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Recombinant, Escherichia coli-derived outer membrane vesicles (rOMVs), which display heterologous protein subunits,
have potential as a vaccine adjuvant platform. One drawback
to rOMVs is their lipopolysaccharide (LPS) content, limiting
their translatability to the clinic due to potential adverse effects. Here, we explore a unique rOMV construct with structurally remodeled lipids containing only the lipid IVa portion of
LPS, which does not stimulate human TLR4. The rOMVs are
derived from a genetically engineered B strain of E. coli,
ClearColi, which produces lipid IVa, and which was further
engineered in our laboratory to hypervesiculate and make
rOMVs. We report that rOMVs derived from this lipid IVa
strain have substantially attenuated pyrogenicity yet retain
high levels of immunogenicity, promote dendritic cell maturation, and generate a balanced Th1/Th2 humoral response.
Additionally, an inﬂuenza A virus matrix 2 protein-based antigen displayed on these rOMVs resulted in 100% survival
against a lethal challenge with two inﬂuenza A virus strains
(H1N1 and H3N2) in mice with different genetic backgrounds
(BALB/c, C57BL/6, and DBA/2J). Additionally, a two-log
reduction of lung viral titer was achieved in a ferret model of
inﬂuenza infection with human pandemic H1N1. The rOMVs
reported herein represent a potentially safe and simple subunit
vaccine delivery platform.

INTRODUCTION
There is high demand for tailored vaccine adjuvants that can elicit
directed immune responses against protein-based antigens.1 Traditionally, vaccines are made from inactivated or live attenuated pathogens. Although inactivated and live attenuated vaccines often offer
the longest immune memory and protection, they are not suitable for
all pathogens due to safety concerns, such as the possibility of reversion and contraindications for use in immune-compromised patients. Recombinant subunit vaccines and virus-like particles
(VLPs) are attractive alternative design choices, as they induce immunity to pathogen-derived antigens in the absence of the pathogen

itself. However, unlike inactivated or live attenuated vaccines, which
retain inherent immunogenicity from the pathogen, recombinant
subunit vaccines often require an adjuvant to generate a sufﬁcient
immune response and to appropriately direct the immune system.2
Recombinant Escherichia coli-derived outer membrane vesicles
(rOMVs) are a naturally self-adjuvanting and unique pathogen
mimetic vaccine platform that represent a link between inactivated
vaccines and subunit vaccines. rOMVs are shed from hypervesiculating strains of E. coli, resulting in vesicles that contain pathogen-associated molecular patterns (PAMPs) but are noninfectious,3,4 The
hypervesiculating E. coli strains are transformed with a plasmid encoding an antigen of interest genetically fused to a transmembrane
protein, resulting in antigen transport to the outer membrane of
E. coli and subsequent display on rOMVs.5 Previously, rOMV vaccines proved capable of generating strong immune responses to
antigens of interest displayed on their surface and in inducing protection against bacterial and viral pathogens, demonstrating their potential as a vaccine platform.6–9
Although rOMV-based vaccine platforms show signiﬁcant promise,
their lipopolysaccharide (LPS) content hampers clinical translation.10,11 LPS is a potent adjuvant that stimulates through Toll-like receptor 4 (TLR4), but high levels can lead to fever, inﬂammation, and
septic shock.12 Modiﬁcation to the lipid A region of LPS can greatly
impact its ability to interact with TLR4 and increases the safety of
LPS as an adjuvant. lpxM knockout E. coli strains, which produce pentacylated LPS instead of hexacylated LPS, were previously used to
generate rOMVs with attenuated LPS toxicity.6,13,14 However,
rOMVs containing only the LPS precursor lipid IVa, which is a human TLR4 antagonist, have not yet been tested immunologically,
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Figure 1. rOMVs Produced from Three Different
E. coli Strains Are Structurally Comparable
(A–C) TEM images of rOMVs stained with uranyl acetate:
CC rOMVs (A), BL21 rOMVs (B), and Nsl rOMVs (C). Scale
bars represent 100 nm. (D and E) Total IgG (D) and isotypes IgG1 and IgG2a (E) anti-GFP titers from BALB/c
mice 8 weeks post prime dose of ClyA-GFP-expressing
CC or BL21 rOMVs. Titer error bars represent 95% confidence intervals (CI) of geometric mean. Log-transformed
data analyzed using an unpaired Student’s t test to
compare CC versus BL21 rOMV anti-GFP IgG levels and
using paired Student’s t test to compare IgG1:IgG2a
levels for each rOMV type. Dotted line indicates titer of
sera from mice pre-vaccination.

signiﬁcantly improved safety over other rOMV
E. coli source strains investigated herein, and
maintain the rOMV beneﬁts of potent immune
responses.

RESULTS
Antigen Expressing ClearColi and BL21
rOMVs Produce and Display Equivalent
In Vivo Immunogenicity

although they were recently used as a method for determining the
mechanism of polysaccharide conjugation in E. coli.15 Unlike LPS,
lipid IVa is an antagonist to human TLR4, although it does still
retain some ability to stimulate murine TLR4.16 The E. coli strain,
BL21(DE3) (BL21), was recently engineered to contain only lipid
IVa instead of full LPS. This strain, KPM404, sold as ClearColi
(CC), is marketed by Lucigen as an endotoxin-free E. coli strain for
use in recombinant protein production.17 Despite containing only
lipid IVa, we hypothesized that CC-derived rOMVs would retain sufﬁcient intrinsic PAMPs to generate equivalent immunity against displayed exogenous proteins, but with greatly reduced pyrogenicity and
toxicity when compared to LPS-unmodiﬁed rOMVs.
Here, we report a retooling of the rOMV adjuvant platform that
signiﬁcantly reduces endotoxicity while maintaining adjuvant potential, thereby opening the opportunity of rOMVs to translate into the
clinic. We engineered CC to hypervesiculate and compared the ability
of CC rOMVs versus the parent strain BL21-derived rOMVs to
trigger immune responses both in vivo and in vitro. Additionally,
we directly compared the immune responses of CC rOMVs to
E. coli Nissle 1917 (Nsl) rOMVs, which previously demonstrated superior immunomodulatory properties relative to rOMVs derived
from E. coli K12 strains.6 Finally, we evaluated the efﬁcacy of CC
rOMVs to protect against inﬂuenza challenge in mice of three genetic
backgrounds (BALB/c, C57BL/6, and DBA/2J) as well as in the more
clinically relevant ferret model against human pandemic H1N1 inﬂuenza. Collectively, our results demonstrate that CC rOMVs offer
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CC and its parent strain, BL21(DE3), were engineered to hypervesiculate through knockout of
nlpI, which is known to induce increased vesiculation in laboratory strains of E. coli.18,19 rOMVs were imaged using
transmission electron microscopy (TEM) and demonstrated similar
morphology and size (50–100 nm) to rOMVs produced by the previously reported E. coli strain Nissle 1917 (Nsl) (Figures 1A–1C).10 CC
and BL21 were further modiﬁed by transformation with plasmids carrying the gene for transmembrane protein cytolysin A (ClyA) fused to
GFP.5 Western blot conﬁrmed that the rOMVs contained ClyA-GFP
(Figure S1A).
To provide a direct assessment of the role LPS plays in eliciting a
humoral response against rOMV displayed proteins, 10-week-old
BALB/c mice were injected with 20 mg of ClyA-GFP displaying
rOMVs (containing 0.4 mg of GFP) derived from either CC
(n = 5) or BL21 (n = 5), and then given an equivalent boost dose
4 weeks later. Humoral immune response to the rOMV vaccines
was evaluated using serum from 8 weeks post-prime injection and
measuring the anti-GFP titers of total IgG and IgG isotypes. Both
CC and BL21 ClyA-GFP rOMV-vaccinated mice developed high total
IgG titers, and the geometric mean of anti-GFP titers elicited by CC
did not vary signiﬁcantly from those elicited by BL21 (p > 0.05) (Figure 1D). The serum was further analyzed for IgG1 and IgG2a isotype
titers to assess immune system bias and found a balanced IgG1:IgG2a
ratio generated by both CC and BL21 rOMVs (Figure 1E). Therefore,
although the CC rOMVs contained only lipid IVa, they were able
to elicit a strong anti-GFP humoral immune response that was
equivalent to that of their parent strain, BL21, which contained
unmodiﬁed LPS.
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Figure 2. Pyrogenicity and TLR Activity Are rOMV Source Strain Dependent
(A) Pyrogenicity (measured in endotoxin units) of CC, Nsl, and BL21 rOMVS determined using whole-blood pyrogenicity test. Groups were compared with Kruskal-Wallis test,
followed by Mann-Whitney between pairs, using Bonferroni method to account for multiple comparisons (*p < 0.01). Error bars represent 95% CI of geometric mean (n = 5
blood donors). (B) HEK-Blue KD-TLR5 cells transfected with human TLR2 or mTLR2 were stimulated with rOMVs (100 ng/mL) or Pam3Cys (1 mg/mL, (+) CTL) for 16 hr. (C)
HEK-Blue KD-TLR5 cells transfected with 5x NF-kB-luciferase reporter and TLR4/MD-2/CD14 or mTLR4/mMD-2/mCD14 were stimulated with rOMVs (100 ng/mL), lipid IVa
(100 ng/mL), or LPS (100 ng/mL, (+) CTL) for 16 hr. Samples analyzed by ANOVA followed by multiple comparisons against media using Dunnett method of correction
(*p < 0.0001). Error bars represent SD (n = 4).

