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ABSTRACT

Dysregulated neutrophil recruitment drives many pulmonary diseases, but most preclinical screening methods are unsuited to evaluate pulmonary
neutrophilia, limiting progress toward therapeutics. Namely, high-throughput therapeutic assays typically exclude critical neutrophilic pathophysi-
ology, including blood-to-lung recruitment, dysfunctional activation, and resulting impacts on the air-blood barrier. To meet the conflicting
demands of physiological complexity and high throughput, we developed an assay of 96-well leukocyte recruitment in an air-blood barrier array
(L-ABBA-96) that enables in vivo-like neutrophil recruitment compatible with downstream phenotyping by automated flow cytometry. We mod-
eled acute respiratory distress syndrome (ARDS) with neutrophil recruitment to 20 ng/mL epithelial-side interleukin 8 and found a dose-dependent
reduction in recruitment with physiologic doses of baricitinib, a JAK1/2 inhibitor recently Food and Drug Administration-approved for severe
Coronavirus Disease 2019 ARDS. Additionally, neutrophil recruitment to patient-derived cystic fibrosis sputum supernatant induced disease-
mimetic recruitment and activation of healthy donor neutrophils and upregulated endothelial e-selectin. Compared to 24-well assays, the L-ABBA-
96 reduces required patient sample volumes by 25 times per well and quadruples throughput per plate. Compared to microfluidic assays, the L-
ABBA-96 recruits two orders of magnitude more neutrophils per well, enabling downstream flow cytometry and other standard biochemical assays.
This novel pairing of high-throughput in vitro modeling of organ-level lung function with parallel high-throughput leukocyte phenotyping substan-
tially advances opportunities for pathophysiological studies, personalized medicine, and drug testing applications.
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INTRODUCTION

Modulating neutrophilic inflammation has historically been chal-
lenging in respiratory medicine" despite an expanding pool of immu-
nomodulators available for clinical use.” ® A major bottleneck has
been the lack of preclinical screening tools that adequately capture
human-specific neutrophil responses such as priming, while in the cir-
culation, pathological recruitment into tissues, and the secondary
acquisition of dysfunctional states therein.””” Although animal mod-
els can capture complex tissue-level pathophysiology such as immune
cell recruitment and activation,'”'" their use is hindered by low
throughput and, most importantly, evolutionary divergence between
species. Rodents, for example, lack interleukin-8 (IL-8), a central neu-
trophil chemoattractant in human disease.''>'* As an alternative,
in vitro platforms have been developed to support human neutrophil-
targeted drug screening.'*'" So far, however, technical demands and
practical constraints of in vitro systems for human neutrophil-focused
drug screening have limited their impact. Since candidate therapies
aim to influence functional behavior of neutrophils, such as their
recruitment, priming, activation, and signaling to resident tissue cells,
these must be featured in screening models.” Consequently, transmi-
gration systems are needed that incorporate disease-relevant stimuli
and allow neutrophil engagement with both endothelium and epithe-
lium to induce their physiological cascade of activation.'””’ Such
advanced transmigration models must be coupled to a practical down-
stream workflow that reduces cost and uses accessible technologies to
deliver relevant, functional outcomes with high throughput.”'**

Microphysiological systems (MPSs) use human cells in co-culture
to capture emergent functional behaviors of multicellular systems, like
immune cell recruitment, paracrine signaling loops, and mucosal bar-
rier function.”””* MPS must balance throughput, robustness, physio-
logic relevance, efficient use of limited human cells and clinical
samples, and the provision of quantitative assay outcomes.” "
Microfluidic “lung-on-a-chip” devices are prominent lung MPSs that
often feature bilayer epithelial-endothelial co-culture to mimic the
alveocapillary (ie., air-blood) barrier. Microfluidics can also apply
physiologic forces like shear, strain, and compression to the air-blood
barrier to modulate its properties.”* > However, trans-endothelial/epi-
thelial immune cell recruitment assays in microfluidics are con-
strained. Microfluidics’ small size precludes recruitment of more than
10s-100s of neutrophils per chip,*** " an insufficient amount for
downstream phenotyping with reliable, established methods like flow
cytometry. Performing non-terminal barrier measurements in micro-
fluidics, such as trans-epithelial electrical resistance (TEER), requires
custom device engineering.”' Mechanical stress imparted microfluidic
channels during neutrophil retrieval could affect their phenotype,
skewing outcomes.”””” Finally, generating and culturing microfluidic
lungs-on-a-chip typically requires bespoke equipment and advanced
technical skills that are inaccessible outside of specialized laboratories,
limiting their overall reach.”® Under these limitations, the few micro-
fluidic transmigration models reported have only measured the num-
ber of migrated cells and/or their rolling velocity, both using
representative images from low-throughput microscopy.'*** %>

