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Abstract: The targeting of immunogens/vaccines to specific immune cells is a promising approach
for amplifying immune responses in the absence of exogenous adjuvants. However, the targeting
approaches reported thus far require novel, labor-intensive reagents for each vaccine and have
primarily been shown as proof-of-concept with isolated proteins and/or inactivated bacteria. We have
engineered a plasmid-based, complement receptor-targeting platform that is readily applicable
to live forms of multiple gram-negative bacteria, including, but not limited to, Escherichia coli,
Klebsiella pneumoniae, and Francisella tularensis. Using F. tularensis as a model, we find that targeted
bacteria show increased binding and uptake by macrophages, which coincides with increased
p38 and p65 phosphorylation. Mice vaccinated with targeted bacteria produce higher titers of
specific antibody that recognizes a greater diversity of bacterial antigens. Following challenge with
homologous or heterologous isolates, these mice exhibited less weight loss and/or accelerated weight
recovery as compared to counterparts vaccinated with non-targeted immunogens. Collectively,
these findings provide proof-of-concept for plasmid-based, complement receptor-targeting of live
gram-negative bacteria.

Keywords: plug & play; vaccine-targeting; gram-negative; complement; autotransporter; tularemia

1. Introduction

From the discovery of a new pathogen, it can be many years before a vaccine that is specific
to the organism is developed. Current methods involve the identification of virulence factors and
pathogen-specific antigens (Ags) to compose subunit vaccines. Alternatively, inactivated whole
cell vaccines are often non-stimulatory and require the addition of adjuvant for production of
an effective immune response [1]. While adjuvants are effective at increasing innate immune
activation, several drawbacks (non-specific immune cell activation, potential side effects, such as
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Guillain-Barré syndrome and myofasciitis, limited selection of approved adjuvants for the mucosal
route) have prompted the search for adjuvant-free methods of vaccination [2]. Mucosal administration
has become an appealing needle-free method of vaccination and several labs are developing new
immunostimulatory adjuvants for this route, some of which are reviewed here [3,4]. Further, efforts to
increase specificity and amplitude of the immune response to an Ag include targeting vaccines or
other therapies to specific cells. For example, dendritic cells (DCs) present Ag via MHCI and MHCII,
inducing both the cellular and humoral arms of adaptive immunity, which is an appealing feature
in vaccine development [5,6]. Targeting receptors on DCs via the fusion of peptide Ags to either
α-Clec9A antibody (Ab) [7], α-CD11c Ab, or DC-specific cytokines, results in increased Ag-specific
Ab production [8], and/or increased T cell proliferation in vaccinated mice [9–11]. It is worth noting
that, when tested side-by-side, these targeted Ags were more effective vaccines than their respective
non-targeted Ag plus adjuvant. Besides fusion proteins, nanoparticles have also been engineered to
interact with specific targets, such as mannose receptor on APCs for the delivery of DNA vaccines [12]
or cancer cell-targeted particles for the delivery of chemotherapy agents [13]. This concept of activating
specific immune cells against specific Ags, as opposed to broad treatments, has greatly advanced the
treatment of cancer patients through directed drug delivery and immunotherapy [5,14–16].

We have shown that targeting whole bacteria to receptors on immune cells enhances vaccine efficacy.
Specifically, when a monoclonal antibody (mAb) that was specific for the LPS of Francisella tularensis
(Ft) was added to inactivated Ft (iFt), the resulting mAb-iFt Live Vaccine Strain (LVS) immunogen
was targeted to Fc receptors (FcRs). Targeting Ag to FcRs in this way enhanced the processing and
presentation of the Ag and conferred immunity to challenge against Ft LVS and human-virulent Ft
SchuS4 [17,18]. While this approach was effective, it depended on having a pre-existing mAb—a
situation that likely would not be the case for an emerging pathogen. Accordingly, we sought to develop
a broadly applicable targeting approach that would eliminate this potential problem. Our goal was to
develop a self-replicating plasmid that could be transformed into a bacterium, resulting in a targeted
bacterium for use as a vaccine immunogen. A central advantage of this plasmid-based approach is that
generating an infinite supply of targeted vaccine only requires an initial transformation event (such as
electroporation) of the bacterium, and the ability to grow the transformed bacteria—capabilities of
most public health agencies even in resource-challenged settings. Conceptually, it would have been
desirable to clone the Fc domain of IgG as a fusion to a bacterial outer membrane protein (OMP),
thereby mimicking the FcR-targeting effect of surface-bound Ab. However, we considered the technical
challenges of expressing a functional, disulfide-linked and glycosylated Fc domain on the surface(s) of
multiple gram-negative bacteria (without specialized modification of each bacterium) to be prohibitive.
Accordingly, we considered alternative ligand-receptor pairings that would be more amenable to our
goals and pursued the C3-complement receptor (CR) interaction.

