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V I R O L O G Y

Broad-spectrum synthetic carbohydrate receptors 
(SCRs) inhibit viral entry across multiple virus families
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Viral pandemics continue to threaten global health and economic stability. Despite medical advances, the absence of 
broad-spectrum antivirals (BSAs) prevents rapid responses to emerging viral threats. This is largely due to the lack of 
universal drug targets across diverse viral families and high variability among viral proteins. In this study, we evalu-
ated 57 synthetic carbohydrate receptors (SCRs) for antiviral activity in cellulo using pseudotyped virus particles 
(PVPs) from six high-risk viruses across three families: Paramyxoviridae, Filoviridae, and Coronaviridae. Four SCRs in-
hibited all tested PVPs, and their efficacy was confirmed against live viruses including SARS-CoV-2, MERS-CoV, EBOV, 
MARV, NiV, and HeV. Notably, SCR005 and SCR007, which exhibited minimal toxicity, significantly reduced SARS-
CoV-2 infection in a severe animal model with a single dose. Mechanistic studies suggested that SCRs bind viral enve-
lope N-glycans, blocking viral attachment and/or fusion. These results identify conserved viral N-glycans as promising 
BSA targets and establish SCRs as candidate prophylactic agents against enveloped viruses with pandemic potential.

INTRODUCTION
Viral pandemics pose substantial threats to public health and the 
global economy. The viral outbreaks of deadly and highly pathogen-
ic viruses such as severe acute respiratory syndrome coronavirus 1 
(SARS-CoV-1) in 2002 (1), Middle East respiratory syndrome coro-
navirus (MERS-CoV) in 2012 (2), Zika virus in 2016 (3), Ebola virus 
(EBOV) in 2014 (4), Marburg virus (MARV) in 1967 (5), and Nipah 

(NiV) and Hendra (HeV) viruses regularly from the 1990s to the 
present (6, 7) underscore the ongoing risk posed by zoonotic viruses. 
The SARS-CoV-2 pandemic, ongoing since 2019 (8), further em-
phasizes the continuing challenge enveloped viruses present to global 
public health. SARS-CoV-2 is thus far responsible for more than 
7 million deaths and trillions of dollars of global economical damage 
(9). Compared to the SARS-CoV-2 early case fatality rate of <1 to 
3% (10), future pandemics caused by viruses with higher case fatal-
ity rates would result in even more dire consequences. While the most 
deadly viruses known currently have lower transmissibility rates 
(R0) than that of SARS-CoV-2, they may evolve to gain transmissi-
bility (11), just as SARS-CoV-2 has throughout the pandemic (11). 
In addition to known viral threats, an alternative route to a new pan-
demic is the emergence of an unknown virus, “Disease X,” likely an 
enveloped virus, whose potential to occur is evidenced by the re-
cent discovery of new coronaviruses in humans following transmis-
sion from animals (6, 12).

Despite the advanced state of modern medicine, the vaccines and 
therapeutics that are available to quickly prevent the spread of deadly 
emerging zoonotic viral outbreaks are insufficient. Developing new 
vaccines takes time, all while the disease and its associated health 
consequences continue to spread (13). In addition, although clinical 
trials are the gold standard for proving vaccine efficacy because of 
limited resources during outbreaks, it may not always be feasible 
to validate vaccine efficacy against all emerging variants. The treat-
ment of bacterial infections via the use of broad spectrum antibiot-
ics (14) inspires new treatment strategies for emerging pandemic 
viruses. Broad-spectrum antibiotics disrupt essential molecular tar-
gets that are widely conserved among bacteria, such as the cell walls 
(15), membranes (15), or the machinery that make nucleic acids or 
proteins (16). Ideally, a small-molecule antiviral therapeutic would 
have a similar broad scope and could be deployed immediately when 
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a new viral disease emerges. Now, three antivirals are approved for 
the treatment of SARS-CoV-2. Remdesivir targets and inhibits the 
viral RNA-dependent RNA polymerase, which is crucial for viral 
RNA synthesis, and is administered intravenously to hospitalized 
patients with COVID-19 (17). Paxlovid, a protease inhibitor, and 
molnupiravir (MK-4482/EIDD-2801), a ribonucleoside analog, are 
both administered orally to inhibit viral replication (18, 19). How-
ever, a major challenge in developing BSAs is the sequence variabil-
ity of viral proteins, which are the traditional targets of antivirals 
(20). Even among members of the same viral family proteins vary 
widely (21), preventing the realization of BSAs that are effective 
against viruses from many different families. Further, the high viral 
protein mutation rate allows rapid development of antiviral resis-
tance (22). Ideally, BSAs should disrupt the action of a widely shared 
viral target that does not easily evolve to become resistant. Potential 
BSA targets that meet these criteria are the N-glycans on enveloped 
virus glycoproteins.

Enveloped viruses are typically composed of a capsid that con-
tains a ribonucleoprotein complex, “enveloped” by a lipid bilayer that 
incorporates the viral glycoproteins. Enveloped viruses comprise 
families considered to have the highest pandemic potential, case fa-
tality, and morbidity in humans, including Coronaviridae, Filoviridae, 
and Paramyxoviridae (e.g., the henipaviruses NiV and HeV with 
40 to 100% mortality in humans). N-linked glycans are linked to 
asparagine (N) residues in N-glycosylation sites (NXS/T) in the 
protein backbone via the conserved N-linked Manα1–3(Manα1–6)
Manβ1–4GlcNAcβ1–4GlcNAcβ (GlcNAc2Man3) pentasaccharide core 
(23, 24). In theory, antivirals that target this pentasaccharide should 
be more resilient to evolved resistance as compared to protein-
targeting antivirals. These N-glycans are involved in many essential 
steps in the viral life cycle, including virus replication (25), trans-
mission (26), and entry into new host cells (27, 28). For example, the 
SARS-CoV-2 Spike protein (S) N-glycans are involved in virus bind-
ing to the host cell Angiotensin-Converting Enzyme 2 (ACE2) re-
ceptor (29–31) by opening and stabilizing receptor binding domain 
(RBD) in an open conformation, in turn helping SARS-CoV-2 
evade host immune responses (32). In turn, N-glycans on NiV can 
modulate membrane fusion (33, 34). Thus, small molecules that bind 
these N-glycans and disrupt their role in the viral life cycle may be 
potent BSAs, and given the prevalence of the GlcNAc2Man3 core, 
they may also be resilient to acquired resistance.

Despite their promise as BSA targets, no currently approved an-
tivirals target envelope glycoprotein N-glycans (35, 36). N-glycans 
have not been pursued widely as drug targets because of concerns 
over toxicity (37) and the challenges of developing molecules that 
bind them (38). N-glycans, while present on viral proteins, are also 
common posttranslational modifications on host proteins, and BSAs 
targeting these N-glycans may affect host protein functions (39). 
Therefore, drugs that target viral glycans will likely also bind host 
glycans, which leads to concerns about adverse side-effects. For ex-
ample, lectins that target sugars are not considered therapeutically 
viable because of their known toxicity and susceptibility to proteases 
(40), and antibodies that target glycans have been particularly chal-
lenging to raise (41, 42). Alternatively, researchers have attempted to 
develop small molecules, termed synthetic lectins (43) or synthetic 
carbohydrate receptors (SCRs) (44, 45), that bind carbohydrates 
through reversible boronic ester bonds or noncovalent C─H•••π in-
teractions, π•••π interactions, and H-bonds. Because H-bonds must 
compete with water to complex the carbohydrates, binding often only 

occurs in nonaqueous solvents, and the vast majority of these mole-
cules exclusively bind all-equatorial glucosides that are rarely found 
as constituents of the glycans on biological surfaces (46).

Recently, successes have been achieved in creating synthetic lec-
tins and SCRs that bind nonglucosidic monosaccharides, and emerg-
ing results suggest that glycan-binding small molecules could lead to 
antiviral therapeutics by blocking viral entry (Fig. 1A) (47). For ex-
ample, Francesconi et al. (48) has studied the effect of carbohydrate 
binding agents on SARS-CoV-2–pseudotyped virus infection. An 
assessment of the antiviral activity of these molecules in vitro has 
shown that the carbohydrate binding agent IDS060 inhibits the vi-
rus at a concentration of 50 μM. The Roelens group has also studied 
the ability of synthetic lectins to inhibit HIV entry into cells and 
reported a half-maximal inhibitory concentration (IC50) for HIV-1 
of 1.7 μM and an IC50 against HIV-2 of 50 μM (49). Similarly, the 
tetrapodal SCRs developed by Braunschweig (50–54), which involve 
a biaryl core surrounded by heterocyclic binding groups, inhibit 
Zika virus in vitro with an IC50 of 0.16 μM (54). Despite these com-
pelling results, neither the mechanism of viral inhibition, the scope 
of activity against different viral families, nor the in vivo activity of 
this class of antivirals has been assessed. Building upon these prom-
ising results, here, we describe the antiviral activity of a series of 
tetrapodal SCRs in vitro and in vivo, showing their promise as broad- 
spectrum inhibitors of viral infection. Specifically, we screened the an-
tiviral activity of 57 tetrapodal SCRs against six deadly viruses with 
high pandemic potential: SARS-CoV-1, SARS-CoV-2, MERS-CoV, 
NiV, HeV, and EBOV, from three distinct viral families: Coronaviri-
dae, Filoviridae, and Paramyxoviridae. Coronaviruses were includ-
ed because of their recent pandemic impact, while paramyxoviruses 
and filoviruses were selected for their high lethality and pandemic 
potential. First, we used pseudotyped virus particles (PVPs) and 
found that several SCRs from this library were active against all six 
PVPs. Antiviral activity was confirmed using live virus infection as-
says for all six viruses: SARS-CoV-2, MERS-CoV, EBOV, MARV, NiV, 
and HeV. On the basis of these in cellulo results, two SCRs, SCR005 
and SCR007, were selected for testing in vivo, administered intranasally, 
and found to be highly effective inhibitors of SARS-CoV-2 infectivity 
in a severe humanized ACE2 (hACE2) animal model of SARS-CoV-2 
disease, even with a single SCR dose. No cytotoxicity or in vivo toxicity 
was observed at the effective antiviral concentrations. The mechanism 
of inhibition was studied by nuclear magnetic resonance (NMR) 
spectroscopy, molecular dynamics (MD) simulations, in cellulo bio-
chemical binding-versus-membrane fusion studies, and microarray 
binding experiments. The results are consistent with SCRs inhibiting 
the viral life cycle by binding the N-glycans on the viral envelope 
glycoproteins and preventing virus/host cell binding and membrane 
fusion. This study demonstrates the potential of SCRs as broad-
spectrum inhibitors of viral infection, highlighting their promise 
as therapeutic and prophylactic measures to combat the threat of 
emerging virus pandemics and endemic viral infections.