The Boyden chamber is a second well-known platform consisting of
a porous plastic membrane that separates a culture well so that cells
migrate from the top to bottom chamber. Typical assays, like Transwell®
and Alvetex” filters in 12- to 24-well plate format, can recruit adequate
neutrophils from the top to bottom chamber for downstream
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immunophenotyping.”~° However, these require manual inversion for
underside seeding and are not compatible with high-throughput, multi-
plexed examination of compounds, donors, and recruitment conditions.
12- and 24-well assays also require high neutrophil numbers (millions/
well) and clinical specimen volumes (milliliters/well) that constrain the
amount of conditions that can be tested with these limited, valuable mate-
rials. A 96-well format would require 25 times less volume in the lower
chamber per replicate, and at least 5 times less neutrophils per replicate.
A 96-well Transwell® array is commercially available (Corning, HTS
Transwell® 96-well Permeable Support), but bilayer co-culture on the
Transwell-96 is hardly reported because underside cell seeding is prohibi-
tively difficult at this minuscule filter size."” Cell-free and trans-
endothelial recruitment in the Transwell-96 are reported more often, "
but sacrificing either cell type is highly undesirable; both are critical partic-
ipants in pulmonary neutrophil recruitment.”** Taken together, the
available neutrophil recruitment assays must compromise between clini-
cal sample efficiency, throughput, physiologic relevance, ease of use, and
availability of downstream analyses. These limiting compromises moti-
vate novel approaches to meeting these conflicting technical demands to
advance studies of neutrophilic inflammation.

Therefore, we report a novel assay, termed the 96-well leukocyte
recruitment in an air-blood barrier array (L-ABBA-96), that precisely
quantifies neutrophil number and activation status before and after endo-
thelial-to-epithelial recruitment in a miniature, high-throughput format
coupled to automated flow cytometry for immunophenotyping. The
L-ABBA-96 builds off of our recently described method for underside epi-
thelial seeding and bilayer co-culture with endothelial cells on the
Transwell-96."" Healthy donor neutrophils placed in the endothelial
chamber extravasate physiologically through the air-blood barrier toward
chemoattractants in the epithelial chamber. We show that neutrophils
recruited to IL-8 become activated by exposure to the epithelial milieu
and acquire a phenotype similar to airway neutrophils in vivo.
Interestingly, non-recruited endothelial neutrophils also acquire a physio-
logically relevant phenotype, mimicking the priming seen in circulating
neutrophils. We then show that the immunomodulator baricitinib, JAK1/
2 inhibitor recently Food and Drug Administration (FDA)-approved to
treat Coronavirus Disease 2019 (COVID-19)-associated inflammation,
reduces neutrophil recruitment and shifts activation marker expression
for both air- and blood-side neutrophils.”® Finally, the L-ABBA-96 reca-
pitulates cystic fibrosis inflammation; epithelial-side patient-derived
sputum caused upregulation of e-selectin shifted surface markers to CE-
mimetic phenotypes in both recruited and non-recruited neutrophils.

In summary, the L-ABBA-96 substantially improves the physio-
logic relevance of convenient and accessible plate-based transmigration
assays and increases the volume of information gained from them by
enabling traditional immunophenotyping and precise, high-
throughput quantitation with automated flow cytometry. Accessibility
of highly physiological and high-throughput assays to those not spe-
cialized in bioengineering is critical to advancing the field’s under-
standing of pulmonary inflammation and the development of
neutrophil immunomodulators.

RESULTS

IL-8 and LTB4 dose-dependently recruit primary
human neutrophils in L-ABBA-96

Neutrophil recruitment from the circulation is a key event that
sets the stage for tissue responses early after injury or infection.
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Chemotaxis and transmigration, as well as soluble signals, prime quies-
cent circulating neutrophils for their eventual antimicrobial and pro-
tissue regenerative functions once they arrive at the injury site.'”"”**
Priming is followed by activation during transmigration, via engage-
ment with endothelial, interstitial, and epithelial ligands; sensing of
chemoattractants, extracellular matrix, and cytokines; and experienc-
ing mechanical forces while squeezing through tissue.”>*’ > Once
reaching the site of injury, activated neutrophils release antimicrobial
effectors, growth factors, cytokines, chemokines, and exosomes that
influence the tissue microenvironment.” Therefore, rather than study-
ing neutrophils isolated from blood, incorporating the key activating
process of transmigration is critical to understanding neutrophilic
inflammation and designing effective, targeted therapeutics to modu-
late it. The L-ABBA-96 aims to recapitulate these key in vivo steps of
neutrophil priming, recruitment, and activation in a high-throughput
in vitro platform [Figs. 1(a) and 1(b)]. Airway epithelial cells are seeded
on the underside of Transwell membranes as previously described,"’
opposite to a confluent human endothelium. Chemoattractant is
added to the lower epithelial compartment, and neutrophils are added
to the upper endothelial compartment. Over several hours, neutrophils
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transmigrate through the endothelium, the collagen-coated Transwell
membrane, and the air-liquid interface-differentiated epithelium to
reach the chemoattractant.