During activation of the mammalian complement cascade, C3 is proteolytically cleaved and, one of
the fragments, C3b, becomes covalently linked to the surface of susceptible microorganisms [19–21].
Further proteolytic activity of the bound C3b moiety first yields iC3b, and finally the terminal
degradation product, C3d. Pathogen-bound iC3b and C3d are ligands for CRs primarily found
on immune cells. C3d engendered significant interest as a “molecular adjuvant” following the
demonstration that Ags linked to C3d multimers were more potent inducers of Ab than the Ags
alone [22]. In fact, C3d multimers were observed to be as potent as complete Freund’s adjuvant. In this
and latter studies, the adjuvant-like properties of C3d were determined to be partially, although not
exclusively, CR2-dependent [23], raising the possibility that C3d might have mechanisms beyond
binding CR2 on B cells and follicular DCs (FDCs) to stimulate immunity and establish immunological
memory. Notably, recent findings indicate that C3d can also be bound by CR3—either alone or in a stable
three-way complex of CR2-C3d-CR3 [19,24]. While the implications of C3d–CR3 interaction are likely
yet-to-be fully defined, it is postulated that this three-way interaction might facilitate the trafficking of
complement-opsonized Ags within lymph nodes between CR3+ macrophages (MΦs) and CR2+ B
cells and/or FDCs [24]. Central to our choice of C3d as a ligand for our genetic-targeting approach
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were several reports of functional recombinant C3d-fusion proteins (expressed in Escherichia coli [Ec]),
which, following purification, bound CR2 on B cells and/or enhanced Ab responses in vaccinated
animals [25–29]. These data (published prior to the reports of C3d-CR3 binding) suggested to
us that other bacteria (including those considered serum/complement resistant, such as Ft and
Klebsiella pneumoniae [Kp]) might also be able to produce functional C3d—possibly as a fusion to
an OMP. Moreover, reports that a minimal CR2-binding domain of C3d resided within a linear 28 residue
fragment (p28) [21] suggested to us that p28 might be similarly amenable to bacterial surface display.
Indeed, others have linked parasite-derived peptides to p28-OMP fusions for delivery by attenuated
Salmonella and noted that these live vaccines induced elevated parasite-specific Ab responses [30].

Here our aim was to engineer a broadly applicable CR-targeting platform. We used the C-terminal
β-barrel OM-insertion domains of an autotransporter (AT) to display C3d or p28 on bacterial surfaces.
ATs are a class of gram-negative OMPs whose transport and insertion into the OM is widely-conserved,
largely self-directed, and results in surface exposure of the passenger domain [31,32]—here engineered
to be a CR-ligand. The relative independence of these proteins lends utility to their use in multiple
gram-negative pathogens. We have linked C3d (or p28), along with a FLAG tag, to the N-termini
of the β-barrel OM domain from a well-characterized AT, the trimeric Yersinia enterolitica adhesion
protein A (YadA). Our rationale for the trimer was that clusters of surface-C3d should increase
the avidity for CRs and potentially cross-link these receptors to enhance responses. We assessed
expression and surface accessibility of our engineered proteins in three gram-negative bacteria: Ec,
Kp, and Ft. We hypothesize that the CR-targeted bacteria, administered as adjuvant-free vaccines,
would interact with CR-expressing cells (Figure 1a) and elicit greater specific Ab responses. Using Ft
as a model, we have further characterized our novel whole-cell-targeting approach and observed
increased association with and signaling in MΦs. Excitingly, mice that were vaccinated with the
CR-targeted strain also produced elevated specific Ab and were protected from weight loss following
subsequent Ft challenge.

