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On-demand biomanufacturing of protective

conjugate vaccines
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Conjugate vaccines are among the most effective methods for preventing bacterial infections. However, existing
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manufacturing approaches limit access to conjugate vaccines due to centralized production and cold chain distri-
bution requirements. To address these limitations, we developed a modular technology for in vitro conjugate
vaccine expression (iVAX) in portable, freeze-dried lysates from detoxified, nonpathogenic Escherichia coli. Upon
rehydration, iVAX reactions synthesize clinically relevant doses of conjugate vaccines against diverse bacterial
pathogens in 1 hour. We show that iVAX-synthesized vaccines against Francisella tularensis subsp. tularensis (type A)
strain Schu S4 protected mice from lethal intranasal F. tularensis challenge. The iVAX platform promises to accelerate
development of new conjugate vaccines with increased access through refrigeration-independent distribution

and portable production.

INTRODUCTION

Drug-resistant bacteria are predicted to threaten up to 10 million
lives per year by 2050 (1), necessitating new strategies to develop
and distribute antibiotics and vaccines. Conjugate vaccines, typically
composed of a pathogen-specific capsular (CPS) or O-antigen poly-
saccharide (O-PS) linked to an immunostimulatory protein carrier,
are among the safest and most effective methods for preventing life-
threatening bacterial infections (2-4). In particular, implementation
of meningococcal and pneumococcal conjugate vaccines has sig-
nificantly reduced the occurrence of bacterial meningitis and pneu-
monia worldwide (5, 6), in addition to reducing the prevalence of
antibiotic resistant infections (7). However, despite their proven
safety and efficacy, global childhood vaccination rates for conjugate
vaccines remain as low as ~30%, with lack of access or low immuni-
zation coverage accounting for the vast majority of the remaining
disease burden (8). In addition, the 2018 World Health Organiza-
tion prequalification of Typhbar-TCV to prevent typhoid fever rep-
resents the first conjugate vaccine approval in nearly a decade. To
address emerging drug-resistant pathogens, new platform technol-
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ogies to accelerate the development and global distribution of con-
jugate vaccines are urgently needed.

Contributing to the slow pace of conjugate vaccine development
and distribution is the fact that these molecules are particularly
challenging and costly to manufacture. The conventional process to
produce conjugate vaccines involves chemical conjugation of carri-
er proteins with polysaccharide antigens purified from large-scale
cultures of pathogenic bacteria. Large-scale fermentation of patho-
gens results in high manufacturing costs due to associated biosafety
hazards and process development challenges. In addition, chemical
conjugation can alter the structure of the polysaccharide, resulting
in loss of the protective epitope (9). To address these challenges, it
was recently demonstrated that polysaccharide-protein conjugates
can be made in Escherichia coli using protein glycan coupling technol-
ogy (PGCT) (10). In this approach, engineered E. coli cells covalently
attach heterologously expressed CPS or O-PS antigens to carrier pro-
teins via an asparagine-linked glycosylation reaction catalyzed by
the Campylobacter jejuni oligosaccharyltransferase enzyme PglB
(CjPgIB) (11-17). Despite this advance, both chemical conjugation
and PGCT approaches rely on living bacterial cells, requiring cen-
tralized production facilities from which vaccines are distributed
via a refrigerated supply chain.

Refrigeration of conjugate vaccines is critical to avoid spoilage
due to aggregate formation and loss of the pathogen-specific polysac-
charide upon heating and freezing (18-23). Because of complexities
and costs associated with cold chain refrigeration, vaccines with
even short-term thermostability offer substantial advantages. The
availability of effective and thermostable freeze-dried vaccines is
cited as a key technological innovation that enabled the global
eradication of smallpox (24). Development of MenAfriVac, a menin-
gococcal conjugate vaccine shown to remain active outside of the
cold chain for up to 4 days, enabled increased vaccine coverage and
an estimated 50% reduction in costs during vaccination in the men-
ingitis belt of sub-Saharan Africa (25). However, this required a siz-
able ($70 million) investment in the development and validation of a
thermostable vaccine. Furthermore, conjugate vaccine thermo-
stability varies for different O-PS antigens both across pathogens
and between serotypes of the same pathogen, even in lyophilized
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formulations (20-23). Thus, generalizable strategies to achieve
thermostability in the context of current manufacturing and dis-
tribution strategies may prove elusive. Broadly, the need for cold
chain refrigeration creates economic and logistical challenges that
limit the reach of vaccination campaigns and present barriers to
the eradication of disease, especially in low- and middle-income
countries (8, 26).

Cell-free protein synthesis (CFPS) offers opportunities to both
accelerate vaccine development and enable decentralized, cold
chain-independent biomanufacturing by using cell lysates, rather
than living cells, to synthesize proteins in vitro (27). CFPS platforms
(i) enable point-of-care protein production, as relevant amounts of
protein can be synthesized in vitro within a few hours, (ii) can be
freeze-dried for distribution at ambient temperature and reconsti-
tuted by just adding water (28), and (iii) circumvent biosafety con-
cerns associated with the use of living cells outside of a controlled
laboratory setting. CFPS has recently been used to enable on-demand
and portable production of aglycosylated protein subunit vaccines
(28, 29). However, the production of efficacious glycoprotein products,
which represent 70% of approved therapeutics (30), from decentral-
ized biomanufacturing platforms has not yet been demonstrated. As a
result, there remains a need for additional technologies that enable
decentralized production of glycosylated protein products, including
conjugate vaccines.

To address this technological gap, here, we describe the iVAX
(in vitro conjugate vaccine expression) platform that enables rapid
development and cold chain-independent biosynthesis of conjugate
vaccines in cell-free reactions (Fig. 1). iVAX was designed to have
the following features. First, iVAX is fast, with the ability to produce
multiple conjugate vaccine doses in 1 hour. Second, iVAX is ro-
bust, yielding equivalent amounts of conjugate over a range of oper-
ating temperatures. Third, iVAX is modular, offering the ability to
rapidly interchange carrier proteins, including those used in licensed
conjugate vaccines, as well as conjugated polysaccharide antigens.
We leverage this modularity to create an array of vaccine candidates
targeted against diverse bacterial pathogens, including the highly
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virulent Francisella tularensis subsp. tularensis (type A) strain Schu
$4, enterotoxigenic (ETEC) E. coli 078, and uropathogenic (UPEC)
E. coli O7. Fourth, iVAX is shelf-stable, derived from freeze-dried
cell-free reactions that operate in a just-add-water strategy. Fifth,
iVAX is safe, leveraging lipid A engineering that effectively avoids
the high levels of endotoxin present in wild-type (WT) E. coli. Our
results demonstrate that an F. tularensis O-PS conjugate derived
from freeze-dried, low-endotoxin iVAX reactions outperformed a
conjugate produced using the established cell-based PGCT approach
in its ability to elicit pathogen-specific antibodies. Moreover, the
iVAX-derived conjugate afforded complete protection in a mouse
model of intranasal F. tularensis infection. Overall, the iVAX plat-
form offers a new way to deliver the protective benefits of an
important class of antibacterial vaccines to both the developed and
developing world.