To establish quality control for transmigration assays, we opti-
mized and standardized the L-ABBA-96 culture protocol to minimize
edge position effects, a frequent concern with plate-based assays.””
Controlling temperature and humidity prevented edge position effects
on barrier strength, as measured by trans-epithelial/endothelial electrical
resistance (TEER) (supplementary material, Fig. 1, Supplemental
Method 1). Plates with an average TEER > 200 Qxcm? showed a negli-
gible correlation between air-blood barrier strength in the numbers of
recruited neutrophils (Supplemental Method 2; supplementary material,
Figs. 2 and 3). With standard operating procedures and quality control
metrics in place, we first analyzed recruitment of primary, human circu-
lating neutrophils to increasing doses of the chemoattractants IL-8 and
LTB4 [Fig. 1(d)]. The assay’s throughput accommodates an eightfold
dose-response curve with multiple donors, replicates, and chemoattrac-
tants, which minimizes experimental batch effects and improves the
assay’s resolution. We detected a significant difference between two
independent donors in the dose-response curve for LTB4 (p < 0.0001),
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FIG. 1. A miniaturized air-blood barrier array recapitulates transendothelial-trans-epithelial neutrophil recruitment in vitro. Neutrophil recruitment to the distal lungs through the
endothelium and then epithelium (a) is recapitulated in a miniaturized, standardized platform in 96-well format (b) using off-the-shelf reagents and standard cell culture equip-
ment. (c) Despite miniaturization, neutrophils are recruited in high numbers with a high degree of specificity between negative and positive control conditions. n =6 per condi-
tion (3 replicates per donor, 2 donors). Compared with Student's t-test. ****p < 0.0001. (d) Neutrophils are dose-dependently recruited to IL-8 and LTB4, two central
chemoattractants in human lung diseases. The assay’s high sensitivity and many replicates enable detection of a difference in the response to LTB4, but not IL-8, between two
donors, according to two-way ANOVA (p < 0.0001). n =6 per condition (3 replicates per donor, 2 donors). Figure created with BioRender software.
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but not IL-8 (p = 93.97) using a two-way ANOVA for the effects of che-
moattractant and donor on the number of recruited neutrophils. While
the effect is minor and secondary to the demonstration of precise and
controlled dose-responses in the assay, it is interesting to note that the
human LTB4 receptor is exceptionally epigenetically variable™ and
could cause biological variability in neutrophil responses between
donors that are captured by the L-ABBA-96.

L-ABBA-96 mimics activation marker shifts induced by
lung neutrophil recruitment

The L-ABBA-96 platform recovers sufficient neutrophils for flow
cytometric analysis (Gating scheme is shown in the supplementary
material, Fig. 4) for both unmigrated (top chamber) and migrated
(bottom chamber) cells [Fig. 2(a)]. Thus, it enables evaluation of sur-
face marker expression at 3 critical stages: (i) on freshly blood-isolated
neutrophils immediately before placement in the assay; (ii) on unmi-
grated neutrophils (endothelial side); and (iii) on migrated neutrophils
(epithelial side) accumulated at the air-blood barrier for the duration
of the assay. We compared surface expression of key neutrophil phe-
notypic markers CD62L, CD16, CD66b, and CD63 after 14-h exposure
of endothelial-side neutrophils to epithelial-side IL-8 (20 ng/mL),
between 3 independent donors. Similar neutrophil numbers were
recruited across the 3 donors (p =0.19, one-way ANOVA with post-
hoc Tukey’s test) [Fig. 2(b)]. For all donors, neutrophil surface expres-
sion of CD62L, CD16, CD66b, and CD63 was consistent with quies-
cent, primed, and activated phenotypes of blood, unmigrated, and
migrated neutrophils, respectively. For each marker, differences were
assessed by two-way ANOVA between donor and condition with
post-hoc Tukey’s test for main row effect (ie., averaged donors).
CD62L is shed by enzymes during neutrophil priming"” and further
by ectodomain shedding by endothelial and epithelial disintegrins dur-
ing transmigration’”” in line with our observations [Fig. 2(d-i)].
CD16 (FcyRIIIb) can be shed during priming, activation, and chemo-
taxis,”’ ' but it is also mobilized from intracellular stores during trans-
migration.”"*> Our assay suggests unmigrated neutrophils were
primed, reflected by decreased CD16 and then recovered expression
with the stimulus of transmigration [Fig. 2(d-ii)]. CD66b and CD63,
indicative of secondary and azurophilic degranulation, respectively,
were only increased in the migrated neutrophils (although Donor 1
CD63 was not increased), suggesting migration stimulates activation
and subsequent degranulation [Figs. 2(d-iii)-2(d-iv)].2