RESULTS
SCRs broadly and effectively inhibit enveloped and 
glycosylated nonenveloped virus infections with 
minimal cytotoxicity
A library of 57 SCRs (Fig. 1B and figs. S1 and S2) that varied in het-
erocyclic bonding groups, their point of attachment, linkages between 
the heterocycles and the biaryl core, and valency was screened against 
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a suite of PVPs (Fig. 1C, S90A-F) followed by an assessment of lead 
compounds’ efficacy in preventing live virus infections (Fig. 1D 
and fig.  S91, A to E). PVPs incorporating the glycoproteins from 
Coronaviridae (SARS-CoV-1, SARS-CoV-2, and MERS-CoV), 
Paramyxoviridae (NiV and HeV), and Filoviridae (EBOV) family 
members were made (55). PVP infectivity was determined by mea-
suring luciferase-generated bioluminescence 24 hours postinfec-
tion. The data revealed notable inhibition and no cytotoxic effect, with 
SCR005, SCR007, SCR045, SCR046, SCR050, SCR062, SCR064, 
and SCR065 decreasing infection rates by >50% in at least five of 
the six tested viruses, SCR011 and SCR059 for two viruses, and 
SCR002, SCR003, SCR006, SCR009, SCR019, SCR036, SCR038, 
SCR051, SCR052, and SCR056 for a single virus (Fig.  1C and 
fig. S90, A to F). SCR005, SCR007, SCR064, and SCR065 were se-
lected for further in-depth studies because of their high apparent 
efficacy and BSA potential. Conversely, SCR013 was selected as a 
control due to its minimal to complete absence of antiviral effects 
and lack of toxicity.

To evaluate the antiviral properties of SCRs against live viruses, 
we performed plaque reduction neutralization titer (PRNT) assays with 
SARS-CoV-2 virus (WA.1 strain). In addition, immunofluorescence- 
based microneutralization assays (IFAs) were conducted with 
MERS-CoV and NiV, HeV, EBOV, and MARV viruses. SCR005 
achieved IC50 across all tested viruses at concentrations ranging 
from 16 to 80 μM, showing the highest efficacy against MERS-CoV 
and SARS-CoV-2 at ~20 μM (Fig. 1, D and E, and fig. S91B). SCR007 
displayed an IC50 for all viruses between 10 and 40 μM (Fig. 1, D and 

E, and fig. S91C), and SCR064 and SCR065 had IC50 within 5 to 
50 μM for all viruses (Fig. 1, D and E, and S91, D and E). In contrast, 
SCR013 was ineffective within its nontoxic concentration range for 
all viruses except NiV, with a 50% inhibition rate for NiV-M and B 
variants at 20 to 45 μM (Fig. 1, D and E, and fig. S91A). These results 
were consistent with the earlier findings from PVP entry assays 
(Fig. 1C). Cytotoxicity assays in Vero cells determined the 20 and 
50% cytotoxic concentration values (CC20 and CC50, respectively) 
for each compound, with CC₂₀ and CC₅₀ values for SCR005 at 100.5 
and 174.8 μM, SCR007 at 79.5 and 136.2 μM, SCR064 at 67.9 and 
202.5 μM, SCR065 at 84.3 and 190.8 μM, and SCR013 at 39.6 and 
92.8 μM. The selectivity index (SI), calculated as the ratio of CC₅₀ to 
IC₅₀, was determined for each compound across different viruses 
(fig. S93). SCR005 exhibited an SI ranging from 2.5 to 11, while 
SCR007 ranged from 5.5 to 16. SCR064 demonstrated the highest 
selectivity, with SI values between 4 and 50, while SCR065 ranged 
from 3.5 to 46. To explore the potential activity of SCRs against glyco-
sylated nonenveloped viruses, we assessed antiviral activity against 
rotavirus, a nonenveloped but glycosylated virus (56) (fig. S92). 
Both SCR005 and SCR007 demonstrated significant inhibitory 
effects in rotavirus entry assays, with IC₅₀ values of ~37 μM (fig. S92).

Lead SCRs exhibit nontoxic profiles in mice at active 
antiviral concentrations
Subsequently, we assessed the in vivo tolerability profile of SCR can-
didates SCR005 and SCR007 as test compounds and SCR013 as a 
control compound. Initial toxicity assessments were performed on 

Fig. 1. SCRs are inhibitors of SARS-CoV-2, SARS-CoV-1, MERS-CoV, NiV, HeV, EBOV, and MARV entry. (A) SCRs can inhibit viral entry and membrane fusion. Created 
in BioRender. H. Aguilar-Carreno (2025) https://BioRender.com/lbjkacr. (B) Molecular structures of SCRs with broad-spectrum activity and control compound SCR013. 
(C) VERO-TMPRSS2 cells were pretreated with 10 μM indicated SCRs, followed by pseudotyped virus infections. Postinfection, levels of intracellular infection were evalu-
ated via a high-content analysis of luciferase activity, which was then quantified in comparison to control cells treated with 0.1% dimethyl sulfoxide (DMSO) (based on 
three independent studies). (D and E) IC₅₀ and CC₅₀ values were determined using GraphPad Prism 10 by fitting dose-response curves with a four-parameter logistic (4PL) 
nonlinear regression model in Vero cells. This was accomplished using the PRNT test and IFA with spike protein immunostaining in cells that received pretreatment 
(SCR005, SCR007, SCR0064, SCR0065, and SCR0013, compared to 0.1% DMSO, n ≥ 3). The intermittent line indicates 50% toxicity. Data were reported as means ± SD 
from at least three independent experiments.
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C57BL/6J mice via intraperitoneal administration at doses of 10 or 
100 mg/kg. An additional evaluation involved a dose of 10 mg/kg 
applied intranasally. Over 7 days postadministration, the mice 
underwent daily health assessments and weight measurements. 
Neither intraperitoneal or intranasally administration of the dose 
(10 mg/kg) resulted in weight loss or adverse health effects (fig. S94, 
A and B). Mice treated intraperitoneally with the dose (100 mg/kg) 
exhibited a transient average 10% reduction in body weight, but 
weight was fully recovered by day 7 posttreatment (fig. S94C). To 
evaluate the potential hepatic impact of the SCRs, we monitored the 
liver enzyme alanine aminotransferase (ALT) levels at various time 
points before the treatment and on days 3 and 7 posttreatment. 
There was no statistically significant increase in ALT activity at ei-
ther 10 mg/kg (fig. S94D) nor 100 mg/kg (fig. S94E) doses when 
administered via intraperitoneal. For a dose of 100 mg/kg, up to an 
apparent ~20% (0.2-fold) increase in ALT levels was observable in 
some mice, which was not a biologically significant increase (fig. S94E). 
The survival of all mice at both evaluated doses and administration 
routes demonstrates the favorable safety margin of SCRs in preclini-
cal settings.

SCRs confer prophylactic protection against morbidity and 
mortality in mouse model of severe SARS-CoV-2 infection
Following the confirmation of the efficacy and safety profiles of lead 
SCRs in controlled settings, we assessed the prophylactic potential 
of two SCRs that demonstrated broad-spectrum activity in cellulo, 
SCR005 and SCR007, and the control SCR, SCR013, against SARS-
CoV-2 in vivo. To investigate whether the active SCRs were able to 
inhibit SARS-CoV-2 intranasal infection in vivo, groups of 8 to 10 
mice including females and males were administered a single intra-
nasal dose of SCR005 (3 mg/kg; n = 9), SCR007 (n = 9), SCR013 
(n = 8), or vehicle control [5% dimethyl sulfoxide (DMSO) in saline, 
n = 9] upon infection. Each mouse was challenged intranasally with 
2 × 103 plaque-forming units (PFU) of SARS-CoV-2 and monitored 
for weight loss, clinical signs, and survival up to 14 days postinfec-
tion (dpi), as illustrated in Fig. 2A, and performed as described in 
our prior studies (57,  58). At 6 dpi, a critical juncture before any 
mortality was observed, and the average weight loss was 16% for the 
saline control, ~10% for the SCR013 and SCR005, but notably only 
2% for SCR007 (Fig. 2, B to D). This trend improved for animals 
that survived in the SCR005 group, as at day 9, the saline and 
SCR013 control groups had 22 and 21% average weight reductions, 
while SCR005 and SCR007 treated mice showed minimal (2%) or 
no weight loss, respectively (Fig. 2, B to D).

The control and SCR013-treated mice were humanely eutha-
nized at 6 to 9 dpi (based on their weight loss), with 0% from each 
control group surviving to the end point of the experiment. In sharp 
contrast, ~90% of the SCR007-treated and 30% of the SCR005-
treated mice survived to the end point (Fig. 2, B to D). Further, our 
analysis of viral loads via reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) and immunohistochemistry (IHC) 
at each animal’s end point or at the study end point (14 dpi) showed 
that SCR005- and SCR007-treated mice had significantly reduced 
lung and brain viral RNA copies by several orders of magnitude, 
with these trends most pronounced for SCR007 (Fig. 2, E and F). 
Only one of the survived mice showed a detectable virus present in 
the brain tissue at the end of the study [less than three viral nucleo-
capsid (N)–positive events per mm2] (Fig. 2H). This evidence high-
lights the potent antiviral activity of SCR007, in particular, which 

offers a promising avenue for early intervention and enhancement 
of survival outcomes in SARS-CoV-2 infection with a single dose of 
treatment.

The histopathological analysis of lung tissues obtained at the 
time of death (6 to 9 dpi) or the study end point (14 dpi) predomi-
nantly demonstrated mild pathological alterations in most SARS- 
CoV-2–infected mice. These findings were consistent across all 
treatment groups, marked by subtle perivascular, interstitial inflam-
mation, and type II pneumocyte hyperplasia. Compared to the con-
trol groups (i, ii, v, and vi), lungs of mice receiving SCR005 (ix and 
x) treatment exhibited more histopathological manifestations, in-
cluding higher alveolar cells, and type II pneumocyte hyperplasia. 
In contrast, there was a 37 and 89% decrease in the average of peri-
vascular infiltrates and necrotic neurons in SCR005 and SCR007 
(xiii and xiv) treatments compared to the saline control group, re-
spectively. The neurological examination included histological lesions 
in the brain, characterized by multifocal perivascular inflammatory 
cuffs, and neuronal necrosis. Notably, no lesions were identified 
in the brains of mice that survived to the 14-dpi study end point 
(fig. S95).

