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Abstract
Introduction Dysregulated neutrophil function plays a significant role in the pathology of infections, cancer, cardiovascular 
diseases, and autoimmune disorders. Neutrophil activity is influenced by various cell populations, including macrophages, 
which are crucial regulators. However, the exact role of human macrophages in controlling neutrophil function remains 
unclear due to a scarcity of studies utilizing human cells in physiologically relevant models.
Methods We adapted our “Infection-on-a-Chip” microfluidic device to incorporate macrophages within the collagen extra-
cellular matrix, allowing for the study of interactions between human neutrophils and macrophages in a context that mimics 
in vivo conditions. The integration of THP-1 macrophages was optimized and their effect on the endothelial lumen was 
characterized, focusing on permeability and structural integrity. The device was then employed to examine the influence of 
macrophages on neutrophil response to infection with the bacterial pathogen Pseudomonas aeruginosa.
Results Integration of THP-1 macrophages into the microfluidic device was successfully optimized, showing no increase in 
endothelial permeability or structural damage. The presence of macrophages was found to significantly reduce neutrophil 
transendothelial migration in response to Pseudomonas aeruginosa infection.
Conclusions Our findings highlight the regulatory role of macrophages in modulating neutrophil responses, suggesting 
potential therapeutic targets to control neutrophil function in various diseases. The modified microfluidic platform offers a 
valuable tool for mechanistic studies into macrophage-neutrophil interactions in disease contexts.
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THP-1  Human acute monocytic leukemia cell line
PMA  Phorbol 12-myristate 13-acetate
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Significance Statement

• The study of human macrophage-neutrophil interactions 
has been minimally explored in vitro and remains unclear 
due to limitations in existing experimental platforms.

• We developed an Infection-on-a-Chip device through 
which we have shown that the presence of a human 
macrophage cell line reduced primary human neutrophil 
transendothelial migration in response to Pseudomonas 
aeruginosa infection.

• Our research sheds light on the interaction between 
human neutrophils and macrophages, providing a plat-
form to explore immune cell interactions in physiologi-
cally relevant conditions for potential clinical applica-
tions. Future studies should investigate how macrophages 
influence neutrophils, whether through soluble factors or 
physical interactions.
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article.
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Introduction

The immune response is a complex yet coordinated pro-
cess that involves the interaction of many cell popula-
tions. While current research has often focused on adap-
tive immune cells and their therapeutic potential [1], there 
is growing recognition for the importance of the innate 
immune system in human health and disease [2, 3]. Spe-
cifically, the importance of macrophage-neutrophil inter-
actions in regulating the initiation and resolution of the 
immune response has been a topic of significant interest. 
Macrophages and neutrophils are innate immune cells 
whose primary role is to combat pathogens, but they also 
play a crucial role as first responders to sterile injury and 
environmental toxin exposures [4–6]. Innate immune cell 
dysfunction has been identified as a contributing factor to 
the pathology of diverse human diseases, including cancer, 
cardiovascular disease, autoimmune disorders, and fibrosis 
[7]. Yet, how neutrophils and macrophages regulate each 
other's functions in healthy tissue and how these interac-
tions are altered in disease remain unclear.

Neutrophils, constituting 50–70% of all leukocytes in 
humans, are short-lived effector cells of the innate immune 
system. Upon pathogen exposure, they rapidly mobilize to 
sites of infection, where their antimicrobial capabilities are 
essential for pathogen elimination. However, in the context 
of tissue injury, the potent actions of neutrophils, includ-
ing NETosis, reactive oxygen species production, cytokine 
release, and degranulation, can paradoxically lead to tissue 
damage [8]. The detrimental effect of neutrophil overac-
tivation is evident in various medical conditions such as 
rheumatoid arthritis, acute respiratory distress syndrome, 
and cancer [9]. A potential strategy for treating these dis-
eases lies in controlling neutrophil recruitment and func-
tion; however, success in this endeavor requires a compre-
hensive understanding of how neutrophils interpret and 
respond to the diverse signals and interactions within their 
environment.

Macrophages play a crucial role in both combating 
infections and promoting the resolution of inflammation. 
Upon infection, they initiate the secretion of pro-inflam-
matory mediators like tumor necrosis factor-alpha (TNF-
α), interleukin-1 beta (IL-1β), along with nitric oxide, 
which activates other cells of the innate immune system 
and bolsters their antimicrobial defenses to effectively 
eliminate invading pathogens [10].

Neutrophils and macrophages express distinct mem-
brane proteins, including G-protein-coupled receptors, 
chemokine receptors, and adhesion receptors that enable 
cell–cell communication and influence cell function [11]. 
Traditionally, macrophages were thought to interact with 
neutrophils by releasing cytokines to recruit them to sites 

of infection, then by clearing apoptotic neutrophils follow-
ing immune resolution. However, recent studies employ-
ing advanced microscopy techniques have potentially dis-
covered a more complex role for neutrophil-macrophage 
interactions in the innate immune response. Initial investi-
gations in zebrafish found that macrophages directly facili-
tate neutrophil reverse migration through physical touch 
[12]. However, contrasting observations in mice indicate 
soluble signals are instead responsible for this phenom-
enon [13, 14]. These contradictory findings complicate 
our comprehension of these dynamic interactions, prompt-
ing contemplation on how macrophages and neutrophils 
interact in humans. While these studies done in mice and 
zebrafish are informative, translating these findings to 
the human context is crucial for a comprehensive under-
standing and successful application in clinical settings. 
Therefore, it is imperative to unravel the complexities of 
macrophage-neutrophil interactions in humans to clarify 
how these interactions regulate the immune response.

A major challenge in understanding cell–cell interactions 
between primary human cells is the limitations of existing 
experimental platforms. While in vitro systems enable the 
investigation of primary human neutrophil responses to indi-
vidual signals or cellular interactions [15], they fall short 
in replicating the intricate milieu of signals, multicellular 
interactions, and the three-dimensional architectural com-
plexity inherent in the in vivo setting [16]. Therefore, human 
macrophage-neutrophil interactions have been minimally 
explored in vitro beyond exposure to conditioned media 
[17].