These observations suggest that the L-ABBA-96 captures key fea-
tures of the physiologic cascade of neutrophil recruitment in the lung,”
wherein neutrophils are quiescent in the bloodstream, primed during
endothelial arrest and/or exposure to certain inflammatory signals,”* and
activated after transmigration to the lumen.”” Interestingly, while neutro-
phil recruitment to IL-8 did not reveal a statistically different donor effect
on neutrophil number (similar to in Fig. 1), flow cytometric quantitation
of activation markers appears to reveal activation phenotype-based donor
effects. According to two-way ANOVA analyzing the effect of transmi-
gration (blood-isolated, unmigrated, or migrated) and donor-dependent
biological variability in neutrophils, donor variation accounted for
23.6 £19.3% of variation, on average, in the expression of surface
markers (supplementary material, Tables 1 and 2). Transmigration con-
dition (blood-isolated, unmigrated, and migrated) accounted for the
majority (62.1 * 25.3%) with minor interaction effects comprising the
remainder (10.7 = 4.4). These results underscore our platform’s ability to
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monitor neutrophil through various steps of priming and activation that
accompany the transmigration process.

We also analyzed the response of neutrophils from a single donor
to IL-8 (20 ng/mL), LTB4 (100 M), or control (epithelium submerged
in media with no additional chemoattractant) using the same activa-
tion markers [Fig. 2(e)]. Transmigration effects were statistically signif-
icant (p <0001, two-way ANOVA) for all markers except CD63
(p = 0.1548), which was not increased by recruitment to any chemoat-
tractant for this particular donor. Taken together, the L-ABBA-96
induces neutrophil priming, recruitment, and activation and quantifies
the changes with sufficient resolution, consistency, and number of rep-
licates that biological variability of response from different donor neu-
trophils or chemoattractants can be discerned.

Baricitinib dose-dependently inhibits neutrophils’
recruitment and modulates their surface phenotype

We then evaluated the influence of baricitinib, a small-molecule
JAK1/2 inhibitor, on IL-8-driven neutrophil recruitment in a model of
severe pulmonary inflammation.”” Baricitinib was recently approved by
the U.S. Food and Drug Administration for controlling pulmonary
inflammation in severe Coronavirus Disease 2019 (COVID-19) and is a
promising immunomodulator for many other inflammatory lung dis-
eases.”” """ We used IL-8 alone at 20 ng/mL, a high concentration simi-
lar to that in bronchoalveolar lavage fluid from patients with severe
COVID-19.”%"" Figure 3(a) shows log-log plots of number of neutro-
phils vs the baricitinib dose for a combined N=5 donors across 9
assays, demonstrating a small (r*=0.2781) but robust (p < 0.0001) line-
arized dose-dependent reduction in recruited neutrophils [Fig. 3(a)].
Interestingly, reduced neutrophil recruitment was also observed in rhe-
sus macaques treated with baricitinib for COVID-19,”* supporting our
assay’s unique sensitivity and physiologic relevance. Additionally, the
half maximal inhibitory concentration (IC50) of baricitinib varied
widely across 3 neutrophil donors tested on the same L-ABBA-96 assay
plate (1.409 uM, 1.86 uM, and 95.9nM) (supplementary material,
Fig. 5). These IC50 values may be explained by the fact that IL-8 medi-
ates chemotaxis through JAK3 rather than baricitinib’s main targets
JAK1/2.” Cell-free assays determined baricitinib’s IC50 against JAK1
and JAK2 as 5.9 and 5.7 nM, respectively, and ~420nM for JAK3,”
which is within one order of magnitude of our measured IC50s for neu-
trophil recruitment inhibition. Interestingly, maximum plasma concen-
tration of baricitinib is 97.5 = 21.6nM (362 = 8.0 ng/mL),”* close to the
IC50 determined for one donor in the L-ABBA-96 (95.9 nM), suggesting
that current clinical dosing strategies could be sufficient to inhibit neu-
trophil recruitment in vivo. Interestingly, baricitinib reduces neutrophil
recruitment to the lungs in rhesus macaques infected with COVID-19.””

