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Diverse bacteria elicit distinct neutrophil
responses in a physiologically
relevant model of infection

Isaac M. Richardson,1 Christopher J. Calo,1 Eric L. Ginter,1 Elise Niehaus,1 Kayla A. Pacheco,1

and Laurel E. Hind1,2,*
SUMMARY

An efficient neutrophil response is critical for fighting bacterial infections, which remain a significant
global health concern; therefore, modulating neutrophil function could be an effective therapeutic
approach.Whilewe have a general understanding of how neutrophils respond to bacteria, how neutrophil
function differs in response to diverse bacterial infections remains unclear. Here, we use a microfluidic
infection-on-a-chip device to investigate the neutrophil response to four bacterial species: Pseudomonas
aeruginosa, Salmonella enterica, Listeria monocytogenes, and Staphylococcus aureus. We find enhanced
neutrophil extravasation to L. monocytogenes, a limited overall response to S. aureus, and identify IL-6 as
universally important for neutrophil extravasation. Furthermore, we demonstrate a higher percentage of
neutrophils generate reactive oxygen species (ROS) when combating gram-negative bacteria versus
gram-positive bacteria. For all bacterial species, we found the percentage of neutrophils producing
ROS increased following extravasation through an endothelium, underscoring the importance of studying
neutrophil function in physiologically relevant models.

INTRODUCTION

Neutrophils serve an important physiological role as the first line of defense against infection. In a healthy individual, neutrophils are consti-

tutively present in the blood in a quiescent state. Following infection, they become activated by signals fromboth the pathogen and host cells,

including the blood vessel endothelium. Upon activation, neutrophils extravasate through the blood vessel in a process known as transen-

dothelial migration or extravasation. They then migrate through the tissue to reach the site of infection where they perform a variety of anti-

microbial functions to clear the infection.1 Not only do bacterial signals activate and direct this neutrophil response, bacteria also release fac-

tors that damage neutrophils and interfere with their ability to efficiently clear the infection. This process generally describes the neutrophil

response to infection; however, it has also been shown that the extent of the neutrophil recruitment and the specific antimicrobial functions

carried out by neutrophils varies in response to distinct pathogen sources.2 While our general understanding of the neutrophil response to

infection is well defined, how neutrophils differentially respond to diverse pathogens remains unclear.

Bacterial infections can wreak havoc on the human body, causing tissue damage and, in the most extreme cases, can lead to death due to

sepsis or other inflammatory diseases.3–5 Bacterial infections remain amajor health concern due to their prevalence, particularly in vulnerable,

immunosuppressed individuals, and the increase in antibiotic-resistant strains which limits our ability to treat them. Treating bacterial infec-

tions by targeting innate immune cells, including neutrophils, could be a more effective and sustainable way to treat infection. However, we

first need a more complete understanding of how neutrophils respond to distinct bacterial species and what signals are universally important

or unique to individual infections. Bacterial species are typically categorized in two ways, by the presence of a cell wall (gram-negative vs.

gram-positive) or by their method of infection (extracellular vs. intracellular).6,7 Different bacterial species have been shown to elicit differing

neutrophil responses. An early study showed varying requirements for protein production andCD18 binding for neutrophils transmigrating to

sources of Escherichia coli, Staphylococcus aureus, and Streptococcus pneumonia; however, a full understanding of these distinct responses

has yet to be achieved.2 Pseudomonas aeruginosa, Salmonella enterica, Listeria monocytogenes, and S. aureus are all bacterial species of

special interest to the fields of human health and immunology. Three of these bacterial species (P. aeruginosa, S. enterica, and S. aureus)

have been identified as priority pathogens for new antibiotic development by the World Health Organization, as each have multidrug-resis-

tant strains and are common nosocomial infections. As a result, there is a pressing need to develop new therapeutic avenues to treat these

infections. Specifically, P. aeruginosa is a common nosocomial, opportunistic pathogen and a leading cause of death in cystic fibrosis pa-

tients.8 S. enterica is a leading cause of gastroenteritis with a global estimate of around 94 million cases each year.9 L. monocytogenes is
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a major foodborne pathogen with particular dangers for pregnant woman via fetal-placental infection.10 S. aureus is frequently implicated

worldwide for a role in morbidity and mortality as a cause of sepsis and pneumonia and is the most common multidrug-resistant bacterial

species.11,12 A better understanding of the distinct ways these bacterial species lead to neutrophil activation, migration, and effector mech-

anisms, such as reactive oxygen species (ROS) production, could lead to the development of targeted therapeutics for the treatment of these

unique pathogens.

One limitation for studying the neutrophil response has been the development of accurate and relevant models of the human immune

system. To overcome this challenge, we recently developed an infection-on-a-chip device to investigate how cell-cell interactions regulate

primary human neutrophil extravasation and migration distance. This device is ideal for studying the neutrophil response to infection as it

contains important aspects of an in vivo infectious microenvironment including relevant three-dimensional blood vessel architectures, a

collagen extracellular matrix, live and intact bacterial species, and primary human cells including neutrophils and endothelial cells. We pre-

viously used this device to investigate neutrophil-endothelial cell interactions in the presence of P. aeruginosa and found that endothelial cells

are crucial for driving neutrophil extravasation and increasing neutrophil lifetime through production of IL-6 and GM-CSF, respectively.13 In a

follow-up study, we found that neutrophil extravasation dynamics in the presence of the opportunistic fungal pathogenAspergillus fumigatus

were different than P. aeruginosa but the role of IL-6 was conserved.14 This indicates the presence of universally required signals for the

neutrophil response even when the response varies from pathogen to pathogen. It also demonstrated the ability of our infection-on-a-

chip device to elucidate differences in the human neutrophil response to distinct pathogens that mimic in vivo biology. This makes it an ideal

platform for interrogating how the human neutrophil response varies under diverse bacterial conditions. While we previously quantified

extravasation and distance from the lumen within our device, other important aspects of the neutrophil response could be affected—

including interstitial migration or antimicrobial function. It is, therefore, important to consider those as well when developing a holistic un-

derstanding of the neutrophil response.