To address these limitations, our research group has pio-
neered the use of an innovative Infection-on-a-Chip device, 
previously employed to study neutrophil interactions with 
endothelial cells and pathogens including gram-negative 
bacteria, gram-positive bacteria, and fungi [18–22]. The 
Infection-on-a-Chip device replicates essential elements 
of a three-dimensional, in vivo inflammatory environment, 
including an endothelial blood vessel, primary human 
immune cells, extracellular matrix proteins, and a source 
of live pathogens. In this study, we modify this platform 
to create a unique and robust in vitro model to unravel the 
dynamics of neutrophil-macrophage crosstalk. Using the 
modified device, we reveal a reduction in primary human 
neutrophil transendothelial migration (TEM) in the pres-
ence of macrophages during an inflammatory response. 
These findings enhance our understanding of macrophage-
mediated regulation of the neutrophil response and present 
a novel experimental platform for investigating these critical 
cell–cell interactions.
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Results

THP‑1 Cells Embedded in Collagen Gels Have Higher 
Viability When Differentiated In Situ

To determine how macrophages influence neutrophil 
transendothelial migration, we needed to integrate mac-
rophages into our Infection-on-a-Chip device and con-
firm their differentiation and viability. We first deter-
mined if THP-1 macrophages could maintain viability 
when embedded in collagen gels following differentiation 
with phorbol 12-myristate 13-acetate (PMA). To test this, 

THP-1 monocytes were differentiated into macrophages 
in a well plate for 2 days. They were then lifted and sus-
pended in a collagen solution which was polymerized in a 
48-well plate (Day 0). Cells were maintained in the well 
plate with fresh media for 3 days to determine cell viabil-
ity following the embedding process (Fig. 1A).

To quantify cell viability, THP-1 cells were imaged in 
the presence of the live/dead stains calcein AM (live) and 
propidium iodide (dead) on Days 0–3 (Fig. 1B). The initial 
viability on Day 0 was 88% but average viability decreased 
to 43% by Day 4, indicating that both the embedding pro-
cess and subsequent incubation period decreased THP-1 cell 
survival (Fig. 1C).

Fig. 1  THP-1 cells embedded in 
collagen gels have higher viabil-
ity when differentiated in situ. A 
Schematic of the THP-1 mono-
cyte differentiation process with 
PMA in well plates, followed by 
the embedding of macrophages 
in 1.5 mg/mL collagen on Day 
3. B Representative images of 
THP-1 cells seeded in 1.5 mg/
mL collagen on Day 3. Cells 
stained with calcein AM (live) 
and propidium iodide (dead). 
Scale bar, 250 µm. C Percent 
THP-1 viability after THP-1 
cells were embedded in col-
lagen quantified using live/dead 
fluorescent staining on Day 0 to 
Day 3. Data was quantified from 
3 wells per condition across 
3 independent experiments. 
D Schematic of the THP-1 
differentiation process with 
monocytes added to collagen 
on Day 0 and directly differenti-
ated in situ. E Representative 
images of THP-1 differentiated 
in 1.5 mg/mL collagen on Day 
3. THP-1 stained with calcein 
AM (live) and propidium iodide 
(dead). Scale bar, 250 µm. F 
Percent THP-1 viability fol-
lowing THP-1 differentiation 
in situ quantified using live/
dead fluorescent staining. Data 
was quantified from 3 wells per 
condition across 6 independ-
ent experiments. C, F Each 
bar represents the mean plus 
standard error of the mean 
(SEM). Asterisks represent the 
significance between conditions 
at each point. *P, 0.05; ns not 
significant
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While our initial viability results indicated macrophages 
could survive in collagen gels, to investigate the effect of 
macrophages on neutrophil transendothelial migration 
without confounding cell death, we required higher THP-1 
viability. Therefore, we needed an improved differentiation 
protocol. Based on our initial viability data, we hypothesized 
the cell lifting and embedding process caused unwanted cell 
death and that directly differentiating the THP-1s in the col-
lagen would lead to improved viability. To test our hypoth-
esis, we first seeded THP-1 monocytes in the collagen gels 
and then differentiated them into macrophages for 2 days 
(Fig. 1D). We again used a live/dead stain to quantify cell 
viability over the 2-days differentiation and for 1 day fol-
lowing differentiation. THP-1 viability remained very high 
(~89%) throughout both the 2-days differentiation period 
and the 24-h incubation period (Fig. 1E, F). This method of 
differentiating monocytes into macrophages within collagen 
gels was used for the duration of the project due to the high 
level of cell viability achieved.

THP‑1 Macrophages have High Levels 
of Differentiation and Viability in Collagen Gels

We next needed to quantify cell viability and differentiation 
in collagen gels from Day 0 to Day 4 to match the timeline of 
our future experiments using the Infection-on-a-Chip device. 
To accomplish this, we first seeded and differentiated THP-1 
cells in collagen gels using PMA. We then isolated the cells 
on Day 2, immediately following differentiation, and Day 
4, following the 2-days incubation period. We used flow 
cytometry to simultaneously measure THP-1 viability and 
differentiation.

Viability assessment was conducted by labeling THP-1 
cells with ZombieViolet live/dead stain following removal 
from the collagen gels. THP-1 cells exhibited high viability 
levels, and there was no significant difference in viability 
between Day 2 and Day 4. There was also no significant 
difference in viability between PMA-exposed cells in col-
lagen and THP-1 cells plated in well plates without PMA 
(Fig. 2A).

CD11b was used as an indicator for THP-1 monocyte-
to-macrophage differentiation as previously described [23], 
where an increase in CD11b expression indicates mac-
rophage differentiation.

CD11b expression was assessed using flow cytometry 
with a fluorescent anti-CD11b antibody and compared to 
a control population seeded in well plates. Following 48 
h of PMA treatment in collagen gels, approximately 89% 
of THP-1 cells differentiated into macrophages with a non-
significant increase to 98% by Day 4 (Fig. 2B). Moreover, 
there was a significant increase in  CD11b+ cells in these 
conditions compared to THP-1 cells seeded in well plates 

with no PMA treatment. This suggests that PMA promotes 
the differentiation of THP-1 cells in collagen.

THP‑1 Viability and Differentiation are not Altered 
in Higher‑Density Collagen

We carried out our initial viability and differentiation experi-
ments in 1.5 mg/mL collagen; however, our Infection-on-a-
Chip devices use 4 mg/mL collagen gels to mimic the ECM 
of an in vivo microenvironment. To validate that THP-1 cells 
maintain high viability and undergo successful differentia-
tion in 4 mg/mL collagen gels, we compared viability and 
CD11b expression between THP-1 cells differentiated in 
1.5 mg/mL and 4 mg/mL collagen gels using flow cytometry. 
Notably, there were no significant differences in viability 
(1.5 mg/mL = 95%, 4 mg/mL = 92%) (Fig. 2C) or differen-
tiation levels (1.5 mg/mL = 98%, 4 mg/mL = 95%) on Day 
4 between cells seeded in 1.5 mg/mL or 4 mg/mL collagen 
(Fig. 2D). Furthermore, there was no significant difference 
between THP-1 viability in collagen and the control cells in 
well plates without PMA (Fig. 2C). Additionally, the per-
centage of differentiated cells obtained with PMA in both 
collagen conditions was statistically higher than the control 
cells without PMA (Fig. 2D). Overall, increasing the colla-
gen density from 1.5 to 4 mg/mL collagen does not impact 
THP-1 viability and differentiation, indicating THP-1 cells 
will remain alive and differentiated in the Infection-on-a-
Chip devices for the full length of the experiment.

