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Rapid Detection and Inhibition of SARS-CoV-2-Spike

Mutation-Mediated Microthrombosis

Sandro Satta, Angela Lai, Susana Cavallero, Cayden Williamson, Justin Chen,
Ana M. Bldzquez-Medela, Mehrdad Roustaei, Barbara J. Dillon, Nureddin Ashammakhi,

Dino Di Carlo, Zhaoping Li, Ren Sun, and Tzung K. Hsiai*

Activation of endothelial cells following severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection is thought to be the primary driver for
the increasingly recognized thrombotic complications in coronavirus disease
2019 patients, potentially due to the SARS-CoV-2 Spike protein binding to the
human angiotensin-converting enzyme 2 (hACE2). Vaccination therapies use
the same Spike sequence or protein to boost host immune response as a
protective mechanism against SARS-CoV-2 infection. As a result, cases of
thrombotic events are reported following vaccination. Although vaccines are
generally considered safe, due to genetic heterogeneity, age, or the presence
of comorbidities in the population worldwide, the prediction of severe adverse
outcome in patients remains a challenge. To elucidate Spike proteins

1. Introduction

Coronavirus disease 2019 (COVID-19) has
lingered with multiple resurgences and
new variants, infecting more than 160 mil-
lion people worldwide with severe acute
respiratory syndrome coronavirus 2 (SARS-
CoV-2).1 The current pandemic has stim-
ulated the use of novel vaccines therapies,
which have been developed with unprece-
dent speed; however, the rising SARS-CoV-
2 mutations and wide spread of variants
have delayed the full reoperation of the so-
ciety. Thus, recapitulating patient-specific

underlying patient-specific-vascular thrombosis, the human microcirculation
environment is recapitulated using a novel microfluidic platform coated with
human endothelial cells and exposed to patient specific whole blood. Here,
the blood coagulation effect is tested after exposure to Spike protein in
nanoparticles and Spike variant D614G in viral vectors and the results are
corroborated using live SARS-CoV-2. Of note, two potential strategies are also
examined to reduce blood clot formation, by using nanoliposome-hACE2 and

anti-Interleukin (IL) 6 antibodies.

whole blood with nanoliposomes to mimic
viral variants or vaccinations is timely and
clinically significant to predict and pro-
tect the vulnerable populations at risk of
COVID-19-associated coagulation.

Despite the absence of major adverse
events from the early clinical trials, compli-
cations developed from SARS-CoV-2-based
vaccinations are emerging worldwide, 2! po-
tentially in association with demograph-
ics and pre-existing conditions.>*! Severe
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Figure 1. Rapid testing microfluidic platform for early thrombosis recapitulates SARS-CoV-2 and Spike-mediated technologies thrombotic effect. a)
Schematic of SARS-CoV-2 infection-mediated thrombus formation in the microcirculation. In response to viral infection, inflammatory cells are recruited
to activate the extrinsic and intrinsic coagulation pathways, leading to thrombin production. Thrombin cleaves fibrinogen to fibrin, which in turn, pro-
motes platelet aggregation and fibrin deposition to form blood clots in the microcirculation. b) Similarly, SARS-CoV-2 vaccination therapies Spike-based
technologies have the potential role to increment blood coagulation. c) SARS-CoV-2, Spike protein, and Spike variant for mimicking microcirculation
environment were assessed for their thrombotic phenotypes in multiple endothelialized microfluidic channels (2 cm x 400 mm x 100 mm). Antibody
anti-IL6 and decoy nanoliposome-hACE2 were also tested together with the aforementioned conditions. SARS-CoV-2, Spike protein, and Spike variant
expressed using viral vectors were incubated in the PDMS-based microfluidic channels for 12 h at 37 °C, followed by a thrombosis assay in the presence
of human subject-specific whole blood at wall shear stress of 25 dyne cm~2. Thrombus formation was quantified in terms of fibrin and platelet deposition.

inflammatory reactions (e.g., myocarditis and pericarditis) and
thrombosis with thrombocytopenia have been observed in vac-
cinated patients following viral vector vaccines (Vaxzevria, JNJ-
78436735) or the messenger RNA (mRNA)-based vaccines (e.g.,
mRNA-1273, BNT162b2). Furthermore, other type of vaccine
technologies, such as synthetic nanoparticles (e.g., Novavax, Epi-
VacCorona), or DNA fragment (e.g., Inovio) are currently being
tested in clinical trials.

Among the SARS-CoV-2 membrane proteins (M, N, E), Spike
(S) protrudes from the virus and comprises two subunits: the S1
contains the receptor-binding domain (RBD) and S2 subunit me-
diates the membrane fusion process.l> The S1 allows SARS-CoV-
2 to bind the human angiotensin-converting enzyme 2 receptors
(hACE2) for further cellular internalization. For this reason, the
Spike protein has received particular attention from both the sci-
entific community and pharmaceutical industry in the develop-
ment of the novel vaccines technologies.

