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SUMMARY
Viral-deletionmutants that conditionally replicate and inhibit thewild-type virus (i.e., defective interfering par-
ticles, DIPs) have long been proposed as single-administration interventions with high genetic barriers to
resistance. However, theories predict that robust, therapeutic DIPs (i.e., therapeutic interfering particles,
TIPs) must conditionally spread between cells with R0 >1. Here, we report engineering of TIPs that condition-
ally replicate with SARS-CoV-2, exhibit R0 >1, and inhibit viral replication 10- to 100-fold. Inhibition occurs via
competition for viral replication machinery, and a single administration of TIP RNA inhibits SARS-CoV-2
sustainably in continuous cultures. Strikingly, TIPs maintain efficacy against neutralization-resistant variants
(e.g., B.1.351). In hamsters, both prophylactic and therapeutic intranasal administration of lipid-nanoparticle
TIPs durably suppressed SARS-CoV-2 by 100-fold in the lungs, reduced pro-inflammatory cytokine
expression, and prevented severe pulmonary edema. These data provide proof of concept for a class of
single-administration antivirals that may circumvent current requirements to continually update medical
countermeasures against new variants.
INTRODUCTION

The evolution of resistance to both antimicrobials and vaccines

is common across pathogens (Goldberg et al., 2012; Meylan

et al., 2018; Petrova and Russell, 2018). Evidence over the

past year indicates that severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) is unlikely to be an exception as viral

genetic variability has resulted in variants with increasing resis-

tance to antibody-mediated neutralization (Cele et al., 2021;

Wang et al., 2021). In particular, SARS-CoV-2 variants of

concern (e.g., B.1.1.7, B.1.351, P.1, B.1.617.2) exhibit increased

transmissibility and appear to circumvent natural convalescence

and showdiminution of vaccine efficacy (Wibmer et al., 2021;Wu

et al., 2021). The continued emergence of viral variants suggests

parallels to seasonal influenza, where protracted arms races be-

tween immunity, waning immunity, and less susceptible viruses

occur with a considerable lag between variant emergence and

redesigned vaccines.
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SARS-CoV-2 is a beta coronavirus with a large �30-kb posi-

tive-sense, single-stranded RNA genome that replicates with

an�8-h intracellular replication cycle (Kim et al., 2020). The large

genome encodes a suite of nonstructural genes, including the

RNA-dependent RNA polymerase (RdRp) within the ORF1ab

gene, as well as structural genes—including spike (S), matrix

(M), envelope (E), and nucleocapsid (N)—that are required for

replication and packaging. In addition to these viral trans ele-

ments, the genome is flanked at the 50 and 30 termini by untrans-

lated regions (UTRs), which encode regulatory cis elements,

including the putative packaging element in the 50 UTR. Like
many RNA viruses, beta coronaviruses also generate sub-

genomic deletion mutants that are defective, but, if these

RNAs retain obligate cis elements while carrying mutations in

trans elements, they can act as defective interfering particles

(DIPs) (Makino et al., 1990).

DIPs—originally observed as ‘‘autointerference’’ for influenza

virus in the 1940s by Von Magnus (1954) but since reported
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Figure 1. In silico models predict that a sin-

gle TIP administration would generate

multi-fold reductions in SARS-CoV-2

(A) Schematic of the TIP concept with putative

mechanism of action for reducing wild-type

virus transmission. Sustained therapeutic efficacy

(i.e., molecular parasitism) requires efficient con-

ditional propagation with a basic reproduction

ratio (R0) >1.

(B) In silico patient-validated model of SARS-

CoV-2 dynamics for upper respiratory tract (URT)

and lower respiratory tract (LRT).

(C) Viral-load dynamics in URT and LRT in the

presence and absence of a single TIP adminis-

tration on day 0 showing an R0 >1 TIP is predicted

to substantially lower SARS-CoV-2 in both URT

and LRT.

(D) Parameter sensitivity analysis for r and c

showing reduction in peak viral load in LRT across

eight orders of magnitude (left) and zoomed region

(green box, right); the blue dot represents empiri-

cally measured values (see Figures 2C and 4E).

See also Figure S1.

ll
Article
and studied for many viruses (Akpinar et al., 2015; Holland, 1990;

Tapia et al., 2019)—were historically considered cell-culture

artifacts with utility for molecular-mechanistic dissection of vi-

ruses. However, recent years have seen a renaissance in the

study of DIPs following proposals that they could serve as

chassis for a class of single-administration antivirals with a

high barrier to the evolution of resistance (Metzger et al., 2011;

Weinberger et al., 2003). Since DIPs lack self-replication but

conditionally replicate with their cognate virus, they have the po-

tential to act as molecular parasites of the wild-type virus within

infected cells. Parasitism is mediated by competitive inhibition

where viral cis elements encoded by DIPs interact with and

‘‘steal’’ essential trans elements from wild-type virus (e.g., repli-

cation or packaging proteins). Consequently, DIPs suppress

wild-type viral burst size (the number of viral particles released

from an infected cell) and conditionally mobilize their own ge-

nomes, spreading their antiviral properties to new cells. Theoret-

ical models predicted that DIPs engineered to have a basic

reproductive ratio [R0] >1 could act as durable therapeutics,

termed therapeutic interfering particles (TIPs) (Metzger et al.,

2011;Weinberger et al., 2003) (Figure 1A). The predicted high ge-

netic barrier to resistance arises from two considerations: (1) the
Cel
nature of the cis-transmechanism of inhi-

bition (Rouzine and Weinberger, 2013)

and (2) the R0
TIP >1 enabling TIPs to

establish co-evolutionary arms races

with wild-type virus (Metzger et al.,

2011; Rouzine and Weinberger, 2013;

Weinberger et al., 2003).

Here, we first determined theoretical

constraints for a TIP for SARS-CoV-2

and then built TIP candidates, using syn-

thetic SARS-CoV-2 sub-genomic RNAs,

that satisfy the constraints and inhibit viral

replication in cell culture and donor-
derived human lung organoids. The RNAs conditionally propa-

gated with R0 >1—satisfying criteria for a TIP—and mechanistic

analyses suggested this occurred via competitive inhibition. We

then testedwhether TIP antiviral effectswere recalcitrant tomuta-

tional escape, as predicted. Finally, to test efficacy in vivo, we

used Syrian golden hamsters to determine whether TIPs (admin-

istered pre- or post-infection) propagate and durably suppress

viral replication and associated disease pathology in the lungs.

Overall, the data demonstrated that TIPs have robust antiviral

efficacy, with a high genetic barrier to the evolution of resistance,

indicating their potential as an antiviral countermeasure for respi-

ratory viruses, including SARS-CoV-2.

RESULTS

Theoretical constraints for TIP-mediated inhibition of
SARS-CoV-2
We first determined whether TIPs had the theoretical potential to

suppress SARS-CoV-2 viral load in vivo. We used in silico

modeling approaches that informed therapeutic regimens for

other viral pathogens (Perelson, 2002; Perelson et al., 1997)

and capitalized on a recent in silico patient-validated model of
l 184, 6022–6036, December 9, 2021 6023
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SARS-CoV-2 within-host viral dynamics (Ke et al., 2020). The

model tracks viral loads in two compartments (Figure 1B)—up-

per respiratory tract (URT) and lower respiratory tract (LRT)—

with parameter estimates determined by fitting to longitudinal

viral titer data from individual infected patients. We expanded

this model to include TIPs using a previously established

modeling approach (Weinberger et al., 2003) and numerically

solved (Figure 1C) under a range of parameter values for individ-

ual patients (Figure S1A), a range of single-administration dose

values (Figure S1B), and a range of viral inoculums (Figure S1C).

This showed that TIPs would produce a median predicted

knockdown in viral load of �1–2 Log in the LRT, and similar

viral-load reductions were predicted for the URT.

To understand whether this reduction in viral load was specific

to a particular parameter choice for TIPs, we explored the sensi-

tivity to two molecular parameters previously found to be critical

determinants of TIP R0 and efficacy: (1) the TIP competitive effi-

ciency (r), which describes the relative difference in production

of TIP particles versus wild-type virus particles from a dually in-

fected cell, and (2) the interference efficiency (c), which de-

scribes the reduction in wild-type virus production by TIPs

competing intracellularly for viral proteins. In terms of viral burst

size, r reflects the relative burst size of TIPs compared to wild-

type virus (from a dually infected cell), whereas c reflects the

reduction in wild-type virus burst size between singly versus

dually infected cells.

The parameter sensitivity analysis showed a wide range of r

and c values where TIPs generate a 1-Log reduction in peak viral

load in the LRT but that >1-Log reductions in viral load were spe-

cific to larger values of r and moderate values of c (Figure 1D).

The phenomenon of larger values of c having lesser viral-load

reduction has been previously predicted (Weinberger et al.,

2003) and results from the TIP ‘‘shooting itself in the molecular

foot’’ and limiting efficient mobilization when interference is too

strong. Consistent with previous analyses of TIPs for other vi-

ruses (Metzger et al., 2011), larger values of rwere the key factor

enabling TIPs to generate larger viral-load reductions (Fig-

ure S1D). Similar TIP-mediated reductions in URT viral load

were also observed (Figure S1E). To be sure that knockdown

of peak viral load reflected a true reduction in viral load, we

also analyzed viral loads integrated over time (i.e., area under

the curve) and found similar reductions by TIPs (Figure S1F).

The simulations showed that TIPs could yield on average

1-Log reductions in SARS-CoV-2 in a dose-dependent fashion,

with substantially larger 6-Log reductions for some patient-

parameter estimates (Figure S1A). To be sure this was not model

dependent, we also analyzed a second patient-parameterized

model of SARS-CoV-2 (Kim et al., 2021) and observed qualita-

tively similar effects of TIPs on viral load (Figure S1G). Based

upon prior work linking SARS-CoV-2 viral load and infectious-

ness (Goyal et al., 2021; Jones et al., 2021), we also analyzed

how TIPs might affect SARS-CoV-2 transmission and found

that a TIP-mediated reduction in viral load would generate a sub-

stantial reduction in SARS-CoV-2 secondary infections (from R =

1.8 to R = 0.07) (Figure S1H). In summary, these in silico analyses

showed that TIPs have the theoretical capacity to suppress

SARS-CoV-2 in vivo after a single administration, provided that

r and c surpass specific thresholds.
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An engineered TIP RNA conditionally propagates and
inhibits SARS-CoV-2 in cell culture
Given the challenges of engineering TIPs for other viruses (Notton

et al., 2021), we set out to construct a TIPwith appropriate param-

eters. As a starting point, we used previous high-throughput ana-

lyses of the cisgenetic elements required for efficient propagation

of sub-genomic transcripts in other RNA viruses (Notton et al.,

2021) and historical data from murine hepatitis virus (Baric

et al., 1988; Makino et al., 1990), both of which argued that, at a

minimum, the viral 50 and 30 UTRs were essential for conditional

replication and construction of a TIP. Consequently, we designed

two minimal sub-genomic synthetic constructs, encoding

different lengths of the 50 and 30 regions of the viral genome and

tested whether they met the threshold values to act as TIPs.

Both putative TIPs encompass stem loop 5 in the 50 UTR, which

encodes a predicted packaging signal (Chen and Olsthoorn,

2010; Rangan et al., 2020), as well as the entirety of the 30 UTR
and a 1,280 nucleotide (nt) reporter cassette (Figure 2A) encoding

an internal ribosome entry sequence (IRES) driving expression of

a fluorescent reporter protein (mCherry). TIP1 (�2.1 kb) encodes

the first 450 nt of the 50 UTR plus part of polyprotein ORF1ab and

the last 328 nt of the 30 UTR plus the reporter cassette, whereas

TIP2 (�3.5 kb) encodes 1,540 nt encompassing the 50 UTR and

part of ORF1ab and the last 713 nt of the genome containing

part of N protein, ORF 10, and the 30 UTR, along with the reporter

cassette. All TIP and controlmRNAswere in vitro transcribed (Fig-

ure 2B) and a 50 methyl cap and�100-nt 30 poly(A) tail were added

following in vitro transcription.

To evaluate the interference potential of the putative TIPs, virus

yield-reduction assays were performed. Vero cells were trans-

fected with the purified TIP mRNA or a similarly sized control

mRNA encoding a luciferase-IRES-mCherry reporter cassette

(hereafter referred to as ‘‘Ctrl RNA’’) and then infected with

SARS-CoV-2 virus (WA-1 isolate) at a multiplicity of infection

(MOI) of 0.05. Viral gene expression was quantified by qRT-

PCR at 24, 48, and 72 h using primers specific to SARS-CoV-2

genes not present in the TIPs—to assay at these time points,

the supernatant needed to be transferred to naive target cells.

