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Autoantibodies against cytoskeletons
and lysosomal trafficking discriminate
sarcoidosis from healthy controls, tuberculosis
and lung cancers

Samer Najeeb Hanoudi'!, Harvinder Talwar?", Sorin Draghici' and Lobelia Samavati**"

Abstract

Sarcoidosis is a systemic granulomatous disease of unknown etiology. Hypergammaglobulinemia and the presence
of autoantibodies in sarcoidosis suggest active humoral immunity to unknown antigen(s). We developed a complex
CDNA library derived from tissues of sarcoidosis patients. Using a high throughput method, we constructed a micro-
array platform from this cDNA library containing large numbers of sarcoidosis clones. After selective biopanning,
1070 sarcoidosis-specifc clones were arrayed and immunoscreend with 152 sera from patients with sarcoidosis and
other pulmonary diseases. To identify the sarcoidosis classifiers two statistical approaches were conducted: First, we
identified significant biomarkers between sarcoidosis and healthy controls, and second identified markers comparing
sarcoidosis to all other groups. At the threshold of an False Discovery Rate (FDR) <0.01, we identified 14 clones in the
first approach and 12 clones in the second approach discriminating sarcoidosis from other groups. We used the clas-
sifiers to build a naive Bayes model on the training-set and validated it on an independent test-set. The first approach
yielded an AUC of 0.947 using 14 significant clones with a sensitivity of 0.93 and specificity of 0.88, whereas the AUC
of the second option was 0.92 with a sensitivity of 0.96 and specificity of 0.83. These results suggest robust classifier
performance. Furthermore, we characterized the informative phage clones by sequencing and homology searches.
Large numbers of classifier-clones were peptides involved in cellular trafficking and cytoskeletons. These results show
that sarcoidosis is associated with a specific pattern of immunoreactivity that can discriminate it from other diseases.
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Introduction

Sarcoidosis is a granulomatous disease of unknown etiol-
ogy [1], yet the unifying environmental or genetic factors
as initiators of this disease have not been found [2-5].
Sarcoidosis affects multiple organs, such as the medias-
tinal lymph nodes, lungs, skin, CNS and the eyes [1, 2, 6,
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7]. Other immunological features include a shift towards
T helper typel response, lymphopenia or neutropenia,
and in some cases increased production of autoantibod-
ies [8—11].

Sarcoidosis often coincides with other autoimmune
disorders such as lupus erythematosus, vitiligo [9], auto-
immune hepatitis, and Crohn’s disease (CD) [9, 12-14].
Several studies have suggested that the cellular and
humoral responses associated with granuloma formation in
this disease are the consequence of an exaggerated immune
response to unknown antigens [15, 16]. Furthermore, sub-
jects with sarcoidosis share several features, such as the
presence of non-caseating granuloma, a lack of cutaneous
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reaction to tuberculin skin testing, and increased local
and circulating inflammatory cytokines [1, 6, 7]. Interest-
ingly, lack of responsiveness to PPD can also occur in other
inflammatory diseases such as CD, rheumatoid arthri-
tis (RA), or infectious diseases such as leprosy [5, 17, 18].
Pulmonary sarcoidosis and active pulmonary Tuberculosis
(TB) share a number of clinical, radiological and histologi-
cal similarities making differential diagnosis challenging.

Hypergammaglobulinemia, widely regarded as non-spe-
cific, is a frequent finding in sarcoidosis that may suggest
active humoral immunity to unknown antigen(s) [10]. Tar-
geted studies evaluating humural immunity in sarcoido-
sis have shown elevated IgG levels against components of
various pathogens (mycobacterium tuberculosis and propi-
onibacterium acne) [19, 20], as well as against several cel-
lular commponents, including vimentin, a commponent
intermediate filament protein, and others [21-23]. These
data suggest the development of humoral responses against
various antigens of different origins in this disease that can
be profiled as diagnostics or to identify novel antigens con-
tributing in pathogenesis of the disease.

The prevalence of sarcoidosis is higher in the north-
ern hemisphere. Furthermore, it has been reported that
the incidence of sarcoidosis is increasing in the develop-
ing world and China [24, 25]. Therefore, the development
of highly accurate diagnostic classifiers for the diagnosis
of sarcoidosis has significance worldwide. To identify the
sarcoidosis-associated antigens, we constructed four differ-
ent T7 phage display cDNA libraries, two of which origi-
nated from sarcoid bronchoalveolar lavage (BAL) cells and
white blood cells (WBCs). Two other cDNA libraries were
derived from cultured human embryonic fibroblasts and
splenic monocytes. We combined all 4 libraries into a com-
plex sarcoidosis library (CSL). This novel complex library
is custom made for the discovery of biomarkers of respira-
tory disorders, in particular for sarcoidosis [23, 26-28].
Recently, we have shown that our microarray technology
detects specific classifiers for various respiratory diseases
[23, 26-28]. In our previous work, applying the same tech-
nology, we identified specific biomarkers for sarcoidosis
and Tuberculosis as well as cystic fibrosis. Here, we tested
the hypothesis that this technology is able to identify the
specific classifiers for sarcoidosis in early stages within a
large heterogeneous group of study subjects, including,
heathy controls, Tuberculosis and lung cancer.

Results

A panel of 1070 clones exhibit limited ability to class
separate sarcoidosis immune reactivity from other
diseases

From two highly enriched pools of T7 phage cDNA
libraries through biopanning of the CSL library, we
randomly selected 1070 potential antigens [23, 26,
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27]. This antigen panel was used to construct micro-
array platform that was immunoscreened with 152
sera from diverse study subjects that included: healthy
controls (n =45); sarcoidosis (1 =52), smear-posi-
tive TB patients (n =24), and lung adenocancer (LC)
patients (n =31). The demographics of the study sub-
jects are shown in (Table 1). Following immunoreac-
tion, the microarray data were pre-processed and
then analyzed as previously described [23, 26, 27]. To
assess the performance of 1070 clones, we performed
an unsupervised principal component analysis (PCA)
using all 1070 clones with data from 152 study sub-
jects. As shown in Fig. 1a, several healthy controls and
sarcoidosis patients were clustered with TB and lung
cancer groups. We also performed unsupervised hier-
archical clustering (HC) with all 1070 clones on these
152 samples. We observed the magenta cluster with a
mix of samples and lacks specific sub-clusters of sar-
coidosis samples (Fig. 1b). Figure 1la and b show that
using all 1070 clones lacks the ability to class separate
the sarcoidosis samples from other samples.

Improvement of class separation by decreasing the FDR
threshold (option1)

To improve the classification performance, we applied
two different t-tests: i) sarcoidosis training samples vs.
healthy control training samples (option 1), and ii) sar-
coidosis training samples vs. the rest (healthy controls,
LC and TB samples (option 2). Two options resulted
in two sets of differentially expressed clones. The first
approach (option 1) at the threshold of False Discovery
Rate (FDR)<0.05 identifies 132 and at the threshold of
FDR (<0.01) identifies 14 significantly different clones
between sarcoidosis and healthy controls.

Two PCA plots were constructed to determine if
the 132 significant clones (FDR<0.05) and 14 clones
(FDR<0.01) from optionl can improve the class separa-
tion of sarcoidosis immune reactivity from healthy con-
trols, TB and lung cancer samples. As shown in Fig. 2a,
using 132 significant clones aided in an improved class
separation of sarcoidosis subjects from all other groups
with a variance of 33% along the PC1 (Fig. 2a). Similarly,
using hierarchical clustering showed an improved sepa-
ration of sarcoidosis samples from all the others (Fig. 2
b). Decreasing the FDR threshold to 0.01, we identified
14 highly significant clones differentially reactive in sar-
coidosis versus healthy controls. When we constructed
a PCA plot utilizing the 14 final clones from option 1,
it resulted in a clear class separation of sarcoidosis sam-
ples from healthy controls, TB, and LC patients. The
plot revealed a distinct discrimination along the PC1
direction that could explain 45 % of variance (Fig. 2c).
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Table 1 Subjects demographics
Characteristic Controls Sarcoidosis TB Subjects Lung Cancers
Age (Mean £ SEM?) 40+75 306+£11.8 40.5+8.5 628+11.8
Gender, N(%) 45 52 24 31
Male 12 (26) 1121 14 (58) 13 (42)
Female 33(74) 41 (79) 10 (42) 18 (58)
Known ethnicity, N(%)
African American 31 (69) 49 (94) 0
African 0 0 4(17)
White 0 3(6) 0 31 (100)
Asians 14 (31) 0 20 (83) 0
BMI ® (Mean & SEM) 27+38 28+105 28+69 28+8.7
Organ involvement, N(%)
Lung NAC 48 (92) 24(100) 31(100)
Skin NA 36 (69) NA NA
Neuro-ophthamologic NA 31 (60) NA NA
Multiorgan NA 45 (86) NA NA
PPD ¢ NA Negative NA NA
TB smear © NA Negative Positive NA

2 Standard error of mean, ° Body mass index, < Not applicable, 4 Mantoux test (purified protein derivative), ® TB Smear (AFB positive sputum)
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Fig. 1 PCA and Hierarchal clustering (option1). a PCA plot along PC1 and PC2 generated with 1070 clones of four groups: (1) healthy control
samples; (2) Sarcoidosis samples; (3) TB samples; and (4) Lung cancer. Biomarker clusters along the PC1 explain a variance of only 14%, while the
variance along PC2 was about 13%. b The hierarchal clustering was applied on the healthy controls, sarcoidosis, TB patients and lung cancer with
1070 clones

Similarly, HC algorithm was applied using 14 clones, we
observed a distinct hierarchical linkage separating sar-
coidosis samples from other samples (Fig. 2d).