Following SARS-CoV-2 internalization to the host cells, S
protein induces endothelial dysfunction by downregulating
ACE2 expression, leading to attenuate the protective effect of
ACE2 as the anti-inflammatory pathway to maintain cellular
hemostasis.[®l Downregulation in ACE2 expression increases
vascular permeability, activates the coagulation pathway, and
reduces fibrinolysis (Figure 1a).”] As a consequence, elevated

Adv. Sci. 2021, 8, 2103266

serum inflammatory cytokines, including Interleukins (IL)-6, IL-
1, tumor necrosis factor (INF)-a, and endothelial biomarkers, in-
cluding von Willebrand factor (vWF), prime for inflammatory re-
sponses, and microvascular thrombosis.[®1% In addition to the el-
evated circulating cytokine levels, also known as a cytokine storm,
vascular endothelialitis develops, accompanied by leukocyte re-
cruitment and complement activation.['12] In the microcircula-
tion, SARS-CoV-2 and the S protein directly enhance platelet ac-
tivation and fibrin aggregation, predisposing 30-50% of COVID-
19 patients to develop thrombotic events.[!?]

The common therapeutic targets to limit viral transmission,
such as immune responses to the S protein, rely on inhibiting
viral internalization by using the SARS-CoV-2 Spike sequence or
protein to stimulate immune response in the host; thus, negating
viral RNA replication and transcription in the host cells.*'%] For
this reason, inhibition of the Spike binding to the hACE2 receptor
is the primary target of numerous vaccines and antivirals. How-
ever, the delicate regulation of the renin-angiotensin physiologi-
cal axis has renewed questions in the face of vaccine-associated
inflammation and thrombosis (Figure 1b).[*¢!

Recently, the rise in S protein mutations (e.g., Alpha variant
also known as B1.1.7) identified in the United Kingdom, and
the rapid spread of variants, including B.1.3510 and B.1.617.2
(also known as Delta variant first identified in India)'”'8] have

2103266 (2 0f12) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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met with an increased S protein affinity to hACE2 receptor or
viral transmission that may evade the vaccine-mediated neutral-
izing antibodies.[**) To this end, there is an urgent clinical need to
rapidly identify the patients at risk for microvascular thrombosis
(blood clots) upon exposure to the SARS-CoV-2 variants or Spike
protein-based vaccines in a patient blood-specific manner.

In this study, we developed a novel viral-free microfluidic plat-
form in which we recapitulated blood coagulation with patient-
specific whole blood and the custom-designed nanoliposomes
(diameter = 100 nm) biotinylated with the SARS-CoV-2 S protein
subunit, S, (Lipo-S). At a shear stress of 25 dyne cm=2,2021] we
visualized and quantified the inflammatory cytokine-mediated
microthrombosis!?223] upon exposure to the most common Spike
mutation D614G (Asp®*—Gly substitution in S1 subunit) us-
ing a viral vector, and we corroborated blood coagulation us-
ing the live SARS-CoV-2 virus. We performed countermeasure
to reverse Spike-, and Spike mutation D614G-mediated blood
coagulation by conjugating liposomes with human-ACE2 (Lipo-
hACE?2) as a competitive S protein decoy. We used antibody anti-
IL-6 to demonstrate the role of inflammatory cytokines to pro-
mote thrombosis. Overall, we integrated nanoliposomes and hu-
man whole blood in the microfluidic platform to rapidly iden-
tify and inhibit patient blood-specific coagulation in response to
Spike mutation; thereby, obviating the use of live SARS-CoV-2
to screen and prevent viral variants- and vaccination-associated
microthrombosis (Figure 1).

2. Experimental Section

2.1. Construction of Custom-Designed Nanoliposomes

Construction of nanoliposomes (diameter = 100 nm) with S1
Spike proteins biotinylated to an external lipid bilayer (Lipo-
S) was previously reported.?*! In brief, biotinylated cap li-
posomes with encapsulated rhodamine (IMF-3951, Encapsula
Nanoscience) were mixed for 1 h at room temperature with
neutravidin proteins in a 1:10 ratio. After incubation at 4 °C
overnight, the liposomes covalently bound with neutravidin pro-
teins were dialyzed (300K molecular weight cut off (MWCO),
Spectrum Labs) in 1X phosphate buffered saline (PBS) twice for
8hat4 °C. Biotinylated SARS-CoV-2 S1 protein (SIN-C82ES8, Ac-
robiosystems) were introduced to the liposome-neutravidin mix
in a ratio of 1:2 and incubated for 1 h at room temperature and
at 4 °C overnight. Next, the solution was dialyzed to remove the
unbound S protein and the remaining purified nanoliposome
(Lipo-S) was ready to be exposed to cells. Liposomes with hACE2
(Lipo-hACE2) were made in a similar fashion. Rather than the
SARS-CoV-2 S1 protein, the hACE2 protein was used to cova-
lently bind to the liposome-neutravidin mix and incubated for 1 h
at room temperature and at 4 °C overnight. After dialysis to re-
move the unbound hACE2, the purified nanoliposome was ready
to be used as a decoy to mitigate S protein binding to endothelial
ACE2.

To confirm that the ACE2 proteins were bound to the lipo-
somes, enzyme-linked immunosorbent assay (ELISAs) (Human
ACE2 ELISA Kit (ab235649) were performed to verify ACE2 pro-
teins through absorbance measurements at 405 nm. The rho-
damine encapsulated in liposomes could be comeasured as a flu-
orescent moiety (Figure S2, Supporting Information).
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2.2. Construction of pLenti-CMV-SARS-CoV-2-S mutation D614G
(Asp 17 614—Gly) and
pLenti-CMV-MCS-hACE2-IRES-sfGFP-SV-Puro Vectors