The data show a significant 1.5-Log inhibition of SARS-CoV-2

replication at all time points for both TIP1 and TIP2 (Figure 2C).

To verify that the observed interference was not due to off-target

or cell-mediated innate immune effects (e.g., cellular RNA inter-

ference), we examined an expanded panel of control RNAs en-

coding the following: (1) 50 UTR RNA alone, (2) 30 UTR RNA

alone—which lacks the putative 5’UTR packaging signal, (3) an

RNA encoding SARS-CoV-2 Matrix (M) with 5’ stop codons,

and (4) an RNA encoding the SARS-CoV-2 Spike (S) with 5’

stop codons. Each of these control RNAs also encoded IRES-

mCherry to match the TIP RNAs and were 5’-methyl capped

and poly(A) tailed. None of the control RNAs generated a signifi-

cant reduction in SARS-CoV-2 viral gene expression (Figure 2D).

To determine whether innate antiviral mechanisms specific to

the TIP RNA sequencewere responsible for viral interference, we

also analyzed expression of 12 common innate-immune respon-

sive genes including interferon-stimulated genes (ISGs) in cells

nucleofected with either TIP RNA or Ctrl RNA in the absence of

infection (Figure S2A). These data show no significant upregula-

tion of pro-inflammatory cytokines, downstream ISGs, or
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Figure 2. Identification of SARS-CoV-2 TIPs that conditionally replicate, inhibit CoV-2, and propagate with R0 >1

(A) Schematic of SARS-CoV-2 genome versus sub-genomic TIP constructs TIP1 (2.1 kb), TIP2 (3.5 kb), and Ctrl (luciferase) RNA (3 kb). All RNAs were 50 methyl

capped and poly(A) tailed and encode an IRES-mCherry reporter cassette.

(B) Gel electrophoresis of in vitro-transcribed TIP1 and TIP2 mRNAs.

(C) Virus yield-reduction assay in Vero cells transfected with either TIP1, TIP2, or Ctrl RNA; cells were infected with SARS-CoV-2WA-1 isolate (MOI = 0.05) at 24 h

after RNA transfection and titered at 24, 48, and 72 h following infection. Viral transcripts were quantified by qRT-PCR for the E gene.

(D) Schematics and viral yield-reduction assay (at 48 h post-infection) for four alternative viral RNA controls: (1) 50 UTR-IRES-mCherry (1.73 kb), (2) IRES-mCherry-

30 UTR (1.64 kb), (3) M(3xTAA)-IRES-mCherry (1.98 kb), and (4) S(3xTAA)-IRES-mCherry (2.16 kb) compared to Ctrl RNA (luciferase-IRES-mCherry). Viral RNA

quantification by qRT-PCR for N gene.

(E) SARS-CoV-2 viral titers quantified by PFU/mL.

(F) Supernatant transfer assay for cells transfected with either TIP1 RNA, TIP2 RNA, or Ctrl RNA and then infected with SARS-CoV-2 WA-1 isolate (MOI = 0.05) at

24 h after RNA transfection. The supernatant was clarified and transferred to naive cells, which were then analyzed by flow cytometry 24 h post-transfer. For all

panels: ns, not significant and ****p < 0.0001, from Student’s t test. See also Figure S2.
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upstream RNA-sensing or signaling genes by TIP RNAs, incon-

sistent with an RNA-induced innate antiviral mechanism.

We next tested whether TIP administration could exert an anti-

viral effect following infection in cell culture. Vero cells were first

infected with SARS-CoV-2 (MOI = 0.05) and TIP RNA was then

administered at either 8 h post-infection and 16 h post-infection

and, as above, viral gene expression quantified by qRT-PCR at

48 h post-infection using primers specific to SARS-CoV-2 genes

not present in the TIPs. These post-infection TIP-administration

data show a significant 1-Log inhibition of SARS-CoV-2 replica-

tion by TIPs (Figure S2B).

To confirm that TIP RNAs inhibit virus output, we used a

plaque-forming unit (PFU) assay, which detects and quantifies
infectious virus produced from cells, to analyze at the same

time points as in Figure 2C (i.e., 24, 48, and 72 h post-infection).

The PFU assay confirmed that TIPs generate a 1.5-Log inhibition

of infectious SARS-CoV-2 particles (Figure 2E).

To test whether the putative TIP RNAs conditionally propagate

in the context of SARS-CoV-2 infection, we used a supernatant-

transfer assay. The cell-free supernatant, collected at 8 h post-

infection of SARS-CoV-2 (MOI = 0.05), was transferred undiluted

to naive target cells, which were then analyzed for mCherry

expression. Flow-cytometry analysis showed significant

mCherry expression in target cells after supernatant transfer

(Figure 2F). Thus, for SARS-CoV-2, the initial TIP prototypes

(i.e., starting points) appear to satisfy the requisite constraints.
Cell 184, 6022–6036, December 9, 2021 6025
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Figure 3. TIPs inhibit SARS-CoV-2 in donor-derived lung organoids

(A) Schematic of primary human small-airway epithelial cell organoids.

(B) Bright-field micrograph of organoids at day 2 following establishment from

one representative donor. Scale bar, 150 mm.

(C) Viral transcripts in SARS-CoV-2-infected (MOI = 0.5) lung organoids

transfectedwith Ctrl, TIP1, or TIP2 RNA assayed by qRT-PCR to E gene at 24 h

post-infection.

(D) Viral titer quantification by plaque assay (PFU/mL) for samples in (C).

For all panels: ***p < 0.001, **p < 0.01, *p < 0.05 from Student’s t test. See also

Figure S2.
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TIPs inhibit SARS-CoV-2 in primary human lung
organoids
To test whether TIPs interfered with SARS-CoV-2 in a more

physiological setting, we employed a human lung organoid

model (Figure 3A) (Sachs et al., 2019; Zhou et al., 2018). Previous

analysis of SARS-CoV-2-infected lung organoids (Han et al.,

2021) showed they are valuable for screening candidate

COVID-19 therapeutics and revealed cytokine/chemokine and

interferon signatures consistent with inflammatory changes

observed in primary human COVID-19 pulmonary infections

(Blanco-Melo et al., 2020). We established and characterized or-

ganoids using primary human small-airway epithelial cells (Fig-

ure 3B), obtained from three donors (Figure S2C). The organoids

were transfected with either TIP1, TIP2, or Ctrl RNA and then in-

fected with SARS-CoV-2 virus at MOI = 0.5 (as these cultures are

known to be challenging to infect) 24 h later. Viral titers in lung or-

ganoids were assayed by qRT-PCR (Figure 3C) and PFU anal-

ysis (Figure 3D) 24 h post-infection, which confirmed that TIPs

reduced SARS-CoV-2 by �1-Log compared to Ctrl RNA.

TIPs generate virus-like particles, compete for viral
trans elements, and mobilize with R0 >1
To understand the mechanism of action of TIP interference, we

first determined whether TIPs were restricting incoming virus

infection, which might indicate interference via induction of

innate cellular immune responses (e.g., interferon response) or

similar cellular restrictions. Viral entry was analyzed by immuno-
6026 Cell 184, 6022–6036, December 9, 2021
fluorescence staining for S protein at 2 h post-SARS-CoV-2

infection (MOI = 20), and no significant effect of TIP RNA on viral

entry was detected (Figure S3A).

To test whether TIPs affected the early events of SARS-CoV-2

infection, cells were infected with SARS-CoV-2 (MOI = 0.05), and

GFP positive cells were added (20% of total number of cells in-

fected) at 2 h post-infection. Flow-cytometry analysis of viral N

expression was performed at 8 h following infection, within the

first round of viral replication. The 8-h time point was chosen

to optimize the dynamic range for detection of early restrictions

as 8 h is near the end of the first round of the viral life cycle,

thereby allowing sufficient time for viral transcripts to accumu-

late, but is prior to substantial viral egress and 2nd-round

infection. We observed no significant impact of TIPs on SARS-

CoV-2 viral N protein expression at 8 h post-infection in the

GFP positive cells (Figure S3B), indicating that TIP interference

could not be explained by early cellular restriction events and

that interference occurred during later times in the viral life cycle

(e.g., viral packaging).

Next, to determine whether TIP RNAs are packaged into virus-

like particles (VLPs), we performed reconstitution assays (Fig-

ure 4A). Cells were co-transfected with expression vectors

each encoding a cDNA for the matrix (M), envelope (E), spike

(S), or nucleocapsid (N) protein of SARS-CoV-2 together with

TIP RNA, Ctrl RNA, or no RNA. The supernatant was concen-

trated (ultracentrifuged) and imaged for the presence of VLPs

by transmission electron microscopy (EM) and, in parallel,

analyzed for functional VLP transduction of naive cells. EM anal-

ysis showed the presence of abundant �100 nm-diameter VLPs

(Figure S3C). qRT-PCR for mCherry showed substantial TIP

transduction of naive cells when VLPs where reconstituted using

TIP RNA but not Ctrl RNA (Figure 4A).

To test whether TIP mRNAs directly bind and compete for

SARS-CoV-2 viral proteins, we performed electromobility shift

assays (EMSAs) on TIP RNA and viral proteins. Since the RdRp

complex and the N protein can directly interact with viral RNAs

(Baric et al., 1988; Iserman et al., 2020), we hypothesized that

these proteins were the most likely to be competition substrates

for the TIP. EMSA analysis of cell extracts expressing either

RdRp complex or N protein, incubated with purified TIP1 or

TIP2 RNA, show that TIP RNAs bind both RdRp complex and

N proteins, whereas Ctrl RNA does not bind either of these pro-

teins (Figure 4B).

To quantify the R0 of TIPs in the context of SARS-CoV-2 infec-

tion, we modified the supernatant-transfer assay into a ‘‘1st-

round supernatant transfer assay.’’ TIP-transfected cells were

infected at a low MOI (MOI = 0.05) and then thoroughly washed

to remove virus, and at 2 h post-infection GFP+ reporter cells

were introduced to the culture (at�20% of total cells). TIP mobi-

lization into reporter cells was quantified using the percentage of

mCherry+ cells within the GFP+ population at 12 h post-infection.

Infection-dependent mobilization was confirmed by comparing

to uninfected samples for all RNAs (Figures 4C and 4D), and

the control RNAs did not mobilize in either the absence or

presence of virus (Figures S3D and S3E), with the exception of

50 UTR, as expected, given that it carries the putative packaging

signal (Iserman et al., 2020; Makino et al., 1990). The fraction of

TIP+ cells, approximately 8%, was corrected for background
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Figure 4. TIP RNAs form functional VLPs, bind SARS-CoV-2 RdRp and N trans elements, and mobilize with R0 >1

(A) Reconstitution assay: schematic and quantification of VLP reconstitution for TIP1 and Ctrl RNA. Quantification in target cells by qRT-PCR for mCherry as

compared to empty (RNA-free) VLPs.

(B) EMSA of TIP RNA or Ctrl RNA incubated with increasing concentrations of N protein or RdRp complex from cell extracts.

(C) R0 estimation via 1st-round supernatant transfer. TIP-transfected cells were infected with SARS-CoV-2 (MOI = 0.05) and then thoroughly washed to remove

virus, and at 2 h post-infection GFP+ reporter cells were introduced to the culture. At 12 h post-infection, GFP+ cells were analyzed by flow cytometry to quantify

the percentage mCherry+ cells (via indirect immunofluorescence staining) within the GFP+ population. Uninfected cells were used as an experimental control to

confirm that TIP mobilization only occurred in the presence of SARS-CoV-2.

(D) Flow-cytometry quantification of (C).

(E) Relative packaging of TIP RNA in virions. Cells were nucleofected with TIP1 or TIP2 followed by SARS-CoV-2 infection (MOI = 0.05), and the supernatant was

harvested at 24 h post-infection and analyzed by qRT-PCR for TIP RNA (using mCherry qPCR primers) versus viral genomic RNA (using E gene qPCR primers).

Standard curves (see Figure S3F) were statistically indistinguishable for both primer sets.

For all panels: ns, not significant, ****p < 0.0001, **p < 0.01, *p < 0.05 from Student’s t test. See also Figure S3.
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autofluorescence, to yield 6.3% TIP+ cells (as compared to

approximately 5% infected cells for the original SARS-CoV-2

infection at MOI = 0.05), and this translated to 4% infected cells

after accounting for the addition of 20% GFP+ cells in the assay.

