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Secreted ORF8 induces monocytic
pro-inflammatory cytokines through NLRP3
pathways in patients with severe COVID-19

Xiaosheng Wu,"”* Michelle K. Manske,” Gordon J. Ruan,’ Taylor L. Witter,” Kevin E. Nowakowski,’
Jithma P. Abeykoon,” Xinyi Tang,’ Yue Yu,® Kimberly A. Gwin," Annie Wu,* Vanessa Taupin,® Vaishali Bhardwaj,’
Jonas Paludo," Surendra Dasari,® Haidong Dong,* Stephen M. Ansell,” Andrew D. Badley,®

Matthew J. Schellenberg,” and Thomas E. Witzig'*

SUMMARY

Despite extensive research, the specific factor associated with SARS-CoV-2 infec-
tion that mediates the life-threatening inflammatory cytokine response in pa-
tients with severe COVID-19 remains unidentified. Herein we demonstrate that
the virus-encoded Open Reading Frame 8 (ORF8) protein is abundantly secreted
as a glycoprotein in vitro and in symptomatic patients with COVID-19. ORF8 spe-
cifically binds to the NOD-like receptor family pyrin domain-containing 3 (NLRP3)
in CD14™ monocytes to induce inflammasomal cytokine/chemokine responses
including IL1B, IL8, and CCL2. Levels of ORF8 protein in the blood correlate
with severity and disease-specific mortality in patients with acute SARS-CoV-2
infection. Furthermore, the ORF8-induced inflammasome response was readily
inhibited by the NLRP3 inhibitor MCC950 in vitro. Our study identifies a dominant
cause of pathogenesis, its underlying mechanism, and a potential new treatment
strategy for severe COVID-19.

INTRODUCTION

COVID-19, the global pandemic caused by infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has infected more than 750 million people and caused nearly seven million deaths world-
wide as of April 5, 2023." Numerous studies have shown that the production of pro-inflammatory cyto-
kines/chemokines including IL1B, IL&, IL8, and CCL2 is responsible for life-threatening symptoms.”* It is
also known that the viral load, cytokine levels, and disease severity are tightly associated,” and that vi-
rus-neutralizing antibodies and IL1B pathway antagonists can readily mitigate symptoms and improve
clinical outcomes.”® However, the intermediate viral factor that directly causes the inflammatory cytokine
responses remains unidentified. It has been demonstrated that SARS-CoV-2 infection localizes to nasal and
pulmonary epithelial cells,”'® whereas the cytokine response is more systemic. It seems irreconcilable how
this cytokine response is initiated given that no live virus has been reported in the blood based on trans-
fusion medicine studies.'' ™" We hypothesized that an inflammatory byproduct of SARS-CoV-2 replication
is released into the bloodstream resulting in a systematic cytokine response in severe COVID-19 patients.

On infection of human cells, the SARS-CoV-2 virus replicates its 29.9 kb RNA genome and produces up to
29 possible viral proteins, including 16 non-structural proteins (NSP1-16), four structural proteins Spike
(SPK), Membrane (MEM), Envelope (ENV) and Nucleocapsid (NUC) and nine accessory proteins (ORF3A,
3B, 6,7A,7B, 8,9b, 9¢, and 10). Although only four structural proteins with the RNA genome are assembled
into new viral particles, the other viral proteins are thought to be left behind'® which may disrupt host cell
functions.'®'” Herein, we demonstrate that the SARS-CoV-2 encoded ORF8 is abundantly secreted as a
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Figure 1. Expression and secretion property of SARS-CoV-2 proteins

(A) Western blot image of total cell lysates for validating SARS-CoV-2 protein expression in HEK293 cells. The blots were
probed with anti-Strep Il tag and anti-HA (for SPK protein) antibodies.

(B) Western image of SARS-CoV-2 protein pulldown using Strep-Tactin beads and anti-HA-beads (for SPK) from the
culture supernatants for validating SARS-CoV-2 protein secretion from HEK293 cells. The blots were also probed with
anti-Strep Il tag and anti-HA (for SPK) antibodies.

RESULTS

Secretion of SARS-CoV-2 proteins from human cells

To determine the secretion potential of SARS-CoV-2 encoded proteins from human cells, we transduced HEK293
cells, a human cell line commonly used for the study of protein expression and secretion,'® with one of 22 avail-
able lentiviral constructs each expressing a SARS-CoV-2 protein tagged Strep |l (key resources table) except the
SPK was tagged with hemagglutinin (HA) epitope tag. The secreted viral proteins in the culture supernatants were
enriched and analyzed by Western blotting, and their levels were compared to their total cellular expression in
whole cell lysates. As shown in Figure 1A, most viral proteins were robustly expressed with the expected molec-
ular sizes except for NSP13, ORF10, MEM, and NSP4 because of their small sizes or insolubility issues. Although
NSP2,5,7,9,10, 12, 14,15, ORF8, and NUC proteins were all detected as secreted proteins, ORF8 was the single
most robustly secreted protein (Figure 1B). This is consistent with in silico analysis (Figure S1) showing that all
secreted NSPs possess an unconventional protein secretion signal (UPS)'” whereas ORF8 carries a classical
protein signal sequence (SS) and an N-link glycosylation sites ("®NYTV). Consistent with its secretory nature,
immunofluorescence staining of ORF8 showed that the protein was localized to cytoplasmic vesicular structures
(Figure S2). These results suggest that ORF8 is efficiently secreted through the classical ER/Golgi protein secre-
tion pathway, and its glycosylation explains the up-shifting and smearing of the ORF8 protein band (Figure 1B).

Secreted ORF8 protein induces the production of pro-inflammatory cytokines

We then queried if any of the secreted SARS-CoV-2 proteins could induce the expression of pro-inflamma-
tory cytokines seen in patients with COVID-19. We treated human peripheral blood mononuclear cells

2 iScience 26, 106929, June 16, 2023

iScience



iScience

(PBMCs) from healthy donors with conditioned media (CM) containing major secreted NSPs or ORF8 pro-
teins followed by an assessment of cytokine expression. We found that none of the secreted NSP proteins
induced cytokine expression (Figure 2A) whereas ORF8-containing CM (ORF8-CM) induced the expression
of IL1B, IL6, IL8, and CCL2 up to 5-fold in PBMCs from select donors (Figure 2B). Because IL18, IL6, IL8, and
CCL2 are among the key cytokines elevated in patients with severe COVID-19,”° we postulated that
secreted ORF8 is the viral factor responsible for inflammatory cytokine response in patients with severe
COVID-19.

