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Vaccination can help prevent infection and can also be used to treat cancer, allergy, and potentially even drug
overdose. Adjuvants enhance vaccine responses, but currently, the path to their advancement and development
is incremental. We used a phenotypic small-molecule screen using THP-1 cells to identify nuclear factor-kB (NF-
kB)-activating molecules followed by counterscreening lead target libraries with a quantitative tumor necrosis
factorimmunoassay using primary human peripheral blood mononuclear cells. Screening on primary cells identi-
fied an imidazopyrimidine, dubbed PVP-037. Moreover, while PVP-037 did not overtly activate THP-1 cells, it dem-
onstrated broad innate immune activation, including NF-kB and cytokine induction from primary human
leukocytes in vitro as well as enhancement of influenza and SARS-CoV-2 antigen-specific humoral responses in
mice. Several de novo synthesis structural enhancements iteratively improved PVP-037’s in vitro efficacy, potency,
species-specific activity, and in vivo adjuvanticity. Overall, we identified imidazopyrimidine Toll-like receptor-7/8
adjuvants that act in synergy with oil-in-water emulsion to enhance immune responses.

INTRODUCTION

Vaccination remains one of the most cost-effective health interven-
tions available, significantly reducing morbidity, and preventing
2 million to 3 million deaths every year from vaccine-preventable in-
fectious diseases such as diphtheria, tetanus, pertussis, measles, in-
fluenza, and COVID-19 (1). In addition, vaccine indications include
prevention of cancer (e.g., human papillomavirus vaccine and hepa-
titis B vaccine) as well as discovery and development of vaccines for
drug (e.g., opioid) overdose (2-5). Contemporary vaccine strategies
generally target defined antigens, using a broad set of platforms, in-
cluding purified recombinant proteins and genetic delivery (6). Al-
though this approach has lowered reactogenicity of many clinically
licensed formulations, vaccine efficacy may lag because of insuf-
ficient innate immune stimulation that can enhance magnitude,
breadth, and durability of vaccine-induced immunity (7). Adjuvants
can enhance vaccine responses by activating pattern-recognition re-
ceptors (PRRs) and/or by modulating antigen pharmacokinetics (8, 9).
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Many first-generation 20th-century vaccines, consisting of live
attenuated or inactivated vaccines, expressed immune-stimulating
components and therefore are “self-adjuvanted” (10). Multidisci-
plinary investigations of innate immunity and systems vaccinology
have further informed discovery and development of novel adju-
vants, which is now being accelerated by a need for use of an ex-
panded group of adjuvanted vaccines against COVID-19 and future
pandemics (11).

However, alum- and emulsion-based adjuvanted vaccines often
require multiple doses for definite protection and primarily drive T
helper 2 (Ty2)-based immunity. To overcome the former, adjuvant
combinations of aluminum salts, oil-in-water (O/W) emulsions in
combination with PRR agonists have been shown to enhance vac-
cine immune responses compared to aluminum salts, emulsions,
or PRR agonists alone (12). AS04 was the first adjuvant system
(AS) composed of aluminum salts and a PRR agonist, specifically
the Toll-like receptor 4 (TLR4) agonist monophosphoryl lipid A
(MPLA), to be included in licensed vaccines for human papilloma-
virus and hepatitis B vaccines (12). AS01, consisting of MPLA and
the purified plant bark extract/saponin QS21, is the AS in the
Mosquirix (RTS,S) malaria vaccine (13, 14). Adjuvants directed toward
the endosomal TLRs 7, 8, and 9 have demonstrated robust Ty1-
polarizing activity, especially in immunologically distinct popula-
tions (15-17). Thus, combinations of emulsions and Ty1-polarizing
PRR agonists represent a promising adjuvant strategy to enhance
antigen-specific immunity. Adjuvants can substantially reduce the
amount of antigen needed to induce sufficient immunity, which is
key to increase global vaccine supplies, especially relevant during
pandemics (18).

High-throughput screening (HTS) is a powerful approach for
drug discovery. However, phenotypic adjuvant discovery HTS has
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been largely limited to use of cell lines, which are convenient to
culture and provide high consistency in readouts, but do not al-
ways accurately reflect the responses of primary leukocytes nor of
the diverse human immune system (19-21). In this regard, using
primary human leukocytes for HTS may improve and more ac-
curately predict efficacy and toxicity of lead adjuvant candidates
early in the drug discovery programs. However, several challenges
have been identified in screening paradigms that leverage prima-
ry cells (22), contributing to the dearth of primary cell screening
campaigns.

Here, we outline the discovery of an imidazopyrimidine (IMP), a
TLR7/8 agonist (TLR7/8A) adjuvant, named PVP-037 (the 37th
small molecule named within the Precision Vaccines Program adju-
vant portfolio), via a phenotypic peripheral blood mononuclear cell
(PBMC) HTS. In addition, we outline some unique innate immuno-
logical properties of the PVP-037 adjuvant, medicinal chemistry
optimization, insights into the adjuvant's in vitro and in vivo mech-
anism of action, and demonstration of markedly enhanced Ty1-
skewed immune responses toward influenza antigens in mice in a
prime-boost immunization schedule. Furthermore, we optimized a
stable O/W formulation incorporating PVP-037, which synergisti-
cally enhanced vaccine-specific antibody (Ab) titers compared to
adjuvant alone. Overall, we outline the discovery and development
of an IMP adjuvant from original HTS hit through creation of a
stable vial of the candidate adjuvant formulation that may have

utility in vaccines for indications requiring enhancement of Ty1-
polarized immune responses.

RESULTS

Counterscreening using human primary PBMCs identifies
potent tumor necrosis factor-inducing molecule