The mature polypeptide of human ACE2 (GenBank
NM_021804.3) was cloned in to the Xbal-BamHI site of
pLlenti-CMV-MCS-green fluorescent protein (GFP)-stomatitis
virus (SV)-puro (Addgene #73582). IRES linker was pre-
viously inserted into pcDNA3-sACE2v4-sfGFP via BamHI
restriction enzyme site. The pcDNA3-sACE2v4-IRES-sfGFP
insert was removed by restriction enzymes using Nhel-
Xhol. Next, the Nhel-Xhol sites were converted into Xbal-
BamHI by polymerase chain reaction (PCR) (Primers:
Forward-TAGCCTAGAGCCACCATGTCAAGCT, Reverse-
CACCTGATCCCATTTGTAG AGCTCATCCATGCCATG) to be
compatible with the pLenti-CMV-MCS-SV40-PURO vector. Sim-
ilarly, pcDNA3.1 SARS-CoV-2 S D614G (Addgene-158075) was
cloned into pLenti-CMV-MCS-GFP-SV-puro. The GFP sequence
was removed by restriction enzyme digestions (Xbal-BamHI)
and replaced with SARS-CoV-2 S D614G insertion sequence.
Previous ligase reaction the Nhel and EcoRI digestion sites in
SARS-CoV-2-S D614G insert were converted in the Xbal-BamHI
compatible with the backbone vector. Amplicon size was eval-
uated through gel electrophoresis in agarose 1.2%. DNA band
was excised from the gel and purified using gel clean up reaction
(Macherey Nagel). DNA insert and linear destination vector
were mixed at a 1:1 ratio, respectively. T4 was used for the ligase
reaction and incubated overnight at 16 °C. Successful ligation
of the inserted vector was verified through gel electrophoresis
in agarose 2%. The DNA band was excised from the gel and
purified using gel clean up reaction (Macherey Nagel).

2.3. Lentivirus production in HEK293T Cells

Expression clone DNA (625 ng) was mixed with packaging plas-
mids pVSV-G and pCMV delta R8.2 at the ratio of 8:1 by mass. Vi-
afect transfection reagent (Promega) was incubated with optimal-
minimal essential medium (OPTIMEM) (Gibco) (1: 12.5, v/v)
for 20-30 min at room temperature, prior to adding to the
DNA mix. HEK293T cells were plated until 70-90% confluence
prior to transfection. After 16 h, the medium was replaced with
fresh medium. After 48 h, the virus was harvested and filtered
through a 0.45 pm pore filter. Lenti-X concentrator (Takara) was
mixed with the medium containing the virus in the ratio of 1:3
media:Lenti-X. The mix was left overnight at 4 °C following a
45 min centrifugation at 1500 x g. The supernatant was removed
by aspiration and the pellet was resuspended in 400 uL of 1 X PBS
(Gibco).

2.4. Screening of Lentivirus Overexpression

Human aortic endothelial cells (HAECs, S305, Cell Applications
Inc) were plated at (2 X 10°) per well (six-well plate) in complete
medium on Day 0 and transduced on Day 1. Then, 350 uL per
well of medium containing lentivector was used. The plate was
rocked every 15 min for 1 h. Next, another 650 uL was added
per well and left overnight. On Day 2, the medium was changed

2103266 (3 0f12) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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with fresh media for 48 h. Lentiviral titration was conducted
by using long-terminal-repeat - woodchuck hepatitis virus post-
transcriptional regulatory element (LTR-WPRE) RNA quantifica-
tion as previously described by Geraerts et al.[?’]

2.5. SARS-CoV-2 Infection Studies in Biosafety Level 3 Laboratory

SARS-CoV-2, isolate USA-WA1/2020, was acquired from the
Biodefense and Emerging Infections (BEI) Resources of the Na-
tional Institute of Allergy and Infectious Diseases. SARS-CoV-
2 was passaged once in Vero-E6 cells American Type Culture
Collection (ATCC) and viral stocks were aliquoted and stored
at —80 °C. Virus titer was determined by plaque assay using
Vero E6 Cells. 0.05,,,; of SARS-CoV-2 was used for the ex-
periments. Studies involving live SARS-CoV-2 virus were ap-
proved by the University of California, Los Angeles Institutional
Biosafety Committee and were performed in compliance with
approved BSL3 standard operating procedures. The University
California Los Angeles (UCLA) BSL3 laboratory was designed in
compliance with the guidelines recommended by the Biosafety
in Microbiological and Biomedical Laboratories, the U.S. Depart-
ment of Health and Human Services, the Los Angeles Depart-
ment of Public Health, and the Center for Disease Control and
Prevention.

2.6. Fabrication of Microfluidic Channels

Microfluidic devices were fabricated with standard polydimethyl-
siloxane (PDMS) molding processes. Briefly, standard litho-
graphic techniques were used to produce a mold from a silicon
master wafer spin-coated with SU-8 2100 (Microchem). PDMS
(Sylgard 184 Elastomer Kit, Dow Corning Corporation) with a
crosslinker to polymer ratio of 1:10 was used to produce the chips
from the mold. PDMS and glass were activated by O, plasma (re-
active ion etcher series 800, 500 mTorr, 80 Watts, 30 sec) before
being bonded together. The device was composed of 2 cm long
straight channels (W, = 400 um, H = 100 mm).

Channels were then treated with 1% (3-aminopropyl)-
trimethoxysilane (Sigma-Aldrich) in Novec 7500 Engineered
Fluid (3M) for 10 min, then rinsed with 70% ethanol and baked
in an oven at 65 °C for 2 h. To prepare for cell seeding, each
channel was coated with 1% gelatin overnight at 4 °C. Then,
channels were rinsed with Endothelial Growth Medium (EGM-2,
Lonza) and HAECs were seeded inside at a concentration of
(2.0 £ 0.5) X 10° mL~! and ~5700 cells remained in the channel
after nonattached cells are rinsed away after 12 h.