To evaluate whether the glycosylation of ORF8 affected the cytokine induction, we purified ORF8 from the
HEK293 culture supernatant and from ORF8-expressing Escherichia coliand designated them as ORF8-gly-
co" and ORF8-glyco™", respectively. As shown in Figure 2C, IL1B, IL-6, and IL-8 but not IL-2 were robustly
induced by the pure ORF8-glyco™ in a dose-dependent manner confirming that secreted ORF8 is capable
of inducing pro-inflammatory cytokines seen in COVID-19 patients. Of interest, E. coli expressed ORF8-gly-
co™" had no cytokine induction activity even at high doses, suggesting that proper ORF8 glycosylation is
necessary for cytokine induction.

We then tested the cytokine induction activities of ORF8 from HEK293 cells treated with the Golgi inhibitor
cocktail Brefeldin A and Monensin (BFA/M) and found that when the glycosylation level was reduced (Fig-
ure S3) the cytokine induction activity of BFA/M-treated ORF8 was indeed altered (actually increased), sug-
gesting that the cytokine induction activity of ORF8 is governed by its glycosylation at the Golgi complex.
Our protein localization data (Figures S4A-S4AC) indicate that several SARS-CoV-2 proteins are localized
to Golgi membranes and may potentially modify the glycosylation and the cytokine induction activity of
ORF8. Indeed, co-expressing MEM, ENV, ORF3A, or ORF7A was able to alter the molecule weight and
the cytokine-inducing activities of ORF8 (Figures S4D-S4E).

ORF8 stimulates CD14™ monocytes to produce pro-inflammatory cytokines

Next, we asked which specific cell subsets in PBMCs are the primary targets of ORF8, and what is the re-
sulting transcriptional signatures in those cells. We performed single-cell RNA sequencing (scRNA-Seq)
analysis on three PBMC samples treated with ORF8-CM or control-CM. Single-cell transcriptome-based
cell clustering showed that cells in cluster 5 (C5) on the t-SNE plot (Figure 3A) were induced to express cy-
tokines including IL1B, IL8, and CCL2 and inflammasome pathway components on ORF8 treatment (Fig-
ure 3B, Table S1). The same cytokines are known to be elevated in COVID-19 patients.”’ The expression
of CD14, CD16, CD68, and HLA-DR identifies those cytokine-secreting cells as activated monocytes.zz'zy’

To identify which monocyte subsets are the targets of ORF8, we analyzed intracellular cytokines in ORF8 stim-
ulated PBMCs from 15 donors by flow cytometry. Significant IL1B expression was detected in classical (CD14"/
CD16) and intermediate (CD14¥/CD16™) subsets but not non-classical (CD14'°"/CD16") monocytes nor cells
of other lineages (B or T-lymphocytes, dendritic, NK cells) in all 15 donors (Figure 3C). Similar results were
observed for IL8 and CCL2 expression as well (Figure 5A). Our data demonstrate that the CD14" monocyte
subsets are the producer of the pro-inflammatory cytokines in response to ORF8 stimulation.

ORF8 activates the inflammasome responses is NLRP3 dependent

To decipher the mechanism by which ORF8 induces pro-inflammatory cytokines in CD14" monocytes, us-
ing the Gene Set Enrichment Analysis (GSEA) and Kyoto Encyclopedia of Gene and Genome (KEGG) tools,
we found that the SARS-CoV-2 infection, NOD-like receptor signaling, and the NF-kB pathways were
among the top enriched, with mRNAs of lysosomal enzymes (LYZ, CTSB, CTSD, CTSS), inflammasomal pro-
tein NLPR3, and cytokines IL1B, IL8, CCL2 being among the top expressed (Figure 3B, Table S1).

We then examined the role of the NLRP3-mediated inflammasome pathway in ORF8-mediated cytokine
production. Figure 3D shows that both NLPR3 and IL1B proteins were induced in PBMCs on ORF8 treat-
ment, and such induction was diminished in NLPR3 knockdown cells (THP1-defNLRP3, InvivoGen)
compared to the parental THP-1 cells, demonstrating the NLRP3 dependency of ORF8 mediated cytokine
response in human monocytes (Figure 3E).

To determine how ORF8 molecules enter CD14" monocytes, we first saturated ORF8 binding receptors (if
any) on PBMCs with purified ORF8 protein on ice and then washed the cells to remove unbound ORF8 pro-
tein. The resulting cells were then incubated at 37°C to initiate ORF8-mediated cell activation in the
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Figure 2. Secreted glycosylated ORF8 specifically induces the expression of pro-inflammatory cytokines
(A) Conditioned media containing major secreted NSP proteins did not induce pro-inflammatory cytokines in PBMCs of

healthy donors.

(B) Conditioned media containing secreted ORF8 specifically induced pro-inflammatory cytokines (highlighted in yellow)

IL1B, IL6, IL8, and CCL2 in PBMCs from unselected healthy

(C) Purified highly glycosylated ORF8 (ORF8-glycol™) from HEK293 but not unglycosylated ORF8 (ORF8-glycol™") from

(E. coli) (ng/ml) (HEK293) (ng/ml)

donors. *p <0.05.

E. coli stimulates PBMCs to produce pro-inflammatory cytokines IL1B, ILé, IL8 but not T cell cytokine IL2.
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Figure 3. ORF8 targets CD14* monocytes to induce pro-inflammatory cytokines by activating the NLRP3-
mediated inflammasome pathway

(A) tSNE maps of cell clusters using concatenated scRNA-Seq data from two ORF8-responsive PBMC samples. Cells in
cluster 5 were responsive to ORF8 treatment.