First, ~200,000 small molecules were screened via a THP1-Lucia
based nuclear factor kB (NF-kB)-induced luminescence assay. Ap-
proximately 10,000 molecules were identified as hits, across ~20
enriched library plates (Fig. 1A and table S1). Next, we used a
unique HTS approach by using primary human cells for screening
of small molecules with immunomodulatory properties (Fig. 1A).
Human blood was collected from three adult male donors, and
PBMC:s were harvested and cryopreserved, generating three unique
PBMC biobanks (fig. SIA). Each participant biobank was generat-
ed over a ~6- to 8-month period, totaling ~1 x 10° cells per donor.
Counterscreening of immunogenic molecules was performed using
a ~10,000 small-molecules library (curated from the ~20 enriched
library plates) via a no-wash 384-well quantitative tumor necrosis
factor (TNF) immunoassay (table S2). Preliminary hits were based
on TNF induction in at least two of the three donors screened. Using
statistical hit calling measures, ~250 potential hits were identified,
among which ~25 were confirmed hits as validated with enzyme-
linked immunosorbent assay (ELISA)-based titration assays
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Fig. 1. High-throughput in vitro screening of primary human PBMCs identified PVP-037, an imidazopyrimidine small-molecule that induces cytokine produc-
tion. (A) Schematic diagram depicting HTS of small-molecules with adjuvant effect using peripheral blood mononuclear cells (PBMCs) from adult human donors. A hu-
man bio-bank for PBMCs was created by drawing blood from donors over ~6 to 8 months. Downselecting from ~200,000 molecules via a HTS cell line screen, PBMC
screening for immunomodulatory molecules was performed using a ~10,000 small-molecule library, via a no-wash 384-well quantitative TNF immunoassay from three
adult healthy human donors. Preliminary hits were based on induced TNF production in at least two of the three donors screened. Using statistical analyses, ~250 poten-
tial hits were identified, among which ~25 established hits were confirmed with ELISA-based titration assays. (B) Titration of identified hits was performed using adult
human PBMCs and TNF production over 18 hours of incubation. PVP-037 emerged as the lead molecule with activity similar to R848 at 33 and 11 pM, respectively.
Chemical structure of PVP-037 is shown within the graph. n = 5 donors. (C) PVP-037 induced TNF in PBMCs as compared to R848. PVP-037 lacks NF-kB-inducing activity
in cell lines (e.g., monocytic THP-1 cell line). n = 5 donors for PBMCs and two independent experiments for THP-1 screen. (D) Human adult PBMCs were stimulated with
PVP-037 or R848 in an eight-point concentration titration manner for 18 hours and supernatant processed for TNF production or (E) 10 plex cytokines analysis. n = 8 do-

nors.
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(fig. S1B). Resiquimoid (R848), a synthetic small-molecule imidaz-
oquinoline TLR7/8A, served as a benchmark for these screens.
Among the ~10,000 molecules tested, an IMP, which we named
Precision Vaccines Program-037 (PVP-037), emerged as the most
promising hit, based on its ability to induce TNF production in hu-
man PBMCs, with comparable in vitro efficacy to R848 (Fig. 1B).
Further, we re-evaluated activity of PVP-037 in primary cells (i.e.,
human PBMCs) versus THP-1 cells (human monocytic cell line).
PVP-037 maintained significant immunomodulatory activity in hu-
man PBMCs, comparable to R848. However, it lacked any activity in
the human THP-1 monocytic cell line, highlighting the distinct na-
ture of this IMP scaffold and lack of prior identification (Fig. 1C). To
characterize its potency, we titrated PVP-037 in an eight-point
curve for stimulating human PBMCs and observed concentration-
dependent activity for inducing cytokine production. At concentra-
tions >11 pM, PVP-037 induced TNF in human PBMCs to a similar
extent as R848 (Fig. 1D). PVP-037 induced cytokine and chemokine
production from primary human PBMCs at concentrations >1 pM,
including TNE, granulocyte-macrophage colony-stimulating factor
(GM-CSF), interferon-y (IFNy), interleukin-10 (IL-10), IL-12p70,
IL-1p, IL-6, and CCL3 (MIP1x). At >11 pM, PVP-037 induced Ty1-
polarizing cytokines comparable to matching concentrations of
R848, including TNE IFNy, IL-1p (Fig. 1E).

PVP-037 SAR identifies highly potent analogs in vitro that
are effective adjuvants in vivo

We next pursued structure activity relationship (SAR) studies to
optimize PVP-037 for downstream formulation and applicability
as an adjuvant via (i) purchase of commercially available analogs
and (ii) de novo synthesis (core substituent analogs) (Fig. 2A).
Commercially available analogs were identified to explore the am-
ide SAR of PVP-037. Of this set, the 2-trifluoromethyl benzamide
(referred to as Cpd 37.37) induced the highest TNF production in
human PBMCs (Fig. 2A, left). Next, we prepared analogs of Cpd
37.37 with modifications to the IMP core and central phenyl ring
(Fig. 2A, right). We found that the introduction of a methyl group
to the IMP core (Cpd 2-144-3) enhanced TNF-inducing activity.
We also replaced the IMP core with alternative bicyclic ring sys-
tems (fig. S2) but observed reduced activity in all cases. For the full
set of analogs, we observed a similar rank order of activity in hu-
man PBMCs and murine splenocytes (fig. S3). Cpd 2-144-3, sub-
sequently referred to as PVP-037.1, activated both human PBMCs
(Fig. 2B) and mouse splenocytes (Fig. 2C). PVP-037.1 also dem-
onstrated enhanced induction of TNF in porcine PBMCs in vitro
(fig. S4).

PVP-037 demonstrated adjuvanticity in mice immunized with
recombinant hemagglutinin protein (rHA) in vivo (Fig. 2D). Mice
immunized with rHA admixed PVP-037 demonstrated higher Ab
titers compared to mice immunized with rHA alone and equivalent
or enhanced titers as compared to mice immunized with rHA and
Alum, the most commonly used vaccine adjuvant. Notably, the
highest immunoglobulin G (IgG) responses were observed in mice
receiving rHA + PVP-037.1, demonstrating correlation of in vitro
and in vivo activities (Fig. 2D). Further supporting its potential
utility as an adjuvant, PVP-037.1 also demonstrated enhanced PK/
ADME profile (fig. S5) as well as robust adjuvanticity via subcuta-
neous immunization (fig. S6). Conversely, an inactive analog, Cpd
02-184-2, did not enhance anti-rHA Ab titers (Fig. 2D), which cor-
related with lack of in vitro activity (fig. S2).

Soni et al., Sci. Adv. 10, eadg3747 (2024) 3 July 2024

Amine derivative of PVP-037.1 has improved solubility,
enhanced in vitro potency, and in vivo adjuvanticity

To enhance downstream formulation approaches, we installed a
primary amine group on the phenyl ring of PVP-037.1, generating
PVP-037.2 (Fig. 3A). This compound demonstrated improved solu-
bility, facilitating subsequent formulation studies. Pleasingly, upon
evaluation via human PBMC in vitro assays, we observed that PVP-
037.2 had greater TNF-inducing efficacy, and notably, PVP-037.2
showed lower median effective concentration compared to PVP-
037.1 and R848 (Fig. 3B). In addition, the amine addition also im-
proved the in vivo profile of the analog. Mouse pharmacokinetic
evaluation of drug serum concentrations at 8 hours after adminis-
tration demonstrated that relative to PVP-037.1, PVP-037.2 had
enhanced clearance from blood plasma and negligible hemolytic
activity (Fig. 3C).