Option 2 selected clones aid to a robust class separation
The statistical approach in option 2 yielded in 221 signifi-
cant clones (FDR <0.01) differentiating sarcoidosis from
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figure demonstrates better clustering performance with the 132 sarcoidosis

132 sarcoid significant clones

Sarcoid (red), lung cancer (green),
Tuberculosis (blue), controls (black)
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Fig. 2 a PCA plot along the PC1 and PC2 results when applied on 132 sarcoidosis clones (option 1). The PC1 explained 0.33 of variance, whereas
PC2 explained 13% of the variance. As shown, the sarcoidosis samples are well separated from the lung cancer, TB and most healthy control
samples. b Hierarchal clustering using the top 132 sarcoidosis clones (FDR < 0.05). ¢ PCA plot generated with the top 14 sarcoidosis classifier clones.
The PC1 explained 45% of the variance, whereas PC2 explained 16% of the variance. d Hierarchal clustering using the top 14 sarcoidosis clones. This

clones and the top 14 classifier sarcoidosis clones (FDR<0.01)

all other conditions. To demonstrate the performance
of the clones identified through option 2 (sarcoidosis
samples versus all other samples), we applied PCA and
hierarchical clustering. As shown in Fig. 3a, using 221
clones aided in an improved class separation of sarcoido-
sis subjects from all other groups with a variance of 32%
along the PC1. Similarly, when the hierarchical cluster-
ing algorithm was applied using 221 significant clones
(FDR<0.01), we observed a distinct hierarchical linkage
nearly perfectly separating the sarcoidosis patients from
TB and well separation from LC and healthy controls
(Fig. 3b). Furthermore, we sorted the clones based on
the p-values and chose top 12 reactive clones in option

2 to construct PCA plot and hierarchical clustering. As
shown in Fig. 3 c and d, using the top 12 clones aided in a
more robust class separation of sarcoidosis subjects from
all other groups with a variance of 54% along the PCl1
(Fig. 3c). A distinct hierarchical linkage is well separat-
ing the sarcoidosis samples from all other samples. The
clustering analysis using the top 14 clones using option
1, and the top 12 using option 2 show a robust clustering
of sarcoidosis samples from the rest (healthy controls, TB
and LC).

Venn diagram illustrates the significant clones yielded
through two different statistical approaches as well as
their intersection (Fig. 4a and b). Figure 4a shows the
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Fig. 3 PCA and Hierarchal clustering (option 2). a PCA plot along PC1 and PC2 generated with 221 clones (FDR 0.01) of the four groups: (1) healthy
control samples; (2) Sarcoidosis samples; (3) TB samples; and (4) Lung cancer. The PC1 explains a variance of 32%, while the variance along the PC2
was 12%. b The hierarchal clustering was applied on the healthy controls, sarcoidosis, TB patients and lung cancer with 221 clones (FDR <0.01). ¢
PCA plot along the PC1 and PC2 results when applied on the top 12 sarcoidosis classifier clones. The PC1 explained 54% of the variance, whereas
PC2 explained 14% of the variance. As shown, the sarcoidosis samples are well separated from the lung cancer, TB and most healthy control
samples. d Hierarchal clustering using the top 12 sarcoidosis clones. This figure demonstrates a robost class separation using top 12 sarcoidosis
classifier clones

Venn diagram of 132 clones (FDR <0.05) from optionl
and 221 clones (FDR<0.01) from option 2. There were
112 shared clones between both options. Figure 4b
shows the Venn diagram of the classifier clones identi-
fied in two statistical approaches (option 1 and 2 both
at the FDR<0.01). As shown, among 14 classifiers in
optionl and 12 classifiers in option 2, six clones were
common.

A heatmap plot (Fig. 5) displays the distinct expres-
sion features of the final classifier clones identified in
options 1 and 2. The heatmap shows the profile for the
classifier clones in all samples.

Identification of classifiers to predict sarcoidosis

To determine the classification performance of the
identified clones using option 1 and 2, we applied the
naive Bayes classification method using option 1 and
option 2 significant clones. We also assessed the classi-
fication performance of the top 14 clones from optionl
and the top 12 clones from option 2. The classification
models were trained on the training set and tested to
classify sarcoidosis samples from other (healthy con-
trol, TB, and LC) on the testing set. As shown in Fig. 6a,
the area under the curve (AUC) as a summary of the
receiver operating curve (ROC) using the significant
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Fig. 4 Diagrammatic representation of significant clones from two
approaches (option 1 and 2). a lllustrates the Venn diagram of 132
clones (FDR<0.05) from option 1 and 221 clones (FDR<0.01) from
option 2 and their intersection. b depicts the Venn diagram of the 14
classifiers clones from option 1 and 12 clones from option 2

132 clones (optionl) was 0.932 with a true positive (TP)
of 24, a true negative (TN) of 71, false negative (FN)
of 2 and false positive (FP) of 6. Next, we applied the
classifier model on the test set using the top 14 clones
from option 1 (FDR<0.01). The results of this analysis
depicted in Fig. 6b, which shows an improved AUC of
0.947, when compared with the classification model of
the 132 significant clones. Figure 6¢, shows the classi-
fication results of the 221 significant clones (option 2)
representing an AUC under the ROC of 0.882 with TP
of 25, TN of 40, FN of 1 and FP of 9. Similar to option 1,
we applied the classification model on the test set using
the top 12 clones from option 2. The results of this
analysis depicted in Fig. 6d, which shows an improved
AUC of 0.926 when compared with the classification
model of the 221 significant clones. These results sug-
gest a robust classifier performance utilizing either the
top 14 clones from option 1 or the top 12 clones from
option 2.

Characterization of sarcoidosis classifiers

Based on the results of training and test sets, we charac-
terized the sarcoidosis classifier clones through sequenc-
ing. We sequenced classifiers’ clones and applied Expasy
program to translate the cDNA sequences to peptide/
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protein sequences. Protein blast using algorithms of
the BLAST program was applied to identify the highest
homology to identified peptides [23, 27]. Furthermore,
we compared these results with corresponding nucleo-
tide sequences using nucleotide BLAST and determined
the predicted amino acids in frame with T7 phage 10B
gene capsid proteins. The identified clones were blasted
with human genomes and then selected those specific
peptide sequences that have the highest homology of
amino acids sequence. After sequencing, we identified
that two different DNA inserts were repeated twice.
The selected peptide sequences of the final classifiers
clones with the highest homology is shown in Table 2
shows the sarcoidosis clones identified by both statistical
approaches (option 1 and option 2), gene names, sensitiv-
ity, specificity, and FDR adjusted p-values.

Discussion

Patients with sarcoidosis exhibit various immunologi-
cal features including, a shift towards T helper type 1
response [29], lymphopenia or neutropenia, hypergam-
maglobulinemia, and in some cases increased autoan-
tibodies [8—11]. Several studies have suggested that the
cellular and humoral responses associated with granu-
loma formation in this disease are the consequence of
an exaggerated immune response to unknown antigens
[15, 16]. Numerous studies found components (RNA,
DNA) of pathogens including propionibacterium acnes
and Mycobacterium tuberculosis in sarcoidosis tissues
[15, 16, 19, 30—-32]. Similary, it has been shown that sar-
coidosis blood monocytes react to TB antigens includ-
ing, ESAT6 and KatG with increased interferon gamma
production [33]. Sarcoidosis often coincides with other
autoimmune disorders such as lupus erythematosus,
vitiligo [9], and autoimmune hepatitis [9, 12—14]. Hyper-
gammaglobulinemia is a frequent finding in sarcoidosis
that may suggest active humoral immunity to unknown
antigen(s) [10].