In this study, we used our infection-on-a-chip device to study neutrophil extravasation, migration, and ROS production in response to

P. aeruginosa, S. enterica, L. monocytogenes, and S. aureus.We found L. monocytogenes elicited significantly greater neutrophil extravasa-

tion compared to the other bacterial species and demonstrated a conserved requirement of IL-6 signaling for neutrophil extravasation across

our four bacterial species. Further, we show a significantly higher percentage of neutrophils produce intracellular ROS in response to gram-

negative bacteria compared to gram-positive bacteria and the percentage of neutrophils producing intracellular ROS in response to all bac-

terial species was higher following extravasation through the endothelium. Together, these results show that our infection-on-a-chip device

can be used to identify distinct neutrophil responses to diverse pathogens through quantification of extravasation, migration, and ROS pro-

duction and highlight the importance of using physiologically relevant models for studying human neutrophil function.

RESULTS

Validation of infection-on-a-chip device for diverse bacterial species

We previously developed an infection-on-a-chip device that incorporates important aspects of the infectious microenvironment including

live, intact bacteria, a model blood vessel, and primary human immune cells (Figure 1A).15 This study sought to investigate how neutrophils

respond to and interact with diverse bacterial species using this model. Ourmodel, based on the LumeNEXT device, uses endothelial lumens

in a collagenmatrix as a model blood vessel. To confirm the formation of patent endothelial cell monolayers, we fixed lumens and stained for

cell nuclei, actin, and VE-Cadherin (Figure 1B).16 Stained images showed even distribution of cell-nuclei, extensive actin coverage, and tight

cell junctions demonstrating a confluent endothelial cell monolayer across the lumen structure within the infection-on-a-chip device.

This study investigated the neutrophil response to four diverse bacterial species: Pseudomonas aeruginosa, Salmonella enterica, Listeria

monocytogenes, and Staphylococcus aureus. To study how neutrophils respond to diverse bacterial species without the confounding factor

of differential bacterial growth, we designedour devices to includebacteria that were alive but not dividing.We first determined that bacterial

growth of each species would remain consistent in EGM-2 media to replicate conditions in the infection-on-a-chip device. We measured the

rates at which the four bacterial species grew over the time course of the experiment. Measured colony-forming unit (CFU) values after 16 h

showed no significant differences between pathogens (Figure 1C), confirming the bacterial burden remains consistent between species

throughout the time course of an experiment. Very little bacterial growth was seen in EGM-2 for any bacterial species. To confirm bacteria

were still alive and capable of replicating, bacterial growth in LB broth, for gram-negative bacteria, or BHI broth, for gram-positive bacteria,

was compared to bacterial growth in EGM-2. Each bacterial species grew and divided in its respective bacterial broth but not in EGM-2 (Fig-

ure S1A). Finally, to determine if bacterial loads remained consistent in the infection-on-a-chip device itself, we determined bacterial CFU

values in the collagen after 16 h. We found comparable concentrations of each bacterial species (Figure S1B). Together, these results

show our model is well designed for comparing the neutrophil response to distinct bacterial species with the same bacterial burden.

Neutrophils demonstrate increased extravasation toward L. monocytogenes

Following activation, neutrophilsmust cross the blood vessel endothelium via extravasation to reach the tissue andmigrate to the site of infec-

tion.17 We were first interested in determining how distinct bacterial species influence the extent of neutrophil extravasation. In the infection-

on-a-chip device, neutrophils progressively migrated out of the lumen and into the collagen in response to each bacterial species throughout

the 16-h experiment (Figure 2A and Video S1); however, more neutrophils migrated out of the lumen in the L. monocytogenes condition. We

have previously shown that without a bacterial source, neutrophils do not extravasate out of the lumen.13 To quantify neutrophil extravasation,

we counted neutrophils within the region of interest (ROI) outside of the lumen (blue box) at each of the time points and normalized these
2 iScience 27, 108627, January 19, 2024



Figure 1. Validation of infection-on-a-chip device

(A) Schematic of infection-on-a-chip device showing primary human neutrophils (pink) inside of an endothelial cell lumen (yellow) migrating to a source of live

bacteria (green). Collagen matrix (purple) surrounds the lumen.

(B) Stained images of endothelial cell lumens. Cell nuclei are stained using Hoechst (blue), F-actin is stained with Phalloidin (red) and VE-Cadherin (green) is

stained with an anti-CD144 antibody. Scale bar is 100 mm.

(C) Bacterial CFUs at 0 and 16 h for P. aeruginosa, S. enterica, L. monocytogenes, and S. aureus. Data are represented as mean G SEM.
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values to the initial number of neutrophils within the ROI inside of the lumen (orange box) as a loading control (Figures 2B and S2). This quan-

tification confirmed that L. monocytogenes elicits significantly greater neutrophil extravasation compared to the other bacterial species (Fig-

ure 2C). Interestingly, the number of extravasated neutrophils plateaus for P. aeruginosa, S. enterica, and S. aureus after 6 to 8 h while

continuing until 10 h for L. monocytogenes. These data show a uniquely robust response of neutrophils to L. monocytogenes compared

to the other bacterial species. As a control, neutrophil extravasation was also measured in the absence of endothelial cells (Figures S3A–

S3C). The results showed similar levels of neutrophil extravasation for each bacterial species, indicating the endothelium plays a significant

role in this process.

Neutrophil migration characteristics in the presence of diverse pathogens

Following extravasation, neutrophils migrate through the tissue to reach sites of infection. We wanted to determine how parameters that

describe thismigration including speed, directionality, and length differ in response to distinct bacterial species.Only neutrophils in the tissue

compartment of the infection-on-a-chip device were tracked, shown as a blue box in Figures 3A and 3B. Overall, no major and persistent

differences between bacterial species were found in any of the migration categories quantified. Neutrophils showed increased migratory

speed in the presence of L. monocytogenes compared to other bacterial species at the 4- and 6-h time points (Figure 3C). These trends sup-

port our extravasation data (Figure 2B) where we found that neutrophils in the presence of L. monocytogenes had greater sustained extrav-

asation compared to the other bacterial species. Additionally, neutrophils in the presence of L. monocytogenes had greater track lengths

compared to neutrophils responding to other bacterial species at the 6-h time point (Figure 3D). Neutrophils responding to S. aureus showed

increased neutrophil migration distance and straightness (Figures 3E and 3F) between 6 and 8 h, demonstrating a greater ability of neutro-

phils to directly migrate toward their target. While there were no consistent differences in migration parameters between bacterial species,

the results show trends of L. monocytogenes eliciting a faster neutrophil migration phenotype and S. aureus a more directed neutrophil

migration phenotype. Interestingly, for each of the bacterial species, there was a significant difference inmigration between time points. Spe-

cifically, compared to the initial (zero) time point, all subsequent time points have significantly lower values of all migration characteristics for

each bacterial species with only a few exceptions (Figure S4). Indicating, there is an initial burst of neutrophil migration in response to each

bacterial species as they first extravasate through the endothelium, which qualitatively matches what we see in the migration videos.