THP‑1s Differentiate and Remain Viable 
in the Infection‑on‑a‑Chip Device

While we saw high THP-1 viability and differentiation in 
collagen gels polymerized in a well plate, our Infection-on-a-
Chip device contains human umbilical vein endothelial cells 
(HUVECs), has a different geometry, and uses different vol-
umes than a well plate. Therefore, we next wanted to confirm 
that THP-1 cells would differentiate and remain viable in our 
device. To assess differentiation and viability, THP-1 cells 
were differentiated and then co-cultured with HUVECs in 
the device. THP-1 monocytes in 4 mg/mL collagen gels were 
first loaded into the device and differentiated with PMA for 
48 h. On Day 2, following differentiation, endothelial cells 
were seeded in the lumen and HUVEC media was added to 
the lumen. The lumen monolayer formed over an additional 
48 h until Day 4 (Fig. 3A). Fluorescent live/dead stains, 
calcein AM, and propidium iodide were added to devices on 
Day 2 and Day 4 to quantify viability. As calcein AM stains 
all living cells, we only imaged outside the lumen monolayer 
to ensure all the live cells counted were macrophages, not 
endothelial cells (Fig. 3B). There was no significant differ-
ence in viability between Day 2 (75%) and Day 4 (78 %) 
(Fig. 3C). To determine if THP-1 monocytes were able to 
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differentiate into macrophages in the Infection-on-a-Chip 
devices, we analyzed differentiation levels using CD68, 
which has increased expression in macrophages. We found 
there was significantly more THP-1 differentiation in the 
devices treated with PMA for 2 days (63%) than those that 
were not treated with PMA (44%), as indicated by a higher 
percentage of CD68-positive cells (Fig. 3D, E). Notably, 
2 days of exposure to PMA, as opposed to 4 days, resulted in 
a higher percentage of CD68-positive cells (Fig. S1). These 
findings substantiate the ability of THP-1 cells to differenti-
ate and maintain viability within our Infection-on-a-Chip 
device.

To discern whether THP-1 macrophages in collagen 
exhibit an M1 or M2 phenotype, we assessed the expres-
sion of CD163, which is indicative of an M2 phenotype 
[24]. We determined the percentage of CD68 positive cells 
that were also CD163 positive at Day 2 (77%) and Day 
4 (57%), and found the majority of THP-1 macrophages 
displayed an M2 phenotype 2 days of exposure to PMA 
when embedded in collagen (Fig. 3F, G).

Fig. 2  THP-1 macrophages have high levels of differentiation and 
viability in collagen gels of varying density. THP-1 monocytes were 
differentiated with PMA in 1.5  mg/mL and 4  mg/mL collagen for 
2 days (Days 1–2), then treated with cell media for an additional 2 
days (Days 3–4). In each graph, differentiated cells are compared to 
control cells plated in well plates without PMA (“NO PMA”). A Per-
cent THP-1 viability for control cells and PMA-treated cells embed-
ded in 1.5  mg/mL collagen on Day 2 and Day 4. B Percent THP-1 
monocyte  (CD11blo) differentiation into macrophages  (CD11bhi) for 
control cells and PMA-treated cells plated in 1.5 mg/mL collagen on 

Day 2 and Day 4. C Percent THP-1 cell viability on Day 4 for control 
cells and PMA-treated cells plated in 1.5 and 4 mg/mL collagen. D 
Percent THP-1 monocyte  (CD11blo) differentiation into macrophages 
 (CD11bhi) on Day 4 for control cells and PMA-treated cells plated in 
1.5 mg/mL and 4 mg/mL collagen. Each bar represents the estimated 
marginal mean plus standard error of the mean (SEM) for each condi-
tion. Data was quantified from 6 lumens across 3 independent experi-
ments. Asterisks represent significance between conditions at each 
point *P, 0.05; **P, 0.01; ***P, 0.001; ns not significant
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HUVECs Generate a Patent Lumen and Retain Proper 
Barrier Function in the Presence of Macrophages

The formation of a patent endothelial lumen vessel with sig-
nificant barrier function is critical for evaluating neutrophil 
transendothelial migration in the Infection-on-a-Chip device. 
To determine if the presence of macrophages altered the 
structural integrity of the endothelial lumen in our device, 
we conducted a series of analyses to visualize lumen forma-
tion and permeability.

We visualized lumen integrity by fabricating lumens 
in the absence (Fig. 4A–D) or presence (Fig. 4E–H) of 
THP-1 macrophages then staining for actin (phalloidin), 
cell nuclei (Hoescht), and tight junction formation (anti-
VE-cadherin). The phalloidin stain revealed no disruptions 
or gaps in endothelial cell α-actin filaments in lumens with 
macrophages (4E) compared to those without (Fig. 4A). The 
Hoechst stain (nuclei) showed no noticeable differences in 
endothelial cell distribution in the absence (Fig. 4B) or pres-
ence (Fig. 4F) of macrophages. Finally, the anti-VE-cadherin 
stain showed no changes in tight junction formation between 
endothelial cells, without (Fig. 4C) or with macrophages 
(Fig. 4G). Overall, we found no observable differences 

when comparing endothelial lumens without (Fig. 4D) and 
with (Fig. 4H) macrophages in the collagen further than an 
increase in the endothelial monolayer sprouting toward the 
collagen matrix, indicating that the addition of macrophages 
did not alter the integrity of the lumen structure.

Previous research has demonstrated that neutrophil inter-
action with endothelial cells through ICAM-1 binding to 
the ß2 integrin is critical for efficient extravasation [18]. 
Additionally, endothelial cells at high passage numbers 
(P12) have been reported to exhibit reduced ICAM-1 expres-
sion [25]. Therefore, to confirm ICAM-1 was expressed 
in response to Pseudomonas aeruginosa, we measured 
ICAM-1 levels in HUVECs at passages 4–7, as used in our 
experiments. Significant ICAM-1 expression was evident 
in all passage numbers (4–7) and no significant change in 
ICAM-1 expression across passages (Fig. S2).