TIPs propagating into 6.3% of new cells from the initial wild-type

infection of 4% of cells represents a roughly 50% increase or

roughly an R0 = 1.57; for comparison, R0 = 2 would require a

doubling, from 4% to 8%, of cells being mCherry+. This R0 >1

finding for TIPs is further verified below using a continuous se-

rial-passage approach (see Figure 5).
To verify that TIP RNA was packaged into virions at a high

level, we quantified the relative fraction of TIP RNA versus

SARS-CoV-2 genomic RNA in virions isolated from the superna-

tant by qRT-PCR (Figure 4E). Analysis showed that the TIP RNA

was significantly enriched (1.5- to 2-fold) compared to SARS-

CoV-2 viral genomes (for standard curves, see Figure S3F).

Overall, these data indicate the TIPs do not restrict viral entry

or early viral expression (i.e., via induction of a cellular response),

that TIP RNA generates functional TIP VLPs in the presence ofM,

N, E, and S, that TIP RNAs bind to and may compete for SARS-
Cell 184, 6022–6036, December 9, 2021 6027
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Figure 5. TIPs have a high barrier to the evolution of resistance in
long-term cultures

(A) Schematic of the continual culture serial-passage system for SARS-CoV-2

propagation. Cells were transfected with TIP1 or Ctrl RNA and infected 24 h

later with SARS-CoV-2 WA-1 isolate (at MOI = 0.05). The cell-free supernatant

was collected every 2 days for titering and transferred to naive cells.

(B) Viral titers of SARS-CoV-2 WA-1 by plaque assay (PFU/mL) from contin-

uous cultures. Error bars represent three biological replicates.

(C) Yield-reduction assay of virus isolated from day 24 of continuous culture

tested in naive cells transfected with TIP RNA or Ctrl RNA.

(D) Quantification of TIP and SARS-CoV-2 from day 20 of the continuous

culture.

Supernatants from day 20 of the continuous culture were analyzed by qRT-

PCR for mCherry and E gene (i.e., SARS-CoV-2 genome) and the mCherry:E

ratio calculated (for all panels: **p < 0.01, *p < 0.05 from Student’s t test).
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CoV-2 proteins in cells, and that competition for packaging and

replication resources is sufficient to quantitatively account for

the measured TIP-mediated yield reduction.

The SARS-CoV-2 TIP exhibits a high barrier to evolution
of resistance
Previous theoretical analyses for other rapidly evolving RNA

viruses (e.g., HIV-1) (Metzger et al., 2011; Rast et al., 2016; Rou-

zine and Weinberger, 2013) predicted that TIPs would have a

higher genetic barrier to the evolution of resistance. Based on

modeling and comparative sequence analysis indicating that

the SARS-CoV-2 UTRs are highly conserved and evolve rela-

tively slowly (Chan et al., 2020; Rangan et al., 2020), we hypoth-
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esized that TIP-mediated interference would carry a relatively

high barrier to the evolution of viral resistance. To test this hy-

pothesis, we established long-term virus cultures where the viral

supernatant was continually serially passaged to new naive cells

to sustain high-level viral infection and selected for viral escape

mutants (Figure 5A). The continuous viral cultures were initiated

using cells transfected with either Ctrl RNA or TIP1 RNA, and

cells were then infected and the viral supernatant was serially

passaged onto naive, non-transfected cells every 48 h for

�3 weeks, with virus titered at each passage.

SARS-CoV-2 replicative fitness was enhanced by �1-Log

over 3 weeks in the Ctrl RNA continuous culture (Figure 5B).

This fitness increasewas likely due to the furin cleavagemutation

in the S gene, which we confirmed via sequencing was overrep-

resented in the day 20 culture (Figure S3G), and which has pre-

viously been reported to arise rapidly in Vero cells (Johnson

et al., 2021).

In contrast, the continuous cultures initiated in the presence of

TIP RNA exhibited an immediate�2-Log decrease in viral titer by

PFU (Figure 5B), consistent with single-round yield reduction

data (Figures 2 and 3). This reduction in viral titer was sustained

over the course of the 20-day culture.

To verify that this viral-load reduction in the continuous cul-

ture was due to TIP interference and not a cellular peculiarity,

the supernatant from a parallel control culture after day 20

was used to infect cells in the presence of TIP RNA, and the

2-Log decrease in viral titer was recapitulated (Figure 5C).

qRT-PCR analysis of the culture supernatants indicated that

TIP RNA exhibited a 4-fold increase relative to SARS-CoV-2

RNA on day 20 (Figure 5D). These continuous culture data indi-

cate conditional amplification and sustained transmission of the

TIP, i.e., R0 >1, since the TIP RNA was only added to the in-

fected culture once (i.e., a single administration on day 0).

The data are not consistent with recombination hypotheses

(e.g., of the TIP reporter into the wild-type virus). Indeed,

recombination leading to extinction of TIPs would result in a

fitness increase in the TIP continuous culture (i.e., rescue),

whereas a recombinant virus with reduced fitness would be

selectively outcompeted by a wild-type with a 2–3 Log replica-

tive advantage. We further analyze recombination poten-

tial below.

Given the TIP mechanism of action and relatively high barrier

to resistance, we hypothesized that TIPs would robustly inhibit

SARS-CoV-2 variants of concern, including variants that are

resistant to antibody neutralization (Wang et al., 2021). To test

this hypothesis, we performed yield-reduction assays for the

beta variant of concern (501Y.V2, a.k.a., B.1.351) as well as

the alpha variant of concern (B.1.1.7) (Figure 6A). TIP RNA gener-

ated �2-Log reduction in viral titers (PFU/mL) for both variants

and qRT-PCR showed significant yield reductions. Notably, the

TIP-mediated reduction in viral RNA was reduced compared to

the effect on PFU, likely due to known complications of excess

sub-genomic RNA (Sia et al., 2020). Remarkably, dose-response

analysis showed that the half-maximal inhibitory concentrations

(IC50) of TIP1 for the WA-1 historical isolate and neutralization-

resistant B.1.351 variant were indistinguishable (1.5 ± 0.5 3

10�7 M versus 1.2 ± 0.3 3 10�7 M) (Figure 6B), indicating no

loss in TIP interference potential. This IC50 of �100 nM is similar
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Figure 6. TIP inhibition is robust to variants of concern

(A) Viral yield-reduction of SARS-CoV-2 B.1.1.7 and B.1.351 by qRT-PCR for E gene (left) and plaque assay (middle and right) upon transfection of either Ctrl,

TIP1, or TIP2 RNA.

(B) Half-maximal inhibitory concentration (IC50) of TIP1 for variant B.1.351 compared to WA-1 historical isolate. Dose-response analysis was performed by a

plaque assay.

(C) EMSA of cell extracts expressing N protein from SARS-CoV incubated with Ctrl or TIP1 RNA.

For all panels: ***p < 0.001, **p < 0.01, *p < 0.05 from Student’s t test.
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to a recently reported broad-spectrum SARS-CoV-2 antiviral

advancing to clinical trials (Sheahan et al., 2020).

To further determine limits for TIP robustness to mutational

escape, we tested whether TIP RNA could efficiently bind to pro-

teins of the evolutionarily distinct beta coronavirus lineage

SARS-CoV. Analyses indicate that the SARS-CoV virus (Guan

et al., 2003) and SARS-CoV-2 diverge by about 20% in sequence

(Kaur et al., 2021). Given that the mechanism of TIP interference

for SARS-CoV-2 involves competition for N protein, we assayed

whether TIP RNA could efficiently bind to SARS-CoV N protein.

The N protein from both SARS-CoV-2 and SARS-CoV were ex-

pressed from cDNAs (Gordon et al., 2020a) in cell culture, and

cell extracts were co-incubated with purified TIP1 RNA and

analyzed by EMSA (Figure 6C). The EMSAs show that TIP RNA

binds SARS-CoV N protein about as efficiently as SARS-

CoV-2 N protein, suggesting that the virus would need to evolve

farther away in sequence space than SARS-CoV to escape

competitive inhibition by the TIP.

In hamsters, intranasal TIP delivery inhibits SARS-CoV-
2, reduces pro-inflammatory cytokines, and prevents
pulmonary edema
To assay the in vivo efficacy of TIPs, we utilized the Syrian

Golden Hamster model of SARS-CoV-2 infection (Sia et al.,

2020). First, we tested intranasal administration of various RNA
delivery approaches for their ability to efficiently deliver RNA to

the respiratory tract of rodents. Using an in vitro-transcribed

luciferase-expressing RNA, we tested purified RNA alone

(‘‘naked RNA’’), RNA encapsulated into cationic polymer nano-

carriers (i.e., polyethylenimine), and RNA encapsulated in lipid

nanoparticles (LNPs) (Zhang et al., 2020). LNPs exhibited effi-

cient in vivoRNA delivery to the lungs after intranasal administra-

tion (Figure S4A). We generated LNPs containing either TIP1

RNA or Ctrl RNA, characterized them, and confirmed that LNP-

encapsulated TIP RNA retained antiviral efficacy using yield-

reduction assays in Vero cells (Figure S4B).

Next, we administered the TIP or Ctrl RNA LNPs intranasally to

Syrian Golden hamsters and then challenged them with SARS-

CoV-2 (106 PFUs) (Figure 7A). As expected, control-treated ham-

sters showed weight loss following infection, but this was signif-

icantly ameliorated by TIP treatment (Figure S4C). Previous

studies indicated that the observed weight retention would

quantitatively correlate with a 2–3 Log reduction in SARS-

CoV-2 viral load in the lungs (Rogers et al., 2020). Analysis of in-

fectious virus in lung tissue harvested on day 5 from hamsters

confirmed a significant �2-Log reduction in SARS-CoV-2 viral

load in TIP-treated animals (Figure 7B). One animal did not

exhibit a reduction in viral load, which may be consistent with

inefficient TIP dosing/delivery. qRT-PCR analysis of viral tran-

scripts in the lung exhibited a correlated, but lesser, 1-Log
Cell 184, 6022–6036, December 9, 2021 6029
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reduction in viral load for TIP-treated animals (Figure 7C), consis-

tent with previous studies in SARS-CoV-2-infected hamsters

(Sia et al., 2020).

To determine whether conditional propagation of TIPs corre-

lated with SARS-CoV-2 inhibition in vivo, we also analyzed TIP

expression in the lungs on day 5 by qRT-PCR and observed

high levels of TIP RNA (Figure 7D), whereas Ctrl RNA on day

5 was present at substantially lower levels (Figure 7E). More-

over, to confirm that the presence of SARS-CoV-2 infection is

obligatory for conditional propagation of TIPs, we compared

the amount of TIP or Ctrl RNA in the presence versus absence

of virus on day 5 in hamster lungs. Ctrl RNA levels in the lungs

were unaffected by SARS-CoV-2 infection, which starkly con-

trasted with TIP RNA that was significantly amplified by 4-

Log in the presence of SARS-CoV-2 infection (Figure S4D).

All qRT-PCR threshold cycle (Ct) values for luciferase in the

TIP-treated animals and mCherry in the control animals were

>30, indicating negligible non-specific amplification; neverthe-

less, by convention, normalized RNA values for these samples

were reported.

Since inflammation has been implicated in SARS-CoV-2 path-

ogenesis (Lucas et al., 2020), we assessed cytokine and inter-

feron responses in the lungs of infected animals by performing

RNA sequencing (RNA-seq). Analysis of hamster lung samples

showed that TIP-treated animals could be clearly differentiated

from control-treated animals, with 206 upregulated genes and

233 downregulated genes (Figure S5A). These differentially ex-

pressed genes (DEGs) form four clusters when analyzed

together with uninfected hamster lung samples (Figure S5A).

The majority of downregulated genes in TIP-treated animals

were ISGs (157 out of 233; Figure S5B), especially for genes in

cluster III (97 out of 121; Figure S5B). Gene ontology (GO)

analysis showed that TIP treatment significantly downregulated

pro-inflammatory immune response pathways, which are signif-

icantly enriched in cluster III (Figure S5C). The reduced expres-

sion of cluster III genes in TIP-treated samples (Figure 7F)

suggested alleviated immune responses. Specifically, expres-
Figure 7. TIPs inhibit SARS-CoV-2 replication in vivo in Syrian golden

(A) Timeline of SARS-CoV-2 challenge experiment in Syrian golden hamsters. At 6

(n = 5) was performed. Animals were then infectedwith SARS-CoV-2 (106 PFU), an

Lungs were harvested at 5 days post-infection.

(B) SARS-CoV-2 viral titers from lungs harvested on day 5 by plaque assay.