Furthermore, we evaluated adjuvant effect of PVP-037 ana-
logs in vivo. We immunized adult (~6- to 8-week-old) C57BL/6]
mice IM using a prime-only schedule using trivalent rHA influ-
enza vaccine Flublok as a clinically relevant model antigen that
is devoid of adjuvant, alone or formulated with PVP-037.1 or
PVP-037.2 (100 nmol per mouse), and Ab titers for rHA-specific
total IgG were measured by ELISA 28 days after immunization
(Fig. 3D). We also investigated the titers of the IgG subclasses
IgG1 and IgG2c, respectively associated with type 2 and type 1
(IFNy-driven) immunity (23, 24). As expected, both PVP-037.1
and PVP-037.2 increased anti-rHA IgG titers in adult mice. In
line with our in vitro observations, only PVP-037.2 significantly
enhanced antigen-specific IgG1 and IgG2c production after a
single dose immunization (Fig. 3D).

To characterize the adjuvanticity of PVP-037.2, we expanded
our evaluation to a second antigen. C57BL/6] adult mice were
injected IM prime (day 0) with saline, wild-type (WT) SARS-
CoV-2 spike protein alone, spike admixed with PVP-037.2 (100 nmol
per mouse). Ab titers for WT spike-specific total IgG, IgG1 or IgG2¢
were measured by ELISA 28 days after immunization. Again, PVP-
037.2 via a single dose immunization, drove enhancement of total
IgG, IgG1, and IgG2c. Young mice (6 to 8 weeks old) vaccinated
with PVP-037.2 maintained normal weight gains (fig. S7). In ad-
dition, PVP-037.2 demonstrated robust adjuvanticity across mouse
strains (fig. S8). Via a prime-boost (day 28) schedule, PVP-037.2
hACE2-RBD (WT) inhibition was determined 42 days after im-
munization (Fig. 3E). Overall, these results support robust Ab
enhancement via IMPs based adjuvants for multiple routes and
antigens. Additionally, PVP-037.2 induced concentration-dependent
production of TNF and IL-1f in human elder PBMCs in vitro,
and showed adjuvanticity in aged mice when admixed with rHA
(FluBlok vaccine; fig. S9).

PVP-037.2 demonstrates a TLR7/8-dependent
immunomodulatory profile

As with our THP-1 data, initial in vitro evaluation of IMP family
analogs via human embryonic kidney (HEK) 293 cells expressing
human a TLR7 NF«B-SEAP reporter from Novus Biologicals (Littleton,
CO) and InvivoGen (San Diego, CA) respectively, demonstrated un-
detectable activity. However, because (i) we have previously dem-
onstrated that endosomal receptors are disproportionately the target
for small-molecule agonists (17), and (ii) published reports have
outlined difficulties reproducing TLR7/8 specificity using HEK293-
hTLR?7 cells (25), we investigated the activity of PVP-037.2 in PBMC
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Fig. 2. Iterative PVP-037-based SAR identified highly potent analogs in vitro that were effective adjuvants in vivo. (A) Commercially available analogs of PVP-037
were purchased. The activity of these analogs at 11 uM were compared against PVP-037 in human PMBCs, of which 37.37 was identified to have enhanced activity. Further
analogs of Cpd 37.37 were then prepared to explore the SAR of the IMP series. The tables depict the amount of TNF produced by representative analogs in a human PBMC
stimulation assay with an 18-hour incubation period. Cpd 2-144-3 referred to as PVP-037.1 was identified as the most potent molecule. (B) TNF production after stimula-
tion of human adult PBMCs with PVP-037 and two analogs for 18 hours at 33 pM, presented as % of intradonor R848 response. Results are presented as box-and-whisker
plots (n = 5). **P < 0.01 of PVP molecules versus DMSO by repeated measure one-way ANOVA of log-transformed data. Results represent median + SEM. (C) Human adult
PBMCs and murine splenocytes were stimulated with PVP-037 and its analogs for 18 hours at 33 uM. Each dot represents the median production of human TNF (n = 5) and
murine IL-6 (n = 6) for each compound. Chemical structures of PVP-037 and PVP-037.1 are shown within the graph. (D) C57BL/6J adult mice (6 to 8 weeks old) were in-
jected intramuscular (IM) prime (day 0)/boost (day 28) with saline, rHA alone, or rHA admixed with the indicated molecules. Titers for rHA-specific total IgG were measured
by ELISA 42 days after immunization. Results are presented as box-and-whisker plots of 9 to 10 mice per group (saline, n = 4, alum, n = 2). *P < 0.05, **P < 0.01 of
rHA + PVP molecules versus rHA by repeated measure one-way ANOVA of logo-transformed data. Results represent median + SEM.

after the treatment with the short single-stranded oligodeoxynu-
cleotides (ODN) 2088, a known TLR7/8/9 antagonist. Here, we
observed near total loss of activity of PVP-037.2 (Fig. 4A). Further-
more, in human PBMCs, ODN 20958 (TLR7 specific antagonist)
completely blocked PVP-037.2-induced TNF production, mirror-
ing the response of CL264, a highly selective TLR7A. To confirm