(B) Violin plots show the monocyte markers CD14, CD16, CD68, and HLA-DRB1, key inflammasome pathway components
LYZ, CTSB, NLRP3, IL1B, IL8, and CCL2 mRNA expression in cells of cluster 5.

(C) Flow cytometry analysis of intracellular IL1B protein expression in different PBMC subsets in response to ORF8
treatment. The plots show that IL1B was exclusively produced by CD14"CD16~ (classical) and CD14"CD16"
(intermediate) monocyte subsets.
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Figure 3. Continued

(D) Western blot images validate the induction of NLRP3 and IL1pB in PBMCs on stimulation with ORF8 at the protein level.
(E) Western images showing in response to ORF8 treatment, the IL1B induction in parental THP-1 cells became
diminished in NLRP3 knockdown (NLRP3%%) THP-1 cells. The data shown are representative of at least two independent
experiments except for the scRNA-Seq.

presence or absence of additional ORF8 protein. Figure 4A shows robust IL18 mRNA expression was
observed in cells only exposed to additional ORF8 but not those only pre-incubated with ORF8, suggesting
that ORF8 likely enters monocytes through a non-receptor-mediated process, such as phagocytosis.

In complementary experiments, we tested if ORF8 would bind to TLR2, TLR4, CD14, or NLRP3, receptors
known to be involved in inflammasome activation. We incubated ORF8 protein-coated beads with mono-
cyte lysates from two ORF8 responding and two ORF8 non-responding healthy donors. Figure 4B shows
that neither TLR2, TLR4, nor CD14 were co-precipitated with ORF8 (CD14 data not shown). However,
NLRP3 was readily detected in one of the ORF8-responders, suggesting that indeed ORF8 binds to
NLRP3 in primary human monocytes.

To further dissect how NLRP3 binds to ORF8, we transiently transfected ORF8-expressing HEK293 cells with
Flag-tagged NLRP3 constructs Flag-N3-FL (full-length NLRP3), or one of the three deletion mutants Flag-
N3-N, Flag-N3-M, or Flag-N3-C (Figure 4C).”" Cell lysates were then incubated with Strep-Tactin beads to
pull down Strep-tagged ORF8 and its binding proteins. In addition to NLRP3-FL (Figure 4D), both Flag-N3-
M, and Flag-N3-C but not Flag-N3-N also strongly co-precipitated with ORF8 suggesting both the middle
NACHT domain and C-terminal LRR domain of NLRP3 each can independently bind to ORF8. These results
clearly demonstrate inflammasome protein NLRP3 directly interacts with ORF8.

ORF8 activates the NLRP3-mediated inflammasome pathways

The effect of LPS in inflammasomal activation has been well established; therefore, it was important to demon-
strate that our purified ORF8 protein was free of LPS contamination. ORF8 and LPS were compared for their ef-
fects on IL1B, IL8, and CCL2 induction in three monocyte subsets (classical, intermediate, and non-classical) from
15 healthy donors. Figure 5A shows that all three monocyte subsets responded to LPS whereas only CD14* (clas-
sical and intermediate) responded to ORF8 with variable induction of IL1B, IL8, and CCL2. These results show
that ORF8 and LPS target monocytes with different cell type specificities. We then examined the responsiveness
of CD14" monocytes to LPS or ORF8 treatment using IL1B, IL8, and CCL2 expression as the readout, and we
found that intracellular IL1B was detected in the majority (90.1%) of LPS-treated CD14" monocytes but only in
a subpopulation (mean = 38%) of ORF8 treated CD14" monocytes. In contrast, CCL2 expression was detected
only in a minor population (mean = 22.1%) of LPS-treated CD14" monocytes but in a larger population of ORF8-
treated CD14™ monocytes (mean = 63.7%) (Figure 5B). These data clearly demonstrate that ORF8 and LPS have
different cytokine induction specificities. In addition, we examined the cell proliferation and the IgM induction of
mouse splenic B cells on ORF8 and LPS treatment and found that the mouse splenic B cells did not proliferate,
nor produce any polyclonal IgM 96 h after ORF8 treatment, whereas LPS-treated cells showed robust prolifer-
ation morphology and massive production of IgM (Figure 5C). In the aggregate, our data clearly demonstrate
that the cytokine inducing activity of ORF8 is not because of LPS contamination.

To examine the activation status of the canonical NF-kB pathway necessary for the induction of inflamma-
somal proteins including NLPR3, Casp-1, and IL1B in ORF8 treated monocytes, we examined the GSEA
analysis results and found that NF-kB pathway components were transcriptionally enriched (NES =
1.539662, FDR g-value = 0) in ORF8 treated monocytes in cluster 5 (Figure 6A, left panel). To validate these
at the protein level, we treated THP-1 cells with ORF8 for 4 and 24 h and determined their NF-kB pathway
protein expression. Figure 6A (right panels) shows that the increased level of phospho-p65 and the conver-
sion of p100 to p52 were readily detected 4 h after ORF8 treatment. Similar results were also observed in
LPS-treated cells. These data demonstrate that ORF8 stimulation activates the NF-kB pathway triggering
the activation of the inflammasome pathway in human monocytes.

Similarly, the GSEA analysis data revealed the mRNAs of inflammasome pathway components were
also significantly enriched (NES = 1.812154, FDR g-value =0.015483) (Figure 6B, left panel). We then treated
THP-1 cells for 4 or 24 h with ORF8 or LPS alone or in combination with nigericin, a potent agent that provides
a second signal for the canonical inflammasomal pathway activation. The cell lysates and culture supermnatants
were analyzed by Western blotting for the expression of NLPR3, Caspase-1, Caspase-5, IL1B, and the
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Figure 4. ORF8 induces pro-inflammatory cytokines through binding to NLRP3

(A) ORF8 induces IL1B production through a non-surface-receptor-mediated process. PBMCs were pre-incubated on ice
with ORF8 (500 ng/mL) for 2 h to allow ORF8 to bind to its “surface receptors” followed by washing and incubating at 37°C
to activate the cytokine production in the presence or absence of additional ORF8 (200 ng/mL). IL1B expression was
measured by gPCR.