(C) SARS-CoV-2 viral transcript levels by qRT-PCR for N, NSP14, and E from lun

(D) mCherry RNA levels in lungs of TIP and Ctrl RNA-treated animals on day 5 b

(E) Luciferase RNA levels from lungs harvested from TIP and Ctrl RNA-treated a

(F) Differential gene expression in lungs on day 5 by RNA-seq analysis. Each co

hamster data obtained from GSE157058 (Sahoo et al., 2021). Cluster III genes a

(G) Expression levels for a subset of pro-inflammatory cytokines and IFN-respon

(H) H&E staining of lung section of one representative Ctrl- and TIP-administere

filtrates to alveolar space.

(I) Histopathological scoring of lung sections for alveolar edema (left) and cellula

(J) Schematic of post-infection treatment experiment. Animals were infected with

TIP or Ctrl RNA LNPs (n = 5 each) was intranasally administered.

(K) SARS-CoV-2 viral titers in lungs on day 5 of post-infection treatment experim

(L) H&E staining of lung section of one representative post-infection Ctrl- and TIP-t

cellular infiltrates to alveolar space.

(M) Histopathological scoring of lung sections for cellular infiltrates to alveolar sp

For (B)–(G), ***p < 0.001, **p < 0.01, *p < 0.05 fromStudent’s t test; for (I) and (M), **

2004). See also Figures S4, S5, S6, and S7.
sion levels of proinflammatory cytokines and receptors previ-

ously reported to be upregulated in COVID-19 patients—

including Il6, Ccl2, Ccl7, Cxcl10, and Ccr1 (Blanco-Melo et al.,

2020; Zhou et al., 2020)—were significantly reduced in TIP-

treated animals (Figure 7G; Figure S5D). Importantly, DEGs

that can distinguish TIP-treated from Ctrl-treated in infected an-

imals cannot separate TIP from control in uninfected animals

(Figure S5A versus Figure S4F), indicating the alleviated proin-

flammatory immune response is infection dependent and not

solely due to TIP RNAs.

Given the reduced inflammatory profile in TIP-treated animals,

we performed histological analysis of day 5 hamster lung tissue

samples. This revealed dramatic differences in the lungs of Ctrl

versus TIP-treated animals (Figure 7H), with control animals ex-

hibiting signs of severe pulmonary edema not present in TIP-

treated animals. Specifically, despite all animals exhibiting

some signs of inflammation consistent with infection, control an-

imals evidenced pronounced alveolar edema and conspicuous

cell infiltrates in alveolar spaces (Figure 7I), indicating severe

vascular leakage. In stark contrast, lungs of TIP-treated animals

showed substantially less edema and cell infiltration, which is

linked to heart failure (Cotter et al., 2001). Histopathological

scoring of the images (Figure S6A) indicated significant reduc-

tions in alveolar edema and cell infiltrates in the TIP-treated ham-

sters (Figure 7I). Uninfected hamsters treated with either TIP or

Ctrl RNA LNPs were used as control and showed non-significant

difference in the alveolar edema and infiltrates, confirming the

severe vascular leakage is due to viral infection (Figure S4E).

To test the efficacy of TIPs in a post-exposure therapeutic

setting, hamsters were inoculated with SARS-CoV-2 (106

PFUs) and then given a single intranasal administration of LNP

TIP or LNP Ctrl RNA at 12 h post-infection (Figure 7J)—based

on previous post-exposure timing used for other therapeutic an-

tivirals now in clinical development (Sheahan et al., 2020), and

in vitro analysis that a 12 h post-infection administration could

yield viral knockdown (Figure S2B). In agreement with the above

results, we observed a significant reduction in SARS-CoV-2 viral
hamsters and protect against severe pulmonary edema

h pre-infection, intranasally administration of TIP LNPs (n = 5) or Ctrl RNA LNPs

d an intranasal LNP booster was administration delivered at 18 h post-infection.

gs harvested on day 5 post-infection.

y qRT-PCR.

nimals on day 5 by qRT-PCR.

lumn represents one animal clustered by expression profiles and uninfected

re shown in the heatmap (see Figure S5A for all DEGs).

se genes.

d animal. Asterisks indicate alveolar edemas, and at signs indicate cellular in-

r infiltrates to alveolar space (right).

SARS-CoV-2 (106 PFU) and, at 12 h post-infection, a single-administration of

ent by plaque assay.

reated animal. The asterisks indicate alveolar edemas, and the at signs indicate

ace.

p < 0.01, obtained from a permutation test (Manly, 2006; Neuhäuser andManly,
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load (Figure 7K) as well as reduced pathogenesis in the lungs of

animals at day 5 (Figures 7L–7M and S6B).

DISCUSSION

Together, these data demonstrate that a synthetic sub-genomic

viral-deletion mutant can conditionally replicate to durably sup-

press a virus infection (i.e., SARS-CoV-2) in vivo, thereby consti-

tuting a therapeutic interfering particle (TIP). If successfully

translated to the clinic, TIPs could represent a class of single-

administration antiviral with a high genetic barrier to the evolution

of resistance. Below, we discuss potential clinical translational

paths for this class of antiviral intervention in comparison to other

interventions, the longer-term evolutionary considerations, and

the limitations of the present study.

Unmet medical need and comparison to other
interventions
The therapeutic and vaccine landscape has migrated signifi-

cantly throughout the course of the COVID-19 pandemic with

the emergence of variants that appear to have increased ability

to evade immunity and vaccines. Whereas early after the intro-

duction of vaccines the perceived unmet need was largely for

post-infection hospital administration therapeutics for unvacci-

nated individuals, the recent emergence of vaccine-resistant

escape variants coupled with the increased availability of at-

home rapid tests has highlighted the unmet need for pre- and

post-exposure prophylactics. Previously, this unmet clinical

need focused primarily on certain individuals (i.e., immunosup-

pressed from chemotherapy, biologics, transplants, etc.) who

could not mount an immune response to the vaccines and thus

required a prophylactic. However, the general consensus now

is that this need has expanded to the general population at large,

and active development of such prophylactic treatments for

people once they have been exposed remains a goal as there

is no agent to prevent infection after someone has been exposed

to SARS-CoV-2.

Monoclonal antibodies (mAbs) (e.g., Bamlanivimab and the

REGN COV cocktail) are being tested as prophylactic agents in

nursing home patients (Cohen et al., 2021) and in at-risk house-

hold settings (O’Brien et al., 2021), but the requirement for infu-

sion has created difficulty in clinical deployment. Several other

mAb cocktails specifically indicated for prophylaxis (adminis-

tered via intramuscular injection) were abandoned after they

did not meet clinical endpoints. Other agents that are oral (e.g.,

MK-4482/Molnupiravir [Merck]) are in development for post-

exposure therapy and exhibit efficacy when administered 12 h

post-infection in animal models (Sheahan et al., 2020).

Relative to these interventions, TIPs exhibit substantial reduc-

tion in SARS-CoV-2 viral load per dose delivered. Specifically,

for a 0.44 mg/kg dose in hamsters, TIPs exhibit a�2-Log reduc-

tion in infectious SARS-CoV-2 viral load (Figure 7B). In compar-

ison, mAb studies inmice show that a 2mg/kg dose can produce

a 4-Log viral-load decrease (Chen et al., 2021), or that a 10 mg/

kg dose can produce a 3-Log reduction (Martinez et al., 2021). In

hamsters, mAb studies have reported that a 18 mg/kg dose can

produce a 1-Log reduction (Kreye et al., 2020), a 16.5 mg/kg

dose can produce a 2.5-Log reduction (Rogers et al., 2020), or
6032 Cell 184, 6022–6036, December 9, 2021
that a 0.5–50 mg/kg dose produces no significant effect on viral

load (Baum et al., 2020). Similarly, hamster studies of small-

molecule inhibitors of SARS-CoV-2 (i.e., Molnupiravir) have re-

ported that a 250 mg/kg 12-h repeated dose generates a 2-

Log viral-load reduction (Rosenke et al., 2021), or a 200 mg/kg

dose generates a 2-Log reduction (Abdelnabi et al., 2021a)—

with similar results for Favipiravir (Abdelnabi et al., 2021b).

Notably, these studies in SARS-CoV-2 infected rodents consis-

tently show that qRT-PCR analysis generates a lesser (by 1-Log)

reduction in viral load, likely due to residual non-infectious RNA

fragments—hence the focus on infectious viral-load reduction as

measured by PFU. Overall, relative to mAbs and small-molecule

antivirals, TIPs appear to have a comparable antiviral effect at a

substantially reduced dose (i.e., 0.44 mg/kg for TIPs versus 4–

250 mg/kg for mAbs and small molecules).

Like these other antivirals under development, TIPs could

serve as similar pre/post-exposure prophylactic therapies based

on the current precedent of Oseltamivir (Tamiflu) pre/post-expo-

sure prophylaxis for influenza in at-risk household-exposure

settings (Hayden et al., 2004), and the data above show that

intranasal TIP delivery could act as a single-administration inter-

vention. Notably, TIP-mediated reduction in SARS-CoV-2 viral

load, like mAbs and small-molecule inhibitors, could generate

long-term protection to re-infection akin to protection from nat-

ural infection, which may offer more durable protection against

SARS-CoV-2 reinfection than current vaccines (Gazit et al.,

2021). Historically, natural immunity and live-attenuated vac-

cines provide more durable and effective protection than subunit

vaccines for diverse viruses including influenza, rubella, and

others (Christenson and Böttiger, 1994; Cox et al., 2004; Horst-

mann et al., 1985; Johnson et al., 1986).

Evolutionary considerations
It remains unclear whether TIP-like deletions of SARS-CoV-2

have spontaneously arisen and spread. From an evolutionary

perspective, it is also not immediately obvious why endogenous

TIPs have not naturally evolved to limit virus infections and the

considerations are complex, particularly in a virus’s natural hosts

(Daugherty and Malik, 2012). For lentiviruses such as HIV, the

barrier appears more straightforward, as R0 >1 variants appear

to require recombination ‘‘acrobatics’’ since a cis element

necessary for efficient transmission is within the TIP deletion

and must be recovered and repositioned outside the deleted re-

gion (Notton et al., 2021). However, for flaviviruses there is evi-

dence that natural DIPs arise and transmit through host popula-

tions (Aaskov et al., 2006), and historical hypotheses have

asserted that such DIPs have biological fitness roles aiding the

parent wild-type virus. For example, it has been postulated

that such DIPs may enhance virus persistence, serve as immu-

nological decoys, or reduce pathogenicity of wild-type virus to

enable transmission (Vignuzzi and López, 2019), although our

analysis (Figure S1G) indicates that TIPs would reduce transmis-

sion of SARS-CoV-2 and bring the R value below 1, leading to

contraction of epidemic spread.

Similar to gene drives (Burt, 2003), there are understandable

fears that TIPs may drive evolution of increased wild-type virus

virulence. This theoretical possibility has been previously ad-

dressed at both the host and population scales (Rast et al.,
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2016), and the hypothesis of TIPs driving increased virulence

does not appear consistent with selection theory, but additional

in vivo empirical testing will be the best way to address this

concern. There is also the possibility that the virus will evolve

to escape from TIP. For example, one proposed escape mecha-

nism is upregulation of viral packaging proteins in order to

outcompete the TIP and diminish interference; however, this

particular compensation mechanism was previously found to

be evolutionarily non-robust as it also provides an equivalent

excess of trans elements for TIP packaging (Rouzine and Wein-

berger, 2013).

Optimization and further development of TIPs
Whereas the current TIPs generate a significant protection from

disease via a 2-Log reduction in SARS-CoV-2 viral load (Fig-

ure 7B), computational models (Figure 1) argue that this viral-

load reduction could be enhanced by engineering to optimize

TIP transmission (r) and interference (c) parameters. Specif-

ically, the parameter r helps reduce the viral load by spreading

the TIP tomore cells in the tissue. This is the reason for the seem-

ingly counterintuitive effect that moderate values of c result in the

largest reduction in patient viral load (Figure 1E). Since the TIP re-

quires wild-type virus to mobilize, if c is too large (generating too

much inhibition) the TIP essentially shoots itself in the molecular

foot and less virus is available to mobilize the TIP. This phenom-

enonwas previously predicted for HIV (Metzger et al., 2011; Rou-

zine andWeinberger, 2013; Weinberger et al., 2003). In essence,

r and c generate a type of synergistic effect at the whole-tissue

scale. As such, optimization of TIPs by enhancing r via addition

of specific packaging signals (Iserman et al., 2020) could

generate more effective TIPs.