The investigational aim for CC rOMVs was to reduce the toxicity
associated with high doses of rOMVs, while retaining the beneﬁts
of a pathogen mimetic particle. As CC rOMVs displayed equivalent
capability to BL21 in generating anti-GFP titers, we sought to determine whether CC rOMVs had signiﬁcantly reduced pyrogenicity
relative to rOMVs derived from BL21 or Nsl strains using a wholeblood pyrogenicity test. In this test, the response of blood monocyte
interactions with pyrogens is quantiﬁed by IL-1b release, which is
then related to a standard endotoxin curve.20 Thus, the readout for
the whole-blood pyrogen test is endotoxin units (EU), although the
test measures all pyrogens present and not just endotoxin (LPS).
This test is performed using human blood, as humans have enhanced
endotoxin and pyrogen sensitivity relative to mice.21 CC rOMVs
generated a response that was 105- to 106-fold lower than BL21
rOMVs and Nsl rOMVs, highlighting the impact that lipid IVa, as
opposed to full LPS, has on reducing the overall toxicity (Figure 2A).
Pure lipid IVa at a concentration of 10 mg/mL generated a response
that was beneath detection by the IL-1b ELISA, conﬁrming that it
alone is not pyrogenic. Additionally, when PBS-suspended CC
rOMVs were centrifuged a second time, and the supernatant was
collected, the supernatant contained negligible pyrogen levels, indicating that it was the CC rOMVs driving the pyrogenicity and not dissolved factors in the supernatant. The assay highlights that, although
CC rOMVs have signiﬁcantly reduced pyrogenicity compared to
other OMV types, they are not completely pyrogen free.

TLR4 were also always transfected with species-speciﬁc essential cofactors MD-2 and CD14. Both murine (m) and human TLRs were
tested (Figures 2B, 2C, and S2A–S2C). As expected, Nsl rOMVs
signaled predominantly through murine and human TLR2 and
TLR4, human TLR5, and murine TLR11, as was previously
described.10 BL21 rOMVs also stimulated TLR2 and TLR4; however,
BL21 lack ﬂagellin and thus did not stimulate TLR5 (Figures 2B, 2C,
and S2A–S2C).22 Similar to BL21, CC also does not make ﬂagellin and
lacks activity against TLR5 (Figure S2C). Unlike Nissle and BL21, CC
showed no activity for human TLR4 (Figure 2C). CC did stimulate
murine TLR4, although to a level signiﬁcantly lower than either the
BL21 or Nsl rOMVs. This is unsurprising, as it is reported that lipid
IVa is a moderate agonist of murine TLR4, but an antagonist of human TLR4.23,24 CC exhibited activity against both murine and human
TLR2, indicating TLR2 stimulation might contribute to CC pyrogenicity (Figure 2B). None of the rOMVs showed activity against any
of the other tested murine or human TLRs (Figures S2A and S2B).
Nucleotide-binding oligomerization domain (NOD) receptors are
intracellular sensors of bacteria, which detect motifs found in peptidoglycan.25 Neither CC nor BL21 rOMVs caused a response in
NOD1 or NOD2 reporter cells (Figures S2D and S2E). Although
Nsl rOMVs did stimulate NOD1 and NOD2, the NOD1 and
NOD2 reporter cell lines endogenously express TLR5, indicating
that ﬂagellin was possibly responsible for their activation. Although
possible that CC rOMVs stimulate PRRs that were not tested, the
data suggest that the immunogenicity of CC rOMVs is likely driven
primarily by their TLR2 agonist activity.

ClearColi rOMVs Stimulate through TLR2

ClearColi rOMVs Promote Dendritic Cell Maturation

The ability of CC rOMVs to generate equivalent immune titers as
BL21 rOMVs led us to investigate their ability to trigger pathogen
recognition receptors (PRRs) other than TLR4, of which LPS is a
known agonist. First, rOMVs were used to stimulate a panel of
TLR-transfected reporter cells. If CC rOMVs activate a particular
TLR, it will result in activation of NF-kB. Cells transfected with

Dendritic cells (DCs) play a key role in directing the immune system
and help to facilitate bias toward a T helper 1 (Th1)- or Th2-type
response.26 Production of IL-12p70 by DCs triggers production of
interferon g (IFN-g) by Th1 cells, cytotoxic T cells, and natural killer
(NK) cells.27 It is well established that LPS matures DCs and promotes
a Th1 bias; therefore, we next asked whether the outer membrane

ClearColi-Derived rOMVs Have Greatly Reduced Pyrogenicity
Compared to Parent Strain rOMVs
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Figure 3. Bone Marrow-Derived Dendritic Cells Are Activated by rOMVs
Murine BMDCs from BALB/c and C57BL/6 mice were stimulated with Nsl rOMVs (100 ng/mL), CC rOMVs (100 ng/mL), LPS (100 ng/mL), or PBS for 24 or 48 hr, then
supernatants were collected for cytokine analysis, and cells were stained for DC maturation markers (stains: viability, CD11c, CD86, MHCII). Flow cytometry was used to
determine percent mature dendritic cells (DCs) (CD86Hi, MHCIIHi) out of the total DC population (gated on viability, CD11cHi). (A) Representative density plots of BMDCs
isolated from a BALB/c mouse. (B) Percent mature DCs from BALB/c mice. (C) Percent mature DCs from C57BL/6 mice. (D) IL-10 concentration after 24-hr stimulation. (E)
IL-12p70 concentration (conc.) after 24-hr stimulation. (F) Type 1 IFN conc. after 24-hr stimulation. (G) IL-6 conc. after 24-hr stimulation. (H) TNF-a conc. after 24-hr
stimulation. Cytokine stimulation is shown for both C57BL/6 and BALB/c mice. Error bars represent SD. Samples analyzed via ANOVA followed by Holm multiplecomparison test, *p < 0.05 (n = 3 mice).