Additionally, a population of highly active, immunosuppressive
neutrophils with a CD62LY™CD16""8" phenotype has recently been
identified in COVID-19 and other inflammatory conditions.”””* In
the L-ABBA-96, baricitinib dose-dependently reduced the proportion
of IL-8-induced CD62LY™CD16°"8" neutrophils in both unmigrated
and migrated populations (Gating strategy with no baricitinib treat-
ment, supplementary material, Fig. 6). Conversely, with increasing bar-
icitinib dose, CD62L was shed more in unmigrated neutrophils, and
CD16 was shed more in both unmigrated and migrated neutrophils.
This suggests that baricitinib may enhance priming of unmigrated
neutrophils, through an as yet unknown mechanism. Interestingly,
CD66b and CD63 were not significantly impacted in either
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FIG. 2. Neutrophil recruitment in vitro reflects physiologic shifts in key surface markers. (a) Key activation markers CD62L, CD66b, CD16, and CD63 were compared between blood,
unmigrated, and migrated neutrophils across 3 donors for 1 chemoattractant (b) and (d) and 3 chemoattractant conditions for 1 donor (c) and (e). (b) and (d) Neutrophils were
recruited to epithelial IL-8 (20 ng/mL), LTB4 (100 nM), or no chemoattractant for 14 h (n = 4-6 replicates/donor). (b) Comparable numbers of neutrophils from each donor are recruited
to IL-8 (20 ng/mL). (c) LTB4 (100 nM) attracts more neutrophils than IL-8 (20 ng/mL). (d-i) and (e-i) CD62L, or L-selectin, is shed during priming, and further by transmigration, due to
engagement with endothelial and epithelial disintegrins, across donors and recruitment conditions. (d-ii) and (e-ii) CD16 (FcyRIIl) is shed during priming and activation of neutrophils,
as in the non-TM population, but can be replaced by intracellular reserves after transmigration, which is consistent with the increase seen in TM neutrophils in our assay for multiple
donors and chemoattractants. (d-iii) and (e-iii) CD66b is a human-specific marker of neutrophil degranulation associated with activation. Physiologic recruitment to the lung increases
CD66b, and this is captured in our assay across donors and chemoattractants. LTB4 activates non-recruited neutrophils more than IL-8. (d-iv) and (e-iv) Degranulation of azurophilic
granules, represented by CD63, indicates neutrophil activation, which is mildly induced in certain donors by recruitment to large concentrations of chemoattractant, such as the 20 ng/
mL IL-8 used here. Interestingly, CD63 was not increased for the single donor across conditions, suggesting donor effects. (b) N =3 donors, n = 4 replicates/donor; (d) N = 3 donors,
n = 3 replicates/donor; (c) and (e) N = 1 donor, n = 3 replicates/condition. (b) and (c) One-way ANOVA with post-hoc Tukey's test. (d) and (e) Analyzed by two-way ANOVA with
post-hoc Tukey’s test (main row effect). *p < 0.05, “*p < 0.01, ***p < 0.001, ****p < 0.0001. (a) was created with BioRender.

unmigrated or migrated neutrophils, suggesting no significant degran-
ulation is induced until a dose of baricitinib of 6.25 uM, which is two
orders of magnitude greater than its reported maximal serum concen-
tration of around 100 nM.”* The clinically relevant 98 nM dose in our
study was enough to significantly reduce the proportion of
CD62LY™CD16" " neutrophils among unmigrated neutrophils with-
out inducing appreciable activation [Figs. 3(c)-3(f)]. Taken together,
baricitinib in the L-ABBA-96 dose-dependently attenuates neutrophil

recruitment and induction of the pathological CD62LY™CD16"¢"
phenotype.

Recruitment to cystic fibrosis sputum-derived airway
supernatant induces disease-mimetic inflammatory
phenotypes

To demonstrate the capability of the L-ABBA-96 to capture
disease-specific pathophysiology, the L-ABBA-96 epithelium was
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FIG. 3. Baricitinib on the endothelial side of the L-ABBA-96 dose-dependently modulates neutrophil phenotype. (a) Across 5 donors and 9 assays, baricitinib significantly
reduced neutrophil recruitment toward IL-8 (20 ng/mL). A simple linear regression of the linearized data revealed a weak (> = 0.2781) yet highly significant (p < 0.0001) nega-
tive correlation between drug concentration and recruited neutrophil number. N =5 donors, n = 3-6 replicates/donor/assay. (b) Highly activated CD62L9™CD16°™" neutrophils
are attenuated by baricitinib on the blood side (inset, repeated measures one-way ANOVA with Dunnett's post-hoc test) and the air side (two-way ANOVA with post-hoc
Dunnett's test against zero drug control, matched by well for TM and non-TM). N =3 donors, n = 4 replicates/donor. (c)—(f) A non-physiologically relevant dose of 6250 nM bar-
icitinib induced mild priming and activation that was negligible at a clinically relevant dose of baricitinib (98 nM). Two-way ANOVA with post-hoc Tukey'’s test (main row effect).
Within unmigrated or transmigrated. “p < 0.05, “*p < 0.01, ***p < 0.001, ****p < 0.0001.