Limitations of the study
As with all models, the computational analysis herein is a rela-

tively simple representation of a complex system and neces-

sarily makes certain assumptions. Nevertheless, despite these

limitations, this model of SARS-CoV-2 replication in the human

airway generates predictions of TIP efficacy (Figure 1) that

appear roughly in line with the in vivo hamster qRT-PCR data

from challenge experiments (Figure 7C)—we note that the hu-

man model is calibrated on patient qRT-PCR data, not PFU

data, so the comparison to PFU data is arguably less relevant.

While our cell-culture measurements show that mobilization of

TIPs in the presence of SARS-CoV-2 infection exhibit an R0 >1

(Figure 4C), different cell types and contexts outside of tissue

culture may alter this result, though the hamster data appear to

show substantial mobilization of TIPs in animal lungs in vivo (Fig-

ure 7D). The use of reporter expression (mCherry) to quantify

transmission does raise concerns regarding recombination of

the reporter into the wild-type virus, thereby causing the reporter

to be an indicator of virus rather than TIP transmission, but we

have not seen evidence of recombination even in vivo (Figures

S7A–S7D).

Moreover, persistent TIP-mediated knockdown of viral load

in continuous cultures (Figures 5A–5C) is not parsimonious

with recombination of mCherry, which could only occur if a

less fit recombinant was carrying mCherry. Such a less-fit re-

combinant would be selected against, and a higher fitness
non-mCherry virus would dominate, but this was not observed

in our system.

One concern is that the continuous culture may not have been

run for sufficient time to enable selection of escape mutants,

although for many viruses (Coffin, 1995; Schnipper and Crum-

packer, 1980; Turner and Chao, 1999), the time frames we

used are sufficient for evolution of resistance. Further, the 1-

Log increase in fitness in the control (and the emergence of the

furin cleavage mutation; Figure S3G) argues that 20 days is suf-

ficient for selection. Moreover, the binding of TIP RNA to the N

protein from SARS-CoV (Figure 6C) argues that there may be

an extremely high barrier to the evolution of viral escape and a

correspondingly long time frame needed to select for such puta-

tive escape variants.

While clinical translation of this technology would still need to

overcome significant regulatory and other challenges, the data

above demonstrate the potential of intranasal lipid-nanoparticle

TIPs, and mRNA technology faced similar challenges and skep-

ticism until it was successfully adopted as the basis for SARS-

CoV-2 vaccines.
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Reagent or resource Source Identifier

Antibodies

N protein antibody Abcam cat# ab273434; RRID:AB_2893371

goat anti-mouse IgG H&L-Alexa fluor 488 Abcam cat# ab150113; RRID:AB_2576208

mouse anti-Spike antibody Abcam cat# ab273433; RRID: AB 2891068)

Rabbit anti-mCherry antibody Novus Biologicals cat# nbp2-43720; RRID:AB_2893372

Goat anti-rabbit IgG (H+L) cross-

adsorbed secondary antibody, Alexa fluor 405

Invitrogen cat# a-31556, RRID:AB_221605

Bacterial and virus strains

SARS-CoV-2 isolate (USA-WA1/2020) SARS-CoV-2 isolate (USA-WA1/2020)

was deposited by the Centers for Disease

Control and Prevention and obtained through

BEI Resources, NIAID, NIH: SARS-Related

Coronavirus 2, Isolate USA-WA1/2020.

NR-52281

SARS-CoV-2 variant 501Y.V2 SARS-CoV-2 variant 501Y.V2 was obtained

through BEI Resources, NIAID, NIH: SARS-

Related Coronavirus 2, Isolate hCoV-19/USA/

MD-HP01542/2021 (Lineage B.1.351),

in Homo sapiens Lung Adenocarcinoma

(Calu-3) Cells, NR-55282, contributed by

Andrew S. Pekosz.

NR- 54008

SARS-CoV-2 variant B1.1.7 SARS-CoV-2 variant B1.1.7 was obtained

through BEI Resources, NIAID, NIH: SARS-

Related Coronavirus 2, Isolate hCoV-19/

England/204820464/2020, contributed by

Bassam Hallis.

NR- 54000

SARS-CoV-2 variant 501YV2 HV Delta SARS-CoV-2 variant 501YV2 HV Delta was

obtained through BEI Resources, NIAID, NIH:

SARS-Related Coronavirus 2, Isolate

hCoV-19/USA/MD-HP01542/2021

(Lineage B.1.351), in Homo sapiens Lung

Adenocarcinoma (Calu-3) Cells, NR-55282,

contributed by Andrew S. Pekosz.

NR- 54009

Chemicals, peptides, and recombinant proteins

Advanced DMEM/F12 Invitrogen 12634010

HEPES Invitrogen 15630-056

GlutaMAX Invitrogen 35050061

Penicillin-Streptomycin Invitrogen 15140-122

B27 supplement Invitrogen 17504-044

N-acetylcysteine Sigma A9165

Nicotinamide Sigma N0636

Y-27632 Tocris 1254

A8301 Tocris 2939

FGF-7 Peprotech 100-19

FGF-10 Peprotech 100-26

Primocin InvivoGen ant-pm-1

Heregulin beta-1 Peprotech 100-03

SB202190 Sigma S7067

Uranyl Formate VWR International 16984-59-1

Hoechst stain Thermofisher Scientific H1399

(Continued on next page)
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Reagent or resource Source Identifier

Experimental models: Cell lines

Vero cells ATCC CRL-1586

Human small airway epithelial cells (HSAEpC) PromoCell C12642

Experimental models: Organisms/strains

Hamster / Golden Syrian Hamster /

Male / 6-8 weeks old

Charles River Strain Code 049

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)

mice/ female/ 7 weeks old

Jackson Laboratory 005557

Oligonucleotides

Gene block for TIP1 Integrated DNA Technology N/A

Gene blocks for TIP2 Integrated DNA Technology N/A

Primers: See Table S1 Integrated DNA Technology N/A

Critical commercial assays

SE cell line 4D nucleofector kit Lonza V4XC-1012

Direct-zol RNA extraction kit Zymo Research R2070T

Illumina Stranded total RNA library prep kit Illumina 20040525

HiScribe T7 high yield RNA synthesis kit New England Biolabs E2040S

Vaccinia Capping System New England Biolabs M2080S

E.coli Poly(A) polymerase New England Biolabs Inc M0276S

RNase free DNase-I Thermofisher Scientific EN0521

SuperScript II Reverse Transcriptase Thermofisher Scientific 12574026

SYBR green PCR master mix Thermofisher Scientific 4309155

TRIzol LS Reagent Invitrogen 10296010

Lipofectamine 3000 transfection reagent Thermofisher Scientific L3000001

Recombinant DNA

pLVX-EF1alpha-SARS-CoV-2-N-2xStrep-IRES-Puro (Gordon et al., 2020b) N/A

pLVX-EF1alpha-SARS-CoV-2-nsp7-

2xStrep-IRES-Puro

(Gordon et al., 2020b) N/A

pLVX-EF1alpha-SARS-CoV-2-nsp8-

2xStrep-IRES-Puro

(Gordon et al., 2020b) N/A

pLVX-EF1alpha-SARS-CoV-2-nsp12-

2xStrep-IRES-Puro

(Gordon et al., 2020b) N/A

pLVX-EF1alpha-SARS-CoV-2-S-2xStrep-IRES-Puro (Gordon et al., 2020b) N/A

pLVX-EF1alpha-SARS-CoV-2-M-2xStrep-IRES-Puro (Gordon et al., 2020b) N/A

pLVX-EF1alpha-SARS-CoV-2-E-2xStrep-IRES-Puro (Gordon et al., 2020b) N/A

pMAX GFP vector Lonza V4XC-1012

Software and algorithms

FlowJo FlowJo https://www.flowjo.com/

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

ImageJ (Schneider et al., 2012) https://imagej.nih.gov/ij/

MetaXpress Molecular Devices https://www.moleculardevices.com/

products/cellular-imaging-systems/

acquisition-and-analysis-software/

metaxpress

Integrated Genome Browser Broad Institute https://software.broadinstitute.org/

software/igv/

Lago in-vivo Imaging System Spectral Instruments Imaging https://spectralinvivo.com/software/

Code and Raw Data This paper https://zenodo.org/record/5579847

Zenodo: 5579847
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Deposited data

RNAseq Data This paper GEO: GSE184447

https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE184447
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Leor

Weinberger (leor.weinberger@gladstone.ucsf.edu).

Materials availability
All unique reagents generated in this study are available from the Lead Contact with a completed Materials Transfer agreement.

Data and code availability
d RNAseq data have been deposited to GEOwith accession number GSE184447 and are publicly available as of the date of pub-

lication. Accession numbers are listed in the Key Resources Table.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the Key

Resources Table.

d 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

Animals
All Syrian golden hamster (Hamster / Golden Syrian Hamster / Male / 6-8 weeks old/ Charles River / Strain Code 049) were approved

by the Scripps Research Institute Institutional Animal Care and Use Committee (Protocol 20-0003) and experiments were carried out

in accordancewith recommendations. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)mice (Female/ 7weeks old) (JAX stock #005557) were

purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were maintained in accordance with the Guide for the Care and Use

of Laboratory Animals and were housed in an SPF conditions. All experiments were performed according to the guidelines of the

Institutional Animal Committee of the Beckman Research Institute of the City of Hope, IACUC protocol #16095. The experiments

were also approved by ACURO (MTEC). Hamsters andmice weremaintained in pathogen-free facilities at Scripps Research Institute

and the City of Hope, respectively.

Cell lines
Vero cells (Vero C1008) were obtained from ATCC and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (P/S). Human small airway epithelial cells (HSAEpC) (cat#

C12642, PromoCell Inc.) from three different donors were cultured in AdvancedDMEM/F12 containing 13GlutaMAX, 10mMHEPES

and, antibiotics (AdV+++, Invitrogen, 12634010). All the cells were cultured under 5% CO2 in a humidified incubator at 37�C.

METHOD DETAILS

Within-host computational model of SARS-CoV-2 TIPs
A previous ordinary differential equation model of within-host SARS-CoV-2 infection (Ke et al., 2020) was extended to include TIPs,

by introducing two new parameters r (burst size of TIP particles relative to SARS-CoV-2 particles from dually infected cells, i.e., in-

fected with both TIP and wild-type virus) and j (burst size of SARS-CoV-2 from dually infected cells, compared to the burst size of

SARS-CoV-2 from cells infected with only wild-type virus). Similar to previous approaches (Rouzine and Weinberger, 2013; Wein-

berger et al., 2003), the model was also expanded to include state variables for TIP infected cells, dually infected cells, and TIP par-

ticles. To simulate treatment with TIPs, a fraction of target cells T1 and T2 in the upper and lower respiratory tracts are converted into

TIP-carrier cells T1;TIP and T2;TIP, as in previous TIP models. TIP entry into cells, clearance of TIPs and TIP-containing cells, and trans-

port between the upper and lower respiratory tract are assumed to be equivalent for TIP andwild-type virus. Themodel equations are

provided below; parameter descriptions and values are described in Table S2.

dT1

dt
= � bTV1T1 � bTV1;TIPT1
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dE1

dt
= bTV1T1 � kE1
dI1
dt

= kE1 � d1I1
dV1

dt
= pT I1 � cVT +jpT I1;TIP
dT1;TIP

dt
= bTV1;TIPT1 � bTV1T1;TIP
dE1;TIP

dt
= bTV1T1;TIP � kE1;TIP
dI1;TIP
dt

= kE1;TIP � d1I1;TIP
dV1;TIP

dt
= rpT I1;TIP � cVT;TIP
dT2

dt
= � bSV2T2 � bSV2;TIPT2
dE2

dt
= bSV2T2 � kE2
dI2
dt

= kE2 � d2I2
dV2

dt
=pSI2 � cV2 +jpSI2;TIP +GV1
dT2;TIP

dt
= bSV2;TIPT2 � bSV2T2;TIP
dE2;TIP

dt
= bSV2T2;TIP � kE2;TIP
dI2;TIP
dt

= kE2;TIP � d2I2;TIP
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dV2;TIP

dt
= rpSI2;TIP � cV2;TIP +GV1;TIP
The model also includes both a ‘‘target cell extension’’ step and a
n adaptive immune response model. ‘‘Target cell extension’’ is an

approximation of the spatial spread of infection in the lungs: T2 is increased by TN new cells at the time t = tT . The adaptive immune

response is assumed to have an increase in viral clearance at 2 weeks post infection according to:

diðtÞ =
(
di;0 t < 14 days
di;0e

wðt�14Þ tR14 days
for i = 1; 2
For analytical expediency, aminormodification is made to the initi
al conditions from (Ke et al., 2020), setting the initial virus in the URT

(V1ðt = 0Þ) rather than the initial infected cells in the URT (I1ðt = 0Þ). Since viral entry is fast (minutes) relative to the timescales of

patient infection (days-weeks), the initial exposure is well-captured by specifying initial virions instead of infected cells. This expedi-

ency simplified our sensitivity analysis for dose regimens. That is, we do not have to vary both TTIPðt = 0Þ and I1;TIPðt = 0Þ. Importantly,

this modification does not change our overall results: the no-TIP predictions match well to the original model, and the efficacy of TIPs

are robust to the initial viral inoculum.

