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Altered transcription factor
targeting is associated with
differential peripheral blood
mononuclear cell proportions in
sarcoidosis
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Illinois at Chicago, Chicago, IL, United States, 2University of Illinois at Chicago College of Medicine,
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of Engineering and Medicine, Chicago, IL, United States, 4Division of Rheumatology, Department of
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Introduction: In sarcoidosis, peripheral lymphopenia and anergy have been

associated with increased inflammation andmaladaptive immune activity, likely

promoting development of chronic and progressive disease. However, the

molecular mechanisms that lead to reduced lymphocyte proportions,

particularly CD4+ T-cells, have not been fully elucidated. We posit that

paradoxical peripheral lymphopenia is characterized by a dysregulated

transcriptomic network associated with cell function and fate that results

from altered transcription factor targeting activity.

Methods: Messenger RNA-sequencing (mRNA-seq) was performed on

peripheral blood mononuclear cells (PBMCs) from ACCESS study subjects

with sarcoidosis and matched controls and findings validated on a

sarcoidosis case-control cohort and a sarcoidosis case series. Preserved

PBMC transcriptomic networks between case-control cohorts were assessed

to establish cellular associations with gene modules and define regulatory

targeting involved in sarcoidosis immune dysregulation utilizing weighted gene

co-expression network analysis and differential transcription factor

involvement analysis. Network centrality measures identified master

transcriptional regulators of subnetworks related to cell proliferation and

death. Predictive models of differential PBMC proportions constructed from

ACCESS target gene expression corroborated the relationship between

aberrant transcription factor regulatory activity and imputed and clinical

PBMC populations in the validation cohorts.
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Results: We identified two unique and preserved gene modules significantly

associated with sarcoidosis immune dysregulation. Strikingly, increased

expression of a monocyte-driven, and not a lymphocyte-driven, gene

module related to innate immunity and cell death was the best predictor of

peripheral CD4+ T-cell proportions. Within the gene network of this

monocyte-driven module, TLE3 and CBX8 were determined to be master

regulators of the cell death subnetwork. A core gene signature of differentially

over-expressed target genes of TLE3 and CBX8 involved in cellular

communication and immune response regulation accurately predicted

imputed and clinical monocyte expansion and CD4+ T-cell depletion.

Conclusions: Altered transcriptional regulation associated with aberrant gene

expression of a monocyte-driven transcriptional network likely influences

lymphocyte function and survival. Although further investigation is warranted,

this indicates that crosstalk between hyperactive monocytes and lymphocytes

may instigate peripheral lymphopenia and underlie sarcoidosis immune

dysregulation and pathogenesis. Future therapies selectively targeting master

regulators, or their targets, may mitigate dysregulated immune processes in

sarcoidosis and disease progression.
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Introduction

Sarcoidosis is a systemic inflammatory disease characterized

by dysregulated immune processes (1). The interactions between

lymphocytes, macrophages, and immune mediators, such as

tumor necrosis factor alpha (TNF-a) and interferon gamma

(IFN-g), lead to an exaggerated and polarized CD4+ T-helper

(Th) 1 and Th17 cell response against an unknown antigenic

stimulus at sites of granuloma formation (2). While local CD4+

T-cell accumulation, proliferation, and activation are invariably

observed within affected tissues, 10-50% of those with

sarcoidosis paradoxically exhibit peripheral lymphopenia

coupled with anergy or exhaustion (3–8). When present,

lymphopenia specifically related to low CD4+ T-cell counts,

has been linked with greater inflammatory activity in

sarcoidosis (7).

Historically, lymphopenia has been considered the product

of hypersplenism, bone marrow infiltration, or T-cell

sequestration (4, 9–11). However, a current paradigm posits

that peripheral depletion of lymphocytes results from an

imbalance between immunoregulatory and effector T-cell

numbers and function in response to prolonged antigenic

exposure (6, 8, 12–14). This notion is supported by

conventional studies that demonstrate aberrant expression of

CD28, CD95 (Fas), CD274 (PD-1), and other molecules linked

to programmed cell death and points towards inherent
02
molecular mechanisms contributing to T-cell anergy or

exhaustion and development of lymphopenia in sarcoidosis (4,

6–8, 11, 14–17). Accordingly, lymphopenia and loss of effector

function is thought to impair immune surveillance and inhibit

downregulation of immune reactions thereby eliciting a state of

persistent maladaptive inflammatory activity that, in turn,

prevents disease resolution and promotes development of

chronic disease (4, 7, 13, 14, 18–26). As such, reduced CD4+

T-cell counts, suppressed T-cell function, and decreased

lymphocyte gene expression are likely to contribute to disease

progression and have been associated with disease severity while

reversal of exhaustion has been correlated with disease

improvement (1, 4, 8, 16, 27).

Despite these implications, the underpinnings of peripheral

lymphopenia in sarcoidosis remain unclear and comprehensive

assessment of the genetic repertoire associated with this

phenomenon has been limited (25). To date, studies utilizing

bulk and single-cell high-throughput transcriptomic methods

have prioritized identification of discriminatory gene signatures

that support the diagnosis and prognosis of sarcoidosis (1, 25,

28–34). Notwithstanding, a wide variety of differentially

expressed genes implicated in significantly enriched biologic

processes related to cell proliferation and death with limited

overlap among the distinct signatures was discovered (1, 25, 28–

34). This evidence suggests that dysregulation of an elaborate

gene network involved in multiple biologic processes that impair
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lymphocyte survival, rather than a single gene or process, likely

instigates sarcoidosis-related lymphopenia. In this regard,

transcriptomic networks that determine cell function and fate

in health and disease primarily depend on the activation or

repression of genes through the coordinated regulatory activity

of transcription factors (35–38). However, the relevance of

transcription factors in gene signatures derived from high-

throughput transcriptomic differential expression analyses is

often overlooked because of their relatively low and stable

abundance as well as the inability of these analyses to

determine transcription factor interactions with target genes

(39–42).

Based on evidence from our prior studies, we hypothesized

that a dysregulated transcriptomic network characterizes

circulating immune cells in sarcoidosis and aimed to discern

master regulator transcription factors of aberrant gene

expression to gain insight into the molecular mechanisms

underlying paradoxical peripheral lymphopenia in sarcoidosis

(1, 16, 43). Utilizing data acquired from whole blood

transcriptome shotgun sequencing of messenger RNA

(mRNA-seq) we comprehensively assessed the transcriptomic

network of peripheral blood mononuclear cells (PBMCs) in a

cohort of subjects with sarcoidosis and their matched controls

and validated our findings across high-throughput

transcriptomic platforms on an independent case-control

cohort from the University California at San Francisco (UCSF)

and an independent case-series from the University of Illinois at

Chicago Bernie Mac Sarcoidosis Translational Advanced

Research (UIC STAR) Center. Focusing on biologic processes

associated with cell proliferation and death, we implemented a

combinatorial systems biology approach that integrated

weighted gene co-expression network analysis, differential

transcription factor involvement analysis, and cellular

deconvolution to define regulatory targeting corresponding to

differential expression patterns associated with lymphopenia in

sarcoidosis. The transcription factors TLE3 and CBX8 were

determined to be master regulators of a monocyte-driven

“cell-death” subnetwork and their differentially expressed

targets accurately predicted imputed CD14+ monocyte

expansion and CD4+ T-cell depletion in the UCSF cohort.

Additionally, upon determination of congruency between

imputed and clinical cell proportions, the classification

performance of TLE3 and CBX8 gene targets was further

validated and determined accurately predict monocyte and

CD4+ T-cell proportions in the UIC STAR cohort. Altogether,

our findings indicate that transcriptomic changes detrimental to

lymphocyte function and survival resulting from altered

regulation of the monocyte-driven module may instigate

peripheral lymphopenia in sarcoidosis through mechanisms

involved in regulation of cell-cell communication and immune

response activation. Our study adds an additional facet to the

understanding of sarcoidosis; crosstalk between hyperactive
Frontiers in Immunology 03
monocytes and lymphocytes may be driving immune

dysregulation and pathogenesis.
Methods

Study design and population

Study approval was obtained through the UIC institutional

review board (Protocol #s: 2019-0452 and 2016-0063). Briefly,

upon messenger RNA extraction from peripheral blood

mononuclear cells (PBMCs), gene expression data obtained

from whole transcriptome shotgun sequencing (mRNA-seq)

was investigated in treatment naïve Caucasian subjects newly

diagnosed with sarcoidosis (n=14) and matched controls (n=14).

All 28 subjects were enrolled through the RNA core laboratory

in “A Case Controlled Etiologic Study of Sarcoidosis” (ACCESS

Study, ClinicalTrials.gov Identifier: NCT00005276) as previously

described and utilized as a reference cohort in this study given

that the gene expression profiles from cases were deemed to

represent baseline immune dysregulation in sarcoidosis (1, 44).