exposed to pooled human cystic fibrosis (CF) sputum-derived airway
supernatant”’ (CFASN) [Fig. 4(a)]. Previous Alvetex-based recruit-
ment experiments by our group show that trans-interstitial and
epithelial migration into CFASN programs neutrophils toward

disease-characteristic features of granule-releasing, immunomodula-
tory and metabolically active (“GRIM”) cells, with low bacterial kill-
ing.”” GRIM neutrophils present in the CF lung lumen are CD62L4™
due to transmigration,”” CD66b™¢" and CD63"¢" due to high
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FIG. 4. L-ABBA-96 recapitulates pulmonary neutrophilia and elevated blood neutrophil activation characteristic of cystic fibrosis. Healthy donor neutrophils were recruited

toward pooled, patient-derived CF-ASN containing the soluble factors from sputum without

mucus or cells. Lung-recruited CF neutrophils demonstrate significant activation and

characteristically lose CD62L and CD16 while gaining CD66b and CD63. (a) Endothelial selectin (e-selectin) was upregulated on endothelial cells in the L-ABBA-96 after 18 h’
exposure to epithelial-side CF-ASN [quantified in (b-ii)]. (b-i) Neutrophils migrate dose-dependently to CF-ASN. (b-ii) E-selectin protein is upregulated dose-dependently by CF-
ASN on the epithelium according to quantitative immunofluorescence. (b-iii) Epithelial-endothelial barrier strength, measured by TEER, is compromised by high concentrations
of CF-ASN. (c) Neutrophils recruited to CF-ASN (hereafter CF-TM neutrophils) display more activation than those recruited to IL-8 (IL8-TM). (c-i, c-ii, c-iii, and c-iv) CF-TM neu-
trophils trend toward losing more CD62L and gaining more CD63 than IL8-TM. They statistically lose more CD16 and gain more CD66b than IL8-TM. (d) Unmigrated and

migrated neutrophil proportion of CD62LY™CD16"™" is dose-dependently reduced by bari

citinib. All except (d) were analyzed by one-way ANOVA with post-hoc Tukey’s test.

(d) Two-way ANOVA with post-hoc Tukey's test. (c) Two donors, 2-3 replicates/donor; (d) 2 donors, 2 replicates/donor. “p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

release of secondary and primary granules (the latter containing neu-
trophil elastase), and simultaneously CD16%™ due cleavage by elas-
tase.”” Here, in the L-ABBA-96, neutrophils were allowed to
transmigrate for 18 h into CFASN (or IL-8 at 20 ng/mL as a control),
diluted in cell culture medium at a ratio between 1:12 and 1:1, as speci-
fied. Neutrophils transmigrated dose-dependently to increasing con-
centrations of CFASN. Interestingly, TEER increased and decreased at
low and high CFASN concentrations, respectively [Fig. 4(a)]. The endo-
thelium also upregulated E-selectin following exposure to CF-ASN in

the epithelial compartment in a dose-dependent manner [Fig. 4(b)].
Consistently, CF patient serum contains elevated soluble E-selectin.””*’

Next, we evaluated the mobilization of surface markers [Fig. 4(c)]
on neutrophils from the CFASN-treated L-ABBA-96. We excluded the
1:12 and 1:6 conditions due to low transmigrated cell numbers. At the
higher concentration CFASN conditions, the transmigrated neutro-
phils shed CD16 and gained CD66b significantly more than neutro-
phils recruited to IL-8 in the same assay. Recruited CF neutrophils
also trended toward lower CD62L and higher CD63 than recruited
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IL-8 neutrophils, although significance was not achieved by one-way
ANOVA.”" Overall, the greater activation indicated by the surface
markers measured is consistent with a CF-like activation of recruited
neutrophils.

Interestingly, unmigrated (blood-side) neutrophils also displayed
a CF-like phenotype in the L-ABBA-96. CF patients have an elevated
proportion of circulating CD62L™CD16"" neutrophils,” which was
reflected in the CF-ASN exposed L-ABBA-96 [Fig. 4(d)]. As previously
mentioned, this population has been characterized as immunomodula-
tory and highly activated in acute inflammation, but their role in CF is
not well characterized.”™* CF patients circulating neutrophils are
approximately 20% CD62LY™CD16"""; in the L-ABBA-96, a similar
proportion (132 5.3%) of neutrophils were CD62L"™CD16"8"
despite originating from healthy donors and failing to develop this
magnitude of a response to IL-8 (20 ng/mL) during the same assay.””
Furthermore, this population on both air and blood sides were reduced
by clinically relevant doses of baricitinib, mirroring results from Fig. 3
for recruitment to IL-8. In summary, the L-ABBA-96 recapitulates mul-
timodal features of CF pulmonary inflammation, including neutro-
philia, e-selectin upregulation, significant recruitment-induced
activation, and the appearance of a blood-side population of
CD62L*™CD16™8" neutrophils at a similar proportion to human
patients, supporting its value for disease-specific investigations.