(B) ORF8 directly binds to NLRP3 but not TLR2 nor TRL4 in primary monocytes shown by affinity pulldown assay.

(C) Schematic drawing of NLRP3 deletion constructs for mapping ORF8 binding domains in NLPR3.

(D) Mapping NLRP3 domains that bind to ORF8 by affinity pulldown assay using ORF8-Strep-Tacin beads. Western
images of total cell lysates (left) were used as expression controls and Western images of precipitated proteins (right)
showing ORF8 efficiently binds the full-length as well as two NLRP3 deletion mutant proteins.

pore-forming fragment of gasdermin D (GSDMD) proteins. We found that ORF8 induces the inflammasome
pathway by 1) activating the production of IL1B without requiring a separate priming step; 2) signaling through
the non-canonical pathway using Casp-1 (early hours) followed by switching to Casp-4/5; 3) maintaining cell
viability without triggering pyroptosis unless the second signal such as nigericin is present which rapidly initi-
ates pyroptosis (Figure 6B, right panel). Our data suggest that ORF8 and LPS may represent a family of pyro-
gens by triggering a non-canonical inflammasomal pathway leading to the production and release of IL1B
without activating GSDMD to the level necessary for pyroptosis, a process called hyperactivation for
LPS.??® However, ORF8 can also serve as a priming agent for the canonical inflammasome pathway to evoke
a prompt pyroptosis in the presence of second signal molecules such as extracellular ATP from damaged cells.

To validate the dual roles of ORF8 in the activation of canonical and non-canonical inflammasome path-
ways, we examined ASC speck formation in ORF8- or LPS-treated THP-1 cells by immunofluorescence.
As shown in Figure 6C, ORF8 alone was insufficient to induce ASC speck formation. However, distinct
pre-nuclear ASC specks were readily detected when nigericin or extracellular ATP was also present. In
addition, the NLPR3 protein was also co-localized with ASC protein to the specks (Figure 6C), ASC speck
formation always precedes cell pyroptosis in our system, and ORF8 is slightly more robust than LPS in medi-
ating ASC formation in the presence of nigericin or extracellular ATP. The results confirm the dual roles of
ORF8 in the activation of the non-canonical inflammasome pathway when the second signal is absent, and
the canonical inflammasome pathway by priming the cells when the second signal is present. These data
further suggest that the mode of action of ORF8 is dependent on the presence or absence of a second
signal such as extracellular ATP released from damaged cells/tissues nearby.

Blood ORF8 protein levels correlate with the mortality and disease course of severe patients
with COVID-19

Having demonstrated that ORF8 is secreted as a glycoprotein and capable of inducing inflammatory cyto-
kine responses in vitro, we then asked if ORF8 is also secreted and glycosylated in blood from patients
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Figure 5. ORF8 is functionally distinct from LPS

(A) Representative flow data showing LPS activates multiple cytokine responses in all three monocyte subsets of PMBCs
from all 15 healthy donors examined whereas ORF8 only activates CD14* Monocytes but not CD14'°"/CD16"™* non-
classical monocytes (red boxed) suggesting LPS and ORF8 may target monocytes through different mechanisms.

(B) Intracellular cytokine flow cytometry data summary on 15 healthy donors on treatment with ORF8 or LPS, suggesting
that ORF8 and LPS are different in cytokine induction specificities.

(C) Mouse B cells responded differently to the treatment of ORF8 and LPS as measured by IgM production and the
morphological features of cell proliferation status. Scale bar: 100 um. The dissimilar characteristics of ORF8 and LPS
dismiss the possibility that the cytokine-inducing function of ORF8 resulted from the contamination of LPS.

infected with SARS-CoV-2. By analyzing serum samples collected from patients within 4-7 days of
COVID-19 diagnosis using Western blotting, we found that ORF8 protein was readily detected at various
levels in 92% (23/25) of newly infected patients (Figure 7A). Of interest, the same samples showed no
detectable NSP9 and NSP10 which are also secreted suggesting not all the secreted SARS-CoV-2 proteins
are present at detectable levels in blood circulation. To determine the glycosylation status of the serum
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Figure 6. Profiles of ORF8-mediated signaling pathways

(A) Gene enrichment analysis of scRNA-Seq (left panel) and Western confirmation of key NFkB pathway molecules (right
panels) on stimulation of ORF8 for 4 or 24 h.

(B) Gene enrichment analysis of scRNA-Seq (left panel) and Western confirmation of NLRP3, IL1B, Casp-1, and Casp-5 in
THP-1 cell lysates and IL1B and GSDMD in the culture supernatants (right panels) on stimulation of ORF8 for 4 or 24 h.
(C) Immunofluorescence images show that LPS and ORF8 activate ASC speck (arrowhead) formation only when a second
signal (nigericin or extracellular ATP) was present. Cells were first treated with 200 ng/mL ORF8 or 100 ng/mL LPS for 2.5 h
followed by 90 min treatment with 5 uM Nigericin or 5 uM ATP before cell harvest for immunofluorescence staining. Scale
bar: 10 pm.

ORF8, we compared the sizes of ORF8 from patients and HEK293 lysate. Our results (Figure 7A) show that
patient serum ORF8 is indeed glycosylated when compared to the ORF8 from HEK293 lysate which has an
extra Strep-ll tag (28 aa) and possibly an uncleaved signal sequence (16 aa). Owing to the lack of a quan-
titative assay, we were unable to determine the absolute quantity of ORF8 in patient samples; however, our
semi-quantitative Western blot could readily detect ORF8 in as little as four microliters of patient serum
suggesting the protein is present at significant levels in patient blood at the onset of COVID-19.
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Figure 7. The blood levels of ORF8 protein in COVID-19 patients correlate with the disease outcome, and the
ORF8/NLRP3 axis is targetable with NLRP3 inhibitor MCC950

(A) Representative western blotimages showing ORF8 protein but not NSP9 or NSP10 were detectable in as little as 4.0 pL
of serum samples from newly infected COVID-19 patients. ORF8 protein in patient sera shown as glycosylated by size
estimation.