Inclusion of sarcoidosis cases for the ACCESS study required

tissue confirmation of non-caseating granulomas within six

months of enrollment and exclusion of other possible causes

of granulomatous inflammation. ACCESS study controls were

selected by random digit dialing and matched to cases by gender,

age, race, and geographic region and excluded if there was a

prior history of granulomatous disease or reported use of anti-

tuberculosis therapy. Individual subject clinical characteristics

were defined and reported per ACCESS study protocols

(Supplemental Table S1A) (44). To substantiate gene

s ignatures ident ified from computat ional analyses

implemented on the ACCESS cohort, validation was

performed on gene expression data derived from the “UCSF

Sarcoidosis and Hypersensitivity Pneumonitis Cohort” (Gene

Expression Omnibus [GEO] series record GSE19314,

Supplemental Table S1B) and the University of Illinois at

Chicago Bernie Mac Sarcoidosis Translational Advanced

Research (UIC STAR) Center (Supplemental Table S1C) (29,

34, 45). The UCSF cohort was selected after performing a

systematic search on GEO for publicly available PBMC gene

expression data from predominantly Caucasian sarcoidosis case-

control cohorts to statistically validate our results on a

genotypically similar population. The UIC STAR cohort was

selected to further assess the validity of our findings on a

genotypically heterogeneous population and to assess the

validity of in-silico cellular deconvolution. Further details

pertaining to study cohorts, mRNA-seq library preparation

and annotation for the ACCESS cohort, processing of raw

microarray expression data for the UCSF cohort, and mRNA-

seq library preparation and annotation for the UIC STAR cohort

are described at length in the data supplement. All raw
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sequencing data for the ACCESS cohort has been deposited to

GEO, series record GSE155644. Supplemental Figure S1 depicts

a summary of the workflow of methods used in this study.
Construction of gene co-expression
modules and determination of module
biologic function

A signed gene co-expression network for the ACCESS

cohort was constructed utilizing weighted gene co-expression

network analysis (WGCNA) to identify gene modules or clusters

and their relationship with sarcoidosis and other clinical features

(46, 47). Given differences in RNA sequencing platforms

between case-control cohorts, unique genes identified by

mRNA-seq from the ACCESS cohort were matched to

corresponding Ensembl gene identifiers within the UCSF

cohort to establish a uniform gene expression dataset prior to

WGCNA. No subjects were considered outliers by complete-

linkage agglomerative hierarchical clustering and network

construction was carried out on 12,047 matched genes from all

subjects after filtering for sparse gene expression (Supplemental

Figure S3A). The Z-summary statistic, specifying the ACCESS

cohort as the reference case-control data set, was utilized to

assess module preservation between ACCESS and UCSF

cohorts. Gene modules identified in the ACCESS co-

expression network with Z-summary scores greater than 10

were deemed preserved between case-control cohorts and were

considered for further analysis (46, 48).

Module eigengenes, obtained from specific gene expression of

standardized modules between the ACCESS and UCSF cohorts,

were extracted as representations of modular gene expression.

Associations between gene modules and clinical features (gender,

age, smoking history, and disease status) were evaluated by

Spearman’s correlation and p-values <0.05 were considered

significant. Additional Z-scored module eigengene expression

associations were further assessed by Mann-Whitney U (MWU)

test or linear regression models and considered significant if p-

value < 0.05. Differential expression of genes between sarcoidosis

cases and controls within modules significantly associated with

disease in the ACCESS cohort was determined utilizing a

moderated t-statistic at a predetermined false discovery rate

(FDR) of 10% (Benjamini-Hochberg adjusted [BH.adj] p-value

<0.1) (49). Subsequently, determination of biologic function of

modules significantly associated with disease status and preserved

between cohorts was performed utilizing the gene ontology of

biologic processes from the Database for Annotation,

Visualization and Integrated Discovery (DAVID Bioinformatics

Database v6.8; https://david.ncifcrf.gov) (50, 51). Biologic

processes identified within the modules found to have BH.adj p-

value <0.1 to account for multiple testing were determined to be

significantly enriched. The Human Protein Atlas (HPA) was

utilized to determine whether specific PBMC subset enrichment
Frontiers in Immunology 04
was associated with gene expression within modules of interest

(52, 53). Differences in PBMC subset enrichment were assessed

within relevant modules utilizing Kruskal-Wallis (KW) one-way

analysis of variance test followed by post hoc analysis using Dunn’s

test with BH adjustment to account for multiplicity (p-values <

0.05 and < 0.1 were pre-specified as significant for KW and

Dunn’s tests; respectively). Further details regarding network

construction, module preservation, and cell subset enrichment

are provided in the data supplement.
Determination of master regulator
transcription factors

To identify master regulator transcription factors capable of

driving the changes in PBMC transcriptional programming (cell

state transitions) from the healthy to the dysregulated immune

response observed in sarcoidosis we applied the Monster

algorithm (54). Monster infers master regulators capable of

driving cell state transitions at the gene regulatory network

level as described in the data supplement. In brief, it

discriminates between transcription factors that alter or

maintain unaltered targeting patterns between states.

Regulators of cell state transitions are defined in the Monster

algorithm as transcription factors that exhibit greater magnitude

of change measured by differential transcription factor

involvement (DTFI) within a gene regulatory network. To

determine DTFI that underlie immune regulatory networks in

health and disease, ACCESS cohort control samples (n=14) were

defined as the baseline (reference) state and sarcoidosis samples

(n=14) as the perturbed (final) state. DTFI significance was

established if the false discovery rate (FDR) p-value based on the

Monster Z-score method was <0.1.
Subnetwork construction and analysis

Gene interaction subnetworks were derived from significant

and preserved gene co-expression modules to explore the effect

of aberrant transcriptional targeting on sarcoidosis related

immune dysregulation defined by significant differences in cell

subset proportions between cases and controls. To do so, state

specific bipartite networks constructed by theMonster algorithm

were extracted separately for the ACCESS cohort sarcoidosis

cases and controls. Then bipartite networks were filtered to

include significant DTFI and differentially expressed target genes

with greater predicted edge weight in sarcoidosis compared to

controls. Additional subnetwork reduction was performed to

evaluate significantly enriched GO biologic processes associated

with cellular proliferation or death assumed to alter PBMC

subset proportions. Specifically, only target genes related to

GO biologic processes involved in cell “aging/senescence,”

“apoptosis,” “arrest,” “autophagy,” “cycle,” “death,”
frontiersin.org
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“differentiation,” “division,” “exhaustion,” “phagocytosis,”

“proliferation,” and “quiescence” comprised the final

subnetworks. Upon subnetwork construction, the Laplacian

centrality measure for directed and weighted networks was

utilized to perform topological analysis and determine

transcription factor relevance (55, 56). Prior to bipartite

network construction, PBMC subset proportions were defined

by in-silico cellular deconvolution using Cibersort as described in

the data supplement (57). Significant differences in cell

proportions between sarcoidosis cases and controls within and

between the ACCESS and UCSF cohorts were determined by

MWU test p-values < 0.05.

To evaluate the relationship between target genes of the most

central DTFI in individual subnetworks of interest and PBMC

subset proportions, supervised classifier models with partial least

squares discriminant analysis (PLS-DA) were constructed using

data from the ACCESS cohort for model calibration and

externally validated (58). To corroborate findings, two

additional gene lists (n=50 genes per list), serving as negative

controls, were derived at random from gene co-expression

modules that were neither related to sarcoidosis nor preserved

between the ACCESS and UCSF case-control cohorts. Initial

classification with PLS-DA was performed only on significantly

different in-silico imputed PBMC subsets in sarcoidosis cases from

the ACCESS and UCSF cohorts after subjects were dichotomized

into “high” and “low” groups based on corresponding median cell

proportion values. Classification was based on thresholding of

predicted response variables ≥0 or <0 in each cohort after cell

proportions and target gene expression had been median centered

and scaled to unit variance. PLS-DA model calibration on the

ACCESS cohort was considered appropriate if the total number of

misclassifications was less than 5 and the predictive accuracy was

greater than 70% on the first principal component. PLS-DA

validation model classification performance on the UCSF cohort

was based on the area under the curve (AUC) of receiver

operating characteristic (ROC) curves determined by the

model’s ability to accurately predict “high” or “low” PBMC

subset proportions in comparison to negative controls using

Venkatraman’s test (59). Lastly, to substantiate findings, the

predictive accuracy of target genes from PLS-DA models that

were determined to be significant predictors of PBMC subsets of

interest in the ACCESS and UCSF cohorts as well as the predictive

accuracy of negative control models was further tested on in-silico

imputed and clinical cell proportions from the UIC STAR cohort.

PLS-DA validation model classification performance on in-silico

imputed and clinical cell proportions for the UIC STAR cohort

was based on AUC of ROC curves and Venkatraman’s test as

performed on the UCSF cohort. Variable importance in projection

(VIP) scores were calculated and utilized to determine the

discriminatory power of each feature within PLS-DA models.

Individual target genes with high VIP scores (>1) were considered

the most relevant predictors of cell subset variability in sarcoidosis

(58, 60).
Frontiers in Immunology 05
Results

Subject characteristics

Our aim was to examine gene expression and transcriptional

regulation patterns that might contribute to altered peripheral

immunity in sarcoidosis. We obtained PBMCs from subjects

with sarcoidosis within 6 months of diagnosis and their matched

controls (n=14 per group) in the ACCESS cohort and performed

mRNA-seq and network-based analyses. Baseline characteristics

of the ACCESS cohort are outlined in Table 1. This cohort was

predominantly female and relatively young with only a minority

of cases (21.41%) above 50 years of age. Most reported a history

of smoking but only 21.43% of cases and 28.57% of controls were

active smokers at the time of study inclusion. The majority had

definite pulmonary involvement; however, none were

considered to have radiographic features consistent with

Scadding stage 4 (i.e., pulmonary fibrosis) and median baseline

spirometric values were within normal ranges for predicted

values across the cases. Definite extrathoracic involvement was

observed in 50% of cases and 64.3% had both definite pulmonary

and extrathoracic involvement. Only two subjects were reported

to have had erythema nodosum. None of the ACCESS cohort

cases were reported to be on disease modifying anti-sarcoidosis

medications at the time of inclusion and were considered to

represent the baseline immunologic state for sarcoidosis.

A publicly available PBMC gene expression data set

(GSE19314) was used to validate expression and transcriptional

regulation analyses performed in the ACCESS cohort (Table 2)

(29). A total of 47 Caucasian subjects, including 31 sarcoidosis

cases and 16 controls, were identified and constituted the UCSF

cohort. No differences were observed between cohorts with

regards to sex when independently comparing cases or controls

or upon comparison of all subjects between cohorts (c2 test p-

value >0.05). Significant differences were found with regards to

age between cohorts. Specifically, UCSF cohort cases and controls

were found to be significantly older than their ACCESS cohort

counterparts (c2 test p-value <0.05) with the majority of subjects

in age groups 4 and 5 (40-49 and 50-59 years old; respectively).

