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Original Article 
Carbon nanotube stimulation of human mononuclear 
cells to model granulomatous inflammation 
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Abstract: Objectives: Sarcoidosis is a multisystem inflammatory granulomatous disease of unknown etiology. The 
disease most often affects the lung and leads to death in 5% of patients. Patients who die often succumb due to 
progressive fibrotic lung disease. Translational research in sarcoidosis is significantly limited by a paucity of avail-
able experimental models. Carbon nanotubes are released into the environment during fuel combustion, manufac-
turing, and natural fires. Exposed individuals are at risk for cancer, lung inflammation and other chronic pulmonary 
disorders, including diseases resembling sarcoidosis and pulmonary fibrosis. In this study, we developed and char-
acterized an in vitro experimental model relevant to sarcoidosis using human peripheral blood mononuclear cells 
(PBMCs) exposed to multiwalled carbon nanotubes (MWCNTs). Methods: MWCNT-exposed PBMCs were cultured 
and analyzed by Giemsa staining, immunohistochemistry (IHC) and RNA-seq analysis on days 1 and 7. Normalization 
and differential expression were calculated using DESeq2, Limma and edgeR methods from Bioconductor (adjP, 
log2Fold change and rawP). Results: MWCNT stimulation of PBMCs from healthy subjects leads to the formation 
of granuloma-like cell clusters and stereotypical inflammatory cytokine secretion. PBMC transcriptomic analysis 
demonstrated activation of defense- and inflammation-related pathways, including the Jak-Stat pathway and TNF 
signaling pathway. Conclusions: This model is unique, as cell clustering is seen in the absence of specific antigenic 
stimulation (e.g., mycobacterial) or the addition of exogenous cytokines. Modeling with PBMCs provides a platform 
for precision medicine and evaluation of future therapies for granulomatous and fibrotic lung diseases.

Keywords: Granuloma, sarcoidosis, in vitro model, MWCNTs, PBMCs, cytokines, gene expression

Introduction

Granulomatous inflammation typically mani-
fests as a protective immune response to 
mycobacterial and fungal infections. The cellu-
lar characteristics of granulomas, histological-
ly, are well defined and involve activated macro-
phages and reticuloendothelial cells surround-
ed by T cells. This orchestrated inflammatory 
response, however, can also be seen in foreign 
body reactions and in response to noninfec-
tious stimuli such as exposure to hard metals 
and silica [1, 2]. Granulomatous inflammation 
is the hallmark of berylliosis, sarcoidosis and 
hypersensitivity pneumonitis [1, 3]. Granuloma- 
tous processes may persist and can last for 
years, leading to tissue destruction and fibrosis 

[3]. Occupational health data and animal stud-
ies have shown that carbon nanotube exposure 
can lead to granulomatous diseases resem-
bling sarcoidosis [4-6].

Sarcoidosis is a complex granulomatous lung 
disease of unknown cause [4]. The incidence 
ranges from 5 to 40 cases per 100,000 people. 
Progress in research for diseases such as sar-
coidosis is slow owing to our inability to identify 
an etiologic agent and a paucity of experimen-
tal models that recapitulate the complexities  
of human disease. In vitro models using periph-
eral blood mononuclear cells (PBMCs) have 
emerged as a tool to study human immune 
responses to infectious and noninfectious gran-
ulomagenic stimuli [7-10]. Obtaining PBMCs 
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from patients is relatively straightforward and 
shows promise for more personalized plat- 
forms.

Carbon nanotubes (CNTs) are allotropes of car-
bon generally classified into three types: single-
walled carbon nanotubes (SWCNTs), multiwall- 
ed carbon nanotubes (MWCNTs, outer diame-
ter < 15 nm) and carbon nanofibers (CNFs, 
outer diameter above 15 nm). MWCNTs are a 
stack of graphene sheets rolled up into concen-
tric cylinders. Each nanotube is a single mole-
cule with diameters as small as 0.7 nm. CNTs 
are distinct from CNFs, which are not single 
molecules but strands of layered-graphite 
sheets [11]. CNTs are used in a wide variety of 
applications: medical devices, drug delivery, 
imaging, air water filtration, ceramics, solar col-
lection, and fabrics [12]. Carbon nanotubes are 
also released into the environment from fuel 
combustion, manufacturing, and natural fires 
and are associated with pulmonary morbidity 
[4-8]. In vivo studies of CNTs in animal models 
have shown granulomatous and fibrotic pulmo-
nary manifestations [5, 6, 9-15]. One important 
epidemiological report detailed that many first 
responders of the World Trade Center tragedy 
developed pulmonary diseases, including sar-
coidosis. A unifying theme is that their lung 
biopsies showed the presence of carbon nano-
tubes [14].