composition of the lipid IVa-containing CC rOMVs could lead to
maturation of DCs.28 We compared the cytokines produced from
bone marrow-derived dendritic cells (BMDCs) stimulated by CC
and Nsl rOMVs to determine whether one rOMV type was more
prone to eliciting a Th1 bias. We focused our comparison on CC
rOMVs versus Nsl rOMVs, as there is precedent for Nsl rOMVs being
used in protective rOMV vaccines.6,10 Immature BMDCs from
BALB/c or C57BL/6 mice were incubated with CC rOMVs, Nsl
rOMVs, LPS (positive control), or PBS (negative control) for 24 or
48 hr. Both CC rOMVs and Nsl rOMVs resulted in signiﬁcant and
equivalent BMDC maturation in both BALB/c and C57BL/6 mice,
as indicated by upregulation of maturation markers CD86 and
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MHCII (Figures 3A–3C). Supernatants from the stimulated and unstimulated BMDCs were collected and measured for IL-10, IL-12p70,
type 1 IFN, IL-6, and tumor necrosis factor a (TNF-a) (Figures 3D–
3H and S3A–S3F). Production of IL-12p70 is associated with a Th1biased inﬂammatory response, whereas production of IL-10 is associated with a suppressive immune response.29 Treating BMDCs with
rOMVs did not increase IL-10 production relative to the control
PBS-treated cells, except in the 24-hr time point of BALB/c BMDCs
treated with CC rOMVs. However, by 48 hr, the difference in IL-10
levels between PBS and CC rOMV-treated BALB/c BMDCs was no
longer signiﬁcant (Figure S3A). This observed decrease in IL-10 production suggests sustained BMDC activation at 48 hr, as mature
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BMDCs lose sensitivity to IL-10 signaling.30 IL-12p70 levels were
signiﬁcantly elevated after treatment with both CC and Nsl rOMVs
in BALB/c mice but were signiﬁcantly elevated only after treatment
with Nsl rOMVs in C57BL/6 mice. CC rOMV treatment of
C57BL/6 BMDCs did result in an increase in IL-12p70 production,
but the difference was not signiﬁcant. As expected, treatment with
LPS led to signiﬁcant production of IL-12p70 in BMDCs from both
mouse strains. Analysis of type 1 IFN, IL-6, and TNF-a at 24-hr
post-stimulation showed signiﬁcant increases occurred after treatment with both CC rOMVs and Nsl rOMVs in both BALB/c and
C57BL/6 mouse strains (Figures 3F–3H). The presence of type 1
IFN and TNF-a provide further conﬁrmation of BMDC maturation,
as type 1 IFNs have an activating effect on immature, committed dendritic cells by stimulating the upregulation of cell surface proteins
MHCII and CD86.31 Additionally, autocrine TNF-a has been shown
to be necessary for the activation of BMDCs and survival of matured
BMDCs.32,33 Although the inﬂammatory properties of IL-6 are
context dependent, IL-6 is known to have a signiﬁcant role in promoting and directing the adaptive immune response. IL-6 induces B cell
maturation into antibody-secreting cells and promotes the proliferation and survival of CD4+ T cells.34 Overall, the equivalent levels of
BMDC maturation and increased levels of IL-12p70, IL-6, type I
IFN, and TNF-a production, indicate potent immune activation.
Only subtle differences were seen between mouse strains, indicating
that rOMV vaccines should activate DCs in both Th2-biased
BALB/c mice as well as Th1-biased C57BL/6 mice. Furthermore,
the presence of lipid IVa instead of full LPS in CC rOMVs did not
impair their ability to mature and activate dendritic cells.
ClearColi rOMVs Expressing Influenza A Antigen M2e4xHet Elicit
High Titers without Side Effects in Mice

The CC rOMVs containing model antigen GFP demonstrated the ability to elicit high total IgG anti-GFP titers and in vitro work showed this
was likely due to TLR2 stimulation, leading to DC maturation and immune-directive cytokine secretion. With these promising results, we
sought to test the protective efﬁcacy of the CC rOMV platform by
creating CC rOMVs that displayed an inﬂuenza A-based peptide,
M2e4xHet, fused to ClyA. The antigen M2e4xHet contains four variants of the inﬂuenza A virus matrix 2 protein separated by glycine/
serine linkers (peptide sequence: SLLTEVETPIRNEWGSRSNDSSD
gggsgggSLLTEVETPTRSEWESRSSDSSDgggsgggSLLTEVETPTRNE
WESRSSDSSDgggsgggSLLTEVETLTRNGWGSRSSDSSD).10 Western blot conﬁrmed that the rOMVs contained the ClyA-M2e4xHet
protein (Figure S1B). Previously, Nsl rOMVs displaying ClyAM2e4xHet led to 100% protection from challenge with inﬂuenza
A/Puerto Rico/8/1934 (PR8) (H1N1).10 Thus, by comparing Nsl
and CC M2e4xHet rOMVs, it is possible to determine whether CC
rOMVs are as effective as an established rOMV vaccine in eliciting
titers and providing inﬂuenza protection.
Seven-week-old BALB/c mice were immunized with 40 mg of CC
M2e4xHet rOMVs (2.4 mg of M2e4xHet), 40 mg of Nsl M2e4xHet
rOMVs (2.4 mg of M2e4xHet), or PBS. Following prime and boost
immunization, mice were weighed daily for 1 week to determine

whether the pyrogenicity of the rOMVs was causing negative side effects leading to weight loss (Figures 4A and 4B). Twenty-four hours
post-vaccination, marked differences were seen between mice vaccinated with Nsl rOMV and CC rOMVs; Nsl rOMV-vaccinated mice
exhibited anorexia, lethargy, and piloerection, whereas CC rOMVvaccinated mice maintained normal activity and appearance. Mice
vaccinated with Nsl rOMVs lost a similar amount of weight after
both prime (Figure 4A) and boost (Figure 4B) doses, whereas mice
vaccinated with CC rOMVs experienced no weight loss after either
dose, and had an equivalent response to mice receiving sham PBS injections. The lack of negative side effects in CC rOMV-vaccinated
mice versus Nsl rOMV-vaccinated mice emphasizes the increased
safety proﬁle of the CC rOMV vaccine.
Eight weeks following the prime vaccine dose, anti-M2e titers were
measured to assess humoral vaccine response. Both CC and Nsl
rOMVs generated high and equivalent total IgG anti-M2e titers
(p > 0.05), indicating potential for both to be used as vaccine adjuvants (Figure 4C). Nsl rOMVs had slight, but signiﬁcant (p < 0.05),
elevation of IgG2a over IgG1 titers, whereas CC rOMVs resulted in
a more balanced IgG2a:IgG1 response (Figure 4D). Although CC
rOMVs did not lead to elevated IgG2a:IgG1 ratio, the geometric
mean IgG2a titer of CC rOMV-vaccinated mice was not signiﬁcantly
different from that of Nsl rOMV-vaccinated mice (p > 0.05). The
equivalent anti-M2e total IgG titers generated by Nsl and CC rOMVs
once again demonstrate that full LPS is not necessary for CC rOMVs
to cause a robust humoral immune response.
ClearColi M2e4xHet rOMVs Protect against Lethal Influenza
A Challenge in BALB/c Mice