UCSF cohort sarcoidosis cases included 14/31 (45%) cases with

low lung function defined by the study’s original parameters as

forced expiratory volume in one second (FEV1) or forced vital

capacity (FVC) percent predicted <80%. Individual subject data

pertaining to other variables (smoking, Scadding stage, and

treatment) was not publicly available. Nonetheless, in contrast

to the ACCESS cohort, the original GSE19314 cohort included

only 2/38 cases with a positive smoking history, 10/38 with

Scadding stage 4 sarcoidosis, and at least 32% on systemic

therapy for sarcoidosis.

Unlike the Caucasian case-control cohorts, the UIC STAR

cohort (n=30) consisted of a predominantly African American

(66.7%) case series of subjects with sarcoidosis as detailed in

the data supplement (Table 3). Within the UIC STAR cohort
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all subjects had evidence of pulmonary involvement of

sarcoidosis. African Americans and Caucasians were

comparable in terms of sex, age, smoking history, disease

duration, disease severity, and treatment status. When

compared to cases from the ACCESS and UCSF cohorts, no

significant differences in sex or age were found (c2 test p-value
>0.05) but UIC STAR cohort subjects tended to be older than

ACCESS counterparts (c2 test p-value =0.071). Significant

differences in smoking history were not observed between the

UIC STAR and ACCESS cohorts (c2 test p-value >0.05).
Frontiers in Immunology 06
Furthermore, pulmonary function between the UIC STAR

and ACCESS cohorts was similar with only FEV1% predicted

showing a trend towards significantly lower values in the UIC

STAR cohort (median 86.04% vs 97.44%, MWU test p-value

=0.095) despite the fact that the majority of subjects in the UIC

STAR cohort had chronic disease (>3 years duration), 50% (15/

30) had severe disease, and only 20% (6/30) were off of systemic

therapy. Other differences between the UIC STAR cohort and

UCSF cohort could not be assessed due to lack of publicly

available data.
TABLE 1 Baseline characteristics of sarcoidosis cases and matched controls in the ACCESS cohort based on responses or results reported on
ACCESS Study data forms.

ACCESS cohort Sarcoidosis cases
n = 14 (50%)

Controls
n = 14 (50%)

P-value

Ethnicity (%) Caucasian 14 (100.0) 14 (100.0) 1

Sex (%) Male 5 (35.7) 5 (35.7) 1

Female 9 (64.3) 9 (64.3)

Age (%) <30 years 2 (14.3) 1 (7.1) 0.6583

30-39 years 3 (21.4) 6 (42.9)

40-49 years 6 (42.9) 5 (35.7)

50-59 years 2 (14.3) 2 (14.3)

60-69 years 1 (7.1) 0 (0.0)

Smoking history (%) Never 6 (42.9) 5 (35.7) 0.6988

Positive 8 (57.1) 9 (64.3)

Active smoker at time of inclusion (%) No 5 5 0.7715

Yes 3 4

On treatment at time of inclusion (%) No 14 (100) —— NA

Yes 0 (0.0) ——

Scadding stage on chest radiograph 0 3 (21.4) —— NA

1 6 (42.9) ——

2 3 (21.4) ——

3 2 (14.3) ——

Definite pulmonary involvement (%) No 2 (14.3) —— NA

Yes 12 (85.7) ——

Definite extra-thoracic involvement (%) No 7 (50.0) —— NA

Yes 7 (50.0) ——

Definite pulmonary and extra-thoracic involvement (%) No 5 (35.7) —— NA

Yes 9 (64.3) ——

Positive biopsy site Lung 5 (35.7) —— NA

Mediastinal/Hilar Lymph Node 6 (42.9) ——

Liver 1 (7.14) ——

Skin 1 (7.14) ——

Extrathoracic Lymph Node 1 (7.14) ——

Baseline spirometry* FEV1 (% predicted) 97.44 (13.80) —— NA

FVC (% predicted) 97.96 (15.51) —— NA

FEV1/FVC 77.46 (8.19) —— NA
front
Definitive organ involvement refers to proof of features typical for sarcoidosis granulomas on biopsy (upon ruling out alternate causes of granulomas) or additional criteria based on the
ACCESS study procedures manual, volume I Table 3-1A (https://biolincc.nhlbi.nih.gov/studies/access/). *Spirometry values shown as median and standard deviation. P-values are based on
c2-test for categorical variables.
NA, not applicable.
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Dysregulation of cell cycle and apoptotic
pathways is implicated in sarcoidosis

To analyze disrupted patterns of gene expression in

sarcoidosis, mRNA-seq data obtained from the ACCESS

cohort and microarray data from the UCSF cohort were

filtered and normalized to identify 12,047 genes commonly

expressed within both datasets. Utilizing WGCNA, 12 distinct

modules of gene expression were identified within the 28
Frontiers in Immunology 07
subjects sampled in the ACCESS cohort (Supplemental Figure

S3B and Supplemental Tables S2A, B). Of the identified

modules, 5 were significantly associated with disease status

(Spearman’s test p-value <0.05) and one trended towards

significance (Spearman’s test p-value =0.07) (Figure 1A). Three

significant modules were positively correlated with sarcoidosis

and two significant modules were inversely correlated with

sarcoidosis. A total of 416, 481, and 1,379 genes were assigned

to the significant and positively correlated modules cyan,
TABLE 2 Baseline characteristics of sarcoidosis cases and controls from the “UCSF Sarcoidosis and Hypersensitivity Pneumonitis Cohort”
(GSE19314) based on publicly available information in the gene expression omnibus (GEO) database.

UCSF cohort Sarcoidosis cases
n = 31 (66%)

Controls
n = 16 (34%)

P-value

Ethnicity (%) Caucasian 31 (100.0) 16 (100.0) 1

Sex (%) Male 13 (41.9) 4 (25.0) 0.2522

Female 18 (58.1) 12 (75.0)

Age (%) <30 years 0 (0) 0 (0) 0.8672

30-39 years 4 (12.9) 1 (6.2)

40-49 years 6 (19.4) 4 (25.0)

50-59 years 12 (38.7) 7 (43.8)

60-69 years 9 (29.0) 4 (25.0)

Lung Function Group Low 14 (45.2) —— NA

High 17 (54.8) ——
front
P-values are based on c2-test for categorical variables.
NA, not applicable.
TABLE 3 Baseline characteristics of sarcoidosis cases from the “University of Illinois at Chicago Bernie Mac Sarcoidosis Translational Advanced
Research Center (UIC STAR) Cohort”.

UIC STAR cohort African Americans
n = 20 (66.6%)

Caucasians
n = 10 (33.3%)

P-value

Sex (%) Male 9 (45.0) 5 (50.0) 0.7958

Female 11 (55.0) 5 (50.0)

Age (%) 30-39 years 3 (21.4) 0 (0.0) 0.3728

40-49 years 5 (25.0) 4 (40.0)

50-59 years 9 (45.0) 3 (30.0)

60-69 years 3 (15.0) 3 (30.0)

Smoking history (%) Never 8 (40.0) 3 (30.0) 0.858

Former 10 (50.0) 6 (60.0)

Current 2 (10.0) 1 (10.0)

On treatment at time of inclusion (%) No 5 (25.0) 1 (10.0) 0.3329

Yes 15 (75.0) 9 (90.0)

Approximate Time from Diagnosis* Years 9.5 (8.44) 5 (6.72) 0.27

Sarcoidosis Severity (%) Non-severe 9 (45.0) 6 (60.0) 0.699

Severe 11 (55.0) 4 (40.0)

Spirometry* FEV1 (% predicted) 86.61 (23.25) 86.04 (23.72) 0.9999

FVC (% predicted) 94.85 (23.51) 96.19 (22.31) 0.9828

FEV1/FVC 74.72 (9.79) 73.91 (8.86) 0.4745

Total PBMCs* kcells/µl 1.85 (0.79) 1.85 (0.67) 0.9223

Monocytes* % of PBMCs 28.22 (10.28) 32.29 (11.82) 0.4541

CD4+ T-cells* % of PBMCs 30.43 (10.36) 25.8 (11.86) 0.5588
*Continuous parameters shown as median and standard deviation. P-values are based on c2-test for categorical variables and Mann-Whitney U-test for continuous variables.
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greenyellow, and magenta, respectively. Gene expression in these

modules was relatively increased in comparison to controls with

59 genes in the cyan module, 12 genes in the greenyellow

module, and 287 genes in the magenta module determined to

be significantly over-expressed in sarcoidosis (BH.adj p-value

<0.1) (Supplemental Figure S4A and Supplemental Table S3A).

In contrast, the significant modules inversely correlated with

sarcoidosis included 57 of 1,331 genes in the blue module and 17

of 823 genes in the brown module that were significantly under-

expressed (BH.adj p-value <0.1) (Supplemental Figure S4A and

Supplemental Table S3A). Neither significant under-expression

in positively correlated modules nor significant over-expression

in inversely correlated modules was observed. No modules were

significantly correlated with age or gender. The dark red module

trended towards an association with smoking history

(Spearman’s test p-value <0.1) but had no association with

disease status. Thus, expression of unique genes within the

modules significantly associated with disease was considered

independent of age, gender, and smoking history.