2. Results

2.1. Conception and Applicability of Autotransporter (AT)—Complement Receptor Ligand (CRL) Fusions to
Multiple Gram-Negative Bacteria

Previously, we used an opsonizing Ab that was specific for the surface of Ft (mAb α-Ft LPS,
IgG2a) to target Ft LVS vaccines to FcRs [17,18]. While this approach enhanced vaccine efficacy,
it relied upon having pre-existing pathogen-specific reagents. Here, we sought to develop a rapid
and broadly-applicable method of targeting intact bacteria to immune cells and pursued bacterial
surface-expression of CR ligands (CRLs) (Figure 1a). We constructed our targeting platform on the
backbone of the Yersinia enterocolitica (Ye) OMP YadA (Yersinia Adhesion A). YadA is an autotransporter
with a N-terminal signal sequence, a collagen-binding domain (CBD), helical stalk, and a C-terminal
β-barrel that anchors the protein into the outer membrane (OM) (Figure 1b). In Ye, mature YadA is
a heat-resistant 132 kDa trimer, in which the stalk and CBD are surface-exposed [33–35]. We expressed
YadA on a broad-host range plasmid in Ec and Ft and observed by western blot ~44 kDa and ~132
kDa α-YadA reactive bands consistent with the detection of monomers and trimers (Figure 1c). In Ec,
~50% of YadA appeared to be trimeric, while, in Ft, the trimeric form accounted for ~15% of YadA (not
shown). In Ft, α-YadA reactive bands partitioned into the sarkosyl-insoluble phase consistent with
that of an OMP (Figure S1a) and YadA-expressing Ft displayed robust collagen-binding (Figure 1d).

We next replaced the collagen-binding domain in YadA with a FLAG tag and the murine
complement protein C3d (a ligand for both CR2 and CR3 [24,36,37]) and termed this fusion YFC
(YadA-FLAG-C3d). Similar to unmodified YadA, YFC partitioned as expected for an OMP (Figure S1b,c).
We also engineered a fusion harboring the minimal CR2-binding fragment of C3d, p28 [38], in order to
yield YadA-FLAG-p28 (YFP) (Figure 1b). We assessed YFC and YFP in three different γ-proteobacteria:
Ec, Kp, and Ft. Lysates of recombinant bacteria were probed with α-C3d (Figure 1e) or α-FLAG
(Figure 1f). The expression profiles of the AT-CRLs within Ec and Kp are similar with both monomers
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and trimers apparent. In the more distally related Ft i) YFC was more readily detected than YFP
and ii) YFC monomers were more apparent than trimers—similar to the case with unmodified YadA.
With enhanced detection, YFC-trimers are apparent in Ft, albeit at lower levels than in Ec (Figure S2).
Together, these results suggest that YadA-CRL fusions and heterologously-expressed YadA trimerize
to a roughly similar extent within a given bacterium. Next, we tested the surface-accessibility of our
fusions by using intact bacteria to immunoprecipitate (IP) Ab specific for FLAG, C3, or the cytoplasmic
Ft protein, IglC [39], with the latter serving as a negative control (Figure 1h). YFP supported robust
Ab IP by Ec and Kp, whereas YFC appeared similarly effective in Ft (Figure 1g). These observations
suggested that Ec:YFP, Kp:YFP, or Ft:YFC could be tested as vaccines in models of Ec, Kp, or Ft infection,
respectively. As C3d interacts with two immune receptors (CR2 and CR3), we reasoned that analysis
of YFC provided the best opportunity to detect the impact of CR-targeting in vivo. Accordingly,
we pursued analysis of Ft:YFC and tularemia models of infection.
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Figure 1. Conception and applicability of autotransporter (AT)—complement receptor ligand (CRL)
fusions. (a) Graphical abstract. (b) The modification of YadA to yield YFC (YadA-FLAG-C3d) and YFP
(YadA-FLAG-p28); SS: signal sequence. F: FLAG tag. (c) Heterologous expression of plasmid-borne
YadA by Ec and Ft detected by western blot with α-YadA sera followed by horseradish peroxidase
(HRP)-conjugated secondary Ab. Strains bearing empty vector are denoted by “-”. Arrows indicate the
trimers and monomers of unmodified YadA.
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(d) Collagen-coated ELISA plates were incubated with serial dilutions of intact Ft:-, Ft:YadA, and Ft:YFC;
bound bacteria were detected by α-Ft LPS Ab. (e,f) Whole cell lysates of Ec, Kp, and Ft containing
empty vector (-) or the YFP or YFC expression vectors were probed by western blot with primary
Ab specific for C3d and the FLAG epitope followed sequentially by biotinylated secondary Abs and
streptavidin-HRP (SA-HRP). YFC and YFP trimers and monomers are designated with black and
grey arrows. The ~20 kDa bands evident in all lanes are endogenously biotinylated bacterial proteins
(annotated AccB in Ec and Ft [40]) detected by SA-HRP. (g) Intact bacteria as indicated were incubated
in solution with α-FLAG Ab. (h) Intact Ft as indicated were incubated in solution with the indicated
Ab. IglC is primarily a cytoplasmic Ft protein. Washed bacteria in (g,h) were probed for IgG heavy
chain (HC), followed by biotinylated secondary Abs and SA-HRP.