Ten weeks post-prime immunization, mice were challenged with a lethal dose (50 ﬂuorescent forming units [FFU]) of inﬂuenza A strain
PR8. In addition to the rOMV-vaccinated groups and the negative
control group, which was administered PBS, a positive control group
of pre-exposed mice was included. The pre-exposed mice were given a
low dose (5 FFU) of PR8 virus 8 weeks prior to the lethal (50 FFU)
dose, to allow them to develop a protective immune response against
PR8. As expected, 100% of pre-exposed mice survived (ﬁve of ﬁve)
and 0% of PBS-vaccinated mice survived (zero of ﬁve) (Figure 4E).
Mice immunized with rOMVs from both Nsl and CC were equally
protected: 80% of mice vaccinated with Nsl M2e4xHet rOMVs survived (four of ﬁve), and 100% of mice vaccinated with CC M2e4xHet
rOMVs survived (ﬁve of ﬁve) (Figure 4E). Although one mouse in the
Nsl rOMV group required euthanasia due to weight loss exceeding
30% original body weight, the survival of mice vaccinated with Nsl
and CC rOMVs was statistically equivalent. The CC rOMV-vaccinated mice showed reduced morbidity with respect to the PBS negative control group and had weight loss that was statistically equivalent
to the weight loss of the pre-exposed mice throughout the duration of
the trial (Figure 4F). Although the literature suggests a Th1 bias is
preferred for M2e-based vaccines, as IgG2a antibodies are a correlate
of protection, the balanced CC rOMV vaccine response generated
sufﬁcient IgG2a to elicit full protection from challenge.35,36 The
100% survival of BALB/c mice vaccinated with CC M2e4xHet rOMVs
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Figure 4. rOMV Source Strain Dependence on
Morbidity, Immune Response, and Mortality
(A and B) Mice were weighed daily for 1 week post-prime
(A) and boost (B) immunization. Analyzed using ANOVA
followed by multiple comparisons using Dunnett method
of correction. Error bars represent SD of mean (*p <
0.001). (C and D) Total IgG (C) and IgG isotypes IgG1 and
IgG2a (D) anti-M2e titers of BALB/c mice 8 weeks postprime rOMV immunization. Dotted line indicates lowest
titer detectable above background (serum from PBSvaccinated mice). Log-transformed IgG1 and IgG2a antiM2e titers compared using paired t test. Error bars indicate 95% CI of geometric mean (*p < 0.05) (n = 11 CC
rOMV-vaccinated mice, n = 12 Nsl rOMV-vaccinated
mice, n = 16 PBS-vaccinated mice). (E and F) Mortality (E)
and weight loss (F) of mice challenged with a lethal dose
(50 FFU) of influenza A/PR8 (n = 5 CC rOMV vaccinated,
n = 5 Nsl rOMV vaccinated, n = 5 PBS vaccinated,
n = 5 pre-exposed). Kaplan-Meier survival curves were
analyzed with a log-rank test using the Bonferroni method
to account for multiple comparisons. Error bars on
morbidity curves represent SEM.

demonstrates that the immune response elicited by CC rOMVs is
protective against lethal inﬂuenza challenge.
ClearColi M2e4xHet rOMVs Elicit Th1 Bias in C57BL/6 Mice and
Protect against Influenza Infection

Although previous studies have demonstrated protection against
inﬂuenza using M2e-based antigens in BALB/c mice, fewer have
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assessed M2e-based antigens in C57BL/6
mice.37–39 When Misplon et al. directly compared the response of BALB/c and C57BL/6
mice to M2e-based vaccines, they found signiﬁcantly lower antibody and T cell responses in
C57BL/6 mice.40 Thus, to determine the robustness of the M2e4xHet antigen, and ability of CC
rOMVs to adjuvant in varied mouse strains, ten
C57BL/6 mice were given prime and boost doses
of CC rOMVs containing the M2e4xHet antigen. Mouse weight was tracked for 3 days
post-injection, but no weight loss or other side
effects (lethargy, piloerection) were noted.
Four weeks post-boost injection, blood was
collected, and anti-M2e titers were assessed.
The anti-M2e total IgG titers were high and statistically equivalent to those developed by the
BALB/c vaccinated mice (Figure 5A). In
contrast to the BALB/c mice, which developed
a balanced IgG2a:IgG1 ratio, the C57BL/6
mice had signiﬁcantly higher IgG2c titers than
IgG1—several of the mice even had IgG1 levels
that were beneath the limit of detection of the
ELISA (Figure 5A). IgG2c levels were measured
instead of IgG2a, as C57BL/6 mice do not produce IgG2a and instead produce IgG2c.41 The mice were challenged
at 10 weeks post-prime dose with a lethal dose of PR8 (100 FFU),
which resulted in 100% survival of vaccinated mice and 0% survival
of unvaccinated mice (Figure 5B). Although all CC rOMV-vaccinated
mice survived, they did have signiﬁcant weight loss compared to the
positive control pre-exposed mice, which were exposed to a sublethal
dose of PR8 (5 FFU) prior to receiving a lethal dose of PR8
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Figure 5. Immune Response, Mortality, and Morbidity in C57BL/6 and DBA/2J Mice
(A) Total IgG and isotypes IgG1 and IgG2c titers of C57BL/6 mice 8 weeks post-prime rOMV vaccination. Dotted line indicates lowest titer detectable above background.
Log-transformed IgG1 and IgG2c titers compared using paired t test. Error bars indicate 95% CI of geometric mean (n = 10 CC rOMV-vaccinated mice) (*p < 0.0001). (B and
C) Mortality (B) and weight loss (C) of mice challenged with a lethal dose (100 FFU) of influenza A/PR8 (n = 5 CC rOMV vaccinated, n = 5 PBS vaccinated, n = 5 pre-exposed).
Kaplan-Meier survival curves were analyzed with a log-rank test. Error bars on morbidity curves represent SEM. (D) Total IgG and isotypes IgG1 and IgG2a titers of DBA/2J
mice 8 weeks post-prime rOMV vaccination. Dotted line indicates lowest titer detectable above background. Log-transformed IgG1 and IgG2c titers compared using paired t
test. Error bars indicate 95% CI of geometric mean (n = 5 CC rOMV-vaccinated mice) (*p < 0.0001). (E and F) Mortality (E) and morbidity (F) of DBA/2J mice challenged with a
lethal dose (5,000 PFU, 2.5  LD50) of influenza A/X-47 (n = 5 CC rOMV vaccinated, n = 5 PBS vaccinated). Kaplan-Meier survival curves were analyzed with a log-rank test.
Error bars on morbidity curves represent SEM.

(Figure 5C). The 100% protection of C57BL/6 mice from challenge
demonstrates the versatility of the CC M2e4xHet rOMV vaccine in
protecting mice of different genetic background from inﬂuenza
A/PR8 challenge.
ClearColi M2e4xHet rOMVs Elicit Anti-M2e IgG Titers and
Protect DBA/2J Mice in Lethal Influenza A/X-47 Challenge
or H3N2

M2e is highly conserved among different inﬂuenza strains; thus, mice
immunized with M2e4xHet rOMVs should be protected from
different subtypes of inﬂuenza other than inﬂuenza A/PR8 (H1N1).
To test the robustness of the M2e rOMV antigen, DBA/2J mice
were immunized with CC M2e4xHet rOMVs or given a PBS sham injection. DBA/2J mice are Th2 biased and share the same H2d major
histocompatibility complex (MHC) as BALB/c mice, but are signiﬁcantly more susceptible to many inﬂuenza types, allowing a lethal
challenge to be performed using inﬂuenza A/X-47 (H3N2), which
is typically only sublethal in BALB/c and C57BL/6 mice.42,43 DBA/
2J mice vaccinated with CC M2e4xHet rOMVs developed high levels
of anti-M2e IgG titers and had a balanced IgG2a:IgG1 titer ratio, just

as occurred in CC M2e4xHet rOMV-immunized BALB/c mice (Figure 5D). Following challenge with 5,000 plaque-forming units (PFU)
of inﬂuenza A/X-47, 100% (ﬁve of ﬁve) of M2e4xHet rOMV-vaccinated DBA/2J mice survived—although they did experience 10%
weight loss—and 100% (ﬁve of ﬁve) of PBS sham-injected mice
required euthanasia (Figures 5E and 5F). Thus, the survival of mice
in X-47 challenge demonstrates that M2e4xHet rOMVs are effective
at immunizing mice against inﬂuenza A strains of different subtypes.
ClearColi M2e4xHet rOMVs Elicit Anti-M2e IgG Titers in Ferrets
and Reduce Virus Load in Lungs

The mouse studies indicated that M2e4xHet CC rOMVs showed
promise as an inﬂuenza vaccine; thus, the vaccine was next evaluated
in a more clinically relevant inﬂuenza animal model: ferrets. Unlike
mice, which typically require inﬂuenza strains to be mouse adapted,
ferrets are naturally susceptible to both human and avian inﬂuenza
viruses. Additionally, ferrets infected with inﬂuenza present with fever, sneezing, and nasal discharge in addition to weight loss, more
closely mimicking a human infection.44 Three cohorts of six ferrets
were immunized with either CC M2e4xHet rOMVs, CC “mock”