An increased percentage of neutrophils produce ROS in response to gram-negative bacteria, P. aeruginosa, and S. enterica

Upon reaching the site of infection, migrating neutrophils encounter the invading pathogen and execute the next step of their function: anti-

microbial control. One of the most common antimicrobial effector mechanisms neutrophils use is the production of reactive oxygen species
iScience 27, 108627, January 19, 2024 3



Figure 2. Neutrophils have increased extravasation in response to L. monocytogenes

(A) Representative images of neutrophils extravasating out of lumens in response to P. aeruginosa, S. enterica, L. monocytogenes, or S. aureus at 4-h intervals.

Neutrophils stained with Calcein AM (white). White line represents the lumen boundary. Bacterial gradient direction shown on left. Scale bar is 100 mm.

(B) Image showing region of interest used for quantification of neutrophil extravasation. Normalized neutrophil extravasation count is determined by dividing the

number of neutrophils in the box outside of lumen (blue) by the number of neutrophils in rectangle inside of lumen (orange) at time zero as a loading control.

Scale bar is 100 mm.

(C) The number of neutrophils outside the lumen, normalized to the number of neutrophils initially in the lumen was quantified for P. aeruginosa, S. enterica,

L. monocytogenes, or S. aureus every 4 h for 16 h. Data quantified from 14 lumens (P. aeruginosa), 13 lumens (S. enterica), 14 lumens (L. monocytogenes), or

12 lumens (S. aureus) across 5 independent experiments. Error bars represent the mean plus SEM. All bacteria were compared to each other at each time

point and analyzed with ANOVA. For each condition, estimated marginal means (emmeans) and SEM were calculated and pairwise comparisons were

performed with Tukey’s adjustment. Asterisks represent significance of neutrophil extravasation for each bacterial species condition compared to

L. monocytogenes condition. P values are labeled as *p < 0.05.
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or ROS.18–24 We, therefore, wanted to determine if the number of neutrophils producing ROS varies in response to distinct bacterial species.

We first visualized ROS production by neutrophils seeded in collagen gels in a 48-well plate (Figure S5). We found a significantly higher num-

ber of neutrophils producing intracellular ROS in the presence of P. aeruginosa and S. enterica, gram-negative bacteria, compared to neu-

trophils in the presence of L. monocytogenes and S. aureus, gram-positive bacteria (Figure 4A).

In vivo, neutrophils typically produce ROS in the tissue following extravasation; therefore, we were interested in determining how neutro-

phil ROS production would differ between bacterial species following extravasation in the infection-on-a-chip device. We found neutrophils

produce intracellular ROS in response to each bacterial species (Figure 4B). In the presence of P. aeruginosa and S. enterica, a significantly

greater number of neutrophils produced intracellular ROS as compared to neutrophils in the presence of L. monocytogenes and S. aureus

(Figures 4B and 4C). Intriguingly, the results from these experiments also showed a dramatic difference between the number of neutrophils
4 iScience 27, 108627, January 19, 2024



Figure 3. Neutrophils migration characteristics in the presence of diverse pathogens

(A and B) The Fiji software plugin MTrackJ was used to track neutrophils. The orange box indicates the area imaged for all migration experiments and the blue

box represents the area in which the neutrophils were tracked. Representative images with tracks are shown in B. Scale bar is 100 mm for A and B.

(C–F) Neutrophil migration parameters including speed (C), track length (D), total migration distance (E), and straightness (F) in response to P. aeruginosa,

S. enterica, L. monocytogenes, or S. aureus from the cell tracks over 20-min intervals at 2-h time points. Data quantified from 14 lumens (P. aeruginosa), 12

lumens (S. enterica), 13 lumens (L. monocytogenes), or 14 lumens (S. aureus) across 5 independent experiments. Error bars represent the mean plus SEM. All

bacteria were compared to each other at each time point and analyzed with ANOVA. For each condition, emmeans and SEM were calculated and pairwise

comparisons were performed with Tukey’s adjustment. Asterisks represent significance of neutrophil migration for each bacterial species condition

compared to L. monocytogenes condition at that time point. P values are labeled as *p < 0.05; **p <0 .001; #p < 0.0001. Individual data points are displayed

with each gray scale color representing a different replicate.
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Figure 4. An increased percentage of neutrophils produce ROS in response to gram-negative bacteria, P. aeruginosa and S. enterica

(A) Neutrophils were seeded in collagen gels in a 48-well plate in the presence of P. aeruginosa, S. enterica, L. monocytogenes, or S. aureus and stained with

Calcein AM to visualize all live cells and DHR123 to visualize intracellular ROS production. The percentage of neutrophils producing intracellular ROS in

response to P. aeruginosa, S. enterica, L. monocytogenes, or S. aureus was quantified by dividing the number of DHR123-positive neutrophils by the total

number of neutrophils (Calcein AM). Data quantified from 3-well plates for each bacterial species across 3 independent experiments. Error bars represent

the mean plus SEM. All bacteria were compared to each other at each time point and analyzed with ANOVA. For each condition, emmeans and SEM were
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Figure 4. Continued

calculated and pairwise comparisons were performed with Tukey’s adjustment. Significance is shown with respect to both the L. monocytogenes and S. aureus

condition. P values are labeled as **p <0 .01; #p <0 .0001.

(B) Neutrophils were seeded in the infection-on-a-chip device and stained with DHR123 to visualize intracellular ROS production following extravasation in

response to P. aeruginosa, S. enterica, L. monocytogenes, or S. aureus. Representative images showing intracellular ROS production (DHR123) and total

neutrophils (Calcein AM) in the infection-on-a-chip device in the presence of P. aeruginosa, S. enterica, L. monocytogenes, or S. aureus. Images were taken

every 4 min for 8 h. Images shown are at 3 h after introduction of bacteria. The first column shows all cells stained red with Calcein AM, the second column

shows DHR123-positive green, fluorescent ROS producing cells. Scale bar is 100 mm.