2.2. Bacterial Expression of YFC Enhances Binding and Uptake by Murine Macrophages

Having determined biochemically that YFC was surface-exposed, we next sought evidence that
the murine C3d moiety was functional in promoting binding to CR+ cells. Ft is an intracellular
bacterium that can enter many cells (including MΦs) through multiple receptors (including CR3),
depending on which opsonins are present [41,42]. We reasoned that Ft genetically decorated with
functional C3d should more avidly associate with murine MΦs than Ft lacking C3d. To this end,
we incubated Ft:YFC or Ft:- with CR3+ RAW 264.7 MΦs in the absence of serum for 2 h at 4 ◦C or
37 ◦C. The experiments were conducted with fluorescently-stained Ft (followed by detection of MΦ
fluorescence—Figure 2a,c and Figure S3) or with unstained Ft (followed by the detection of the Ft
protein FopA in MΦs—Figure 2b,d). By fluorescence microscopy, MΦs incubated with Ft:YFC at
4 ◦C had a faint, yet elevated, fluorescence above that of MΦs incubated with Ft:- (Figure 2a insets
and Figure S3). For 37 ◦C incubations, MΦ fluorescence from Ft:YFC was markedly increased above
the Ft:- controls and it was characterized by many discrete intracellular puncta (Figure 2c insets
and Figure S3), consistent with the role of CR3 as the major phagocytic receptor for C3 opsonized
Ft [43]. These microscopy impressions were confirmed by quantifying MΦ-bound and total (bound
plus unbound) fluorescence over a range of multiplicity of infection (MOI) with a plate-reading
fluorometer (Figure 2a,c). In these assays, we observed that significantly higher percentages of Ft:YFC
bacteria remain cell-associated when compared to the empty vector controls. Additional MΦ-binding
experiments with un-stained Ft were analyzed by western blot for the bacterial and cellular proteins
FopA and β-actin (Figure 2b,d). These results further confirmed the notion that the C3d moiety in YFC
functions to enhance binding and apparent phagocytosis.
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Figure 2. Bacterial expression of YFC enhances binding and uptake by MΦs. SYTO-stained Ft strains
(- and YFC) were incubated at various MOIs with RAW cells for 2 h at 4 ◦C to assess binding (a) or
at 37 ◦C to allow for bacterial uptake (c). For microscopy images (insets), MOI = 100 and scale bars
(bottom right) are 50 µm. Quantification of cell association was calculated as the SYTO signal bound
to washed RAW cells divided by the total input SYTO signal (of unwashed Ft and cells) at each MOI.
* t test p < 0.05. Results are combined from 4 independent experiments; means shown with standard
deviation (SD). Un-stained Ft (- and YFC) were incubated with RAW cells at MOI = 0 (“no Ft”) or 500 for
2 h at 4 ◦C (b) or at 37 ◦C (d). Following washes to remove un-bound bacteria, cell-associated material
was probed by western blot with Ab specific for the Ft protein FopA and the cellular protein β-actin.