2.7. SARS-CoV-2 in a Microfluidic Platform

To mimic the endothelial response to the SARS-CoV-2 infection,
the microfluidic channels were seeded with HAECs and they are
exposed to the SARS-CoV-2 virus. SARS-CoV-2 at a concentra-
tion of 0.05,,o; Was introduced to the endothelialized channels in
the BSL3 laboratory in compliance with standard BSL3 operating
procedures and it was incubated for 16 h at 37 °C.

The S protein-mediated effects were compared on thrombo-
sis in two additional conditions: 1) Lipo-S and 2) a lentivirus

Adv. Sci. 2021, 8, 2103266
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with the Spike mutation D614G (Asp®*—Gly substitution in S1
subunit). HAECs were also exposed to liposomes enriched with
SARS-CoV-2 Spike protein (Lipo-S), the liposome preparations
were diluted to 1:1000 in EGM-2 with a working concentration
of 19.65 ug mL, followed by introduction into the microfluidic
channel for 16 h incubation a 37 °C. Three conditions were stud-
ied: a negative control without any liposomes, a liposome control
(Lipo-CTRL) without any S protein, and the Lipo-S. After 16 h, the
liposome preparation was rinsed with EGM-2 prior to the coag-
ulation experiment. Furthermore, the effect of Spike variant was
evaluated and a viral vector expressing D614G Spike mutation
was also used for the purpose of this study (Lenti-S D614G). A
lentivirus control (Lenti-CTRL) was also introduced into a sepa-
rate channel for 16 h. Both Lenti-CTRL and Lenti-S D614G were
used at 15 multiplicity of infection (MOI). In addition, with the
purpose of reducing the thrombotic effect led by the aforemen-
tioned conditions, Lipo-ACE2 and anti-IL6 antibodies were used
in combination with SARS-CoV-2, Lipo-S, and Lenti-S D614G.
Next, the channel media was replaced with fresh EGM-2. A total
of four replicates were completed for each condition.

2.8. Blood Coagulation Experiments and Image Analysis

Human whole blood was collected into 3.2% sodium citrate tubes
and used within 2 h of blood draw to avoid preactivation of
platelets.”*] All samples were collected from healthy adults not
using antiplatelet or anticoagulant therapy, upon consent and un-
der approval from the Institutional Review Board. The setup of
the coagulation experiment consisted of a syringe pump pulling
550 uL of blood through each channel at 30 pL min~!, producing
a shear rate of around 750 s™'. After 1 min of blood flow, 100 x
1073 M calcium chloride (CaCl,) was added to the blood reservoir
in a 1:10 ratio to restore coagulation.[26-28]

After 15 min of blood flow, 1X PBS was used to rinse the chan-
nels of any blood that was not clotted and then 4% paraformalde-
hyde was perfused into the channels to fix the cells and clot for
20 min at room temperature. The fixative was flushed out with
1X PBS and the channels were prepared for antibody staining.
Antibodies against platelet CD-61 (44-876, ThermoFisher), and
fibrin (F9902, Sigma Aldrich), were perfused into the individual
microfluidic channels, incubated overnight at 4 °C, followed by
washing, and labeling with goat-antimouse (SAB4600335, Milli-
pore Sigma) or antirabbit (A-21428, ThermoFisher) fluorescently
labeled IgGs for visualization. Inverted fluorescence microscope
(Nikon Eclipse Ti) was used to obtain images from the center re-
gion of interest of each channel (3.5 mm long by 400 um wide) to
avoid entrance and outlet flow effects on clot formation. The im-
age stack was analyzed in Image] by obtaining the maximum in-
tensity image, thresholding using the Moments method to com-
pute a binary image and quantifying the number of white pixels
representing platelet aggregation or fibrin deposition.[?]

2.9. Computational Analysis of Microcirculatory Blood Flow and
Shear Stress

COMSOL Multiphysics v5.3 (COMSOL Inc, Burlington, MA)
finite element code was used to simulate the 3D flow in the

2103266 (4 0f12) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Primer Sequences used for RT-PCR.

Gene name Forward primer sequence Reverse primer sequence

ADAMTS13 ACAGCCAACCTCACCTCGTC CCAGGATCCGTGTCGTCCTC

CXCR4 GGAAATGGGCTCAGGGGACT  TGGTGGGCAGGAAGATTTTATTGAA
FGA ATGGCAGATGAGGCCGGAAG  TTACTGGATCCCGGTAGCTTGA
FURIN AGGTGCGGAACGACCGTGAC CTGCGGAGTAGTCATGTGGC
HMOX1  TGCACACCCAGGCAGAGAAT CTTGAAGCCGTCTCGGGTCA
HRG TCGACCCTCAGGAACATGAGAAC GAAGAACGCTCATGCCCACC
ILTa ACAAGTGGTGTTCTCCATGTCC TGGGATCTACACTCTCCAGC
IL15 TTGGGAACCATAGATTTGTGCAG GGGTGAACATCACTTTCCGTAT
IL6 GGTACATCCTCCGACGGCATCT  GTGCCTCTTTGCTGCTTTCAC
IL8 ACTTCCAAGCTGGCCGTGG TGGCAAAACTGCACCTTCACA
ITGA2B CGAAACTGGCCGAAGTGGG TTGTAGCCATCCCGGTCGAG
MCP1 TGTCCCAAAGAAGCTGTGATCT GGAATCCTGAACCCACTTCTG
P-SEL GGACCGGAAGTGGTGCAATG  ATGGTTCCTTCACTGGGGGC
PAI-1 CTTGGCGAAAGCAGCCGTGGA  GGGCAGTTCCAGGATGTCGT
PIGA CACCGTGCCTCAGCTACACT CAGGCACTGAGAGAGCTGGT
PLG ACCGTGCCTCAGCTACACTC AATGTGGCTTTCCACGCCTC
SERPINE GGACCGCAACGTGGTTTTCT GGGCCATGCCCTTGTCATCA
TLR1 TCTGTTTTTGTGGCCAGGGTC  TCCTTTTGTAGGGGTGCCCA
TLR2 CGGAGTTCTCCCAGTGTTTGGT GCAGGAGGGGTGTTGGAAACT