Soni et al., Sci. Adv. 10, eadg3747 (2024) 3 July 2024

this observation, we also unraveled the mechanistic pathways in-
duced by PVP-037 analogs using bone marrow-derived macro-
phages (BMDM) from both WT and Tlr7~ = mice. Here, both
PVP-037.1- and PVP-037.2-induced TNF productlon, was signifi-
cantly reduced in BMDMs from TIr7~~ mice as compared to
WT. Similar results were obtained with CL264 and R848, both
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Fig. 3. Amine derivative PVP-037.2 has enhanced potency in vitro and adjuvanticity in vivo. (A) An amine tag was added to PVP-037.1. (B) PVP-037.2 was identified
as a potent analog. After stimulation of human adult PBMCs for 18 hours. n = 8 donors. (C) To evaluate PK (drug serum levels), C57BL/6J adult mice weighing 20to 30 g
received a single formulation administration intravenously of 20 pl per mouse, at 3 mg/kg. Blood was collected (tail vein) from the same mouse before (0 min) and 0.1,
0.25,0.5, 2, 4, 6, and 8 hours after administration. Left indicates plasma concentration over time. Right indicates % plasma concentration relative to baseline. (D) C57BL/6J
mice were injected IM prime (day 0) with saline, rHA, and rHA admixed with the indicated adjuvants. Graphs represents antibody titers at day 28. (E) C57BL/6J adult mice
were injected IM prime (day 0) with saline, WT spike protein, and spike admixed with PVP-037.2 (100 nmoles per mouse). Graphs represent antibody titers at day 28 (effect
of single-dose immunization). hACE2-RBD (WT) inhibition rate was determined at day 42. In vitro results are presented as line graph (n = 5). *P < 0.05, **P < 0.01,
##kP < 0,001, *###P < 0.0001 of small molecules versus DMSO by repeated measure one-way ANOVA of log-transformed data. In vivo results are 5 to 25 mice per group
(except, sSVNT n = 5). *P < 0.05, **P < 0.01 of rHA + PVP molecules versus rHA by repeated measure one-way ANOVA of logo-transformed data.
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Fig. 4. PVP-037.2 demonstrates TLR7-dependent enhancement of Ty1-polarizing adjuvanticity. (A) PBMCs from adult human donors were incubated with inhibi-
tory (i)ODNs (TLR7/8/9 antagonists consisting of short single-stranded oligodeoxynucleotides) and either ODN 2088 (TLR7/8/9 antagonist) or ODN 20958 (TLR7 antago-
nist) for 1 hour. After inhibition with iODNSs, cells were stimulated with CL264 (TLR7A) or PVP.037.2, and supernatants were harvested after 20 to 24 hours. TNF production
was assayed in the supernatants via ELISA (n = 6 donors). (B) Bone marrow was isolated from WT or TIr7~~ mice to generate BMDMs, which were stimulated with 33 pM
CL264 (TLR7A) or R848 (TLR7/8A), LPS (100 ng/ml) (TLR4A), 100 uM PVP-037.1, or PVP-037.2. The supernatants were collected after 20 to 24 hours, and TNF production was
measured via ELISA (n = 5 samples). (C) WT or T/r7~~ mice (6 to 8 weeks old) were injected IM prime with saline, rHA alone, and rHA admixed with the 100 nmol of PVP-
037.2. Ab titers for rHA-specific total IgG or IgG2c were measured by ELISA 28 days after immunization (n = 5 samples).
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known TLR7A. In contrast, responses to LPS were unaffected in
Tlr7~'~ BMDMs (Fig. 4B). On the basis of these in vitro observa-
tions, we evaluated the in vivo adjuvanticity of a single dose of PVP-
037.2 toward rHA using WT and Tlr7~~ adult mice. Ab titers for
rHA-specific total IgG or IgG2c were measured at 28 days after im-
munization. A significant reduction in IgG2c class switched Ab
response was observed in the Tlr7~/~ mice (Fig. 4C), strongly sug-
gesting that the type 1 immunomodulatory profile of PVP-037.2 is
mediated by TLR7. To further investigate the mechanism of action
of PVP-037.2, we stimulated multiple HEK293 cell lines and as-
sessed NF-kB activation in cells expressing hTLR2, hTLR3, hTLR4,
hTLR5, hTLRS, or hTLRY. Notably, PVP-037.2 demonstrated activ-
ity in HEK-hTLRS cells, while it did not induce any detectable activ-
ity in HEK-hTLR2, HEK-hTLR3, HEK-hTLR4, HEK-hTLR5, and
HEK-hTLRO cells (fig. S10).

Formulation of PVP-037.2 with squalene enhanced

its adjuvanticity

Since the introduction of MF59, which enhances both humoral
and cell mediated responses, O/W emulsions have been routinely
used in many seasonal and pandemic influenza vaccines for adults
(26-28). Combination ASs can be a powerful approach to enhance
antigen-specific immunity (29). As with any pharmacologic agents,
adjuvant combinations can demonstrate additivity, antagonism,
or synergy (30). Several ASs, such as those developed by Glaxo-
SmithKline (GSK), are combination systems such as AS01 (MPLA +
QS21 in liposomes), AS02 (MPLA + QS21 in O/W emulsion),
ASO03 (squalene + alpha-tocopherol in O/W emulsion), and AS04
(MPL + alum). Next, we undertook a formulation strategy for
PVP-037.2, with various emulsion compositions (PVP-037.2/SE)
(Fig. 5A).

An initial effort to develop a squalene emulsion with 1-palm
itoyl-2-oleoyl-sn-glycero-3-phosphocholine as the emulsifier re-
sulted in favorable emulsion droplet size (92 + 1.2 nm) and a fairly
narrow size distribution [polydispersity index (PDI) 0.117 +0.008].
However, only ~10% of the loaded PVP-037.2 was incorporated in
the emulsion droplets. To increase compound incorporation, half
of the squalene content was substituted with grapeseed oil in an
effort to create more physical void spaces for compound entrap-
ment in the oil core, as plant-derived oils have a more diverse pro-
file of fatty acids with different saturation states that give rise to
nonuniform molecular packing (31). In addition, a small amount
of methanol and chloroform mixture (1:2, v/v) was used to solubi-
lize the compound during the formulation process, which was sub-
sequently removed by evaporation. These changes increased the
initial PVP-037.2 incorporation to 56%. However, the incorporated
PVP-037.2 gradually precipitated from the formulation over time,
with the percent of compound retention down to 11% 10 days after
formulation.

To promote complexation of PVP-037.2 with the emulsion, a
modified formulation using a slightly acidic pH and an anionic
emulsifier was devised. The formulation was prepared by add-
ing a stock solution of PVP-037.2 in ethanol and 0.2% v/v HCI
to emulsion components that included 1,2- myristoyl-sn-glycero-3-
phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)] (DPPG), poloxamer 188, squalene, glycerol, and
ammonium phosphate buffer, followed by water bath sonication at
elevated temperature to generate a nanoemulsion. Following soni-
cation, the ethanol was removed by dialysis and the final emulsion
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was filtered and filled into glass vials. As a control, blank emul-
sions were manufactured in a similar manner without PVP-037.2
(Fig. 5B). PVP-037.2 stable O/W emulsion (SE) demonstrated >90%
adjuvant incorporation, acceptable particle size (~160 nm) and nar-
row particle size distribution (PDI < 0.17) (Fig. 5C). Adjuvant in-
corporation within PVP-037.2/SE and particle size were stable for at
least 2 months, indicating potential for long term formulation sta-
bility (Fig. 5D) (32).

O/W emulsions (26-28) and TLR7/8As (33-35) induce distinct,
though partially overlapping, innate immune activation (36), induc-
ing production of innate type 1 interferon, pro-inflammatory cyto-
kines and chemokines important to initiation of adaptive immune
responses. Next, via use of murine RAW264.7 macrophage cells (ex-
pressing secreted embryonic alkaline phosphatase (SEAP) reporter
construct, inducible by NF-kB), we demonstrated that PVP-037.2/SE
led to relative SEAP activity equivalent to that of R848 (Fig. 5E).
To further assess the immunostimulatory profiles and synergis-
tic effects of PVP-037.2/SE on primary immune cells, we stimulated
adult mice BMDCs and BMDMs with increasing concentrations of
each SE, PVP-037.2 and PVP-037.2/SE for 24 hours. We focused on
TNF as a surrogate for the capacity to induce broad innate response.
PVP-037.2/SE synergistically induced concentration-dependent
TNF production in BMDCs (Fig. 5F) and BMDMs (Fig. 5G) while
conversely reducing cytotoxicity of the emulsion alone (Fig. 5, H
and I), respectively.

