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Abstract

Objective: Interstitial lung disease (ILD) is the leading cause of mortality in SSc. Novel biomarkers are crucial to improve outcomes in SSc-ILD.
We aimed to compare the performance of potential serum biomarkers of SSc-ILD that reflect different pathogenic processes: KL-6 and SP-D (epi-
thelial injury), CCL18 (type 2 immune response), YKL-40 (endothelial injury and matrix remodelling) and MMP-7 (ECM remodelling).

Methods: Baseline and follow-up serum samples from 225 SSc patients were analysed by ELISA. Progressive ILD was defined according to the
2022-ATS/ERS/JRS/ALAT guidelines. Linear mixed models and random forest models were used for statistical analyses.

Results: Serum levels of KL-6 [MD 35.67 (95% Cl 22.44-48.89, P<0.01)], SP-D [81.13 (28.46-133.79, P<0.01)], CCL18 [17.07 (6.36-27.77,
P<0.01)], YKL-40 [22.81 (7.19-38.44, P<0.01)] and MMP-7 [2.84 (0.88-4.80, P< 0.01)] were independently associated with the presence of
SSc-ILD. A machine-learning model including all candidates classified patients with or without ILD with an accuracy of 85%. The combination of
KL-6 and SP-D was associated with the presence [0.77 (0.53-1.00, P’ <0.01)] and previous progression of SSc-ILD [OR 1.28 (1.01-1.61,
P"=0.047)]. Higher baseline levels of KL-6 [OR 3.70 (1.52-9.03, P< 0.01)] or SP-D [OR 2.00 (1.06-3.78, P=0.03)] increased the odds of future
SSc-ILD progression, independent of other conventional risk factors, and the combination of KL-6 and SP-D [1.109 (0.665-1.554, P<0.01)]
showed improved performance compared with KL-6 and SP-D alone.

Conclusion: All candidates performed well as diagnostic biomarkers for SSc-ILD. The combination of KL-6 and SP-D might serve as biomarker
for the identification of SSc patients at risk of ILD progression.

Keywords: SSc, SSc-associated interstitial lung disease, serum biomarkers

Rheumatology key message
* The combination of KL-6 and SP-D could be used as a marker for progressive SSc-ILD.

Introduction experience rapid deterioration within few months despite im-

SSc is the autoimmune systemic rheumatic disease with the
highest disease-related mortality and interstitial lung disease
(ILD) is the leading cause of death in SSc [1]. ILD is a frequent
organ manifestation in SSc; however, SSc-associated ILD
(SSc-ILD) is highly heterogeneous [2]. Some patients remain
stable without therapy or progress only slowly, while others

munosuppressive therapy [2]. The activity of SSc-ILD and its
future course are difficult to predict. For instance, patients
with earlier stages of ILD may be asymptomatic and might
still have normal pulmonary function. Even patients who are
symptomatic and progressive may only experience relatively
minor changes in symptoms and changes in lung function
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testing may be within the range of the intra-patient variability.
High-resolution CT (HRCT) might be more sensitive in
detecting previously progressive ILD, but is associated with
X-ray exposure and thus requires careful indication making.
Consequently, additional, sensitive markers of disease activity
are required to predict future progression of SSc-ILD.
Circulating biomarkers represent an attractive tool due to
their high accessibility. Several serum biomarker candidates
have been investigated for their potential to predict future de-
velopment or progression of pre-diagnosed ILD in SSc [3-5].
Herein, we asked whether combinations of markers that re-
flect different underlying molecular processes may provide ad-
ditional information over assessment of individual markers.
We investigated the potential of serum Krebs von den Lungen
6 (KL-6), surfactant protein D (SP-D), CC-chemokine ligand
18 (CCL18), chitinase-3-like protein 1 (YKL-40) and matrix
metalloproteinase 7 (MMP-7), either alone, or in combina-
tion, as diagnostic and prognostic biomarkers for SSc-ILD.
Indeed, the biomarker candidates examined in our study re-
flect different underlying processes of the pathogenesis of SSc-
ILD, which involve epithelial and endothelial cell injury, in-
flammation and fibrotic remodelling. While KL-6 and SP-D
are expressed by lung epithelial cells and are released into the
circulation upon lung epithelial injury, CCL18 is predomi-
nantly produced by pulmonary M2 macrophages in response
to type 2 cytokines and interleukin 6 (IL-6) and acts as a che-
motactic factor for other immune cells [3]. YKL-40 can be se-
creted by a variety of cell types, including airway epithelial
cells, monocytes, macrophages, neutrophils and vascular
smooth muscle cells and has been previously involved in en-
dothelial cell dysfunction, inflammation and fibrotic tissue
remodelling [6]. MMP-7 is secreted by alveolar macrophages
and alveolar and bronchiolar epithelial cells and is known to
degrade several extracellular matrix (ECM) components [7].
However, results related to their diagnostic or prognostic
value in SSc-ILD are conflicting and further biased by the ten-
dency to rather publish studies with positive results, while
negative results often end up unpublished [4, 5, 8-11].