microfluidic channel. The blood was assumed as incompress-
ible non-Newtonian fluid and was modeled using the power-law
equation. A fully developed flow boundary condition was applied
at the inlet and zero-pressure boundary condition at the outlet to
solve the steady-state Navier—Stokes equations. The simulations
determined that a flow rate of 30 uL min~! enacted the desired
physiological wall shear stress of 25 dyne cm = in the system.

2.10. RNA Extraction and Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

Total RNA from transfected HAECs was extracted using the
Quick RNA Miniprep (Zymo Research) according to the man-
ufacturer’s protocol. 250 ng RNA were reverse transcribed into
cDNA with random primer by 5x All-In-One RT Mastermix
(abm). 2 ng cDNA product (relative to RNA amount) was ampli-
fied by standard PCR with Taq DNA polymerase (Bright Green,
No-ROX Kit, abm) and primers.

Primer sequences were designed using National Center for
Biotechnology Information (NCBI) software (Table 1). Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) RNA was used
as the housekeeping control for each gene and the target gene
was amplified in duplex in PCR mixtures (10 uL final volume)
containing 5 uL Sybr Green PCR Master Mix (abm), 1 uL cDNA
template, 2 uL optimized primers and 3 pL of nuclease-free water.
PCR thermal cycle parameters were as follows: 95 °C for 5 min,
62 °C for 30 s, and 72 °C for 30 s for 40 cycles. Reactions were
performed and fluorescence was monitored in a Real time-PCR
System, CFX Connect (Biorad). Relative expression level was de-
fined as the ratio of target gene mRNA level to GAPDH mRNA
expression using the delta-delta Ct method.

Adv. Sci. 2021, 8, 2103266
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2.11. Viral RNA Extraction and Quantitative Real-Time RT-PCR
(QRT-PCR)

One hundred microliter cell culture supernatant was harvested
for viral RNA extraction using Quick-RNA Microprep Kit (R1050)
according to the manufacturer’s instructions. RNA was eluted
in 10 uL RNase-free water. Reverse transcription was performed
with a 5x All-In-One RT Mastermix (abm) and qRT-PCR was
performed on BioRad Real-time PCR system (BioRad) with
TB BrightGreen Premix Taq II (abm). cDNA was synthesized
in 20 pL reaction and 2 pL cDNA was used as a template
for quantitative PCR. The primers used for quantitative PCR
were RBD Forward: 5'-CAATGGTTTAACAGGCACAGG-3’ and
RBD-Reverse:5-CTCAAGTGTCTGTGGATCACG-3. PCR ampli-
fication was performed as follows: 95 °C for 5 min followed by 40
cycles consisting of 95 °C for 15 s, 54 °C for 15 s, 72 °C for 30 s.
The dose-response curves were plotted from viral RNA copies ver-
sus the drug concentrations using GraphPad Prism 6 software.

2.12. Statistical Analysis

All data are presented as mean =+ standard error of the mean
(SEM). The PCR results consisted of three independent experi-
ments and all microfluidic channel studies consisted of four in-
dependent experiments for each condition. A statistical one-way
analysis of variance (ANOVA) test was used to evaluate three or
more groups, and a two-way ANOVA was used to evaluate three
or more groups with different conditions. Dunnett’s post hoc
analysis was conducted to compare differences between the li-
posome control and the Lipo-S, in the presence or absence of
Lipo-hACE2, as well as for the lentivirus control to the Lenti-S,
in the presence or absence of Lipo-hACE2. P-values < 0.05 were
statistically significant and GraphPad Prism software was used
for statistical analysis (GraphPad Software, La Jolla, CA).