Using the serological analysis of antigens by recombi-
nant expression cloning (SEREX) as a basis for autoan-
tibody discovery, we critically examined the relevant
methods of biomarker discovery and developed an inno-
vative immunoscreening to optimize the identification
of specific autoantibodies [23, 34, 35]. To achieve this
goal, a heterologous sarcoidosis antigen library derived
from mRNA of numerous sarcoidosis subjects were dis-
played on the T7 phage system [23, 28]. Furthermore,
we used antibody recognition and random plaque selec-
tion during biopanning of the libraries to minimize the
confounding effects of nonspecific antibodies. Recent
evidence indicates that panels of biomarkers can achieve
significantly higher accuracy than individual biomarkers
(34, 36-40].
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Fig.5 Displays a heatmap plot of the distinct expression features of the final clones identified in option 1 and 2
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Previously, we have shown that our complex antigen
library detects autoantibodies as biomarkers in sera of
sarcoidosis, cystic fibrosis and MTB patients with high
sensitivity and specificity as compared to healthy subjects
[23, 26, 27]. Our current data indicates that our tech-
nology detects sarcoidosis classifiers in early stages of
this disease as compared to various other lung diseases.
Important to note that current sarcoidosis group differs
from our previous study group. Sera were collected dur-
ing initial diagnosis of sarcoidosis and none of patients
were treated with corticosteroids or other immunosup-
pressive medications. Additionally, sera from TB patients
differed from our previous study [23], as previous TB
group were treated with antituberculosis medication.
Furthermore, we performed two different statistical
approaches to our data: Option 1, first detected the sig-
nificant biomarkers between healthy controls vs. sar-
coidosis; whereas option 2 chose the sarcoidosis clones
by comparing sarcoidosis samples vs. all other groups.
In both options, we used independent training and test-
ing sets. Interestingly, 6 antigen clones were identical
between option 1 and 2. Option 1 yielded in 8 unique

clones, whereas option 2 yielded in 6 specific clones. Two
sequences were repeated twice in two different clone IDs
(Table 2).

Among 18 classifier clones, one clone (Chain A,
Human Metapl) was repeated in both approaches.
Importantly, in our previous published work, this
sequence was also identified as sarcoidosis specific
clone [23]. Human methionine aminopeptidase type 1
(hMetapl) is an enzyme well conserved from prokary-
otes to eukaryotes. This enzyme cleaves N-terminal
methionine on the client proteins and is important in
cell cycle progression and angiogenesis [41]. Another
repeated clone has homology to SH3YLI1. Little is
known about the role of SH3YL1 in human diseases or
its role in immunity. Recent emerging data indicate that
SH3YL1 regulates nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (Nox) isozymes, thereby
it modulates reactive oxygen species [42]. SH3YL1
promotes Dock4-mediated RAC1 (rhoGTPase) acti-
vation and cell migration [43]. RAC1 plays a role in
cytoskeleton organization and autophagy. Interestingly,
RACI also modulates mammalian target of rapamycine



Hanoudi et al. Molecular Biomedicine (2022) 3:3

Page 8 of 14

Classification performance of 132 clones
(optionl) AUC under ROC = 0.932

1.0

—
®
o S
8
° 9
E S TP=24, TN=71, FN=2, FP=6
'z Spc=0.922, Sen=0.923
2 T
5 S
=
S
=
=
)
c. L T T T T T T
00 02 04 06 08 1.0
False positive rate
C

Classification performance of 221 clones
(option 2) AUC under ROC = 0.882

3_ —
® |
L <
g
o e
z <
Z TP=25, TN=40, FN=1, FP=9
g < Spe=0.816, Sen=0.962
o =]
=
S
=l
=]
=
<

02 04 06 08 10
False positive rate

5
=

with AUC of 0.926 with sensitivity of 0.962 and specificity of 0.837

Fig. 6 Classification to predict sarcoidosis from healthy controls, TB patients and LC patients on the testing set. a Performance of 132 clones on the
testing set (option1). b Performance of the top 14 classifier clones on the test set (option1). The ROC curves demonstrate excellent classification
performance with AUC of 0.947 with a sensitivity of 0.883 and specificity of 0.923. ¢ Performance of 221 clones at the FDR=0.01 (option2) on the
testing set. d Performance of the top 12 classifier clones (option 2) on the test set. The ROC curves demonstrate strong classification performance

b

Classification performance of 14 clones
(optionl) AUC under ROC = 0.947

2 TP=24, TN=68, FN=2, FP=9
Spc=0.883, Sen=0.923

True positive rate
04 0.6

0.0 0.2

00 02 04 06 08 1.0
False positive rate

Classification performance of 12 clones
(option2) AUC under ROC = 0.926

<
-
o |
v <@
g
-5
£ ° TP=25, TN=41, FN=1, FP=8
g <. Spc=0.837, Sen=0.962
o [—]
=
St
=N N
[—]
[—]
=3

00 02 04 06 08 1.0
False positive rate

(mTor) [44]. Several studies highlighted the potential
role of RAC/mTor and autophagy pathways in sarcoido-
sis [45, 46]. Other reports suggest that SH3YL1 regu-
lates endosomal sorting complex required for transport
(ESCRT) that is involved in endosome-lysosomal traf-
ficking [47]. Further experiments need to elucidate
the role of SH3YL1 in sarcoidosis. We identified two
clones related to endo-lysosomal trafficking: one is ras-
related protein RAB12 and another is ras-related pro-
tein RAB36. Both these proteins belong to Rab GTPase
family. Recent evidence indicates GTPase family is
involved in the complex membrane trafficking from
endosome and lysosome, as well as plays essential roles
in signaling that controls cell proliferation and differ-
entiation [48]. RAB12 modulates mTORCI activity and

autophagy through regulation of the membrane traf-
ficking from recycling endosomes to lysosomes [49].
RAB36 is largely conserved in vertebrates, yet it is a less
well charactherized member of GTPase family. It has
been shown that it interacts with Rab binding protein
and is involved in vesicle trafficking to the lysosome,
late endosome and Golgi apparatus [50, 51]. Sarcoido-
sis has been associated with various unfolded proteins,
such as amyloid, therefore, it is conceivable that dys-
regulation of protein transport to the endosomes/lys-
osomes and autophagosomes play a significant role in
this disease.

A relatively large peptide sequence (43AA) was identi-
fied with sequence homology to transformation related
protein 10. This gene encodes a member of the bone
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Table 2 Significant sarcoidosis classifiers
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Clone ID Protein names GeneName FDR? AUC" Sensitivity Specificity

Corrected

p value
P197-BP4-922"%2  (Cofilin 1 (non-muscle), isoform CRA_a CFL1 8.10E-09 0.90 0.89 0.82
P197-BP4-921'®  Chain A, Human Metap1 4FLIA 270E-08 082 081 0.71
P197-BP4-923"%2  |nositol 1,4,5-trisphosphate receptor type 3 ITPR3 4.96E-07 080 085 063
P197-BP4-1112"  C-C motif chemokine 22 precursor CCL22 3.68E-03 0.71 0.85 0.62
P197-BP4-909' Chain A, Desmoplakin DSP 545E-03 0.82 0.81 0.75
P197-BP4-930' Ras-related protein Rab36 isoform 1 RAB36 6.30E-03 0.76 0.89 0.64
P51-BP3-176' Apoptosis related protein APR-4, partial PAR4 8.83E-03 0.75 0.81 0.70
P51-BP4-5232 Response gene to complement 32, isoform CRA_b RGC32 1.70E-08 0.86 0.89 0.76
P51-BP3-3222 Probable C_mannosyltransferase DPY19L2 isoform X17 DPY19L2 1.57E-07 0.75 0.89 0.59
P51-BP3-339? Receptor tyrosine-protein kinase erbB-4 isoform X1 ERBB4 4.96E-07 078 092 0.65
P197-BP4-753'
P51-BP3-3612 Neurite extension and migration factor NEXMIF 5.16E-06 0.84 0.81 0.84
P197-BP4-830° Solution structure of the F-actin binding domain of Bcr-Abl/c-Abl - 1ZZP 8.54E-06 0.90 0.85 0.86
P51-BP3-129'% Interleukin 17A IL17A 274E-07 087 081 0.80
P197-BP4-745"%2  SH3 domain-containing YSC84-like protein 1 isoform 4 SH3YL1 401E-07 084 073 0.88
P197-BP4-754'%2  Ras-related protein Rab-12 RAB12 1.57E-07 0.73 0.54 0.90
P197-BP4-751" Transformation-related protein 10 TRG10 3.82E-03 0.67 0.65 0.69
P51-BP4-475' Beta-polymerase POLB 6.30E-03 0.80 0.65 091
P51-BP3-57"
P51-BP3-342 INADL protein INADL 7.11E-07 0.83 0.89 0.65