We next wanted to determine whether the addition of 
macrophages changes the barrier function of our endothelial 
lumens in the presence of Pseudomonas aeruginosa. To vis-
ualize lumen permeability, we imaged the diffusion of FITC-
dextran out of lumens in the absence or presence of THP-1 
macrophages and the absence or presence of Pseudomonas 
aeruginosa over 15 min (Fig. 4I). We found that the addition 
of Pseudomonas aeruginosa increases endothelial lumen 
permeability, which matches observations in previous stud-
ies [18, 26] and further supports the applicability to in vivo 
results. Notably, we found the addition of macrophages to 
the device did not result in a change in the permeability of 
the endothelial barrier. Overall, these data suggest that the 
addition of THP-1 macrophages to the collagen does not 
alter the structure or integrity of the lumen vessel.

THP‑1 Macrophages Decrease Neutrophil TEM

Given our data showing high macrophage viability and dif-
ferentiation in the Infection-on-a-Chip device along with our 
observations that the endothelial lumen structure and per-
meability were not altered by the presence of macrophages, 
we were prepared to investigate how the presence of THP-1 
macrophages influences neutrophil transendothelial migra-
tion during an infectious response. To visualize and quantify 
neutrophil transendothelial migration, endothelial lumens 
were seeded with primary human neutrophils in the absence 
(Fig. 5A), or presence (Fig. 5B) of THP-1 macrophages in 
the collagen. Pseudomonas aeruginosa was added to the 
top port of the device to simulate an infection and initiate 
neutrophil recruitment.

Interestingly, we found that relatively fewer neutrophils 
extravasated into the macrophage-containing collagen com-
pared to the cell-free collagen control (Fig. 5C). This differ-
ence reached significance after 6 h and remained significant 
through 10 h post-infection. The difference in neutrophil 
transendothelial migration increased over time, indicating 

Fig. 3  THP-1 monocytes differentiate and remain viable in the 
Infection-on-a-Chip device. THP-1 cells were seeded in the device in 
4 mg/mL collagen and differentiated for 48 h (Days 1–2). Endothelial 
cells were then seeded and viability and differentiation were evalu-
ated following co-culture (Days 3–4). A Schematic of the Infection-
on-a-Chip device model with the endothelial lumen in the middle of 
the device with the side ports on each side surrounded by the embed-
ded macrophages in 4  mg/mL collagen. The cross-sectional area of 
the HUVEC lumen is shown by the gray box. B Representative fluo-
rescence images on Day 2 and Day 4 for live (calcein AM, green) and 
dead (propidium iodide, red) cells in the collagen in the device. The 
white lines represent the edges of the lumen. Scale bars = 150 µm. C 
Percent viability of THP-1 cells embedded in 4  mg/mL collagen in 
the device on Day 2 and Day 4. Data was quantified from 6 devices 
per condition across 8 independent experiments. Each bar represents 
the mean plus standard error of the mean (SEM) for each condition. 
ns not significant. D Representative fluorescence images on Day 2 
of all THP-1 (Phalloidin, red) and differentiated THP-1 (anti-CD68, 
blue) cells in the collagen in the device. (Top) THP-1 cells that were 
exposed to cell media for 48 h. (Bottom) THP-1 cells that were 
exposed to PMA for 48 h. Scale bar = 150  µm. E Percent of differ-
entiated THP-1 cells on Day 2 in the device with and without PMA 
exposure through CD68 positive cell quantification. F Representative 
fluorescence images of differentiated THP-1 cells within the colla-
gen matrix of the device after 48 h of PMA exposure. THP-1 cells 
exposed to PMA were stained with Phalloidin (red, top left), anti-
CD68 (blue, top right), and anti-CD163 (green, bottom left). All 
stains are overlaid in the bottom right image. Scale bar = 150  µm. 
G Percent of the  CD68+ THP-1 cell population that are  CD163+ 
(M2-like) within the in the device after 2 and 4 days of PMA expo-
sure. Data was quantified from 6 devices per condition across 3 inde-
pendent experiments. Each bar represents the mean plus standard 
error of the mean (SEM) for each condition. Asterisks represent sig-
nificance between conditions at each point *P, 0.05; **P, 0.01; ***P, 
0.001; ns not significant.

◂
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Fig. 4  HUVECs generate a patent lumen and retain proper barrier 
function in the presence of macrophages. Representative images of 
lumens formed within the Infection-on-a-Chip device, both with-
out (A–D) and with THP-1 macrophages (E–H). A–H Lumens were 
stained using Phalloidin (A, E) to highlight α-actin filaments, Hoe-
chst (B, F) for nuclei visualization, and anti-VE-cadherin (C, G) to 
reveal tight junctions. Merged images (D, H) present a comprehen-
sive view of HUVEC cells stained with Hoechst, Anti-VE-Cadherin, 
and Phalloidin. (Left) Top view of the HUVEC lumen within the 
device. (Right) Side view of the HUVEC lumen within the device. 

Scale bar, 100  mm. I FITC-dextran diffusion from lumens without 
THP-1 (left column) and with THP-1 macrophages embedded in 
the ECM (right column) and exposed to media (top row) or Pseu-
domonas aeruginosa (bottom row) at 0 (red), 5 (blue), 10 (yellow), 
and 15 (green) minutes. Pixel intensity across the images was meas-
ured and normalized to the intensity of the lumen center at t = 0 min, 
providing insights into the dynamic behavior of the endothelial bar-
rier. The x-axis depicts the distance across a region centered around 
each lumen, spanning three-lumen widths in diameter (in arbitrary 
units).
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a distinct impact of THP-1 macrophages on the neutrophil 
transendothelial migration dynamics within our Infection-
on-a-Chip devices.

Discussion

The specific orchestration of interactions between mac-
rophages and neutrophils is crucial for an efficient immune 
response. However, the precise mechanisms by which mac-
rophages influence neutrophil recruitment and extravasa-
tion during human infection remain elusive. As a first step 
in addressing this knowledge gap, our study incorporated 
THP-1 macrophages into the collagen extracellular matrix 
of our Infection-on-a-Chip microfluidic device to study how 
human macrophages modulate neutrophil extravasation in 
response to infection. Our study confirms that THP-1 mac-
rophages undergo differentiation, and M2 polarization, 
and maintain viability within the collagen matrix without 

disrupting the model endothelial blood vessel. Notably, we 
find reduced human primary neutrophil transendothelial 
migration in the presence of THP-1 macrophages during 
infection with Pseudomonas aeruginosa. Collectively, these 
insights provide initial evidence for macrophage-mediated 
regulation of the neutrophil response to infection and, most 
critically, present a novel experimental platform for system-
atic evaluation of these crucial cell–cell interactions. Future 
studies will now be able to utilize our platform to determine 
the precise mechanisms of human macrophage regulation 
of neutrophil function by examining the interaction between 
primary human neutrophils and macrophages in a physio-
logically relevant context.