Published in vitro models of sarcoidosis stimu-
late donor PBMCs with mycobacterial antigens 
[8, 9]. To our knowledge, a human in vitro model 
that uses noninfectious exposures to stimulate 
granuloma-like inflammation does not exist. In 
this study, we used MWCNTs to induce granulo-
ma-like inflammation in vitro in PBMCs from 
healthy volunteers as a first step toward devel-
oping a personalized model for those with rele-
vant diseases. Gene expression of immune 
clusters revealed pathways common to those 
described for sarcoidosis and related inflam-
matory diseases. Occupational health data [4, 
13, 14] and animal studies [15, 16] indicate 
that this model could be highly relevant in the 
study of granulomatous or fibrotic diseases.

Materials and methods

Human blood samples

After obtaining informed consent (University of 
Arizona IRB approval #1907775403), 50 cc 

blood was collected by standard venipuncture 
from healthy donors. Blood was collected into 
heparinized tubes and processed within 2 
hours to store PBMCs.

Isolation and culture of human PBMCs

Human PBMCs were isolated from whole blood 
using Ficoll-Paque plus reagent (GE Health- 
care Biosciences, Piscataway, NJ) and cryopre-
served in liquid nitrogen. Thawed PBMCs were 
washed and reconstituted in complete RPMI 
culture media (Fisher Scientific, Hampton, NH) 
and cultured in 96-well plates (3.5 × 105 cells/
well) coated with collagen, Matrigel, or agarose. 
Cell viability was assessed on days 4, 7, 10, 
and 14 using the CellTiter-Glo 3D cell viability 
assay (Promega, Madison, WI).

Sublethal dose determination of MWCNTs

MWCNT reagent was acquired from Nanoshel 
(Wilmington, DE) to stimulate PBMCs. PBMCs 
were cultured at 3.5 × 105 cells/well on colla-
gen-coated 96-well plates and treated with 0, 
0.5, 1, 5, or 10 μg/ml/cm2 MWCNTs. The cells 
were assessed for viability on days 4, 7, 10  
and 14 by using the CellTiter-Glo 3D cell viabil-
ity assay (Promega, Madison, WI) following the 
manufacturer’s instructions.

PBMC stimulation with MWCNTs

PBMCs were plated at 3.5 × 105 PBMCs/well 
on collagen-coated glass chambered slides 
(Cell Treat, Pepperell, MA). Cells were exposed 
to 0.25 μg/ml MWCNTs for 20 minutes, and 
medium was added to a final volume of 700 μl. 
Cells were cultured and harvested on days 1 
and 7 by gentle pipetting and Cytospin at 500 
rpm for 5 min.

Giemsa staining

Cytospin cells were stained with May-Grünwald-
Giemsa (Thermo Fisher Scientific, Waltham, 
MA) to confirm the granuloma-like immune cell 
clusters. The slides were air dried for 30-40 
min at RT, and Giemsa staining was performed 
using the Siemens Hematek 3000 slide stainer 
with an Epredia-Richard-Allan scientific modi-
fied Wright stain pack (Thermo Fisher Scien- 
tific, Waltham, MA). Slides were air dried and 
mounted using the Sekura Tissue-Tek Film 
automated coverslipper. Light micrographs 



In vitro granuloma model

1706 Am J Transl Res 2023;15(3):1704-1714

were taken using an Olympus BX53 micro-
scope, a Lumenera Le575 camera (Olympus, 
San Jose, CA) and ECHO revolve R4 microscope 
(ECHO, San Diego, CA) for cluster morphology.

Measuring the size and area of granuloma-like 
cell clusters

The size and area of the granuloma-like clus-
ters were determined semiquantitatively on day 
7 by microscopy. We used the software tool 
from ECHO revolve R4 microscope (San Diego, 
CA) to determine the area and size of the 
clusters.

IHC staining

CD3 (LN10-Leica) and CD68 (514H12-Leica) 
staining was performed using heat-induced  
epitope retrieval for 20 minutes with ER2 on 
the Leica Bond platform at pH 8.9-9.1. Slides 
were air dried and mounted using the Sekura 
Tissue-Tek Film automated coverslipper. Light 
micrographs were taken using an Olympus 
BX53 microscope and a Lumenera Le575 cam-
era (Olympus, San Jose, CA).

Transmission electron microscopy

PBMCs treated with MWCNTs were fixed and 
processed according to conventional transmis-
sion electron microscopy (TEM) procedures 
using chemical fixation. Briefly, samples were 
treated sequentially with buffered 2% glutaral-

dehyde and 1% osmium tetroxide and then 
stained with 2% aqueous uranyl acetate. This 
step was followed by dehydration in a graded 
ethanol series and transition to anhydrous  
propylene oxide. Cells were then infiltrated and 
ultimately embedded in the standard mixture of 
Spurr’s epoxy resin described by Ellis [17]. 
Polymerized blocks were ultrathin sectioned  
at 70 nm thickness using a Leica Ultracut-R 
microtome, and the sections were collected on 
formvar-coated copper slot grids. Poststaining 
was performed using 2% uranyl acetate in 50% 
ethanol and Sato’s lead citrate [18]. Images 
were generated and acquired using a Philips 
CM200 FE-TEM operated at 200 kV.