Patients and methods
Study design

We included patients over 18 years of age with a diagnosis of
SSc according to the 2013 EULAR/ACR classification criteria,
who presented to the rheumatology outpatient department of
the University Hospital of Erlangen between 01/2018 and
12/2021. We excluded SSc patients with overlap syndromes
with other rheumatic diseases. The cohort is described in the
Results section and Supplementary Table S1 and S2 (available
at Rheumatology online). The mean follow-up period was
2.0 = 1.2 years. Follow-up visits occurred in 0.5 = 0.3 year
intervals. A full clinical examination according to the
EUSTAR standards, blood prelevation with evaluation of rou-
tine parameters as well as determination of all serum candi-
date biomarkers were performed at each visit. Pulmonary
function tests were performed at baseline as well as at least
once per year during the follow-up period. HRCT was per-
formed at baseline and was repeated as clinically indicated.
Demographic, clinical and laboratory data were extracted
from the clinical documentation system.

ILD was diagnosed by HRCT. Extensive ILD was defined
by at least 20% lung involvement in HRCT and an FVC value
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(predicted) lower than 70% in indeterminate cases [12]. The
diagnosis of ILD and the evaluation of the percent involve-
ment in HRCT was performed by a radiology team consisting
of one resident fellow and an attendant physician with long-
standing experience in lung HRCT. Progression of ILD was
defined according to the 2022 ATS/ERS/JRS/ALAT clinical
practice guidelines by the presence of at least two of the fol-
lowing three criteria occurring within the past year with no al-
ternative explanation: (i) worsening of respiratory symptoms;
(ii) physiological evidence of disease progression, defined by
an absolute decline in FVC >5% predicted or an absolute de-
cline in DL (corrected for Hb) >10% predicted; or (iii) ra-
diological evidence of disease progression [13].

We defined ‘previously progressive ILD’ (‘progprevious ILD’)
as ILD that progressed during the year prior to the time of
biomarker measurement/blood sampling, according to the
ATS/ERS/JRS/ALAT guidelines detailed above [13]. In con-
trast, patients who did not fulfil the criteria of previously pro-
gressive ILD were defined as having ‘previously stable ILD’
(‘stableprevions ILD’). ‘Future progressive ILD’ (‘proggurure
ILD’) was defined as ILD that progressed during the year after
the date of biomarker measurement/blood sampling, accord-
ing to the ATS/ERS/JRS/ALAT guidelines [13]. In contrast,
patients with ILD who did not progress during the year after
the date of biomarker measurement according to the ATS/
ERS/JRS/ALAT guidelines were classified as having ‘future
stable ILD’ (stableg,qure ILD).

The study was approved by the ethical committee of
Friedrich-Alexander University Erlangen-Niirnberg. All
patients provided written informed consent to participate in
the study.

Serum KL-6, SP-D, CCL18, YKL-40 and MMP-7
measurements

Blood samples were obtained during a routine blood with-
drawal according to a standardized procedure and then cen-
trifuged at room temperature for 10 min. Serum aliquots were
stored at —70°C until assayed. Commercially available spe-
cific enzyme-linked immunosorbent assay (ELISA) kits were
used to analyse the serum levels of circulating KL-6, SP-D,
CCL18, YKL-40 and MMP-7 according to the manufac-
turer’s protocols.