Molecular Therapy Vol. 25 No 4 April 2017

7

Please cite this article in press as: Watkins et al., Safe Recombinant Outer Membrane Vesicles that Display M2e Elicit Heterologous Influenza Protection, Molecular Therapy (2017), http://dx.doi.org/10.1016/j.ymthe.2017.01.010

Molecular Therapy

Figure 6. Ferret Antibody Titers and Lung Viral Titer
Resulting from ClyA-M2e4xHet rOMVs
Immunization
(A) Total IgG anti-M2e titers of ferrets 8 weeks post-prime
vaccination. Error bars indicate 95% CI of geometric mean
(n = 6 ferrets per group) (*p < 0.01). (B) Lung viral titers
of ferrets 3 days post-challenge with influenza strain
pdmH1N1 (n = 3 ferrets per group). Lung titers compared
using ANOVA followed by comparison to mock CC rOMVs
using Bonferroni method of correction (n = 3). Error bars
indicate SD of log-transformed egg infectious dose (EID50)
per gram of lung tissue (*p < 0.01).

rOMVs (produced from E. coli that did not contain the pBAD ClyAM2e4xHet encoding plasmid), or Fluvirin (a Food and Drug Administration [FDA]-approved seasonal inﬂuenza vaccine). Similar to the
mouse experiments, the prime and boost doses were given 4 weeks
apart, and blood was analyzed on day 56 (pre-challenge) to quantify
antibody titers. Following each round of vaccinations, ferret body
temperature was recorded to watch for fever, and injection sites
were monitored for inﬂammation. None of the ferrets experienced
any elevated temperature or injection site inﬂammation following
the prime round of vaccination. Day 1 following the boost dose, six
of six ferrets receiving the mock rOMV vaccine and six of six ferrets
receiving the M2e4xHet rOMV vaccine exhibited slight-to-moderate
inﬂammation, as indicated by redness and swelling at the injection
site. By day 3 post-boost dose, the injection sites had recovered to
normal in six of six ferrets in the mock rOMV group and ﬁve of six
ferrets in the M2e4xHet rOMV group. None of the ferrets in the Fluvirin group experienced any inﬂammation. None of the ferrets in any
cohort exhibited elevated temperatures, except one ferret in the
M2e4xHet rOMV group. This one ferret’s body temperature rose
from a baseline temperature of 39 C prior to vaccination to 40 C
1 day post-vaccination. Although these side effects are not desirable,
all were transient and none caused the ferrets severe distress. IgG antiM2e titers were assessed 8 weeks post-prime vaccination and showed
that all M2e4xHet rOMV-immunized ferrets developed high titers,
whereas mock rOMV- and Fluvirin-immunized ferrets had antiM2e titers that were indistinguishable from pre-vaccination sera (Figure 6A). Fluvirin is produced by purifying surface antigens from
inactivated inﬂuenza; HA and NA are the predominant proteins present, but it is expected that some M2 protein may be present as well.
However, it is unsurprising that the ferrets that received Fluvirin did
not develop anti-M2e titers, due to the low amount of M2 present and
the immunodominant nature of HA. Ferrets were challenged with
pandemic A/California/7/2009 virus (pdmH1N1) 9 weeks post-initial
vaccination, and their body temperature and weight were monitored.
Day 3 post-challenge, three ferrets from each group were euthanized,
and lungs were removed to assess viral titers. Ferrets vaccinated with
M2e4xHet rOMVs showed a signiﬁcant (p < 0.01) two-log reduction
in lung viral titer compared to ferrets vaccinated with mock rOMVs
(Figure 6B). Nasal turbinates and tracheas were also excised and as-
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sessed for viral titers, but neither the M2e4xHet- nor Fluvirin-vaccinated ferrets had titers that were signiﬁcantly reduced from mock
rOMV-vaccinated ferrets (Figure S4A). There was no signiﬁcant difference in weight loss (Figure S4B) or in temperature (Figure S4C)
among the three ferret cohorts. Overall, the mild side effects, high
antibody titers, and low viral lung titers that resulted from M2e4xHet
rOMV ferret immunization provide further evidence that CC rOMVs
are a viable adjuvant platform.

DISCUSSION
Lipid IVa containing E. coli strain ClearColi was successfully engineered through genetic knockout to increase rOMV production.
The CC-derived rOMVs offer a clear advantage over Nsl rOMVs in
terms of their safety proﬁle, as indicated by their reduced pyrogenicity
in vitro and substantial attenuation of negative side effects in vivo.
Although CC was developed to simplify the process of producing
endotoxin-free proteins, CC rOMVs are still sufﬁciently immunogenic to serve as a potent adjuvant platform. Furthermore, the ability
of CC rOMVs to adjuvant the immune response is applicable to both
peptide-scale antigens, such as M2e4xHet (11.5 kDa), and proteinscale antigens, such as GFP (27 kDa). Both constructs led to high
IgG titers that were equivalent to those generated by GFP in BL21derived rOMVs. This work highlights the improved safety and versatility of the CC rOMV platform, greatly increasing its potential for use
in larger animal systems.
One metric used to assess the safety of the CC rOMV platform was a
pyrogenicity analysis using human whole blood. Traditionally, a
limulus amebocyte lysate (LAL) assay is used to assess endotoxin in
samples; however, this assay is not sensitive to the reduced toxicity
of different lipid A acylation patterns, or to pyrogens other than endotoxin, making it unsuitable for assessing CC rOMV-associated
toxicity.45 The rabbit endotoxicity test is also standard, but for
these translationally minded studies it was deemed more clinically
relevant to use human blood samples in lieu of rabbits. The United
States Pharmacopoeia recommends a maximum endotoxin level of
5 EU/kg for most drugs, which is the highest dose of endotoxin
that does not elicit fever in humans or rabbits; however, vaccines
are exempt from this clause.46 The endotoxin unit levels associated
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with speciﬁc vaccines are not widely reported, although one paper has
extrapolated endotoxin units per milliliter levels of vaccines to show
that some vaccines exceed this threshold; the typhus vaccine has
about 800 EU/kg, and the typhoid vaccine has 8,000 EU/kg.47 The
BALB/c mice weighed approximately 20 g when given their prime
vaccination, which, given the data in Figure 2A, corresponds to
600 EU/kg, or 120 EU/mL for a 40-mg CC rOMV dose. Thus,
although the vaccines do contain signiﬁcantly more endotoxin than
allowable for a traditional drug, they are lower than several vaccines
currently used in humans. Future testing will identify the minimal CC
rOMV dose needed to elicit a protective effect in murine models, as
well as other relevant animal models of infectious disease.
The TLR agonist analysis indicated that CC rOMVs strongly stimulated TLR2, suggesting that it is critical to the immunogenicity of
CC rOMVs. Additionally, the TLR4 data highlighted that CC rOMVs
stimulate murine TLR4, but not human TLR4. The degree to which
lipid IVa stimulates mTLR4 remains under investigation, suggesting
that the mouse studies should be interpreted with some caution, as
the exact contribution of mTLR4 signaling to the overall immune
response elicited is unknown.48 However, the lack of weight loss
following vaccination with CC rOMVs suggests that mTLR4 is being
stimulated less by CC rOMVs than by Nsl rOMVs. Follow-up studies
using a humanized TLR4 mouse model could perhaps better ascertain
the impact of TLR4 signaling on the immune response to CC rOMVs,
although the current humanized TLR4 mouse model is on the Th1biased C57BL/6 background.49 Further work using murine TLR2,
TLR4, and TLR2/4 knockout models will help to better deﬁne the
mechanisms of adjuvant activity by CC rOMVs. Also interesting
was that neither NOD1 nor NOD2, which both detect PAMPS located
in peptidoglycan, were stimulated by CC rOMVs. Thus, although
rOMVs derived from some pathogens, such as Helicobacter pylori,
strongly stimulate NOD1, none of the E. coli-derived rOMVs tested
induced response through NODs, suggesting that NOD1/2 are
unlikely to account for the in vivo response elicited by the rOMV
vaccine.50 Overall, CC rOMVS appear to stimulate primarily through
TLR2 stimulation, although future work can help to address other—
and perhaps synergistic—signaling that may be occurring.
BALB/c, C57BL/6, and DBA/2J mice generated high IgG titers when
vaccinated with CC rOMVs. That BALB/c mice vaccinated with
CC rOMVs developed equivalent total IgG anti-M2e titers to Nsl
rOMV-vaccinated mice is somewhat surprising, given the attenuated
mTLR4 signaling and lack of TLR5 signaling from the CC rOMVs.
However, previous work has demonstrated that TLR2 stimulation
alone is sufﬁcient to drive high anti-M2e titers in mice.51 Additionally, the in vitro DC work reported here demonstrated that similar
levels of mature DCs are produced following CC or Nsl rOMV stimulation. Thus, although CC rOMVs contain a slightly less diverse PRR
proﬁle than Nsl rOMVs, they still are effective at generating high IgG
titers.
All BALB/c and C57BL/6 CC rOMV-immunized mice survived PR8
challenge, although the C57BL/6 mice experienced greater weight loss