Cytokine analysis

Supernatants collected from MWCNT-treated 
and untreated PBMCs on day 7 were analyzed 
for GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, 
IL-8, IL-10, IL-12 (p70), IL-13, and TNF-α using 
the 13 plex MILLIPLEX® MAP Human High 
Sensitivity T-Cell Magnetic Bead Panel (Millipore 
Sigma, Burlington, MA). The data were analyzed 
using Belysa immunoassay curve fitting soft-
ware (Millipore Sigma, Burlington, MA).

Statistical analysis

Data were analyzed using GraphPad software 
(GraphPad, Inc., CA). All results are presented 
as the mean ± standard deviation (SD). Diff- 
erences were compared using Student’s t test 
or analysis of variance (ANOVA). A p value < 
0.05 was considered statistically significant. 
The results of the number and area of granulo-
ma-like clusters were compared between 
untreated and MWCNT-treated PBMCs with 
ANOVA. The results of differences in the cyto-
kine profile were compared between untreated 
and MWCNT-treated PBMCs with a paired t 
test.

Gene expression analysis of PBMCs stimulated 
with MWCNTs

We conducted ribonucleic acid (RNA) sequenc-
ing in PBMCs from healthy subjects stimulated 
with MWCNTs (0.25 μg/ml) and assessed the 
transcriptome changes compared to those of 
untreated PBMCs. PBMCs were harvested on 
day 1 and day 7. Total RNA was purified, and 
DNase treated using the Qiagen RNA purifica-
tion kit (Redwood City, CA) according to the 

Figure 1. Time-dependent PBMC viability with differ-
ent coating matrices. PBMCs were cultured on plates 
with different coating matrices for 14 days, and cell 
numbers were measured by luminescence (CellTiter 
Glo, Promega). The collagen-coated surface provided 
enhanced growth and viability to PBMCs compared 
to Matrigel and agarose. Bar represents the mean 
± SD.
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manufacturer’s protocol. RNA integrity was 
evaluated using the RNA Nano 6000 Assay Kit 
of the Bioanalyzer 2100 system (Agilent Tech- 
nologies, CA). Library preparation was perform- 
ed, and clustering generation sequencing was 
conducted using Illumina HiSeq 3000 (Nova- 
gene, Sacramento, CA). RNAseq raw data pro-
cessing was conducted using HISAT2 (Hierar- 
chical Indexing for Spliced Alignments of 
Transcripts) [19] and Bowtie2 [20] to align  
and clean reads to the reference genome and 
the reference genes [21]. The abundance and 
distribution of transcripts were assessed by 
obtaining an expected number of fragments 
per kilobase of transcript per million mapped 
reads (FPKM). Correlation analysis to assess 
variation between samples was performed by 
Pearson correlation. We conducted between-
sample normalization using the trimmed mean 
of M-values.

Differential expression analysis

Normalization and differential expression were 
calculated using DESeq2, Limma and edgeR 
packages from Bioconductor [22]. To control 
for multiple testing error, we used the adjusted 
P value false discovery rate (FDR) as our adjust-
ed P value [23]. Transcript dysregulation was 
deemed statistically significant if the false  
discovery rate (FDR) was < 0.05 and fold 
change (FC) > 1.5 within transcript contrasts. 
Assessment of the overrepresentation of iden-
tified differentially expressed genes (DEGs) in 
each group was determined using enrichment 
analysis. Gene Ontology (GO) [24] classification 

PBMCs were cultured over 14 days on 96-well 
plates coated with collagen, Matrigel, or aga-
rose. The PBMC viability was measured using 
the CellTiter-Glo 3D cell assay. PBMC growth 
and cell viability were higher on uncoated and 
collagen-coated plates compared to those of 
cells growing on Matrigel- or agarose-coated 
plates (Figure 1). Low doses of MWCNTs 
showed better viability/growth (Figure 2). 
Based on these data, we chose to culture 
PBMCs for 7 days after MWCNT exposure for all 
in vitro characterization experiments.

In vitro granuloma-like clusters

Compared to unstimulated PBMCs (Figure 3A), 
MWCNT-challenged PBMCs (Figure 3B) (0.25 
μg/ml, 7 days) exhibited organized clusters of 
highly vacuolated macrophages rosetted by T 
cells. The number of clusters was significantly 
higher for the 0.25 μg/ml MWCNT-treated 
PBMCs than that for the untreated control cells 
and cells with a lower dose (0.05 μg/ml) of 
MWCNTs (Figure 3C). The cluster area was sig-
nificantly larger for the PBMCs treated with 
0.05 and 0.25 μg/ml of MWCNTs than that for 
the untreated controls (Figure 3D). Giemsa 
staining showed that these granuloma-like 
clusters were sustainable in culture beyond day 
10 (data not shown). Similarly, CD68 (intracel-
lular macrophage marker, yellow) and CD3 (sur-
face T-cell marker, red) IHC staining of the 
PBMCs treated with 0.25 μg/ml of MWCNTs 
after day 7 showed large organized clusters of 
highly vacuolated macrophages surrounded by 
T cells (Figure 3E and 3F).