At the peak of clinical signs, SCR007 and SCR005 treatments 
significantly reduce disease severity and infection in 
SARS-CoV-2–infected hACE2 mice
Following the establishment that SCR005 and SCR007 reduced the 
weight loss and improved survival rates of SARS-CoV-2–infected 
mice, we then assessed the impact of these SCRs on lung and brain 
viral titers, pathology, and inflammatory responses at an identical 
time point (5 dpi) across similarly infected mouse groups. Each test 
or control group was composed of 8 to 10 mice including males and 
females (Fig. 3A). At 5 dpi, before any mortality, control mice (sub-
jected to saline +5% DMSO), SCR013, or SCR005 treatments all 
exhibited an average weight loss of 9%, in contrast to SCR007-
treated mice, which displayed an average weight gain of 2% (Fig. 3B). 
Our evaluation of lung viral loads using plaque assays, RT-qPCR, 
and IHC at 5 dpi revealed a notable reduction in viral titers in the 
SCR005-treated and, particularly, the SCR007-treated mice. Live 
virus titers decreased by ~1 and 1.5 orders of magnitude for SCR005 
and SCR007 treatments, respectively (Fig. 3C). Further analysis re-
vealed a pronounced reduction in neurotropic viral infiltration in 
the treatment groups. Specifically, 37% of the mice treated with 
SCR005 and 70% of those treated with SCR007 exhibited a com-
plete absence of infectious virus in the brain at 5 dpi. On average, the 
live viral loads in the SCR005 and SCR007 cohorts decreased by 
about three and eight orders of magnitude, respectively (Fig. 3D). 
RT-qPCR analysis corroborated these findings, showcasing a two 
and four log inhibition in average viral genome copies within lung 
tissues of SCR005 and SCR007 groups (Fig.  3E). In brain tissue, 
treatments with SCR005, SCR007, and SCR013 led to a decrease 
in viral genome copies by ~7 logs, 11 logs, and 3 logs, respectively 
(Fig.  3F). IHC results were consistent with the plaque assay data, 
indicating a notable decrease in virus nucleoprotein positive cells 
within the lungs for SCR005 (xiii and xiv) and SCR007 (xv and xvi) 
groups relative to SCR013 (xi and xii) and the control (ix and x) 
(Fig. 3, G and K). Similarly, brain IHC findings were reflective of 
these trends, with an absence of detectable virus N-positive cells in 
the SCR007 group and almost three order of magnitude decreases 
in N-positive cells for the SCR005 and SCR013 groups (Fig. 3, H 
and K). These results attest to the potent antiviral efficacies of 
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SCR005 and, particularly, SCR007, which significantly decreased 
SARS-CoV-2 viral loads in the brain and lungs and inhibited disease 
progression in animals.

The pathological scoring of lung and brain tissues was assessed 
using histopathological analysis that followed previously described 
methodology (58). In the lung, results were comparable among 
the SCR007-treated (vii and viii) and SCR013-treated (iii and iv) 
groups when compared with the control group (i and ii), although 
with a downward trend for SCR007, while the SCR005 (v and vi) 

cohort presented with more pronounced histopathological features, 
such as increased alveolar cells and enhanced hyperplasia of type II 
pneumocytes (Fig. 3, I and K). In the study of brain pathology, the 
mice treated with SCR007 showed no signs of pathology. SCR005- 
and SCR013-treated mice exhibited significant improvements in 
their pathology, with 47 and 42% lower average pathology scores, 
respectively, when compared to the control group (Fig. 3, J and K). 
Together, these in vivo findings provide strong evidence that although 
both SCR005 and SCR007 were effective at significantly reducing 

Fig. 2. SCR005 and SCR007 mitigate morbidity and mortality in the hACE2 mouse model of SARS-CoV-2 infection with minimal toxicity. (A) Mice (n = 8 to 10 per 
treatment group) were treated with SCRs at day 0 upon infection. Surviving mice were euthanized at the study end point. (B to D) Weight change and probability of sur-
vival of mice treated with SCR013 (B), SCR005 (C), or SCR007 (D) are depicted compared to control. (E and F) Quantitative evaluations of viral RNA copies (virus genome 
copies per nanogram RNA) were performed via RT-qPCR on lung (E) and brain (F) tissues from infected mice (n = 8 to 10 per group) at the time of death or at the study 
end point. Notably, in the lung, the viral loads in the SCR005 and SCR007 groups were significantly reduced compared to the control group, with *P = 0.0199 and 
***P = 0.0005, respectively. Similarly, in the brain, SCR007 led to a substantial decrease in viral burden compared to the control mice (***P = 0.0002). The significance of 
these observations was confirmed using a one-way analysis of variance (ANOVA) multiple comparison test. Data presented as median. (G and H) Quantification of the 
SARS-CoV-2 nucleocapsid (N) protein presence per square millimeter, determined by IHC staining in lung and brain sections at the time of death or at the study end point. 
The reduction in N-positive events per square millimeter was significant in the tissues of the lung (G) and brain (H) of mice treated with SCR007 compared to the control 
group, with *P = 0.0283 and ***P = 0.0005, respectively. An unpaired t test was used for the statistical analysis. The data are shown as means ± SEM, with each data point 
representing an entire lung or brain section from each mouse (n = 8 to 10 per treatment).
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Fig. 3. SCR007 and SCR005 treatment reduces SARS-CoV-2–induced morbidity, viral burden, and weight loss in hACE2 transgenic mice. (A and B) Mice received a 
single treatment upon SARS-CoV-2 infection, with euthanasia at 5 dpi, and less weight loss was observed in SCR007-treated group (****P < 0.0001). (C) Viral titers (PFU 
per gram tissue) from lungs showed significant reduction in SCR005 and SCR007 groups versus control (n = 8 to 10; *P = 0.0211 and *P = 0.0197, respectively). (D) Brain viral 
load was significantly reduced in SCR007 (***P = 0.0005); SCR005 showed nonsignificant decrease. One-way ANOVA; median values. (E and F) RT-qPCR of viral RNA in 
lung tissue showed significantly lower levels in SCR005 (**P = 0.0039) and SCR007 (****P < 0.0001) versus control. In brain, *P = 0.433 (SCR005) and ***P = 0.0007 
(SCR007). (G and H) Counts of nucleocapsid-positive cells/mm2 in lungs showed significant reduction with SCR005 (***P = 0.0009) and SCR007 (P = 0.0002). Brain 
nucleocapsid-positive cells were lower in SCR007-treated mice (***P = 0.0002). Unpaired t test, median values (n = 8 to 10). (I and J) Lung pathology scores were compa-
rable except SCR005, which was elevated (*P = 0.0241). Brain pathology improved in both treatments, with SCR007 significant (****P < 0.0001). (K and L) H&E staining 
showed perivascular inflammation [(K) and (L) arrowheads, (ii), (iv), (vi), (viii)]. SCR005 lungs showed alveolar cell increase and type II pneumocyte hyperplasia [(K) and (L) 
arrow, (v), (vi)]. IHC showed strong nucleocapsid signal in control [(K) and (L), (ix) and (x)] and SCR013 [(K) and (L), (xi) and (xii)] and minimal in SCR005 and SCR007 [(K) 
and (L), (xiii) to (xvi)]. Brain pathology improved in SCR005 and SCR007 [(K) and (L), (v) to (viii)] and perivascular cuffs in control and SCR013 [(K) and (L), (i) to (iv)]. IHC in 
brain showed immunolabeling in control [(K) and (L), (ix) and (x)] and SCR013 [(K) and (L), (xi) and (xii)], reduced in SCR005 [(K) and (L), (xiii) and (xiv)], and rare/absent in 
SCR007 [(K) and (L), (xv) and (xvi)]. Scale bars, 1 mm [(K) and (L), (i), (iii), (v), (vii), (ix), (xi), (xiii), and (xv)] and 50 μm [(K) and (L), (ii), (iv), (vi), (viii), (x), (xii), (xiv), and (xvi)]. H&E, 
hematoxylin and eosin.
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morbidity, mortality, and viral loads, only SCR007 was able to do so 
while also substantially decreasing lung histopathology in the hACE2 
transgenic mouse model of acute SARS-CoV-2 infection when ad-
ministered prophylactically.

Cytokine levels at 5 dpi show differences in inflammation 
between treated and control mice
An investigation into the immune response alterations in SARS- 
CoV-2–infected mice was conducted by quantifying proinflamma-
tory cytokines in bronchoalveolar lavage fluid (BALF) through a 
multiplex assay. Levels of tumor necrosis factor–α (TNF-α) and 
interleukin-6 (IL-6), both critical mediators of inflammatory responses, 
were substantially lower in the SCR007- and SCR013-treated groups, 
exhibiting declines of about 85 and 90%, respectively (fig. S96, A and 
B). In addition, the levels of IL-18 and interferon-γ (IFN-γ) were 
lower by about 80 and 90%, respectively, in all treated mice com-
pared to control mice (fig. S96, C and D). IL-2 levels were signifi-
cantly lower, by ~50%, in the SCR013-treated group when compared 
to the control group (fig. S96E). No significant differences were de-
tected in the levels of other cytokines, including IL-5, IL-22, IL-23, 
and IL-17A (fig. S96, F to I). These findings collectively underscore 
the effectiveness of SCR compounds not only in reducing viral bur-
den but also in mitigating inflammation in the hACE2 mouse model. 
However, the results with SCR013 suggest that decreasing inflam-
mation is not sufficient to decrease disease burden, but the combina-
tion of lower viral loads and decreased inflammation might be key to 
blocking disease progression.

Mechanistic studies: SCRs can inhibit both binding and 
membrane fusion stages of the viral life cycle
We investigated whether SCRs influence the binding of PVPs to 
VERO-E6–TMPRSS2 cell surface receptors or fusion to the mem-
brane (Fig.  4A) by a time-of-addition analysis (59). Our findings 
revealed the mechanism of action of SCR007 was dependent on the 
virus. For SARS-CoV-2 and SARS-CoV-1, adding SCR007 before 
completing the binding process reduced infection rates by 80%. 
However, SCR007 did not inhibit infection during the membrane 
fusion stage after binding. However, for NiV, which uses distinct gly-
coproteins for binding (G) and membrane fusion (F), SCR007 im-
peded infection at both the binding and membrane fusion stages, 
showing a 90% reduction compared to the control (0.1% DMSO) 
(Fig. 4A). These observations are consistent with SCR007’s mode of 
action involving binding to viral N-glycans and with the stage of the 
viral life cycle affected by SCR007 differing among viruses. In turn, 
this is consistent with the known roles of N-glycans in the receptor 
binding and membrane fusion processes of SARS-CoV-2 and NiV. 
While SARS-CoV-2 primarily involves N-glycans in receptor bind-
ing (29, 30), NiV uses glycans in both receptor binding and mem-
brane fusion processes (33, 34). These results are consistent with a 
mechanism of action in which SCRs bind envelope glycoprotein N-
glycans and provide insights into the potential therapeutic applica-
tions of SCRs in managing viral infections.