(C) The percentage of neutrophil expressing ROSwas quantified in response to P. aeruginosa, S. enterica, L. monocytogenes, or S. aureus.Data quantified from 9

lumens for each bacterial species across 3 independent experiments. Error bars represent the mean plus SEM. All bacteria were compared to each other at each

time point and analyzed with ANOVA. For each condition, emmeans and SEM were calculated and pairwise comparisons were performed with Tukey’s

adjustment. Significance is shownwith respect to both the L. monocytogenes and S. aureus condition. P values are labeled as *p < 0.05; ***p <0 .001; #p <0 .0001.
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producing ROS following extravasation in the infection-on-a-chip device compared to neutrophils in a well plate. In the infection-on-a-chip

device, up to 90% of neutrophils responding to S. enterica and 75% of neutrophils responding to P. aeruginosa were positive for intracellular

ROS at 3 h compared to �35% in a well plate. Even in the gram-positive bacteria conditions, for which only �5% of neutrophils produced

intracellular ROS in the well plate, had �40% of neutrophils producing intracellular ROS following extravasation through the endothelium.

These results demonstrate not only an increase in the number of neutrophils producing intracellular ROS in response to gram-negative bac-

teria compared to gram-positive bacteria, but also indicate that extravasation through the endothelial lumen enhances the number of neu-

trophils producing ROS in response to all bacterial species.
Endothelial cells upregulate expression of IL-6 in response to diverse bacterial species

One way in which endothelial cells activate neutrophils and modulate neutrophil function is via the release of pro-inflammatory signals in

response to infection.14,13,25–30 Given our findings that neutrophil extravasation and intracellular ROS production varies in response to diverse

bacterial species, we wanted to determine if this could be due to differential secretion of pro-inflammatory signals by endothelial cells. We

used amultiplexed ELISA panel to measure total levels of pro-inflammatory signalingmolecules produced by endothelial cells in response to

our four bacterial species. Fold changes in endothelial secretion of the different signals in response to each bacterial condition compared to

endothelial cells with no bacteria present are shown (Figure 5A). This assay identified two proteins of interest: IL-6 andMIP-1 alpha. IL-6 secre-

tion was increased in response to each bacterial species compared to the control (Figure 5B). The bacteria elicited varying levels of this up-

regulation, with S. aureus having a more limited increase. Of interest, S. aureus does not elicit significant expression of pro-inflammatory cy-

tokines (e.g., IL-6, IL-8) but does have an increased expression of IL-4 and IL-13, immune regulatory signals. The assay also revealed

upregulation of MIP-1 alpha secretion in the presence of P. aeruginosa and S. enterica but not L. monocytogenes and S. aureus compared

to the control condition (Figure 5C). This was interesting as neutrophils displayed a greater level of intracellular ROS production in the pres-

ence of P. aeruginosa and S. enterica compared to L. monocytogenes and S. aureus.

To determine if MIP-1 alpha plays a role in neutrophil ROS production, we blocked MIP-1 alpha using a blocking antibody and measured

neutrophil intracellular ROS expression but saw no difference between the blocking condition and the control condition (data not shown).
IL-6 is necessary for neutrophil extravasation in response to diverse bacterial species

We have previously shown that IL-6 secretion by the endothelium enhances neutrophil extravasation in response to P. aeruginosa and Asper-

gillus fumigatus.13,14 Here, we found increased secretion of IL-6 in response to all four bacterial species. Therefore, we hypothesized that IL-6

signalingwas critical for neutrophil extravasation in response to each bacterial species. To test this hypothesis, we used an IL-6 receptor block-

ing antibody to inhibit IL-6 signaling. We observed a reduced number of extravasating neutrophils compared to a control IgG antibody for

each bacterial species (Figure 6A). Quantification of neutrophil extravasation showed consistently lower levels of neutrophil extravasation in

the absence of IL-6 signaling compared to the control condition in response to each of the bacteria (Figure 6B–6E, Videos S2, S3, S4, S5, and

Figures S6A–S6D). The decrease in neutrophil extravasation did not reach significance in response to S. aureus but there was a trend toward

lower extravasation. Of note, S. aureus elicited the lowest level of IL-6 secretion from endothelial cells (Figure 5). Together, these results indi-

cate a conserved requirement for IL-6 signaling for neutrophil extravasation in response to diverse bacterial species.
DISCUSSION

In this study, we used our recently developed infection-on-a-chip device to investigate the neutrophil response to diverse pathogens by quan-

tifying neutrophil extravasation, interstitial migration, and ROS production. We found neutrophils exhibited enhanced extravasation in

response to L. monocytogenes compared to the other bacterial species. Additionally, we demonstrated a universal role for IL-6 in mediating

neutrophil extravasation to diverse bacterial species. Overall, our interstitial migration data showed similar results across bacteria but higher

migration parameters early in infection for each bacterial species. Finally, we saw an increased number of neutrophils producing ROS when

responding to gram-negative bacteria compared to neutrophils responding to gram-positive bacteria and, for all bacterial species,more neu-

trophils produced ROS following extravasation through an endothelium than when studied in a well plate. We also saw an overall lack of

neutrophil response to S. aureus, consistent with its ability to inhibit neutrophil function. Together, these results demonstrate that our
iScience 27, 108627, January 19, 2024 7



Figure 5. Endothelial cells upregulate expression of IL-6 in response to diverse bacterial species

Amultiplexed ELISA screen was conducted for endothelial lumen-conditionedmedia with no bacteria, P. aeruginosa, S. enterica, L. monocytogenes, or S. aureus

present.

(A) Log2 fold changes of secreted signals from endothelial cells in the infection-on-a-chip device in the presence of P. aeruginosa, S. enterica, L. monocytogenes,

or S. aureus compared to no bacteria condition. Scale ranges fromdarker blue, higher expression, to lighter blue, lower expression. Factorsmeasured are labeled

on the left side of the heatmap.

(B) The levels of IL-6 expressed as a log2 fold change over the no bacteria condition for endothelial cells in the presence of P. aeruginosa, S. enterica,

L. monocytogenes, or S. aureus. Data quantified from 12 lumens for each bacterial species across 4 independent experiments. Error bars represent least-

squared mean plus SEM. All bacteria were compared to each other at each time point and analyzed with ANOVA. For each condition, emmeans and SEM

were calculated and pairwise comparisons were performed with Tukey’s adjustment. Significance is shown with respect to the no bacteria condition.