3. Results

3.1. Microfluidic Channels with Lipo-Spike Recapitulate
SARS-CoV-2-Mediated Immune and Thrombotic Response

Whole blood from healthy participants was introduced in the en-
dothelialized microfluidic channels in the presence of the con-
ditions (Figure 1c) at a Reynolds number of 0.61 and fluid wall
shear stress of 25 dyne cm~2 (Figure S1, Supporting Informa-
tion). After 15 min, platelet aggregation and fibrin deposition
were quantified (Figure 2a,b). These fibrin depositions were elon-
gated in the direction of blood flow and the thrombus formation
tended to exhibit as a core of platelets (green) surrounded by a
layer of fibrin (magenta). Fibrin deposition was observed in re-
sponse to SARS-CoV-2 infection in HAECs which exhibited the
highest percentage of surface coverage in the microfluidic chan-
nel. Fibrin deposition was also prominent throughout the en-
tire length of the microfluidic channels with surface coverage of
17% + 5.3% (***p < 0.001 vs control, n = 4) and platelet aggrega-
tion of 6.91% =+ 0.53% (**p < 0.001 vs control, n = 4). Fibrin sur-
face coverage for Lipo-S was 9.53% + 1.46% (**p < 0.01 vs con-
trol, n = 4), similarly to the Lenti-S variant D614G which also pro-
moted significant fibrin deposition surface coverage at 9.56% +
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Figure 2. SARS-CoV-2 and Spike-mediated thrombotic effect in simulated microcirculation. a) Representative images of fibrin deposition (in magenta)
and platelet-platelet aggregates (in green) in the HAEC-seeded microfluidic channels were compared with exposure to the live SARS-CoV-2 virus, the
Spike proteins, and the Spike variant D614G via viral vector (scale bar = 100 um). Fibrin nodules were observed as dense magenta aggregates in the

center of the channels in the presence of SARS-CoV-2 and also confirmed in response to Lenti-Spike mutation D614G (n =4). b) Bar graphs demonstrate a

was also significant in response to Spike and the Spike mutation D614G. One-way ANOVA and post hoc Dunnett’s test.

3.23% (**p < 0.01 vs control, n = 4) (Figure 2a,b). These re-
sults support the notion that the Spike protein is sufficient to de-
velop hyperfibrinogenemia in the setting of COVID-19-mediated
coagulopathy.3%

3.2. SARS-CoV-2 and Sub-Genomic Sequences-Mediated
Cytokine Expression

SARS-CoV-2 infection induces a release of endothelial cytokines,
including IL-1q, IL-6, TNFa, to promote platelet activation and
the coagulation cascade (Figure 2a,b). SARS-CoV-2 (0.05,¢,) sig-
nificantly elevated mRNA expression of TNF-q, IL-1a, IL-6, and
IL-15 (*p < 0.05 vs noninfected HAECs, n = 3) (Figure 3a and
Figure S4, Supporting Information). We further quantified cy-
tokine gene expression in response to Lenti-S D614G. Lenti-S
D614G exposure upregulated cytokines (e.g., TNF-a, IL-6, and
IL-15) and chemokines (e.g., MCP1), together with aberrantly el-
evated level of endothelial markers, such as vWF (*p < 0.05 vs

Adv. Sci. 2021, 8, 2103266

control, n = 3) potentially through overexpression of Toll-like re-
ceptors (Figure 3b). In addition, we demonstrated that Spike-
mediated inflammatory mRNA expression was reduced by expos-
ing HAECs to Lipo-hACE2 together with Lenti-S, suggesting that
enrichment of exogenous ACE2 might be potentially responsible
for inhibiting SARS-CoV-2 inflammation and thrombus forma-
tion (Figure 3b).

Furthermore, anti-IL-6 staining was prominent in Lenti-S
D614G transduced HAECs (Figure 3c). These findings further
support IL-6 as a therapeutic target to mitigate SARS-CoV-2-
mediated microvascular thrombosis.

In addition to increased cytokines and chemokines mRNA
expression level, higher mRNA expression level of endothelial
marker of thrombosis, such as vWF and plasminogen activator
inhibitor-1 (PAI-1), was also observed. Furthermore, the activa-
tion of the Toll-like receptor signaling pathway suggests its cru-
cial role in enhancing downstream inflammation and thrombo-
sis (see Figure S5, Supporting Information) (*p < 0.05: n = 3). )
Immunocytochemical analysis showed Lenti-S D614G increas-

2103266 (6 0f12) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. SARS-CoV-2 and Spike-mediated inflammatory cytokines regulates coagulation cascade. a) Tissue factor (TF) binds to coagulation factor VII
(FVII) to initiate the thrombosis. SARS-CoV-2 infection also induces endothelial release of cytokines (such as IL-1, IL-6, and TNF-a) that mediate platelet
activation and coagulation cascades. SARS-COV-2 treatment for 48 h significantly upregulated HAEC mRNA expression of TNF-q, IL-1, IL-6, and IL-15
as demonstrated by the heatmap (*p < 0.05 CTRL vs SARS-COV-2, n = 4 by qRT-PCR). The heat map was constructed by using Euclidean distance
with average linkage. The Z-score centered log2-transformed gene in each sample is presented by a color scale, and gene upregulation is denoted in
blue, and downregulation in red. b) Spike mutation D614G inflammatory effect was tested HAECs. A microarray heatmap represents 22 genes and
selected control genes in HAECs in response to Spike D614G. Hierarchical clustering heatmap reveal differentially expressed genes in response to
Lenti-S mutation (in the presence or absence of Lipo-hACE2), normalized to the lenti-CTRL respectively. The heatmap was constructed as previously
described, and the Z-score centered log2-transformed gene in each sample was presented as a color scale. Each condition was performed in triplicate
(n = 3). In addition to increased cytokines and chemokines mRNA expression level, higher mRNA expression level of endothelial marker of thrombosis,
such as vWF and PAI-1, was also observed. Furthermore, the activation of the Toll-like receptor signaling pathway suggests its crucial role in enhancing
downstream inflammation and thrombosis (see Figure S5, Supporting Information) (*p < 0.05: n = 3). ¢) Immunocytochemical analysis showed Lenti-S
D614G increasing protein level of IL-6 (in red). Nuclei were stained with DAPI (scale bar: 50 um).