Binding of SCR007 to SARS-CoV-2 S RBD by saturation 
transfer difference NMR spectroscopy
Saturation transfer difference (STD) NMR spectroscopy was used to 
confirm the binding of SCR007 to the RBD of the SARS-CoV-2 S 
protein. The STD experiment involves a pulse sequence that takes ad-
vantage of nuclear Overhauser effect (NOE) magnetization transfer 

to measure ligand binding. NOE transfer occurs during an on-
resonance pulse on a peak corresponding only to the target protein 
followed by an off-resonance pulse. In the difference spectrum, only 
peaks for the ligand sites involved in protein binding are generally 
observed as its concentration is in great excess compared to that of 
the protein. Peaks with no NOE transfer are completely subtracted 
out in the difference spectra, and remaining peaks correspond to 
regions where NOE transfer, and therefore binding, occurred (60). 
This technique has been used recently to study the binding of the 
RBD of the SARS-CoV-2 spike protein to sialic acids and the eye-
dryness drug compound, Lifitegrast (61) and a synthetic lectin de-
veloped by Francesconi et al. (48). To validate our experimental 
methods, the binding between Lifitegrast and the SARS-CoV-2 RBD 
was performed, and the results match the previously published data 
(61). Following the same protocol, the STD experiment was repeat-
ed between RBD and SCR007 (Fig. 4B). Protons Hb, He, Hf, Hg, Hc, 
and Hd all had residual peaks, suggesting that they all participate in 
binding the RBD. Control experiments to measure the STD spectra 
of SCR007 in the absence of RBD showed no peaks in the difference 
spectrum (fig. S99) and STD spectra of SCR013 with RBD showed 
very weak binding (Fig. S100), confirming that the peaks were the re-
sult of binding interactions between RBD and SCR007.

MD analysis of SCR•glycan binding
MD simulations were used to further study the binding between 
SCRs and viral glycoproteins and determine whether these data agree 
with the experimental time-of-addition and STD-NMR studies and 
illuminate the origins of the activity of SCRs observed in the in cel-
lulo studies. A recent MD investigation of the binding of SCR005, 
SCR007, and eight other SCRs to 33 N-glycans provided relative 
binding affinities between SCRs and N-glycans (fig.  S103A) (50). 
For example, SCR007 displays higher selectivity toward the fucosyl-
ated complex-type tri- and tetraantennary N-glycans that are fre-
quently found in critical sites of viral glycoproteins (23,  29,  30), 
where they play a supporting role in the opening and stabilization of 
the RBD of the SARS-CoV-2 upon viral binding to the host cell. 
Here, the same computational methods were applied to analyze the 
binding between SCR007 and the glycans most likely to be found at 
two glycosylation sites, N331 and N343, of the RBD of the SARS-
CoV-2 S glycoprotein expressed from the HEK293T cell line (62). 
The simulations, which were run for 1.0 μs each, tracked the center-
of-mass distance between the receptor and the N-glycan. The simu-
lations revealed that the SCR•N-glycan complexes were dynamic, 
which resulted in large fluctuations of the N-glycan•SCR007 bind-
ing conformation. A histogram of the distance between the SCR007 
and the N-glycan has a bimodal distribution, where the peaks of 
the histogram represent bound (d < 2.5 nm) and unbound states 
(d > 2.5 nm; fig. S103B). Each MD trajectory was clustered to iden-
tify major binding conformations, and for the largest clusters, the 
average distance between each of the receptor protons observed in 
the STD-NMR and the center-of-mass of each carbohydrate build-
ing block was measured (Fig. 4C and figs. S104 to S110). Despite 
small differences between the structures of the N-glycans in these 
complexes, SCR007 always inserts itself between the GlcNAc2Man3 
core and the 1-6 arm of the N-glycan. This specific binding site is 
stabilized by a combination of noncovalent interactions, includ-
ing the C─H•••π interactions between the biaryl core and the 
GlcNAc2Man3 core, and C─H•••π and H-bonding interactions 
between receptor arms and GlcNAc(2), Man(3) and Man(9), and 
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Gal(11) (Fig. 4D and figs. S104 to S110). These binding confor-
mations, which engage the Hs in the SCR’s linker and thiophene 
groups, would result in intense residual peaks associated with them 
in the STD experiment, and so these calculations are in agreement 
with the binding data between SCR007 and the SARS-CoV-2 RBD 
in Fig. 4B.

To confirm that the SCRs continue to bind N-glycans when they 
are attached to glycoproteins, we modeled with MD the binding of 
SCR005, SCR007, SCR064, and SCR065, as well as the control, 
SCR013, to the glycosylated RBD fragment of the SARS-CoV-2 S 
glycoprotein (63). The selected model of the RBD fragment, which 
consists of 223 amino acids and contains two glycosylation sites at 
sites N331 and N343, was derived from a complete spike model 
(Protein Data Bank: 6Z43) and is consistent with the construct used 

in the NMR. Four glycoforms of the RBD, which differed by the type 
of a glycan attached at these two sites, have been assembled to ac-
count for the diverse glycan population present at individual glyco-
sylation sites (Fig. 4E). Simulations of each of the 20 RBD-SCR pairs 
were repeated five times (10.0 μs in total), always starting from a 
new random distribution of five SCRs in the simulations box. The 
fraction of the simulation time when at least one SCR would remain 
within 1.5 nm of either of the two N-glycans, which was considered 
a bound state, was determined (Fig. 4F and table S4). The order of 
SCRs that spent the greatest time in close proximity with the RBD 
were SCR064 ≈ SCR065 > SCR007 > SCR005 ≫ SCR013. This 
trend remains consistent for all four RBD glycoforms studied and 
is consistent with the relative in cellulo anti–SARS-CoV-2 activ-
ity (Fig. 1C). The data show large differences in SCR binding to 

Fig. 4. Mechanistic studies of the viral life cycle, SCR binding by STD NMR spectroscopy, and MD analysis. (A) Temperature-dependent assay to investigate the 
phase of the SARS-CoV-2 and NiV PVPs life cycle, receptor binding, or membrane fusion that is inhibited by SCR007. The data are shown as means ± SEM. (B) STD-NMR 
Spectroscopy of SCR007 (1 mM) and RBD–SARS-CoV-2 S glycoprotein. The chemical shifts of the protons that belong to the SCR are shown. The signals in the STD differ-
ence spectrum (×5) indicate close contact between the SCR and the glycoprotein. (C) Average distance between the protons of the SCR007 and the center-of-mass of 
carbohydrates (numbering shown in fig. S109) of the fucosylated triantenary glycan computed for the dominant structure observed in the MD simulations shown in (D). 
The specific interactions between the SCR007 and the glycan are highlighted in red. (D) Dominant structure of an N-glycan•SCR007 complex observed in MD simulations. 
The specific contacts between the arms of the receptor and the GlcNAc2Man3 core (1 and 2) and antennae (3 and 4) are highlighted in red. (E). Example of SCR007 binding 
to the RBD-SARS-Cov-2 S glycoprotein (RBD-M2) during one trajectory. The glycosylation sites, N331 and N343, are occupied by triantennary glycans, and the extent of 
their flexibility is shown using 20 overlapping simulation frames sampled with 5-ns intervals. The red surface indicates the space near glycans occupied by SCR007 in the 
same 20 frames. (F) Average probability of finding at least one SCR007 molecule within 1.5 nm from the center-of-mass an N-glycan of a specific model of the RBD 
throughout five independent simulations. The gray bars indicate the SDs calculated from five independent stimulations. ppm, parts per million.
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N-glycans between individual trajectories, which are frequently 
caused by SCR aggregation in the simulations. To circumvent the 
problem, the simulations of a single SCR007 and each glycoform 
were performed 120 times for 50 ns, 24 μs in total. These simula-
tions, which always started from a random initial position of the 
SCR, showed that SCR007 associates with the glycoprotein in 80 to 
85% of the simulations and, on average, 25% of the binding occurs 
at the N-glycan portion of the glycoprotein (table S4). For compari-
son, the simulations of the control SCR013 and the M1 of the RBD 
(120 trajectories, 6 μs in total) showed that the SCR013 remains as-
sociated with the glycoprotein in 80% of the simulations, but the 
receptor binds to the glycan portion of the protein in only 11% of 
the trajectories.

Last, to understand whether N-glycan binding correlated with 
the in cellulo inhibition trends observed for other viruses, the MD 
investigations were expanded to the binding among SCR013, 
SCR064, and SCR065 to the expanded library of 39 N-glycans that 
were studied with SCR005 and SCR007 (fig. S103). Among all in-
vestigated receptors, SCR013 and SCR005 show comparable bind-
ing, with log(Ka) between 2.0 and 2.5 for most of the N-glycans, and 
the strongest interactions toward fucosylated tetraantennary N-
glycans. SCR007 binds more strongly and has log(Ka) between two 
and three for all investigated glycans but yields Kas up to one order 
of magnitude larger for a subset of fucosylated triantennary com-
plex N-glycans. Last, SCR065 and SCR064 show, on average, the 
largest average Kas toward a range of N-glycans, with SCR064 yield-
ing the largest log(Ka)s of 5.2 with sialylated complex N-glycans. 
Together, MD simulations predict that all SCRs with antiviral activity 
associate with viral N-glycans and the general order of the estimated 
association strength, SCR013 ≈ SCR005 < SCR007 < SCR065 < 
SCR064, mirrors the trend of antiviral activity observed in cellulo 
and in vivo which further supports the hypothesis that SCRs inhibit 
viral life cycles by binding to N-glycans.