An essential first step in investigating macrophage-
neutrophil interactions was successfully integrating mac-
rophages into the tissue compartment of our microfluidic 
device. While microfluidics have been used for studying 
cell–cell interactions in the context of tissue engineering, 
often employing synthetic hydrogels [27], we wanted to 

Fig. 5  THP-1 macrophages reduce neutrophil transendothelial migra-
tion during an infectious response. A, B Representative images of 
neutrophils extravasating the endothelial monolayer at 2-h intervals 
towards Pseudomonas aeruginosa without (A) and with (B) THP-1 
macrophages in the device. 20% of neutrophils stained with calcein 
AM. The gradient direction is shown in greyscale on the left. The 
white line indicates the edge of the endothelial lumen. Scale bar, 

200 µm. C Quantification of neutrophil transendothelial migration at 
2-h intervals without (red) and with (blue) THP-1 macrophages. Each 
bar represents the mean plus standard error of the mean (SEM). Data 
was quantified from 6 lumens per condition across 5 independent 
experiments. Asterisks represent significance between conditions at 
each point *P, 0.05; **P, 0.01; ***P, 0.001; ns not significant
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embed macrophages in physiologically relevant collagen I 
hydrogels to emulate the microenvironment in vivo.

Several studies have investigated the significance of col-
lagen concentration on macrophage phenotype. Larsen et al. 
reported no discernible change in proliferation or viability in 
varied gel concentrations [28]. However, their research used 
RAW264.7 mouse macrophage-like cells that do not require 
differentiation in contrast to our study which employed THP-
1, human macrophage-like cells that require a differentia-
tion step. Despite these distinctions, we similarly observed 
no differences in viability or differentiation rates for THP-1 
macrophages embedded in 1.5 versus 4 mg/mL collagen 
hydrogels, in agreement with these results. While our use of 
a human immortalized cell line may introduce variations in 
phenotype compared to primary macrophages, future studies 
will use primary macrophages to confirm our findings and 
offer additional insights into human macrophage behavior.

In other microfluidic platforms, the presence of mac-
rophages has been shown to alter endothelial phenotypes; 
therefore, it was important for us to validate the integrity 
of the endothelial cell vessel in our Infection-on-a-Chip 
device in the presence of THP-1 macrophages. Previous 
studies have found that macrophages influence endothelial 
cell morphology and branched network formation leading 
to angiogenesis [29]. Although not quantified, we observed 
a qualitative increase in the sprouting of endothelial cells 
when macrophages were present, which aligns with these 
results. While macrophages may affect endothelial sprout-
ing, the effect of this sprouting on neutrophil transendothe-
lial migration has not been described in literature.

Moreover, we found the presence of macrophages did 
not lead to an increase in the permeability of the endothe-
lial vessel. Endothelial cell permeability increases during 
inflammation in vivo and we have previously seen this 
increased permeability in our device in response to an 
inflamed environment [30]. Therefore, these results indi-
cate that collagen-embedded macrophages do not create an 
inflamed environment before infection in our device. These 
results differ from previous reports, likely due to significant 
differences in experimental setup. Middelkamp et al. found 
increased fibrin deposition and clot formation in the pres-
ence of macrophages and, therefore, hypothesized the mac-
rophages caused an inflamed endothelium; however, they 
saw no change in actin structure in vessels with or without 
macrophages, in line with our lumen characterization results 
[31]. Notably, unlike the Middelkamp study, where the phe-
notype of the embedded macrophages was not determined, 
our investigation revealed a high percentage of CD163-
positive macrophages, indicative of a predominantly M2 
phenotype. In fact, we found a significant fraction of our 
macrophages were M2 prior to infection, further supporting 
evidence that macrophages are not creating a pro-inflamma-
tory environment. Moreover, Middelkamp et al. and Yu et al. 

used macrophages that were differentiated in a plate and then 
OxLDL-treated or polarized before being introduced into 
the system, and both reported that macrophage polarization 
alters macrophages' impact on endothelial cells. In contrast 
to these studies, our THP-1 macrophages were differentiated 
once embedded in collagen in situ with PMA [31]. Taken 
together, both existing research and our results suggest that 
the presence of THP-1 macrophages, differentiated in our 
system, does not induce an inflammatory state in the device. 
Future studies in our laboratory will quantify cytokine secre-
tion in the presence of endothelial cells and macrophages. 
Additionally, previous research has shown that macrophages 
can exhibit diverse phenotypic states, which depend on the 
type and progression of bacterial infection. In our study, 
macrophages predominantly exhibited M2 phenotypes 
within our device [32]. While this finding provides valuable 
insights into potential mechanisms for reducing neutrophil 
extravasation, it also represents a limitation, highlighting 
the need for future research to intentionally polarize mac-
rophages and investigate the differences between M1 and M2 
phenotypes in infection contexts.

The role of macrophage-neutrophil interactions in regu-
lating neutrophil recruitment and resolution remains unclear, 
in part due to conflicting studies that report different signal-
ing requirements and mechanisms. In 2014, Tauzin et al. 
reported that direct neutrophil-macrophage contact follow-
ing tissue damage in zebrafish leads to neutrophil resolu-
tion through reverse migration [33]. In contrast, a study by 
Wang et al. found macrophages play no role in neutrophil 
resolution using a sterile injury model in mice [13]. Yet only 
1 year later in 2018, Loynes et al., using a similar tissue 
wounding model in zebrafish as Tauzin et al., found that 
macrophages do promote neutrophil resolution, but identi-
fied the secretion of PGE2 to be critical with no require-
ment for direct contact [34]. While these studies collectively 
underscore the significance of macrophage-neutrophil inter-
actions in governing neutrophil recruitment and resolution, 
the discrepancies in their findings, potentially stemming 
from differences in animal models or inflammatory stimuli, 
contribute to the ongoing uncertainty regarding the under-
lying mechanisms governing these interactions. Moreover, 
while reverse migration of primary human neutrophils has 
been observed in simple in vitro microfluidic models [35], 
an investigation of primary human neutrophil-macrophage 
interactions in a physiologically relevant environment had 
previously not been accomplished. Our study sought to 
address these gaps by analyzing the primary human neu-
trophil response in the presence of macrophages in a model 
infectious microenvironment. Notably, we found the pres-
ence of macrophages caused a reduction in neutrophil 
transendothelial migration to Pseudomonas aeruginosa 
infection over 6–10 h. Our findings align with the previous 
studies that find that macrophages play a significant role 
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in the neutrophil response to inflammation and its resolu-
tion process [33, 34]. Furthermore, the predominantly M2 
phenotype exhibited by the macrophages prior to the intro-
duction of bacteria and neutrophils into the device may elu-
cidate their role in attenuating the neutrophil response. This 
observation aligns with previous work by Su et al., demon-
strating that M2 macrophages can mitigate the neutrophil 
response in sepsis by impeding neutrophil recruitment and 
neutrophil extracellular trap (NET) formation [36]. Further 
studies are needed to determine if the effects we see are due 
to soluble factors, physical touching, or both and whether 
the mechanisms are distinct from the pro-resolution path-
ways previously reported. Collectively, our results indicate 
an important role for macrophages in regulating the human 
neutrophil response to infection.