2.3. YFC-Bearing Bacteria Induce Elevated p38 and p65 Phosphorylation in Murine Macrophages

We next sought to determine whether YFC-expressing bacteria elicit distinct cellular responses.
Multiple groups have reported that MΦs interacting with wildtype, unopsonized Ft produce a transient
spike in MAPK phosphorylation, which wanes to baseline as NF-κB activity subsequently peaks
and resolves [44–47]. In recent studies of C3-opsinized Ft and CR3 engagement, Dai et al. found
that, shortly after phagocytosis, murine MΦs respond to C3-opsonized Ft with increased MAPK
phosphorylation [43]. Accordingly, we predicted that YFC-expressing bacteria would also induce
altered patterns of p38 and NF-κB (p65) phosphorylation. We incubated Ft:- and Ft:YFC in serum-free
media with RAW 264.7 cells, which were harvested at short intervals for western blot analysis
(Figure 3a). Shortly following Ft infection, the P-p38 levels decreased while the P-p65 levels increased
with no consistent differences between control and YFC-expressing Ft. However, at the later time
points, cells that were infected by Ft:YFC contained levels of P-p38 and P-p65 significantly higher than
in Ft:- infected cells (Figure 3).
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cells were incubated without (“no Ft”) or with Ft:- or Ft:YFC (MOI = 500) at 37 ◦C for the indicated
time. Washed cells were probed by western blot with Abs specific for the indicated proteins. (b,c)
Densitometry of phosphorylated and total forms of p38 and p65 combined from ≥3 independent
experiments. * t test p < 0.05.

2.4. Infection of Mice with YFC-Bacteria Transiently Limits Weight Gain and Induces Higher Titers of Ab

As the C3d portion of YFC appeared to be functional in cell-based assays, we next sought to
determine whether YFC-bearing bacteria would provoke altered responses in animals. In addition
to CR3 on MΦs, YFC-expressing bacteria in vivo could potentially engage CR3+ dendritic cells
(DCs—potent Ag-presenting cells), CR2+ FDCs, and/or CR2+ B cells. Interaction with the latter cells
by C3d-linked moieties has been shown to significantly enhance Ab responses. Accordingly, we first
sought to determine whether YFC-expressing bacteria are safe in vivo and if they induced altered Ab
responses. To this end, we vaccinated mice intranasally (i.n.) with one of two low doses (~50 and
~ 200 CFU) of live Ft LVS bearing either the empty vector (-) or the YFC-expression plasmid. Mice that
were vaccinated with the higher dose of Ft:YFC exhibited slight weight loss on d ~ 5–9, whereas the
remaining groups steadily gained weight following vaccination; all animals appeared to be healthy
and survived (Figure 4a). By ELISA, we determined the d 21 serum Ab titers against wildtype Ft LVS
lysates. We observed significantly increased titers of total Ig against Ft, which included total IgG and
the IgG2c isotype, among mice that were vaccinated with Ft:YFC (Figure 4b). IgM trended towards
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increased levels in Ft:YFC vaccinated mice (p = 0.16); IgG1 and IgA were not uniformly detected in
either vaccine group (not shown).
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Figure 4. Infection with YFC-bacteria induces higher titers of serum Ab. (a) Individual mouse weights
recorded daily and expressed as a percentage of their baseline weight (average of d –3–0). 7–8 mice
per group. # indicates t test p < 0.01 “-” vs YFC, low doses. * indicates t test p < 0.01 comparing the
high doses. (b) Sera were collected on d21 post-vaccination and Ft-specific titers were determined via
ELISA. Two-way ANOVA was used to assess the effect of YFC. 7–8 mice per group.