Binding of SCRs to N-glycan microarrays
A series of microarray experiments were carried out to further es-
tablish that N-glycans are the molecular targets of SCR007. Micro-
arrays are the optimal format for studying glycan-receptor binding 
because the dense glycan presentation mimics that found on bio-
logical interfaces, which facilitates biomimetic multivalent and co-
operative binding, known as cluster-glycoside effect (64). As a result, 
binding affinity is substantially increased, so interactions that might 
not otherwise occur in solution are easily observed on surfaces, and 
glycan microarrays are now widely used to study the interactions 
between glycans and glycan-binding proteins (65). Sialic acid–
terminated N-glycan S2G2A2 (fig. S78) labeled with alkene at the reduc-
ing terminus was prepared, so this N-glycan could be immobilized 
into arrays using the grafted-to/grafted-from radical photopolymer-
ization (GTGRFP) (scheme S2) (66). S2G2A2 was selected for this 
study because it closely resembles the N-glycans that are present on 
the RBD of the SARS-CoV-2 S (31) protein, it is synthetically accessi-
ble, and it demonstrated binding with SCR007 in the MD simulations 
(fig. S103C). Alkene-labeled S2G2A2 was printed into microarrays us-
ing hypersurface photolithography (66) in combination with the 
GTGRFP involving the copolymerization of pentaerythritol tetrakis‑ 
(3-mercaptopropionate) (PETT), ethylene glycol dimethacrylate 
(EGDMA), and S2G2A2, which results in N-glycan–functionalized 
polymer brush features, where the height and N-glycan density at 
each feature is controlled independently (Fig. 5A). It has been shown 

previously that PETT/EGDMA polymer brush glycan microarrays 
produced by this method can detect glycan-protein interactions 
with attomolar sensitivity, making it among the most sensitive lect-
ing microarray architectures (66). The microarray was composed of 
a surface printed with 10 ×  10 patterns of S2G2A2-functionalized 
PETT/EGDMA polymer brushes with heights ranging from 1 to 
26 μm, and the pattern was repeated four times on each surface, so 
all data are reported as the averages of four features to produce high-
fidelity datasets. The microarrays were characterized by optical 
microscopy (Fig.  5B), X-ray photoelectron spectroscopy (XPS) 
(Fig. 5C), profilometry (Fig. 5D), and time-of-flight secondary ion 
mass spectrometry (ToF-SIMS) (Fig. 5E), and all data are consistent 
with the proposed microarray architecture composed of multivalent 
PETT/EGDMA polymer brushes functionalized with S2G2A2. Opti-
cal microscopy showed that features on each surface were present. 
XPS showed the presence of a strong N1s peak only for the surface 
printed with S2G2A2, which contains an N, but not the PETT/EGDMA 
polymer brush control, which is not functionalized with the glycan, 
and does not have any N in its structure. Profilometry demonstrated 
that feature height varied from <1 to >20 μm, and ToF-SIMS showed 
that only the surface printed with S2G2A2, and not the control, 
contained peaks at mass/charge ratio (m/z) = 113.04 [C5H5O3

+], 
m/z = 115.05 [C5H7O3]+, and m/z = 147.05 [C6H11O4]+, which 
have been correlated previously to carbohydrates (31, 66). The lectin 
Sambucus nigra agglutinin (SNA) is known to bind sialylated N-
glycans such as S2G2A2, while the lectin Erythrina crista-galli lectin 
(ECL) (67) does not, and so fluorescently labeled analogs of these 
proteins were used to validate that the N-glycans incorporated into 
the polymer brush features retained their biological activity. Strong 
binding was observed with SNA, and no binding was observed with 
ECA, thereby confirming that the S2G2A2 is incorporated into the 
microarrays and maintains its biological activity (fig. S124). Although 
no single analytical method is capable of directly confirming the for-
mation of a new covalent bond on the surface; together, any conclusion 
other than the covalent incorporation of S2G2A2 into the polymer brush 
microarrays is unlikely (68).

To test binding between SCRs and the N-glycans, a fluorescently 
labeled analog of SCR007–SCR073–was prepared by substituting 
one of the four heterocyclic binding groups with fluorescein. Previ-
ous experimental and computational studies, as well as MD studies 
conducted in the context of this work (Fig. 4D), suggest that only 
three of the four heterocyclic arms are typically involved in binding 
(51, 53), and so it was not anticipated that this structural modifica-
tion would mitigate significantly the binding between the SCR and 
the glycan. The fluorescence of the polymer brush features upon in-
cubating the S2G2A2-functionalized microarrays in a solution of 
SCR073 indicated that binding occurred. Control experiments 
(figs.  S118 and S119), including exposing the SCR073 to PETT/
EGDMA polymer brush microarrays that did not have S2G2A2 or 
exposing the glycan containing microarrays to solutions of fluores-
cein, did not result in any fluorescence, thereby confirming that 
SCR073 bound to the immobilized S2G2A2 (69).

To study directly the ability of SCR007, which does not fluoresce, 
to bind to the S2G2A2-functionalized polymer brush microarrays, 
competition experiments were performed (51, 54, 66). Competition 
experiments are used widely to study glycan-protein binding, where 
the protein of interest is unlabeled (70). In the competition experi-
ments, the S2G2A2-modified microarray was exposed to fluorescen-
tally labeled SNA (100 nM) in the binding buffer in combination 
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with SCR007. Two concentrations of SCR007—25 and 150 μM—
were chosen for the competition experiments. Based on the in vitro 
results (fig. S91), minimal inhibition should be expected at 25 μM, 
whereas at 150 μM, nearly complete inhibition should be observed. 
In these experiments, the microarray was first exposed to SCR007 
and then incubated in a solution of SNA (Fig. 5, I and J, and fig. S127) 
to reflect prophylactic administration. At 25 μM SCR007, a small 
amount of inhibition of the binding of SNA to the microarray was 
observed, but at 150 μM SCR007, the binding of SNA was almost 
entirely precluded, which is consistent with the in vitro data. To de-
termine whether order of addition was significant (70) and to assess 
the viability of SCR007 as a therapeutic, the S2G2A2-modified mi-
croarray was incubated simultaneously to both SNA and SCR007 
(Fig. 5, I and J, and fig. S130), and it was observed that binding of 
SNA is reduced significantly, although less than when the array is 
first incubated in SCR007, suggesting that SCR007 may also have 
therapeutic potential. Together, these microarray data support a 
mode of action, whereby SCRs target N-glycans on the viral enve-
lope, and that their antiviral activity arises by interrupting the role of 
N-glycans in the viral life cycle.

DISCUSSION
Conserved N-glycans on the envelope of viruses, such as those of 
SARS-CoV-2 and NiV, play a crucial role in enabling efficient trans-
mission of the pathogen, entry into its susceptible target cells, and 
evasion of the immunological surveillance of the host (30, 32–34). 
For example, the highly mannosylated N-glycans of HIV are essen-
tial for viral transmission into target cells and also act as a shield 
against the host humoral immune response (49). Small molecules 
that interact with viral N-glycans may, therefore, compromise the 
efficient entry of the virus into its susceptible target cells or reduce 
the effectiveness of the viral glycan shield used to escape immune 
pressure and, by doing so, potentially trigger an immune response 
against newly exposed immunogenic protein epitopes, as shown for 
HIV (71). These mechanisms provide previously unidentified and 
promising avenues for developing antiviral compounds that are ef-
fective against multiple viral families and have application against 
emerging viruses (33, 34, 71). Lectins such as microvirin and cyano-
virin, which interact with the densely mannosylated gp120 of the 
HIV envelope to inhibit viral transmission, have faced development 
challenges because of their high molecular weight and peptidic 

Fig. 5. Binding of SCRs to N-glycan microarrays. (A) Binding of SNA to S2G2A2-functionalized brushes. (B) Optical microscopy image of S2G2A2-functionalized polymer 
brushes. Scale bar, 800 μm. (C) Profilometry trace of features denoted by the black box in (B). (D) XPS of patterns containing S2G2A2-functionalized PETT/EGDMA brushes 
and PETT-EGDMA brush features (“control”), which were printed without S2G2A2. (E) ToF-SIMS of (bottom) areas of the surface without polymer and (top) S2G2A2-
functionalized PETT/EGDMA brushes. Red arrows at m/z = 113.04 [C5H5O3

+], m/z = 115.05 [C5H7O3]+, and m/z = 147.05 [C5H7O3]+. Scale bar, 100 μm. (F) Binding of SCR073 
to S2G2A2-functionalized PETT/EGDMA brushes. NF (orange) and height (blue) of the features in white box (inset). Scale bar, 50 μm. (G) Binding of SCR073 to control, 
where PETT/EGDMA brush features were printed without S2G2A2. NF (orange) and height (blue) of the features in white box (inset). Scale bar, 50 μm. (H) NF versus height 
for binding of SCR073 (100 μM) to S2G2A2-functionalized PETT/EGDMA brushes and to control. (I) (i) Binding of SNA to S2G2A2-functionalized PETT/EGDMA brushes. Scale 
bar, 200 μm. (ii) Binding of SCR007 (25 μM) followed by SNA (100 nM) to S2G2A2-functionalized PETT/EGDMA brushes. Scale bar, 200 μm. (iii) Binding of SCR007 (150 μM), 
followed by SNA (100 nM) solution to S2G2A2-functionalized PETT/EGDMA brushes. Scale bar, 200 μm. (iv) Binding of SNA (100 nM) and SCR007 (150 μM) solution to 
S2G2A2-functionalized PETT/EGDMA brushes. Scale bar, 200 μm. (v) Binding of ECA (25 μM) to S2G2A2-functionalized PETT/EGDMA brushes. Scale bar, 200 μm. (J) % Inten-
sity normalized to SNA versus height for binding of SNA (100 nM) in [(I), (i)], SCR007 (25 μM) + SNA (100 nM) in [(I), (ii)], simultaneous addition of SCR007 (150 μM) + SNA 
(100 nM) in [(I), (iii)], SNA (100 nM) + SCR007 (150 μM) in [(I), (iv)], and ECA in [(I), (v)].
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nature. In contrast, small-molecule carbohydrate-binding agents of-
fer a promising alternative for disrupting viral infectivity.

We reported the antiviral efficacy of some SCRs against Zika vi-
rus in Vero and HeLa cells (54). The current study uses those and 
newly designed SCRs to provide proof-of-concept evidence that tar-
geting N-glycans makes SCRs a viable novel class of broad-spectrum 
antivirals. The study shows that SCRs are capable of mitigating in-
fections by some of the most deadly enveloped viruses, including 
SARS-CoV-1, SARS-CoV-2, MERS-CoV, NiV, HeV, EBOV, and 
MARV. These viruses, known for their pandemic potential and se-
vere impact on public health and the global economy, pose continu-
ous challenges due to their mutagenic capabilities and the absence 
of readily available, effective therapeutics (72). Screening SCRs 
against PVPs identified four SCRs including SCR005, SCR007, 
SCR064, and SCR065 with potent broad-spectrum antiviral activity 
in VERO-TMPRSS2 cells, and the potency of these compounds was 
validated using live virus infection. Our results align with recent re-
ports demonstrating the high potency of targeting N-glycans to in-
hibit the binding of the SARS-CoV-2 spike protein to ACE2 receptors 
(48). We further show that the mechanism of action of our SCRs 
involves both inhibition of viral binding to host receptors and inhi-
bition of membrane fusion during viral entry. Our study goes fur-
ther by demonstrating that this glycan-targeting approach is not 
limited to enveloped viruses. We observed significant inhibition of 
rotavirus, a rare example of a nonenveloped yet glycosylated virus, 
by SCR005 and SCR007. This finding is particularly important, as it 
expands the scope of SCR activity beyond enveloped viruses.

The promising results from in cellulo studies, particularly with 
the four most potent and broad-spectrum compounds, highlight their 
potential as antiviral prophylactics. The broad and effective inhibi-
tion of enveloped virus infections by SCRs targeting glycans instead 
of proteins, with minimal cytotoxicity, represents a promising ave-
nue to address the rapid mutation rates and diverse protein targets 
that complicate the development of traditional antivirals (73). The 
ability of SCRs to target N-glycans on viral envelope glycoproteins, 
which is a feature shared across several high-risk viral families, of-
fers a strategic advantage by focusing on a conserved aspect of viral 
biology less prone to rapid evolutionary changes (27). This approach 
not only expands the potential for developing effective prophylac-
tics and therapeutics against current pandemic threats but also pro-
vides a foundation for addressing future outbreaks of novel viruses.