Cross-validation of the within-host model
Weassessed the robustness of thewithin-hostmodel predictions by incorporating TIPs into a second simpler within-hostmodel, also

validated on clinical samples (Kim et al., 2021). This simpler model only has four state variables:

df

dt
= � bVTIPf � bVf
dfTIP
dt

= � bVfTIP + bVTIPf
dV

dt
= gVf +jgVfTIP � dV
dVTIP

dt
= rgVfTIP � dVTIP
where f denotes the fraction of target cells remaining, fTIP denotes
 the fraction of TIP-carrier target cells remaining, V is SARS-CoV-2

per ml, and VTIP is TIPs per ml. First, r and j set TIP efficacy as described above. This model assumes SARS-CoV-2 (and TIPs) are in

quasi-steady-state with respect to the number of infected cells. As a result, we do not explicitly model the infected cell state, and

instead have the aggregated parameter ghpT0=c where p is the per cell viral production rate, T0 is the number of initial target cells,

and c is the rate of viral clearance. The other parameters b and d represent infectivity and infected cell clearance. Sensitivity analysis

allowed r and j to vary over several orders of magnitude, though we focus on p= 1:5 and j = 0:02. Half the target cells were con-

verted to TIP carriers prior to virion exposure (f0 = fTIP;0 = 0:5). These simulations were performed for thirty individual parameter sets

calibrated to patient samples from Singapore, China, Germany, and Korea by (Kim et al., 2021), reproduced in Table S3 for

completeness.

Computational model of secondary transmissions by a primary infectious individual
A probabilistic model of SARS-CoV-2 transmissions using viral dynamics (Goyal et al., 2021) to calculate transmission risk was

extended and recalibrated to predict TIP efficacy and TIP transmission. Transmission model calibration was done as follows:

SARS-CoV-2 infections were simulated using a patient-validated model, producing viral load dynamics of 10,000 untreated infec-

tions based on per-patient parameter uncertainty (Ke et al., 2020). Viral load dynamics were converted to transmission risk dynamics

using Pt = Va
t =ðVa

t + laÞ, with time-varying log10 viral load Vt and parameters a= 10:18 and l= 7:165 set based on (Jones et al.,

2021). Each individual had simulated daily contacts drawn from the Gamma distribution Gðq =rcontact; rcontactÞ, whose parameters

were fit by minimizing the error between measured and predicted secondary transmission distributions (resulting in q = 10,

rcontact = 10). New secondary transmission events were estimated using a one-day timestep.

After calibration to untreated transmissions, we simulated 10,000 TIP-treated index patients and predicted changes in both SARS-

CoV-2 secondary transmissions and TIP secondary transmissions (TIP parameters r = 1.5 and j = 0.02 as above). We assumed iden-

tical transmission risk parameters for TIP and SARS-CoV-2, so transmission differences were purely driven by changes in viral load.
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To model direct administration of TIP to patients, we assumed that half the target cells in the upper and lower respiratory tract

received TIP. To model indirect administration of TIP (i.e., due to person-to-person transmission) we assume an equivalent dose

of TIP as to SARS-CoV-2.

All simulations were performed in Python. NumPy (v1.19.4) and SciPy (v1.5.4) were used with additional optimization for solving

ODEs using Numba (v0.51.2). Data tabulation and visualizations were done with Pandas (v1.1.4), Seaborn (v0.11.0) and Matplot-

lib (v3.3.3).

Virus and cell culture conditions
SARS-CoV-2 isolate (USA-WA1/2020), SARS-CoV-2 variants 501Y.V2, 501YV2 HVDelta, and B1.1.7 were obtained fromBiodefense

and Emerging Infections (BEI) Resources. Viral stocks were prepared by propagating in Vero cells (Vero C1008, obtained from ATCC)

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and strepto-

mycin (P/S). All the cells were cultured under 5%CO2 in a humidified incubator at 37�C. For the R0 calculation in the 1
st round transfer

experiment, GFP+ cells were prepared by transfecting naive Vero cells with pMAX GFP vector from Lonza (1 mg plasmid for 1 million

cells; see below for the transfection protocol). All live virus experiments were performed at the Gladstone Institutes in a Biosafety

Level 3 (BSL3) containment facility under an approved Biosafety Use Authorization from UCSF and in compliance with UCSF guide-

lines and procedures.

Molecular cloning, in vitro transcription, and transfection of RNA
All gene fragments and PCR primers used (see Table S1) were obtained from Integrated DNA Technology and assembled using stan-

dard molecular cloning techniques. RNA was in vitro transcribed from 1 mg of agarose gel-purified band corresponding to the in-

tended size using the HiScribeTM T7 high yield RNA synthesis kit (cat#E2040S, New England Biolabs Inc.). 50 capping was carried

out using the Vaccinia Capping System (cat#M2080S, New England Biolabs Inc.) and a poly-A tail added using E.coli Poly(A) poly-

merase (cat#M0276S, New England Biolabs Inc.). Transcribed RNA was purified using phenol-chloroform extraction. Briefly, an

equal amount of phenol:chloroform was added to the RNA, followed by vortexing for 10 s and centrifugation at 10,000 rpm for 10 mi-

nutes at room temperature. The aqueous phase was harvested and one volume of isopropanol was added to the RNA, incubated for

5 minutes at room temperature, centrifuged for 10 minutes at 10,000 r.p.m, washed twice with ice-cold 70% ethanol and the pellet

was resuspended in nuclease free water. Naive Vero cells were transfected with either Ctrl or TIP RNAs at a concentration of 1 mg

RNA per 1 million cells using 4D-Nucleofector (cat# AAF-1002B, Lonza Inc.) and the SE cell-line 4D nucleofector kit (cat#V4XC-

1012, Lonza Inc). For post-infection therapy experiment, we transfected SARS-CoV-2 infected cells using Lipofectamine 3000 trans-

fection reagent (cat# L3000001, Thermofisher Scientific) at 8 or 16 hr post infection at the concentration of (1 mg RNA per 1

million cells).

RNA extraction and qRT-PCR titering of virus
At indicated time points, infected cells (in the BSL-3 lab) were lysed in TRIzol LS (cat# 10296010, Invitrogen) solution (0.75 mL TRIzol

LS for 0.25ml of sample volume). RNAwas extracted using the Direct-zol RNA extraction kit (cat# R2070T, Zymo Research Inc.). RNA

was DNase treated using RNase free DNase-I (cat# EN0521, Thermofisher Scientific). 1 mg of RNA was used for each SuperScript II

Reverse Transcriptase reaction with oligo d(T) primers (cat#12574026, Thermofisher Scientific), and cDNA was analyzed by quan-

titative real-time polymerase chain reaction (qRT-PCR) analysis using SYBR green PCR master mix (cat#4309155, Thermofisher

Scientific) with sequence specific primers. All the qRT-PCR measurements were normalized to GAPDH or beta-actin (Table S1).

For quantification of relative packaging of RNA in virions, Vero cells were nucleofected with TIP1 or TIP2 RNA (1 mg RNA for 1 million

cells), and infected with SARS-CoV-2 (MOI = 0.05) at 24 hours post nucleofection. Supernatants were harvested at 24 hours post

infection, followed by qRT-PCR using mCherry and E gene primers. TIP fold enrichment was quantified relative to viral genome.

Quantification of viral titers by plaque assay (PFU/ml)
Infectious virus titers were quantified by plaque forming unit (PFU/ml) assay on Vero cells. Briefly, Vero cells were prepared by plating

as a confluent monolayer in 12- or 24-well plates 24 hours before performing the plaque assay. On the day of the plaque assay, media

was aspirated, cells were washedwith 2ml of PBS, 250 mL of diluted virus inmodified DMEMmedia (DMEM, 2%FBS, L-glut, P/S) was

added to confluent monolayer followed by incubation at 37�C for 1 hour with gentle rocking every 15 minutes. After one hour of in-

cubation, 2mL of overlaymedia (1.2%Avicel in 1XMEM) was added to eachwell. At 72h post infection, overlaymedia was aspirated,

monolayer was washedwith PBS and fixedwith 10% formalin for 1 hour. Plaques were stained with 0.1% crystal violet for 10minutes

and washed with cell culture grade water three times, followed by enumeration of plaques using ImageJ (Schneider et al., 2012) and

viral titer calculation to pfu/ml.

Virus yield-reduction assay
Virus yield-reduction assays were performed by transfecting Vero cells with TIP or Ctrl RNAs (1 mg/1 millioncells) 24 hours prior to

infection with SARS-CoV-2 at the indicated MOI, and harvesting culture supernatants for titration at various time-points (24, 48,

or 72 hours post infection). Post-exposure yield-reduction assays were analogous except transfections were performed at specified

times (8 or 16 hours post infection). Quantification of virus titer in supernatant was then performed by plaque assay on Vero cells or by
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qRT-PCR (as above) using E, NSP14 or N protein primers and normalized with beta-actin or GAPDH primers as mentioned in figure

legends.

Flow cytometry
Cells were harvested at indicated time points, fixedwith 4% formaldehyde for 15minutes, washed three timeswith PBS and analyzed

by flow cytometry on a BD LSRFortessa (BD Bioscience Inc.) in the Gladstone-UCSF Flow Cytometry Core facility for respective

fluorophores. Data was analyzed in FlowJo. For N protein antibody staining, cells were permeabilized with ethanol after 4% formal-

dehyde treatment for 15 minutes, treated with N protein antibody (cat#ab273434, Abcam inc; RRID:AB_2893371) at 1:500 dilution or

rabbit anti-mcherry antibody (cat# nbp2_43720, Novus Biologicals; RRID:AB_2893372) at 1:200 dilution for 2 hours at room

temperature followed by three washes in PBS buffer. Cells were then treated with 1:2000 dilution of secondary antibody (goat

anti-mouse IgG H&L-Alexa Fluor 488 (cat# ab150113, Abcam Inc; RRID:AB_2576208) or goat anti-rabbit (H+L) cross adsorbed

secondary antibody, alexa fluor 405 (cat# a-31556, Invitrogen; RRID:AB_221605) for three hours at room temperature, washed three

times with PBS and subjected to flow cytometry.

‘1st round supernatant transfer assay’ and R0 calculation
To quantify the R0 of TIPs in the context of SARS-CoV-2 infection, a supernatant-transfer assay was modified to a ‘1st round super-

natant transfer assay’. 80K TIP-transfected cells were infected (MOI = 0.05), then thoroughly washed to remove virus, and at two

hours post infection 20KGFP+ reporter cells (prepared by nucleofecting 1million 1Vero cells with 1 mg of pMAX-GFP vector obtained

in the SE cell line 4D-nucleofector kit [cat# V4XC-1012 Lonza]) were introduced to the culture (at �20% of total cells). 12 hours post

infection, GFP+ cells were analyzed by flow-cytometry to quantify % mCherry+ cells within the GFP+ population. To estimate R0 of

TIP, the fraction of TIP+ cells, after correcting for background autofluorescence, was compared to % infected cells for the original

SARS-CoV-2 infection after accounting for the addition of 20% GFP+ cells in the assay.

Virus entry analysis
Cells were nucleofected with Ctrl, TIP1 or TIP2 RNA and plated with 80%confluency in a 96-well black/clear bottom plate. At 24 hours

post nucleofection, cells were infected with SARS-CoV-2 (WA-1 strain) at MOI = 20, cells were washed three times with 100 mL sterile

PBS buffer after 1 hour of infection, at 2 hours post infection, cells were fixed with 4% paraformaldehyde for 15 minutes, followed by

washingwells twicewith 100 mL of PBS buffer. Cells were permeabilized by adding 0.5%Triton X-100 in PBS for 5minutes, followed by

1xwashingwith PBS, blocking with 3%BSA in PBS buffer for 30minutes at room temperature.Wells were washed with PBS, followed

by addition of 30 mL of primary antibody (mouse anti-Spike antibody, cat# ab273433, Abcam, RRID:AB2891068) for one hour, followed

by 100 mL of secondary antibody (anti-mouse Alexa flour 488) in 3% BSA in PBS buffer for 30 minutes, wells were washed twice with

PBS and 100 mL of 1:2000 Hoechst stain was added for 10minutes, followed by twowashes in PBS. High-throughput microscopy was

performed on an ImageXpress-Confocal Microscope, and images were analyzed using MetaXpress software.