RESULTS

In vitro synthesis of licensed vaccine carrier proteins

To demonstrate proof of principle for cell-free conjugate vaccine pro-
duction, we first set out to express a set of carrier proteins that are
currently used in approved conjugate vaccines. Producing these car-
rier proteins in soluble conformations in vitro represented an im-
portant benchmark because their expression in living E. coli has proven
challenging, often requiring multistep purification and refolding of
insoluble product from inclusion bodies (31, 32), fusion of expres-
sion partners such as maltose-binding protein (MBP) to increase sol-
uble expression (32, 33), or expression of truncated protein variants
in favor of the full-length proteins (33). In contrast, CEPS approaches
have recently shown promise for difficult-to-express proteins (34).
Carrier proteins of interest included nonacylated Haemophilus
influenzae protein D (PD), the Neisseria meningitidis porin protein
(PorA), and genetically detoxified variants of the Corynebacterium
diphtheriae toxin (CRM197) and the Clostridium tetani toxin (TT).
We also tested expression of the fragment C (TTc) and light chain
(TTlight) domains of TT as well as E. coli MBP. While MBP is not a
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Fig. 1. iVAX platform enables on-demand and portable production of antibacterial vaccines. The iVAX platform provides a rapid means to develop and distribute
conjugate vaccines against bacterial pathogens. Expression of pathogen-specific polysaccharide antigens (e.g., CPS and O-PS) and a bacterial oligosaccharyltransferase
enzyme in nonpathogenic E. coli with detoxified lipid A yields low-endotoxin lysates containing all of the machinery required for synthesis of conjugate vac-
cines. Reactions catalyzed by iVAX lysates can be used to produce conjugates containing licensed carrier proteins and can be freeze-dried without loss of activity for
refrigeration-free transportation and storage. Freeze-dried reactions can be activated at the point of care via simple rehydration and used to reproducibly synthesize

immunologically active conjugate vaccines in ~1 hour.
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licensed carrier, it has demonstrated immunostimulatory proper-
ties (35) and, when linked to O-PS, was found to elicit polysac-
charide-specific humoral and cellular immune responses in mice
(13). Similarly, the TT domains, TTlight and TTc, have not been
used in approved vaccines but are immunostimulatory and individ-
ually sufficient for protection against C. tetani challenge in mice
(33). To enable conjugation with O-PS antigens, all carriers were
modified at their C termini with four tandem repeats of an opti-
mized bacterial glycosylation motif, DQNAT (36). A C-terminal
6xHis-tag was also included to enable purification and detection via
Western blot analysis. A variant of superfolder green fluorescent
protein that contained an internal DQNAT glycosylation site
(sfGFPH7PANATY (37) was used as a model protein to facilitate sys-
tem development.

All eight carriers were synthesized in vitro with soluble yields of
~50 to 650 ug ml™' as determined b%l "C-leucine incorporation
(Fig. 2A). In particular, the MBPHPUAT 3 pDPPNAT yarviants were
nearly 100% soluble, with yields of 500 ug ml™" and 200 ug ml™’,
respectively, and expressed as exclusively full-length products ac-
cording to Western blot and autoradiogram analysis (Fig. 2C and
fig. SIA). Notably, similar soluble yields were observed for all carri-
ersat 25° 30°, and 37°C, with the exception of CRM197*PNAT (fig.
S1B), which is known to be heat sensitive (19). These results suggest
that our method of cell-free carrier biosynthesis is robust over a 13°C
range in temperature and could be used in settings where precise
temperature control is not feasible.

The open nature of our cell-free system enabled facile manipula-
tion of the reaction environment to improve production of more
complex carriers. For example, in the case of the membrane protein
PorAPP®AT 1inid nanodiscs were added to increase soluble ex-
pression (fig. S1C). Nanodiscs provide a cellular membrane mimic
to stabilize hydrophobic regions of membrane proteins (38). For ex-
pression of TT, which contains an intermolecular disulfide bond,
expression was carried out for 2 hours in oxidizing conditions (39),
which improved assembly of the heavy and light chains into full-
length product (fig. S1D). Western blot analysis of in vitro synthe-
sized CRM1974PNAT gnd TTHPWAT yevealed species that were
comparable in size to commercially available purified diphtheria
toxin (DT) and TT protein standards (fig. S1E). Lower-molecular
weight species were also observed, which we hypothesize result
from protease degradation of full-length CRM197*PNAT 44
TT"PMNAT following translation. These species could be miti-
gated by incorporating a size-based separation step into decentral-
ized production, as previously described (29). In addition, full-length
CRM197*PNAT gnd TTHPANAT were reactive with aDT and oTT
antibodies, respectively (fig. S1F), indicating that immunogenic epi-
topes were faithfully synthesized. This is notable as CRM197 and
TT are U.S. Food and Drug Administration (FDA)-approved vac-
cine antigens for diphtheria and tetanus, respectively, when they are
administered without conjugated polysaccharides. Together, our
results highlight the ability of CFPS to express licensed conjugate
vaccine carrier proteins in soluble conformations over a range of
temperatures.

On-demand biosynthesis of conjugate vaccines

We next sought to synthesize polysaccharide-conjugated versions of
these carrier proteins by coactivating their in vitro expression with
cell-free glycosylation in a one-pot reaction. As a model vaccine tar-
get, we focused on the highly virulent F. tularensis subsp. tularensis

Stark et al., Sci. Adv. 2021; 7 : eabe9444 3 February 2021

A carrier protein
plasmid

O

In vitro synthesis of licensed
and immunostimulatory
vaccine carrier proteins

@) AN &

800
=700
E% 600
5 5 500
22400
= § 300
2.£ 200
£ 2 100
g5 o
= @
a- LS FES <
é\o NS Q ’<\\\Q~®
¢
OTotal @Soluble
B ¥ N
SBA & W
B AR \y O
O L EFR ST K
191 - FTT
-
97 -
64 - -
51 - - ' |.|
-
50 - - |
28| @ - '
14 4 L= |
kDa aHis Longer
exposure

Fig. 2. In vitro synthesis of licensed conjugate vaccine carrier proteins. (A) All
four carrier proteins used in approved conjugate vaccines were synthesized solu-
bly in vitro, as measured via "*C-leucine incorporation. These include H. influenzae
PD, the N. meningitidis porin protein (PorA), and genetically detoxified variants of
the C. diphtheriae toxin (CRM197) and the C. tetani toxin (TT). Additional immuno-
stimulatory carriers, including E. coli MBP and the fragment C (TTc) and light chain
(TTlight) domains of TT, were also synthesized solubly. Values represent means and
error bars represent SDs of biological replicates (n = 3). (B) Full-length product was
observed for all proteins tested via Western blot. Different exposures are indicated
with solid lines. Molecular weight ladder is shown at left. aHis, anti-hexa-histidine
antibody.

(type A) strain Schu S4, a gram-negative, facultative coccobacillus
and the causative agent of tularemia. This bacterium is categorized
as a class A bioterrorism agent due to its high fatality rate, low dose
of infection, and ability to be aerosolized (40, 41). Vaccines targeting
F. tularensis will likely need to be deployed rapidly using ring vacci-
nation strategies in response to an outbreak, similar to those planned
in the event of a smallpox attack (42) and used to eradicate smallpox
in the 1960s and 1970s (24). We thus sought to develop rapidly de-
ployable, thermostable conjugate vaccines against F. tularensis as an
initial demonstration of the iVAX technology.

Although there are currently no approved vaccines against F. tularensis,
several studies have independently confirmed the important role of
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antibodies directed against F. tularensis lipopolysaccharide (LPS),
specifically the O-PS repeat unit, in providing protection against
the Schu S$4 strain (43, 44). More recently, a conjugate vaccine com-
prising the F. tularensis Schu S4 O-PS (FtO-PS) conjugated to the
Pseudomonas aeruginosa exotoxin A (EPAPNNNS-DONRT) caprier
protein produced using PGCT (14, 15) was shown to be protective
against challenge with the Schu $4 strain in a rat inhalation model of
tularemia (15). In light of these earlier findings, we investigated the
ability of the iVAX platform to produce anti-F. tularensis conjugate
vaccine candidates on-demand by conjugating the FtO-PS structure
to diverse carrier proteins in vitro.