Our investigation into the prophylactic potential of lead com-
pounds SCR005 and SCR007 against SARS-CoV-2 in vivo using a 
hACE2 mouse model has yielded promising results. Previous stud-
ies have demonstrated that this hACE2 mouse model is ideal for 
recapitulating the pathology of severe COVID-19 in humans, in-
cluding high morbidity and mortality. This model uses a knock-in 
approach that places human ACE2 under the control of the endog-
enous mouse ACE2 promoter, resulting in a more physiological 
hACE2 expression pattern than prior SARS-CoV-2 mouse models 
(74). Challenging this model with SARS-CoV-2 led to high viral ti-
ters in lung and brain tissues, high morbidity and mortality, and 
weight loss (74). The studies with SCRs performed here confirmed 
the efficacy and safety profiles of these SCRs by demonstrating their 
ability to inhibit SARS-CoV-2 infection at doses below 10 mg/kg in 
this validated severe mouse model of SARS-CoV-2 disease.

The significant reduction in morbidity, mortality, and viral loads, 
especially with SCR007 emphasizes the prophylactic potential of 
SCRs. Our comprehensive viral load analyses at 5 dpi using plaque 

assays, RT-qPCR, and IHC analyses revealed significantly reduced 
viral loads in the lungs and brains of SCR005- and SCR007-treated 
mice, with the most pronounced reductions observed in SCR007-
treated mice. While SCR005-treated mice exhibited more pro-
nounced histopathological changes, brain tissue analyses showed 
substantial reductions in perivascular infiltrates and necrotic neu-
rons in SCR005- and SCR007-treated mice. These neurological find-
ings are significant, as they indicate that SCR005 and SCR007 can 
not only reduce viral loads but can also mitigate SARS-CoV-2–induced 
neurological damage. Neurological pathology induced by SARS-
CoV-2 infection can be a notable indicator of poor prognosis related 
to the infection, leading to a wide range of neurological complica-
tions (74, 75). The ability of SCR005 and SCR007 to significantly 
reduce viral load in the lungs and also in the brains of infected mice, 
coupled with their favorable toxicity profile, underscores their utility 
as a potential frontline defense against enveloped virus infections. 
Upon treatment with SCRs, the immune response alterations in SARS- 
CoV-2–infected mice showed lower levels of TNF-α, IL-6, and IL-
18, critical mediators of the inflammatory response, which are often 
associated with severe disease outcomes in COVID-19 (76, 77). We 
also observed a lower level of IFN-γ in treated mice. SCR007 had 
the lowest levels of toxicity both in cellular models and in vivo, ac-
companied by reduced inflammatory cytokine levels postinfection. A 
similar pattern was observed with SCR005. SCR013-treated mice also 
had reduced inflammation, while SCR013 did not decrease the viral 
load in the lung or brain, which may explain its inability to improve 
survival rates postinfection, suggesting that reduced inflammation is 
not sufficient for survival. This suggests that SCRs may influence the 
inflammatory response independently of viral load reduction, al-
though the precise mechanism still remains unknown. These results 
are especially compelling given the ongoing challenges posed by 
SARS-CoV-2 and the likelihood of future zoonotic spillovers lead-
ing to pandemics.

Time-of-addition studies on SCR007 revealed the potential of 
SCRs as inhibitors of critical stages in the viral life cycle, specifically 
targeting the virus-cell binding and membrane fusion processes. 
This investigation centered on the effects of SCRs on the viral life 
cycle stages of SARS-CoV-2, SARS-CoV-1, and NiV PVPs. Our 
findings revealed that SCR007 had a significant inhibitory effect on 
the binding of SARS-CoV-2 and SARS-CoV-1 PVPs to VERO-E6– 
TMPRSS2 cell surface receptors. When SCR007 was introduced be-
fore the binding process, there was an 80% reduction in infection 
rates for both SARS-CoV-2 and SARS-CoV-1. This indicates that 
SCR007 effectively prevents the initial attachment of these viruses 
to host cells, a crucial step in the viral entry process. The specific 
interaction between SCR007 and the N-glycans on the viral enve-
lope glycoproteins likely underpins this inhibition. These glycans 
are known to be integral to bind host receptors, particularly for 
SARS-CoV-2 (30). SCR007 did not inhibit membrane fusion for 
SARS-CoV-2 and SARS-CoV-1 once binding had occurred. Con-
versely, the impact of SCR007 on NiV PVPs demonstrated a broad-
er inhibitory effect. For NiV, which uses distinct glycoproteins (G 
for binding and F for fusion), SCR007 impeded infection at both the 
binding and membrane fusion stages, with a notable 90% reduction 
in infection. This broader inhibition is likely a consequence of the 
known involvement of N-glycans in both receptor binding and the 
subsequent membrane fusion process for NiV, providing a more com-
prehensive target for SCR007 and likely enhancing its antiviral effi-
cacy (33, 34). These results underscore the virus-specific mechanisms 
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of inhibition of SCR007, influenced by the distinct roles of N-
glycans in the life cycle stages of different viruses.

Our study using STD-NMR spectroscopy confirmed the specific 
binding of SCR007 to the RBD of the SARS-CoV-2 spike protein. 
These findings underscore the potential of SCR007 in targeting the 
SARS-CoV-2 spike protein, contributing to our understanding of its 
antiviral mechanism and therapeutic potential against COVID-19. 
Our MD simulations provided a detailed analysis of the binding in-
teractions between SCRs and viral glycoproteins, confirming and 
extending the findings from our experimental studies. The simulations 
revealed that SCR007 exhibits high selectivity and binding affinity to-
ward fucosylated complex-type tri- and tetraantennary N-glycans, par-
ticularly those found at critical sites of viral glycoproteins (23, 29, 30), 
such as the N331 and N343 glycosylation sites on the SARS-CoV-2 
spike protein. These interactions were characterized by dynamic 
fluctuations, with SCR007 consistently inserting itself between the 
GlcNAc2Man3 core and the 1-6 arm of the N-glycan, stabilized by a 
combination of C─H•••π and H-bonding interactions. This binding 
conformation aligns well with the intense residual peaks observed 
in our STD-NMR studies, supporting the role of these specific inter-
actions in SCR007’s antiviral activity. In addition, our extended MD 
simulations across multiple SCRs and glycoforms indicated that 
SCRs—particularly SCR007, SCR064, and SCR065—maintained 
strong and consistent binding to viral N-glycans, correlating with 
their observed antiviral efficacy of in cellulo and in vivo studies. The 
trend of binding affinity in the MD simulations mirrored the antivi-
ral activity, with SCR064 showing the highest affinity, followed by 
SCR065, SCR007, SCR005, and SCR013. Microarray experiments 
with fluorescent SCR073 provided direct evidence that SCRs bind 
N-glycans, and competition experiments with SCR007 further vali-
dated this hypothesis. These findings collectively support the hy-
pothesis that SCRs inhibit viral life cycles by targeting N-glycans on 
viral glycoproteins, providing a mechanistic basis for their observed 
broad-spectrum activities against coronaviruses, paramyxoviruses, 
and filoviruses and their demonstrated prophylactic effect against 
SARS-CoV-2 in vivo. Further research is necessary to fully under-
stand the structural details of this interaction, particularly with viral 
glycoproteins beyond SARS-CoV-2, which was tested in this study. 
In addition, evaluating SCRs in more physiologically relevant models, 
such as human organoid cells, and exploring the broader potential of 
glycan-targeting strategies will be important next steps. However, our 
promising in vivo efficacy and toxicity findings lay the groundwork 
for further studies to evaluate these compounds as potential pro-
phylactics and therapeutics.

In this study, we used a straightforward and effective synthetic 
approach to create a series of compounds exhibiting antiviral capabili-
ties. Notably, compounds SCR005, SCR007, SCR064, and SCR065 
displayed broad-spectrum activity against a diverse group of envel-
oped viruses from families Paramyxoviridae, Filoviridae, and Coro-
naviridae. The compounds’ selective interaction with N-glycans on 
enveloped viruses point to a mechanism that disrupts virus receptor 
binding and/or cell membrane fusion. This finding highlights N-
glycans as promising targets for antiviral development, offering a 
more stable alternative to protein targets. This is particularly rele-
vant given the prevalence of recent epidemics caused by enveloped 
viruses, such as SARS-CoV-1, SARS-CoV-2, MERS-CoV, EBOV, 
and NiV. Furthermore, the effectiveness of these compounds in pre-
venting SARS-CoV-2 infection in a humanized mouse model with a 
single dose suggests their applicability for early intervention in 

SARS-CoV-2 infections and their potential as broad-spectrum anti-
viral prophylactics. Last, N-glycan binding to SCRs may have reper-
cussions as a therapeutic mode of action with implications outside of 
viral diseases, such as in combatting cancer, immunological disorders, 
or bacterial diseases, for which N-glycans play important roles.

METHODS
Synthesis of SCRs
SCRs were synthesized following the procedure below unless other-
wise noted. PPh3 (6 mmol, 6 eq) was added to a stirring solution of 
tetraazide 1 (1 mmol, 1 eq) in PhMe (5 ml) at room temperature. 
The reaction was stirred under Ar atmosphere for 20 min before the 
addition of the heteroarylaldehyde (6 mmol, 6 eq) at room tempera-
ture. The reaction mixture was stirred at reflux for 16 hours, cooled 
to room temperature, and concentrated under reduced pressure. 
The resulting solid was suspended in hot hexane (30 ml) to remove 
unreacted PPh3. The hexane was decanted, and this procedure was 
repeated three times. The remaining solid was dissolved in CH2Cl2 
(5 ml) and precipitated with hexanes (10 ml). The precipitate was 
washed three times with hexane (10 ml) and dried under reduced 
pressure to provide the product.

Cells and live viruses
Vero E6 cells (American Type Culture Collection CRL-1586) and 
Vero cells overexpressing the TMPRSS2 receptor were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented 
with 10% fetal bovine serum (FBS; Gibco), penicillin-streptomycin 
(100 IU/ml), and geneticin (10 μg/ml) as a selection antibiotic for 
TMPRSS2 expression. Cultures were maintained in T175 flasks at 
37°C with 5% carbon dioxide. The Vero-TMPRSS2 cells were used 
for propagating SARS-CoV-2 and MERS-CoV. SARS-CoV-2 strain 
USA-WA1/2020 (BEI Resources, NR-52281) at a 0.001 multiplicity 
of infection (MOI) was used to infect the cells. Infected cells were 
observed microscopically to reach 50% cytopathic effects (CPEs). 
After 48 hours, the supernatants from the infected cells were col-
lected. MERS-CoV was obtained from the University of North 
Carolina School of Global Public Health (UNC, Chapel Hill, North 
Carolina, USA) and was passaged at a 0.01 MOI and collected 48 to 
72 hours postinfection.