Figure 2. Time- and dose-dependent effects of MWCNTs on PBMC viability. 
PBMCs were cultured with MWCNTs (0-10 µg/mL) for 14 days, and cell num-
bers were measured by luminescence (CellTiter Glo, Promega). MWCNTs in-
hibit PBMC viability in a time- and dose-dependent manner. Bar represents 
the mean ± SD.

was focused on biological pro-
cess and pathway classifica-
tion with KEGG and Reactome 
[25, 26]. Protein association 
networks were calculated on 
the DEGs with STRING (v. 11) 
[27]. Gene set enrichment an- 
alysis (GSEA) was conducted 
to calculate the presence of 
enrichment against previously 
defined sets of genes in bio-
logical pathways [28, 29], and 
FDR < 0.10 was set as the cut 
off level of significance.

Results

PBMC viability
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Transmission electron microscopy

Transmission electron microscopy showed 
uptake of MWCNTs by PBMCs (Figure 4). Figure 
4A shows MWCNTs aggregating around an 
invaginated cell membrane. The boxed TEM 
image shows that MWCNTs were engulfed by 
membrane invagination and enclosed within a 

cellular vesicle characterized morphologically 
as a vacuole (Figure 4B).

Cytokine profiles

There was a significant increase in PBMC  
secretion of the proinflammatory cytokines 
TNFα, IL-6, and IL-10 in response to MWCNTs 

Figure 3. MWCNT stimulation induced granuloma-like clusters. PBMCs were cultured with (A) no MWCNTs and (B) 
0.25 µg/mL MWCNTs for 7 days. Giemsa staining was performed to analyze the morphology of granuloma-like cell 
clusters. (C) The total number and (D) size of in vitro granuloma-like clusters were measured using standard micros-
copy software. MWCNTs exposure significantly increased the total number and size of granuloma-like clusters. *P 
< 0.05, **P=0.00481, ***P=0.001. These cultured PBMCs were also stained with 3’ diaminobenzidine (CD68, a 
macrophage marker, light brown staining) and 3-amino-9-ethylcarbazole (CD3, T-cell marker, red staining). (E) Un-
treated PBMCs stained for CD68 and CD3 after 7 days of culture show loosely aggregated cells commonly seen in 
cell culture. (F) CD68 and CD3 staining of PBMCs treated with 0.25 µg/mL MWCNTs after 7 days of culture. Large 
organized clusters of highly vacuolated macrophages are surrounded by T cells, resembling granulomas. MWCNTs 
are noted (black dots) inside macrophages.

Figure 4. Transmission electron microscopy (TEM) image of MWCNT uptake by a macrophage. A. Shows an invagi-
nation of the cell membrane with a collection of MWCNTs in the process of being engulfed by the cell. B. MWCNTs 
contained within a distinct cellular vesicle.
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compared to that of the untreated controls  
on day 7 (Figure 5A: *P=0.025, Figure 5B: 
*P=0.034, Figure 5C: *P=0.022, respectively). 
Other proinflammatory cytokines, IL-2, IL-1β, 
and GM-CSF, were also increased (Figure 
5D-F).

Gene expression

We analyzed the gene expression associated 
with MWCNT stimulation against unstimulated 
(controls) on day 1 and day 7. A total of 312 
DEGs were identified in the MWCNT-stimulated 
PBMCs (FDR < 0.05, FC 1.5) on day 1, with 176 
downregulated and 136 upregulated genes 
(Figure 6A). Two hundred of these DEGs were 
identified as protein-coding genes, which were 
significantly enriched for inflammation-related 
pathways (KEGG), such as leukocyte migration, 
cell motility, chemotaxis and migration, and 
defense response (Figure 6B). The total num-
ber of DEGs for day 7 was 802, with 411 down-
regulated and 390 upregulated genes (Figure 
6C). The protein network interactions of these 
DEGs were analyzed. On day 1, we observed 
only 9 significantly enriched clusters, most sig-

signaling, and B and T-cell signaling (Figure 
6D). The Gene Ontology (GO) for biological 
terms (FDR < 0.035) of the DEGs for both time 
points was analyzed separately; the downregu-
lated genes were enriched in the terms for reg-
ulation of TNF, cytokine production, immune 
and inflammatory responses, while the upregu-
lated gene set was associated with GO biologi-
cal processes within the MAPK cascade, IL-1 
response and ERK1 and ERK2 cascades. On 
day 7, the GO for biological processes yielded 
over 200 terms, the top ones associated with a 
downregulation of the inflammatory response 
and upregulated cellular processes involved in 
cell cycle regulation (Supplementary Figure 2).