(B) Kaplan-Meier curve showing fatality in hospitalized patients is associated with higher serum level of ORF8. p=0.0146.
(C) Western images showing ORF8 levels at different time points correlate with disease course in two patients with
prolonged clinical courses, and in one patient with long-covid.

(D) Targetability of ORF8 mediated IL1B expression with various NLRP3 inhibitors in THP1 cells and human primary
PBMCs. The data shown are representative of three independent experiments. Abbreviations: Dx = diagnosis; ED =
emergency department; ICU = intensive care unit.

Given its activity in inducing inflammatory cytokines in vitro, and its significant presence in the blood of
newly infected patients, we then asked if the levels of ORF8 protein would correlate with disease severity
and outcome. To that end, we examined the correlation between blood ORF8 levels and patients’ survival
outcomes in our cohort of 25 hospitalized patients. Figure 7B shows that after 120 days of follow-up, all
seven fatalities were exclusively associated with the ORF8-high group (scored 2+ or 3+ on Western blot)
whereas all patients in the ORF8-low group (scored 0 or 1+) had mild symptoms and quick recovery without
any events of death. These results demonstrate a clear correlation between the ORF8 load and disease
severity in newly infected patients. We then monitored the ORF8 levels at various time points during the
disease course in two patients with prolonged COVID-19, and one patient with long covid lasting more
than 17 months. As demonstrated in Figure 7C, two patients with high blood ORF8 levels had persistent
severe symptoms requiring treatment in the intensive care unit, and their blood ORF8 levels diminished
by the time they were recovered and discharged from the hospitals. The long covid patient (Pat 3) with
lingering symptoms throughout remained ORF8 positive in all three serial blood samples collected over
a 16-month period (Figure 7C). These results suggest that the ORF8 level is prognostic for COVID-19
outcome, further supporting our hypothesis that the ORF8 protein is a pathogenic cause of severe
CQOVID-19 in patients.

ORF8-mediated cytokine induction is targetable by select NLRP3 inhibitors

Given its causative role in COVID-19 pathogenesis, we then tested the targetability of ORF8-mediated
cytokine response using three investigational NLRP3 inhibitors - MCC950, Tranilast, and OLT117 (Dapan-
sutrile). As shown in Figure 7D, the NLRP3 inhibitor MCC950 showed effective inhibition on the production
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of IL1B in both THP-1 cells and PBMCs (blue bars), while Tranilast and OLT117 (hatched bars) exhibited
moderate to marginal effect in PBMCs but no effect in THP-1 cells. Our results suggest that ORF8-medi-
ated IL1B production can be effectively inhibited by the NLRP3 inhibitor MCC950 at a nanomolar dose
range, demonstrating that targeting the ORF8/NLRP3 axis is a promising strategy for treating patients
with symptomatic COVID-19.

DISCUSSION

Despite the success in the development and implementation of effective vaccines to prevent SARS-CoV-2
infection, COVID-19 remains a major challenge for many reasons. These include, (1) a significant population
remains unvaccinated, (2) new variants keep emerging and evading current vaccine protection, (3) patients
with compromised immunity including those with blood cancers on immunosuppressive medications are
poorly protected,””® and more importantly, (4) many previously infected patients have developed
lingering symptoms or long covid. Therefore, better biomarkers, therapies and clinical management tools
for COVID-19 are urgently needed.

SARS-CoV-2 accessory protein ORF8, a 121 amino acid protein, is the least conserved protein in the beta-
coronavirus family.””*" Here we report that ORF8 is a major secreted viral glycoprotein in vitro and in
COVID-19 patients. Our data, summarized in Graphical Abstract, support the concept that the ORF8 pro-
tein secreted from locally infected cells in the lung and released to the bloodstream then stimulates circu-
lating CD14" monocytes to initiate systematic cytokine responses. This is consistent with findings by others
that monocytes are the single most affected WBC subset in the blood by SARS-CoV-2 infection.®' It has
been reported that about 6% of monocytes were infected with the virus in COVID-19 patients through
CD16-mediated uptake of antibody-opsonized SARS-CoV-2 virus. Whether these cells were truly infected
or simply engulfed with infected cells/debris remains to be seen because no live virus was detected.*
Nevertheless, these monocytes may represent a parallel and complementary process to the ORF8-medi-
ated inflammatory pathway described herein. Our intracellular IL1B data showed a mean of 43% (range,
7.2-90.7%) of monocytes that are ORF8 responsive, suggesting that the ORF8-mediated process domi-
nates. We conclude that secreted ORF8 is a key disease-causing viral factor and can be targeted by
NLRP3 inhibitors, offering a potential new treatment option.

NLRP3-mediated inflammasome activation is a critical part of the innate immune response. However, the
precise mechanisms for different pathogens have not been fully delineated. Our study indicated that ORF8
may enter monocytes through a non-receptor- mediated ORF8 internalization, followed by lysosomal ac-
tion involving lysozyme (LYZ) and cathepsin proteases (CTSB, CTSD). ORF8 then may bind to the NACHT
and/or LRR domain to activate NLRP3 and recruit Casp-1 (early) and Casp-4/5 (later). It is not known what
the roles of these two different bindings play, and if they are important in pathway choice (canonical versus
non-canonical). It is also interesting that, like LPS, ORF8 induces the expression/activation of Caspase-1
early (hour 4) but switches to Casp-4/5 later (at hour 24) even when nigericin is present (data not shown).
Our data shows that the mode of action of ORF8 is readily changed by the presence of the second signal
leading to the switch from non-canonical to canonical inflammasomal response. Therefore, itis conceivable
that, in patients with COVID-19, the inflammation may be aggravated by the additional tissue/cell damages
that release ATP, leading to the activation of an ORF8-mediated canonical inflammasome pathway and
causing pyroptosis.