On the basis of these in vitro observations, we next evaluated
the ability of PVP-037.2/SE to enhance anti-rHA Abs in vivo. To
this end, using WT adult mice, we first determined 10 nmol of
PVP-037.2 to be a minimally effective adjuvant dose for rHA
(1/10th dose as compared to Figs. 3 and 4), with Ab titers for rHA-
specific total IgG and IgG2c measured 42 days after immunization
(Fig. 5J). Addition of 10 nmol of PVP-037.2/SE resulted in a 10-fold
enhancement in both total IgG and IgG2c class switched Ab re-
sponse (Fig. 5]), significantly enhancing the humoral response
as compared to the rHA, rHA+ PVP-037.2 or rHA + SE (dotted
line) groups.

DISCUSSION

Herein, we report the use of a human in vitro screen to identify
an imidazopyrimidine TLR7/8 A pharmacophore with innate im-
mune enhancing activity in vitro and adjuvanticity in vivo. While
TLR7/8As have considerable potential in the preclinical and clinical
setting, their use can be limited by reactogenicity (37, 38). Accord-
ingly, advanced TLR7/8A formulations which promote targeted de-
livery and avert systemic inflammation, but still activate innate and
adaptive immunity, are of substantial interest (6, 17). Formulating
small-molecule adjuvants offers significant advantages such as tar-
geted activation of antigen presenting cells (APCs), increased stabil-
ity of small molecules for longer duration, potential antigen-sparing
effects, improved reactogenicity profiles, long-term safety, and ef-
ficacy (39). Hence, we focused on a formulation incorporating
PVP-037.2 with O/W emulsion which significantly modified and
enhanced the immune profile of the molecule.

In our present study, we used a phenotypic in vitro discovery ap-
proach using primary human PBMCs to identify an IMP phar-
macophore, that when incorporated into an O/W emulsion, is a
synergistically stable formulation in vitro with efficacy in vivo.
Our study features several strengths, including (i) use of in vitro
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Fig. 5. PVP-037.2 acts in synergy with a squalene-based oil in water formulation to enhance cytokine induction in vitro and vaccine immunogenicity in vivo.
(A) Graphical representation depicting incorporation of PVP-037.2 in a squalene-based O/W emulsion. (B) Representative pictures of formulation vials, (C) formulation
properties, and (D) concentration, particle-size stability, of compositions manufactured for PVP-037.2/SE formulation and the vehicle (SE). (E) RAW-Blue cells [murine
RAW264.7 macrophage cell line expressing secreted embryonic alkaline phosphatase (SEAP) reporter construct inducible by NF-kB and AP-1] were stimulated with indi-
cated concentrations of PVP-037.2, PVP-037.2/SE, SE, R848, or DMSO. After 20 to 24 hours, supernatants were harvested, and SEAP production was measured using Quanti-
Blue assay for assessing NF-kB activation. (F) BMDCs and (G) BMDMs were stimulated with indicated concentrations of PVP-037.2, PVP-037.2/SE, or SE for 20 to 24 hours
and TNF production measured via ELISA (n = 5 samples). (H and 1) In addition, cytotoxicity was measured in BMDCs and BMDMs using a lactate dehydrogenase (LDH)
colorimetric assay kit, respectively. (J) WT mice (6 to 8 weeks old) were injected IM prime (day 0)/boost (day 28) with saline, rHA alone, and rHA admixed with the 10 nmol
of PVP-037.2, PVP-037.2/SE, or SE. Ab titers for rHA-specific total IgG or IgG2c were measured by ELISA 42 days after immunization (n = 5 samples).
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modeling using primary human PBMCs for a phenotypical drug
discovery screen, (ii) discovery and development of a TLR7/8A ad-
juvant with broad immuno-stimulatory ability, (iii) creation of a
well-defined O/W emulsion, and (iv) assessment of adjuvant combi-
nations in vitro and in vivo.

Our study also has some limitations, including (i) mice may not
accurately reflect in vivo effects in humans and future studies may
benefit from porcine and/or nonhuman primate studies, (ii) while
TLRs 7 and 8 appear to be important to PVP-037’s action, we did
not assess additional pathways that may contribute to activity such
as the inflammasome (40), (iii) future functional studies including
pathogen challenge could further assess adjuvant effects on vaccine
efficacy, (iv) immunization studies were undertaken at relatively
short timepoints, such that future studies are needed to assess the
impact of PVP-037 on durability of immune responses, and al-
though we focused on Ab responses as important correlates of pro-
tection against influenza and SARS-CoV-2 (41, 42), (v) further
studies should assess T cell responses, as cellular immunity pro-
vides an important layer of protection, along with toxicity studies
on stable formulations. Last, although we screened molecules based
on NF-kB and cytokine expression, additional endpoints such as
costimulatory marker expressions (e.g., CD80, CD86, and OX40)
are potentially valuable for future phenotypic HTS campaigns
(43, 44).

Historically, vaccine development has been largely limited to
empirical approaches focused on infectious diseases and has target-
ed entire populations, potentially disregarding distinct immunity in
vulnerable populations. Research has suggested that several fac-
tors can influence and thus alter the efficacy of vaccines, such as
differences in immune status (healthy versus immunocompro-
mised individuals) (45), sex, age (e.g., newborn/infant versus adult
versus elder) (46, 47) and geographical location (resulting in distinct
genetic and epigenetic backgrounds) (48). Furthermore, effects of at
least some combination adjuvants may vary with age (49). Thus,
current approaches are ushering in an area of precision vaccinology
aimed at tailoring immunization for vulnerable populations with
distinct immunity, especially for pediatric use (16, 48, 50-52), where
novel TLR7/8As have shown promise.

In summary, we report the discovery, characterization, and de-
velopment of a TLR7/8A agonist IMP adjuvant formulation that
may have utility for enhancing Th-polarizing immunity for a broad
range of indications including as a stand-alone agent to treat viral
infections or redirect immunity to treat allergy as well as an adjunc-
tive adjuvant to enhance vaccine-induced immune responses and
protection.

MATERIALS AND METHODS

Ethics statements

All experiments were conducted in accordance with relevant insti-
tutional and national guidelines, regulations and approvals. Experi-
ments involving animals were approved by the Institutional Animal
Care and Use Committees (IACUC) of Boston Childrens Hospital
and Harvard Medical School (protocol numbers 15-11-3011 and
16-02-3130). C57BL/6J, BALB/c, and Tlr7~'~ mice were obtained
from the Jackson Laboratory (Bar Harbor, ME), and housed in spe-
cific pathogen-free conditions in the animal research facilities at
Boston Children’s Hospital. Blood samples from adult volunteers
were collected after written informed consent with approval from
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the Ethics Committee of Boston Children’s Hospital, Boston, MA
(protocol number X07-05-0223).