To validate modules of interest, the modular framework

derived from the ACCESS cohort was applied to the gene

expression data from the UCSF cohort. Module preservation

between case-control datasets was determined using the Z-

summary statistic with scores greater than 10 indicating strong
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preservation (Figure 1B). Of the 5 modules significantly

associated with disease status in the ACCESS cohort, only 2

modules were strongly preserved in the UCSF cohort: the

magenta and blue modules. Compared to findings in the

ACCESS cohort, the magenta module was similarly over-

expressed and the blue module was similarly under-expressed

in the UCSF cohort (Figures 1C, D). Even though there was

similar modular expression in the UCSF cohort, the proportion

of significantly over-expressed genes within the magenta module

and under-expressed genes with the blue module was distinct

(173/1,379 and 316/1,331 with BH.adj p-value <0.1; respectively)

and likely attributable to clinical, demographic, and geographic

heterogeneity between the cohorts (Supplemental Figure S4B

and Supplemental Table S3B). Despite dissimilarities, consensus

gene expression was ascertained (Supplemental Figure S4C) and

20.4% of significantly over-expressed genes in the magenta

module as well as 8.4% of significantly under-expressed genes

in the blue module were common to both cohorts (Supplemental

Figures S4D, E). Many of the mutually significant genes,

including BATF2, C1QB, CD1D, FCGR1A, ICAM1, IRF1,

IL15RA, NOD2, SERPING1, SMARCD3, TYMP, and WARS

have been associated with sarcoidosis in other bulk

transcriptomic analyses of whole blood and PBMCs and are

known to be involved in regulation of innate and adaptive
A B

DC

FIGURE 1

Preserved over-expressed and under-expressed modules in sarcoidosis. (A) Heatmap demonstrating WGCNA module-trait relationships in the
ACCESS cohort. Columns correspond to clinical feature and rows correspond to module eigengenes. Cells depict the corresponding Spearman
correlation coefficient and p-value (in parenthesis). Cell color indicates the strength of the correlation from strong negative (darker blue) to
strong positive (darker red). Significance was determined by p-value <0.05. Cyan, greenyellow and magenta modules were found to be
significantly correlated with disease (sarcoidosis), whereas blue and brown modules were found to be significantly but negatively correlated with
disease. There were no significant relationships between module expression and gender, age, or smoking history. (B) Scatterplot demonstrating
module size and module preservation between cohorts based on Z-summary statistic. The magenta and blue modules were strongly preserved
(Z-summary statistic > 10) between the ACCESS and UCSF cohorts. (C, D) Module eigengenes, a measure of module expression, demonstrated
that the magenta module was similarly over-expressed in sarcoidosis cases (C) and the blue module was similarly under-expressed in
sarcoidosis (D) between cohorts. NS, non-significant; **p-value < 0.01; ***p-value < 0.001; Mann-Whitney U Test.
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immune responses and cell differentiation (25, 28, 30–32, 61–

63). Importantly, member genes CD28, CD40LG, and LEF1

involved in T-cell activation, were noted to be under-expressed

in both ACCESS and UCSF cohorts and this finding was

consistent with a prior independent analysis of the ACCESS

cohort (16).

To define the molecular processes driving immune

dysregulation in sarcoidosis, gene ontology analysis of the

magenta and blue modules was performed using the DAVID

pipeline (NIAID) (50, 51). The top 5 significantly enriched

(BH.adj p-value <0.1) gene ontology terms that characterized

the magenta module were consistent with fundamental notions

of sarcoidosis and included: “immune system processes

(GO:0002376),” “defense response (GO:0006952),” “immune

response (GO:0006955),” “regulation of immune system

processes (GO:0002682),” and “cell activation (GO:0001775)”.

In contrast, the blue module was characterized by significant

enrichment of “RNA metabolic processes (GO:0016070),”

“nucleic acid metabolic processes (GO:0090304),” “gene

expression (GO:0010467),” “nucleobase-containing compound

metabolic processes (GO:0006139),” and “cellular aromatic

compound metabolic processes (GO:0006725)” suggesting that

sarcoidosis is not only marked by immune dysregulation but

may also be a result of altered metabolic pathways. Other

significantly enriched ontology terms related to multiple innate

immunity and cellular immunity pathways and genes were also

found in the magenta and blue modules, respectively

(Supplemental Tables S4A, B). However, most relevantly,

functional analysis also revealed significant enrichment of cell

death related pathways in the magenta module and decreased

expression of cell survival pathways in the blue module

(Figures 2A, B).
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To determine if module-specific gene expression was driven

by distinct immune cell types, absolute immune signal (ABIS)

deconvolution was performed utilizing the Human Protein Atlas

(HPA) and demonstrated that the magenta module was

significantly associated with protein coding genes characteristic

of monocytes and dendritic cells. The magenta module was

therefore renamed the monocyte activity module (MAM)

(Figure 3A). Conversely, the blue module was significantly

associated with T-, B-, and NK lymphocyte protein coding

genes, and was renamed the lymphocyte survival module

(LSM) (Figure 3B) (52, 53). Taken together, these findings

suggest that immune dysregulation leading to increased

expression of MAM and decreased expression of LSM is likely

to contribute to characteristic differential proportions of

circulating cell subsets in sarcoidosis.
Transcriptional states are linked to
aberrant gene expression in sarcoidosis

In a prior gene co-expression analyses of peripheral blood

and cutaneous lesions we noted that transcription factors, such

as ETS1, IKZF3, LEF1, MYC, RORA, and SPI1 (PU.1), may be

central players in aberrant processes associated with sarcoidosis

(16, 43). In this study, in order to further examine the manner in

which transcription factors contribute to dysregulated immune

regulatory networks in sarcoidosis, we utilized Monster to

independently infer master regulators driving cell state

transcriptional programs and their target genes in MAM and

LSM within the ACCESS cohort in a comprehensive and

unbiased manner (54). The resultant analysis derived from

gene expression data discriminated between transcription
A B

FIGURE 2

Gene ontology biologic processes enriched in the preserved magenta and blue modules. (A) Highlighted processes in the magenta module are
associated with apoptosis, cell death, differentiation, phagocytosis, and proliferation. They comprised approximately 9% (53/587) of all
significantly enriched processes within the module (Benjamini-Hochberg adjusted [BH-adj] p-value < 0.1). (B) Highlighted processes in the blue
module are all associated with the cell cycle. They comprised approximately 24.7% (18/73) of all significantly enriched processes within the
module (BH-adj p-value < 0.1). Description of GO terms are available in Supplemental Tables S3A (magenta) and S3B (blue). Bubble plot y-axis
represents biologic process significance (-Log10 adjusted p-values) and x-axis represents the GO plot Z-score indicative of the likelihood that a
biologic process is up (positive value) or downregulated (negative value). The gold solid horizontal line on the bubble plot represents a BH-adj
p-value = 0.1 and the gold dashed horizontal line represents a BH-adj p-value = 0.05.
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factors that maintain unchanged targeting patterns and those

that experienced change within a gene regulatory network and

defined differential transcription factor involvement (DTFI)

based on the magnitude of targeting change. As Monster was

performed to differentiate regulatory networks between cell

states, transcription factors that only underwent small changes

in targeting patterns between states were considered to fulfill

“housekeeping” functions in both sarcoidosis cases and controls

whereas those with significant changes in targeting patterns were

deemed critical regulators of sarcoidosis.

Monster analysis yielded a transcription factor to target gene

network consisting of 106,029 edges in sarcoidosis cases and a

corresponding network with differing strengths of interaction
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(edge weights) in controls from 81 transcription factors

identified within 1,379 total genes in MAM. Examination of

DTFI in MAM identified 11 transcription factors (13.58%) with

significantly different targeting patterns in sarcoidosis compared

to controls (FDR < 0.1) (Figure 4A). Analogous bipartite networks

for sarcoidosis cases and controls in LSM produced networks with

133,120 edges and distinct edge weights. Within 1,331 total genes,

36/104 (34.62%) transcription factors were determined to have

significant changes in targeting patterns (FDR < 0.1) (Figure 4B).

Significant differences in gene expression resulting from altered

transcription factor targeting in sarcoidosis were determined by

constructing MAM and LSM subnetworks that encompassed only

transcription factors with significant DTFI and differentially
A B

FIGURE 3

Absolute immune signal deconvolution of peripheral blood mononuclear cells based on the Human Protein Atlas. Violin plots demonstrate
relative expression (log2-pTPM) of cell specific genes. (A) The Monocyte Activity Module (MAM, magenta) was characterized by high relative
expression of monocyte and dendritic cell genes and low relative expression of lymphocyte genes. (B) The Lymphocyte Survival Module (LSM,
blue) was characterized by high relative expression of lymphocyte genes and low relative expression of monocyte and dendritic cell genes. For
(A, B) median log2-pTPM values per cell type (B-cells, Dendritic cells [DC], Monocytes, Natural Killer [NK] cells, and T-cells) are shown in the
figure legends. Significant differences in relative expression of cell specific genes were identified between specific cell types within MAM and
LSM (Kruskal-Wallis test p-value < 0.05). Post hoc analysis with Benjamini-Hochberg (BH) adjustment for multiple comparisons was performed
with Dunn’s test and BH.adj p-value <0.1 was considered significant. In MAM, all post hoc comparisons assessing differences in relative
expression of cell type specific genes were found to be significant with the exception of B-cell and T-cell genes which were comparable
(BH.adj p-value =0.33). Similarly, in LSM all post hoc comparisons were significant except for NK-cell versus T-cells (BH.adj p-value =0.37).
pTPM = normalized to transcripts per million protein coding genes. The gold dashed horizontal line represents the median log2-pTPM values
among all genes in each module.
A B

FIGURE 4

Significance of transcription factors based on differential transcription factor analysis. Dot plots demonstrate the significance of the top 50
transcription factors involved in the “transition” from health to sarcoidosis based on scaled differential transcription factor involvement (DTFI)
within the MAM (A) and LSM (B) modules. DTFI was considered significant with a false discovery rate (FDR) p-value <0.1 utilizing the “z-score”
method per the Monster algorithm. Gold solid vertical grid line represents a FDR p-value=0.1 and gold dashed vertical grid line represents FDR
p-value=0.05. Numbers enclosed within parentheses next to transcription factor names on the y-axis represent scaled DTFI values standardized
against the null distribution. Larger DTFI values indicate a greater magnitude of change in transcription factor gene targeting between states.
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expressed target genes whose predicted strength of interaction in

sarcoidosis was greater than in controls. Subsequently, to elucidate

mechanisms leading to differential PBMC subset proportions in

sarcoidosis, namely lymphopenia, subnetworks were further

reduced. These transcriptional regulatory networks included

transcription factors directly implicated with GO biologic

processes significantly associated with cellular proliferation and

death as well as those indirectly associated through targeting of

genes directly involved in these processes. The resultant MAM

“cell death” subnetwork (Figure 5A and Supplemental Table S5A)

was comprised of 11 DTFI and 112 target genes (nodes) with a

total of 557 interactions (edges), whereas the LSM “cell cycle”

subnetwork (Figure 5B and Supplemental Table S5B) was

comprised of 36 DTFI and 9 target genes with a total of

210 interactions.
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To derive the most relevant transcription factors on

subnetwork structure, Laplacian centrality was assessed. In the

MAM cell death subnetwork, the 5 most central transcription

factors were TLE3, CBX8, XRCC3, ETV6, and SPI1 (Figure 6A).