Clone ID: superscription 1&2 refers to the clone identified through option 1 or option 2, Protein name, NCBI gene name, ? False discovery rate, b Area under the curve

morphogenetic protein (BMP) receptor family of trans-
membrane serine/threonine kinases. The ligands of
this receptor are members of the TGF-beta superfam-
ily. BMPs are involved in endochondral bone forma-
tion and embryogenesis. These proteins transduce their
signals through the formation of heteromeric com-
plexes of two different types of serine/ threonine kinase
receptors: type I receptors of about 50-55 kD and type
II receptors of about 70—-80 kD [52]. For instance, muta-
tions in BMP2 have been associated with primary pul-
monary hypertension [53]. Another clone antigen was
the colony stimulating factor 1 (isoform CRA_b). CSE-1
signals through its receptor (CSF-1R) promotes the dif-
ferentiation of myeloid progenitors into heterogeneous
populations of monocytes, macrophages, dendritic cells,
and bone-resorbing osteoclasts [54]. Previously, we have
shown a prominent role of monocytes and macrophages
in sarcoidosis [55, 56]. A relatively small sequence had a
homology with erbB-4 gene. This gene is a member of the
tyrosine protein kinase family and the epidermal growth
factor receptor subfamily and is one of the four members
in the EGFR subfamily of receptor tyrosine kinases. Three
important antigen clones were related to cytoskeleton.
We identified an antigenic peptide with 23 AA, which
has homology to Cofilin 1. Cofilin family promotes actin
filament disassembly and has been shown to be involved

in myofibroblast differentiation [57]. Interestingly, when
we used protein blast for all species, including all micro-
organisms this sequence had high homology with flagel-
lin. Further investigation is needed to elucidate the role
of this peptide sequence in sarcoidosis including fibrotic
changes associated with this disease. Another related
clone to cytoskeleton was the Chain A, Desmoplakin
(DSP). DSP is a key junctional protein necessary for the
morphogenesis and integrity of epithelial and vascular
tissues and function as a linker protein providing attach-
ment for cytoskeletal elements such as intermediate fila-
ments [58]. The third peptide (clone=P197-Bp4—830)
was related to F-actin binding domain of Ber/Abl/cAbl
[59]. Two relatively small peptides had homology to C-C
motif chemokine 22 (CCL22) and IL-17 R. CCL22 is pro-
duced by tissue-resident macrophages and modulates
Th1/Th2 responses [60]. It has been shown that CCL22
regulates FOXP3+ regulatory T cells (Treg) [61]. Dysreg-
ulated Treg is well described in sarcoidosis [62]. IL-17R
is the receptor for IL-17 but also plays a role in limiting
the signaling pathway via the internalization of its ligand,
thereby, it controls IL-17 pathway signaling [63]. Recent
genetic study showed IL-17RA mutation in association
with familial sarcoidosis [64]. We identified an epitope
with a relatively large sequence (39AA) with homology
to response gene to complement 32 (RGC32). RGC32
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is induced by p53 in response to DNA damage and
expressed in various tissues and is involved in numerous
physiological and pathological processes, including cell
proliferation, differentiation, fibrosis, metabolic disease
[65]. The corresponding gene is involved in aniogenesis
and regulated through hypoxia response element [66]. A
sequence with 17aa had homology to probable C-man-
nosyltransferase DPY19L2, which mediates the C-man-
nosylation of tryptophan residues on client proteins,
including type I cytokine receptors [67]. Two different
clones (p51-BP4-457 and p51-BP3-57) with reduced
expression in sarcoidosis had the same sequences with
homology to POLB. POLB acts as a DNA polymerase
is one of key enzymes for DNA repair [68]. Previously,
autoantibody against POLB has been described in lupus
erythomatsus [69]. This was experimentaly confirmed by
mutation of POLB in mice that spontanously developed
lupus like syndrome [70]. Another clone had homology
with INADL protein. INADL (genecard symbol PATY))
protein has multiple PDZ domains. PDZ domains inter-
act as scaffold protein to organize multimeric protein
complexes at the cell membrane and are involved in
signaling, trafficking, and function of G protein-coupled
receptors [71]. INADL protein is not well characherized
in human diseases, yet it appears that this protein regu-
lates the cytoskeleton dynamic and cellular tight junction
[72]. Further experiments are needed to evaluate the role
of this protein in granuloma formation or modulation of
tight junction in sarcoidosis.

Because various drugs may affect the autoantibody pro-
duction, in current study, we performed immunoscreen-
ing using a set of sera from sarcoidosis subjects with no
prior treatment. In spite of this, we found several shared
antigenic clones between non-treated subjects (current
study) and our previous study, in which samples derived
from subjects, who were treated with immunosuppres-
sive medication. We found a sets of classifiers with dif-
ferent sensitivity and specificity, some show increased
expression and others showed decreased expression.
Because sarcoidosis is a chronic disease involving many
organs, the variation of autoantibodies expression profile
may differ in early stages versus later stages or in vari-
ous organ involvement. Although natural antibodies may
also be beneficial to remove and neutralize pathogens,
autoantibodies can directly interact with FCy receptors
or Toll- like receptors to initiate or amplify inflammation
and perpetuate autoantibody production. Pathogenic
autoantibodies can protect or cause diseases via neutrali-
zation of self-antigens, opsonization, antibody-depend-
ent cellular cytotoxicity, activation of the complement
system, pro-inflammatory and anti-inflammatory effect.
Because of their broad reactivity for a wide variety of
microbial components, natural antibodies have a major
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role in the defense against infections. Because some IgG
autoantibodies may function as neutralization of patho-
genic processes, the identification of decreased autoan-
tibodies may be useful as therapeutics. Severel studies,
including our study indicate that FCy receptors play a
role in sarcoidosis [73]. The identification of autoantibod-
ies in sarcoidosis is important, as they may contribute
to the cause of disease. Furthermore, sarcoidosis spe-
cific immunoreactivity against identified antigen clones
can be used to develop a direct ELISA test for detection
of autoantibody in sarcoidosis as a diagnostic. Further
works are needed to elucidate the role of identified anti-
gen clones in clinical feature and organ involvement of
this disease.

Materials and methods

Chemicals

All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) unless specified otherwise. LeukoLOCK
filters and RNAlater were purchased from Life Tech-
nologies (Grand Island, NY). The RNeasy Midi kit was
obtained from Qiagen, (Valencia, CA). The T7 mouse
monoclonal antibody was purchased from Novagen (San
Diego, CA). Alexa Fluor 647 goat anti-human IgG and
Alex Fluor goat anti-mouse IgG antibodies were pur-
chased from Life Technologies (Grand Island, NY).

Patient selection

This study was approved by the institutional review
board at Wayne State University, and the Detroit Medical
Center. Sera from four groups wereincluded in this study:
1) healthy volunteers; 2) sarcoidosis subjects, 3) patients
with adenocarcinoma of the lungs; and 4) smear positive
pulmonary TB patients. All study subjects signed a writ-
ten informed consent. All methods were performed in
accordance with the human investigation guidelines and
regulations by the IRB (protocol No=055208MP4E) at
Wayne State University. Sera from patients with Tuber-
culosis were obtained from the Foundation for Innova-
tive New Diagnostics (FIND, Geneva, Switzerland). All
TB patients had smear positive sputum for Mycobacte-
rium Tuberculosis .

Serum collection
Blood samples were collected and stored at — 80°C as pre-
viously described [23].

Construction and biopanning of T7 phage display cDNA
libraries

T7 phage display libraries from BALs, WBCs, EL-1 and
MRC5 were combined to generate a complex sarcoid
library (CSL) [23]. Differential biopanning to iliminate
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the non-specific IgG was performed using sera from
healthy controls, and sarcoidosis sera were used for posi-
tive enrichment [23].

Microarray construction and immunoscreening
Informative phage clones were randomly selected and
amplified after four rounds of biopannings and lysates
were arrayed in quintuplicates onto nitrocellulose FAST
slides (Grace Biolabs, OR) using the ProSys 5510TL robot
(Cartesian Technologies, CA). The nitrocellulose slides
were hybridized with sera and processed as described
previously [23].