Human primary lung organoid cultures and infections
Organoids were generated as described previously (Sachs et al., 2019; Zhou et al., 2018) with slight modifications. Human small

airway epithelial cells (HSAEpC) (cat# C12642, PromoCell Inc.) from three different donors were cultured in Advanced DMEM/F12

containing 1 3 GlutaMAX, 10 mM HEPES and, antibiotics (AdV+++, Invitrogen, 12634010). 2% Fetal Bovine Serum was added

and cells were centrifuged at 400 3 g. If present, red blood cells were lysed by adding 2 mL of red blood cell lysis buffer (Roche,

11814389001) for 5 min at room temperature. Then, 10 mL AdV+++ was added and cells centrifuged again at 400 3 g. The pellet

was resuspended in ice-cold Cultrex BME type 2 (Trevigen, 3533-010-02) diluted with cold AdV+++ at a 4:1 ratio. Cells were diluted

to 1.2 million/ml and 50 mL drops of BME-cell suspension were allowed to solidify on pre-warmed 24-well suspension culture plates

(Greiner, M9312) at 37�C for 10–60 min. Upon gelation, 500 mL of human airway organoid (HAO) mediumwas added to each well and

plates transferred to humidified 37�C/5% CO2 incubators at ambient O2.

Human airway organoid (AO) medium is composed of Advanced DMEM/F12 (cat#12634010, Invitrogen), 1% HEPES (cat#15630-

056, Invitrogen), 1%GlutaMAX (cat#35050061, Invitrogen), 1%Penicillin-Streptomycin (cat#15140-122, Invitrogen), 10%Rspondin1

conditionedmedium, 10%Noggin conditionedmedium, 2%B27 supplement (cat#17504-044, Invitrogen), 1.25mMN-acetylcysteine

(cat#A9165, Sigma Aldrich), 10mM nicotinamide (cat#N0636, Sigma Aldrich), 5 mM Y-27632 (cat#1254, Tocris inc.), 500nM A8301

(cat#2939, Tocris inc.), 1 mM SB202190 (cat# S7067, Sigma Aldrich), 5ng/ml FGF-7 (cat#100-19, Peprotech), 20ng/ml FGF-10

(cat#100-26, Peprotech), 100 mg/ml primocin (ant-pm-1) and 5nM heregulin beta-1 (cat#100-03, Peprotech).

Medium was changed every 4 days and organoids were passaged when drops became too dense. Media was carefully aspirated

and BME drops were collected in with ice-cold AdV+++ media, and transferred to 15 mL tubes. Drops were manually dissociated

using sterile 1ml pipette tip and organoids were pelleted at 500 g, 4�C for 5 min. Cells were washed with ice-cold AdV+++ to remove

any remaining BME and centrifuged again. Then, the pellet was dissociated with 10x TrypLE (Invitrogen, A1217701) and incubated in

a 37�C incubator for up to 10 min. AdV+++ was added, cells were centrifuged and resuspended in ice cold 3:1 BME in AdV+++.

Finally, 50 mL drops were formed and covered in AO medium as described. Organoids were imaged every other day to observe their

morphology using transmission microscopy. For transfecting organoids, organoids were trypsinized and cells spun at 800 g for 5 mi-

nutes, supernatant was removed and cells were plated at high density in organoid media, followed by preparation of RNA-lipofect-
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amine 3000 complexes using standard lipofectamine protocol. 4ml of Lipofectamine 3000 reagent (in Opti-MEM media) and 1 mg of

RNA were mixed together, incubated for 5 minutes, and added to cells (50 mL per well). Plates were centrifuged at 600 g at 32�C for 1

hour, and incubated for 4 hours in 37�C incubator with 5% CO2, followed by resuspending in AO medium with ice-cold BME diluted

1:500 (2%) to a final concentration of 0.5 million cells/ml. Then, 200 mL of cell suspension/well was added to 8-well chamber slides

pre-coated with BME 1:100. Cells were allowed to attach for at least 1 day. In BSL3, media was removed and freshmedia with SARS-

CoV-2 virus was added at MOI = 0.5. Cells were incubated at 37�C for 2 hours and then media was replaced with warm AO medium

without virus. Slides were incubated for one day until harvested for measuring viral load by qRT-PCR and plaque assay.

Reconstitution of VLPs and functional analysis
Vero cells were co-transfected with 0.5 mg of expression plasmids for nucleocapsid (N), matrix (M), and envelop (E) proteins plus

25 ng of expression plasmid for spike (S) protein (all kindly provided by Nevan Krogan and as described previously [Gordon et al.,

2020b]) and 1 mg of TIP1 RNA (per 1 million cells). 24 hours later, supernatant was harvested, filtered using a 0.2-mm filter, subjected

to sucrose density gradient ultracentrifugation (gradient: 10%–40% sucrose in PBS), stored at 4�C and analyzed by electron micro-

scopy (below). For functional analysis, 10 mL of supernatant containing VLPs was added to Vero cells in individual confluent wells of a

24-well plate, and flow cytometry analysis performed as above to detect mCherry.

Negative staining and electron microscopy
VLPs were visualized under electron microscopy by performing negative staining. Briefly, 37.5 mg of uranyl formate (Sigma Aldrich)

was added to 5ml of sterile water, and stirred until uranyl formate was dissolved, followed by dropwise addition of 5M NaOH until the

stain solution becomes slightly darker yellow, the stain was filtered with 0.2 mm filter. Carbon grids were glow discharged for 30 s,

10 mL of VLPs were pipetted onto the grid, washed twice with water, uranyl formate stained and dried. EM imaging was performed

on a FEI Tecnai T12 electron microscope.

Electrophoretic mobility shift assay
Vero cells were transiently transfected with plasmids (1 mg plasmid used per 1 million cells) expressing N protein or co-transfected

with plasmids expressing RdRP complex proteins NSP7, NSP8 and NSP12 in equimolar ratios (kindly provided by Nevan Krogan and

described previously (Gordon et al., 2020b) using a 4D-Nucleofector (cat# AAF-1002B, Lonza Inc.) with the SE cell line 4D nucleo-

fector kit (cat#V4XC-1012, Lonza Inc). One day post transfection, cells were harvested, washed three times in ice-cold phosphate-

buffered saline, harvested in 300 mL of lysis buffer (10mMTris, pH 7.05; 50mMNaCl; 30mMsodiumpyrophosphate; 50mMNaF; 5mM

ZnCl2; 0.1mM Na3VO4; 1% Triton X-100; 1mM phenylmethylsulfonyl fluoride; pierce protease inhibitor cocktail (cat#A32963,

Thermofisher Scientific). Cells were incubated on ice for 10 minutes while vortexing intermittently every 2 minutes, supernatant

was harvested after centrifugation at 14,000 rpm for 10 minutes at 4�C. Supernatant was passed through amicon filters (Sigma-

Aldrich), followed by binding experiment (at concentration range of 0-20 mM) with 1 mg of respective RNAs (i.e., Ctrl, TIP1 or TIP2)

in binding buffer (20mM HEPES, pH 7.3; 50mM KCl, 3mM MgCl2, 1mM EDTA, 4% glycerol, 1mM b-mercaptoethanol, 10mM

dithiothreitol) in the presence of 1 mg of yeast RNA for 30 minutes at room temperature. Samples were run on an agarose gel in

1x tris acetate EDTA buffer at 4�C at 20V and imaged.

Continuous serial-passage cultures
Vero cells were nucleofected with either Ctrl RNA or TIP RNA (1 mg per 1 million cells) as described above, and 24 hours following

transfection, cells were infected with SARS-CoV-2 (WA-1 strain) at an MOI = 0.05. Supernatant was removed after 48hrs with half

added to naive Vero cells while the other half was stored at �80�C for titering by plaque assay. 48 hours later, the supernatant

from the new culture was removed and half added to a new naive culture and half frozen for titering. This supernatant passage pro-

cess repeated every 48 hours for 20 days.

LNP formulation and characterization
RNAwas packaged into LNPs using aNanoAssemblr microfluidic system (Precision Nanosystems, Vancouver, Canada) according to

manufacturer instructions. Briefly, LNP formulations were formed by injecting 12.5 mM of the lipid solution and 0.173 mg/ml of RNA in

formulation buffer at a flow rate of 12 ml/min. After mixing, LNP suspension was immediately diluted in PBS (Corning, Manassas,

USA). Then, the formulation was reconcentrated by centrifugation at 2000 g in Amicon filters (30,000 MWCO, Amicon Ultra-15

Centrifugal Filter Unit, Millipore Sigma, Burlington, USA). Finally, the LNP suspension was filtered using a 0.22 micron syringe filter

and kept at 4�C until use. Free and total RNA concentration were determined by Ribogreen assay (Quant-iT RiboGreen RNA, Invi-

trogen, Carlsbad, USA). For obtaining total RNA concentration, LNPswere lysed for 30min at 37�C in Triton X-100 1%. Encapsulation

was calculated as (total RNA-Free RNA)/(total RNA x 100). Particle sizes were measured by Dynamic Light Scattering in a DynaPro

NanoStar instrument (Wyatt Technology, Santa Barbara, USA) and analyzed with Dynamics 8.0 software (Wyatt Technology, Santa

Barbara, USA). Samples were diluted in PBS (Corning, Manassas, USA) until full laser power could be used to record the signal. For

each sample, 3 measurements were conducted, each consisting of 10 recordings of 10 s.
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In vivo bioluminescence imaging of mice
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (JAX stock #005557) were purchased from the Jackson Laboratory (Bar Harbor, ME).

Mice were maintained in accordance with the Guide for the Care and Use of Laboratory Animals and were housed in an SPF con-

dition. All experiments were performed according to the guidelines of the Institutional Animal Committee of the Beckman Research

Institute of the City of Hope, IACUC protocol #16095. Mice were 4-6 weeks old at time of experiments. A total of 9 mice were injected

either with lipid nano particle (LNP), naked RNA, or saline control. n = 3 mice were intranasally instilled with 20 mL (10ul each nostril)

LNP, n = 3 mice were intranasally instilled with 20 mL (10 mL each nostril) naked RNA, and n = 3 mice were intranasally instilled with

20 mL (10 mL each nostril) saline control. All micewere injected or instilledwithin 30mins and bioluminescencewas analyzed at 6 hours

post injection. The in vivo imaging system (Lago in vivo Imaging System, Spectral Instruments Imaging) was used for biolumines-

cence. D-Luciferin potassium salt (PerkinElmer), the substrate for firefly luciferase, was dissolved in phosphate-buffered saline at

a concentration of 30 mg/ml and filtered through a 0.22-mm-pore-size filter before use. Mice were injected with 100 mL of luciferin

(3 mg) and immediately anesthetized in an oxygen-rich induction chamber with 3%–5% isoflurane. The mice were transferred to

imaging box and positioned in ventrodorsal and lateral positions for imaging. Mice were maintained for at least 5 min so that there

was adequate dissemination of the injected substrate and so that the animals were fully anesthetized. Images were taken using Aura

imaging software (Spectral Instruments Imaging) using the following settings: 120-180 s acquisition time and heavy binding. Imaging

analysis was done using the Aura imaging software; quantitation of signal was done using regions of interest (ROI) over mice and

recorded as photons per second (flux).

Syrian golden hamster infection studies
8-week old Syrian golden hamsters were infected through intranasal installation of 106 PFU per animal of SARS-CoV-2 (USA-WA1/

2020) in 100 mL of DMEM, as described (Rogers et al., 2020). At 6 hours pre-infection and 18 hours post-infection animals were given

an intranasal dose of 100 mL of LNP solution containing 60 mg of either TIP RNA or Ctrl RNA. Hamsters were then weighed daily for the

duration of the study. At day-5 post-infection, animals were sacrificed and lungs were harvested. For the post-infection therapy

experiment, 8-week old Syrian golden hamsters (n = 10) were intranasally infected with 106 PFU, and at 12 hours post infection,

100 mL of LNP solution containing either TIP RNA (n = 5) or Ctrl RNA(n = 5) was administered intranasally. Lungs were harvested

at five days post infection. For the uninfected control experiment, 8-week old Syrian golden hamsters were intranasally treated

with 100 mL of LNP solution containing either TIP RNA (n = 3) or Ctrl RNA (n = 3), and lungs were harvested at five days post treatment.