These transcription factors had the most impactful regulatory

effects on differential gene expression within the MAM

subnetwork and are likely key regulatory features driving cell

death through heightened innate immune activity. Similar

analyses performed on the smaller LSM cell cycle subnetwork

identified 4 equally relevant transcription factors: ARID1B,

CDK2, KMT2A, and CRY1 responsible for driving expression

changes associated with an altered lymphocytic cell cycle

(Figure 6B). Collectively, altered activity by the transcription

factors driving gene expression in the MAM and LSM

subnetworks suggests that disrupted T-cell proliferation and
A

B

FIGURE 5

Regulatory interactions between transcription factors and target genes in the “Cell Death” and “Cell Cycle” subnetworks. (A) The MAM cell death
subnetwork was comprised of a total of 123 nodes and 557 edges. Nodes consisted of 11 transcription factors with significantly altered
regulatory activity and 112 target genes. (B) The LSM cell cycle subnetwork was comprised of a total of 45 nodes and 210 edges. Nodes
consisted of 36 transcription factors with significantly altered regulatory activity and 9 target genes. For (A, B), all transcription factors
demonstrated significant differential transcription factor involvement (DTFI). Transcription factors are shown as hexagonal nodes if differentially
over-expressed in MAM or differentially under-expressed in LSM and as rhomboid nodes if stably expressed (triangle shaped nodes in LSM
represent 3 stably over-expressed transcription factors). Transcription factor color indicates direct or indirect relation with cell death or cell
cycle GO terms. Target genes are depicted as magenta circles in (A) and blue circles in (B). For all nodes in (A, B), size is proportional to
absolute log2-fold change based on differential expression analysis. Edges in (A, B) indicate an interaction between a transcription factor and
target gene. Edge width represents the difference in weight of interaction between sarcoidosis cases and controls as determined by the Monster
algorithm. MAM and LSM subnetwork structure is also depicted in Supplemental Tables S5A, B.
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activity in a pro-inflammatory background underlies peripheral

immunity in sarcoidosis.
Transcriptional state predicts differential
proportions of PBMC subsets in
sarcoidosis

To test whether changes in transcriptional regulation were

associated with significant differences in PBMC subset

proportions, we first performed complementary in-silico

cellular deconvolution analysis using Cibersort based on gene

expression data from the ACCESS and UCSF cohorts

(Supplemental Table S6) as previously performed in a

pulmonary fibrosis cohort (57, 64). From queried PBMC

subsets, only significantly increased CD14+ monocyte and

significantly decreased CD4+ T-cell proportions were noted in

sarcoidosis when compared against controls within both cohorts

(MWU test p-value <0.05) (Figures 7A, B). Interestingly, despite

cohort heterogeneity, CD14+ monocyte and CD4+ T-cell

proportions in sarcoidosis cases and controls were comparable

between cohorts. Moreover, linear regression analysis revealed

that CD14+ monocytes were directly associated with MAM

expression, and CD4+ T-cells were directly associated with

LSM expression in both ACCESS and UCSF cohorts

(Figures 7C–F). Thereby, these findings suggest that MAM

and LSM are not only differentially expressed in the ACCESS

and UCSF cohorts, but that their member genes are likely to

modulate activity and characteristic compositional differences of

circulating immune cells in sarcoidosis.

Next, to identify prominent features driving the relationship

between transcription factors of interest and imputed PBMC

subsets, PLS-DA models were constructed from MAM cell death

and LSM cell cycle subnetworks. In addition, random gene lists

from the red and lightgreen modules, determined to be the least

preserved modules between the ACCESS and UCSF case-control

cohorts based on the Z-summary statistic, were included as

negative controls for the analysis. PLS-DA models were
Frontiers in Immunology 12
calibrated on the ACCESS cohort and first validated on the

UCSF cohort. Subjects with CD4+ T-cells less than the

corresponding median percentage in the ACCESS (21.98%) and

in the UCSF (24.48%) cohorts defined the “low” lymphocyte

groups. Conversely, CD14+ monocytes greater than or equal to

31.96% and 31.84% median percentages defined the “high”

monocyte groups in the ACCESS and UCSF cohorts,

respectively. Surprisingly, the LSM derived calibration model

pertaining to transcription factors ARID1B, CDK2, CRY1, and

KMT2A resulted in 5 misclassifications and <70% predictive

accuracy for both cell subsets; while all other calibration models

were capable of predicting subjects with low CD4+ T-cells and high

CD14+ monocytes accurately and were considered for validation

(Supplemental Table S7A). Validation on the UCSF cohort was

performed on MAM derived PLS-DA models for the transcription

factors CBX8, ETV6, SPI1, TLE3, and XRCC3 and classification

performance was assessed by comparison of ROC curve AUC.

Target genes of XRCC3 showed a trend towards significant

lymphocyte classification and target genes of ETV6 were

predictive of lymphocyte abundance. However, neither XRCC3

nor ETV6 target genes reliably determined CD14+ monocytes.

Similarly, variable discriminatory capacity was observed with the

SPI1 model which proved to be an accurate predictor of CD4+ T-

cell abundance, but only exhibited a tendency towards significant

prognostication of CD14+ monocytes (Supplemental Table S7B).

In contrast, target genes of TLE3 and CBX8 were identified as

significant predictors of both CD14+ monocyte and CD4+ T-cell

abundance and significantly outperformed red and lightgreen

random gene lists (Figures 8A, B).

On account of superior performance, we sought to further

validate and assess the general applicability of the ACCESS TLE3

and CBX8 PLS-DA calibration models on imputed and

contemporaneous clinical cell proportions from the UIC STAR

cohort. Prior to validation, the congruency between imputed and

clinical total monocyte (as a surrogate for clinical enumeration of

CD14+ monocytes by flow cytometry) and CD4+ T-cell

proportions of PBMCs was ascertained. Imputed and clinical cell

proportions in the UIC STAR cohort were highly and significantly
A B

FIGURE 6

Transcription factor centrality in MAM Cell Death and LSM Cell Cycle subnetworks. Dot plots demonstrate significance of transcription factors
regulating the MAM Cell Death (A) and LSM Cell Cycle (B) subnetworks based on Laplacian centrality in descending order.
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correlated and demonstrated coefficients (Figures 9A, B) and root

mean square error values (RMSE =6.41 and 10.15 for CD4+ T-cells

and total monocytes, respectively) within the benchmarked ranges

for Cibersort (57). Based on these findings, the corresponding

median percentage of imputed CD14+ monocytes (16.84%) and

total clinical monocytes (29.97%) as well as the corresponding

median percentage of imputed (27.87%) and clinical (30.4%)

CD4+ T-cells were utilized to designate subjects in the UIC

STAR cohort into monocyte “high” and lymphocyte “low”

groups. Concordance between imputed and clinical total

monocyte (22/30) and imputed and clinical CD4+ T-cell (26/30)

grouping was established (Figures 9A, B) and provides additional

evidence to support the utilization of in-silico deconvolution to

determine PBMC cell proportions in sarcoidosis. Moreover,

median percentage values of imputed and clinical CD4+ T-cells
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for the UIC STAR cohort fell below the lower limit of normal

established for CD4+ T-cell percent of total PBMCs (36.8%) in a

large cohort of healthy adults that was inclusive of African

American and Caucasian subjects and corroborated reduced

CD4+ T-cell proportions in all subjects within the “low” group

(65). Once congruency and presence of reduced CD4+ T-cell

proportions were determined in the UIC STAR cohort,

validation of the TLE3 and CBX8 PLS-DA models was

performed. Analogous to the UCSF cohort validation, the

predictive accuracy of TLE3 and CBX8 target genes was high

with ROC curve AUC exceeding 85% while the predictive accuracy

of the lightgreen module random gene list remained <50% in all

UIC STAR cohort models. However, the predictive accuracy of the

red random gene list was unexpectedly greater than what was

observed in the UCSF cohort validation (>65% in the UIC STAR
A B

D

E F

C

FIGURE 7

Decreased lymphocyte abundance in sarcoidosis linked to MAM and LSM transcription factors. (A, B) Box plots demonstrating the distribution of
CD14+ monocyte and CD4+ T-cell in ACCESS and UCSF cohorts based on case-control grouping. PBMC subpopulation proportions were
derived from in-silico cellular deconvolution utilizing Cibersort and the Immunostates gene signature matrix. Sarcoidosis cases in both cohorts
were found to have significantly lower percentages of CD4+ T-cells when compared to controls within the same cohort. Comparable cell
proportions were found among cases and controls between cohorts. For each group, corresponding median, 1st quartile, and 3rd quartile values
are shown. P-values are shown above brackets for each pairwise comparison: NS, non-significant; *p-value < 0.05, **p-value < 0.01; Mann-
Whitney U Test. (C–F) Linear regression identified significant associations between module eigengenes and cell subset proportions (p-value
<0.05). CD14+ monocytes were significantly associated with MAM expression in the ACCESS (C) and UCSF (D) cohorts. CD4+ T-cells were
significantly associated with LSM expression in the ACCESS (E) and UCSF (F) cohorts.
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cohort models versus ~50% in the UCSF cohort models)

(Figures 9C–F and Supplemental Tables S7C, D). Comparison of

ROC curve AUC did not demonstrate greater classification of

monocytes between the TLE3 or CBX8 target genes and the red

random module gene list (Venkatraman test p-value >0.05).