Sequencing of phage cDNA clones

Individual phage clones were PCR amplified using T7
phage forward primer 5 GTTCTATCCGCAACGTTA
TGG 3’ and reverse primer 5 GGAGGAAAGTCGTTT
TTTGGGG 3’ and sequenced by Genwiz (South Plain-
field, NJ), using T7 phage sequence primer TGCTAA
GGACAACGTTATCGG.

Data acquisition and pre-processing

After hybridization, the microarrays were scanned in an
Axon Laboratories 4100 scanner (Palo Alto, CA) using
532 and 647 nm lasers to produce a red (Alexa Fluor 647)
and green (Alexa Fluor 532) composite image. Cy5 (red
dye) labeled anti-human antibody was used to detect
human serum IgGs were reactive to peptide clones, and
a Cy3 (green dye) labeled antibody was used to detect the
phage capsid protein [23]. Using the ImaGene 6.0 (Bio-
discovery) image analysis software, the binding intensity
of peptides to IgGs in sera was expressed as log, (red/
green) fluorescent intensities. These data were pre-
processed using the limma package in the R language
environment [27, 74, 75] and the normexp method was
applied to correct the background [27, 76]. The LOESS
method was used for within array normalization [23, 76,
77]. The scale method was applied to normalize between
arrays [76, 77]. The intensity ratio of a clone in active sar-
coidosis divided by intensity ratio of the same clone from
healthy control samples to determine the fold change.

Statistical analyses

To detect differentially expressed antigens for sarcoido-
sis, we applied a two-tailed ¢-test correcting for multiple
comparisons using the false discovery rate (FDR) algo-
rithm with a threshold of either 0.05 or 0.01 FDR [1]. All
significant clones were sorted in an increasing order. We
approach two statistical analyses using two-tailed t-tests.
In Option 1, we applied a ¢-test between sarcoido-
sis training samples versus healthy controls training
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samples. Out of the 52 sarcoidosis samples, 26 samples
were randomly assigned to the training set and the other
26 samples to the testing set. The training and testing
set for the 45 healthy controls were randomly assigned
to 23 samples in training and 22 samples in test sets. In
the testing set, we added 24 tuberculosis samples and 31
lung cancer samples.

In option 2, we randomly split the samples from all
groups in half. We assigned the first half of 23 control,
26 sarcoidoses, 16 lung cancer, and 12 tuberculosis sam-
ples to the training set. We assigned the second half of 22
healthy controls, 26 sarcoidosis, 16 lung cancer, and 12
tuberculosis samples to the testing set. We applied a t-test
between sarcoidosis training samples versus healthy con-
trols, lung cancer, and tuberculosis training samples to
identify significant clones. For both options, we assessed
the performance of classifiers clones, by applying principal
component analysis (PCA), agglomerative hierarchal clus-
tering (HC), heatmap, and naive Bayes classifier. The naive
Bayes classifier model was built on the training samples to
predict sarcoidosis samples from others (healthy controls
and tuberculosis and lung cancer) samples and tested the
classification model on the testing set (samples not used in
the training set).
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AUC: Area under the curve; BAL: Bronchioalveolar Lavage; CD: Chron’s Disease;
CSL: Complex sarcoidosis library; FDR: False Discovery Rate; HC: Hierarchal
clustering; PCA: Principal component analysis; WBC: White Blood Cells; MTB:
Mycobacterium tuberculosis; TB: Tuberculosis; ROC: Receiver operating curve.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/543556-021-00064-x.

Additional file 1. Supplementary Table 1. Clone ranking, clone ID,
sequence of peptides, NCBI protein names, region of peptide similarity
and % sequence coverage.

Acknowledgements
Not applicable.

Code availability
All codings and data analysis are available from the corresponding authors
upon reasonable request.

Authors’ contributions

HT and SH conducted the experiments, analyzed the results and they con-
tributed in writing the manuscript. SD analyzed the data and performed the
statistical analysis. LS conceived and designed the study, participated in all
areas of the research and oversaw data analysis and writing of the manuscript.
All authors read and approved the final manuscript.

Funding
This work was supported by NHLBI: grant ROTHL113508 (LS) and R21 HL148089 (LS).

Availability of data and materials
The data are available from the corresponding authors upon reasonable
request.


https://doi.org/10.1186/s43556-021-00064-x
https://doi.org/10.1186/s43556-021-00064-x

Hanoudi et al. Molecular Biomedicine (2022) 3:3

Declarations

Ethics approval and consent to participate

Study is approved by human investigation committee at the Wayne State
University. All study subjects signed a written informed consent. All methods
were performed in accordance with the human investigation ethical guide-
lines and regulations by the local IRB (protocol No=055208MP4E) at Wayne
State University.

Consent for publication
All study subjects agreed with publication.

Competing interests
None of the authors declared any competing interests both financial and
non-financial.

Author details

'Department of Computer Science, Wayne State University, Detroit, Ml 48202,
USA. 2Depar‘[men‘[ of Medicine, Division of Pulmonary, Critical Care and Sleep
Medicine, Wayne State University School of Medicine, 3990 John R, 3 Hudson,
Detroit, MI 48201, USA. 3Center for Molecular Medicine and Genetics, Wayne
State University School of Medicine, 540 E. Canfield, Detroit, Ml 48201, USA.

Received: 30 August 2021 Accepted: 30 November 2021
Published online: 20 January 2022

References

1. Costabel U, Hunninghake GW. ATS/ERS/WASOG statement on sarcoidosis.
Sarcoidosis statement committee. American Thoracic Society. European
Respiratory Society. World Association for Sarcoidosis and Other Granu-
lomatous Disorders. Eur Respir J. 1999;14(4):735-7. https://doi.org/10.
1034/).1399-3003.1999.14d02.x.

2. Hunninghake GW, Costabel U, Ando M, Baughman R, Cordier JF, du Bois
R, et al. ATS/ERS/WASOG statement on sarcoidosis. American Thoracic
Society/European Respiratory Society/world Association of Sarcoidosis
and other granulomatous disorders. Sarcoidosis Vasc Diffuse Lung Dis.
1999;16(2):149-73.

3. Dubaniewicz A. Mycobacterium tuberculosis heat shock proteins and
autoimmunity in sarcoidosis. Autoimmun Rev. 9(6):419-24. https://doi.
0rg/10.1016/j.autrev.2009.11.015.

4. EishiY, Suga M, Ishige |, Kobayashi D, Yamada T, Takemura T, et al.
Quantitative analysis of mycobacterial and propionibacterial DNA in
lymph nodes of Japanese and European patients with sarcoidosis. J Clin
Microbiol. 2002;40(1):198-204. https://doi.org/10.1128/JCM.40.1.198-204.
2002.

5. Oswald-Richter KA, Drake WP. The etiologic role of infectious antigens
in sarcoidosis pathogenesis. Semin Respir Crit Care Med. 31(4):375-9.
https://doi.org/10.1055/5-0030-1262205.

6. Costabel U. Sarcoidosis: clinical update. Eur Respir J Suppl.
2001,32:565-68s.

7. lannuzzi MC, Rybicki BA, Teirstein AS. Sarcoidosis. N Engl J Med.
2007;357(21):2153-65. https://doi.org/10.1056/NEJMra071714.

8. Amital H, Klemperer |, Blank M, Yassur Y, Palestine A, Nussenblatt RB,
et al. Analysis of autoantibodies among patients with primary and
secondary uveitis: high incidence in patients with sarcoidosis. Int Arch

Allergy Immunol. 1992;99(1):34-6. https://doi.org/10.1159/000236332.

9. Terunuma A, Watabe A, Kato T, Tagami H. Coexistence of vitiligo and
sarcoidosis in a patient with circulating autoantibodies. Int J Dermatol.
2000;39(7):551-3. https://doi.org/10.1046/}.1365-4362.2000.00819-1.x.

10. Kataria YP, Holter JF. Immunology of sarcoidosis. Clin Chest Med.
1997;18(4):719-39. https://doi.org/10.1016/50272-5231(05)70415-9.

11. Cuilliere-Dartigues P Meyohas MC, Balladur P, Gorin NC, Coppo P. Splenic
sarcoidosis: an unusual aetiology of agranulocytosis. Am J Hematol.
2010;85(11):891. https://doi.org/10.1002/ajh.21661.