DISCUSSION

Current methods for in vitro assessment of human neutrophil-
driven lung inflammation are limited in throughput, standardization,
phenotypic relevance, or ability to recover sufficient numbers of cells
to perform high-content phenotypic analyses. Here, we bridge this gap
with a high-throughput, miniaturized assay comprised of an array of
leukocyte-laden air-blood barriers, the L-ABBA-96, that can be cou-
pled with multifactorial outcome quantification of airway barrier func-
tion and neutrophil phenotype by flow cytometry. Quantification of
these parameters across more than a thousand air-blood barriers dem-
onstrates reproducibility and consistency across different wells, plates,
neutrophil donors as well as versatility across a variety of stimulants,
including chemoattractants, cytokines, and patient fluid samples.

The L-ABBA-96 benefits from operating at the meso-scale,
between microfluidics and traditional plate-based assays. This allows
recovery of adequate numbers of cells (>1000s transmigrated cells)
from each well of 96-well format plates in a manner compatible with
high-throughput flow cytometry while being volume efficient
(<100 uL per bottom well) to minimize use of clinical specimens and
costly reagents. Indeed, most plate-based assays do not offer tissue-
level complexity and miniaturization, as these features are typically
reserved for microfluidic devices. As opposed to microfluidics, how-
ever, our platform requires similar technical complexity, skill, and
equipment to existing plate-based transmigration assays that are
widely used. Our platform also excludes the use of glucocorticoids
commonly used to stimulate epithelial differentiation.”* Therefore, we
are able to study inflammation-modulating therapies without
interference.

Detailed dose-response studies of neutrophil recruitment and
activation across multiple donors are uncommon, at least in part, due
to technical limitations such as low throughput or limited numbers of
transmigrated cells hampering downstream analyses. The L-ABBA-96
accommodates eightfold dose-response curves on a single plate with
many replicates to increase confidence while reducing experimental
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variability. Each replicate has 3 interacting cell types, epithelial-side
exposure to chemoattractants or clinical samples, the endothelial side
is dosed with different concentrations of a therapeutic, and outcomes
quantified through TEER and flow cytometry of unmigrated (blood-
side) and transmigrated (airway-side) neutrophils. The procedures are
amenable to scale-up and automation using off-the-shelf cultureware,
liquid handlers, and measurement systems including underside epithe-
lial seeding, leukocyte loading and transmigration, barrier property
measurement, and flow cytometry. In regard to leukocyte loading, we
added in this study a number of neutrophils per surface area of endo-
thelium that is in line with prior studies (~1.7 x 10° per cm?), but this
number can easily be increased or decreased, depending on modeling
needs. These unique advantages position the L-ABBA-96 to character-
ize pulmonary insults such as inhalants from cigarettes, e-cigarettes,
and other electronic nicotine delivery systems using novel immune-
relevant outcome measures that may relate to pathophysiology.

Another key feature of the L-ABBA-96 is its ability to recover
unmigrated neutrophils that remain on the endothelium but can,
nonetheless, alter their phenotype in response to epithelial-side stimu-
lation. Interestingly, blood-side neutrophils in the L-ABBA-96 devel-
oped a CD62L™CD16"" phenotype reported as pathologic in
systemic inflammatory conditions such as endotoxin challenge”” and
cancer.”” Most recently, an elevated CD62L"™CD16"¢" neutrophil
count in COVID-19 patients was associated with developing pulmo-
nary embolism.”” Unexpectedly, in our assay, baricitinib dose-
dependently reduced the proportion of CD62L*™CD16™" neutro-
phils among unmigrated and migrated neutrophils at clinically rele-
vant doses. A recent case study reported the same effect of baricitinib
on neutrophils in a COVID-19 patient.***

Compared to sophisticated lung-on-a-chip systems, the L-ABBA-
96 has limitations in lacking physiological flow over the endothelium,
pathophysiological fluid mechanical stress on the epithelium, as well as
stretch. Compared to the Alvetex system that has a thicker interstitium
with a complex geometry to represent later stage disease and promote
neutrophil activation by collagen interactions and autocrine signaling,
the L-ABBA-96 only has a thin collagen-coated porous membrane as
the interstitium. Additionally, epithelial and endothelial cell types
could be primary human lung-derived cells rather than cell lines or
pooled umbilical vein cells. Beyond the lung, other mucosa-blood bar-
riers that experience pathological neutrophil recruitment (e.g., the gut,
skin, and oral, nasal mucosae) can be modeled in the L-ABBA-96 by
exchanging the epithelial cells, expanding the platform’s impact.