Spike-D614G

Lenti-S D614G

Lenti-S D614G Lenti-S D614G + Lipo-hACE2

ing protein level of IL-6 (in red). Nuclei were stained with 4',6-  Lipo-S-, and Lenti-S-mediated inflammation and thrombosis
diamidino-2-phenylindole (DAPI) (scale bar: 50 um). were significantly reduced by either Lipo-hACE2 or an anti-IL-
6 antibody. In our study we observed that IL-6 increase expres-
sion due to SARS-CoV-2 or Spike exposure (Figure 2a,b) triggered
3.3. Lipo-hACE2 and Anti-IL-6 Attenuate SARS-CoV-2-Mediated blood coagulation in the simulated microfluidic platform and its
Inflammation and Thrombosis effect is abrogated by using antibody anti-IL-6 Similarly, the ad-
dition of Lipo-hACE2 reduced fibrin coverage in the presence of
We demonstrated Lipo-hACE2 and IL-6 as two target counter-  the SARS-CoV-2 live virus by 6.8% + 2.2%, in the presence of
measures. In microfluidic channels, live SARS-CoV-2 virus-,  Lipo-S and Lenti-S by 20.1% + 2.5% (*p < 0.05 vs control, n = 4)
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and 6.44% =+ 1.7%, respectively (*p < 0.05 vs control, n = 4). Lipo-
hACE2 further reduced platelet surface coverage in the presence
of Lenti-S by 9.3% =+ 1.5% (*p < 0.05 vs control, n = 4) (Fig-
ure 4a,b).

Furthermore, at an effective concentration of 2.13 pg mL™!,
Lipo-hACE2 inhibited SARS-CoV-2 replication, and at
0.85 ug mL™! Lipo-hACE2 inhibited SARS-CoV-2-mediated
cell death (Figure S3, Supporting Information). Taken together,
Spike protein induced-microthrombosis can be abrogated by the
use of Lipo-hACE2 or Anti-IL-6 antibodies.

3.4. Heatmaps and Interactome Analyses to Relate Inflammation
with Coagulation

To interconnect specific gene clusters underlying inflammation
and coagulation, we used log2-fold change from qPCR analysis,
and we performed multiomic data integration using the web-
based tool OmicsNet (Figure 5).2!) Genes were uploaded based
on corresponding Entrez gene ID. If the network exceeded 3000
nodes, the minimum network setting was taken into account by
the OmicsNet algorithm that identified the smallest subnetwork
and only interactors that targeted the seeded nodes were con-
sidered. Functional exploration of the network analysis was con-
ducted by the OmicsNet software that applied hypergeometric
tests and the built-in knowledgebase gene sets from Kyoto En-
cyclopedia of Genes and Genomes (KEGG) and Reactome (Ta-
ble S1, Supporting Information). qPCR data (Figure S5, Sup-
porting Information) were presented as mean + standard devi-
ation (SD) and statistical significance was calculated using one-
way ANOVA. A p-value < 0.05 was considered statistically sig-
nificant. KEGG pathway analysis was performed for the multi-
omics layered network (mRNA, neighboring genes, OmicsNet).
We revealed that the majority of the overrepresented biological
processes following SARS-CoV-2 infection were regulated by the
Toll-like receptor signaling, inflammasome activation, intrinsic
coagulation pathway, and signaling by interleukins. Consistently,
COVID-19-induced cytokine storm leads to systemic complica-
tions and multiorgan damage.[*?!

4, Discussion

In this study, we integrated nanoliposomes, viral vectors, and
human whole blood in the microfluidic platform to recapitulate
blood coagulation upon exposure to SARS-CoV-2 or Spike muta-
tion (D614G). In the face of rising Spike mutations and spread of
viral variants, vascular thrombosis has been recognized as con-
tributing to increased mortality in COVID-19 patients,**! and
emerging cases of apparent secondary immune thrombosis after
SARS-CoV-2 vaccination have been reported and reached pub-
lic health issue.[**] Despite different vehicles, all the SARS-CoV-2
vaccinations share the use of Spike sequence (RNA/DNA) or pro-
tein for host immune response stimulation.*”]

As a proof-of-concept study we showed that our novel mi-
crofluid platform is the ideal tool for an early detection of throm-
bosis in the event of SARS-CoV-2 infection or following Spike-
related vaccination therapies. Using patient-specific whole blood
we are able to develop a precision type medicine diagnostic tool
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which creates customization of healthcare, and it can serve as a
testing platform for medical decisions, treatments, practices or
products that can be tailored to patients, instead of a one-drug-
fits-all model.

To this end, we recapitulated a microvascular environment
to streamline the testing of the Spike protein and a variant
(Asp®*—Gly substitute in S1) of SARS-CoV-2 in our integrated
platform for individualized prediction of microthrombosis. Spike
microvascular thrombosis has not been well elucidated in hu-
man microcirculation and there remains a paucity of studies re-
lated to the signaling pathways underlying Spike-mediated blood
coagulation. For the purpose of this study, we developed a fluo-
rescently tractable nanoparticle system in which the binding be-
tween nanoparticles Spike proteins-conjugated and the ACE2 in
human aortic endothelium promoted blood coagulation in the
presence of human whole blood.