*p < 0.05; **p <0 .01. Individual data points are displayed with each gray scale color representing a different replicate.
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Figure 5. Continued

(C) The levels of MIP-1 alpha expressed as a log2 fold change over the no bacteria condition for endothelial cells in the presence of P. aeruginosa, S. enterica,

L. monocytogenes, or S. aureus. Data quantified from 12 lumens for each bacterial species across 4 independent experiments. Error bars represent least-squared

mean plus SEM. All bacteria were compared to each other at each time point and analyzed with ANOVA. For each condition, emmeans and SEMwere calculated

and pairwise comparisons were performed with Tukey’s adjustment. Significance is shown with respect to the no bacteria condition. *p < 0.05; **p <0 .01.

Individual data points are displayed with each gray scale color representing a different replicate.
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infection-on-a-chip device can be used to identify distinct neutrophil responses to diverse pathogens through quantification of extravasation,

migration, and ROS production and highlight the importance of using physiologically relevant models for studying human neutrophil

function.

It is known that neutrophils play a critical role in the early immune response to L. monocytogenes.Neutrophils in mice rapidly accumulate

at the site of L. monocytogenes infection and mice depleted of neutrophils are shown to have severe listeriosis in the liver.31,32 Additionally,

the neutrophil response to L. monocytogenes has been shown to be regulated at least in part by soluble signals released from the endothe-

lium.33 Our investigation of neutrophil extravasation using our infection-on-a-chip device demonstrated neutrophils responding to

L. monocytogenes had significantly greater extravasation than neutrophils responding to the other bacterial species. The particularly impor-

tant role of neutrophils in the immune response to L. monocytogenes could explain the more robust neutrophil response we found in the

presence of this bacterial species. Both Salmonella enterica and S. aureus elicited significantly lower neutrophil extravasation in comparison

to L. monocytogenes. Both bacteria have previously describedmechanisms in which they can suppress neutrophil function and evade neutro-

phil clearance. S. enterica has been shown to alter regulation of neutrophil ribosomal genes associated with cell-cycle arrest, apoptosis, and

innate immunity in a way that promotes its survival.34 S. aureus has been previously shown to inhibit the neutrophil response in multiple ways

including decreasing overall neutrophil extravasation. S. aureus releases toxins andmembrane-associated proteins that block chemokine and

cytokine signaling and decrease neutrophil extravasation.35,36 Our infection-on-a-chip device was able to replicate this known ability of

S. enterica and S. aureus to decrease neutrophil extravasation while highlighting the strong neutrophil response to L. monocytogenes.

We found the percentage of neutrophils producing intracellular ROS was dependent on the infecting bacterial species. Specifically, a

greater percentage of neutrophils produce intracellular ROS in the presence of P. aeruginosa and S. enterica, gram-negative bacteria,

compared to in the presence of L. monocytogenes and S. aureus, gram-positive bacteria. S. aureus has previously been shown to decrease

neutrophil ROS production via the staphylococcal superantigen-like 7 protein.37 Additionally, S. aureus release of SaeR/S-regulated factors

reduces neutrophil ROS production.38 While the differences in ROS production we observed were correlated to the gram-negative or gram-

positive categorization, it is unclear if this distinction is directly connected to the presence of a cell wall. In general, though, distinctions in the

neutrophil response to infection between gram-negative and gram-positive bacteria have been previously shown, including in the context of

ROS production where CD137 has been shown to increase ROS production in neutrophils responding to gram-positive bacteria but de-

creases ROS production in neutrophils responding to gram-negative bacteria.39 One possible explanation could be the activation of neutro-

phil ROS production by lipopolysaccharide (LPS), a gram-negative-specific cell wall component. Previous work has shown a role of LPS in

inducing neutrophil ROS production via NADPH oxidation pathways.40 Another possibility could be gram-negative bacteria producing

more ROS due to activation by IL-6 as gram-negative bacteria elicited greater levels of IL-6 secretion from endothelial cells in our devices.

IL-6 signaling and ROS production have been linked in other cell types, including nerve cells and islet beta cells.41,42 Furthermore, evidence

exists that neutrophil ROS and IL-6 participate in a positive feedback loop that potentiates ROS production.43 In general, the connection be-

tween IL-6 and ROS production in neutrophils remains unclear and further work is needed to clarify their relationship in bacterial infections.

Not only did we find distinct intracellular ROS production between bacteria, but we also found a universal increase in intracellular ROS

following extravasation through an endothelium compared to neutrophils seeded in a dish. This indicates a role of the endothelium in acti-

vating neutrophil ROS production in the presence of diverse bacterial species and highlights the importance of using physiologically relevant

models of the infectious microenvironment for studying neutrophil function. Neutrophil and endothelial cell interactions play an important

role in neutrophil recruitment upon infection.44 Specifically, we previously demonstrated endothelial cells regulate neutrophil extravasation

and lifetime via secretion of IL-6 andGM-CSF, respectively.13 In addition to our ROSdata, results fromour present study show a consistent role

of the endothelium in activating neutrophil function in response to diverse bacterial species with a conserved requirement of IL-6 for the

neutrophil response to bacteria.

The role of IL-6 in the neutrophil response to infection has been previously investigated. IL-6 is known to modulate neutrophil function by

binding to an IL-6 receptor on neutrophils and activating downstream signaling effects through the STAT3 signaling pathway.45 IL-6 activation

of neutrophils has been shown to increase their migration toward IL-8.46 There are several IL-6 receptor blocking drugs, such as tocilizumab

and sarilumab, on the market that have been widely studied and effectively used to reduce inflammation and improve patient outcomes for

diseases such as rheumatoid arthritis and recently COVID-19.47,48 Clinical studies have shown these drugs do not increase infection rates in

patients indicating the presence of other immune pathways to make up for reduced levels of neutrophil extravasation.

A consistent trend we observed throughout our study was an overall more limited neutrophil response to S. aureus in comparison to the

other bacterial species. Neutrophil extravasation, migration, ROS production, and endothelium signal secretion of known pro-inflammatory

signals, including IL-6 and IL-8, are consistently lower for neutrophils responding to S. aureus. Additionally, endothelial secretion of signals

associated with a dampened neutrophil response, including IL-4 and IL-13, were upregulated in the presence of S. aureus compared to the

other bacterial species.49 As previously discussed in the case of neutrophil ROS production, S. aureus is capable of hampering the neutrophil

response in the body. S. aureus inhibits neutrophil rolling, an important step in the extravasation process, through release of SSL5.50
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Figure 6. IL-6 is required for neutrophil extravasation in response to diverse bacterial species

(A) Representative images of neutrophils migrating out of endothelial lumens at 0 and 8 h in the presence of a control IgG antibody (two left columns) or an IL-6

receptor blocking antibody (two right columns). White line represents the lumen boundary. Scale bar is 100 mm.