The research protocol was approved and performed in accordance with Scripps Research IACUC Protocol #20-0003. Lung tissue

was analyzed by viral titering (by PFU/ml and qRT-PCR), RNA sequencing, and histology imaging. Briefly, formalin-fixed lung from

each animal group were processed and paraffin embedded, and tissue sections were stained with hematoxylin and eosin (H&E) as

described (Fischer et al., 2008), imaged, and images were analyzed using Leica Aperio ImageScope software. To assess the statis-

tical significance of the observed variation between the scoring of control and therapeutic histopathologymicroscopy, we performed

a permutation test (Manly, 2006; Neuhäuser and Manly, 2004), an extension of the Fisher exact test for multinomial variables via

random sampling. We randomly partitioned concatenated control and variable observations 100,000 times, then tabulated the

null hypothesis probability that the mean of control and variable were drawn from the same population.

RNA-seq analysis
RNA was extracted from the lung lysates using Direct-zol RNA extraction kit (cat# R2070T Zymo Research inc.). RNA libraries were

prepared by the Gladstone Institutes Genomics Core using Illumina Stranded total RNA library prep kit (cat# 20040525, Illumina inc.)

and sequencing performed on a NextSeq 500 sequencer (cat# SY-415-1001, Illumina Inc). Read quality was checked via FASTQC,

followed bymapping toMesAur1.0 (GCA_000349665.1) reference genome using STAR (STAR-2.7.9a) with default parameters. Tran-

script level quantification was performed using featureCounts (subread-2.0.2) with default parameters. The quantification matrix was

then imported into R and analyzed via DESeq2. Differentially expressed genes (DEGs) were identified with adjusted p < 0.05. For IFN-

stimulated gene identification, http://www.interferome.org was usedwith parameters -Musmusculus, -fold change up 2 and down 2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical differences were determined by using the two-tailed unpaired Student’s t test and 1-way ANOVA followed by Tukey’s

multiple comparisons test (GraphPad Prism). A p value less than 0.05 was considered statistically significant: * < 0.05, ** < 0.01,

*** < 0.001, **** < 0.0001, ns: not significant. To assess the statistical significance of the observed variation between the scoring

of histopathology, a permutation test (Manly, 2006; Neuhäuser andManly, 2004), an extension of the Fisher exact test for multinomial

variables via random sampling, was used. Statistical details of experiments can be found in the Figure Legends and Results section.
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Supplemental figures

Figure S1. Predictive computational modeling of SARS-CoV-2 within-host dynamics in the presence of putative TIPs, related to Figure 1

(a) Representative numerical solutions to within-host model (Ke et al., 2020) in presence of TIPs for nine individual patient parameter sets. (b) Reduction in peak

viral load for a range of TIP single-administration dose values (each point represents one patient parameter set) in upper and lower respiratory tracts (URT and

LRT). (c) Reduction in peak viral load for 2-Log higher viral inoculum. (d) Relative viral load reduction of a candidate TIP versus a putative non-replicating TIP.

(e) Parameter sensitivity analysis for reduction in peak viral load in URT. (f) Reduction in viral loads integrated over time (i.e., area under the viral load curve).

(g) Cross-validation with a second patient-parameterized model of SARS-CoV-2 (Kim et al., 2021) showing qualitatively similar effects of TIPs on viral load.

(h) Direct and indirect administration of TIPs to a primary index patient can reduce SARS-CoV-2 secondary transmission (direct: R0 = 1.8 to R0 = 0.07; indirect:

R0 = 1.8 to R0 = 0.4). Transmission of directly administered TIPs to secondary cases dilutes out (R0 = 0.4 / R0z0).
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Figure S2. Expression analysis of inflammatory pathways in TIP-treated cells, TIP post-infection activity, and culturing of lung organoids

from primary human small-airway epithelial cells, related to Figures 2 and 3
(a) Analysis of relative expression (by qRT-PCR) of a panel of inflammatory genes based on (Nelson et al., 2020) in TIP RNA and Ctrl RNA transfected Vero cells in

the absence of SARS-CoV-2 infection. No significant overexpression of inflammatory pathways, interferon-stimulated genes, or RNA sensors. (b) Efficacy of TIP

in post-infection setting in cell culture. Cells were infected at MOI = 0.05, transfected with TIP or Ctrl RNA at 8hrs or 16hrs post-infection, and harvested at 48hrs

post-infection. Viral RNA copies were quantified by qRT-PCR using N gene primers (normalized to GAPDH). (c) Transmissionmicrographs of human small airway

epithelial cells from three donors cultured in matrigel in the presence of HAO (human airway organoid) medium. Organoids were monitored under transmission

microscope at 10x magnification (size bar: 300 mm). Representative images shown for days 4, 8 and 12. [For all panels: ns denotes not significant, * denotes p <

0.05 from Student’s t test].
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(legend on next page)
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Figure S3. Controls for TIP mechanism of action and mobilization in cell culture, related to Figure 4

(a) TIPs do not interfere with SARS-CoV-2 virus entry. Entry analysis of Vero cells nucleofected with Ctrl, TIP1 or TIP2 RNAs. 24 hours post nucleofection, cells

were infected with SARS-CoV-2 (WA-1 isolate; MOI = 20). Two hours post infection, cells were fixed, stained for S protein and nucleus (DAPI), and subjected to

high-throughput confocal microscopy. Left: representative images for overlay of S and nucleus. Right: quantification of % S protein positive cells in all three

samples. ns, not significant. (b) TIPs do not interfere with early events in SARS-CoV-2 life cycle. Flow cytometry of Vero cells nucleofected with Ctrl, TIP1 or TIP2

RNAs and infected (MOI = 0.05) at 24 hours post nucleofection. Two hours post-infection cells were thoroughly washed and naive GFP+ cells were added. Cells

were harvested at 8 hours post infection (�one replication cycle), stained for N protein and subjected to flow cytometry. Left: flow cytometry dot plots; Right: bar

graph representing%N protein positive cells. ns, not significant. (c) Transmission EM analysis of concentrated supernatant from cells transfected with S, E, and

M and TIP RNA showing no VLP (top) and from concentrated supernatant from cells transfected with N, S, E, and M and TIP RNA showing VLPs (bottom), Scale

bar = 150nm. (d, e)R0 estimation via 1st round supernatant transfer for Ctrl RNA, 50UTR, 30 UTR, S(3xTAA) andM(3xTAA) controls in the absence (d) and presence

(e) of infection (MOI = 0.05). TIP-transfected cells were infectedwith SARS-CoV-2 ormock, thoroughly washed, and at two hours post-infection ormock infection,

GFP+ reporter cells were introduced to the culture. At 12 hours post infection, GFP+ cells were analyzed by flow cytometry to quantify % mCherry+ cells (by

indirect immunofluorescence) within the GFP+ population. (f) Standard curve of E-gene andmCherry using qPCR at the mentioned concentrations. (g) Alignment

of sequencing from long-term culture showing furin cleavage site mutation. (For all panels: Error bars represent standard deviation from three biological repli-

cates; ns denotes not significant, **** denotes p < 0.0001, Student’s t test.)
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(legend on next page)
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Figure S4. Characterization of lipid nanoparticles (LNPs) for intranasal delivery and analysis of LNP TIPs in infected and uninfected ham-

sters, related to Figure 7

(a) Bioluminescence imaging of mice six hours after intranasal administration of in vitro transcribed RNA encoding firefly luciferase. Mice were given either saline,

purified RNA alone (‘naked RNA’), or LNP-encapsulated RNA. (b) Left: Dynamic light scattering (DLS) characterization of LNPs carrying TIP RNA to measure

radius and polydispersity (left). Right: Validation of antiviral activity (yield reduction) of LNP TIPs in infected Vero cells. Confluent cells were incubated for two

hours with TIP LNPs or Ctrl LNPs (at an RNA concentration of 0.3ng/mL) and cells were then infected with SARS-CoV-2 (MOI = 0.05). Supernatant was harvested

at 48 hours post infection and virus titered by plaque assay (PFU/ml). (c)Weight change of hamsters over time after infection with SARS-CoV-2 in Ctrl- or TIP LNP

treated animals. (d)Quantification of TIP and Ctrl RNA in the presence and absence of infection in hamsters. Syrian golden hamsters were treated twice with TIP

or Ctrl RNA at 24hrs apart in the presence and absence of SARS-CoV-2 (106 PFU). Lungs were harvested at day 5, RNA was extracted, and qRT-PCR was

performed for either mCherry or luciferase. Quantification of TIP and Ctrl RNAs was performed between the infected and uninfected lung samples. (e) H&E

staining of lung section of one representative Ctrl-treated and one representative TIP-treated animal in the absence of infection at 5 days post treatment (left).

Histopathological scoring of lung sections from the uninfected hamsters (n = 3 for each group of animals) treatedwith TIP or Ctrl RNA LNPs for alveolar edema and

cellular infiltrates to alveolar space (right). (f) Heatmap showing expression level of DEGs in uninfected samples. DEGs were defined by comparing infected

samples treated with TIP or Ctrl RNA LNPs. Representative proinflammatory genes are shown on the right in the presence and absence of infection. [For all

panels: ns denotes not significant, **** denotes p < 0.0001 *** denotes p < 0.001, ** denotes p < 0.01, * denotes p < 0.05 from Student’s t test].
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Figure S5. TIP-treatment mitigates overexpression of pro-inflammatory genes in SARS-CoV-2-infected hamster lungs, related to Figure 7

(a)Differential gene expression in hamster lungs on day 5 post infection by RNaseq analysis. Each column represents one animal clustered by expression profiles.

Uninfected hamster data was obtained from GSE157058 (Sahoo et al., 2021). DEGs were defined by comparing infected samples treated with TIP RNA or Ctrl

RNA LNPs, and are grouped in four clusters. (b) Venn diagram of RNA sequencing of hamster lungs summarizing differentially expressed genes (DEGs) in TIP

versus Ctrl-treated animals using the Interferome database http://www.interferome.org with parameters Mus musculus to approximate Syrian golden hamster.

According to the Interferome database, the majority of the DEGs in cluster III are interferon-stimulated genes (ISGs), regulated by either Type I or Type II in-

terferons (IFNs). (c) Gene ontology (GO) analysis showing the top ten biological processes enriched in cluster III. (d) Expression levels in terms of transcripts per

million (TPM) for additional representative genes belonging to cytokine/chemokine pathways (individual animals are shown as individual data points). These

proinflammatory cytokines (Ccl7, Ccr1, Cxcl10, Cxcl11) were previously reported to be upregulated in COVID-19 patients but are significantly reduced in TIP-

treated animals. [For all panels: * denotes p < 0.05 from Student’s t test].
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Figure S6. Histopathology imaging of Syrian hamster lungs following pre- and post-infection treatment, related to Figure 7

(a) Animals were treated intranasally with TIP or Ctrl RNA LNPs 6 hr prior to and 18hrs following SARS-CoV-2 infection (106 PFU). Lungs were harvested at 5 days

post-infection and histopathology was performed. Micrographs of brightfield imaging of H&E-stained lung sections from all animals (top: Ctrl RNA treated

hamsters; bottom: TIP-treated hamsters). Stitched images were analyzed using Leica Aperio ImageScope software. For each animal, whole lung shown on above

and a representative zoomed-in section to visualize histopathology shown below. (b) Animals were infected with SARS-CoV-2 (106 PFU) and, 12hrs later, were

intranasally treated with either TIP or Ctrl RNA LNPs. Lungs were harvested at 5 days post-infection and histopathology performed. Micrographs of brightfield

imaging of H&E-stained lung sections from all animals (top: Ctrl RNA treated hamsters; bottom: TIP-treated hamsters). Stitched images were analyzed using

Leica Aperio ImageScope software. For each animal, whole lung shown on above and a representative zoomed-in section to visualize histopathology shown

below. Scale bars are as indicated, n = 5 for each group. Labels that were added to the raw images during sectioning were covered during figure preparation, and

size bars were added to the image.
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Figure S7. No evidence of recombination between SARS-CoV-2 genome and TIP, related to Figure 7

RNA from lungs of SARS-CoV-2-infected TIP-treated animals on day 5 analyzed by RT-PCR and analyzed by gel electrophoresis. Primer sets were:

(a) 50 (forward) and 30UTRs (reverse) showing expected band for TIP at �2kb, (b) mCherry (forward) and ORF1a (reverse), (c) N (forward) and mCherry (reverse)

and (d) E (forward) and mCherry (reverse).
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