Overview of discovery approach

To identify small molecules that activate human leukocytes, screen-
ing of ~200,000 small molecules was first conducted via a THP1-Lucia
based nuclear factor-kappa B (NF-«B)-dependent luminescence assay.
As we postulated that cell culture lines such as THP-1 cells may not
fully capture innate immune responses typical of primary human leu-
kocytes, we next used a targeted HT'S methodology in which ~10,000
compounds, made up from small-molecule library plates that had a
relatively high number of hits/plate in the THP-1-Lucia screening
campaign, were tested. This secondary PBMCs screening campaign
was completed using primary human PBMCs from three different
adult human donors in duplicate, therefore totaling ~60,000 individu-
ally screened treatment wells using a TNF focused Alpha-LISA
Assay (PerkinElmer) (53).

Reporter cell lines and reagents

THP1-Lucia and RAW-Blue cell lines were obtained from Invivogen
(San Diego, CA). THP1-Lucia cells, which are human monocytic
cells derived from the blood of a pediatric patient with leukemia,
contain an NF-kB-inducible luciferase (Luc) reporter construct.
This allows NF-kB activation to be measured by quantifying the
luminescence from the secreted Luc enzyme. RAW-Blue cells are
derived from the murine RAW264.7 macrophages and contain an
NF-kB/AP-1-inducible secreted embryonic alkaline phosphatase
(SEAP) reporter gene. Both cell lines were cultured and used for
assays according to the manufacturer’s protocol. ODN 2088 and
ODN 20958 were purchased from Miltenyi Biotec (MA, USA).
Cytotoxicity detection kit (LDH) was purchased from Roche Diag-
nostics (CT, USA) and used as per manufacturer’s protocol.

Chemical libraries

The compound libraries screened included known bioactive, aca-
demic and commercial libraries from various sources (e.g., ChemDiv,
ChemBridge, and Asinex). All small molecules were dissolved in
DMSO, typically at 10 mM, and libraries were stored at —20°C in
desiccated storage containers. The small-molecule libraries were
provided by and the high throughput screens described below were
conducted at the ICCB-Longwood Screening Facility at Harvard
Medical School. Further details describing each library used in this
study appear in tables S1 and S2.

NF-kB-induced luminescence HTS assay

THP1-Lucia cells, between passages 15 and 18, and suspended in
culture medium, were dispensed into 384-well black-walled clear-
bottom plates (Corning 3712) at 30,000 cells in 30 pl per well using
a Thermo Combi liquid dispenser. The following controls were in-
cluded on each assay plate at the indicated final concentration in
0.3% DMSO: 50 pM R848, a TLR7/8A; 100 nM Phorbol myristate
acetate (PMA); and 0.3% DMSO. Experimental compounds were
added to duplicate assay plates using a custom pin transfer work-
station, with 100 nl of compound in 100% DMSO added. For
most small-molecule libraries, this resulted in a final compound
concentration of 33 pM in 0.3% DMSO. Plates were then incu-
bated for 24 hours at 37C with 5% CO; at 95% humidity. Following
incubation, 10 pl of supernatant was removed from each well and
transferred to a 384-well, white-walled, opaque microplate (Corning
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3570) using an Agilent Vprep. 10 pl of recombinant Lucia protein
(InvivoGen) diluted 1:2000 in THP1 culture media was added to
empty well P24. Using a Combi liquid dispenser, 50 pl per well of
Quanti-Luc substrate (InvivoGen) diluted 1:3 in sterile water
was added to the assay plate. Immediately after substrate addi-
tion, the luminescence was quantitated by a PerkinElmer Envi-
sion plate reader.

AlphaLISA HTS assay

Human adult peripheral blood was collected according to ap-
proved protocols. PBMCs were isolated from blood using a Ficoll
density gradient. PBMCs were stored at 5 X 107 cells per vial in
1 ml of RPMI containing 20% autologous plasma and 10% DMSO at
—80°C until use. On day 1, PBMCs were thawed in 37°C water
bath for 3 min and washed twice with Phosphate-buffered saline
(PBS). Viability was assessed by trypan blue staining and cells
were then resuspended to 6.67 x 10° viable cells/ml in DMEM
with 10% autologous plasma. 30 pl of cells were dispensed per
well in Corning 3712 black walled, clear bottom 384-cell culture
plates, resulting in 20,000 cells per well). Controls and experimental
compounds were added to cells as described above and plates were
then incubated at 37°C, 5% CO; and 95% humidity for 18 hours.
Following incubation, plates were centrifuged and 2 pl supernatant
was aspirated and dispensed into Perkin Elmer Alpha plates using
an Agilent Vprep. Following manufacturer instructions, the Perkin
Elmer Human TNFa kits (cat# AL208F) were used to quantitate
the TNF concentration in supernatants, with assay readout on the
Perkin Elmer EnVision.

HTS hit calling method

Experimental compounds generating a robust Z score > 2 in both
replicates for the THP-1 NF-kB induced Luc HTS assay and in >2
of the 3 human samples of PBMCs for the AlphaLISA HTS assay
were considered potential hits. The statistical analyses used to iden-
tify potential hits in the THP-1 and TNF AlphaLISA assays are de-
scribed in detail in the Supplementary Materials.

Collection of human blood, isolation, and in vitro

assay of PBMCs

Peripheral blood was collected from healthy adult volunteers.
Human experimentation guidelines of the U.S. Department of
Health and Human Services and Boston, and Boston Children’s
Hospital were observed, following protocols approved by the lo-
cal institutional review boards. Human blood was anti-coagulated
with 20 units/ml pyrogen-free sodium heparin (American Phar-
maceutical Partners Inc.; Schaumberg, IL). All blood products
were kept at room temperature (RT) and processed within 4 hours
from collection as previously described (16, 54). PBMCs were
isolated from blood using a Ficoll density gradient. PBMCs ei-
ther used fresh or were stored at 5 x 107 cells per vial in 1 ml of
RPMI containing 20% autologous plasma and 10% DMSO at
—80°C until use. Stimulation plates were prepared by transfer-
ring 0.66 pl of DMSO-dissolved compounds (10 mM) to each
well of a round bottom 96-well plate. PBMCs isolated from hu-
man adult donors were resuspended at a concentration of 10° cells /
200 pl of RPMI supplemented with 10% of platelet-poor plas-
ma. The cell suspension (200 pl) was transferred to each well re-
sulting in a final compound concentration (e.g., 33 pM). After
~18 hours of incubation (37°C, 5% CO,), plates were centrifuged
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(500g, RT, 5 min), and supernatants were harvested for fur-
ther analysis.