Regardless, the L-ABBA-96 has strengths in using commercially
available cultureware, readily available tools and reagents, and interfac-
ing seamlessly with common automated flow cytometers, making it
widely accessible and immediately adaptable by all for further applica-
tions and improvements. While the biological findings of the work
presented serve to demonstrate the capabilities and disease relevance
of our platform, they also represent a significant technological advance
for lung inflammation studies.

METHODS
Preparation of air-blood barrier array (ABBA)

The ABBA was prepared in a standardized protocol as previously
described by our group.” Briefly, we seeded human small airway-like
epithelial cell line NCI-H441 [American Type Culture Collection
(ATCC)] on the underside of the Transwell® membrane (Corning
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HTS Transwell® 96-well Permeable Support, polycarbonate, 3 um
pore size, #3386) using flotation. The endothelium was modeled with
primary human umbilical vein endothelial cells (HUVECs, ATCC)
that were pooled from multiple donors to reduce donor-specific
variation.

Neutrophil transmigration assays

Human peripheral blood was obtained through venipuncture
under Georgia Tech Institutional Review Board (IRB)-approved proto-
cols and isolated by negative selection according to the manufacturer’s
instructions (Miltenyi Biotec 130-104-434, 130-098-196). Trans-
epithelial electrical resistance was measured as previously described
with the EVOM2 and STX HTS for Corning 96 (World Precision
Instruments).*’ Chemoattractants (leukotriene B4, Cayman Chemical
#20110; Interleukin 8, MyBioSource #MBS9718666) were prepared at
the specified concentrations in the air-liquid interface (ALI) medium
as described previously.”’ In CFASN assays, pooled patient airway
supernatant obtained under an Emory IRB-approved collection was
prepared as described,” diluted in ALI media to various concentra-
tions as specified, and placed in the receiver plate. In drug testing
assays, isolated neutrophils were suspended in media containing speci-
fied drug concentrations (baricitinib, Cayman Chemical #16707).
Media was completely removed from the top chamber of the
Transwell inserts, and neutrophils suspended in the ALI medium were
placed in the top chamber of the Transwell at 100 uL/well, with
225000-330000 cells/well depending on the experiment. Neutrophils
were placed in the top chamber, and inserts were placed immediately
into pre-warmed receiver plate containing the chemoattractant or
patient specimen. The plate was incubated for 16h at 37°C, 95%
humidity, 5% CO,.

Flow cytometry

Freshly isolated neutrophils were stained for flow cytometry
immediately after isolation in a FACS tube. Transmigrated neutrophils
were collected into non-tissue culture treated round-bottom 96-well
plates, blocked with Human TruStain FcX™ (Fc block, compatible
with anti-CD16 staining) and stained according to optimized panels
(supplementary material, Table 3). Flow cytometry was performed
using a Cytoflex S (Beckman Coulter) at 30 yL/min. Compensation
was collected using single-antibody stained Abc Beads for antibodies
and Arc beads for live/dead according to the manufacturer’s instruc-
tions. Gating and compensation matrix was performed in FlowJo (BD
Biosciences). Cell quantitation and median fluorescence intensities
(MFIs) for given markers were calculated using Flow]Jo. Gating strategy
is described in the supplementary material, Fig. 3.

Statistical analysis

All statistics were performed in GraphPad Prism 10.1.2. All
significance tests were performed with o« =0.05 (95% confidence).
Figure 1(c): Student’s t-test (unpaired); Fig. 1(d): two-way ANOVA;
Figs. 2(b) and 2(c): ordinary one-way ANOVA with post-hoc Tukey’s
test; Figs. 2(d) and 2(e): two-way ANOVA with post-hoc Tukey’s test
for main row effect (ie, averaged donors or chemoattractants);
Fig. 3(a): simple linear regression with 95% confidence intervals (dotted
lines) and standard deviations (error bars); Fig. 3(b) (inset): ordinary
one-way ANOVA with post-hoc Tukey’s test; Fig. 3(b) (non-inset):
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two-way ANOVA with post-hoc Dunnett’s test against control;
Figs. 3(c)-3(f): two-way ANOVA with post-hoc Tukey’s test for main
row effect (i.e., averaged donors); Figs. 4(b) and 4(c): ordinary one-way
ANOVA with post-hoc Tukey’s test; Fig. 4(d): two-way ANOVA with
post-hoc Dunnett’s test against control. For all graphs and charts,
"p<0.05 " p<0.01,""p<0.001,""p < 0.0001.

SUPPLEMENTARY MATERIAL

See the supplementary material for data regarding edge effects,
humidity chamber, flow gating strategies, and other details.
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