The FtO-PS is composed of the 826-Da repeating tetrasaccharide
unit Qui4NFm-(GalNAcAN),-QuiNAc (Qui4NFm: 4,6-dideoxy-
4-formamido-p-glucose; GalNAcAN: 2-acetamido-2-deoxy-p-
galacturonamide; QuiNAc: 2-acetamido-2,6-dideoxy-p-glucose) (45).
We and other groups have previously shown that the authentic FfO-PS
structure can be synthesized in K-12 strains of E. coli via recombinant
expression of the FtO-PS biosynthetic pathway (14, 45, 46). To
glycosylate proteins with FtO-PS, we produced an iVAX lysate
from E. coli cells expressing the FtO-PS biosynthetic pathway and
the oligosaccharyltransferase enzyme CjPglB (Fig. 3A). This lysate,
which contained lipid-linked FtO-PS and active CjPgIB, was used
to catalyze iVAX reactions primed with plasmid DNA encoding
stGFP2'7"PNAT Control reactions, in which attachment of the
FtO-PS was not expected, were performed with lysates from cells
that lacked either the FtO-PS pathway or the CjPglB enzyme. We
also tested reactions that lacked plasmid encoding the target
protein sfGFP?'7"PRNAT o1 ywere primed with plasmid encoding
sFGEPH7AWAT ywhich contained a mutated glycosylation site
(AQNAT) that is not modified by CjPglB (47). In reactions con-
taininzg the iVAX lysate and primed with plasmid encoding
sfGFP? 7 PAT immunoblotting with anti-His antibody or a com-
mercial monoclonal antibody specific to FtO-PS revealed a ladder-
like banding pattern (Fig. 3B). This ladder is characteristic of
FtO-PS attachment, resulting from O-PS chain length variability
through the action of the Wzy polymerase (10, 14, 45). Glycosylation
of sFGFP?'” PAT ya5 observed only in reactions containing a com-
plete glycosylation pathway and the preferred DQNAT glycosyla-
tion sequence (Fig. 3B). This glycosylation profile was further
reproducible across biological replicates from the same lot of lysate
(Fig. 3C, left) and using different lots of lysate (Fig. 3C, right), with
an average efficiency of conjugation with FtO-PS of 69 + 5% by den-
sitometry analysis. In vitro protein synthesis and glycosylation was
observed after 1 hour, with the amount of conjugated polysaccha-
ride reaching a maximum between 45 and 75 min (fig. S2). Similar
glycosylation reaction kinetics were observed at 37°C, 30°C, 25°C,
and room temperature (~21°C), indicating that iVAX reactions are
robust over a range of temperatures (fig. S2).

Next, we investigated whether immunologically relevant carriers
could be similarly conjugated with FfO-PS in iVAX reactions. Follow-
ing addition of plasmid DNA encoding MBP**PQNAT pp#DQNAT,
Por APPAT P HDANAT oy (DQNAT. CRMV 1974 PWAT or the
most common PGCT carrier protein, EPAPNNNS-DQNRT (12, 14-17),
glycosylation of each with FtO-PS was observed for iVAX reactions
enriched with lipid-linked FfO-PS and CjPglB but not control reac-
tions lacking CjPgIB (Fig. 4). Notably, our attempts to synthesize
the same panel of conjugates using the established PGCT approach
in living E. coli yielded less promising results. Specifically, only lim-
ited expression of conjugates composed of PorA and CRM197, two

Stark et al., Sci. Adv. 2021; 7 : eabe9444 3 February 2021

of the carriers used in licensed conjugate vaccines, was achieved
in vivo (fig. S3). Collectively, these data indicate that iVAX may
provide advantages over the established PGCT approach for pro-
duction of conjugate vaccine candidates composed of diverse and
potentially membrane-bound carrier proteins.

We next asked whether the yields of conjugates produced using
iVAX were sufficient to enable production of relevant vaccine
doses. To assess expression titers, we focused on MBP*PNAT 4
PD*PAT because these carriers expressed in vitro with high solu-
ble titers and as exclusively full-length protein (Fig. 2 and fig. S1A).
In addition, PD has been shown to be a safe and effective conjugate
vaccine carrier protein (48, 49) and may have advantages over DT
and TT in generating robust immune responses to polysaccharide
antigens (50-53). Recent clinical data show that 1- to 10-ug doses of
conjugate vaccine candidates are well tolerated and effective in stimu-
lating the production of antibacterial antibodies (54-56). We found
that reactions lasting ~1 hour produced ~20 ugml ™", or two 10-pg doses
ml™!, of FtO-PS-conjugated MBP4DQNAT and PD4DQNAT a5 de-
termined by *C-leucine incorporation and densitometry analysis
(fig. S4A). It should be noted that vaccines are currently distrib-
uted in vials containing 1 to 20 doses of vaccine to minimize wast-
age (57). Our yields indicate that multiple doses per milliliter can be
synthesized in 1 hour using the iVAX platform.

To demonstrate the modularity of the iVAX approach for conju-
gate vaccine production, we sought to produce conjugates bearing
O-PS antigens from additional pathogens including ETEC E. coli
strain O78 and UPEC E. coli strain O7. E. coli O78 is a major cause
of diarrheal disease in low- and middle-income countries, especially
among children, and a leading cause of traveler’s diarrhea (58),
while the O7 strain is a common cause of urinary tract infections
(59). Like the FtO-PS, the biosynthetic pathways for EcO78-PS
and EcO7-PS have been described previously and confirmed to
produce O-PS antigens with the repeating units GIcNAc,Man, (60)
and Qui4NAcMan(Rha)GalGlcNAc (61), respectively (GlcNAc:
N-acetylglucosamine; Man: mannose; Qui4NAc: 4-acetamido-
4,6-dideoxy-p-glucopyranose; Rha: rhamnose; Gal: galactose). Using
iVAX lysates from cells expressing CjPglB and either the EcO78-PS and
EcO7-PS 2pa‘[hwalys in reactions that were primed with PD*PUNAT
or sfGFP*7"PNAT plasmids, we observed O-PS conjugation only
when both lipid-linked O-PS and CjPgIB were present in the reactions
(fig. S4, B and C). These results demonstrate modular production of
conjugate vaccines against multiple bacterial pathogens using iVAX,
enabled by compatibility of multiple heterologous O-PS pathways
with in vitro carrier protein synthesis and glycosylation.

Endotoxin editing and freeze-drying yield iVAX reactions
that are safe and portable

A key challenge in using any E. coli-based system for biopharma-
ceutical production is the presence of lipid A, or endotoxin, which
is known to contaminate protein products and can cause lethal sep-
tic shock (62). As a result, the amount of endotoxin in formulated
biopharmaceuticals is regulated by the U.S. FDA, as well as the Euro-
pean Medicines Agency (63). Because iVAX reactions rely on lip-
id-associated components, such as CjPglB and FtO-PS, standard de-
toxification approaches involving the removal of lipid A (64) could
compromise the activity or concentration of our glycosylation com-
ponents, in addition to increasing cost and processing complexities.
Thus, there is a need for detoxification of the cell-free reactions
from a quality-by-design perspective.
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Fig. 3. Reproducible glycosylation of proteins with FtO-PS in iVAX. (A) iVAX lysates were prepared from cells expressing CjPgIB and the biosynthetic pathway encoding
FtO-PS. (B) Glycosylation of sfGFP217-PANAT \yith FtO-PS was only observed when CjPglIB, FtO-PS, and the preferred DQNAT glycosylation sequence (sequon) were present
in the reaction (lane 3). When plasmid DNA was omitted, sfGFP?'”PONAT synthesis was not observed. (C) Biological replicates of iVAX reactions producing sfGFp2'7-DQNAT
using the same lot (left) or different lots (right) of iVAX lysates demonstrated reproducibility of reactions and lysate preparation. Top panels show signal from probing with
oHis to detect the carrier protein, middle panels show signal from probing with commercial anti-FtO-PS antibody (0.FtO-PS), and bottom panels show oHis and aFtO-PS
signals merged. Images are representative of at least three biological replicates. Dashed lines indicate that samples are from nonadjacent lanes of the same blot with the

same exposure. Molecular weight ladders are shown at the left of each image.