ELISAs and multiplex-Analyte assays

Supernatants derived from human PBMCs stimulations were assayed
by ELISA for TNF (Thermo Fisher Scientific; Waltham, MA, USA). Cy-
tokine and chemokine expression profiles (e.g., IFNy, IL-9, IL-10, IL-12
(p70), IL-13, IL-1p, IL-23, IL-27, IL-28A, IL-33, IL-6, MIP-30/CCL20,
and TNF) in cell culture supernatants were measured using a custom-
ized Milliplex Human Th17 Magnetic Bead Panel according to the
manufacturer’s instructions (Millipore; Chicago, IL, USA). Assays were
read and analyzed on the Luminex 100/200 System and xPOTENT
software (Luminex; Austin, TX). A minimum threshold was set at the
minimum detectable concentration for each individual assay, defined
as three standard deviations above the mean background. Superna-
tants derived from murine bone marrow-derived dendritic cells
(BMDCs), or macrophage stimulations were assayed by ELISA for
TNF and/or IL-6 (Thermo Fisher Scientific).

Endotoxin measurement and human TLR-transfected
HEK293 assay

All TLR7/8As in both in vitro and in vivo studies were verified to be
free of endotoxin (< 1 EU/ml) by the Endosafe nexgen-MCS Limulus
amoebocyte lysate assay per the manufacturer’s instructions (Charles
River Laboratories). HEK293 cells expressing human TLRs with an
NF-xB-responsive secreted embryonic alkaline phosphatase (SEAP)
reporter gene were obtained from Novus Biologicals (Littleton, CO)
and InvivoGen (San Diego, CA), respectively. Cells were maintained in
DMEM with 10% HI-FBS and selection antibiotics per the manufac-
turer’s instructions. Cells were plated at 5 x 10° cells/96-well and stim-
ulated with indicated agonist(s) for 24 hours. Supernatants were
harvested and analyzed for NF-kB/SEAP activation using the Quan-
tiBlue kit (InvivoGen). Values are expressed as fold change in optical
density at 650 nm (ODgsp) over vehicle-only treated samples.

Generation of human MoDCs, mouse splenocytes,
macrophages, and dendritic cells

Monocytes were isolated from PBMC fractions by positive selection
by magnetic microbeads according to the manufacturer’s instruc-
tions (Miltenyi Biotec, Auburn, CA) using CD14 as a pan marker.
Isolated monocytes were cultured in tissue culture dishes at 10° cells/
ml in RPMI 1640 media containing fresh 10% autologous plasma,
supplemented with recombinant human IL-4 (50 ng/ml) and re-
combinant human GM-CSF (100 ng/ml) (R&D Systems, Minneapolis,
MN) with one additional supplement of fresh media and cytokines
at day 3 of culture as previously described (34, 55). After 6 days,
immature MoDCs were harvested by gently pipetting the loosely
adherent fraction, before being re-plated (10° cells per well) in 96-
well U-bottom plates in the presence or absence of treatments and/
or sterile PBS. Plates were then incubated for 18 to 24 hours at 37°C
in a humidified incubator at 5% CO,. After this stimulation super-
natants were harvested and processed for further functional assays.
To isolate murine splenocytes, spleens were mashed through a 70 pm
cell strainer, and the resulting cell suspensions were washed with
PBS and incubated with 2 mL of ACK lysis buffer (Gibco) for 2 min
at RT to lyse erythrocytes. Splenocytes were washed again with PBS
and plated in flat-bottom 96-well plates (2 x 10° cells per well)
for stimulation for 48 hours, supernatants were harvested, and
cytokine concentrations were measured by ELISA (15). Mouse
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macrophages were derived from isolated bone marrow-derived
progenitor cells via their propagation in M-CSF-containing medium.
After 7 days in culture, with one additional supplement of fresh media
and cytokines at day 3 of culture, contaminating nonadherent cells
are eliminated by gently pipetting the loosely adherent fraction,
adherent cells are harvested for assays, before being re-plated
(10° cells/ well) in 96-well U-bottom plates in the presence or ab-
sence of treatments and/or sterile PBS. Adherent BMDMs are
routinely >90% pure (56). Mouse bone-marrow derived dendritic
cells (BMDCs) were generated as described previously (57).

Influenza antigens, vaccination and antibody quantification
For vaccination experiments, adult mice, typically 6 to 8 weeks of
age (either C57BL/6] or BALB/c strains), and 56 weeks old (for aged
BALB/c) were immunized intramuscularly (IM) in the right poste-
rior thigh with 50 pl of vaccine dose containing 0.33 pg of each of
the following recombinant influenza virus hemagglutinins (rHA):
A/Michigan/45/2015 (H1N1), A/Hong Kong/4801/2014 (H3N2),
and B/Brisbane/60/2008, derived from seasonal FluBlok vaccine
(Protein Sciences Corp.). Mice were vaccinated with a prime-boost
schedule (two injections) 4 weeks apart. Each vaccine dose was for-
mulated with 10% (v/v) DMSO, except for the groups vaccinated
with the IMP compounds since they were dissolved in DMSO and
5% (v/v) Tween-80. As indicated for specific experimental groups,
each dose may have been also formulated with Aluminium hydrox-
ide (100 pg) and/or PVP-037 or its analogs (each IMP at 100 nmol,
final DMSO concentration 10%). Serum was collected 28 days after
prime (preboost blood sample) and 14 days after boost for antibody
detection. rHA-specific total IgG were quantified by ELISA. High
binding flat bottom 96-well plates (Corning Life Sciences) were
coated with rHA (1 pg/ml) in carbonate buffer pH 9.6, incubated
overnight at 4°C and blocked with PBS + bovine serum albumin
(BSA) 1% (Sigma-Aldrich) for 1 hour at RT. Then, sera from vac-
cinated mice were added with an initial dilution of 1:100 and 1:4
serial dilutions in PBS 4+ BSA 1% and incubated for 2 hours at
RT. Plates were then washed and incubated for 1 hour at RT with
horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Southern
Biotech). At the end of the incubation plates were washed again
and developed with tetramethylbenzidine (BD Biosciences) for
5 min, then stopped with 1 N H,SO,. The OD was read at 450 nm
Versamax microplate reader with SoftMax Pro Version 5 (both from
Molecular Devices) and endpoint titers were calculated using as cut-
off three times the OD of the background.

SARS-CoV-2 WT spike and RBD expression/purification

and serology

Full length SARS-CoV-2 Wuhan-Hu-1 spike glycoprotein (M1-
Q1208, GenBank MN90894) and RBD constructs (amino acid resi-
dues R319-K529, GenBank MN975262.1), both with an HRV3C
protease cleavage site, a TwinStrepTag and an 8XHisTag at C termi-
nus were obtained from Barney S. Graham (NIH Vaccine Research
Center) and Aaron G. Schmidt (Ragon Institute), respectively. These
mammalian expression vectors were used to transfect Expi293F
suspension cells (Thermo Fisher Scientific) using polyethyleni-
mine (Polysciences). Cells were allowed to grow in 37°C, 8% CO,
for an additional 5 days before harvesting for purification. Protein
was purified in a PBS buffer (pH 7.4) from filtered supernatants by
using either StrepTactin resin (IBA) or Cobalt-TALON resin (Takara).
Affinity tags were cleaved off from eluted protein samples by HRV
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3C protease, and tag removed proteins were further purified by size-
exclusion chromatography using a Superose 6 10/300 column (Cyti-
va) for full length Spike and a Superdex 75 10/300 Increase column
(Cytiva) for RBD domain in a PBS buffer (pH 7.4).