12. Marzano AV, Gasparini LG, Cavicchini S, Brezzi A, Caputo R. Sarcoidosis
associated with vitiligo, autoimmune thyroiditis and autoimmune
chronic hepatitis. Clin Exp Dermatol. 1996;21(6):466-7. https://doi.org/10.
1111/j.1365-2230.1996.tb00165 x.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

31

32.

33

Page 12 of 14

. Nakayama S, Mukae H, Morisaki T, Sakamoto N, Ohba K, Abe K, et al.

Sarcoidosis accompanied by systemic lupus erythematosus and autoim-
mune hepatitis. Intern Med. 2007;46(19):1657-61. https://doi.org/10.
2169/internalmedicine.46.0201.

. Rajoriya N, Wotton CJ, Yeates DG, Travis SP, Goldacre MJ. Immune-

mediated and chronic inflammatory disease in people with sar-
coidosis: disease associations in a large UK database. Postgrad Med J.
2009;85(1003):233-7. https://doi.org/10.1136/pgmj.2008.067769.

. Gerke AK, Hunninghake G. The immunology of sarcoidosis. Clin Chest

Med. 2008;29(3):379-90. https://doi.org/10.1016/j.ccm.2008.03.014.

. Muller-Quernheim J, Schurmann M, Hofmann S, Gaede KI, Fischer A,

Prasse A, et al. Genetics of sarcoidosis. Clin Chest Med. 2008;29(3):391-
414. https://doi.org/10.1016/j.ccm.2008.03.007.

. Bianco A, Spiteri MA. Peripheral anergy and local immune hyperactiva-

tion in sarcoidosis: a paradox or birds of a feather. Clin Exp Immunol.
1997;110(1):1-3. https://doi.org/10.1111/).1365-2249.1997.493-ce 1388 x.
Mow WS, Abreu-Martin MT, Papadakis KA, Pitchon HE, Targan SR, Vasiliauskas
EA. High incidence of anergy in inflammatory bowel disease patients limits
the usefulness of PPD screening before infliximab therapy. Clin Gastroenterol
Hepatol. 2004;2(4):309-13. https://doi.org/10.1016/S1542-3565(04)00060-6.

. EishiY. Etiologic aspect of sarcoidosis as an allergic endogenous infection

caused by Propionibacterium acnes. Biomed Res Int. 2013;2013. https://
doi.org/10.1155/2013/935289.

Ferrara G, Valentini D, Rao M, Wahlstrém J, Grunewald J, Larsson L-O, et al.
Humoral immune profiling of mycobacterial antigen recognition in sar-
coidosis and Lofgren's syndrome using high-content peptide microarrays.
Int J Infect Dis. 2017;56:167-75. https://doi.org/10.1016/.ijid.2017.01.021.
Haggmark A, Hamsten C, Wiklundh E, Lindskog C, Mattsson C, Andersson
E, et al. Proteomic profiling reveals autoimmune targets in sarcoidosis.
Am J Respir Crit Care Med. 2015;191(5):574-83. https://doi.org/10.1164/
rccm.201407-13410C.

Kinloch AJ, Kaiser Y, Wolfgeher D, Ai J, Eklund A, Clark MR, et al. In situ
humoral immunity to vimentin in HLA-DRB1* 034 patients with pulmo-
nary sarcoidosis. Front Immunol. 2018;9:1516. https://doi.org/10.3389/
fimmu.2018.01516.

Talwar H, Rosati R, Li J, Kissner D, Ghosh S, Madrid FF. At.al. Development
of aT7 phage display library to detect sarcoidosis and tuberculosis by a
panel of novel antigens. EBioMedicine. 2015;2(4):341-50. https://doi.org/
10.1016/j.ebiom.2015.03.007.

Babu K. Sarcoidosis in tuberculosis-endemic regions: India. J Ophthalmic
Inflamm Infect. 2013;3(1):53. https://doi.org/10.1186/1869-5760-3-53.

Li QH, Li HP, Shen YP, Zhao L, Shen L, Zhang Y, et al. A novel multi-param-
eter scoring system for distinguishing sarcoidosis from sputum negative
tuberculosis. Sarcoidosis Vasc Diffuse Lung Dis. 2012,29(1):11-8.

Talwar H, Hanoudi SN, Draghici S, Samavati L. Novel T7 Phage Display
Library Detects classifiers for active Mycobacterium Tuberculosis infection.
Viruses. 2018;10(7). https://doi.org/10.3390/v10070375.

Talwar H, Hanoudi SN, Geamanu A, Kissner D, Draghici S, Samavati L. Detec-
tion of cystic fibrosis serological biomarkers using a T7 phage display library.
Sci Rep. 2017;7(1):17745. https://doi.org/10.1038/541598-017-18041-2.
Talwar H, Talreja J. Samavati L. Mycobacterial Dis. 2016. https://doi.org/10.
4172/2161-1068.1000214.

Rastogi R, DuW, Ju D, Pirockinaite G, Liu Y, Nunez G, et al. Dysregulation
of p38 and MKP-1 in response to NOD1/TLR4 stimulation in sarcoid bron-
choalveolar cells. Am J Respir Crit Care Med. 2011;183(4):500-10. https://
doi.org/10.1164/rccm.201005-07920C.

. Brownell I, Ramirez-Valle F, Sanchez M, Prystowsky S. Evidence for myco-

bacteria in sarcoidosis. Am J Respir Cell Mol Biol. 2011;45(5):899-905.
https://doi.org/10.1165/rcmb.2010-0433TR.

Mortaz E, Adcock IM, Barnes PJ. Sarcoidosis: role of non-tuberculosis
mycobacteria and mycobacterium tuberculosis. Int J Mycobacteriol.
2014;3(4):225-9. https://doi.org/10.1016/}ijmyco.2014.10.008.

Kataria YP, Holter JF. Sarcoidosis: a model of granulomatous inflamma-
tion of unknown etiology associated with a hyperactive immune system.
Methods. 1996;9(2):268-94. https://doi.org/10.1006/meth.1996.0033.
Oswald-Richter K, Sato H, Hajizadeh R, Shepherd BE, Sidney J, Sette A,

et al. Mycobacterial ESAT-6 and katG are recognized by sarcoidosis CD4+
T cells when presented by the American sarcoidosis susceptibility allele,
DRB1* 1101. J Clin Immunol. 2010;30(1):157-66. https://doi.org/10.1007/
$10875-009-9311-y.


https://doi.org/10.1034/j.1399-3003.1999.14d02.x
https://doi.org/10.1034/j.1399-3003.1999.14d02.x
https://doi.org/10.1016/j.autrev.2009.11.015
https://doi.org/10.1016/j.autrev.2009.11.015
https://doi.org/10.1128/JCM.40.1.198-204.2002
https://doi.org/10.1128/JCM.40.1.198-204.2002
https://doi.org/10.1055/s-0030-1262205
https://doi.org/10.1056/NEJMra071714
https://doi.org/10.1159/000236332
https://doi.org/10.1046/j.1365-4362.2000.00819-1.x
https://doi.org/10.1016/s0272-5231(05)70415-9
https://doi.org/10.1002/ajh.21661
https://doi.org/10.1111/j.1365-2230.1996.tb00165.x
https://doi.org/10.1111/j.1365-2230.1996.tb00165.x
https://doi.org/10.2169/internalmedicine.46.0201
https://doi.org/10.2169/internalmedicine.46.0201
https://doi.org/10.1136/pgmj.2008.067769
https://doi.org/10.1016/j.ccm.2008.03.014
https://doi.org/10.1016/j.ccm.2008.03.007
https://doi.org/10.1111/j.1365-2249.1997.493-ce1388.x
https://doi.org/10.1016/S1542-3565(04)00060-6
https://doi.org/10.1155/2013/935289
https://doi.org/10.1155/2013/935289
https://doi.org/10.1016/j.ijid.2017.01.021
https://doi.org/10.1164/rccm.201407-1341OC
https://doi.org/10.1164/rccm.201407-1341OC
https://doi.org/10.3389/fimmu.2018.01516
https://doi.org/10.3389/fimmu.2018.01516
https://doi.org/10.1016/j.ebiom.2015.03.007
https://doi.org/10.1016/j.ebiom.2015.03.007
https://doi.org/10.1186/1869-5760-3-53
https://doi.org/10.3390/v10070375
https://doi.org/10.1038/s41598-017-18041-2
https://doi.org/10.4172/2161-1068.1000214
https://doi.org/10.4172/2161-1068.1000214
https://doi.org/10.1164/rccm.201005-0792OC
https://doi.org/10.1164/rccm.201005-0792OC
https://doi.org/10.1165/rcmb.2010-0433TR
https://doi.org/10.1016/j.ijmyco.2014.10.008
https://doi.org/10.1006/meth.1996.0033
https://doi.org/10.1007/s10875-009-9311-y
https://doi.org/10.1007/s10875-009-9311-y

Hanoudi et al. Molecular Biomedicine

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

(2022) 3:3

Fernandez Madrid F, Tang N, Alansari H, Karvonen RL, Tomkiel JE.
Improved approach to identify cancer-associated autoantigens. Autoim-
mun Rev. 2005;4(4):230-5. https://doi.org/10.1016/j.autrev.2004.11.004.
Lin HS, Talwar HS, Tarca AL, lonan A, Chatterjee M, Ye B, et al. Autoanti-
body approach for serum-based detection of head and neck cancer.
Cancer Epidemiol Biomark Prev. 2007;16(11):2396-405. https://doi.org/10.
1158/1055-9965.EPI-07-0318.