Statistical analysis

All statistical analyses were performed using R version 4.2.1
[14]. Descriptive statistics for cohort description were pre-
sented as absolute numbers and proportion for binary and
nominal covariates. For continuous covariates, mean and
standard deviation were used.

To assess differences in biomarker levels in SSc patients
with ILD vs SSc patients without ILD, a linear mixed model
with temporal autocorrelation implemented in R package Ime
[15] was used. In these models, we used one of the five candi-
date biomarkers as the dependent variable and ILD as the in-
dependent variable. We adjusted for the following
confounders: age, sex, CRP, diffuse cutaneous involvement
and anti-Scl70 antibodies [for YKL-40 additionally for pul-
monary arterial hypertension (PAH) based on a previous re-
port on increased YKL-40 levels in patients with PH] [16].
The set of confounders was chosen based on expert clinical
knowledge and literature research [16, 17]. For evaluating the
strength of candidate biomarker differences between groups,
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95% Wald confidence intervals as well as P-values were cal-
culated. All results were adjusted for multiple testing by using
the Bonferroni-Holm method. We refer to results as statisti-
cally significant if the adjusted confidence intervals do not in-
clude 0 or 1 (for mean differences or odds ratios, respectively)
and if the adjusted P-value is below 0.05.

A random forest model was trained for the prediction of
ILD using our set of mechanistically complementary bio-
markers. We used the R-package caret (version 6.0.93) to im-
plement the model. Standard preprocessing methods like
centering and scaling the data were applied. We split the data
in 80% of samples for training the model and 20% of samples
to test the model performance on unseen data. Repeated 10-
fold cross validation was used to ensure a more robust
training.

The association of each candidate biomarker with FVC or
DLco (% predicted) was evaluated in a linear mixed effect
model with FVC or DL¢o as the dependent variable and the
biomarker candidate as the independent variable, adjusted for
autocorrelation, age, sex, anti-Scl70 antibodies, diffuse cuta-
neous involvement, CRP and ILD.

For assessing the effect of each candidate biomarker value
on previous or future progression of SSc-ILD, a logistic mixed
effect model with temporal autocorrelation implemented in R
package MASS was used [18]. Results were adjusted for auto-
correlation, age, sex, diffuse cutaneous involvement, anti-
Scl70 antibodies, CRP and extensive ILD as well as for multi-
ple testing [19].

In an exploratory analysis, we further analysed if a combi-
nation of two biomarker candidates is associated with the
presence of ILD, previous or future progression of SSc-ILD,
respectively. As these are measured on different scales, we di-
vided each biomarker candidate by its root mean squared er-
ror. Then, we used all combinations of the product of two
scaled candidate biomarkers as the dependent variable in the
linear mixed model and adjusted for autocorrelation, age,
sex, CRP, diffuse cutaneous involvement, anti-Scl70 antibod-
ies (and for extensive ILD in the case of progression of SSc-
ILD). To show that results were exploratory and thus not ad-
justed for multiple testing, we used the P-value notation P’.
95% confidence intervals were in this case also marked by ’.

To analyse if there is any correlation between SSc therapy
and the biomarker values, we used a linear mixed model ap-
proach with the biomarker value as the dependent variable
and ‘any therapy’ (from MMEF, nintedanib, methotrexate,
tocilizumab and rituximab) or ‘MMF therapy’ as the indepen-
dent variable and adjusted for autocorrelation, sex and age.

Further, we performed a sensitivity analysis for the models
described above, in which we expanded the set of confound-
ers with a variable defining treatment status.

We assumed all missing values as missing completely at
random and decided to analyse all models using a complete
case analysis for each biomarker candidate separately.

Results

Study cohort

We included 225 SSc patients, with a total of 1259 visits: 148
patients without ILD and 94 patients with ILD, of which 17
(18.1%) patients developed ILD during the course of this
study. Almost one third of the patients with ILD (27.4%) had
extensive disease. One third of the SSc-ILD patients

progressed during the study despite immunosuppressive and/
or antifibrotic therapy. Demographic, clinical and treatment
characteristics of the patients at baseline are illustrated in
Supplementary Table S1, available at Rheumatology online.
The clinical characteristics of the patients with previously pro-
gressive SSc-ILD (progprevious ILD) and of patients with previ-
ously stable SSc-ILD (stabley eyious ILD) are presented in
Supplementary Table S2, available at Rheumatology online.