Our Infection-on-a-Chip device is designed to closely rep-
licate physiological conditions, allowing for a targeted exam-
ination of the intricate physical and chemical mechanisms 
governing neutrophil-macrophage interactions during the 
innate immune response. This innovative platform bridges 
the gap between traditional in vitro systems and complex 
in vivo environments, unlocking novel therapeutic possibili-
ties for clinical applications by unraveling the nuanced and 
dynamic interplay between neutrophils and macrophages in 
a controlled yet realistic environment. Future research will 
focus on characterizing key secretory factors influencing the 
inflammatory environment and investigating whether mac-
rophages alter neutrophils through soluble factors or physi-
cal interactions.

Materials and Methods

THP‑1 Cell Culture

THP-1 cells (ATCC TIB-202) were cultured in T-25 flasks 
using complete THP-1 media, which consists of RPMI 
medium (Gibco) supplemented with 10% heat-inactivated 
fetal bovine serum (Fisher), 1% penicillin-streptomycin 
(Gibco), and 0.05 mM 2-mercaptoethanol (Sigma-Aldrich). 
These cells were used from passages 10 to 17. Cells were 
passaged at 2 ×  106 cells/mL and reseeded at a concentration 
of 2.5 ×  105 cells/mL.

Human Umbilical Vein Endothelial Cell (HUVEC) 
Culture

Pooled Human Umbilical Vein Endothelial Cells (HUVEC, 
50-305-964, Promocell Gmb HC12203) were cultured in 
T-75 flasks and maintained in Endothelial Growth Media 
(EGM-2, NC9525043, Lonza Walkersville CC3162) until 
they reached 80% confluence. These cells were used from 
passages 2 to 7. The media was changed every 2 days. Cells 

were detached by rinsing with Hank’s Balanced Salt Solu-
tion, then using Trypsin EDTA solution (0.05% Trypsin 
and 0.02% EDTA in phosphate-buffered saline (1X PBS) 
without  Ca2+ or  Mg2+) (50189662FP, ATCC) and Trypsin 
Neutralizing Solution (5% FBS in 1X PBS) (50189663FP, 
ATCC). They were then split and reseeded at a concentration 
of 375,000 cells per 15 mL.

Pseudomonas aeruginosa Strain K (PAK) Culture

LB agar was prepared following the manufacturer’s instruc-
tions to create LB plates. Pseudomonas aeruginosa was 
streaked onto LB plates and incubated at 37 °C for 16 h. 
Following incubation, the plates were stored in a refrigerator 
at 4 °C for up to 30 days. A single colony from the LB plates 
was grown overnight in 5 mL of LB broth using a bacterial 
shaker at 37 °C. Afterward, 1 mL of the cultured solution 
was diluted in 4 mL of fresh LB broth and further cultured 
in a bacterial shaker at 37 °C for 1.5 h. 1 mL of the bacterial 
culture was pelleted by centrifugation (17,000×g for 1 min) 
and resuspended in 100 μL of EGM-2. The optical density 
(OD) of the bacterial solution was measured at 600 nm, and 
it was then diluted in EGM-2 to achieve an OD of 5.

Infection‑on‑a‑Chip Device Fabrication

Microfluidic devices were fabricated as previously described 
[37]. Briefly, silicon wafers were patterned with SU-8-100 
(Kayaku Advance Materials) through soft lithography to cre-
ate top and bottom masters. Polydimethylsiloxane (PDMS) 
(Sylgard 184, Electron Microscopy Science) was added to 
the masters and polymerized for 4 h at 60 °C. The PDMS 
layers were aligned, and a PDMS rod (0.337 mm inner diam-
eter) was introduced. The devices were bonded to a glass-
bottom MatTek dish (MatTek Corporation) using oxygen 
plasma.

Hydrogel and Infection‑on‑a‑Chip Device Setup

Following UV sterilization for 15 min, the microfluidic 
devices were exposed to a 1% polyethyleneimine (PEI) 
solution in deionized (DI) water (03880, Sigma Aldrich, 
St. Louis, Missouri) and incubated for 10 min. After this, 
a 0.1% glutaraldehyde (GA) solution in DI water (G6257, 
Sigma Aldrich) was pipetted into the device and incubated 
for 30 min. The devices were then washed three times with 
DI water. Type I Rat Tail Collagen (354249, Corning), neu-
tralized to a desired pH of 7.2 at a concentration of 4 mg/
mL, was introduced into the devices. The collagen solution 
polymerized around the PDMS rod in the central cham-
ber. After polymerization, the PDMS rod was delicately 
removed, leaving the lumen structure in place. The lumens 
were subsequently seeded with HUVECs at a concentration 
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of 2 ×  104 cells/µL and incubated overnight on a rotator. 
HUVECs were allowed to grow and form a monolayer, with 
twice-daily EGM-2 media changes for 2 days.

THP‑1 Differentiation and Cell Viability Experiments 
in Collagen

To assess cell viability in collagen via microscopy, 200 µL 
of collagen solution (Corning or Ibidi) was added to each 
well of an 8-well coverslip plate (Ibidi) and incubated for 
30 min at 37 °C with 5% CO2. Afterward, 200 µL of com-
plete THP-1 media was added to each well. Live/dead stain-
ing was conducted using a solution containing THP-1 cell 
media, 2 μg/mL propidium iodide (PI) (MilliporeSigma), 
and 500 ng/mL calcein AM (ThermoFisher).

To determine cell viability and differentiation inside the 
devices, the differentiation process started on Day 0. Devices 
were prepared, and collagen-embedded THP-1 monocytes 
were added at a concentration of 5 ×  105 cells/mL. THP-1 
monocytes were then exposed to complete THP-1 media 
supplemented with 50 ng/mL PMA. Media was changed 
through the side ports of the device every 24 h for 2 days.

For flow cytometry experiments to assess viability and 
differentiation, we prepared 1.5 mg/mL and 4 mg/mL col-
lagen gels with 5 ×  105 THP-1 monocytes/mL. 200 µL of the 
collagen gels were seeded into each well of a 48-well plate. 
After polymerization, 200 µL of complete THP-1 media with 
50 ng/mL PMA was added to each well, and media changes 
occurred every 24 h for 2 days. For the non-differentiated 
control, THP-1 monocytes were added to well plates without 
collagen and maintained with complete THP-1 media. The 
media was changed every 24 h.