To address this issue, we adapted a previously reported strategy
to detoxify the lipid A molecule through strain engineering (46, 65).
In particular, the deletion of the acyltransferase gene [pxM and the
overexpression of the F. tularensis phosphatase LpxE in E. coli have
been shown to result in the production of nearly homogeneous pen-
taacylated, monophosphorylated lipid A with significantly reduced
toxicity but retained adjuvanticity (46). This pentaacylated, mono-
phosphorylated lipid A is structurally identical to the primary compo-
nent of monophosphoryl lipid A (MPL) from Salmonella minnesota
R595, an approved adjuvant composed of a mixture of monophos-
phorylated lipids (66). To generate detoxified lipid A structures in
the context of iVAX, we produced lysates from a AlpxM derivative

Stark et al., Sci. Adv. 2021; 7 : eabe9444 3 February 2021

of CLM24 that coexpressed FtLpxE and the FtO-PS glycosylation
pathway (Fig. 5A). The growth rate of CLM24 AlpxM was indistin-
guishable from the WT strain, facilitating scale-up of fermentations
for production of reduced-endotoxin lysates (Fig. 5B). Lysates de-
rived from this strain exhibited significantly decreased levels of tox-
icity compared to WT CLM24 lysates expressing CjPglB and FtO-PS
(Fig. 5C) as measured by human Toll-like receptor 4 (TLR4) activation
in HEK-Blue hTLR4 reporter cells (65). The structural remodeling
oflipid A did not affect the activity of the membrane-bound CjPglB
and FtO-PS components in iVAX reactions (fig. S5A). By engineering
the chassis strain for lysate production, we produced iVAX lysates
with <1000 endotoxin units (EU) ml™". This represents a 12.5-fold
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Fig. 4. On-demand production of conjugate vaccines against F. tularensis using iVAX. (A) iVAX reactions were prepared from lysates containing CjPgIB and FtO-PS
and primed with plasmid encoding immunostimulatory carriers, including those used in licensed vaccines. (B) We observed on-demand synthesis of anti-F. tularensis
conjugate vaccines for all carrier proteins tested. Conjugates were purified using Ni-NTA agarose from 1-ml iVAX reactions lasting ~1 hour. Top panels show signal from
probing with aHis to detect the carrier protein, middle panels show signal from probing with oFtO-PS, and bottom panels show aHis and oFtO-PS signals merged. Images
are representative of at least three biological replicates. Dashed lines indicate that samples are from nonadjacent lanes of the same blot with the same exposure. Molec-

ular weight ladders are shown at the left of each image.

average reduction in endotoxin content compared to the WT lysate,
which we suspected would ensure acceptable endotoxin levels in
purified conjugate vaccines without the need for additional removal
steps before administration. Indeed, FtO-PS conjugates synthesized
and affinity-purified from detoxified iVAX lysates contained 0.21 +
0.3 EU per 10-ug dose, which is well below endotoxin levels reported
in commercial conjugate vaccines (<12 EU/dose) (Fig. 5D) (63, 67).

A major limitation of traditional conjugate vaccines is that they
must be refrigerated (19), making it difficult to distribute these vac-
cines to remote or resource-limited settings. The ability to freeze-dry
iVAX reactions for ambient temperature storage and distribution

Stark et al., Sci. Adv. 2021; 7 : eabe9444 3 February 2021

could alleviate the logistical challenges associated with refrigerated
supply chains that are required for existing vaccines. To investigate
this possibility, detoxified iVAX lysates were used to produce
FtO-PS conjugates in two different ways: either by running the
reaction immediately after priming with plasmid encoding the
SfGFP?'7PNAT trget protein or by running after the same reaction
mixture was lyophilized and rehydrated (Fig. 5E). In both cases,
conjugation of FtO-PS to sfGFP*'"PNAT was observed when CjPglB
was present, with similar modification efficiencies (average glyco-
sylation efficiency of sStGFP?'” P@AT i reactions with and without
lyophilization was 66 + 7% and 69 + 5% by densitometry, respectively)
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Fig. 5. Detoxified, lyophilized iVAX reactions produce conjugate vaccines.
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in the source strain used for lysate production. (B) Growth rates of CLM24 WT and
CLM24 AlpxM strains. No growth defects were observed across two clones of the
knockout strain. Values represent means and error bars represent SDs of n =4 repli-
cates. ns, not significant. (C) The resulting lysates exhibited significantly reduced
endotoxin activity, as measured by activation of human TLR4 in HEK-Blue hTLR4 re-
porter cells. **P=0.003, as determined by two-tailed t test. Values represent means
and error bars represent SDs of n= 3 replicates. (D) FtO-PS conjugate vaccines pro-
duced and purified from detoxified iVAX reactions contained 0.21 + 0.3 EU/10-ug
dose, as measured by human TLR4 activation. Dashed line represents endotoxin
levels reported in commercial conjugate vaccines (<12 EU/dose). Value represents
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(F) Glycosylation activity was preserved following lyophilization, demonstrating the
potential of iVAX reactions for portable biosynthesis of conjugate vaccines. Top panel
shows signal from probing with aHis to detect the carrier protein, middle panel shows
signal from probing with aFtO-PS, and bottom panel shows aHis and aFtO-PS sig-
nals merged. Images are representative of at least three biological replicates. Molec-
ular weight ladder is shown at the left of each image.

(Figs. 3C and 5F and fig. S6). We also showed that detoxified, freeze-
dried iVAX reactions can be scaled to 5 ml for production of FtO-
PS-conjugated MBP*P®4T and pD*PMNAT iy 3 manner that was
reproducible from lot to lot and indistinguishable from produc-
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tion without freeze-drying (average glycosylation efficiencies of
MBPPPAT 41yq pDHDANAT yere 66 + 10% and 70 + 1% by densi-
tometry, respectively) (fig. S5, B and C). In addition, freeze-dried
reactions are stable under ambient temperature storage for at least
3 months, with no observable differences in protein synthesis or
glycosylation activity (fig. S6). The ability to lyophilize iVAX reac-
tions, store reactions at ambient temperature, and manufacture
conjugate vaccines at increasing scales and without specialized equip-
ment highlights the potential for portable, on-demand vaccine
production.

In vitro synthesized conjugates elicit pathogen-specific
antibodies in mice

We next evaluated the ability of iVAX-derived conjugates to elicit
anti-FfLPS antibodies in mice (Fig. 6A). We found that BALB/c
mice receiving iVAX-derived FtO-PS-conjugated MBP*PAT or
PD*PAT hroduced high titers of FILPS-specific IgG antibodies,
which were significantly elevated compared to the titers measured
in the sera of control mice receiving phosphate-buffered saline (PBS)
or unmodified versions of each carrier protein (Fig. 6B and fig. S7).
The IgG titers measured in sera from mice receiving PGCT-derived
MBPHPQNAT conjugates were similar to the titers observed in the
control groups (Fig. 6B and fig. S7). Notably, both MBP* AT 3nd
PD*PAT conjugates produced using iVAX elicited similar levels of
IgG production and neither resulted in any observable adverse
events in mice, confirming the modularity and safety of the technology
for production of conjugate vaccine candidates.