Kolly GS, Sala C, Vocat A, Cole ST. Assessing essentiality of transketolase
in mycobacterium tuberculosis using an inducible protein degradation
system. FEMS Microbiol Lett. 2014;358(1):30-5. https://doi.org/10.1111/
1574-6968.12536.

Wang X, Yu J, Sreekumar A, Varambally S, Shen R, Giacherio D,

et al. Autoantibody signatures in prostate cancer. N Engl J Med.
2005;353(12):1224-35. https://doi.org/10.1056/NEJM0a051931.
Chatterjee M, Dyson G, Levin NK, Shah JP, Morris R, Munkarah A, et al.
Tumor autoantibodies as biomarkers for predicting ovarian cancer recur-
rence. Cancer Biomarkers. 2012;11(2-3):59-73. https://doi.org/10.3233/
CBM-2012-0265.

Chatterjee M, Mohapatra S, lonan A, Bawa G, Ali-Fehmi R, Wang X, et al.
Diagnostic markers of ovarian cancer by high-throughput antigen clon-
ing and detection on arrays. Cancer Res. 2006;66(2):1181-90. https://doi.
org/10.1158/0008-5472.CAN-04-2962.

Chatterjee M, Wojciechowski J, Tainsky MA. Discovery of antibody
biomarkers using protein microarrays of tumor antigens cloned in high
throughput. Methods Mol Biol. 2009;520:21-38. https://doi.org/10.1007/
978-1-60327-811-9_3.

Hu X, Addlagatta A, Lu J, Matthews BW, Liu JO. Elucidation of the function
of type 1 human methionine aminopeptidase during cell cycle progres-
sion. Proc Natl Acad Sci. 2006;103(48):18148-53. https://doi.org/10.1073/
pnas.0608389103.

Yoo JY, Cha DR, Kim B, An EJ, Lee SR, Cha JJ, et al. LPS-induced acute
kidney injury is mediated by Nox4-SH3YL1. Cell Rep. 2020;33(3):108245.
https://doi.org/10.1016/j.celrep.2020.108245.

Kobayashi M, Harada K, Negishi M, Katoh H. Dock4 forms a complex with
SH3YL1 and regulates cancer cell migration. Cell Signal. 2014;26(5):1082—
8. https://doi.org/10.1016/j.cellsig.2014.01.027.

Saci A, Cantley LC, Carpenter CL. Rac1 regulates the activity of mTORC1
and mTORC2 and controls cellular size. Mol Cell. 2011:42(1):50-61.
https://doi.org/10.1016/j.molcel.2011.03.017.

PachecoY, Lim CX, Weichhart T, Valeyre D, Bentaher A, Calender A.
Sarcoidosis and the mTOR, Rac1, and autophagy triad. Trends Immunol.
2020;41(4):286-99. https://doi.org/10.1016/}.it.2020.01.007.

Calender A, Weichhart T, Valeyre D, Pacheco Y. Current insights in genetics
of sarcoidosis: functional and clinical impacts. J Clin Med. 2020;9(8):2633.
https://doi.org/10.3390/jcm9082633.

Hasegawa J, Jebri |, Yamamoto H, Tsujita K, Tokuda E, Shibata H, et al.
SH3YL1 cooperates with ESCRT-I in the sorting and degradation of the
EGF receptor. J Cell Sci. 2019;132(19). https://doi.org/10.1242/jcs.229179.
Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol
Cell Biol. 2009;10(8):513-25. https://doi.org/10.1038/nrm2728.

Matsui T, Fukuda M. Methods of analysis of the membrane trafficking
pathway from recycling endosomes to lysosomes. Methods Enzymol.
2014;534:195-206. https://doi.org/10.1016/B978-0-12-397926-1.00011-1.
Matsui T, Ohbayashi N, Fukuda M. The Rab interacting lysosomal protein
(RILP) homology domain functions as a novel effector domain for small
GTPase Rab36: Rab36 regulates retrograde melanosome transport in
melanocytes. J Biol Chem. 2012;287(34):28619-31. https://doi.org/10.
1074/jbc.M112.370544.

ChenL, Hu J,Yun Y, Wang T. Rab36 regulates the spatial distribution of
late endosomes and lysosomes through a similar mechanism to Rab34.
Mol Membr Biol. 2010;27(1):23-30. https://doi.org/10.3109/0968768090
3417470.

Katagiri T, Watabe T. Bone morphogenetic proteins. Cold Spring Harb
Perspect Biol. 2016;8(6):a021899. https://doi.org/10.1101/cshperspect.
a021899.

Teichert-Kuliszewska K, Kutryk MJ, Kuliszewski MA, Karoubi G, Courtman
DW, Zucco L, et al. Bone morphogenetic protein receptor-2 signaling
promotes pulmonary arterial endothelial cell survival: implications for
loss-of-function mutations in the pathogenesis of pulmonary hyperten-
sion. Circ Res. 2006;98(2):209-17. https://doi.org/10.1161/01.RES.00002
00180.01710.€6.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

67.

68.

69.

70.

71

72.

73.

Page 13 of 14

Cannarile MA, Weisser M, Jacob W, Jegg A-M, Ries CH, Rttinger D.
Colony-stimulating factor 1 receptor (CSF1R) inhibitors in cancer
therapy. J Immunother Cancer. 2017;5(1):1-13. https://doi.org/10.1186/
s40425-017-0257-y.

Talreja J, Bauerfeld C, Sendler E, Pique-Regi R, Luca F, Samavati L.
Derangement of metabolic and lysosomal gene profiles in response to
dexamethasone treatment in sarcoidosis. Front Immunol. 2020;11:779.
https://doi.org/10.3389/fimmu.2020.00779.

Talreja J, Talwar H, Bauerfeld C, Grossman LI, Zhang K, Tranchida P, et al.
HIF-1alpha regulates IL-1beta and IL-17 in sarcoidosis. Elife. 2019;8.
https://doi.org/10.7554/elife.44519.

Pho M, Lee W, Watt DR, Laschinger C, Simmons CA, McCulloch C. Cofilin
is a marker of myofibroblast differentiation in cells from porcine aortic
cardiac valves. Am J Phys Heart Circ Phys. 2008;294(4):H1767-78. https.//
doi.org/10.1152/ajpheart.01305.2007.

Cabral RM, Wan H, Cole CL, Abrams DJ, Kelsell DP, South AP. Identifica-
tion and characterization of DSPIa, a novel isoform of human desmo-
plakin. Cell Tissue Res. 2010;341(1):121-9. https://doi.org/10.1007/
500441-010-0989-1.

Hantschel O, Wiesner S, Guttler T, Mackereth CD, Rix LLR, Mikes Z, et al.
Structural basis for the cytoskeletal association of Bcr-Abl/c-Abl. Mol Cell.
2005;19(4):461-73. https://doi.org/10.1016/j.molcel.2005.06.030.

Ushio A, Arakaki R, Otsuka K, Yamada A, Tsunematsu T, Kudo Y, et al.
CCL22-producing resident macrophages enhance T cell response in
Sjogren’s syndrome. Front Immunol. 2018;9:2594. https://doi.org/10.3389/
fimmu.2018.02594.

Gobert M, Treilleux |, Bendriss-Vermare N, Bachelot T, Goddard-Leon S,
ArfiV, et al. Regulatory T cells recruited through CCL22/CCR4 are selec-
tively activated in lymphoid infiltrates surrounding primary breast tumors
and lead to an adverse clinical outcome. Cancer Res. 2009;69(5):2000-9.
https://doi.org/10.1158/0008-5472.CAN-08-2360.