Nonetheless, both models demonstrated significantly greater

monocyte classification performance when compared to the

lightgreen random module gene list (Venkatraman test p-value

<0.05) which suggests that in addition to TLE3 and CBX8 target

genes, genes within in the red module, are likely to be implicated in

modulation of monocyte activity in the UIC STAR cohort.

Notwithstanding, target genes of TLE3 and CBX8 significantly

outperformed the red and lightgreen random gene lists and

accurately predicted imputed and clinical CD4+ T-cell

abundance in the UIC STAR cohort (Venkatraman test p-value

<0.05) further substantiating the association between altered

transcription factor targeting and differential PBMC proportions

in sarcoidosis.

The TLE3 and CBX8 PLS-DA models were further parsed to

identify target genes in the MAM cell death subnetwork most

likely associated with the characteristic imbalance of PBMC

proportions observed in sarcoidosis. From 102 target genes of

TLE3, 46 genes were found to have significantly high VIP scores

(>1) in the CD4+ T-cell model and 37 in the CD14+/total

monocyte model. Similarly, 40/87 and 34/87 target genes had

high VIP scores in the corresponding CBX8 models. These genes

represented the most influential determinants of PBMC

proportions and likely comprise a core gene signature of

sarcoidosis immune dysregulation (Supplemental Table S7E).

Among the highly influential target genes identified between the

ACCESS and UCSF cohorts, several were significantly over-

expressed in both cohorts despite heterogeneity between them.
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As a result, consensus differentially expressed target genes,

FCGR1A, IL15RA, LGALS9, P2RX1, RAB24, SERPING1,

SMARCD3, and TYMP were considered key determinants of

CD4+ T-cell proportions in the UCSF cohort, whereas BATF2,

CD1D, FCGR1A, ICAM1, MICAL1, NOD2, RELT, and TYMP

were considered key determinants of CD14+ monocyte

proportions in the UCSF cohort. Notably, LGALS9, MICAL1,

P2RX1, RAB24 and RELT, were not identified within the

previously referenced whole blood or PBMC gene signatures

(25, 28, 30–32, 61–63). Accordingly, consensus differentially

expressed highly influential target genes between the ACCESS

and UIC STAR cohorts were considered key determinants of CD4

+ T-cell proportions and monocyte proportions in the UIC STAR

cohort. In comparison to key determinants in the UCSF cohort,

the majority of key determinants of cell proportions for the UIC

STAR cohort were distinct targets of TLE3 and CBX8. In total, 23

genes were considered key determinants of CD4+ T-cells, among

which ATP6V0D1, CD300A, FCGR1A, G6PD, NACC2, NFAM1,

RAB24, SPI1, TM9SF4, and VASP were the top predictors with

VIP scores >1.25. Key determinants of monocytes included ADM,

BCL6, FCER1G, FCGR1A, FTH1, HCK, HRH2, LGALS3,

NEURL1, NFAM1, and PTAFR. With the exception of RAC1 in

the CD4+ T-cell model, BCL6 in the monocyte model, and

FCGR1A and PTAFR in both models, all other key determinant

genes for the UIC STAR cohort were not identified within

previously referenced whole blood or PBMC gene signatures

(25, 28, 30–32, 61–63). However, some UIC STAR cohort key

determinant genes, such as ATP6V0D1, FTH1, G6PD, HCK, and

SPI1 have been previously associated with sarcoidosis in other

studies (43, 66, 67). Interestingly, among key determinants of

lymphocyte and monocyte models, only FCGR1A was identified

as being differentially overexpressed across all three cohorts.
A B

FIGURE 8

TLE3 and CBX8 target gene expression in MAM predicts imputed monocyte and lymphocyte proportions in the UCSF cohort. Receiver operating
characteristic (ROC) curves demonstrate the area under the curve (AUC) as a measure of predictive performance for significant partial least
squares discriminant analysis (PLS-DA) models in the validation cohort and negative controls derived from non-preserved modules (red and
lightgreen) between ACCESS and UCSF cohorts. Predictive accuracy of CD14+ monocyte proportions (A) and CD4+ T-cell proportions (B) was
significantly greater with TLE3 and CBX8 target genes in comparison to both negative control models (p-value < 0.05; Venkatraman test for
AUC comparison with 10,000 bootstraps).
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Altogether, this provides evidence that over-expression of specific

gene targets of TLE3 and CBX8 involved in processes related to

cell death and proliferation in MAM may exert a suppressive

function towards CD4+ T-cells while inciting CD14+ monocytes

through various mechanisms that contribute to characteristic

peripheral lymphopenia and monocyte expansion in sarcoidosis.
Frontiers in Immunology 15
Discussion

Aberrant systemic T-cell activity is crucial in the

immunopathogenesis of sarcoidosis and peripheral

lymphopenia is of clinical significance (4, 6, 7, 13–15, 68, 69).

Specifically, we have previously noted that decreased peripheral
A B

D

E F

C

FIGURE 9

Imputed and clinical monocyte and lymphocyte proportions are strongly correlated in the UIC STAR cohort and predicted by TLE3 and CBX8
target gene expression in MAM. Significant correlations between imputed and clinical total monocyte percentage of PBMCs (A) and imputed and
clinical CD4+ T-cell percentage of PBMCs (B) were identified (Pearson’s and Spearman’s test p-value <0.05). Concordance between imputed
and clinical monocyte and lymphocyte “low” and “high” groups is depicted by colored circles. (C–F) Receiver operating characteristic (ROC)
curves demonstrating the area under the curve (AUC) as a measure of predictive performance for significant partial least squares discriminant
analysis (PLS-DA) models in the validation cohort and negative controls derived from non-preserved modules (red and lightgreen) between
ACCESS and UIC STAR cohorts. Predictive accuracy of imputed CD14+ monocyte proportions (C) and total clinical monocyte proportions (D)
was significantly greater with TLE3 and CBX8 target genes when compared to the lightgreen module random gene list (p-value < 0.05;
Venkatraman test for AUC comparison with 10,000 bootstraps) but not the red module random gene list. Predictive accuracy of imputed CD4+
T-cell proportions (E) and clinical CD4+ T-cell proportions (F) was significantly greater with TLE3 and CBX8 target genes in comparison to the
lightgreen and red module random gene lists (p-value < 0.05; Venkatraman test for AUC comparison with 10,000 bootstraps).
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lymphocyte counts are related to increased FDG-avidity on PET

scan and sarcoidosis severity (4, 7). Furthermore, our prior

transcriptomic analyses of PBMCs uncovered that aberrant

micro-RNA and gene expression patterns in sarcoidosis are

associated with reductions in peripheral lymphocyte counts

and pulmonary function decline (1, 16). However, despite the

apparent interdependence between lymphopenia and

sarcoidosis activity, regulatory mechanisms driving functional

changes in lymphocytes have yet to be fully elucidated. In this

study, our systematic strategy facilitated determination of master

regulator transcription factors associated with lymphopenia and

other features of immune dysregulation in sarcoidosis not

readily identifiable by conventional differential expression

analyses. We identified an over-expressed innate immunity

module predominantly driven by monocytes (MAM)

associated with cell death and an under-expressed module

driven by lymphocytes (LSM) associated with cell cycle

between sarcoidosis cases and matched controls in the

ACCESS cohort. These modules were found to be preserved in

the UCSF cohort even though significant heterogeneity existed

between cohorts. Gene expression changes in MAM and LSM

were primarily related to differential transcription factor

involvement. In LSM, changes driven by ARID1B, CDK2,

KMT2A, and CRY1 surprisingly did not predict CD4+ T-cell

abundance. Contrastingly, altered regulatory activity of

transcription factors TLE3, CBX8, ETV6, and SPI1 in MAM

proved to be significantly associated with reduced CD4+ T-cell

abundance and concurrent altered regulatory activity of TLE3

and CBX8 was significantly related with increased CD14+

monocyte abundance in the ACCESS and UCSF cohorts. Our

significant findings in MAM, suggesting that altered targeting

activity of TLE3 and CBX8 plays a role in determining peripheral

lymphocyte reduction and monocyte expansion, were further

substantiated on imputed and clinical cell proportions in the

UIC STAR cohort. Overall, our results indicate that disrupted T-

cell proliferation and activity in a pro-inflammatory background

underlies peripheral lymphopenia in sarcoidosis and highlights

the link between innate and adaptive immune dysregulation in

the pathogenesis of sarcoidosis.

By analyzing gene expression regulation, we sought to

discern disrupted regulatory pathways driving changes in

lymphocyte activity and survival. Traditionally proposed

mechanisms of peripheral lymphopenia uphold that it is a

consequence of T-cell sequestration, infiltrated bone marrow,

or impaired survival and function of regulatory T-cells (4, 9–11,

13, 14). However, our data suggests that peripheral lymphopenia

may also depend on altered transcription factor targeting and

dysregulation of cellular interplay within the circulating

monocyte-lymphocyte axis. Interestingly, this is in line with a

single-cell transcriptomic analysis of PBMCs from sarcoidosis

cases and controls which concluded that sarcoidosis immune

dysregulation may involve convergence of distinct arms of the
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innate and adaptive immune response (33). Additionally, our

analysis of the ACCESS cohort argues that dysregulation of

processes responsible for lymphocyte survival may be

experienced early in the course of the disease in treatment

naïve individuals and contests the notion that longstanding

antigenic exposure is a prerequisite for T-cell exhaustion and

peripheral lymphopenia (8, 68).