than the BALB/c-vaccinated mice after exposure to PR8. Although
the IgG2c titers developed by C57BL/6 mice were equivalent to the
IgG2a titers developed by BALB/c mice, C57BL/6 mice had signiﬁcantly lower IgG1 titers. It is possible that the higher dose of inﬂuenza
required for the C57BL/6 mice affected the response, or that there was
a difference in T cell response. Wolf et al. produced multi-antigenic
peptide inﬂuenza vaccines composed of four M2e peptides and two
T helper cell epitopes adjuvanted with either CpG DNA or cholera
toxin that elicited a robust antibody response in BALB/c mice, but
not C57BL/6 mice, which they attributed to a lack of T cell responsiveness.52 Although some controversy remains, C57BL/6 mice
should be capable of generating potent anti-M2e antibodies; Rosendahl Huber et al. demonstrated the capability of C57BL/6 mice to
develop weak titers against M2e when vaccinated using a M2e-based
peptide vaccine adjuvanted with incomplete Freund’s adjuvant and
CpG DNA, although there was no difference in weight loss between
vaccinated and non-vaccinated mice when challenged with inﬂuenza
A virus X31.53 Lee et al. found that M2e VLP particles supplemented
with AS04 were sufﬁcient to elicit protection in C57BL/6 mice against
PR8 challenge, but that supplementation with monophosphoryl lipid
A (MPL) or alum was not sufﬁcient.54 Using the CC rOMV vaccine,
protection against PR8 inﬂuenza challenge in BALB/c and C57BL/6
mice and X-47 inﬂuenza challenge in DBA/2J mice was elicited
without addition of any supplemental adjuvants (i.e., alum, CpG
DNA). X-47 is a reassortant virus composed of the hemagglutinin
and neuraminidase from A/Victoria/3/1975 and all other proteins
from PR8; thus, the M2 protein is the same in both X-47 and PR8 virions, making it unsurprising that the CC M2e4xHet rOMV vaccine
was effective against both X-47 and PR8.55 Future work will further
investigate the ability of CC M2e4xHet rOMVs to protect against
inﬂuenza A strains with more divergent M2e peptides. Overall, the
ability of CC rOMVs to protect mice of different genetic backgrounds
from different inﬂuenza subtypes highlights the robustness of the CC
rOMV adjuvant platform.
The ferret study further demonstrates that CC rOMVs remain immunogenic, even when used in a different animal model. Although the
ferret model is frequently used for inﬂuenza vaccine trials, no literature to our knowledge has yet examined the interaction of lipid IVa
with ferret TLR4, making it difﬁcult to determine the degree to which
TLR4 signaling is playing a role in the immune response to CC
rOMVs. The literature further emphasizes the variability of lipid
IVa signaling by species—it is a weak agonist of equine TLR4, but
an antagonist in canine TLR4.56 Further studies into the response
of ferrets to lipid IVa will help us to better evaluate the immunogenicity of CC rOMVs in humans.
The ferrets that received the CC M2e4xHet rOMVs had statistically
signiﬁcant reduced viral lung titers compared to CC mock rOMVs,
whereas ferrets that received Fluvirin had reduced—but not statistically signiﬁcantly reduced—viral lung titers compared to CC mock
rOMVs. This result is of special interest because one of the three
HA variants that Fluvirin contains, derived from virus A/Christchurch/16/2010, is extremely similar to the HA in pdmH1N1, and
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leads to neutralizing antibodies being formed that are effective against
pandemic (pdm) H1N1.57 Thus, the M2e4xHet CC rOMV vaccine
did a better job at controlling inﬂuenza infection at day 3 post-challenge than the FDA-approved Fluvirin vaccine designed to generate
neutralizing titers against the challenge pdmH1N1 virus. Although
the ferrets that received CC rOMVs had reduced viral lung titers,
they did exhibit weight loss in response to inﬂuenza challenge.
Because antibodies against M2e are believed to drive protection
through antibody dependent cellular cytotoxicity, not viral neutralization, as Fluvirin does, some weight loss is unsurprising.35,58 Further
work challenging ferrets with different ﬂu subtypes will provide a better assessment of CC-rOMVs as a pandemic inﬂuenza vaccine. Additionally, a dosing study is necessary to determine the optimal CC
M2e4xHet rOMV dose size for the ferrets. In another recent study
involving an M2e-VLP platform, Music et al. found no difference
in weight loss or in nasal viral titers between M2e-VLP-vaccinated
ferrets and naive ferrets; however, they did not check the viral titers
of the lungs, precluding a direct comparison with our results.59 Interestingly, when Music et al. then supplemented their M2e-VLPs with a
seasonal ﬂu vaccine, this combination led to a reduction in both
weight loss and viral titers following challenge. Thus, future work
could examine the possibility of combining M2e CC-rOMVs with
other inﬂuenza vaccines. Overall, the reduction of viral lung titers
in CC rOMV-vaccinated ferrets indicates that the CC-rOMVs warrant further investigation as an inﬂuenza vaccine platform.
CC rOMVs represent a viable new adjuvant platform that offers
beneﬁts to current rOMV platforms. CC rOMVs retain the positive
aspects of the rOMV vaccine platform—simple to produce, inexpensive, highly pathogen mimetic—but contain only the lipid IVa
portion of LPS, giving them signiﬁcantly greater translational potential than other available rOMV platforms. Even without a strong
Th1 bias, CC rOMVs still elicit a robust humoral response. Furthermore, vaccination with CC M2e4xHet-rOMVs elicited complete
protection of mice in a lethal inﬂuenza challenge against mouse
strains with different MHC haplotypes and reduced lung viral titers
in ferrets challenged with human pdmH1N1 inﬂuenza. Although CC
rOMVs certainly hold promise in inﬂuenza vaccine development,
this versatile platform has the potential for use in vaccines against
a range of pathogens and offers a viable alternative to alum-based
adjuvants.