(B–E) The number of neutrophils outside the lumen, normalized to the number of neutrophils initially in the lumen was quantified for (B) P. aeruginosa, (C)

S. enterica, (D) L. monocytogenes, or (E) S. aureus every 2 h for 8 h in the presence of either an IgG control antibody or IL-6 receptor blocking antibody. Data

quantified from 9 lumens for each bacterial species and each antibody condition across 3 independent experiments. Error bars represent the mean plus

SEM. All bacteria were compared to each other at each time point and analyzed with ANOVA. For each condition, emmeans and SEM were calculated and

pairwise comparisons were performed with Tukey’s adjustment. Asterisks represent significance between IL-6 receptor blocking antibody condition and IgG

control condition. P values are labeled as *p < 0.05; **p <0 .01.
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Additionally, S. aureus targets another step of neutrophil extravasation, neutrophil adherence to endothelial cells, through release of extra-

cellular adherence protein.51 S. aureus also inhibits neutrophil migration toward some chemokines including fMLP and C5a.52 The capability

of our infection-on-a-chip device to accurately model how S. aureus slows the neutrophil response during infection provides the intriguing

possibility of using our model to better studymechanisms of S. aureus inhibition of neutrophils and to eventually use it for screening potential

drug targets against this harmful pathogen.

Our findings reveal diverse neutrophil responses to different bacterial species, raising intriguing questions about the underlying mecha-

nisms. Specifically, we observed a robust neutrophil response to L. monocytogenes compared to the other bacterial species studied; how-

ever, different causes could underlie this differential response. For example, given the reduced number of ROS-producing cells in response to

L. monocytogenes, it is possible that the neutrophils are not as readily able to clear L. monocytogenes compared to the other bacterial spe-

cies, leading to a more sustained response. This could also account for the increased neutrophil migration in response to L. monocytogenes.

Alternatively, the endothelial response to L. monocytogenes could differ compared to the other bacterial species, especially if we consider

the possibility for temporal differences. Themultiplexed ELISA provided us a snapshot of endothelial protein secretion, but these levels could

vary over time, leading to differential neutrophil activation. One potential factor this study does not investigate is neutrophil LTB4 production.

LTB4 is a secondary chemoattractant released by neutrophils that plays an important role in initiating the inflammatory response.53 Future

studies should investigate whether LTB4 production varies in the presence of diverse bacteria and the role this has on the variability of

the neutrophil response. We also observed distinct levels of ROS production in response to gram-positive versus gram-negative bacteria,

both with and without extravasation through an endothelium. This indicates that differences in bacteria-neutrophil interactions contribute

to the prevalence of ROS producing neutrophils, but we do not have a clear understanding of what is driving this distinction. Interestingly,

following extravasation through the endothelium, ROS production increases for all bacterial species, indicating the endothelial cells provide

an important activation cue but we have yet to identify this signal. There are many factors, including phagocytosis and binding of pathogen-

associated molecular patterns (PAMPs), such as bacterial peptides, to neutrophil receptors, that influence neutrophil ROS production. The

levels of phagocytosis or PAMPs may vary between bacteria conditions leading to differences in neutrophil ROS production. The fact that

neutrophils produce more ROS following extravasation suggests that the differences shown are a result of a neutrophil factor rather than

a bacterial factor, pointing to phagocytosis. Future studies will investigate neutrophil phagocytosis of these bacteria in our system to better

answer this question. This study emphasizes the ongoing importance of investigating neutrophil function in physiologically relevant human

systems, which holds great potential for future advancements in human health.
Limitations of the study

While the infection-on-a-chip device used for this work contains many of the important physiological components of the human vasculature

and infectious microenvironment, it certainly does not completely encapsulate every element of an in vivo system. This device does not

contain any other immune cell types beyond neutrophils, such as tissue macrophages and tissue dendritic cells. Furthermore, it uses endo-

thelial cells as the vasculaturemodel but no other components of the vasculature are included. As a result, there is additional immune cell and

vasculature signaling not represented in this system. Additionally, collagen is the only protein used as the extracellular matrix (ECM) source

where other proteins in addition to collagenmake up the ECM in the body. The study spans the range of gram-negative, gram-positive, intra-

cellular, and extracellular bacteria but excludes some common bacterial pathogens (Escherichia coli, for example) and does not test multiple

strains of each bacterial species. Variations may occur in the neutrophil response to differing bacterial species and clinical strains versus lab

strains. Finally, the study uses bacteria that are alive but not dividing to eliminate confounding factors due to differences in bacterial growth

dynamics. This is not completely representative of an in vivo infection but still provides a significant advantage over studies that use uniform

formylated peptides or lipopolysaccharides to mimic bacteria instead of including live pathogens. Future experiments will address these

limitations.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial strains

Pseudomonas aeruginosa Takeya K, Amako K. 1966 K

Salmonella enterica Hoiseth and Stocker, 1981 SL1344

Listeria monocytogenes Edman et al. 1968 10403

Staphylococcus aureus Los Angeles County isolate, LAC USA300

Chemicals, peptides, and recombinant proteins

Endothelial Growth Media 2 Lonza NC9525043

Trypsin EDTA ATCC 50189662FP

Trypsin Neutralizing Solution ATCC 50189663FP

Lennox L Broth Gibco 10855021

Brain Heart Infusion Broth Sigma Aldrich 53286

Lennox L Agar Invitrogen 22700–025

Brain Heart Infusion Agar Research Products International B11500

Streptomycin Sigma Aldrich S1277

Two polydimethylsiloxane Electron Microscopy Sciences 24236–10

Polyethyleneimine Sigma Aldrich 03880

GA Sigma Aldrich G6257

Type 1 Rat Tail Collagen Corning 354249

Paraformaldehyde Thermo Scientific AAJ19943K2

Phosphate Buffered Saline Thermo Scientific BP2944-100

Hoechst Sigma Aldrich 23491-45-4

Phalloidin abcam ab176757

VE-Cadherin Miltenyi Biotech 130-123-688

Dihydrorhodamine-123 Thermo Scientific D23806

IL-6 receptor blocking antibody R&D Systems MAB227; RRID: AB_2127908

IgG antibody R&D Systems HAF007; RRID: AB_357234

MIP-1 alpha receptor blocking antibody R&D Systems AF-270-SP; RRID: AB_354436

IgG antibody R&D Systems AB-108-C; RRID: AB_354267

Critical commercial assays

Neutrophil Isolation Kit Miltenyi Biotec 130-104-434

Erythrocyte Depletion Kit Miltenyi Biotec 130-098-196

ProcartaPlex Human Inflammation Panel Invitrogen EPX200-12185-901

Experimental models: Cell lines

Human Umbilical Vein Endothelial Cells Promocell 50-305-964
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Laurel Hind (laurel.