Higher serum levels of KL-6, SP-D, CCL18, YKL-40
and MMP-7 are associated with SSc-ILD

We first evaluated the serum levels of each biomarker candi-
date in SSc patients with ILD and compared them with
patients without ILD. We found significantly higher serum
levels of all five biomarker candidates in SSc-ILD patients
compared with SSc-non ILD patients [KL-6: mean difference
35.67 (95% confidence interval 22.44-48.89, P < 0.01); SP-
D: 81.13 (28.46-133.79, P<0.01); CCL18: 17.07 (6.36—
27.77, P <0.01); YKL-40: 22.81 (7.19-38.44, P < 0.01) and
MMP-7: 2.84 (0.88-4.80, P<0.01)] (Fig. 1 and
Supplementary Fig. S1, available at Rheumatology online).

We further evaluated whether the serum levels of the five
biomarker candidates are influenced by the treatment that the
SSc patients received during the follow-up period. We ob-
served a statistically significant correlation between the serum
levels of YKL-40 and immunosuppressive or antifibrotic ther-
apies in general (any of MMF, methotrexate, nintedanib, toci-
lizumab and rituximab), as well as between YKL-40 and
MMF in particular (Supplementary Table S3, available at
Rheumatology online). The serum levels of the other bio-
marker candidates were not influenced by therapy.
Furthermore, we compared the serum candidate biomarker
levels between patients with and without ILD while addition-
ally adjusting for therapy and observed very similar, statisti-
cally significant differences in all five candidate biomarkers
between the two groups, highlighting that the therapy does
not confound the association of all five biomarkers with the
presence of SSc-ILD (Supplementary Table S4, available at
Rheumatology online).

Previous studies showed higher serum levels of YKL-40 in
SSc patients with PAH, or with arthritis, compared with SSc
patients without PAH or arthritis, respectively [16, 20]. We
also observed significantly higher serum levels of YKL-40 in
SSc patients with PAH compared with patients without PAH.
However, SSc-ILD patients had significantly higher levels of
YKL-40 compared with patients without ILD, even after
adjusting for PAH.

We further trained a random forest model using repeated
10-fold cross validation and a data split of 80/20 to predict
the presence of ILD using all five biomarker candidates. Our
model was statistically significant and showed an accuracy of
85% in the prediction of unseen test data. Consistent with
our previous results, KL-6 and SP-D were the two candidate
biomarkers that contributed most to prediction in the model
(Supplementary Fig. S2, available at Rbeumatology online).

We also evaluated the association between every possible
combination of two biomarker candidates and the presence of
ILD. We observed a significant association between the com-
bination of KL-6 and SP-D [0.77 (0.53-1.00, P’<0.01)] and
ILD (Supplementary Table S5, available at Rheumatology
online).
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Figure 1. Serum levels of KL-6, SP-D, CCL18, YKL-40 and MMP-7 in SSc patients with and without ILD. Boxplots showing serum levels of KL-6 (ng/ml)
(A), SP-D (ng/ml) (B), CCL18 (ng/ml) (C), YKL-40 (ng/ml) (D), MMP-7 (pg/ml) and the combination of KL-6 and SP-D (ng/ml x ng/ml) (E) in SSc patients
without and with interstitial lung disease (ILD). A linear mixed model analysis adjusted for autocorrelation, age, sex, diffuse cutaneous involvement, CRP
and the presence of anti-Scl70 antibodies was performed [for YKL-40 additionally for pulmonary arterial hypertension (PAH)]. Adjusted P-values are
provided. CCL18: CC chemokine ligand 18; KL-6: Krebs-von-den-Lungen-6; MMP-7: matrix metalloproteinase 7; SP-D: surfactant protein D; YKL-40:

chitinase-3-like-protein 1

We did not find associations of any of the five biomarker can-
didates with extensive SSc-ILD, in a linear mixed model adjusted
for anti-topoisomerase I antibodies (ATA), diffuse cutaneous in-
volvement and FVC. However, we did find an inverse associa-
tion between YKL-40 [—0.024 (—0.036, —0.011, P<0.01)]
and FVC values (predicted) as well as between SP-D [—0.005
(=0.009, —0.001, P=0.02)] or MMP-7 [-0.132 (—0.254,
—0.009, P=0.03)] and DLco values (predicted) in a linear
mixed effect model with FVC or DLcg as the dependent variable
and the biomarker candidates as the independent variable,
adjusted for autocorrelation, age, sex, ATA, diffuse cutaneous
involvement and the presence of ILD (Supplementary Table S6,
available at Rheumatology online).

Of note, we observed a low to moderate correlation be-
tween all five biomarker candidates, the highest of which was
observed between KL-6 and SP-D (r=0.5) (Supplementary
Fig. S3, available at Rheumatology online).

Higher serum levels of KL-6 and SP-D are
associated with previous progression of SSc-ILD
We next tested whether these markers are associated with the
presence of progyrevious ILD in SSc. Higher serum levels of
KL-6 [OR =1.68 (0.87-3.25, P=0.23)] or SP-D [OR= 1.25
(0.75-2.07, P=ns)] were associated with trends towards
higher odds of progprevious ILD (Fig. 2 and Supplementary
Fig. S4, available at Rheumatology online).

Furthermore, we compared the serum candidate biomarker
levels between patients with progprevious ILD and patients

with stable,revious ILD, while additionally adjusting for ther-
apy and also observed similar trends of higher serum levels of
KL-6 or SP-D towards higher odds of previous progression of
ILD (Supplementary Table S7, available at Rheumatology
online).

In a logistic mixed model adjusted for autocorrelation, age,
sex, diffuse cutaneous involvement, ATA, CRP and extensive
ILD, an increase in the combination of KL-6 and SP-D signifi-
cantly increased the odds of progprevions ILD [OR 1.28
(1.01-1.61, P’=0.047)] (Fig. 2 and Supplementary Table S8,
available at Rheumatology online).

Higher baseline serum levels of KL-6 and SP-D,
individually and in combination, are associated with
future progression of SSc-ILD

We observed that higher baseline levels of KL-6 [OR 3.70
(1.52-9.03, P<0.01)] or SP-D [OR 2.00 (1.06-3.78,
P=0.03)] were significantly associated with future SSc-ILD
progression (Fig. 3 and Supplementary Fig. S5, available at
Rbheumatology online).

We also compared the serum candidate biomarker levels
between patients with future progressive SSc-ILD (proggture
ILD) and patients with future stable SSc-ILD (stablegre
ILD), while additionally adjusting for therapy and observed
similar results (Supplementary Table S9, available at
Rheumatology online).

Furthermore, the combination of KL-6 and SP-D showed
an additional effect compared with KL-6 and SP-D alone
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Figure 2. Serum levels of KL-6, SP-D, CCL18, YKL-40 and MMP-7 in SSc patients with previously progressive vs previously stable SSc-ILD. Boxplots
showing serum levels of KL-6 (ng/ml) (A), SP-D (ng/ml) (B), CCL18 (ng/ml) (C), YKL-40 (ng/ml) (D), MMP-7 (pg/ml) (E) and of the combination of KL-6 and
SP-D (ng/ml x ng/ml) (F) in SSc patients with previously progressive ILD (proggrevious ILD) compared with patients with previously stable ILD (stableprevious
ILD). (A-E) A logistic mixed model analysis adjusted for autocorrelation, age, sex, diffuse cutaneous involvement, CRP, extensive disease and the
presence of anti-Scl70/topoisomerase | antibodies was performed. (F) A logistic mixed model adjusted for autocorrelation, age, sex, diffuse cutaneous
involvement, CRP, extensive disease and anti-Scl70/topoisomerase | antibodies was performed. Adjusted P-values are provided. CCL18: CC chemokine
ligand 18; ILD: interstitial lung disease; KL-6: Krebs-von-den-Lungen-6; MMP-7: matrix metalloproteinase 7; SP-D: surfactant protein D; YKL-40: chitinase-

3-like-protein 1

(Fig. 3 and Supplementary Table S10, available at
Rbheumatology online).