We further characterized IgG titers by analysis of IgG1 and IgG2a
subtypes and found that both iVAX-derived FtO-PS-conjugated
MBPHPPNAT 4y g pDPPNAT o osted production of IgG1 anti-
bodies by more than two orders of magnitude relative to all control
groups as well as to PGCT-derived MBP*PAT conjugates (Fig. 6C).
Observed IgG subclass titers elicited by iVAX-derived conjugates
(IgG1 > IgG2a) are further consistent with a T helper 2 (Ty2)-biased
response, which is characteristic of most conjugate vaccines (68),
although additional studies are needed to confirm this immuno-
logical phenotype. Together, these results provide evidence that the
iVAX platform supplies vaccine candidates that are capable of elic-
iting strong, pathogen- and polysaccharide-specific humoral immune
responses.

iVAX-derived vaccines protect mice from lethal intranasal

F. tularensis challenge

Lastly, we tested the ability of iVAX-derived vaccines to protect mice
in an intranasal model of F. tularensis infection (Fig. 7A). We selected
an intranasal infection model because it represents the most chal-
lenging and relevant route of infection in potential bioterrorism attacks
(69, 70). Mice were immunized with either iVAX- or PGCT-derived
MBPHPNAT ppy#DQNAT . pp A DNNNS-DQNRT conjugates, as well
as unmodified controls. Notably, across all three carrier proteins, only
iVAX-derived vaccines elicited FtO-PS-specific antibody titers that
were significantly higher than those measured in the PBS immu-
nized control group (Fig. 7B). All immunized mice were challenged
intranasally with 6000 colony-forming units (CFU) [60 times the intra-
nasal median lethal dose (LDs)] of the virulent F. tularensis subsp.
holarctica LVS Rocky Mountain Laboratories. All iVAX-derived vac-
cine candidates provided complete protection against intranasal
challenge, which was indistinguishable from the protection conferred
by PGCT-derived versions of the same vaccines (Fig. 7, C to E).
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Fig. 6. iVAX-derived conjugates elicit FtLPS-specific antibodies and protect mice from lethal pathogen challenge. (A) Freeze-dried iVAX reactions assembled using
detoxified lysates were used to synthesize anti-F. tularensis conjugate vaccines for immunization studies. (B) Groups of BALB/c mice were immunized subcutaneously
with PBS or 7.5 ug of purified, cell-free synthesized unmodified or FtO-PS-conjugated carrier proteins. FtO-PS—conjugated MBP*CNAT prepared in living E. coli cells using
PCGT was used as a positive control. Each group was composed of six mice except for the PBS control group, which was composed of five mice. Mice were boosted on
days 21 and 42 with identical doses of antigen. FtLPS-specific IgG titers were measured by enzyme-linked immunosorbent assay (ELISA) in endpoint (day 70) serum of
individual mice (black dots) with F. tularensis LPS immobilized as antigen. Mean titers of each group are also shown (red lines). iVAX-derived conjugates elicited signifi-
cantly higher levels of FtLPS-specific IgG compared to all other groups (**P < 0.01, Tukey-Kramer post hoc test). (C) IgG1 and IgG2a subtype titers measured by ELISA from
endpoint serum revealed that iVAX-derived conjugates boosted production of FtO-PS-specific IgG1 compared to all other groups tested (**P < 0.01, Tukey-Kramer post
hoc test). These results indicate that iVAX conjugates elicited a Ty2-biased immune response typical of most conjugate vaccines. Values represent means and error bars

represent SEs of FtLPS-specific IgGs detected by ELISA.

These results demonstrate that the iVAX platform produces protective
vaccine candidates that are at least as effective as those produced
using a state-of-the-art biomanufacturing approach.

DISCUSSION

In this work, we have established iVAX, a cell-free platform for por-
table, on-demand, and scalable production of protective conjugate
vaccines. We show that iVAX reactions can be detoxified to ensure
the safety of conjugate vaccine products, freeze-dried for cold
chain-independent distribution, and reactivated for high-yielding
conjugate production by simply adding water. As a model vaccine
candidate, we show that anti-F. fularensis conjugates produced in
iVAX elicited pathogen-specific IgG antibodies and protected mice
from lethal intranasal challenge with F. tularensis. Broadly, iVAX
has the potential to facilitate conjugate vaccine distribution and in-
crease vaccination rates by reducing reliance on refrigerated sup-
ply chains.

The iVAX platform has several important features. First, iVAX
is modular, which we have demonstrated through the interchange-
ability of (i) carrier proteins, including those used in licensed con-
jugate vaccines, and (ii) bacterial O-PS antigens from F. tularensis
subsp. tularensis (type A) Schu S4, ETEC E. coli 078, and UPEC
E. coli O7.1VAX is the first example of enrichment of large and

Stark et al., Sci. Adv. 2021; 7 : eabe9444 3 February 2021

polymeric O-antigen carbohydrates as substrates for cell-free protein
glycosylation. Moreover, to our knowledge, this work represents
the first demonstration of oligosaccharyltransferase-mediated O-PS
conjugation to the carrier proteins used in licensed conjugate vac-
cine formulations, likely due to historical challenges associated with
the expression of approved carriers in living E. coli (31-33). The
modularity of iVAX has the potential to enable rapid development
of conjugate vaccines against diverse bacteria as well as multiple sero-
types of a single bacterial pathogen that can be co-formulated to
yield multivalent conjugate vaccines. Furthermore, iVAX could ac-
celerate efforts to develop alternative carrier proteins that address
issues related to carrier-induced epitopic suppression. Specifically,
immunity to DT and TT generated via existing vaccines is known to
diminish immune responses to bacterial polysaccharides conjugated
to these carriers (50-53). The modular iVAX platform promises
to facilitate production and evaluation of additional carrier pro-
teins in order to expand the repertoire of safe and effective conju-
gate vaccines that are compatible with preexisting immunity within
the population.

Second, iVAX reactions are inexpensive, costing ~$12 ml ™" (table
S1) with the ability to synthesize ~20-ug conjugate ml™! in 1 hour
(fig. S4A). Assuming a dose size of 10 ug, our iVAX reactions can
produce a vaccine dose for ~$6. For comparison, the Centers for
Disease Control and Prevention (CDC) cost per dose for conjugate
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Fig. 7. iVAX-derived conjugates protect mice from lethal F. tularensis challenge. (A) Groups of five BALB/c mice were immunized intraperitoneally (IP) with PBS or 10 ug
of purified, cell-free synthesized unmodified or FtO-PS-conjugated carrier proteins. FtO-PS—conjugated carriers prepared in living E. coli cells using PCGT were used as
positive controls. Mice were boosted on days 21 and 42 with identical doses of antigen. IN, intranasally. (B) On day 56, FtLPS-specific IgG titers were measured by ELISA in
serum of individual mice immunized with PBS or anti-F. tularensis conjugate vaccines (FtO-PS-CV) (black dots) with F. tularensis LPS immobilized as antigen. Mean titers
of each group are also shown (red lines). Only iVAX-derived conjugates elicited significantly higher levels of FtLPS-specific IgG compared to PBS immunized controls
across all carrier proteins tested (**P < 0.01, Tukey-Kramer post hoc test; CV, conjugate vaccine). On day 66, mice were challenged intranasally with 6000 CFU (60 times the
intranasal LDso) F. tularensis subsp. holarctica LVS Rocky Mountain Laboratories and monitored for survival for an additional 25 days. Kaplan-Meier curves for immuniza-
tions with (C) MBP4XDQNAT, (D) PD4XDQNAT, and (E) EPAPNNNS-DONRT o the carrier protein are shown. iVAX-derived vaccines protected mice from lethal pathogen challenge
as effectively as vaccines synthesized using the state-of-the-art PGCT approach. *P < 0.05; **P < 0.01, Fisher's exact test.

vaccines ranges from ~$9.50 for the H. influenzae vaccine ActHIB Fourth, iVAX addresses a key gap in both cell-free and decen-
to ~$75 and ~$118 for the meningococcal vaccine Menactra and  tralized biomanufacturing technologies. Production of glycosylated
pneumococcal vaccine Prevnar 13, respectively (71). products has not yet been demonstrated in cell-based decentralized