hind@colorado.edu).
Materials availability

This study did not generate new unique reagents.
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� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Primary human neutrophils were isolated from whole blood samples obtained from healthy donors. Informed consent was obtained from all

donors at the time of the blood draw in accordancewith our Institutional Review Board approved protocol. All donors were between the ages

of 18–65. Information on sex/gender, ancestry, race, ethnicity, and socioeconomic status was not collected in accordance with our approved

protocol.
Cell lines

Pooled Human Umbilical Vein Endothelial Cells (HUVEC, 50-305-964, Promocell GmbH C12203, Heidelerg, Germany) were maintained in

Endothelial Growth Media (EGM-2, NC9525043, Lonza Walkersville CC3162, Basel, Switzerland) until they reached 80% confluence. These

cells were used from passages 2 to 7. Media was changed every two days. The cells were detached using Trypsin EDTA (0.05% Trypsin

and 0.02% EDTA in phosphate buffered saline without calcium or magnesium)(50189662FP, ATCC, Mannassas, Virginia) and Trypsin Neutral-

izing Solution (5% FBS in phosphate buffered saline without calcium and magnesium)(50189663FP, ATCC, Mannassas, Virginia). They were

than split and reseeded at a concentration of 375,000 cells/15 mL.
Microbe strains

Four bacterial species were used in this study: Pseudomonas aeruginosa (strain K), Salmonella enterica (serovar Typhimurium strain SL1344),

Listeria monocytogenes (serotype 1/2a strain 10403s) and Staphylococcus aureus (strain USA300 LAC). Agar plates were made for growing

each of these bacterial species. Lennox L (LB) agar (22700-025, Invitrogen, Waltham, Massachusetts) plates and LB broth (10855021, Gibco,

Waltham,Massachusetts) were used with P. aeruginosa. LB agar plates with 40 mg/mL streptomycin (S1277, Sigma Aldrich, St. Louis, Missouri)

were used with S. enterica. Brain Heart Infusion (BHI, B11500, Research Products International, Mount Prospect, Illinois) agar plates and BHI

broth (53286, SigmaAldrich, St. Louis,Missouri) were usedwith both L.monocytogenes and S. aureus. Plates were steaked using the quadrant

streaking method.
METHOD DETAILS

Microfluidic device fabrication

Microfluidic devices were fabricated as previously described.16 The devices were formed by patterning two polydimethylsiloxane (PDMS,

24236-10, Electron Microscopy Sciences, Hatfield, Pennsylvania) layers from two different SU-8 silicon masters (MicroChem). The two distinct

layers were then stacked and aligned and a PDMS rod was placed inside the center chamber. The aligned devices were bonded to a glass-

bottom 50 mmdish (P50G-1.5-30-F, Mattek, Ashland, Massachusetts) using oxygen plasma from a PE25-JW Plasma Etcher (Plasma Etch, Car-

son City, Nevada) to create the final devices.
Device and collagen preparation

Infection-on-a-Chip devices were prepared following the same protocol outlined in previous publications.54 First, a 2% polyethyleneimine

(PEI) solution in deionized water (03880, Sigma Aldrich, St. Louis, Missouri) was pipetted into the device and incubated for 10 min. Then a

0.4% glutaraldehyde (GA) solution in deionized water (G6257, Sigma Aldrich, St. Louis, Missouri) was pipetted into the device and incubated

for 30 min. The devices were then washed three times with water. Type I Rat Tail Collagen (354249, Corning, Corning, New York) was neutral-

ized to a desired pH of 7.2 at a concentration of 4 mg/mL. The collagen solution was added into the devices where it polymerized around the

PDMS rod in the central chamber. After polymerization, the PDMS rod was removed leaving behind the hollow lumen structure. The lumens

were then seededwith HUVECs at a concentration of 20,000 cells/mL and incubated overnight on a rotator. HUVECs were allowed to grow and

form a monolayer with twice daily media changes for two days.
Lumen staining protocol

Fully formed HUVEC lumens were incubated with 4% paraformaldehyde (PFA) (AAJ19943K2, Thermo Scientific, Waltham, Massachusetts) in

phosphate buffered saline (PBS, BP2944-100, Thermo Scientific, Waltham, Massachusetts) for 10 min at room temperature while on a rocker.

Next, the lumens were incubated with 0.005 mg/mL Hoescht (23491-45-4, Sigma Aldrich, St. Louis, Missouri), Phalloidin (1:200, ab176757, ab-

cam, Cambridge, UK), and VE-Cadherin (1:120, 130-123-688, Miltenyi Biotec, Bergisch Gladbach, Germany) overnight at 4�C. Single time

point z-stacks were taken to image the entire lumen.
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Neutrophil isolation

Primary human neutrophils were isolated from whole blood samples using the MACSxpress Whole Blood Neutrophil Isolation Kit (130-104-

434, Miltenyi Biotec, Bergisch Gladbach, Germany) and the erythrocyte depletion kit (130-098-196, Miltenyi Biotec, Bergisch Gladbach, Ger-

many), according to the manufacturer’s instructions. Informed consent was obtained from all donors at the time of the blood draw in accor-

dance with our Institutional Review Board approved protocol. Neutrophils were stained with Calcein AM at a concentration of 10 nM

(C3100MP, Thermo Scientific, Waltham, Massachusetts).

Bacteria preparation

Sixteen hours before an experiment, a single colony from a streaked plate was obtained using an inoculation loop and then added into a 5mL

broth solution: LB broth for P. aeruginosa and S. enterica and BHI broth for L. monocytogenes and S. aureus. At the time of the experiment,

1 mL of this solution was diluted with 4mL of additional broth and incubated for 75min. Then, 1 mL of the bacterial solution was spun down at

16,000xg for 1 min and resuspended in 100 mL of EGM-2. A 1:100 solution was created by diluting in EGM-2 and the OD was measured. The

volume of the solution is adjusted to a final concentration of 1.25 3 106 CFU/mL.