Furthermore, we evaluated the role of the Spike mutation
D614G using viral vectors and we validated our results with the
use of live SARS-CoV-2 virus to demonstrate platelet aggrega-
tion and fibrin deposition on the endothelium as the quantifiable
phenotypes for thrombosis progression at a shear stress of 25
dyne cm~2 which simulates laminar shear stress on straight por-
tions of the vasculature.[2027:3637] These areas have been shown
by our group and others to express higher levels of ACE2 in a
flow dependent manner.[2+3638] Fibrin deposition is well known
as an indication of infection, the production of fibrin matri-
ces is an innate physiological response to delay the spread of a
pathogen in the blood stream and is a part of the healthy immune
response.3%40]

We validated the Spike protein binding to hACE2 of vas-
cular endothelium (data not shown) underlying the disrup-
tion of the Renin-Angiotensin System (RAS) system,*!l lead-
ing to the activation of inflammatory pathways and thrombus
formation.[09103541] We demonstrated that the presence of Spike
D614G is sufficient to recapitulate SARS-CoV-2-mediated in-
flammation by upregulating cytokine expression (e.g., IL-1, IL-
6, IL-15, and TNF-a), and chemokines (e.g., MCP1) together
with aberrantly elevated level of endothelial markers, such as von
Willebrand Factor (vWF), which can potentially be the link for
the significant platelet aggregation and fibrin deposition through
Toll-like receptor signaling pathway. Similar outcome in terms of
blood coagulation was also observed in the channels exposed to
Spike protein conjugated with nanoparticles,'¥l suggesting that
despite the different vehicles the presence of the spike proteins
is sufficient to stimulate thrombosis.

This suggests that the interaction between the Spike pro-
teins and the ACE2 receptors led to a shift in ACE2 catalytic
equilibrium, inhibiting the concentrations of substrates such as
angiotensin II, dynorphin-13, apelin-13 and products such as
angiotensin (1-7) and (1-9), dynorphin-12 and apelin-12. Ulti-
mately, accumulation of these substrates primes for uncontrolled
inflammation which is observed in COVID-19 patients. Thus, the
inflammasome activation promoted increased level of IL-6 via IL-
1,421 leading to thrombosis.[*>#°]

Circulating IL-6 has been reported to be a strong inde-
pendent marker correlated to increased mortality in several
pathologies.[**#7] Furthermore, high IL-6 was also linked to fa-
talities in COVID-19 patients.[**)] To mitigate Spike protein-
mediated thrombosis, we used antibody anti-IL6 in the microflu-
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Figure 4. Lipo-hACE2 and anti-IL-6 attenuate SARS-CoV-2-mediated inflammation and thrombosis. a) In the endothelialized microfluidic platform,
HAECs were exposed to SARS-CoV-2, Lenti-S D614G, or Lipo-S in the presence or absence of Lipo-hACE2 or anti-IL-6 (scale bar = 100 um). Lipo-hACE2
and anti-IL-6 attenuated SARS-CoV-2, Lenti-S, or Lipo-S-mediated fibrin deposition. b) Both Lipo-hACE2 and anti-IL-6 reduced SARS-CoV-2, Lipo-S, and
Lenti-S mediated increases in surface coverage of fibrin and platelet deposition (*p < 0.05 vs Lipo-S or Lenti-S mutation; ***p < 0.001 vs SARS-CoV-2,
n=4).
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Figure 5. Network visualization with the central panel depicts a force-directed gene-gene network in 3D space. Graph clusters from OmicsNET reveal
unique difference networks between the intersection of COVID-19 disease-type constructed networks and each type-specific network with the genes
shared by Spike. KEGG pathway analysis was performed for the multiomics layered network (mRNA, neighboring genes, OmicsNet). We revealed that
the majority of the overrepresented biological processes following SARS-CoV-2 infection were regulated by the Toll-like receptor signaling, inflamma-
some activation, intrinsic coagulation pathway, and signaling by Interleukins. COVID-19-induced cytokine storm leads to systemic complications and
multiorgan damage (see Figure S5 and Table S1, Supporting Information). Blue/gray main nodes and blue neighbor nodes show gene involved in blood
coagulation signaling pathways.
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idic platform to reverse the cytokine-mediated blood coagulation.
This finding is consistent with the use of IL-6 receptor antag-
onists, including Tocilizumab and Sarilumab, to improve out-
comes and survival in critically ill patients with COVID-19.[50->2]
In addition, we created custom-designed nanoparticles conju-
gated with hACE2 as a decoy for the SARS-CoV-2 Spike protein,
and we demonstrated that Lipo-hACE2 inhibited microthrombo-
sis in the presence of the Spike, the D614G variant and the live
SARS-CoV-2. Thus, our microfluidic platform recapitulated the
therapeutic effects of anti-IL-6 and Lipo-hACE2 to prevent blood
coagulation.

5. Conclusions

We demonstrate the feasibility of a rapid patient-specific diag-
nosis of thrombosis in response to SARS-CoV-2 or Spike pro-
tein mutations. This integration of nanotechnology, viral vectors,
and human whole blood in a viral-free microfluidic environment
provides the basis to predict the risk associated with SARS-CoV-
2 or Spike protein in an individualized manner. Our finding is
timely to address SARS-CoV-2 or vaccination-associated throm-
bosis. Therefore, our platform further paves the way for high-
throughput screening of large viral or chemical libraries using
purified recombinant proteins or viral vectors. This integration,
along with the development of nanoliposomes (Lipo-hACE2) and
selective countermeasure with anti-IL-6 is translational for rapid
identification and prediction of thrombotic phenotypes and tar-
get countermeasures amidst the surge in Spike protein muta-
tions and viral variants.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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