MATERIALS AND METHODS
Strain Engineering to Induce Hypervesiculation

Hypervesiculating, nlpI knockout E. coli strains were constructed
using phage transduction and the KeiO collection as previously
described.60,61 Brieﬂy, E. coli donor strain MC4100 DnlpI kanr was
subcultured 1:100, then infected with P1 phage for 6 hr. Phage was
collected and used to infect ClearColi (Lucigen) and BL21(DE3)
(New England Biolabs) for 1.5 hr. Bacteria were centrifuged and
plated on kanamycin (50 mg/mL) plates to select for DnlpI knockouts.
Gene knockout was conﬁrmed via PCR using primers nlpI-F and
nlpI-R (Table S1) followed by sequencing and analysis using BLAST.
To ensure strain contamination had not occurred during the
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knockout process, ClearColi DnlpI was sequenced with gutQ-F and
gutQ-R to verify the absence of gene gutQ (Table S1).17
Recombinant OMV Production and Characterization

E. coli strains CC and BL21 were transformed with a pBAD plasmid
expressing ClyA-GFP, as described by Kim et al.5 E. coli strains CC
and Nsl were transformed with a pBAD plasmid expressing ClyAM2e4xHet, as described by Rappazzo et al.10 Transformed strains
were grown overnight (ON) in LB broth (Thermo Fisher Scientiﬁc)
at 37 C, and then subcultured to OD600 = 0.08. Strains were induced
with 2% L-arabinose (Sigma-Aldrich) at OD600 = 0.55 and grown for
18 more hours. Subsequently, bacteria were centrifuged (4 C, 15 min,
5,000 rcf) and passed through a 0.2-mm ﬁlter. The ﬁltrate was ultracentrifuged (26,000 rpm, 4 C, 3 hr), then decanted, and the pellets
suspended in sterile PBS. rOMV samples were aliquoted and stored
at 20 C until use. rOMV surface protein content was determined
using a BCA assay (Thermo Fisher Pierce), and antigenic content
was determined via western blot (WB). To detect ClyA-GFP, polyclonal anti-GFP antibody was used (Life Technologies), and to detect
ClyA-M2e4xHet, anti-His (clone HIS-1) antibody (Sigma-Aldrich)
was used. WBs were developed using chemiluminescence and imaged
with ChemiDoc Touch Imaging System (Bio-Rad). Semiquantitative
analysis of WB demonstrated that 2% of total protein in Cly-GFP
rOMVs was GFP and that 6% of total protein in ClyA-M2e4xHet
rOMVs was M2e4xHet (Figures S1A and S1B). TEM samples were
prepared by negatively staining with 2% uranyl acetate on copper
grids then imaged with a FEI T12 Spirit TEM.
Whole-Blood Pyrogen Testing

The protocol for the pyrogen test was adapted from Daneshian et al.20
Donor blood was collected into a heparinized tube and rotated at room
temperature until use (maximum time did not exceed 2 hr). Endotoxin-free 96-well tissue culture plates were ﬁlled with 200 mL of endotoxin-free saline, into which 20 mL of blood was added, along with
20 mL of rOMVs, 20 mL of lipid IVa (Carbosynth), or 20 mL of E-toxate
endotoxin standard (Sigma-Aldrich). Endotoxin standard curve
ranged from 10 to 0.125 EU/mL. Lipid IVa and rOMV samples were
serially diluted by 10 (from 10 mg/mL to 0.001 pg/mL), plated in
quadruplicate, and incubated (37 C, 18 hr). Subsequently, samples
were centrifuged (500 rcf, 5 min, room temperature [RT]) and supernatant was collected. An IL-1b sandwich ELISA was performed on
each supernatant, following the protocol from Biolegend. Plates
were pre-coated with 2 mg/mL anti-IL-1b (clone H1b-27; Biolegend)
in PBS overnight at 4 C. Plates were blocked (1% BSA, 1 hr, RT), incubated with 100 mL of supernatant per well (2 hr, 37 C), coated with
anti-IL-1b biotin (clone H1b-98; Biolegend) (1 hr, RT), coated with
avidin-HRP (Sigma-Aldrich) (30 min RT), and then developed with
3,3,5,5-tetramethylbenzidine (TMB) in the dark for 20 min. The reaction was stopped with 4N H2SO4, and absorbance was read at 450 nm.
The plates were washed at least three times with wash buffer (0.3%
bovine serum albumin plus 0.05% Tween 20 in PBS) between each
step. A four-parameter logistic curve was ﬁtted to the log of the
endotoxin standard versus the standard absorbances using Prism6
software (GraphPad Software). All blood donors gave written,
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informed consent, and the protocol for blood collection and use was
approved by Cornell University’s Institutional Review Board.
In Vitro Pathogen Recognition Receptor Studies

HEK-Blue KD-TLR5 cells (InvivoGen), which lack expression of all
TLRs except TLR1 and TLR6, were transfected with individual human or mouse TLRs and stimulated with TLR ligands overnight, as
previously described.10 Cells were grown in complete DMEM media
composed of the following: DMEM media (Corning), supplemented
with 10 mM HEPES, 1 mM sodium pyruvate, 2 mM L-glutamine,
50 U/mL penicillin, 50 U/mL streptomycin, and 10% heat-inactivated
low endotoxin fetal bovine serum (FBS) (VWR Life Science Seradigm). Subsequently, medium was assayed for secreted alkaline phosphatase activity using Quanti-blue (InvivoGen). Twenty microliters
of each sample was added to 200 mL of Quanti-blue, incubated
(37 C, 3 hr), and then read at absorbance of 630 nm. For sensitive
chemiluminescence assay, cells were transfected with the following:
5x NF-kB-luciferase reporter plasmid and either murine MD-2, murine CD14, and murine TLR4 plasmids (InvivoGen) or human MD-2,
human CD14, and human TLR4 plasmids (InvivoGen). Cells were
stimulated with ligands overnight, and lysed (Reporter Lysis
5 Buffer; Promega). Luciferase activity was quantiﬁed by addition
of 100 mL of D-luciferin substrate to 20 mL of lysate and read using
a Veritas luminometer (Promega). NOD signaling assays were carried
out using HEK-Blue mNOD1 and mNOD2 reporter cells (InvivoGen). Cells were plated at 0.28  106 cells/mL (NOD1) or 0.23 
106 cells/mL (NOD2) and incubated (37 C, 48 hr) with 10 mg/mL
positive control (NOD1: g-D-glutamyl-meso-diaminopilemic acid
[iE-DAP], NOD2: muramyl dipeptide [MDP]; InvivoGen), negative
control (PBS), and rOMVs (100 ng/mL). Supernatant was subsequently collected and analyzed using Quanti-blue (InvivoGen).
BMDC Isolation and Maturation

Methods for generating BMDCs were adapted from Lutz et al.62 Femurs were harvested from three 12-week-old C57BL/6 mice and three
12-week-old BALB/c mice (The Jackson Laboratory) and subsequently kept separate throughout the culturing process. Femurs
were ﬂushed with RPMI 1640 media (Corning), and the resulting
cell suspension was centrifuged (400  g, 5 min, 4 C) and resuspended two times using RPMI 1640 media. Cells were cultured in
Petri dishes (Corning) at 1106 cells/mL in RPMI 1640 media supplemented with 10% low endotoxin heat-inactivated FBS, 2 mM
L-glutamine, 50 U/mL penicillin, 50 U/mL streptomycin, 50 nM
2-mercaptoethanol, and 20 ng/mL recombinant granulocyte macrophage colony-stimulating factor (GM-CSF) (R&D Systems). Onehalf of the media was removed and replaced with fresh media on
days 3 and 6 post-harvest. On day 7, all non-adherent and loosely
adherent cells were harvested and plated in six-well plates (Corning)
(2 mL/plate), then dosed with 100 ng/mL CC or Nsl rOMVs, or
100 ng/mL LPS. Cells were harvested for ﬂow cytometry staining
24 hr after dosing using 50 mM EDTA in PBS. Cells were Fc blocked
(Mouse BD Fc Block; BD) and stained for viability (Ghost Dye Violet
510 viability dye; excitation [Ex]: 405; emission [Em]: 510) (15 min,
4 C, in dark). Next, cells were surface stained for CD11c (violetFluor