Owing to the lack of effective COVID-19 animal models, it is challenging to genetically test the pathogenic
role and targetability of the ORF8 protein in vivo. However, a SARS-CoV-2 variant (A382) found in Taiwan
and Singapore with a complete loss of the ORF8 gene serves as a tailor-made natural genetic model that
validates our findings.**** Young et al. analyzed a cohort of 92 patients infected with the wildtype virus and
29 patients infected with the A382 variant and found that patients infected with the wildtype SARS-CoV-2
exhibited much higher levels of pro-inflammatory cytokines than those infected with the A382 variant.
Furthermore, no patients with the A382 variant required supplemental oxygen whereas it was required
for 26 (28%) patients infected with wildtype virus. These observations provide yet another line of evidence
supporting the link between ORF8 and COVID-19 disease severity, and an in vivo genetic proof-of-principle
for targeting ORF8 to prevent severe COVID-19 infection. In addition, various clinical studies and trials have
shown that the IL1 receptor antagonist anakinra significantly reduced the mortality risk in hospitalized pa-
tients with moderate to severe inflammation symptoms.*>*’ The data from our present study suggests that
targeting NLRP3 or ORF8 upstream of the IL1 receptor would provide greater therapeutic benefit to
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patients with severe COVID-19 symptoms, and could also provide prophylactic benefit to patients at risk of
developing severe COVID-19 infection.

MCC950, also known as CRID3 or CP-456773, is a sulfonylurea-containing compound developed by Pfizer
and first disclosed in 1998.%¢ Multiple studies have demonstrated that MCC950 inhibits both canonical and
non-canonical activation of NLRP3 mediated inflammation pathways and is effective in specifically blocking
the induction of IL1B in vitro and in various mouse models. However, testing MCC950 in phase Il clinical
trials for patients with rheumatoid arthritis was terminated early because of hepatotoxicity.”” This trial
has not been fully published; therefore, MCC950 and other drugs of the class hold great promise for symp-
tomatic Covid-19 patients.

Limitations of the study

The bulk of this study was carried out in ex vivo systems using expression constructs for the SARS-CoV-2
coding genes and serum samples obtained from patients with Covid-19. It would be valuable to validate
our findings in vivo in either SARS-CoV-2 infected or ORF8 transgenic animal models. In addition, our
work provides evidence that ORF8-mediated inflammasome pathways can be targeted by the NLRP3 inhib-
itor MCC950 in vitro; however, the true clinical benefits of this intervention must be rigorously tested in hu-
man patients through clinical trials.
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ThermoFisher

Cat# C7373-03

Biological samples

Plasma samples, patients with Covid-19 Mayo Clinic N/A
PBMCs, healthy donors Mayo Clinic N/A
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ORF8, SARS-CoV2, purified from HEK293 This paper N/A

ORF8, SARS-CoV2, purified from E. coli This paper N/A
Lipopolysaccharides (LPS) Sigma Cat# L2630
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Tranilast (SB 252218) Selleckchem Cat# S1439

OLT1177 (Dapansutrile) Tocris Cat# 6902

Deposited data

Single-cell RNA-seq This paper SRA: PRINA971080
Experimental models: Cell lines

HEK293 ATCC RRID:CVCL_0045
HEK293-F ATCC RRID:CVCL_6642

THP1 ATCC RRID:CVCL_0006
THP-1, NLRP3 Knocked down Invivogen Cat code: Thp-dnlp
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Reverse primer for IL1p gPCR: This paper N/A
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Forward primer for IL6 qPCR: This paper N/A
AGACAGCCACTCACCTCTTCAG

Reverse primer for IL6 gPCR: This paper N/A
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Forward primer for IL8 qPCR: This paper N/A
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Reverse primer for beta-Actin gPCR: This paper N/A
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Reverse primer for GAPDH gPCR: This paper N/A
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Recombinant DNA

pLVX-EF1alpha-SARS-CoV-2-NSP1-2xStrep-IRES-Puro Addgene RRID:Addgene_141367
pLVX-EF1alpha-SARS-CoV-2-NSP2-2xStrep-IRES-Puro Addgene RRID:Addgene_141368
pLVX-EF1alpha-SARS-CoV-2-NSP4-2xStrep-IRES-Puro Addgene RRID:Addgene_141369
pLVX-EF1alpha-SARS-CoV-2-NSP5-C145A-2xStrep-IRES-Puro Addgene RRID:Addgene_141371
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pLVX-EF1alpha-SARS-CoV-2-NSP12-2xStrep-IRES-Puro Addgene RRID:Addgene_141378
pLVX-EF1alpha-SARS-CoV-2-NSP13-2xStrep-IRES-Puro Addgene RRID:Addgene_141379
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pLXV-EF1alpha-2xStrep-SARS-CoV-2-NSP14-IRES-Puro Addgene RRID:Addgene_141380
pLVX-EF1alpha-SARS-CoV-2-NSP15-2xStrep-IRES-Puro Addgene RRID:Addgene_141381
pBOB-CAG-SARS-CoV2-SPK-HA Addgene RRID:Addgene_141347
pLVX-EF1alpha-SARS-CoV-2-ORF3a-2xStrep-IRES-Puro Addgene RRID:Addgene_141383