NiV-Malaysia and HeV were obtained from the United States 
Army Medical Research Institute of Infectious Diseases (Ft. Detrick, 
MD, USA). NiV-Bangladesh was obtained from the United States 
Centers of Disease Control and Prevention (Atlanta, GA, USA). 
MARV-Angola, and EBOV-Mayinga were obtained from the Uni-
versity of Texas Medical Branch (Galveston, Texas, USA). All of 
these viruses were grown under high [Biosafety Level 4 (BSL-4)] 
containment conditions at the Integrated Research Facility (IRF)–
Frederick by inoculating grivet Vero E6 cells. The inoculated cells 
were maintained in minimum essential medium–α with GlutaMAX 
(Gibco, Thermo Fisher Scientific) supplemented with 2% heat-
inactivated FBS (HI-FBS; Gibco, Thermo Fisher Scientific) at 37°C 
in a humidified 5% CO2 atmosphere. The viruses were allowed to 
grow until significant CPE was observed on the cell monolayers. The 
supernatant was harvested and clarified via centrifugation at 7500g, 
and then HI-FBS concentration was increased to 10% before cryo-
preservation. Viral titers were assessed through plaque assays using 
Vero E6 cells for SARS-CoV-2, NiV (Bangladesh and Malaysia 
strains), HeV, EBOV, and MARV, while Vero-TMPRSS2 cells were 
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used for MERS-CoV plaque assays. All experiments involving live 
SARS-CoV-2 and MERS-CoV were conducted following BSL3 
guidelines in the AHDC facility at Cornell University. Experiments 
involving live NiV, HeV, EBOV, and MARV were carried out in a 
BSL-4 facility at IRF, adhering to BSL-4 guidelines.

Plaque assay
A total of 2 × 105 Vero E6 and Vero-TMPRSS2 cells were seeded in 
12-well plates and incubated at 37°C for 24 hours before the infec-
tion with SARS-CoV-2 and MERS-CoV, respectively. Before adding 
100 μl of virus dilution or lung/brain homogenate supernatants per 
well in duplicate, the cells were washed once with DMEM. Following 
a 1-hour incubation at 37°C, infected cells were gently mixed every 
10 min before being overlaid with 1 ml of 0.3% agar diluted with 4% 
FBS DMEM. After 72 hours of incubation, 1 ml of 4% paraformalde-
hyde (PFA) was added to each well for 30 min to inactivate the virus 
and fix the cells. The overlay/PFA solution was then removed, and 
after gently washing with 1 ml of phosphate-buffered saline (PBS), 
cells were stained with 200 μl of 0.5% crystal violet in 30% methanol 
for 15 min. Following the removal of crystal violet, the cells were 
rinsed twice with 1 ml of tap water in each well before plaque counting.

Cytotoxicity assay
To assess the toxicity of SCR compounds, in vitro and in vivo ex-
periments were conducted. The CellTiter-Glo 2.0 luminescent cell 
viability assay (Promega) was used to measure cytopathogenic ef-
fects indirectly by quantifying adenosine 5′-triphosphate levels in 
live cells. Vero-TMPRSS2 cells were cultured overnight in a 96-well 
plate until reaching 60% confluence (1 × 104 cells per well). Subse-
quently, these cells were treated with 100 μl of a range of concentra-
tions of SCR compounds (0 to 100 μM), dissolved in a 0.1% DMSO 
solution, and incubated for 24 hours. The wells were filled with 100 μl 
of CellTiter-Glo 2.0 Reagent, mixed for 2 min on an orbital shaker, 
and then incubated at room temperature for 10 min to stabilize the 
luminescent signal. Luminescence was recorded by the Tecan Spark 
plate reader. Untreated cells containing 0.1% DMSO and 4% hydro-
gen peroxide served as positive and negative controls, respectively. All 
data were normalized to the untreated cells of each plate. The panel, 
consisting of 68 different SCRs, was performed in triplicate. In vivo 
toxicity experiments were conducted on wild-type (C57BL/6J) mice 
in two doses of 10 and 100 mg/kg administered via intranasal and 
intraperitoneal routes. Mice were monitored for disease symptoms 
and weighed daily for 7 days following treatment. Blood draws were 
performed on days 0, 3, and 7, and ALT levels were determined using 
an ALT activity assay kit (Sigma-Aldrich) following the manufac-
turer’s protocol.

Pseudotyping of VSV and pseudotyped-based 
inhibition assay
We used our established protocol (55) to generate replication-
incompetent pseudotyped VSVs carrying S proteins from SARS-
CoV-2, SARS-CoV-1, MERS-CoV, and F/G proteins from NiV and 
HeV, as well as the GP protein of the EBOV. Vero-TMPRSS2 cells 
were cultivated in a 96-well plate until reaching 60% confluence (1 × 
104 cells per well). These cells were treated with 10 μM SCR com-
pounds (0.1% DMSO concentration) for 30 min. Subsequently, the 
treated cells were infected with SARS-CoV-2, SARS-CoV-1, MERS-
CoV, NiV, HeV, and EBOV-pseudotyped viruses for 24 hours. The 
pseudotyped VSVs were encoded with the luciferase gene, and the 

luciferase activity was measured 24 hours postinfection using an 
enzyme-based Renilla kit (Promega). Plate readings were conducted 
using the Tecan Spark plate reader. In this experiment, cells infected 
with pseudotyped viruses, pretreated with 0.1% DMSO, were used 
as the positive control. Meanwhile, cells infected with bald VSV 
(lacking spike proteins) served as the negative control. This screen-
ing identified promising compounds for further investigation with 
live viruses in subsequent experiments.

Inhibition of SARS-CoV-2 plaque formation by 
SCR compounds
A PRNT assay was conducted to verify the antiviral properties of hit 
compounds. Vero E6 cells were seeded in 12-well plates and incu-
bated at 37°C for 24 hours before infection. The screened com-
pounds, ranging from 1 to 100 μM in half-log concentrations, were 
added to the cells, followed by infection with SARS-CoV-2 WA.1 at 
a titer of 50 PFU per well. Following a 1-hour incubation at 37°C, 
1 ml overlay of 0.3% agar diluted with 4% FBS DMEM was added to 
cells. After 72 hours, cells were fixed with 4% PFA and stained with 
crystal violet for plaque counting. Controls included wells infected 
with virus-only and no treatment and just solvent DMSO treatment. 
A four-parameter logistic curve was fit to these neutralization data in 
PRISM, and the compound concentration required to neutralize 50% 
of the virus (PRNT50) was calculated on the basis of that curve fit (78).

Immunofluorescence-based microneutralization assay
To evaluate the inhibitory activity of SCRs against NiV (Bangladesh 
and Malaysia strains), HeV, EBOV, and Marburgvirus, a high-
throughput immunofluorescence-based microneutralization assay 
was used. Vero E6 cells (BEI #NR-596) were seeded into 384-well 
tissue culture treated plates at 6000 per well in 30 μl of DMEM (Gibco, 
Gaithersburg, MD, USA) supplemented with 10% FBS (Sigma-
Aldrich, St. Louis, MO, USA) the day before infection. SCR samples 
were serially diluted in 30 μl of media in 384-well dilution blocks to 
generate a 12-point dose curve 0 to 200 μM for each sample, repli-
cated in quadruplicate (n = 4). Under biocontainment conditions, 
virus was diluted in DMEM with 10% FBS to a concentration of 
6000 PFU per 30 μl (2 × 105 PFU/ml), 12,000 PFU per 30 μl (4 × 
105 PFU/ml), or 1200 PFU per 30 μl (4 × 104 PFU/ml) for NiV and 
MARV, EBOV, or HeV, respectively. This inoculum was added to the 
sample dilution block at 30 μl per well and incubated for 1 hour at 
37°C. Infections were performed by transferring 30 μl of virus and 
sample mixture from the dilution block to all corresponding wells of 
the cell plates. Assay plates were fixed in 10% neutral buffered for-
malin 24 (NiV), 40 (HeV), or 48 (EBOV, MARV) hours postinfec-
tion. Upon removal from biocontainment, cells were stained with an 
antigen-specific primary antibody followed by secondary antibody 
conjugated to Alexa 647 fluorophore. Hoechst dye was added for 
detection of cell nuclei. Fluorescence readout was quantitated using 
a PerkinElmer Operetta high-content imaging system. Cytotoxicity 
on mock-infected plates was determined using the Promega CellTiter- 
Glo Luminescent Cell Viability Assay (catalog #G7571) at the time 
of fixation of the infected plate. IC50 and CC50 were calculated as 
described before (79) using GraphPad Prism Software (La Jolla, 
CA). Z′ factor scores were assessed as quality control parameters 
for each plate. Also, a similar immunofluorescence-based assay was 
conducted to assess the inhibitory activity of SCRs against MERS-CoV 
using Vero-TMPRSS2 cells cultured in 12-well plates (1.5 × 105 cells 
per well), and the virus titer was 1500 PFU per 100 μl.
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Inhibition of rotavirus by SCR compounds
MA104 cells (provided by J. Parker, Cornell University) were seeded 
at 2 × 104 cells per well in 100 μl of DMEM with 10% fetal calf serum, 
penicillin (100 IU/ml), and streptomycin (100 μg/ml) in a 96-well 
black-sided plate and allowed to adhere for ≥6 hours. Live-attenuated 
Rotarix rotavirus was activated 30 min before infection by incubating 
with serum-free DMEM and L-(tosylamido-2-phenyl) ethyl chloro-
methyl ketone-treated trypsin (TPCK-trypsin) (1 mg/ml) at 37°C 
and 5% CO₂. Cells were washed and treated with DMEM, DMSO, or 
SCR005, SCR007, SCR013, SCR064, and SCR065 (1 to 100 μM) 
before adding the activated virus (MOI = 0.001, 50 μl per well, final 
volume of 100 μl per well). After 1-hour incubation at 37°C, cells 
received 50 μl of DMEM with 10% FCS and antibiotics and were 
incubated until 16 hpi. At 16 hpi, cells were fixed (methanol-acetone, 
4°C, 20 min), blocked [PBS +  1% FCS, 20 min, room temperature 
(RT)], and stained with 1:500 anti-rotavirus primary antibody (Ther-
mo Fisher Scientific, 1 hour, RT, shaker). After three washes with 
PBS-Tween 20, cells were stained with 1:500 Alexa Fluor 488 don-
key anti-sheep immunoglobulin G (IgG) and 1:1000 Hoechst (1 hour, 
RT, shaker), washed, coated with PBS, and stored at 4°C. Virus in-
fection was quantified using the BioTek Cytation 7 Cell Imaging 
Reader and Gen5 Image Prime software.