Third, while conjugates derived from both PGCT and iVAX  biomanufacturing platforms (72, 73), and existing cell-free platforms
protected mice from lethal challenge with F. tularensis LVS,iVAX- using E. coli lysates lack the ability to synthesize glycoproteins
derived conjugates were significantly more effective at eliciting (28, 74-76). While glycosylated human erythropoietin has been
FtLPS-specific IgGs than those derived from PGCT in the context produced in a cell-free biomanufacturing platform based on freeze-
of multiple carrier proteins (Fig. 6, B and E). Achieving high titers  dried Chinese hamster ovary cell lysates, its in vivo efficacy was not
of polysaccharide-specific antibodies is broadly recognized as a cor-  evaluated and challenges achieving efficient glycosylation were noted
relate of conjugate vaccine efficacy (20-23, 50-56). Given the impor- ~ (29). Furthermore, this and the vast majority of other eukaryotic
tance of antibodies in protection against infection with the highly  cell-free and cell-based systems rely on endogenous protein glyco-
virulent Schu S4 strain (43, 44), and the fact that antibody titers  sylation machinery, and so are not compatible with conjugation of
wane over time, achieving higher initial titers of F{LPS-specific IgGs  bacterial O-PS antigens. In contrast, the iVAX platform is enabled
could provide protection against higher doses of pathogen and/or by our previous work to activate glycosylation in E. coli lysates that
extend the duration of protection afforded by vaccination. Future lack endogenous protein glycosylation pathways, which allows
comparative studies of iVAX- and PGCT-derived vaccines could iden-  bottom-up engineering of desired glycosylation activities (37). Here,
tify immunogen features responsible for the enhanced FfLPS-specific ~ we show that further development of this approach allows rapid and
IgGs elicited by iVAX-derived vaccines, revealing design rules for  portable production of protective conjugate vaccines. This required
the production of more effective conjugate vaccines. (i) demonstration of modular cell-free synthesis and glycosylation
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of approved carrier proteins with O-PS antigens over a range of
temperatures; (ii) rigorous assessment of reproducibility, scalabili-
ty, and thermostability of reactions; (iii) detoxification of cell-free
lysates; and (iv) evaluation of in vivo conjugate vaccine efficacy.

In summary, iVAX represents a platform technology for rapid
development and on-demand, cold chain-independent biomanu-
facturing of conjugate vaccines. Conjugate vaccines are one of the
safest and most effective methods for preventing bacterial infections
(2-4), but their development and distribution is limited by current
manufacturing approaches. The iVAX platform addresses these lim-
itations and further provides the first example, to our knowledge, of
efficacious glycoprotein product synthesis in a decentralized man-
ufacturing platform. iVAX joins an emerging set of technologies
(28, 29, 72-76) that have the potential to promote increased access
to complex, life-saving drugs through decentralized production.

MATERIALS AND METHODS

Bacterial strains and plasmids

E. coli NEB 5-alpha (NEB) was used for plasmid cloning and purifi-
cation. E. coli CLM24 or CLM24 AlpxM strains were used for pre-
paring cell-free lysates. E. coli CLM24 was used as the chassis for
expressing conjugates in vivo using PGCT. As a derivative of the
W3110 E. coli K strain, CLM24 does not synthesize an endogenous
O-PS antigen due to an inactivating mutation in the gene encoding
the WbbL O-PS glycosyltransferase, enabling unimpeded biosyn-
thesis of heterologous O-PS antigens on undecaprenyl diphosphate
(UndPP). CLM24 further has a deletion in the gene encoding the
WaalL ligase that transfers O-PS antigens from UndPP to lipid A,
facilitating the accumulation of preassembled glycans on UndPP as
substrates for CjPglB-mediated protein glycosylation (10). CLM24
AlpxM has an endogenous acyltransferase deletion and serves as the
chassis strain for production of detoxified cell-free lysates.

All plasmids used in the study are listed in table S2. Plasmids
pJL1-MBP*PNAT 11 1 pDAXDQNAT 517 1 por ABPUNAT 15y
TTEPWAT 11 1T Tlight ™ AT, pL1-CRM197*PAT and pL1-
TT*PWAT were generated via polymerase chain reaction (PCR)
amplification and subsequent Gibson assembly of a codon-optimized
gene construct purchased from IDT with a C-terminal 4xDQNAT-
6xHis-tag (77) between the Nde I and Sal I restriction sites in the
pJL1 vector. Plasmid pJL1-EPAPNNNSDQNRT (¢ constructed using
the same approach, but without the addition of a C-terminal
4xDQNAT-6xHis-tag. Plasmids pTrc99s-ssDsbA-MBPHPINAT,
pTrc99s-ssDsbA-PDHPINAT, 1y Trc995-ssDsbA-Por A*PIAT, 1 Trc99s-
ssDsbA—TTC4XDQNAT,I\&Trc99s—sstbA—TTlight4"DQNAT, and
pTrc99s-ssDsbA-EPAPNNNSDANRT (oo created via PCR amplifica-
tion of each carrier protein gene and insertion into the pTrc99s vec-
tor between the Nco I and Hind III restriction sites via Gibson
assembly. Plasmid pSF-CjPglIB-LpxE was constructed using a similar
approach, but via insertion of the IpxE gene from pE (65) between
the Nde I and Nisi I restriction sites in the pSF vector. Inserts were
amplified via PCR using Phusion High-Fidelity DNA polymerase
(NEB) with forward and reverse primers designed using the
NEBuilder Assembly Tool (www.nebuilder.neb.com) and purchased
from IDT. The pJL1 vector (Addgene 69496) was digested using re-
striction enzymes Nde I and Sall-HF (NEB). The pSF vector was
digested using restriction enzymes Nde I and Not I (NEB). PCR prod-
ucts were gel-extracted using the EZNA Gel Extraction Kit (Omega
Bio-Tek), mixed with Gibson assembly reagents, and incubated at
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50°C for 1 hour. Plasmid DNA from the Gibson assembly reactions
was transformed into E. coli NEB 5-alpha cells, and circularized con-
structs were selected using kanamycin at 50 ug ml™ (Sigma-Aldrich).
Sequence-verified clones were purified using the EZNA Plasmid
Midi Kit (Omega Bio-Tek) for use in CFPS and iVAX reactions.

Construction of CLM24 AlpxM strain

E. coli CLM24 AlpxM was generated using the Datsenko-Wanner
gene knockout method (78). Briefly, CLM24 cells were transformed
with the pKD46 plasmid encoding the A red system. Transformants
were grown to an ODgg (optical density at 600 nm) of 0.5 to 0.7 in
25 ml of LB-Lennox medium [tryptone (10 g liter '), yeast extract
(5g liter "), and NaCl (5 g liter 1)] with carbenicillin (50 ug ml™) at
30°C, harvested and washed three times with 25 ml of ice-cold 10%
glycerol to make them electrocompetent, and resuspended in a final
volume of 100 pl of 10% glycerol. In parallel, an [pxM knockout
cassette was generated by PCR amplifying the kanamycin resistance
cassette from pKD4 with forward and reverse primers with homol-
ogy to IpxM. Electrocompetent cells were transformed with 400 ng
of the IpxM knockout cassette and plated on LB agar with kanamy-
cin (30 pg ml ™) for selection of resistant colonies. Plates were
grown at 37°C to cure cells of the pKD46 plasmid. Colonies that
grew on kanamycin were confirmed to have acquired the knockout
cassette via colony PCR and DNA sequencing. These confirmed
colonies were then transformed with pCP20 to remove the kanamy-
cin resistance gene via Flp-FRT recombination. Transformants
were plated on LB agar with carbenicillin (50 ug ml™"). Following
selection, colonies were grown in liquid culture at 42°C to cure cells
of the pCP20 plasmid. Colonies were confirmed to have lost both
IpxM and the knockout cassette via colony PCR and DNA sequenc-
ing and confirmed to have lost both kanamycin and carbenicillin
resistance via replica plating on LB agar plates with carbenicillin
(50 ug ml™") or kanamycin. All primers used for construction and
validation of this strain are listed in table S3.