Next, we conducted a gene set enrichment 
analysis (GSEA) targeting the JAK-STAT sig- 
naling pathway and TNF signaling pathways 
(KEGG) (Figure 7). Our results revealed that 
MWCNT stimulation caused a significant nega-
tive enrichment (NES -1.3, FDR 0.071) for JAK-
STAT (Figure 7A) on day 1; this enrichment was 
not significant for the TNF signaling pathway 
(NES -0.75, FDR 0.38) (Figure 7B). The same 
analysis on day 7 revealed the opposite; JAK-

Figure 5. MWCNT stimulation induced proinflammatory cytokine release 
from PBMCs. Human PBMCs were challenged with 0.25 µg/mL MWCNTs and 
cultured for 7 days. A human T-cell 13-plex cytokine assay was performed on 
collected culture media. The cytokines TNFα, IL-6, and IL-10 exhibited signifi-
cant increases in treated cells compared to controls (*P=0.025, *P=0.034, 
*P=0.022, respectively). The cytokines IL-2, IL-1β, and GM-CSF displayed an 
increasing trend in treated PBMCs compared to controls. 

nificant within the immuno-
globulin binding alpha-1B-gly-
coprotein/leukocyte immuno-
globulin-like receptor. The in- 
teractome on day 7 identified 
clusters; a portion of these 
hierarchical subsets is shown 
in Supplementary Figure 1. 
Among the clusters, we identi-
fied the NF-kappa B signaling 
pathway, TIR domain (TNFRS- 
F1A, TNFRSF14, TLR4, TLR5), 
proteins with immunoregula-
tory interactions (LILRB2, LIL- 
RB5, CD180, TLR2, CD14), 
and chemokine receptors that 
bind chemokines (CXCL3, CX- 
CL5, CXCL10, CXCL11, CXC- 
L9). A complete list of the pro-
tein clusters with the match-
ing proteins is listed in 
Supplementary Table 1. The 
enrichment analysis for path-
ways indicated changes in  
the inflammatory response 
that involved dysregulation in 
genes within the ribosomal 
and lysosomal response, TNF 
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STAT signaling enrichment was not significant 
(NES 0.96, FDR 0.3) (Figure 7C), while the TNF 
signaling pathway showed a significant positive 
enrichment (NES 1.29, FDR 0.09) (Figure 7D).

Discussion

The in vitro granuloma model described in this 
study is derived from healthy human PBMCs 
exposed to a noninfectious stimulus, MWCNTs. 
Utilizing a stimulus that is not infectious or  
antigenic is a unique aspect of this approach 
and is independent from any prior memory 
T-cell response. The proposed model recapitu-
lates many features seen in bronchoalveolar 
lavage cytologic samples [30] and tissue granu-
lomas of patients with sarcoidosis and granulo-
matous infections. These findings include gran-
uloma-like cell clusters morphologically, en- 
hanced proinflammatory cytokine production, 
and induction of gene expression pathways 
commonly dysregulated in inflammatory and 
granulomatous lung diseases. Current existing 
in vitro granuloma models are generated from 

PBMCs using mycobacterial antigens [7, 10]  
or Sepharose beads coated with PPD [8, 9]. 
These models were only able to generate 
immune clustering from PBMCs of individuals 
with sarcoidosis or a history of TB infection. 
While inherently valuable to discern disease 
from healthy individuals, our granuloma model 
is novel and generates granuloma-like clusters 
from PBMCs of healthy individuals, thereby 
making it feasible to use as a platform for 
studying disease mechanisms and treatment 
options. The significant increase in inflamma-
tory cytokine secretion characteristic of this 
model (Figure 5) closely represents the inflam-
matory process that occurs in granulomatous 
diseases.

Our MWCNT model generated dysregulation  
of genes associated with an inflammatory 
response, which evolved over 7 days. A higher 
number of DEGs (802) on day 7, compared to 
the gene expression observed on day 1 (226 
DEGs), was observed with dysregulation of 
pathways primarily associated with defense 