We characterized two significant and preserved gene co-

expression modules of sarcoidosis and the transcription factors

that influence immune network dysregulation related to PBMC

function and survival. The best predictor of low CD4+ T-cell

abundance was not LSM, which included lymphocyte activity

genes, such as CD28, CD40LG, and LEF1, necessary for T-cell

effector function, but MAM. Within MAM, aberrancies inciting

transcriptional up-regulation of monocyte activity and cell death

related processes may be instrumental to the development of

paradoxical peripheral lymphopenia. Specifically, significantly

altered regulatory activity of transcription factors CBX8, ETV6,

SPI1, TLE3, and XRCC3 was central to the cell death

subnetwork. The gene targets of ETV6, SPI1, and XRCC3 did

not satisfy our criteria to consider these transcription factors

significantly impactful as master regulators on circulating

lymphocyte and monocyte proportions. However, it is worth

noting that these transcription factors have established roles in

DNA damage repair, cell proliferation, cell differentiation, and

TNF and interferon inflammatory pathways in malignancies and

infections previously associated with sarcoidosis (26, 70–80).

Furthermore, SPI1, which was significantly over-expressed in the

ACCESS cohort and demonstrated the greatest magnitude of

transcriptional targeting change in MAM, was identified in our

prior work as a hub gene in a sarcoidosis co-expression network

(43). Thus, it is still possible that these transcription factors and

their target genes lead to aberrancies of other transcriptional

programs associated with sarcoidosis immune dysregulation

within the global MAM network in monocytes, and possibly

in lymphocytes, and require further assessment.

CBX8 and TLE3 were determined to be master regulators

within the MAM cell death subnetwork. Unlike the target genes

of XRCC3, ETV6, and SPI1, the target genes of CBX8 and TLE3

were predictive of CD4+ T-cell and CD14+ monocyte

proportions in the UCSF cohort and their predictive ability

was substantiated on the UIC STAR cohort. CBX8, a polycomb

protein, is involved in DNA damage repair and has been linked

to cell proliferation and differentiation through epigenetic

modifications (81, 82). Interestingly, polycomb proteins can

serve as tumor suppressors or promoters capable of inducing

changes in cellular transcriptional programming that result in

altered survival and proliferation of hematologic progenitors in

various malignancies (83). Functional changes of CBX8 may also

alter its role as a transcriptional repressor and cause

dysregulation of mechanisms related to differentiation and

exhaustion of hematologic progenitors (81). Therefore,
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aberrant CBX8 regulatory activity may contribute to the

dysregulated immune response observed in sarcoidosis as a

result of epigenetic modifications of immune cell progenitors

in addition to functional changes within PBMCs. Distinctively,

TLE3 is thought to modulate immune function by upregulating

PPAR activity which interferes with transcription complexes

such as STAT1 and inhibits Th1 pro-inflammatory cytokines

leading to suppressed inflammatory gene activation (84, 85).

Contrastingly, PPAR-g is deficient in alveolar macrophages of

those with chronic active sarcoidosis and both PPAR-a and

PPAR-g are significantly under-expressed in peripheral blood

and bronchoalveolar lavage fluid derived CD4+ T-cells of those

with the non-Löfgren phenotype, likely contributing to the

intense Th1 responses observed in the disease (84, 86).

Addit ional ly , in conjunction with TCF/LEF family

transcription factors, members of the TLE family of co-

repressors antagonize canonical WNT signaling and activation

and influence inflammatory and anti-microbial responses (87–

89). However, bronchoalveolar lavage fluid cells in sarcoidosis

exhibit increased activation of the WNT signaling pathway (90).

Furthermore, WNT signaling pathway dysregulation in

sarcoidosis has been proposed as a consequence of regulatory

targeting by differentially expressed micro-RNAs in PBMCs

(91). Notably, we previously identified TLE3 among the

predicted targets of hsa-miR-22-5p, hsa-miR-30e-3p, and hsa-

miR-4306 within a diagnostic and prognostic micro-RNA

signature associated with sarcoidosis immune dysregulation

(1, 91). Aberrant post-transcriptional regulation may instigate

altered transcriptional targeting of TLE3 and impede its typical

antagonistic immunomodulatory functions. Consequently,

signaling through unchecked PPAR or WNT pathways may

provoke uninhibited activation of pathways associated with

immune dysregulation in sarcoidosis. Taken together, over-

expression of MAM and the dysregulated innate immune

processes included within likely favor a chronic maladaptive

inflammatory state in sarcoidosis by promoting lymphocyte

dysfunction and loss of effector functions (92, 93). Selectively

targeting and modulating CBX8 and TLE3 activity may

represent a promising novel strategy for management

of sarcoidosis.

Our findings in the MAM cell death subnetwork indicate that

immune cell imbalances are significantly related to an aberrantly

expressed core gene signature modulated by altered CBX8 and

TLE3 regulatory activity. Within this core signature, preserved

differential over-expression was found between the ACCESS

cohort and 14 genes in the UCSF cohort and between the

ACCESS cohort and 31 genes in the UIC STAR cohort. These

genes exhibited high discriminatory capacity and were

considered the most influential predictors and key

determinants of CD14+/total monocyte expansion and CD4+

T-cell depletion. Despite accurate prediction of cell proportions

in both the UCSF and UIC STAR cohorts, little overlap was
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observed between key determinants. This finding was not

surprising given the variability that is observed among

differential expression gene signatures in sarcoidosis and the

fact that our predictive models were calibrated on treatment

naïve subjects early in the course of their disease from the

ACCESS cohort and validated on demographically and

clinically heterogenous cohorts (1, 25, 28–34). Nevertheless,

among key determinant genes in both UCSF and UIC STAR

cohorts we identified genes that provide insight into

underexplored mechanisms that may account for lymphopenia

in sarcoidosis, such as the galectins, LGALS-3 and LGALS-9,

which serve as both drivers of T-cell death and perpetuators of T-

cell exhaustion (94–99). However, the plausibility of key

determinant genes to function as modulators of sarcoidosis

related immune dysregulation and peripheral lymphopenia is

their involvement in previously described processes implicated

with disease immunopathogenesis. In this regard, UCSF cohort

related genes BATF2, SMARCD3, and SERPING1 are known to

modulate the PD-1/PD-Ls pathway, the PPAR pathway, and the

complement system, respectively (15, 68, 69, 84, 86, 100, 101).

Similarly, UIC STAR cohort related genes such as RAC1 and

ATP6V0D1 have been previously proposed to induce

dysfunctional autophagy-related pathways in sarcoidosis and

RAC1 and others such as CD300A, CSF3R, G6PD function as

drivers of monocyte differentiation or as modulators of the innate

immune response and promoters of inflammatory cytokines.

SPI1, the TF with the greatest DTFI in MAM, was found to be

a key determinant of CD4+ T-cells in the UIC STAR cohort and

has specifically been proposed as an effector of the innate

immune response that interacts with multiple genes previously

associated with sarcoidosis including the STAT family

transcription factors, FCg receptors, and Toll receptors (66, 67,

79, 102–110). Additionally, underscoring the concept that

lymphocyte dysfunction in sarcoidosis results, at least in part,

from crosstalk with hyperactive monocytes, we found that key

determinants of the UCSF and UIC STAR cohorts fulfill biologic

functions related to regulation of vesicle-mediated transport,

regulation of cellular secretion, cel l s ignaling, cell

communication, and lymphocyte mediated immunity and

activation. Most intriguingly, we identified several aberrantly

expressed key determinant genes including FCGR1A, ICAM1,

IL15RA, and NOD2 in the UCSF cohort and CD300A, FCGR1A,

G6PD, FCER1G, RAC1, SPI1 that have been previously described

in sarcoidosis and have the potential to directly or indirectly

dysregulate the TNF pathway (32, 66, 67, 79, 102–117). Notably,

the TNF pathway is a key modulator of cell-cell interactions and

cell death that plays a major role in formation and maintenance

of granulomas. Moreover, enhanced TNF-a expression has also

been linked to CD14+monocytes in non-Löfgren and pulmonary

monocytes in progressive phenotypes of sarcoidosis (80, 118,

119). Among key determinant genes related to the TNF pathway,

FCGR1A was determined to be differentially over-expressed at
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relatively high levels all three cohorts and was established as a

significant predictor of both CD14+ monocytes and CD4+ T-

cells. Interestingly, Fc-g receptors coordinate innate and adaptive

cellular crosstalk through interactions with Toll-like receptors

and evidence supports their use as biomarkers in sarcoidosis as

well as various malignancies and active tuberculosis. This

suggests that FCGR1A could serve as therapeutic target to

mitigate TNF mediated immune dysregulation in sarcoidosis

(103, 104, 120–123). Collectively, our findings suggest that

master regulator transcription factors likely promulgate

processes related to immune dysregulation in sarcoidosis

through transcriptional programs that execute similar functions

via different mechanisms. Consequently, aberrant expression of

distinct key determinant genes related to specific phenotypes

adversely impact monocyte-lymphocyte interaction pathways

and contribute to maladaptive peripheral inflammatory

signaling which in turn is associated with development of

lymphopenia and sarcoidosis progression.

In this study, we leveraged gene expression data from various

high-throughput “-omic” platforms and clinically heterogenous

cohorts to determine an immune regulatory network and gene

signature associated with lymphopenia in sarcoidosis and provide

a methodology to incorporate data from multiple studies to

improve our understanding of the immunopathogenesis of

sarcoidosis. Even though there are advantages to utilizing a well-

defined, matched, and treatment naïve case-control cohort of

sarcoidosis with mixed phenotypes, we recognize that there are

several limitations to our study that will need to be addressed in

the future. As noted, by utilizing the ACCESS cohort as a reference

data set, our study was possibly limited in its ability to identify

pertinent findings that may be held in other gene modules such as

the darkred module that demonstrated a trend towards an

association with smoking and the red module that may

represent a distinctly preserved signature of immune

dysregulation in sarcoidosis that is influenced by differences in

race, treatment, or other features that contributed to cohort

heterogeneity. A larger study utilizing a different analytical

approach or different parameters to contrast specific sarcoidosis

phenotypes with other granulomatous and lymphopenic diseases,

in addition to health, might have been better able to target

transcription factors and pathways of interest in sarcoidosis and

increase the statistical power and specificity of our findings.