A total of 16.1% of all patients had progression of skin fi-
brosis during our study. Of these, 20.5% developed progres-
sion of both skin and lung fibrosis. Three patients had
progressive myocardial fibrosis and concomitant progression
of either skin or lung fibrosis. However, we did not observe
differences in the serum levels of any of the investigated bio-
marker candidates between patients with progressive
skin fibrosis compared with patients with stable skin
disease (Supplementary Fig. S6, available at Rheumatology

online).

Discussion

In this study we investigated the potential of five serum candi-
date biomarkers (KL-6, SP-D, CCL18, YKL-40 and MMP-7),
reflective of different pathogenic processes of SSc-ILD, either
alone, or in combination, as diagnostic and prognostic bio-
markers for SSc-ILD in a well characterized single centre co-
hort of 225 SSc patients, with a total of 1259 visits, over a
follow-up period of up to 3.2 years.

We identified that levels of all five circulating biomarker
candidates (KL-6, SP-D, CCL18, YKL-40, MMP-7) were sig-
nificantly higher in our cohort in SSc patients with ILD com-
pared with patients without ILD. These data support the use

of the five serum biomarker candidates for the diagnosis of
ILD in SSc patients. We also evaluated the association be-
tween each combination of the candidate biomarkers and ILD
and observed that from all candidate biomarker combinations
only the combination of KL-6 and SP-D was significantly as-
sociated with SSc-ILD. In contrast with previous studies, we
did not find any association between the serum levels of KL-
6, SP-D, CCL18 or MMP-7 and the extent of ILD in HRCT
[4, 8, 11, 21]. Moreover, there was also no association be-
tween the circulating levels of YKL-40 and ILD extent in our
cohort. Nevertheless, we found an association between YKL-
40 and FVC (% predicted) as well as between SP-D and
MMP-7 and DL (% predicted).

Serum levels of SP-D and KL-6 were higher in our cohort in
patients with previous progression of SSc-ILD; however,
results did not reach statistical significance. These results are
consistent with previous studies on SP-D, but inconsistent
with previous reports on KL-6 [4, 8, 11]. One reason for this
could be the lack of a standardized definition of progressive
SSc-ILD. Indeed, our study uses the latest definition of pro-
gressive ILD, which captures smaller changes in lung function
parameters [13]. An increase in the combination of KL-6 and
SP-D was associated with progprevious ILD. Furthermore,
higher KL-6 or SP-D baseline levels significantly increased the
odds of future SSc-ILD progression. We observed an addi-
tional effect of the combination of KL-6 and SP-D over the

20z AInp Lz uo 1asn auad eipsjy oyRusIog ‘DY ‘0D HAWD VINYYHC WIFHTIONI YIDNIYHIO0E Aq 62512z ./zecpeay/ABojojewnayl/g60 1 0 |/1op/alolie-aoueape/ABojojewnay./wod dno-olwapede//:Sdy Wolj pPapeo|umo;


https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/kead332#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/kead332#supplementary-data

6 Andrea-Hermina Gyorfi et al.
P<0.01 P=0.03 P=ns
A 250 B C 125 -
i o ® o 5 |
200 200 100 ‘
—_— —_ —_
S E £
= 150 = =
0] oo oo - ) [——— I
c C e c
— — —
L‘D 100 Q‘ g 50
=1 o i |
X w) Q
300 L r—— . ——— U 25
| i e e L
T I :
Stableg,y,. Proga,ure Stableg,q,.. Proggmre Stableg,gyr. Progg,cure
ILD ILD ILD ILD ILD ILD
D P=ns E P=ns F P<0.01
20 $ @o o o
oy —_ —_ s o
E E E 8 6% o ©
~ i DI -~ ~© o
oo [oTh) a bb o C©
c o v C o
— 50 - S o P
o M~ 4 s
ﬂ.' D'_ 10 E £ o\)
—
= = Z w
> ol P e = |- e b= E..
0 I_l_l T
Stablefulufe ng!ulure Stableluture Pronulure nc Stablefumre ngfulure
ILD ILD ILD ILD ILD ILD