pLXV-EF1alpha-2xStrep-SARS- Addgene RRID:Addgene_141384

CoV-2-ORF3b-IRES-Puro

pLVX-EF1alpha-SARS-CoV-2- Addgene RRID:Addgene_141385

ENV-2xStrep-IRES-Puro

pLVX-EF1alpha-SARS-CoV-2- Addgene RRID:Addgene_141386

MEM-2xStrep-IRES-Puro

pLVX-EF1alpha-SARS-CoV-2- Addgene RRID:Addgene_141387

ORF6-2xStrep-IRES-Puro

pLVX-EF1alpha-SARS-CoV-2- Addgene RRID:Addgene_141388

ORF7a-2xStrep-IRES-Puro

pLXV-EF1alpha-2xStrep-SARS- Addgene RRID:Addgene_141389

CoV-2-ORF7b-IRES-Puro

pLVX-EF1alpha-SARS-CoV-2- Addgene RRID:Addgene_141390

ORF8-2xStrep-IRES-Puro

pLVX-EF1alpha-SARS-CoV-2- Addgene RRID:Addgene_141391

NUC-2xStrep-IRES-Puro

pLVX-EF1alpha-SARS-CoV-2- Addgene RRID:Addgene_141394

ORF10-2xStrep-IRES-Puro

pcDNA3-N-Flag-NLRP3 Addgene RRID:Addgene_75127

pcDNA3-N-Flag-NLRP3 1-90 Addgene RRID:Addgene_75137

pcDNA3-N-Flag-NLRP3 91-710 Addgene RRID:Addgene_75140

pcDNA3-N-Flag-NLRP3 711-1034 Addgene RRID:Addgene_75141

Software and algorithms

Outcyte 1.0 http://www.outcyte.com/analyse/

SignalP 5.0 https://services.healthtech.dtu.dk/services/SignalP-5.0/
NetNGlyc 1.0 https://services.healthtech.dtu.dk/services/NetNGlyc-1.0/
NetOGlyc 4.0 https://services.healthtech.dtu.dk/services/NetOGlyc-4.0/
TMHMM 2.0 https://services.healthtech.dtu.dk/services/TMHMM-2.0/
Flowjo version 10.8.1 https://www.flowjo.com/

GraphPad Prism version 8.0 https://www.graphpad.com/

JMP version 14.0 https://www.jmp.com/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Xiaosheng Wu (wu.xiaosheng@mayo.edu).

Materials availability

In this study, we produced ORF8 protein in both HEK293 cells and in E. coli, and purified it to homogeneity
for assessing its cytokine induction potential. The availability of these unique reagents is very limited. How-
ever, we are more than happy to provide technical support if you need assistance with creating the proteins
yourself.
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Data and code availability

e All raw data in this publication will be shared upon request. The single cell RNA-seq data (SRA:
PRINA971080) presented in Figure 3 is available for public access.

® This paper does not report any 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 SUBJECT DETAILS

Study samples

Human serum/plasma samples were collected from Mayo Clinic patients with a documented diagnosis of
COVID-19 infection and consented to COVID-19 Research Task Force Specimen Biobank. Samples-used in
this study were requested and approved by the Task Force Review Committee and the Mayo Clinic Insti-
tutional Review Board (IRB). Deidentified fresh leukocyte cones from healthy donors were obtained from
the Mayo Clinic Blood Bank. The use of mouse splenic B cells from C57/Bé mice was approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of the Mayo Clinic.

METHOD DETAILS

SARS-CoV-2 protein expression in human cells

Lentiviral constructs expressing SARS-CoV-2 proteins originally described by Gordon, et al.'® were pur-
chased from Addgene (key resources table) and used to make stable expression cell lines in HEK293 cells
by lentiviral transduction. Transient expression of ORF8 construct DNA in HEK293F cells with the HyCell
TransFx media (Cytiva) method for ORF8 protein purification. Initially, we used the conditioned media
(CM) (culture supernatants dialyzed twice against sterile PBS and once against RPMI) for PBMC stimulation
at 20% (v/v) for 72 hours. It was later replaced with purified ORF8 glycoprotein at 200 ng/ml for 24 hours of
incubation based on our titration data (Figure S5).

Detection of SARS-CoV-2 protein secretion

To detect protein secretion, HEK293 cells expressing the protein of interest were seeded at 70% confluency
in a T25 flask in 4.0 ml of DMEM/10% FCS. After 48 hours of culture, the supernatants were collected and
cleared for cells and debris by centrifugation at 3000 rpm for 5 min. Four mL of cleared supernatants were
then incubated overnight with 40pl of 50% slurry of StrepTactin (or anti-HA for SPK protein) beads. The
beads were then washed twice with PBS, then resuspended in 40 pl Laemmli sample buffer with 5%
BME. The amount of sample equivalent to Tml of culture supernatant was loaded into a 4-20% gradient
gel followed by western blotting per routine probing with anti-Strep Il antibody at 1:1000 dilution
(#71590, Millipore) and imaged on a Li-COR scanner.

Cell stimulation and cytokine detection

Fresh PBMCs (3x10°) isolated from healthy donors were stimulated with either 20% (v/v) of CM-ORF8 or
200ng/ml of pure ORF8 for 24 hours in a total volume of 1.5ml RPMI/10% FCS in a 12-well plate. Cytokine
mRNA expression was determined by SYBR-green-based gPCR method using the primers listed in the key
resources table, and housekeeping gene B-Actin or GAPDH was used for normalization. By comparing with
cytokine protein detection in the culture supernatants by Luminex assay using premade Luminex detection
kit for IL1B, IL6, IL8, and TNFa) (R&D systems) or a custom Luminex cytokine detection kit for IL1, IL6, IL8,
IL18, CCL2, and TNFa (ThermoFisher), we found that the gPCR method was more sensitive (Figure S6). We
also performed intracellular cytokines detection by flow cytometry (see below for method details).

Intracellular cytokine detection by flowcytometry

Two million PBMCs were activated with ORF8 or LPS for 18.5 hours, and Golgi-Plug (Brefeldin A, Cat # 51-
2301KZ, BD Pharmingen) was added at 1:1000 for additional 5.5 hours of incubation. The cells were then
collected and stained with cell lineage surface markers (CD3, CD19, CD14, CD16, CD11c, CD56, HLA-Dr)
and FVD for live/dead gating followed by staining intracellular IL1B, IL8, IL6, and CCL2 upon fix and perme-
abilization using a BD Cytofix/Cytoperm fixation/Permeabilization Kit (Cat # 554714). All antibodies used
are listed in key resources table. The flow cytometry 13-color detections were run on an LSRFortessa X-20
(BD). The Data were analyzed using Flowjo software V10.

18 iScience 26, 106929, June 16, 2023

iScience



iScience

Single-cell RNA sequencing of ORF8 treated PBMCs

Three million PMBCs were treated with either media control- or ORF8-CM for three days; cells were
collected and enriched for viable cells to greater than 90% using the dead cell removing kit (Miltenyi Biotec,
Cat#130-090-101), then submitted for cell capturing, and single-cell RNA sequencing. The cell suspension
and Chromium Single Cell 3' v2 library master mix (10x Genomics), gel beads, and partitioning oil were
added to a Chromium Single Cell A chip which was then loaded into the Chromium Controller for capturing
4000 single cells and subsequent cDNA synthesis. The resulting single-cell cDNA libraries were pooled and
sequenced as 100x2 paired-end reads on an Illumina HiSeq 4000 using HiSeq 3000/4000 sequencing kit.