2.5. Vaccination with YFC-Bacteria Alters Ag Recognition and Limits Morbidity Following Challenge

Having established that Ft:YFC was well tolerated and induced elevated Ab responses, we next
vaccinated mice i.n. with a single dose (~200 CFU) of Ft:- and Ft:YFC to further characterize vaccine-induced
responses. Among Ft:YFC immunized mice, we again observed a slight decrease in weight following
vaccination (Figure 5a) and significant increases in Ft-specific serum Ig, IgG, and IgG2c titers (Figure 5b).
We used live wildtype Ft to IP serum Ab and detected bound Ig heavy chain by western blot to determine
whether the Ft:YFC-induced sera also contained more opsonizing Ab. Sera derived from Ft:YFC vaccinated
mice contains more bacterial surface-binding Ab than does sera from control immunized mice. We also used
these sera pools to probe fractionated Ft (aqueous [A], detergent [D], sarkosyl soluble [SS], sarkosyl insoluble
[SI] phases) via western blot to gauge the repertoire of bacterial Ags recognized, as shown in Figure 5c.
For these assays, the blots were probed with equal titers of the two sera and, as expected, the majority
of bacterial Ags were equivalently recognized (Figure 5d). However, a small sub-set (~3–4) of A-phase
proteins between ~50–100 kDa were more robustly recognized by the Ft:YFC immune sera. When sera
from individual animals were similarly used at equal titer, we again observed elevated reactivity among
Ft:YFC-immunized mice for these 3–4 A-phase Ags (Figure 5e). Collectively, Ft:YFC immunized mice
produce higher titers of serum Ab that contains more opsonizing Ig and recognizes a broader repertoire
of bacterial Ags. Next, these mice were challenged i.n. with one of two doses (12k or 48k CFU) of
wildtype Ft LVS. These doses were known to be lethal for naïve controls (LD50 = 1250 CFU), but expected
to be sublethal for LVS immunized mice. Indeed, the PBS controls succumb to challenge by d 9 and all
immunized mice ultimately survived. However, differences were apparent in the magnitude and duration
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of challenge-induced morbidity—as indicated by weight loss. At both challenge doses, Ft:YFC immunized
mice lost less weight than their Ft:- counterparts and the differences remained significant for 4–7 d (Figure 5f).
When the days below baseline weight were calculated, these were also significantly lower for Ft:YFC
immunized mice. Among the 12k CFU challenge animals, the Ft:YFC immunized mice were below baseline
weight for 2.3 +/- 1.5 d following challenge as compared to 6.2 +/- 0.8 d for the Ft:- vaccinated group
(p = 0.001). For the 48k challenge recipients, the corresponding numbers were 5.0 +/- 0.8 d for the Ft:YFC
vaccinated mice and 13.8 +/- 5.1 d for the control Ft:- mice (p = 0.01). Finally, we compared post-vaccination
(PV) and post-challenge (PC) serum Ab titers among these groups and made an unexpected observation.
Ft:YFC vaccinated mice, which had higher PV titers and less challenge-induced morbidity, appeared to have
a muted Ab response to challenge. For Ft:- immunized mice, we observed 16- and 20-fold increases (PC/PV)
in mean serum Ig titers for the 12k and 48k doses, respectively (Figure 5g). For Ft:YFC immunized mice,
the fold changes were 8 and 17.Pathogens 2020, 9, x FOR PEER REVIEW 9 of 20 
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Figure 5. Vaccination with YFC-bacteria alters Ag recognition and limits challenge-induced morbidity.
(a) Individual mouse weights recorded daily and expressed as a percent of their baseline weight
(average of d –3–0); 8 PBS mice and 15–16 mice per vaccine group.
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* indicates t test p < 0.01 comparing Ft:- and Ft:YFC. (b) Sera collected 21 d post-vaccination (PV) were
assessed by ELISA for Ft-specific Ig, IgG, and IgG2c titers. P values derived from t tests of “-” vs YFC.
(c) PV sera pooled from “-” or YFC vaccinated mice were used at equal dilution to test IP with Ft Live
Vaccine Strain (LVS). Washed bacteria were probed via western blot for Ig HC. (d) PV sera pooled
from mice vaccinated with “-” or YFC were used at equal titers to probe by western blot aqueous
(A), detergent (D), sarkosyl soluble (SS), and sarkosyl insoluble (SI) phases of WT Ft LVS. (e) PV sera
from individual mice vaccinated with “-” or YFC were used at equal titers to probe by western blot A
phases of WT Ft LVS. (f) The mice were challenged i.n. with 12k or 48k CFU of WT Ft LVS on d 28 PV.
Individual post-challenge mouse weights recorded daily and expressed as a percent of their baseline
weight (average of d 26–28 PV) with 4–6 mice per group. # t test p < 0.01 between “-” and YFC at the
12k dose. * t test p < 0.01 between “-” and YFC at the 48k dose. (g) Sera collected on d 21 PC were
analyzed by ELISA along with PV sera for total Ft-specific Ig titers. * ANOVA with Tukey post-test
p < 0.01 between indicated groups. Fold-increase (PC/PV) of average titer for each group is indicated
in parentheses.