Figure 6. MWCNT-induced differential gene expression at day 1 (A and B) and day 7 (C and D). (A) Volcano plot show-
ing the 312 differentially expressed genes (DEGs) comparing with PBMCs-MWCNT treated on day 1, with cutoffs of 
±1.5 fold change (FC) and an adjusted P value < 0.05. Downregulated genes are shown in blue and upregulated in 
red. (B) KEGG pathways show the top pathways associated with the DEGs. (C) Volcano plot showing the 802 differ-
entially expressed genes (DEGs) comparing with PBMCs-MWCNT treated on day 7, with cutoffs of ±1.5 fold change 
(FC) and an adjusted P value < 0.05. Downregulated genes are shown in blue and upregulated in red. (D) KEGG 
pathways dysregulated by MWCNTs at day 7.
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Figure 7. Gene set enrichment analysis (GSEA) targeting the JAK_STAT and TNF signaling pathways. MWCNT stimulation caused a significant negative enrichment 
(NES -1.3, FDR 0.07) for JAK-STAT (A) on day 1; the negative enrichment for TNF signaling pathway was not significant (NES -0.75, FDR 0.38). (B) The same pathways 
were positively enriched on day 7, JAK_STAT enrichment was not significant (NES 0.96, FDR 0.3) (C) but a significant positive enrichment for TNF signaling pathway 
(NES 1.29, FDR 0.92) was present. (D) The expression dataset sorted by correlation with phenotype, the corresponding heatmap, given a KEGG a priori set. The 
enrichment score was calculated using the normalized enrichment score (NES), and then we adjusted for multiple hypothesis testing using the false discovery rate 
(FDR). The blue curve corresponds to day 1, and the red curve corresponds to day 7.
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response, cell migration, motility and chemo-
taxis on day 1. We observed that this gene 
expression was modified at seven days, show-
ing intense ribosomal- and lysosomal-related 
activity, with dysregulation of T and B-cell 
receptor signaling. On day 7, the protein-protein 
interaction network showed interconnected 
clusters such as chemokine receptors, NF- 
kappa B singling and T receptor domain (TNF- 
RS1A, CD14, TNFSF13, TLR5, TLR4). Soluble 
CD14 has been postulated as one marker of 
sarcoidosis activity [31].

Gene set enrichment analysis targeted the TNF 
signaling and JAK-STAT signaling pathways, 
both of which are prominently reported as key 
in granuloma development and maintenance, 
independent of whether the cause was of  
infectious or noninfectious origin [32-38]. Our 
MWCNT model corroborated the dysregulation 
of these pathways. GSEA indicated a significant 
negative enrichment for JAK-STAT on day 1 and 
for the TNF signaling pathway on day 7.

The MWCNT in vitro human granuloma model 
offers a novel platform for evaluating disease 
mechanisms, personalized responses and 
early phase drug discovery for treating sarcoid-
osis and other human granulomatous diseas-
es. MWCNTs have been shown in mouse mod-
els to induce granulomatous inflammation simi-
lar to sarcoidosis [3, 5, 6], enhancing the valid-
ity of our in vitro experimental findings. This 
model demonstrates key characteristic fea-
tures of granulomas at the cellular, protein and 
molecular levels. The novelty and appeal of this 
model is that it eliminates immunologic memo-
ry that may be required to generate in vitro 
granulomas in other models.

The shortcomings of our model are similar to 
those of other existing cell culture models. 
Utilizing PBMCs is convenient but limits the 
responding cell populations to immune cells. 
Granulomas are complex structures that form 
in organs where an abundance of cell types, tis-
sue scaffolding, and trafficking are orchestrat-
ed and cannot be replicated in vitro [39]. While 
our readouts were measured longitudinally and 
showed significant evolution of gene expres-
sion over time, the static points in time give us 
merely a glimpse into the nanotube-induced 
granuloma-like response.

Future work will characterize and compare our 
model in subjects with sarcoidosis and assess 

gene expression profiles. Perturbing the model 
with treatments known to be effective in sar-
coidosis, such as anti-TNF antibodies, will allow 
us to further examine potential uses of the 
model. Further validation of the responses 
seen in our model is underway utilizing publicly 
available PBMC and disease-specific datasets.
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Supplementary Figure 1. Protein-protein interaction network showing subset of the STRING clusters showing with 
TNF-related proteins association with NHK B, MAP and IL-10 in MWCTN model. Proteins were ranked at the highest 
confidence (0.9) interaction score, the network edges indicate the confidence, the Kmeans clustering was calcu-
lated and subset of five clusters were selected for visualization.
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Supplementary Table 1. STRING clusters

term ID term description observed 
gene count

background 
gene count strength false discovery 

rate matching proteins in your network (labels)

CL:4847 Mitotic Spindle Checkpoint, and mitotic nuclear division 31 153 0.87 1.01E-13 FAM64A, NCAPG, KIF11, POLQ, C1orf112, BUB1B, CCNB2, MIS18A, 
MELK, KIAA0101, BIRC5, AURKB,CDCA2, UBE2C, KIF14, ASPM, 
MKI67, CEP55, KIF2C, PRC1, KIF20A, KIF4B, KIFC1, TOP2A, 
DEPDC1, HJURP, GTSE1, CDK18, PBK, SPC24, KIF18B

CL:4854 Mixed, incl. condensed chromosome, centromeric region, 
and kinesin motor, catalytic domain. atpase