HUVEC Permeability Assay

HUVEC permeability assays were performed on Day 4, 
2 days after HUVECs were seeded in the device as previ-
ously outlined. The EGM-2 media was added inside the 
lumen, aspirated, and substituted with a 125 ug/mL solu-
tion of 10 kDa fluorescein isothiocyanate (FITC)-Dextran 
(Sigma-Aldrich).

For lumens exposed to PAK, 3 μL of Pseudomonas aer-
uginosa at an optical density (OD) of 5 was added to the top 
port of the device and incubated at 37 °C, 5%  CO2 for 1 h 
before adding FITC inside of the lumen.

HUVEC Staining Assay

To assess a proper barrier formation by the HUVECs, the 
HUVEC staining assay was conducted on Day 4, 2 days after 
HUVECs were seeded in the device as previously outlined. 
Initially, 1X PBS was added and aspirated through side ports 
of the lumen twice, and prewarmed 4% paraformaldehyde 

(PFA) was introduced inside the lumen and incubated for 
1 h at 37 °C, 5%  CO2. The lumen was then washed three 
times with 1X PBS. PBST (0.1% Tween 20 in 1X PBS) was 
then added to the side port of the lumen and incubated at 
room temperature for 10 min. A staining solution with 1:200 
Hoechst (Thermo Fisher), 1:1000 Phalloidin (Abcam), and 
5:600 Anti-VE-Cadherin (BD) in 1X PBS was prepared. The 
PBST was aspirated, and the staining solution was added 
to the inside of the lumens. The device was then incubated 
and protected from light at 4 °C overnight. On Day 5, the 
staining solution was aspirated, and the lumen was washed 
three times with 1X PBS.

To ensure the staining did not introduce interference 
or noise and to validate the integrity of the results, con-
trol experiments were performed. These controls included 
staining lumens in the presence of macrophages with solely 
Anti-VE-Cadherin and Hoechst, or with only Phalloidin and 
Hoechst.

To quantify ICAM-1 expression in HUVECs, we 
stained and imaged HUVECs in wells using 1:200 anti-
ICAM1 (R&D Systems), 1:200 Hoechst (Thermo Fisher), 
and 1:1000 Phalloidin (Abcam) in 1X PBS, as previously 
described after a 2-h exposure to PAK at an optical density 
(OD) of 5.

THP‑1 Infection‑on‑a‑Chip Cell Viability Assay

THP-1 viability was assessed on Day 2 and Day 4, follow-
ing the preparation of the devices and the differentiation 
of THP-1 as previously described. A solution containing 
500 ng/mL of calcein AM (Invitrogen) and 2 μg/mL of PI 
(Sigma) was prepared and introduced into the device through 
the side ports on Day 2 or Day 4

THP‑1 Infection‑on‑a‑Chip Cell Differentiation Assay

THP-1 differentiation was assessed on Day 2, and Day 4, and 
THP-1 phenotyping was assessed on Day 0, Day 2, and Day 
4 following the preparation of the devices and the differen-
tiation of THP-1s as previously explained. Briefly, the upper 
PDMS layer of the device was carefully removed, THP-1 
cells were fixed with 4% paraformaldehyde for 1 h, rinsed 
three times for 2 h with 1X PBS, and permeabilized using a 
buffer containing 0.20% Triton-X for 45 min at 37 °C with 
5%  CO2. Following permeabilization, the cells underwent 
three 30-min incubations at 37 °C, 5%  CO2 with 1X PBS for 
thorough washing. Next, a dilution of 1:1000 of Phalloidin 
(Abcam) in 1X PBS was added to each device and incu-
bated at 4 °C overnight. The next day, the cells underwent 
three 30-min incubations at room temperature with 1X PBS 
washes. Next, the cell surface was blocked and permeabi-
lized using a solution of 5% BSA in 0.1% PBS-Tween 80 for 
24 h at 37 °C with 5%  CO2.
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To assess THP-1 differentiation, the cells were treated 
with rabbit primary anti-CD68 antibodies (ab213363, 
Abcam) diluted 1:100 in a dilution buffer consisting of 1X 
PBS and 1% BSA and incubated for 48 h at 37 °C with 5% 
 CO2. To assess THP-1 phenotype, the cells were treated with 
rabbit primary antibodies anti-CD68 (ab213363, Abcam) 
diluted 1:100 and anti-CD163 (130-099-969, Miltenyi) 
diluted 1:11 in a dilution buffer consisting of 1X PBS and 
1% BSA and incubated for 48 h at 37 °C with 5%  CO2.

After the primary antibody incubation, the cells were 
washed with 1X PBS in two rounds of 2-h incubations at 
37 °C to remove any residual primary antibodies. Following 
this, a secondary antibody (goat anti-rabbit IgG Alexa Fluor 
405) was applied at a dilution of 1:200 in 1X PBS with 1% 
BSA for 24 h at 37 °C with 5%  CO2. Subsequently, the cells 
were washed twice with 1X PBS, and incubated for 2 h at 
37 °C with 5%  CO2 during each wash.

Neutrophil Isolation

All blood samples were collected following institutional 
review board-approved protocols in adherence to the prin-
ciples of the Declaration of Helsinki at the University of 
Colorado-Boulder. Peripheral blood neutrophils were iso-
lated from healthy donors using the MACSxpress Neutrophil 
Isolation Kit (Miltenyi Biotec), following the manufacturer's 
instructions. Informed consent was obtained from donors at 
the time of the blood draw, following institutional review 
board procedures.

Neutrophil TEM

Neutrophil transendothelial migration was assessed in 
devices both with and without THP-1 macrophages. Follow-
ing neutrophil isolation, 20% of the neutrophil population 
was stained with 500 ng/mL calcein AM (ThermoFisher) 
for 10 min at room temperature, while the remaining 80% 
remained unstained. After staining, neutrophils were centri-
fuged at 200×g for 5 min. The stained and unstained neutro-
phils were then combined and resuspended at a concentra-
tion of 6 ×  106 cells/mL. The neutrophils were then seeded 
into the lumen chamber. 3 μL of Pseudomonas aeruginosa 
at an optical density (OD) of 5 was added to the top port of 
the device. Confocal images were captured every 10 min 
for 10 h to visualize neutrophil transendothelial migration.