2.6. Vaccination with YFC-Bacteria Accelerates Recovery Following Challenge with a Heterologous Isolate

In the preceding work, one isolate of Ft LVS was the basis of the vaccine strains and the challenge
agent. As virulence can vary among isolates, we sought to determine whether our Ft:YFC strain could
similarly protect against challenge with Rocky Mountain Laboratory (RML) Ft LVS, which is ~ 50x
more virulent than ATCC LVS [48]. We immunized four groups of mice with our Ft:- or Ft:YFC vaccine
strains. The Ft:YFC immunized mice again displayed transient weight loss following vaccination (not
shown) and significantly increased the serum Ab titers PV (not shown). The vaccinated mice were
then challenged i.n. with 102, 103, 104, or 105 CFU of RML Ft LVS. PBS control mice were challenged
i.n. with 102, 103, or 104 CFU of RML Ft LVS. Survival among PBS controls was 100%, 37.5%, and 0%,
respectively; vaccinated mice ultimately survived all challenge doses (Figure S4). We again noted
significant morbidity differences between Ft:- and Ft:YFC immunized mice (Figure 6a), albeit with
some distinctions. In contrast to the homologous challenge results, here the magnitude of peak weight
loss did not differ between Ft:- and Ft:YFC immunized mice. However, the latter did recover weight
more quickly (Figure 6a) in ordeer to yield a trend towards fewer days underweight. Among the 105

CFU challenge animals Ft:YFC immunized mice were below baseline weight for 8.8 +/- 2.9 d after
challenge when compared to 12.6 +/- 6.0 d for the Ft:- vaccinated group (p = 0.13). Last, we compared
PV and PC serum Ab titers and again observed that mice immunized with Ft:YFC required much
higher challenge doses to provoke a significant Ab-recall response (Figure 6b).
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Figure 6. Mice vaccinated with YFC-bacteria display improved weight-gain following heterologous
challenge. (a) Ft:- and Ft:YFC vaccinated mice were challenged i.n. with Ft LVS RML.
Individual post-challenge mouse weights are expressed as a percent of their baseline weight (average
of d 26–28 PV) with 7–8 mice per group. * t test p < 0.05 between “-” and YFC for 105 challenge dose.
(b) Sera collected on d 21 PC were analyzed by ELISA along with PV sera for total Ft-specific Ig titers.
* ANOVA with Tukey post-test p < 0.05 between indicated groups. Fold-increase (PC/PV) of average
titer is indicated in parentheses.

3. Discussion

We sought to simplify vaccine development through generation of a plasmid-encoded AT-CRL
fusion. The transformation of the platform into gram-negative bacteria results in the expression of
a CRL (C3d or p28) on the bacterial surface; consequently, targeting them to CRs on immune cells.
Engagement of CR3 on MΦs induces phagocytosis, signaling, and entrance into peripheral lymph
nodes [49]. CR2 engagement on B cells and FDCs is also an important aspect of forming an adaptive
immune response—inducing prolonged Ag display in follicles, uptake by and activation of B cells,
and increased Ab responses [50].

In this work, we have modified trimeric AT YadA of Ye to include a CRL, yielding constructs
YFP and YFC (Figure 1). The expression and trimerization of these constructs in Ec, Kp, and Ft
varied. Reduced trimeric-sized bands that were observed in Ft:YFC compared to Ec:YFC and Kp:YFC
are likely not indicative of a lack of trimer formation in vivo since detectable surface exposure is
observed, but rather might be due to the reduced stability of the protein when boiled in reducing
sample buffer and resolved via SDS-PAGE. However, reduced surface accessibility of the constructs in
some strains might be due to lack of proper chaperone complexes and/or interference by host proteases
preventing proper localization, trimerization, and/or transport of passenger domains through the
β-barrel. In future work, we will aim to improve the broad utility of our constructs by co-expressing
chaperones, such as Ye Skp, which aids in the heterologous expression of YadA [51].