Mechanistic studies: Assessing the inhibition of 
virus-receptor binding and membrane fusion
To evaluate the impact of SCR compounds on virus-cell receptor 
binding and/or membrane fusion, we tested SCR007 and SCR013 
(10 μM) using SARS-CoV-2, SARS-CoV-1, and NiV PVPs under 
four distinct experimental conditions, similar to the method de-
scribed by Aguilar et al. (59). In all conditions, after the virus was 
added to the cells, the plates were centrifuged at 2000g for 2 hours at 
4°C to promote virus binding to cell surface receptors while pre-
venting membrane fusion. In the preinfection addition condition, 
SCRs were mixed with the virus 30 min before infection to assess 
their ability to block initial attachment to the cell surface. In the si-
multaneous addition condition, SCRs were added at the same time 
as the virus to evaluate their effect on receptor binding and attach-
ment inhibition. In the postbinding addition condition, following 
centrifugation, the virus was removed, and the cells were washed and 
supplemented with fresh, warm media. The plates were then trans-
ferred to 37°C, marking the onset of the viral entry process (time 
zero). SCRs were added at 0 and 2 hours after this temperature shift 
to determine whether they could inhibit membrane fusion after viral 
binding had already occurred. To quantify the inhibitory effects of 
SCRs under each condition, luciferase activity was measured 24 hours 
after time zero, following previously described methods.

Mouse SCR treatment and infections
The National Institutes of Health’s Guide for the Care and Use of 
Laboratory Animals was used to conduct all animal studies. The 
Cornell University Institutional Animal Care and Use Committee 
approved all animal procedures performed at Cornell University. The 
in  vivo toxicity experiments were done on 3-month-old wild-type 
(C57BL/6J) mice. The hACE2 knock-in at the locus of mouse ACE2 
knockout mice model was used for SARS-CoV-2 infections (74). Both 
female and male mice between the ages of 4- to 5-month-old were 
used for all experiments. Using passage 1 of the single-plaque isolated 
virus derived from isolate USA-WA1/2020, mice were administered 
with SCR treatment upon infection with 2 × 103 PFU per mouse 

(i.n.). The infection was performed under isoflurane anesthesia in an 
approved animal BSL-3 facility, as we previously described (58, 74). 
Mouse weight measurements were taken daily. In addition, samples 
of lung, brain, and BALF were collected for subsequent analyses at 
5 dpi, when mice lost 20% of their initial weight and at 14 dpi.

Histology and IHC
The lung and brain tissues, fixed in 10% neutral-buffered formalin, 
were sent to the Cornell University Animal Health Diagnostic Cen-
ter for staining and sectioning. These tissue sections, ~4 μm thick, 
were stained using hematoxylin and eosin for examination. A board-
certified veterinary anatomic pathologist, blinded to group classifi-
cations, conducted the examination. The assessment of lung and 
brain pathology involved scoring based on the extent of various fea-
tures present throughout the entire organ section. For the lung, these 
features included perivascular infiltrates, interstitial infiltrates, the 
presence of cells in alveolar lumina, type II pneumocyte hyperpla-
sia, alveolar edema, and the presence of sloughed or necrotic cells in 
bronchiolar lumina. Brain tissue was assessed for perivascular infil-
trate density and the presence of necrotic neurons, concentrating on 
the most severely affected regions and blood vessels. The lung tissue 
scoring system was structured as follows: (0) normal tissue, (1) less 
than 10% tissue affected, (2) encompassed 10% to 25% tissue af-
fected, (3) accounted for 26 to 50% tissue affected, and (4) indicated 
more than 50% tissue affected (58). For brain analysis, histological 
scoring was used to evaluate perivascular inflammation by examin-
ing the most severely affected vessel. The criteria were as follows: (0) 
absence of perivascular inflammation, (1) an incomplete cuff con-
sisting of one cell layer, (2) a complete cuff of one cell layer, (3) a 
complete cuff with two to three cell layers, and (4) a complete cuff 
with four or more cell layers. Necrotic cells in the neuroparenchyma 
were quantified within a 0.237 mm2 field, focusing on the most se-
verely affected area. The criteria for necrotic cells were: (0) no necrot-
ic cells, (1) rare individual necrotic cells, (2) fewer than 10 necrotic 
cells, (3) 11 to 25 necrotic cells, (4) 26 to 50 necrotic cells, and (5) 
more than 50 necrotic cells (58). To identify viral antigen presence, 
tissue sections were stained with a rabbit IgG monoclonal antibody 
against the SARS-CoV-2 nucleocapsid protein (GeneTex, GTX635679) 
at a 1:5000 dilution. The staining process involved an automated 
IHC stainer, the Leica Bond Max, using Leica Bond Polymer Refine 
Detection (Leica, DS9800) with 3,3′-Diaminobenzidine (DAB) as the 
chromogen. Image capturing was carried out using a Roche Ventana 
DP200 slide scanner. For digital analysis, QuPath software v.0.2.3 was 
used. Lung tissue or brain tissue was annotated and underwent auto-
mated detection through Simple Linear Iterative Clustering (SLIC) 
superpixel segmentation with a DAB mean detection threshold set 
at 0.18892. Selected representative images reflected the predomi-
nant trend within each treatment group, showcasing visuals indica-
tive of the average pathological score (58).

Reverse transcription qPCR
Lung and brain tissues were harvested from mice at specified end 
points. TRIzol LS (Invitrogen) was used to inactivate the SARS-
CoV-2 virus within tissue samples. Subsequently, RNA was extract-
ed using TRIzol LS (Thermo Fisher Scientific) and chloroform as 
per the manufacturer’s protocol, followed by quantification with a 
Quawell Q3000 spectrophotometer to determine the total RNA 
yield. RT-qPCR was performed using BioRad’s iTaq Universal Probes 
One-Step Kit, using specific primers and a probe from IDT DNA: 
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TGGCCGCAAATTGCACAATT;TGTAGGTCAACCACGTTCCC;/
56FAM/CGCATTGGCATGGAAGTCAC/3BHQ_1/ (57). Each as-
say plate included standard curves of plasmid (IDT DNA: catalog 
no. 10006625) to determine the virus copy number per sample, nor-
malized against the total RNA of each sample. Thermo Fisher Scien-
tific’s QuantStudio Real-Time PCR Software was used to analyze the 
plates that were run on ViiA7 instrumentation.

Multiplex cytokine assay
After mice euthanasia, bronchoalveolar lavage washes were con-
ducted using 1 ml of 1X PBS. Subsequently, centrifugation was used 
to remove cells, and supernatants were processed on the High Sen-
sitivity 17-Plex Mouse ProcartaPlex Panel (Thermo Fisher Scientific) 
following the manufacturer’s instructions. To neutralize the SARS-
CoV-2 virus in BALF, a 30-min inactivation step using 3.5% PFA 
was introduced subsequent to the addition of the amplification re-
agent and two consecutive washes. This was followed by a washing 
step before the final addition of the reading buffer. The plate was 
analyzed using xPONENT software (Luminex) after reading on the 
Luminex MagPix instrument.

Statistical analysis
The statistical analysis of the data was conducted using GraphPad 
Prism 10 software, using the statistical tests specified in each figure 
legend. The primary tests used were the Mann-Whitney U test and 
two-way analysis of variance (ANOVA). All data are presented as mean 
values with SE plotted. Significance levels are denoted by asterisks: one 
asterisk indicates a P value of <0.05, two asterisks indicate <0.01, 
three asterisks indicate <0.001, and four asterisks indicate <0.0001, 
while the absence of asterisks denotes nonsignificant differences.

STD NMR spectroscopy
NMR samples were prepared in 3-mm NMR tubes, and data were 
collected with an 800-MHz Bruker NEO spectrometer equipped 
with a TXO cryoprobe. STD-NMR (60) as performed with an on/off 
resonance condition (−0.4 and 20 parts per million), respectively. 
Scans (1440) were collected with a recycle delay of 5 s and a 25-ms 
spinlock filter to remove protein signals. The sample was irradiated 
with a 50-ms Gaussian-shaped pulse train for a total saturation time 
of 2 s. The excitation sculpting was used to suppress water signals. 
NMR samples were prepared in a PBS-buffered 90:10 H2O/D2O so-
lution with 15% DMSO. Protein concentration was 50 μM, and SCR 
concentration was 1 mM. STD experiments with Lifitegrast binding 
to RBD were performed as a positive control. These experiments were 
conducted with the same parameters but 64 scans instead. The positive 
and negative control results are shown in the Supplementary Materials.

MD simulations
MD simulations were performed and analyzed using the GROMACS-
2021.3 MD engine, and the molecules were assembled using CHARMM- 
GUI interface. The CHARMM36 force field was selected because of 
its parametrization for carbohydrates and carbohydrate-protein inter-
actions, whereas the SCRs were parameterized using CHARMM36-
compatible CHARMM General Force Field (CGenFF) and explicit 
TIP3P water. All negatively charged Neu5Ac residues were neutral-
ized with K+ cations. The production was always preceded with 2-ns 
equilibration at 300 K and 1-bar pressure using v-rescale thermostat 
and Parrinello-Rahman barostat. The simulations used 2-fs time steps 
and Lincs constrain on hydrogens. The long-range coulomb interactions 

were treated with Particle-mesh Ewald (PME) algorithm (cutoff of 
1.2 nm). A cubic simulation box of 216 nm3 was used to simulate 
N-glycan–SCR pairs (1 μs for each pair with SCR013, SCR005, and 
SCR007 and 500 ns for SCR064 and SCR065), and a simulation box of 
1000 nm3 was used for simulations of SARS-CoV-2- RBD with five 
SCRs (10.0 μs in total) and with a single SCR (24.0 μs total). More 
simulation details are included in the Supplementary Materials.

Microarray binding experiments
Microarrays composed of PETT/EGDMA polymer brushes func-
tionalized with the N-glycan S2G2A2 were printed using hypersurface 
photolithography (66) in combination with the grafted-to grafted- 
from radical photopolymerization, following previously reported 
procedures (80). Solutions containing PETT (100 mM), EGDMA 
(1300 mM), and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide 
(TPO) (1 mM) were placed onto a thiol-terminated Si/SiO2 wafer 
cut into 1 cm by 1 cm pieces, covered with a glass slides, and irradiated 
from 6 to 600 s to create 10 × 10 patterns of S2G2A2-functionalized 
PETT/EGDMA polymer brush features with heights ranging from 
1 to 26 μm. On each substrate, each 10 × 10 pattern was repeated 
four times, so that each data point is reported as the average of four 
measurements. For the binding studies, the microarrays were immersed 
in the binding solutions at 4°C for 24 hours, washed for 10 min in 
Milli-Q water with 0.01% Tween 20 solution, and dried with an air gun. 
Fluorescence was measured using an Olympus BX60 fluorescence 
microscope (12 V, 100-W halogen bulb) with 540- to 585-nm barrier 
and 575-nm filters.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S132
Tables S1 to S30
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