Cell-free lysate preparation

E. coli CLM24 source strains were grown in 2xY TP medium [yeast
extract (10 g/liter), tryptone (16 g/liter), NaCl (5 g/liter), K,HPO,
(7 g/liter), KH,PO4 (3 g/liter) (pH 7.2)] in shake flasks (1-liter scale)
or a Sartorius Stedim BIOSTAT Cplus bioreactor (10-liter scale) at
37°C. To generate CjPglB-enriched lysate, CLM24 cells carrying
plasmid pSF-CjPglB (79) were used as the source strain. To generate
FtO-PS-enriched lysates, CLM24 carrying plasmid pGAB2 (14)
was used as the source strain. To generate one-pot lysates contain-
ing both CjPglB and FtO-PS, EcO78-PS, or EcO7-PS, CLM24 carry-
ing pSF-CjPgIB and one of the following bacterial O-PS biosynthetic
pathway plasmids was used as the source strain: pGAB2 (FtO-PS),
pMW07-078 (EcO78-PS), and pJHCV32 (EcO7-PS). CjPgIB ex-
pression was induced at an ODgg of 0.8 to 1.0 with 0.02% (w/v)
L-arabinose, and cultures were moved to 30°C. Cells were grown to
a final ODgg of ~3.0, at which point cells were pelleted by centrifu-
gation at 5000g for 15 min at 4°C. Cell pellets were then washed
three times with cold S30 buffer [10 mM tris-acetate (pH 8.2), 14 mM
magnesium acetate, 60 mM potassium acetate] and pelleted at 5000g
for 10 min at 4°C. After the final wash, cells were pelleted at 7000g
for 10 min at 4°C, weighed, flash-frozen in liquid nitrogen, and
stored at —80°C. To make cell lysate, cell pellets were resuspended to
homogeneity in 1 ml of S30 buffer per 1 g of wet cell mass. Cells were
disrupted via a single passage through an Avestin EmulsiFlex-B15
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(1-liter scale) or EmulsiFlex-C3 (10-liter scale) high-pressure ho-
mogenizer at 20,000 to 25,000 psi. The lysate was then centrifuged
twice at 30,000¢ for 30 min to remove cell debris. Supernatant was
transferred to clean microcentrifuge tubes and incubated at 37°C
with shaking at 250 rpm for 60 min. Following centrifugation
(15,000g) for 15 min at 4°C, supernatant was collected, aliquoted,
flash-frozen in liquid nitrogen, and stored at —80°C. S30 lysate was
active for about three freeze-thaw cycles and contained total protein
(~40 g/liter) as measured by Bradford assay.

Cell-free protein synthesis

CFPS reactions were carried out in 1.5-ml microcentrifuge tubes
(15-pl scale), 15-ml conical tubes (1-ml scale), or 50-ml conical
tubes (5-ml scale) with a modified PANOx-SP system (80). The CFPS
reaction mixture consists of the following components: 1.2 mM
adenosine triphosphate (ATP); 0.85 mM each of guanosine triphos-
phate (GTP), uridine triphosphate (UTP), and cytidine triphos-
phate (CTP); L-5-formyl-5, 6, 7, 8-tetrahydrofolic acid (folinic acid)
(34.0 ug ml™'); E. coli tRNA mixture (170.0 ug ml™"); 130 mM potas-
sium glutamate; 10 mM ammonium glutamate; 12 mM magnesium
glutamate; 2 mM each of 20 amino acids; 0.4 mM nicotinamide ad-
enine dinucleotide (NAD); 0.27 mM coenzyme A (CoA); 1.5 mM
spermidine; 1 mM putrescine; 4 mM sodium oxalate; 33 mM
phosphoenolpyruvate (PEP); 57 mM Hepes; plasmid (13.3 ug ml™");
and 27% (v/v) cell lysate. For reaction volumes >1 ml, plasmid was
added at 6.67 ug ml ™, as this lower plasmid concentration conserved
reagents with no effect on protein synthesis yields or kinetics. For
expression of PorA, reactions were supplemented with nanodiscs at
1 ug ml™", which were prepared as previously described (81) or pur-
chased (Cube Biotech). For expression of CRM197#PNAT  CEpg
was carried out at 25°C for 20 hours, unless otherwise noted. For all
other carrier proteins, CFPS was run at 30°C for 20 hours, unless
otherwise noted.

For expression of TT*PAT which contains intermolecular di-
sulfide bonds, CFPS was carried out under oxidizing conditions, as
previously reported (39). For oxidizing conditions, lysate was pre-
conditioned with 750 uM iodoacetamide at room temperature for
30 min to covalently bind free sulthydryls (-SH), including the active
site cysteines of the thioredoxin reductase (trxB) and glutathione
reductase (gor) enzymes that represent the primary disulfide bond
reducing enzymes in the E. coli cytoplasm. The CFPS reaction mix was
then supplemented with 200 mM glutathione at a 4:1 ratio of oxi-
dized and reduced forms and 10 uM recombinant E. coli DsbC (39).

In vitro conjugate vaccine expression
For in vitro expression and glycosylation of carrier proteins in crude
lysates, a two-phase scheme was implemented. In the first phase, CFPS
was carried out for 15 min at 25° to 30°C as described above. In the
second phase, protein glycosylation was initiated by the addition of
MnCl; and DDM (n-Dodecyl f-D-maltoside) at a final concentra-
tion of 25 mM and 0.1% (w/v), respectively, and allowed to proceed
at 30°C for a total reaction time of 1 hour. Reactions were then centri-
fuged at 20,000g for 10 min to remove insoluble or aggregated protein
products, and the supernatant was analyzed by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting.
Purification of unmodified and O-PS-conjugated carriers from
iVAX reactions was carried out using Ni-NTA agarose (Qiagen)
according to the manufacturer’s protocols. Briefly, 0.5-ml Ni-NTA
agarose per 1-ml cell-free reaction mixture was equilibrated in buf-
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fer 1 (300 mM NaCl, 50 mM NaH,PQ,) with 10 mM imidazole.
Soluble fractions from iVAX reactions were loaded on Ni-NTA
agarose and incubated at 4°C for 2 to 4 hours to bind 6xHis-tagged
protein. Following incubation, the cell-free reaction/agarose mixture
was loaded onto a polypropylene column (Bio-Rad) and washed
twice with six-column volumes of buffer 1 with 20 mM imidazole.
Protein was eluted in four fractions, each with 0.3-ml buffer 1 with
300 mM imidazole per milliliter of cell-free reaction mixture. All
buffers were used and stored at 4°C. Protein was stored at a final con-
centration of 1 to 2 mg ml™" in sterile 1x PBS [137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPOy, and 1.8 mM KH,PO, (pH 7.4)] at 4°C.

Lyophilization of iVAX reactions

iVAX reactions were prepared according to the recipe above and
lyophilized using a VirTis BenchTop Pro lyophilizer (SP Scientific)
at 100 mtorr and —80°C overnight or until fully freeze-dried. Fol-
lowing lyophilization, freeze-dried pellets were rehydrated with
nuclease-free water (Ambion) and run as described above. If reac-
tions were stored at ambient temperature after lyophilization, they were
stored under vacuum using economic packaging materials. Specif-
ically, we vacuum-sealed reactions using a commercial FoodSaver
appliance with Dri-Card desiccant cards enclosed to prevent re-
hydration of the iVAX pellets. Our results show that freeze-dried
iVAX pellets can be stored at ambient temperature for up to 3 months
with no loss of activity (fig. S7).

Expression of conjugates in vivo using PGCT

Plasmids encoding conjugate carrier protein genes preceded by the
DsbA leader sequence for translocation to the periplasm were trans-
formed into CLM24 cells carrying pGAB2 and pSF-CjPglB. CLM24
carrying only pGAB2 was used as a negative control. Transformed
cells were grown in 5-ml LB medium [yeast extract (10 g liter "),
tryptone (5 g liter 1), NaCl (5 g liter )] overnight at 37°C. The next
day, cells were subcultured into 100-ml LB and allowed to grow at
37°C for 6 hours, after which the culture was supplemented with
0.2% arabinose and 0.5 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) to induce expression of CjPglB and the conjugate carrier
protein, respectively. Protein expression was then carried out for
16 hours at 30°C, at which point cells were harvested. Cell pellets
were resuspended in 1-ml sterile PBS [137 mM NaCl, 2.7 mM KClI,
10 mM Na,HPOy, 1.8 mM KH,PO4 (pH 7.4)] and lysed using a
Q125 sonicator (Qsonica, Newtown, CT) at 40% amplitude in cycles
of 10 s on/10 s off for a total of 5 min. Soluble fractions were isolated
following centrifugation at 15,000 rpm for 30 min at 4°C. Protein
was purified from soluble fractions using Ni-NTA spin columns
(Qiagen), following the manufacturer’s protocol.