Mice were vaccinated as above. Spike protein-specific antibody
titers were quantified in serum samples by ELISA by modification of
a previously described protocol (57). Briefly, high-binding flat-
bottom 96-well plates (Corning) were coated with spike protein (25 ng
per well) and incubated overnight at 4°C. Plates were washed with
0.05% Tween 20/PBS and blocked with 1% BSA/PBS for 1 hour at
RT. Serum samples were serially diluted fourfold from 1:100 up to
1:1.05 x 10® and then incubated for 2 hours at RT. Plates were
washed three times and incubated for 1 hour at RT with HRP-
conjugated anti-mouse IgG, IgG1, and IgG2a (SouthernBiotech).
Plates were washed five times and developed with tetramethylbenzi-
dine (BD OptEIA Substrate Solution, BD Biosciences) for 5 min and
then stopped with 2 N H2SO4. Optical densities (ODs) were read at
450 nm with a SpectraMax iD3 microplate reader (Molecular De-
vices). To determine endpoint titers, five-parameter logistic asym-
metric sigmoidal curves were generated (15, 45, 58, 59). Endpoint
titers were calculated as the dilution that emitted an OD matching a
3x background. An arbitrary value of 50 was assigned to the samples
with OD values below the limit of detection for which it was not
possible to interpolate the titer.

The hACE2-RBD inhibition assay used a modification of a pre-
viously published protocol (60). Briefly, high-binding flat-bottom
96- well plates (Corning) were coated with recombinant hACE2
(100 ng per well) (Sigma-Aldrich) in PBS, incubated overnight at
4°C, washed three times with 0.05% Tween 20 PBS, and blocked
with 1% BSA PBS for 1 hour at RT. Serum samples were diluted
1:160, preincubated with 3 ng of WT RBD-Fcin 1% BSA PBS for 1 hour
at RT, and then transferred to the hACE2-coated plate. RBD-Fc
without preincubation with serum samples was added as a positive
control, and 1% BSA PBS without serum preincubation was add-
ed as a negative control. Plates were then washed three times and
incubated with HRP-conjugated anti-human IgG Fc (SouthernBio-
tech) for 1 hour at RT. Plates were washed five times and developed
with tetramethylbenzidine (BD OptEIA Substrate Solution, BD Bio-
sciences) for 5 min and then stopped with 2 N H,SO,. The OD was
read at 450 nm with a SpectraMax iD3 microplate reader (Molecular
Devices). Percentage inhibition of RBD binding to hACE2 was cal-
culated as: Inhibition (%) = [1 — (Sample OD value — Negative
Control OD value)/(Positive Control OD value — Negative Control
OD value)] x 100.

IMPs: Synthesis and formulation

IMPs were synthesized following established procedures, as de-
scribed in WO2019099564. A representative example is shown in
"Preparation of example S1" in the Supplementary Materials, Other
IMPs were prepared by similar methods to examples S1 and S2,
from the corresponding aniline and either the acid chloride or car-
boxylic acid. For IMP formulations, squalene was obtained from
Sigma. Phospholipids (DMPC, DPPG) were purchased from Lipoid
or NOE. Ammonium phosphate monobasic, ammonium phosphate
dibasic, and hydrochloric acid (HCI) were acquired from ].T. Baker.
Poloxamer 188 and glycerol were obtained from Spectrum Chemi-
cal. PBS was supplied by Gibco. Acrodisc PES 0.8/0.2 pm syringe
filters were acquired from Pall. G2 Slide-A-Lyzer dialysis cassettes
(2,000 MWCO) were obtained from Thermo Fisher Scientific. Ethanol

100f 13

¥202 ‘2z AInC Uo B10°90UB 105" MAMM//:ST1Y WOJ | Pape0 jUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

was purchased from Fischer Scientific. PVP-037.2/SE O/W
emulsion formulation of compound PVP-037.2 was prepared by
adding 0.2 ml of squalene, 61 mg DMPC, 12 mg DPPG, 2 mg po-
loxamer 188, and 4 mg of compound PVP-037.2 (i.e., 0.5 ml solu-
tion of 8 mg/ml compound PVP-037.2 in ethanol and 0.2 v/v%
HCI) to 4.5 ml of 25 mM ammonium phosphate bufter (pH 5.7)
containing 24 mg/mL glycerol. The mixture was sonicated at 60-
70°C for 4-6 hours, followed by dialyzing overnight in 25 mM am-
monium phosphate buffer (pH 5.7) containing 24 mg/ml glycerol.
Last, dialyzed formulation was filtered in a laminar flow hood,
filled into a glass vial, and stored at 2-8°C. Blank emulsions were
manufactured in a similar manner but without compound. Charac-
terization of the emulsion formulations consisted of dynamic light
scattering (following 50 - fold dilution in water) to measure particle
diameter (Malvern Nano-S or -ZS), absorbance at 326 nm to mea-
sure compound concentration (Agilent Cary 100), and visual ap-
pearance. Formulation characteristics are listed in Fig. 5.

Statistical analyses and graphics

Statistical significance and graphical outputs were generated us-
ing GraphPad Prism version 8 for macOS (GraphPad Software;
La Jolla, CA, USA) and Microsoft Excel (Microsoft Corpora-
tion; Redmond, WA). For non-HTS in vitro and in vivo experi-
ments where values were normalized to control, column statistics
were conducted using two-tailed Wilcoxon signed-rank test or
one-sample ¢-test comparing to control. Group comparisons were
performed by one-way analysis of variance (ANOVA) with Dun-
nett’s multiple comparison post-test or two-way ANOVA compar-
ing column and row effects. Results were considered significant
at P < 0.05, and indicated as follows: *P < 0.05, **P < 0.01,
*#%P < 0.001, ¥*¥**P < 0.0001. Synergy was evaluated using the
Loewe definition of additivity, with D > 1 indicating antagonism,
D =1 additivity, and D < 1 synergy (49, 61). To fit regression curves
more closely to the data, higher concentrations were excluded
from linear regressions when calculating D values if the cytokine
concentrations plateaued or decreased. Graphics were created with
BioRender.com.

Data management and availability

D.S. conducted Data Quality Control (QC) by screening all submit-
ted figures against the raw data provided. D.].D. carried out Quality
assurance (QA) by screening of a ~10% random sample data (2 ran-
domly selected figures/tables, from ~20 total). All data needed to
evaluate the conclusions in this article are present in the paper and/
or included in the supplementary materials.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S10

Tables S1to S3

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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