28 102 1 2.92E-14 FAM64A, NCAPG, KIF11, POLQ, BUB1B, CCNB2, MIS18A, MELK, 
KIAA0101, BIRC5, AURKB, CDCA2, UBE2C, KIF14, ASPM, MKI67, 
CEP55, KIF2C, PRC1, KIF20A, KIF4B, KIFC1, TOP2A, DEPDC1, 
HJURP, PBK, SPC24, KIF18B

CL:4856 Mixed, incl. mitotic sister chromatid segregation, and 
gastric cancer network 1

24 68 1.11 2.92E-14 FAM64A, NCAPG, KIF11, BUB1B, CCNB2, MELK, KIAA0101, BIRC5, 
AURKB, CDCA2, UBE2C, KIF14, ASPM, MKI67, CEP55, KIF2C, PRC1, 
KIF20A, KIF4B, KIFC1, TOP2A, DEPDC1, PBK, KIF18B

CL:4860 Mixed, incl. mitotic sister chromatid segregation, and 
gastric cancer network 1

22 58 1.14 6.43E-14 FAM64A, NCAPG, KIF11, BUB1B, CCNB2, MELK, KIAA0101, BIRC5, 
AURKB, UBE2C, ASPM, MKI67, CEP55, KIF2C, PRC1, KIF20A, 
KIF4B, KIFC1, TOP2A, DEPDC1, PBK, KIF18B

CL:4861 Mitotic nuclear division, and gastric cancer network 1 21 50 1.19 6.43E-14 FAM64A, KIF11, BUB1B, CCNB2, MELK, KIAA0101, BIRC5, AURKB, 
UBE2C, ASPM, MKI67, CEP55, KIF2C, PRC1, KIF20A, KIF4B, KIFC1, 
TOP2A, DEPDC1, PBK, KIF18B

CL:4863 Mixed, incl. mitotic cytokinesis, and gastric cancer network 
1

17 45 1.14 1.37E-10 KIF11, BUB1B, CCNB2, MELK, KIAA0101, BIRC5, AURKB, UBE2C, 
ASPM, MKI67, CEP55, KIF2C, PRC1, KIF20A, TOP2A, DEPDC1, PBK

CL:19706 Mixed, incl. complement and coagulation cascades, and 
lipoprotein particle

17 182 0.54 5.50E-03 PROCR, FCGRT, C8G, RBMS2, F13A1, C2, C3AR1, C1QB, CLU, CFD, 
C1QC, C1QA, VSIG4, APOM, THBD, C4B, APOC4

CL:4867 Mixed, incl. mitotic cytokinesis, and gastric cancer network 
1

16 39 1.18 2.27E-10 KIF11, BUB1B, CCNB2, MELK, KIAA0101, BIRC5, AURKB, UBE2C, 
ASPM, MKI67, CEP55, KIF2C, PRC1, KIF20A, TOP2A, PBK

CL:16429 Collagen formation, and Defective B3GALTL causes  
Peters-plus syndrome (PpS)

16 168 0.54 6.90E-03 SPARC, THSD1, THBS1, NID1, VCAN, COL6A2, COL27A1, COL6A1, 
THBS2, COL9A2, LOXL2, COL23A1, FBLN2, CD36, SERPINB2, FBN2

CL:4869 Mixed, incl. spindle midzone assembly, and gastric cancer 
network 1

15 34 1.21 4.83E-10 KIF11, BUB1B, CCNB2, KIAA0101, BIRC5, AURKB, UBE2C, ASPM, 
MKI67, CEP55, KIF2C, PRC1, KIF20A, TOP2A, PBK

CL:18264 Chemokine receptors bind chemokines, and Intercrine 
alpha family (small cytokine C-X-C) (chemokine CXC)

13 93 0.71 1.30E-03 ACKR3, CSF1R, CXCL3, CXCL5, CXCL10, CXCL11, CSF1, CCR10, 
WLS, CXCL9, CCL8, CCL18, CCL3L3

CL:18487 Mixed, incl. nf-kappa b signaling pathway, and card domain 13 126 0.58 1.45E-02 TNFRSF1A, MEFV, CD180, TLR2, USP2, CD14, NLRP3, TNFSF13, 
TLR4, LY86, NAIP, TLR5, TNFSF14

CL:16430 Collagen formation, and Matrix metalloproteinases 12 129 0.53 4.31E-02 SPARC, NID1, VCAN, COL6A2, COL27A1, COL6A1, COL9A2, LOXL2, 
COL23A1, FBLN2, SERPINB2, FBN2

CL:4870 Mixed, incl. g2/m dna replication checkpoint, and gastric 
cancer network 1

10 22 1.22 2.11E-06 KIF11, BUB1B, CCNB2, KIAA0101, UBE2C, ASPM, MKI67, CEP55, 
TOP2A, PBK

CL:19966 Complement cascade 10 49 0.87 9.40E-04 C8G, RBMS2, C2, C3AR1, C1QB, CFD, C1QC, C1QA, VSIG4, C4B