Flow Cytometry

Flow cytometry analysis was conducted using a BD FACS 
Celesta Flow Cytometer. For the acquisition of THP-1 cells 
plated in wells, media was aspirated, Trypsin EDTA solution 
was added, and the cells were incubated for 20 min at 37 °C 
with 5%  CO2. Upon detachment, 500 µL of complete THP-1 

media was added to each well, followed by centrifugation at 
200×g for 5 min. To obtain THP-1 cells embedded in col-
lagen, 200 µL of 8 mg/mL collagenase I (ThermoFisher) was 
added to each well. After 30 min of incubation at 37 °C with 
5%  CO2, collagen was gently agitated using a pipette and 
incubated for an additional 10 min. Subsequently, 500 µL 
of complete THP-1 media was added to each well, and the 
cells were pipetted out and centrifuged at 200×g for 5 min. 
After obtaining cells in both conditions, the pellets were 
resuspended in a 1:200 dilution of ZombieViolet in flow 
cytometry buffer (2 µM EDTA + 0.5% BSA in 1X PBS), 
followed by a 15-min incubation at room temperature. After 
15 min, 2 µL anti-CD11b antibody (130-110-614, Miltenyi) 
was introduced, and incubated for 10 min at 4 °C. Post-
incubation, 1 mL of flow cytometry buffer was added to each 
tube, and tubes were centrifuged at 200×g for 5 min. The 
cells were resuspended in 500 µL of flow cytometry buffer 
and analyzed using the flow cytometer with the 405 nm laser 
(450/40 bandpass filter) for Zombie Violet and the 561 nm 
laser (780/60 bandpass filter) for the CD11b antibody. This 
entire process was executed on days 2 and 4, following the 
seeding of THP-1 cells in wells or embedding them in type 
I collagen, as detailed in previous sections.

Image Processing and Data Acquisition

Nikon A1R HD25 Laser Scanning Confocal Microscope 
built on the Nikon Ti2-E Inverted Microscope System with 
a Nikon 10x/0.45 (NA) objective was used for acquiring all 
images. Fluorescence images were analyzed through NIS 
Elements software and Fiji (ImageJ). For all the viability and 
differentiation calculations, 3 images were taken from each 
device for each condition to determine the average values.

Cell Viability in Well-Plates: To assess cell viability in 
the well plates without collagen, cells were imaged using 
the 488-channel (live cells, calcein AM, green) and the 
561-channel (dead cells, PI, red) and counted using the 
cell counting feature in Nikon Elements software. This was 
achieved through Bright Spot Detection employing the Clus-
tered Method, with specific parameters set at 21 µm, a con-
trast of 10 for calcein AM, and a contrast of 20 for PI. The 
obtained values were then normalized to the initial count of 
living cells from Day 0.

Cell Viability in the Infection-on-a-Chip Device: To 
assess cell viability in the devices, max intensity projections 
were generated from fluorescent z-stack images. Cells were 
imaged under the same conditions as the well plates. The 
obtained values were then normalized to the initial count of 
living cells from Day 0.

Human umbilical vein endothelial cells (HUVECs) were 
stained and imaged using a confocal microscope with the 
following laser settings: nuclei were visualized with Hoe-
chst using a 405 nm laser (blue), α-actin was visualized 
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with Phalloidin using a 561 nm laser (red), tight junctions 
were visualized with Anti-VE-Cadherin using a 488 nm 
laser (green), and ICAM-1 was visualized with Anti-ICAM 
using a 488 nm laser (green). To quantify ICAM-1 stain-
ing, the mean pixel intensity within three different 1200 × 
860 µm regions of interest (ROIs) was calculated and cor-
rected by subtracting the mean pixel intensity of a 300 × 
80 µm background segment within each of the three differ-
ent well regions. To ensure comparability between samples, 
we assessed the number of nuclei within the same 1200 × 
860 µm ROIs. The pixel intensity of ICAM-1 staining was 
then normalized by dividing the mean pixel intensity by the 
number of nuclei counted in each respective ROI. This nor-
malization ensured that variations in cell density did not 
confound the intensity measurements.

Endothelial Cells Monolayer Permeability Assessment: 
To evaluate the permeability of endothelial cell monolayers, 
pixel intensities of FITC were measured at single z-planes 
using ImageJ. Images were obtained using the 488 nm laser 
(FITC, calcein AM, green). This analysis was conducted at 
the 5-, 10-, and 15-min time points.

Cell Differentiation in 4 mg/mL Collagen and the Infec-
tion-on-a-Chip Device: The differentiation percentage was 
determined by quantifying cells stained with Phalloidin and 
anti-CD68 within the field of view. The phenotyping per-
centage was determined by quantifying cells stained with 
Phalloidin, anti-CD68, and anti-CD163 within the field of 
view. Cells were imaged using the 405 nm (CD68, anti-
CD68, blue), the 561 nm (α-actin, Phalloidin, red), and 
488 nm-channel (CD163, anti-CD163, green) lasers and 
counted using the cell counting feature in Nikon Elements 
software. This was achieved through Bright Spot Detection 
employing the Clustered Method, with specific parameters 
set at 16 µm, a contrast of 10 for Phalloidin, a contrast of 
20 for anti-CD68, and a contrast of 20 for anti-CD163. The 
percentage of differentiated THP-1s was calculated as the 
number of  CD68+ THP-1 cells divided by the total number 
of cells (stained with phalloidin) and multiplied by 100. The 
percentage of  CD163+ THP-1s was calculated as the number 
of  CD163+ THP-1 cells divided by the number of  CD68+ 
cells.

TEM Data Acquisition: Transendothelial migration was 
analyzed as previously described [21]. Briefly, the 488 nm 
(live cells, calcein AM, green) laser was used to obtain 
images, and max intensity projections in the z-axis were gen-
erated using Nikon Elements software. These videos were 
then transferred to FIJI (ImageJ) for further analysis. Neu-
trophils were analyzed in the center of the device to elimi-
nate edge effects. The analysis of extravasated neutrophils 
involved creating a 690 μm × 345 μm rectangular region of 
interest at the top edge of the lumen in the device's center. 
The number of neutrophils within this region was counted 
at each time point and normalized to the initial number of 

neutrophils in the lumen, to account for variability in cell 
loading. The initial number of neutrophils was determined 
by counting within a 345 μm × 122.5 μm rectangular region 
drawn within the center of the lumen at the first time point.

Flow Cytometer Data Acquisitions: Flow cytometric data 
collection employed a BD FACS Celesta Flow Cytometer, 
and subsequent analysis utilized FlowJo software.

Data Presentation and Statistical Analysis

The study's data are pooled from three or more independent 
experimental replicates. Statistical analysis was conducted 
using RStudio (version 2022.07.1 + 554). Transendothelial 
migration experiment parameters, specifically normalized 
extravasated neutrophils, underwent comparison between 
conditions using analysis of variance (ANOVA). Results 
are summarized in terms of estimated marginal means and 
standard errors. Pairwise comparisons were performed with 
Tukey’s adjustment and P values are denoted as follows: 
*P < 0.05, **P < 0.01, and ***P < 0.001, indicating the level 
of significance.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12195- 024- 00813-2.
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