Single-cell RNA sequencing data analysis

The Seurat package (v4.0.1) was used to perform integrated analyses of single cells. Genes expressed in
less than 3 cells, cells expressed less than 200 genes, and more than 40% of the genes were mitochondrial
were excluded for downstream analysis in each sample. For scRNA-Seq analysis, we followed the Seurat
integration workflow and the comparative analysis workflow. Each dataset was normalized and the top
2000 Highly Variable Genes (HVGs) across cells were selected. The datasets were integrated based on “an-
chors” identified between datasets before Principal Component Analysis was performed to do a linear
dimensional reduction. Shared Nearest Neighbor Graph was constructed to identify clusters in the low-
dimensional space (top 50 statistically significant principal components). Enriched marker genes in each
cluster conserved across all samples were identified, and differentially expressed genes between two
selected conditions were detected using the default Wilcoxon Rank Sum test at the cluster level. Both
GSEA and KEGG pathway enrichment analyses were performed.

ORF8 expression and purification from HEK293 cells

Transfected HEK293F cells were grown for 3-4 days at a cell density below 6x10° cells per ml. Cells were
pelleted by centrifugation (200 x g for 5 min, 23°C) and the supernatant containing secreted ORF8 was sup-
plemented with a Complete-EDTA free protease inhibitor cocktail (Roche), TmM BME, and 1 mL of biotin
blocking solution (BioLock). The media were loaded on a 5 mL StrepTactin Sepharose High-Performance
column (GE Healthcare) in PBS buffer and eluted with a linear gradient of 0-50% 5 mM Biotin in PBS. Frac-
tions containing ORF8 were pooled, concentrated by ultrafiltration (Amicon), and then purified using a
Superdex 200 Increase 10/300 GL (Cytiva) in PBS, followed by anion exchange chromatography using a
Source 15Q 4.6/10 column (Cytiva) with a gradient of 0-500 mM NaCl in 20mM Tris pH 7.5. Fractions con-
taining ORF8 were pooled and concentrated by ultrafiltration and stored at 4°C.

ORF8 expression and purification from E. Coli

DNA encoding SARS CoV-2 ORF8 codon-optimized for expression in E. coli was cloned into pMCSG7%°
using Stbl3 cells (EMD) and transformed into Rosetta2 cells (EMD), and protein expression was induced
with 100 pM IPTG overnight at 15°C. E. coli culture was pelleted, lysed, and protein purified as described
previously,*! except that cells were lysed by sonication with a Branson sonicator in place of Dounce homog-
enization. The concentrated, refolded protein was loaded on a Superdex S75 size-exclusion column equil-
ibrated in PBS. Fractions containing ORF8 were pooled and concentrated by ultrafiltration (Amicon). The
His-tag was removed by incubation with TEV protease. Untagged ORF8 was run on a Source 15Q 4.6/10
anion exchange column (Cytiva) equilibrated in wash buffer (20 mM Tris pH 7.5) and eluted with a linear
gradient of 0-100% 500 mM NaCl in 20 mM Tris pH 7.5. Monomer and dimer peaks were pooled and
concentrated.

Immunofluorescence staining

For intracellular localization of SARS-CoV2 proteins (Figure S1), Hela cells, seeded on a 12-well chamber
slide (Erie Scientific) at 70% confluency, transiently transfected with various SARS-CoV2 protein constructs
using lipofectamine 2000 for 36 hours. The cells were then fixed with 4% paraformaldehyde (PFA) at room
temperature for 10 minutes, permeabilized with 0.1% Triton X-100 for 10 minutes and blocked for 2 hours
with the blocking buffer (3% fat-free milk in PBS supplemented with 0.02% Triton X-100, insoluble debris
was cleared by centrifugation at 14,000 rpm for 15 minutes) at room temperature. The cells were then incu-
bated with mouse monoclonal anti-HA antibody at 1:100 in the blocking buffer for the HA-tagged Spike
protein, or anti-Strep Tag Il antibody at 1:100 in the blocking buffer for all other Strep Il-tagged SARS-
Cov2 proteins at 4°C overnight. After washing with the blocking buffer five times, the cells were incubated
with anti-mouse |g conjugated with Alexa 565 at 1:500 in the blocking buffer for 1 hour at room
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temperature, again washed twice with the blocking buffer and three times with PBS, then refixed with 4%
PFA for 5 minutes and washed twice with water. The slides were mounted with DAPI-containing vector-
shield and imaged on a Zeiss 780 confocal microscope.

For detection of apoptosis-associated speck-like protein containing CARD (ASC) specks (Figure 5C) in
THP-1 cells, we first treated Thp-1 cells with ORF8 (200 ng/ml) or LPS (100 ng/ml) for 2.5 hours followed
by adding 0 or 5 pg/ml Nigericin for an additional 1.5 hours, the cells amounted to slides using cytospin,
fixed with 4% PFA for 10 min, and stained for ASC and NLRP3 with respective antibodies both at 1:100 dilu-
tion and performed as described above.

Blood ORF8 detection

For detection of ORF8 protein in serum samples from patients newly infected with SARS-CoV-2, four micro-
liters of serum were directly mixed with 36 microliters of 2x Laemmli buffer with 5% of BME, boiled for 3 min
before load to 4-15% SDS-PAGE gels, the blots were probed with 1:5000 diluted rabbit anti-ORF8 antibody
(MyBioSource, Cat# MBS3014575) at 4°C overnight. The images were developed using an ECL reagent kit.
The same positive and negative controls were included in each gel for batch normalization.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data analysis

Cytokine data were analyzed using GraphPad prism version 8.0. Flowcytometry data analysis was done with
Flowjo version 10.0, Immunofluorescence images were processed in Adobe Photoshop version 2021. Over-
all survival was calculated from the time of COVID-19 diagnosis, using the Kaplan-Meir method on JMP 14.0
software.
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