CL:18266 Chemokine receptors bind chemokines, and macrophage 
proliferation

10 67 0.74 7.00E-03 CSF1R, CXCL3, CXCL5, CXCL10, CXCL11, CSF1, CCR10, CXCL9, 
CCL8, CCL3L3

CL:18491 NF-kappa B signaling pathway, and TIR domain 10 80 0.66 1.81E-02 TNFRSF1A, CD180, TLR2, USP2, CD14, TNFSF13, TLR4, LY86, 
TLR5, TNFSF14

CL:23089 Voltage-gated potassium channel complex, and interaction 
between l1 and ankyrins

10 91 0.61 4.08E-02 KCNQ1, KCNJ2, KCNQ4, KCNH4, KCNMB1, KCNF1, KCNE1, 
MTSS1L, ANK2, SCN1B
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CL:16193 Axon guidance, and dendrite self-avoidance 10 92 0.6 4.31E-02 LRRC4, SEMA7A, SEMA3A, NRP1, UNC5A, GPR125, SEMA4A, 
EPHB2, EFNA4, SRGAP2

CL:19968 Complement cascade 9 37 0.95 9.00E-04 RBMS2, C2, C3AR1, C1QB, CFD, C1QC, C1QA, VSIG4, C4B

CL:19544 Mixed, incl. lrrc8, pannexin-like tm region, and apoptotic cell 
clearance

9 43 0.89 1.90E-03 ITIH4, MERTK, CD209, OLFML3, BAIAP3, GAS6, GPR34, CLMP, 
MRC1

CL:18850 Mixed, incl. immunoregulatory interactions between a 
lymphoid and a non-lymphoid cell, and aig1-type guanine 
nucleotide-binding (g) domain

9 61 0.73 1.47E-02 LILRA2, FCGR2A, CD300A, MPEG1, FCGR3A, TLR7, LILRB2, LILRB5, 
GIMAP5

CL:19545 Mixed, incl. apoptotic cell clearance, and ebola  
hemorrhagic fever

8 29 1.01 1.30E-03 ITIH4, MERTK, CD209, OLFML3, BAIAP3, GAS6, GPR34, CLMP

CL:18851 Mixed, incl. immunoregulatory interactions between a 
lymphoid and a non-lymphoid cell, and pattern recognition 
receptor activity

8 47 0.8 1.47E-02 LILRA2, FCGR2A, CD300A, MPEG1, FCGR3A, TLR7, LILRB2, LILRB5

CL:18267 Chemokine receptors bind chemokines 8 60 0.69 4.59E-02 CXCL3, CXCL5, CXCL10, CXCL11, CCR10, CXCL9, CCL8, CCL3L3

CL:19970 Initial triggering of complement, and Complement compo-
nent 3 deficiency

7 21 1.09 1.60E-03 C2, C3AR1, C1QB, C1QC, C1QA, VSIG4, C4B

CL:19546 Mixed, incl. apoptotic cell clearance, and tmem119 family 6 19 1.06 7.10E-03 MERTK, OLFML3, BAIAP3, GAS6, GPR34, CLMP

CL:18573 IRAK4 deficiency (TLR2/4), and interleukin-1 receptor 
binding

6 23 0.98 1.47E-02 CD180, TLR2, CD14, TLR4, LY86, TLR5

CL:18276 Chemokine receptors bind chemokines 6 28 0.9 2.89E-02 CXCL3, CXCL5, CXCL10, CXCL11, CXCL9, CCL3L3

CL:4873 Mixed, incl. mitotic chromosome movement towards spindle 
pole, and stromme syndrome

5 10 1.26 6.70E-03 KIF11, BUB1B, ASPM, MKI67, CEP55

CL:4913 Spindle midzone assembly, and chromosome passenger 
complex

5 12 1.18 1.07E-02 BIRC5, AURKB, KIF2C, PRC1, KIF20A

CL:19972 Initial triggering of complement 5 16 1.06 2.32E-02 C2, C1QB, C1QC, C1QA, C4B

CL:18607 Lipopolysaccharid e receptor complex, and toxic  
pneumonitis

4 6 1.39 1.47E-02 CD180, CD14, TLR4, LY86

CL:4914 Chromosome passenger complex, and kinesin-like protein 
kif20a

4 6 1.39 1.47E-02 BIRC5, AURKB, KIF2C, KIF20A

The gene coding-protein and their associated structural and biological interactors were visualized as hierarchical clusters of the full STRING network by using an average linkage algorithm of publicly available for protein-protein interactions 
(KEGG, Reactome, BioCyc, and Gene Ontology). Highlighting clusters associated to NF-kappa-B signaling, collagen formation, matrix metalloproteinases and chemokine other inflammatory related terms.
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Supplementary Figure 2. The top associated Gene Ontology terms of the DEGs at Day 1 and D7 in the upregulated and downregulated genes.