Additionally, though our findings on the UIC STAR cohort

suggest that our gene signature is applicable to African

Americans with sarcoidosis, our findings are likely to be more

representative of immune dysregulation in Caucasians with

sarcoidosis. It is crucial that subsequent studies focus on African

Americans to better elucidate specific mechanisms underlying

disease pathogenesis unique to this population and equitably

address disparities. Furthermore, this study utilized data

obtained from different “bulk” transcriptomic methodologies

and demonstrated preservation of findings; however, it should
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also be noted that despite efforts to rigorously normalize data and

utilize statistics that are agnostic to type of “-omic” platform

utilized (such as the Z-summary statistic and PLS-DAmodels) the

possibility that gene selection bias was introduced into our

signature by a specific platform cannot be fully discounted. By

utilizing “bulk” transcriptomic methodologies our study was also

limited in its ability to directly assess involvement of specific

PBMC subsets. To address this, in-depth single-cell transcriptomic

analyses utilizing the same methodology could be employed to

provide a comprehensive assessment of cell-specific dysregulation.

Our analytical strategy also relied on in-silico methodologies to

determine transcription factor involvement and impute immune

cell populations and despite the congruency observed on cell

proportions from clinical tests in the UIC STAR cohort in-vitro

or in-vivo validation will still be required in future studies to

further substantiate these findings. With respect to the in-silico

methods, Monster and Cibersort, we note that both make use of

input datasets to derive associations with transcription factors and

cell types, and neither dataset was developed on sarcoidosis

patients. Lastly, other limitations arise from the depth and

accuracy of information stored in the databases that were

utilized to generate the input datasets and determine functional

annotation which can be addressed by re-analyzing the data in the

future as information within public databases is expanded with

information derived from more advanced technologies.

In conclusion, we determined master regulator transcription

factors and target genes of immune dysregulation that are linked

to characteristic paradoxical lymphopenia in sarcoidosis.

Notably, we identified that differential transcriptional activity

in monocytes was the best predictor of low lymphocyte counts.

Crosstalk between monocytes and lymphocytes possibly

involving the TNF pathway and Fc-g receptors, as well as

other features of innate immunity were the most likely

dysregulated pathways involved with lymphopenia. Previous

studies have established roles for both monocyte hyperactivity

and T-lymphocyte dysfunction in sarcoidosis pathogenesis, but

those analyses were limited in their assessment of the functional

relationship between monocytes and lymphocytes (13, 33, 68,

124). As there is a continued need to evaluate the causes of

immune dysregulation and discover targeted therapies to

mitigate progression, the relationship between lymphocytes

and monocytes, and how their interactions shape sarcoidosis

outcomes, warrants further investigation.
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SUPPLEMENTARY TABLE 1

Cohort metadata. (A) Table outlining individual characteristics of

sarcoidosis cases and controls from ACCESS cohort. (B) Table outlining
publicly available individual characteristics of Caucasian subjects

identified in the GSE19314 cohort (UCSF cohort). (C) Table outlining
individual characteristics of sarcoidosis cases from the University of

Illinois at Chicago Bernie Mac Sarcoidosis Translational Advanced
Research Center (UIC STAR) Cohort.

SUPPLEMENTARY TABLE 2

(A) Weighted gene correlation network analysis (WGCNA) module

membership. Comprehensive list of all 12,047 genes included in
WGCNA analysis and their module membership in relation to disease

status (sarcoidosis versus control). Also shown are WGCNA gene
significance and module membership parameters for the ACCESS and

UCSF cohorts. (B) Summary of ACCESS and UCSF cohort module

eigengenes per subject.

SUPPLEMENTARY TABLE 3

Limma-Voom differential expression analysis. Results of moderated t-test

between sarcoidosis cases and controls performed on 4,430 genes within
WGCNA modules significantly associated with disease in the ACCESS

cohort (A) and UCSF cohort (B). (C) Results of moderated t-test between

severe and non-severe sarcoidosis cases in the UIC STAR cohort. Positive
log-fold change indicates over-expression in sarcoidosis or severe.

Benjamini-Hochberg adjusted (BH.adj ) p-values <0.1 were
considered significant.

SUPPLEMENTARY TABLE 4

Module specific significant gene ontology associations. (A)Gene ontology

and enrichment analysis for magenta module. (B) Gene ontology
enrichment analysis for blue module. Benjamini-Hochberg adjusted

(BH.adj) p-values <0.1 were considered significant. Category is classified
by gene ontology relationship with cell proliferation, cell death or other

biologic process.

SUPPLEMENTARY TABLE 5

Magenta (Monocyte Activity Module) and Blue (Lymphocyte Survival)
Module Gene Interaction Subnetworks. (A) Predicted regulatory

interactions between transcription factors and target genes in the
Monocyte Activity Module (MAM) “Cell Death” subnetwork shown in

Figure 5A (B) Predicted regulatory interactions between transcription
factors and target genes in the Lymphocyte Survival Module (LSM) “Cell

Death” subnetwork shown in Figure 5B. Gene interaction subnetworks

were derived from state specific bipartite networks (sarcoidosis case or
control) constructed by the Monster algorithm. These subnetworks

included transcription factors with significant differential regulatory
activity and differentially expressed target genes with greater predicted

edge weight in sarcoidosis. Edge weight represents strength of interaction
between transcription factor and target gene and is represented as the

difference between strength of interaction in case bipartite network and

control bipartite network.

SUPPLEMENTARY TABLE 6

Cell proportions based on statistical deconvolution results. Demonstrates

imputed percentages of 15 peripheral blood mononuclear subsets
assessed utilizing Cibersort in-silico statistical deconvolution of gene

expression data from the ACCESS, UCSF, and UIC STAR cohorts with
the Immunostates signature gene matrix.
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SUPPLEMENTARY TABLE 7

Partial least squares discriminant analysis. (A) Calibration cohort (ACCESS)
classification accuracy based on number of correctly and incorrectly

classified subjects in each specific transcription factor model on the first
principal component. (B) Classification accuracy on the UCSF validation

cohort determined for each specific transcription factor model based on
PLS-DA and receiver operating characteristic (ROC) curve area under the

curve (AUC). Comparison to negative control models were performed on
ROC curve AUC using Venkatraman’s test with 10,000 bootstraps (p-value

<0.05 was considered significant). (C) Classification accuracy on the UIC

STAR validation cohort determined for TLE3, CBX8, red random, and
lightgreen random PLS-DA models based on ROC curve AUC using

Venkatraman’s test with 10,000 bootstraps (p-value <0.05 was considered
significant). (D) Normalized expression of TLE3 and CBX8 target genes as

well as red and lightgreen module random gene lists in the UIC STAR
cohort. (E) Variable importance in projection (VIP) scores for PLS-DAmodel.

SUPPLEMENTARY FIGURE 1

Summarized workflow.

SUPPLEMENTARY FIGURE 2

Normalized gene expression box plots per sample. (A) Normalized gene
expression in log2-counts per million utilizing the trimmed mean of M-

values method for normalization and voom with sample quality weights

and batch correction for the ACCESS cohort. (B) Normalized gene
expression using robust multi-array average (log2-RMA) for the UCSF

cohort (C)Normalized gene expression in log2-counts per million utilizing
the trimmed mean of M-values method for normalization and voom with

sample quality weights for the UIC STAR cohort.

SUPPLEMENTARY FIGURE 3

WGCNA module construction from the ACCESS cohort. (A) Dendrogram
demonstrating complete-linkage agglomerative hierarchichal clustering

of subjects in the ACCESS cohort based on normalized gene expression
data. Heatmap below the dendrogram is indicative of individual subject

demographic characteristics in this cohort. Gender: female = red, male =
white; Age: <30 years old = white, 60-69 years old = red (darker shades
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red are indicative of older age group); Smoking history: positive smoking
history = white, never smoker = red; Disease: control = white, sarcoidosis

= red. (B) Dendrogram demonstrating complete-linkage hierarchical
clustering of genes with dissimilarity based on topological overlap

utilizing WGCNA. Height reflects the extent of dissimilarity between
genes. Genes are grouped into distinct color-coded modules as shown

in the color ribbons beneath the dendrogram. Each module is separated
at significant branch points in the dendrogram and consists of a set of

interconnected genes identified after adaptive branch pruning (top color

ribbon, “Dynamic Tree Cut”). Ultimately, 12 modules were identified after
module merging at a maximum dissimilarity of 0.1 given the likelihood of

high gene co-expression among closely correlated modules (bottom
color ribbon, “Merged Dynamic”).

SUPPLEMENTARY FIGURE 4

Differential expression analysis in the ACCESS and UCSF (GSE19314)

cohorts. (A, B) Volcano plots demonstrating differentially expressed
genes between sarcoidosis cases and controls within WGCNA gene

modules found to be significantly associated with disease (blue, brown,
cyan, greenyellow, and magenta) in the ACCESS cohort (A) and the UCSF

cohort (B). Significance was determined based on false discovery rate
<10% (Benjamini-Hochberg adjusted [BH-adj] p-value < 0.1) utilizing the

moderated t-test in the limma R-package. Horizontal gold solid line

denotes BH-adj p-value of 0.1, vertical gold solid lines denote log2-fold
change of 1. (C) Consensus gene expression between ACCESS and UCSF

cohorts was assessed by t-statistics determined for all genes in the blue
and magenta modules. (D, E) Venn diagrams demonstrate overlap of

differentially over-expressed genes in the magenta (D) and differentially
under-expressed genes in the blue (E) modules between cohorts.

SUPPLEMENTARY FIGURE 5

Differential expression analysis in UIC STAR cohort. (A) Volcano plots

demonstrating differentially expressed genes between lymphopenic and
non-lymphopenic sarcoidosis cases based on clinical CD4+ T-cell

grouping. (B) Consensus gene expression between ACCESS and UIC
STAR cohorts was assessed by t-statistics determined for all genes in

the blue and magenta modules.
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