Western blot analysis

Samples were run on 4-12% bis-tris SDS-PAGE gels (Invitrogen).
Following electrophoretic separation, proteins were transferred
from gels onto immobilon-P polyvinylidene difluoride membranes
(0.45 pm) according to the manufacturer’s protocol. Membranes were
washed with PBS [NaCl (80 g liter *), KCI (0.2 g liter '), Na,HPO,
(1.44 g liter "), KH,PO, (0.24 g liter ') (pH 7.4)] followed by incu-
bation for 1 hour in Odyssey Blocking Buffer (LI-COR). After blocking,
membranes were washed six times with PBST [NaCl (80 g liter "), KCl
(0.2 g liter ™), Na,HPO, (1.44 g liter '), KH,PO, (0.24 g liter ™),
Tween 20 (1 ml liter ™) (pH 7.4)] with a 5-min incubation between
each wash. For iVAX samples, membranes were probed with both
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an anti-6xHis-tag antibody and an anti-O-PS antibody or antisera
specific to the O antigen of interest, if commercially available. Prob-
ing of membranes was performed for at least 1 hour with shaking at
room temperature, after which membranes were washed with PBST
in the same manner as described above and probed with fluores-
cently labeled secondary antibodies. Membranes were imaged using
an Odyssey Fc imaging system (LI-COR). CRM197 and TT production
were compared to commercial DT and TT standards (Sigma-Aldrich)
and orthogonally detected by an identical SDS-PAGE procedure
followed by Western blot analysis with a polyclonal antibody that
recognizes diphtheria or tetanus toxin, respectively. All antibodies
and dilutions used are listed in table S4.

TLR4 activation assay

HEK-Blue hTLR4 cells (InvivoGen) were cultured in Dulbecco’s
modified Eagle medium, high glucose/L-glutamine supplemented
with 10% fetal bovine serum, penicillin (50 U ml™"), streptomycin
(50 mg ml™), and Normacin (100 ug ml™) at 37°C in a humidified
incubator containing 5% CO,. After reaching ~50 to 80% confluen-
cy, cells were plated into 96-well plates at a density of 1.4 x 10 cells/
ml in HEK-Blue detection medium (InvivoGen). Antigens were
added at the following concentrations: purified protein (100 ng ul™")
and total protein in lysate (100 ng ul™"). Purified E. coli 055:B5 LPS
(Sigma-Aldrich) and detoxified E. coli O55:B5 (Sigma-Aldrich) were
added at 1.0 ng ml™" and served as positive and negative controls,
respectively. Plates were incubated at 37°C, 5% CO, for 10 to
16 hours before measuring absorbance at 620 nm. Statistical signif-
icance was determined using paired ¢ tests.

Mouse immunization and F. tularensis challenge

Groups of five to six 6-week-old female BALB/c mice (Harlan
Sprague Dawley) were immunized with 100 ul of PBS (pH 7.4)
alone or containing purified MBP, FtO-PS-conjugated MBP, PD,
FtO-PS-conjugated PD, EPA, or FtO-PS-conjugated EPA, as pre-
viously described (82). The amount of antigen in each preparation
was normalized to ensure that an equivalent amount of unmodified
protein or conjugate was administered in each case. Purified pro-
tein groups formulated in PBS were mixed with an equal volume of
incomplete Freund’s adjuvant (Sigma-Aldrich) before injection.
Before immunization, material for each group (5 ul) was streaked
on LB agar plates and grown overnight at 37°C to confirm sterility
and endotoxin activity was measured by TLR4 activation assay.
Each group of mice was boosted with an identical dosage of antigen
21 and 42 days after the initial immunization. Mice were observed
24 and 48 hours after each injection for changes in behavior and
physical health, and no abnormal responses were reported.

For initial antibody titering studies, mice were immunized sub-
cutaneously with 7.5 ug of vaccine or controls according to the pro-
tocol described above. Blood was obtained on days -1, 21, 35, 49,
and 63 via submandibular collection and at study termination on
day 70 via cardiac puncture.

For pathogen challenge studies, mice were immunized intraper-
itoneally with 10 pg of vaccine or controls according to the protocol
described above. Blood for antibody titering was obtained on day 56
via submandibular collection. Mice were challenged intranasally on
day 66 with 6000 CFU (60 times the intranasal LDsg) F. tularensis
subsp. holarctica LVS Rocky Mountain Laboratories. Survival was
monitored for an additional 25 days following pathogen challenge,
during which mice were examined daily for signs of disease and sac-
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rificed according to the approved protocol when moribund. Statis-
tical significance was determined via endpoint comparison using
Fisher’s exact test.

All procedures were carried out in accordance with Protocol
2012-0132 approved by the Cornell University Institutional Animal
Care and Use Committee and/or Protocol 1305086 approved by the
University of Iowa Animal Care and Use Committee.

Enzyme-linked immunosorbent assay

F. tularensis LPS-specific antibodies elicited by immunized mice
were measured via indirect enzyme-linked immunosorbent assay
(ELISA) using a modification of a previously described protocol (82).
Briefly, sera were isolated from the collected blood draws after cen-
trifugation at 5000g for 10 min and stored at —20°C; 96-well plates
(MaxiSorp; Nunc Nalgene) were coated with F. tularensis LPS (BEI
Resources) at a concentration of 5 ug ml™" in PBS and incubated
overnight at 4°C. The next day, plates were washed three times with
PBST (PBS, 0.05% Tween 20, 0.3% bovine serum albumin) and
blocked overnight at 4°C with 5% nonfat dry milk (Carnation) in
PBS. Samples were serially diluted by a factor of 2 in triplicate be-
tween 1:100 and 1:12,800,000 in blocking buffer and added to the
plate for 2 hours at 37°C. Plates were washed three times with PBST
and incubated for 1 hour at 37°C in the presence of one of the follow-
ing horseradish peroxidase-conjugated antibodies (all from Abcam
and used at 1:25,000 dilution): goat anti-mouse IgG, anti-mouse
IgG1, and anti-mouse IgG2a. After three additional washes with PBST,
3,3'-5,5'-tetramethylbenzidine substrate (1-Step Ultra TMB-ELISA;
Thermo Fisher Scientific) was added, and the plate was incubated at
room temperature in the dark for 30 min. The reaction was halted
with 2 M H,SOy4, and absorbance was quantified with a microplate
spectrophotometer (Tecan) at a wavelength of 450 nm. Serum anti-
body titers were determined by measuring the lowest dilution that
resulted in signal 3 SDs above no serum background controls. Statis-
tical significance was determined in RStudio 1.1.463 using one-way
analysis of variance (ANOVA) and the Tukey-Kramer post hoc hon-
est significant difference test.

Quantification and statistical analysis

Quantification of CFPS yields and autoradiography

To quantify the amount of protein synthesized in iVAX reactions,
two approaches were used. Fluorescence units of sfGFP were con-
verted to concentrations using a previously reported standard curve
(83). Yields of all other proteins were assessed via the addition of
10 puM r-"*C-leucine (11.1 GBq mmol ™}, PerkinElmer) to the CFPS
mixture to yield trichloroacetic acid-precipitable radioactivity that
was measured using a liquid scintillation counter as described pre-
viously (84). Soluble fractions were also run on an SDS-PAGE gel
and exposed by autoradiography. Autoradiographs were imaged
with Typhoon 7000 (GE Healthcare Life Sciences).

Statistical analysis

Statistical parameters including the definitions and values of n,
P values, SDs, and SEs are reported in the figures and corresponding
figure legends. Analytical techniques are described in Materials and
Methods.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/6/eabe9444/DC1

View/request a protocol for this paper from Bio-protocol.
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