Colony forming unit (CFU) to optical density (OD) relationships for each bacterial species were determined by creating serial dilutions of

the bacterial cultures, measuring the OD of each dilution, and counting CFUs for each dilution. The linear relationship between the CFUs and

OD was then determined by plotting these points and forming a line of best fit.

Bacterial species growth analysis

Bacterial species were grown as described in the bacteria preparation section. To obtain initial CFUs, bacteria solutions were plated onto agar

and incubated for 16 h at 37�C. CFUs were then counted. To determine bacterial growth over the time course of the experiment, bacteria

solutions were grown in EGM-2 for 16 h at 37�C, plated onto agar, and grown for 16 h at 37�C. CFUs were then counted.

To compare bacterial growth in EGM-2 to bacterial growth in LB/BHI broth, a single bacterial colony was added into 5 mL of either EGM-2

or LB/BHI broth and then incubated for 16 h. The number of CFUs was then measured in each condition.

Bacterial viability analysis

Bacterial species were added into the Infection-on-a-Chip device as previously described with neutrophils present and incubated at 37�C for

16 h. The top layer of the device was then peeled off and 5 mL of 8 mg/mL collagenase into each device and the devices were incubated for

30min at 37�C. Collagenase solutions were then removed and added to bacterial agar plates. Plates were incubated at 37�C for 16 h and then

individual colonies were counted.

Neutrophil extravasation

Approximately 4 mL of neutrophils at a concentration of 73 106 cells/mL were added into each lumen. Threemicroliters of bacterial species at

a concentration of 1.25 3 106 CFU/mL were added to the top port of the device.

Neutrophil extravasation analysis

Experiments were analyzed by counting the number of neutrophils outside of the lumen in a region of interest (600 pixels by 900 pixels)

directly above the lumen edge and dividing by the initial number of cells inside a region of interest (300 pixels by 900 pixels) in the center

of the lumen to get normalized values (Figure 2B). Images were taken every 10 min for 16 h. Multiple 10 mm z-stacks were imaged to capture

all cells present in the device.

Neutrophil migration analysis

Lumens for neutrophil migration experiments were set up in the samemanner as extravasation experiments. Only neutrophils initially outside

of the lumenwere tracked. Speed, distancemigrated (the length of a line drawn from the start point to the endpoint of the cell track), length of

tracks, and straightness of migration (the distance migrated divided by the length of the track) were quantified. Cells were tracked using

MTrackJ software in FIJI and then quantification was done using a custom MATLAB script. Images were taken every 30 s for 20 min at 2 h

intervals for a total of 8 h of elapsed time. Multiple 10 mm z-stacks were imaged to capture all cells present in the device.

ROS production

Intracellular ROS production by neutrophils was measured both in collagen in a 48-well plate and in the Infection-on-a-Chip device. Dihydro-

rhodamine-123 (DHR-123, D23806, Thermo Fisher Scientific, Waltham, Massachusetts) was used to label intracellular ROS. Neutrophils were

seeded in 4 mg/mL collagen in a 48-well plate. 10 mMDHR-123 was pipetted into the well and incubated for 30 min at 37�C. Bacterial species
were then introduced into the system. Images were taken every 4 min for 3 h. Multiple 10 mm z-stacks were imaged to capture all cells present

throughout the collagen. In the Infection-on-a-Chip device, the lumen was preincubated with 10 mMDHR-123 for 30 min at 37�C. Neutrophils

were then added to the system in the continued presence of 10 mMDHR-123. Images were taken every 4 min for 8 h. Multiple 10 mm z-stacks

were imaged to capture all cells present throughout the device.
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Image acquisition

All imaging was conducted using a Nikon A1R HD25 Laser Scanning Confocal Microscope built on the Nikon Ti2-E Inverted Microscope Sys-

tem, a Nikon 10x/0.45 (NA) objective, a fully automated stage and Nikon elements acquisition software.
Multiplex ELISA assay

A Luminex Multiplex assay, ProcartaPlex Human Inflammation Panel (EPX200-12185-901, Invitrogen, Waltham, Massachusetts), was used to

measure protein secretion from endothelial cells in the Infection-on-a-Chip device. The Infection-on-a-Chip devices were set up as described

above with endothelial lumens and bacteria but without neutrophils. The devices were incubated for 16 h at 37�C. Media from 6 lumens was

collected for each condition. Collected media was pooled and centrifuged to remove any cellular debris. Data shown is from a total of 4 rep-

licates. Collected samples were frozen and stored at �20�C until the assay was conducted. Protein levels in the supernatants were then

measured to determine protein secretion from endothelial cells under the different infection conditions compared to endothelial expression

in the absence of any pathogen. Heat maps were created using MATLAB and are displayed as a Log2 fold change over the condition with no

pathogen present.
Antibody blocking

Infection-on-a-Chip devices were preincubated with either 10 mg/mL IL-6 receptor blocking antibody (MAB227, R&D Systems, Minneapolis,

Minnesota) or 10 mg/mL IgG antibody (HAF007, R&D Systems, Minneapolis, Minnesota) as a control. Antibodies were also added to the

neutrophil solution and to the devices at the start of the experiment. Extravasation of neutrophils was quantified and analyzed in the

same manner as previously described.

Infection-on-a-Chip devices were preincubated with either 10 mg/mL MIP-1 alpha receptor blocking antibody (AF-270-SP, R&D Systems,

Minneapolis, Minnesota) or 10 mg/mL IgG antibody (AB-108-C, R&D Systems, Minneapolis, Minnesota) as a control. Antibodies were also

added to the neutrophil solution and the devices at the start of the experiment. Intracellular ROS production of neutrophils was quantified

and analyzed in the same manner as previously described.
QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments, data was pooled from three or more independent replicates. Statistical analysis was conducted using R. While the data

were pooled, the statistical analysis accounts for variability within and between replicates and considers independent replicates as individual

entities. All bacteria were compared to each other at each time point and analyzed with analysis of variance (ANOVA). For each condition,

estimated marginal means (emmeans) and standard error (SEM) were calculated and pairwise comparisons were performed with Tukey’s

adjustment. p values are labeled as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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