Figure 3. Serum levels of KL-6, SP-D, CCL18, YKL-40 and MMP-7 in SSc patients with future progression of ILD compared with patients with future
stable ILD. Boxplots showing serum levels of KL-6 (ng/ml) (A), SP-D (ng/ml) (B), CCL18 (ng/ml) (C), YKL-40 (ng/ml) (D), MMP-7 (pg/ml) (E) and of the
combination of KL-6 and SP-D (ng/ml x ng/ml) (F) in SSc patients with future progression of ILD (progstwure ILD) compared with patients with future stable
ILD (stablesure ILD). (A-E) A logistic mixed model analysis adjusted for autocorrelation, age, sex, diffuse cutaneous involvement, CRP, extensive disease
and the presence of anti-Scl70 antibodies was performed. (F) A logistic mixed model adjusted for autocorrelation, age, sex, diffuse cutaneous
involvement, CRP, extensive disease and anti-Scl70 antibodies was performed. Adjusted P-values are provided. CCL18: CC chemokine ligand 18; ILD:
interstitial lung disease; KL-6: Krebs-von-den-Lungen-6; MMP-7: matrix metalloproteinase 7; SP-D: surfactant protein D; YKL-40: chitinase-3-like-protein 1

individual biomarker candidates; however, the effect was not
statistically significant.

Our study has limitations. Although this is a large study co-
hort, all patients are from a single centre and validation in an
external validation cohort would further strengthen our con-
clusions. Despite the inclusion of a relatively large number of
patients in our study, further studies in larger multicentre
cohorts are necessary to evaluate the predictive value of KL-6
and SP-D, individually or in combination, for future SSc-ILD
progression. Moreover, despite the relative long follow-up pe-
riod of our study of up to 3.2 years, further studies with lon-
ger follow-up periods are necessary to evaluate the long-term
outcome of SSc-ILD.

However, our study also has several strengths. It provides
data on five circulating biomarker candidates that reflect dif-
ferent underlying pathogenic processes of SSc-ILD in a well-
characterised SSc cohort. Our study focuses not only on single
markers, but also evaluates combinations of biomarker candi-
dates that reflect different underlying pathophysiological pro-
cesses. In contrast with other studies, we provide follow-up
data on these five circulating biomarker candidates for most
of the patients. Our study confirms previous results on the di-
agnostic value of KL-6, SP-D and CCL18 for SSc-ILD and
provides evidence for the use of YKL-40 as a diagnostic bio-
marker for SSc-ILD. Our data also supports the use of MMP-
7 for the diagnosis of SSc-ILD, as a less well-studied circulat-
ing biomarker candidate in SSc.

Moreover, our study is the first one to show an association
between the combination of serum KL-6 and SP-D and previ-
ous and future progression of SSc-ILD, respectively.
However, future studies are needed to investigate its predic-
tive role for the progression of SSc-ILD.

We applied machine learning methods and employed a ran-
dom forest model to classify ILD in patients with SSc and
achieved a high accuracy. Random forest is a robust method
that can even handle small or medium sample sizes and high
data dimensionality, where linear mixed model can deal well
with dependent data features. Moreover, random forest
model provides feature importance measures, which helps to
rank the different parameters by importance. Our ML-based
framework is thus a suitable approach for studying bio-
markers in orphan diseases with limited patient number such
as SSc, thus paving the way for further validation studies.

In summary, our study demonstrates that KL-6, SP-D,
CCL18, YKL-40 and MMP-7 can all serve as independent di-
agnostic biomarkers of SSc-ILD. KL-6 and SP-D can also be
used for the stratification of SSc patients at risk for future
SSc-ILD progression. We demonstrate that the combination
of KL-6 and SP-D is superior to the individual biomarkers for
the risk evaluation of future SSc-ILD progression. We thus
provide evidence that the combination of two biomarkers re-
flective of lung epithelial cell damage can better evaluate the
risk of SSc-ILD progression, compared with biomarkers of en-
dothelial cell dysfunction, macrophage activation or
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extracellular matrix remodelling. Further studies are required
to evaluate the use of biomarker combinations for prediction
of future SSc-ILD progression and outcome.
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Supplementary material is available at Rheumatology online.
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