450; Ex: 405; Em: 450), CD86 (PE; Ex: 496; Em: 578), and MHCII
(redFluor 710; Ex: 633–647; Em: 710) (Tonbo Biosciences) (30 min,
4 C, in dark). Cells were then ﬁxed (10% formaldehyde, 15 min,
4 C, in dark), resuspended in 1% FBS in PBS, and analyzed using
ﬂow cytometry. Data were collected using a LSR II ﬂow cytometer
and analyzed with FCS Express. DCs were gated on live, CD11cHi
cells. Mature DCs were identiﬁed as MHCIIHi, CD86Hi cells. Concentration of cytokines IL-12p70, IL-10, TNF-a, and IL-6 in sample supernatants was determined by ELISA kits according to manufacturer
instructions (R&D Systems). To determine the amount of type 1 IFN
in supernatant, L929-ISRE cells were plated at 1105 cells/well in a
96-well plate using complete DMEM. Cells were allowed to settle
overnight, and then medium was removed and replaced with 50 mL
of either DC supernatant or complete DMEM with IFN standards.
Cells were incubated with these samples for 4 hr, then supernatant
was removed, cells were lysed (Reporter Lysis 5 Buffer; Promega),
and luminescence was measured using same procedure as described
above for the transfected HEK-Blue KD-TLR5 cells.
Mouse Immunization

For the GFP trial, 10-week-old female BALB/c mice bred at Cornell
University were subcutaneously injected with a prime dose of 20 mg
of ClyA-GFP CC rOMVs (n = 5), 20 mg of ClyA-GFP BL21 rOMVs
(n = 5), or 100 mL of PBS (n = 3). All mice received a boost dose of
the same composition as the prime dose 4 weeks later. For the inﬂuenza trials, 7-week-old female BALB/c, C57BL/6, and DBA/2J mice
(The Jackson Laboratory) were subcutaneously injected with 40 mg
(total surface protein) of ClyA-M2e4xHet CC rOMVs in 100 mL of
PBS (n = 11 BALB/c, n = 10 C57BL/6, n = 5 DBA/2J), 40 mg (total surface protein) of ClyA-M2e4xHet Nsl rOMVs in 100 mL of PBS (n = 12
BALB/c), or 100 mL of PBS (n = 16 BALB/c, n = 10 C57BL/6, n = 5
DBA/2J). Four weeks post-prime injection, a boost dose of the
same composition was administered. All mice were weighed and
observed daily following the prime (BALB/c, C57BL/6) and boost
(BALB/c) injections. An additional cohort of mice, referred to as
“pre-exposed,” was immunized at age 8 weeks via intranasal injection
of 5 FFU of inﬂuenza A/PR8 (n = 9 BALB/c, n = 8 C57BL/6) to give
them immunity to the PR8 virus and allow them to serve as a positive
vaccination control. All mouse work was approved by Cornell’s Institutional Animal Care and Use Committee.
Enzyme-Linked Immunosorbent Assay

ELISAs were performed as previously described.6,10 Brieﬂy, Nunc
Maxisorp plates (Nalge Nunc) were coated (2 mg/mL GFP, 12 hr,
4 C, or 2 mg/mL M2e peptide [SLLTEVETPIRNEWGSRSNDSSD]
[LifeTein], 12 hr, 37 C), blocked (5% milk in PBS, 1 hr, 25 C), and
then incubated with 2-fold serial dilutions of serum plated in triplicate (2 hr, 37 C). Plates were subsequently incubated with biotin-conjugated antibody (1:10,000 dilution; IgG, IgG1, or IgG2a) (eBiosciences) (1 hr, 37 C), incubated with HRP-avidin (1:10,000 dilution;
0.5 hr, 37 C), developed in the dark for 20 min with TMB (Thermo
Fisher Scientiﬁc), and then stopped with 4N H2SO4, and absorbance
was read at 450 nm. The plates were washed at least three times with
wash buffer (0.3% bovine serum albumin plus 0.05% Tween 20 in
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PBS) between each step. Titers were determined as the highest dilution in which the sample gave a signal greater than the average of
naive serum at the same dilution plus three times the SD of the naive
serum.

respiratory tract of ferrets by titrating samples in eggs. All animal
experiments were performed under the guidance of the Centers for
Disease Control and Prevention’s Institutional Animal Care and
Use Committee in an Association for Assessment and Accreditation
of Laboratory Animal Care International-accredited facility.

Mouse Influenza Challenge

Inﬂuenza A/Puerto Rico/8/1934 (PR8) virus (BEI Resources) was
used to challenge BALB/c and C57BL/6 mice in the inﬂuenza vaccine
trial. Previously, the PR8 stock was titered via ﬂuorescent formingunits assay.10 PR8 was diluted in PBS for use in exposure vaccination
of the pre-exposed positive control mice and for use in the lethal challenges. All mice were challenged 10 weeks post their prime vaccination (for both subcutaneously injected and pre-exposed mice). Mice
were administered 50 mL via intranasal injection of diluted PR8 while
under isoﬂurane anesthesia (5 FFU for exposure vaccination of
BALB/c and C57BL/6, 50 FFU for lethal challenge of BALB/c
[2.5  LD50], 100 FFU for lethal challenge of C57BL/6 [2.5 
LD50]). One hundred ﬂuorescent forming units was selected for lethal
challenge of C57BL/6 mice, as preliminary dosing studies indicated
C57BL/6 mice were less sensitive than BALB/c to PR8. Inﬂuenza A
virus reassortant X-47 (A/Victoria/3/1975 [HA, NA]  A/Puerto
Rico/8/193 [H3N2]) (BEI Resources) was used to challenge DBA/2J
mice. Virus was grown in embryonated eggs, then collected and titered via plaque-forming unit assay, as previously described.63 Mice
were weighed daily and observed twice daily following inﬂuenza
infection. Any mouse with more than 30% weight loss, or exhibiting
signs of severe distress, was humanely euthanized. All mouse work
was approved by Cornell’s Institutional Animal Care and Use
Committee.
Ferret Immunization and Challenge

Three groups of six male Fitch ferrets (Triple F Farms) that were
7 months of age and serologically negative by hemagglutination inhibition (HI) for currently circulating inﬂuenza viruses were used for
this study. Ferrets were housed in a Duo-Flo Bioclean Unit (Lab Products Incorporated) throughout the study and were intramuscularly
vaccinated twice with either 500 mL (1.5 mg of total surface protein)
of ClyA-M2e4xHet CC rOMV, 500 mL (1.5 mg of total surface
protein) of CC rOMV that did not contain the pBAD plasmid
(Mock-rOMV) or 500 mL of Fluvirin (2015–2016 formula; Norvartis
Vaccines and Diagnostics Limited) at 4-week intervals for primary
and boost vaccinations. Body temperature and local inﬂammation
at the injection site (biceps femoris of caudal thigh) were monitored
daily for 3 days post-vaccination. Serum samples were collected on
day 28 (pre-boost) and on day 56 (pre-challenge) after primary vaccination for antibody titer determination. Ferrets were intranasally
challenged 35 days after the boost vaccination with 1 mL of 106
PFU of A/California/7/2009 virus (pdmH1N1) virus diluted in PBS
following anesthesia with ketamine-xylazine-atropine cocktail injection. Three ferrets from each group were observed daily for clinical
signs of disease, weight loss, and lethargy as described previously.64
The remaining three ferrets were euthanized on day 3 post-challenge
(p.c.) so that nasal washes and respiratory tissues (nasal turbinate, trachea, and lung) could be collected to evaluate viral lung titers in the
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Statistics

Groups in the pyrogenicity assay were compared with the KruskalWallis test, followed by Mann-Whitney between pairs, using Bonferroni method to account for multiple comparisons. TLR/NOD
signaling data, dendritic cell maturation marker data, cytokine production data, and mouse weight loss data were analyzed using an
ANOVA, followed by multiple comparisons with respect to control
using Dunnett’s method of correction. Average titer values were
calculated by taking the geometric mean of the titers in each cohort.
IgG ELISA titer data were compared between two groups using a twosided Student’s t test on log-transformed data. IgG1 and IgG2a/IgG2c
titer data were analyzed using a paired two-sided Student’s t test on
log-transformed data. Kaplan-Meier survival curves were analyzed
with a log-rank test using a Bonferroni-corrected alpha to account
for multiple comparisons. All statistical analyses were conducted
using Prism6 software (GraphPad Software).
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