Miyara M, Amoura Z, Parizot C, Badoual C, Dorgham K, Trad S, et al.

The immune paradox of sarcoidosis and regulatory T cells. J Exp Med.
2006;203(2):359-70. https://doi.org/10.1084/jem.20050648.

Kurte M, Luz-Crawford P, Vega-Letter AM, Contreras RA, Tejedor G,
Elizondo-Vega R, et al. IL17/IL17RA as a novel signaling axis driving mes-
enchymal stem cell therapeutic function in experimental autoimmune
encephalomyelitis. Front Immunol. 2018;9:802. https://doi.org/10.3389/
fimmu.2018.00802.

BesnardV, Calender A, Bouvry D, Pacheco Y, Chapelon-Abric C, Jeny

F, et al. G908R NOD2 variant in a family with sarcoidosis. Respir Res.
2018;19(1):1-11. https://doi.org/10.1186/512931-018-0748-5.

Cui X-B, Chen S-Y. Response gene to complement 32 in vascular diseases.
Front Cardiovasc Med. 2018;5:128. https://doi.org/10.3389/fcvm.2018.
00128.

. An X, JinY, Guo H, Foo S-Y, Cully B, Wu J, et al. Response gene to comple-

ment 32 (RGC-32), a novel hypoxia-regulated angiogenic inhibitor.
Circulation. 2009;120(7):617. https://doi.org/10.1161/CIRCULATIONAHA.
108.841502.

Niwa Y, Suzuki T, Dohmae N, Simizu S. Identification of DPY19L3 as the
C-mannosyltransferase of R-spondin1 in human cells. Mol Biol Cell.
2016;27(5):744-56. https://doi.org/10.1091/mbc.E15-06-0373.

Sobol RW. Genome instability caused by a germline mutation in the
human DNA repair gene POLB. PLoS Genet. 2012;8(11):e1003086. https://
doi.org/10.1371/journal.pgen.1003086.

Luo H,Wang L, Bao D, Wang L, Zhao H, Lian Y, et al. Novel autoantibod-
ies related to cell death and DNA repair pathways in systemic lupus
erythematosus. Genomics Proteomics Bioinformatics. 2019;17(3):248-59.
https://doi.org/10.1016/j.gpb.2018.11.004.

Senejani AG, Liu Y, Kidane D, Maher SE, Zeiss CJ, Park H-J, et al. Mutation
of POLB causes lupus in mice. Cell Rep. 2014;6(1):1-8. https://doi.org/10.
1016/j.celrep.2013.12.017.

Nourry C, Grant SG, Borg J-P. PDZ domain proteins: plug and play! Sci
Signal. 2003;(179):re7. https://doi.org/10.1126/stke.2003.179.re7.

Alpi E, Landi E, Barilari M, Serresi M, Salvadori P, Bachi A, et al. Channel-
interacting PDZ protein,CIPP; interacts with proteins involved in cytoskel-
etal dynamics. Biochem J. 2009;419(2):289-300. https://doi.org/10.1042/
BJ20081387.

Talreja J, Farshi P, Alazizi A, Luca F, Pique-Regi R, Samavati L. RNA-
sequencing identifies novel pathways in sarcoidosis monocytes. Sci Rep.
2017;7(1):2720. https://doi.org/10.1038/541598-017-02941-4.


https://doi.org/10.1016/j.autrev.2004.11.004
https://doi.org/10.1158/1055-9965.EPI-07-0318
https://doi.org/10.1158/1055-9965.EPI-07-0318
https://doi.org/10.1111/1574-6968.12536
https://doi.org/10.1111/1574-6968.12536
https://doi.org/10.1056/NEJMoa051931
https://doi.org/10.3233/CBM-2012-0265
https://doi.org/10.3233/CBM-2012-0265
https://doi.org/10.1158/0008-5472.CAN-04-2962
https://doi.org/10.1158/0008-5472.CAN-04-2962
https://doi.org/10.1007/978-1-60327-811-9_3
https://doi.org/10.1007/978-1-60327-811-9_3
https://doi.org/10.1073/pnas.0608389103
https://doi.org/10.1073/pnas.0608389103
https://doi.org/10.1016/j.celrep.2020.108245
https://doi.org/10.1016/j.cellsig.2014.01.027
https://doi.org/10.1016/j.molcel.2011.03.017
https://doi.org/10.1016/j.it.2020.01.007
https://doi.org/10.3390/jcm9082633
https://doi.org/10.1242/jcs.229179
https://doi.org/10.1038/nrm2728
https://doi.org/10.1016/B978-0-12-397926-1.00011-1
https://doi.org/10.1074/jbc.M112.370544
https://doi.org/10.1074/jbc.M112.370544
https://doi.org/10.3109/09687680903417470
https://doi.org/10.3109/09687680903417470
https://doi.org/10.1101/cshperspect.a021899
https://doi.org/10.1101/cshperspect.a021899
https://doi.org/10.1161/01.RES.0000200180.01710.e6
https://doi.org/10.1161/01.RES.0000200180.01710.e6
https://doi.org/10.1186/s40425-017-0257-y
https://doi.org/10.1186/s40425-017-0257-y
https://doi.org/10.3389/fimmu.2020.00779
https://doi.org/10.7554/eLife.44519
https://doi.org/10.1152/ajpheart.01305.2007
https://doi.org/10.1152/ajpheart.01305.2007
https://doi.org/10.1007/s00441-010-0989-1
https://doi.org/10.1007/s00441-010-0989-1
https://doi.org/10.1016/j.molcel.2005.06.030
https://doi.org/10.3389/fimmu.2018.02594
https://doi.org/10.3389/fimmu.2018.02594
https://doi.org/10.1158/0008-5472.CAN-08-2360
https://doi.org/10.1084/jem.20050648
https://doi.org/10.3389/fimmu.2018.00802
https://doi.org/10.3389/fimmu.2018.00802
https://doi.org/10.1186/s12931-018-0748-5
https://doi.org/10.3389/fcvm.2018.00128
https://doi.org/10.3389/fcvm.2018.00128
https://doi.org/10.1161/CIRCULATIONAHA.108.841502
https://doi.org/10.1161/CIRCULATIONAHA.108.841502
https://doi.org/10.1091/mbc.E15-06-0373
https://doi.org/10.1371/journal.pgen.1003086
https://doi.org/10.1371/journal.pgen.1003086
https://doi.org/10.1016/j.gpb.2018.11.004
https://doi.org/10.1016/j.celrep.2013.12.017
https://doi.org/10.1016/j.celrep.2013.12.017
https://doi.org/10.1126/stke.2003.179.re7
https://doi.org/10.1042/BJ20081387
https://doi.org/10.1042/BJ20081387
https://doi.org/10.1038/s41598-017-02941-4

Hanoudi et al. Molecular Biomedicine (2022) 3:3

74.

75.

76.

77.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;(7):43, e47. https://doi.org/10.1093/nar/gkv007.
R: A language and environment for statistical computing, R Foundation
for Statistical Computing, Vienna, Austria,, 2015.

Ritchie ME, Silver J, Oshlack A, Holmes M, Diyagama D, Holloway A, et al. A
comparison of background correction methods for two-colour microar-
rays. Bioinformatics. 2007;23(20):2700-7. https://doi.org/10.1093/bioin
formatics/btm412.

Yang YH, Dudoit S, Luu P, Lin DM, Peng V, Ngai J, et al. Normalization for
cDNA microarray data: a robust composite method addressing single
and multiple slide systematic variation. Nucleic Acids Res. 2002;30(4):e15.
https://doi.org/10.1093/nar/30.4.e15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14


https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btm412
https://doi.org/10.1093/bioinformatics/btm412
https://doi.org/10.1093/nar/30.4.e15

	Autoantibodies against cytoskeletons and lysosomal trafficking discriminate sarcoidosis from healthy controls, tuberculosis and lung cancers
	Abstract 
	Introduction
	Results
	A panel of 1070 clones exhibit limited ability to class separate sarcoidosis immune reactivity from other diseases
	Improvement of class separation by decreasing the FDR threshold (option1)
	Option 2 selected clones aid to a robust class separation
	Identification of classifiers to predict sarcoidosis
	Characterization of sarcoidosis classifiers

	Discussion
	Materials and methods
	Chemicals
	Patient selection
	Serum collection
	Construction and biopanning of T7 phage display cDNA libraries
	Microarray construction and immunoscreening
	Sequencing of phage cDNA clones
	Data acquisition and pre-processing
	Statistical analyses

	Acknowledgements
	References


