolute number of neutrophils and the
expression levels of IL-22 (Supplementary Figures 4B,C). From
these results, we conclude that lungs of sJIA-like mice are
represent a relevant basis of neutrophil and MO/MA-associated
inflammatory mediators.

DISCUSSION

Pleuritis and pleural effusions are commonly seen in sJIA
patients whereas PLD was rarely described until 2015 (15–17).
Considering the increased reports on pulmonary manifestations
in patients with sJIA (18, 19), we investigated the physiological
and potential inflammatory aspects of lungs in a CFA-based
mouse model of sJIA. We found that following immunization,
mice display altered lung physiological responses and develop
pulmonary inflammation with cellular infiltration and expression

of pro-inflammatory cytokines. In comparison with CFA-
challenged WT mice, IFN-γ KO mice showed a distinct
and more severe pathology, which is in line with their
increased expression of clinical, hematological and biological
sJIA-like features.

Non-invasive µCT analysis was able to detect mild changes
during the progression of the disease, including increases in
lung volume and changes in lung density. The increased lung
volume was mainly due to an increase in the aerated lung volume
which is a phenomenon that has previously been described
in mice having lung infections, inflammation or fibrosis, and
which is absent in humans (25). This compensatory increase
in the aerated lung volume may underestimate the presence
of a restrictive lung disease during lung function volumetric
readouts. In our study, lung function measurements showed
indeed no difference in forced vital capacity. The overall
or aerated lung density was decreased upon immunization
with CFA, without clear-cut differences between IFN-γ KO
and WT mice. The gradual changes in aerated lung volume
or density could reflect longitudinal changes measured in
healthy adult mice but are probably neglectable since the
short duration of the experiment (25). When lungs were
subjected to functional measurements, subtle differences were
found in IFN-γ KO mice, provided that females and males
were analyzed separately. The induction of sJIA-like disease
in IFN-γ KO mice was associated with significantly increased
long tissue damping and hysteresivity, in male mice and with
an increased airway hyperreactivity in females. Although the
observed functional changes in the lungs may be related to
the increased infiltration of immune cells in the lungs of
IFN-γ KO mice compared to WT counterparts, it needs to
be said that no gender differences were observed in the flow
cytometric and histological analysis. Note that also in sJIA
patients, no gender differences were described. Histologically,
the lungs of CFA-immunized mice (both WT and IFN-γ KO
animals) showed subpleural and parenchyma cellular infiltrates
with formation of granulomas. More extensive granulomas were
found in IFN-γ KO mice, in line with the increased non-
aerated lung consolidation on µCT. Flow cytometric analysis
of lung tissue homogenates revealed significantly elevated
numbers of neutrophils and Ly6Cpos monocyte/macrophages
in lungs of CFA-immunized IFN-γ KO mice, while numbers
of cytotoxic T cells and NK cells were lower. γδ T cells were
also increased in CFA-immunized mice. Little is known about
the role of γδ T cells in lung disease, but the inflammatory
environment of sJIA patients primes blood γδ T cells for
IL-17 overproduction (31).

Although all data are in line with the hypothesis of an altered
innate immune response in sJIA, the pulmonary manifestations
in mice are clearly distinct to those in sJIA patients. At first,
the immune cell infiltrates in the lung of CFA-immunized mice
were predominantly monocytes, macrophages, and neutrophils,
whereas in sJIA patients, mainly lymphoplasmacytic infiltrates
were reported. Secondly, different inflammatory pathways are
involved in humans and in mice. In humans, IFN-γ and IL-18
play a pivotal role in the activation of resident immune cells
in the lungs, including macrophages. This is associated with
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FIGURE 5 | WT mice and IFN-γ KO mice were immunized with CFA. NI WT and IFN-γ KO mice were included as controls. (A) The relative RNA expression of

IL-1β,IL-6, TNFα, IL-17, IL-22, and IL-10 was measured in the lungs. (B) Expression levels of IL-1β, IL-6, TNF-α, IL-17 and IL-22 were compaed between lungs, lymph

nodes and spleens. (C) Relative RNA expression of the main chemokines or growth factors: KC (CXCL1), MIP2 (CXCL2), GCP2 (CXCL6), G-CSF (CSF3) and MCP1

(CCL2) were determined in the lungs by qPCR. Dots represent individual mice (female open, male closed), horizontal bars represent mean group values with standard

error (SE). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by Kruskal-Wallis followed by Mann-Whitney U test.
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elevated levels of CXCL9 and CXCL10 in the BAL fluid, which
are important in the accumulation of immune cells establishing
a self-sustained inflammatory response. Subsequently, this
inflammatory response may polarize macrophages away from its
surfactant recycling properties, and eventually results in the PAP-
like features (17–19). The upregulated IFN-γ signature may also
directly promote alveolar macrophage dysfunction since IFN-γ
overexpression in T lymphocytes was shown to drive alveolar
macrophage dysfunction and PAP-like lung pathology in mice
(32). While, both CXCL9 and CXCL10 were upregulated in CFA-
immunized WT mice, an IFN-signature was obviously not seen
in our CFA-injected IFN-γ KO mice. In our mouse model, the
infiltration of neutrophils and monocytes most likely lead to an
enhanced production of IL-1β and IL-6 in the lung. Although
we did not show direct involvement of these innate immune
cells, a positive correlation was reported between the number
of neutrophils or Ly6Cpos monocytes and the expression levels
of, that is, IL-1β. An increased number of myeloid cells was
seen in CFA-immunsed IFN-γ KO mice and can be linked to
the increased extramedullary myelopoiesis that we previously
described in IFN-γ KO mice, challenged with CFA (22, 33), and
is also reflected by the increased expression of G-CSF in the lung
tissue. Furthermore, in CFA-challenged IFN-γ KO mice, both
the IM, the Ly6Cpos and the Ly6Cneg monocytes/macrophages
showed an increased pro-inflammatory activation state, which
may possibly sharpen the lung pathology of the sJIA mouse
model. Of note, IFN-γ can inhibit the production and/or activity
of some pro-inflammatory cytokines or chemokines, including
IL-17, TNF-α or GCP-2 however only IL-17 was higher in IFN-γ
KOmice compared to WT mice (34–36).

Pathologically, sJIA patients showed ILD with mixed features
of PAP and ELP. In our mouse model, we have no evidence
of PAP-like features. The absence of PAP-like features may
be attributed to differences between mice and humans.
Alternatively, the systemic inflammation elicited by CFA as
measured in our mouse model, might be insufficient to induce
PAP-like lung pathology. In contrast, granulomas were formed
in the lungs of CFA-immunized mice. These granulomas were an
isolated phenomenon, restricted to the pulmonary environment
and were absent in other organs including the liver, heart,
kidneys, colon, and brain (data not shown). It indicates that lung
expose to pathogen-associated molecular patterns or damage-
associated molecular patterns in a systemic inflammatory setting
may induce the formation of these granulomas. Note that larger
granulomas in CFA-immunized IFN-γ KO mice may be related
to the protective role that endogenous IFN-γ has on granuloma
formation elicited with killed or live mycobacteria (37–41). No
fibrosis was observed in the lung of CFA-immunized IFN-γ
mice. This might also be attributed to the absence of IFN-γ, a
cytokine that is required in development of bleomycin-induced
pneumopathy and fibrosis (42, 43). Of note, fibrosis was also
not seen in CFA-challenged WT mice despite the fact that there
is evidence of pulmonary inflammation (granuloma formation,
infiltration of γδ T cells and a tendency for increasedmacrophage
infiltration). It could also be that the development of fibrosis takes
more time than 21 days, the time when ourmice were euthanized.

Due to ethical reasons assessment of lung disease at later time
points was not possible.

A fourth important point of difference between mice and
humans, is the use of biologics. In patients, the clinical phenotype
and severity of lung disease, coincidend with the introduction
of IL-1 and IL-6-targetting biologics (and decreasing used
of corticosteroids), suggesting potential contribution of drug
exposure (17, 18). In this study, no biologics were used. The
exact role of cytokine depletion on lung pathophysiology requires
further research.

Pulmonary manifestations are described in several other
autoimmune and auto-inflammatory diseases including, that
is, Adult-onset Still’s disease (AOSD) – which is the adult
spectrum of sJIA, rheumatoid arthritis (RA), systemic sclerosis
and systemic lupus erythematosus, and are in part associated to
the systemic nature of these diseases and the nature of the lungs
that are especially vulnerable to a fast innate immune activation
(44–46). In AOSD, PLD is reported in 2–12% of the patients.
Two main kinds of PLD may be distinguished during AOSD and
are either associated with acute respiratory distress syndrome
(ARDS) or with another form. The later is characterized by a
predominant airway involvement (bronchiolitis and bronchitis)
or ILD. Interestingly about half of the cases of non-ARDS PLD
was neutrophilic. However, in contrast to our mouse model, no
monocyte or macrophage infiltration was reported neither the
formation of granulomas. In contrast to sJIA, the pathogenesis of
ILD in AOSD has not been clarified yet. Hypercytokinemia with
activation of inflammatory cytokines such as IL-6 are suggested
to play a crucial role in the pathogenesis (16, 47–49). Note that
pulmonary granulomas can be formed in a wide spectrum of
pathologies including non-infectious inflammatory sarcoidosis
and RA. In RA, these are called rheumatoid nodules (50).

In conclusion, we provided a detailed histologic, immunologic
and functional characterization of the pulmonary manifestations
in a mouse model of sJIA. We demonstrated early µCT
alterations and pulmonary inflammation in both WT and IFN-
γ KO BALB/C mice upon CFA-immunization. More extended
granuloma formation, cellular infiltrates, cell activation and
functional abnormalities were reported in the absence of IFN-
γ. Although the pathology of lung inflammation in our model
is distinct from human sJIA, it may be representative for a more
IL-17-oriented systemic inflammation. Our observations provide
evidence that lungs need to be considered as an important target
organ in systemic autoinflammation and are a neglected source
of pro-inflammatory cytokines that contribute to the cytokine
storm. Our study underscore the importance of monitoring lung
disease during systemic inflammation and the model provides a
tool to explore the underlying mechanism of lung pathology in
an autoinflammatory disease context.

TAKE-HOME MESSAGE

Lung complications have recently been described in patients with
systemic juvenile idiopathic arthritis (sJIA). In a mouse model
for sJIA we characterized the histological, immunological and
functional aspects of the lungs.
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