Utilizing Ft as a model, we have shown that YFC expression in bacteria increases association
with CR3-expressing macrophages (Figure 2). Previous studies support that this increased interaction
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is likely due to CRL engagement of CR3 on these cells [41,43], although we have not formerly
defined the receptor specificity here. The engagement of TLRs on the surface of these cells is likely also
an important aspect of CR3 binding and induction of phagocytosis. TLRs, specifically TLR2 in the case of
Ft, initiate inflammatory signaling and inside-out signaling through phosphatidylinositol-3-kinase [43,
52–54]. This inside-out signaling results in a conformational change of CR3 from closed to open/active,
allowing for CRL engagement [55,56]. In addition to increased binding, we have also observed
an increased phosphorylation of p38 and p65 in MΦs at 60 min. post-incubation with Ft:YFC (Figure 3).
This largely supports work by Dai et al., who showed similar increases in inflammatory signaling when
C3-opsonized Ft SchuS4 were incubated with murine MΦs; contrasted by their similar experiments in
human macrophages, which resulted in the inhibition of this inflammatory signaling [43].

The increased signaling we observe could also be due to intracellular detection of C3d [57].
The pathway by which this detection occurs is not fully understood. Some studies have shown that
the detection of cytoplasmic C3b by mitochondrial antiviral-signaling protein (MAVS) induces NF-κB
pathways, which is consistent with the increased p65 phosphorylation that we observed [58–61].
Additionally, other groups have found that the intracellular C3b protein induces the formation of
autophagosomes and increases the degradation of the accompanying pathogen [58,62], a phenomenon
that might also contribute to intracellular pathogen spread via trogocytosis [63] and has been suggested
as a virulence mechanism for Ft [64–66]. In contrast, Ft has also been shown to evade autophagy host
defenses [67]. Further experiments are required in order to elucidate the exact mechanism at play
within our system; we propose that assessing MΦ health as well as Ft:YFC viability and/or replication
in MΦs over time will contribute to our understanding.

We administered Ft:YFC and Ft:- strains to C57BL/6 mice i.n. in order to assess the effect of
YFC on the immune response in vivo. On d 21 PV, we observed increased pathogen-specific Ab
titers as well as increased diversity in proteins recognized compared to the Ft:- control (Figures 4
and 5). This promising result agrees with previous works that have shown similar titer increases
when fusing C3d to a subunit vaccine; however, our approach involves Ab development against
a wide array of bacterial Ags rather than a solitary peptide. Ft:YFC vaccinated mice also exhibited
protection against Ft LVS challenge-induced weight loss (Figure 5f), which suggested that the increased
immune response generated translates to an effective response against subsequent pathogen exposure.
We assessed whether this protection would translate to protection against challenge with a heterologous,
more virulent isolate of Ft, the RML strain [48]. Again, we observed that Ft:YFC vaccinated mice
exhibited a faster recovery from challenge-induced weight loss (Figure 6a). In order to assess the
effectiveness of our CR-targeted vaccine strain at preventing lethality, we would likely need to use
a type A strain of Ft, such as SchuS4, for a highly stringent challenge. Moreover, additional assays
would be required to reveal the relative contributions of the humoral and cellular responses to Ft:YFC.

An unexpected observation came from the comparisons among the PV and PC Ab titer
determinations. Specifically, the finding that Ft:YFC immunized mice, which had higher PV titers,
appeared to have a muted Ab response to challenge (Figures 5g and 6b). This, along with protection
from challenge-induced weight loss, supports the notion that higher Ab titers prior to challenge is
associated with decreased disease severity and a diminished need for a prominent recall response at
low challenge doses; a phenomenon that has been observed in humans [68–72]. Subjects with higher
pre-existing Ab titers against flaviviruses [68], Shigella [70,72], and influenza [69,71] experience reduced
disease upon respective infection and reduced Ab recall response. Therefore, we believe that our
results are likely translatable to other diseases as well as human models of infection.

Our advancement in Ft vaccine development is important, as there is currently no FDA-approved
vaccine and human-virulent strains of Ft that have been developed as biological weapons [73].
Furthermore, we have also successfully expressed AT-CRLs in Ec and Kp (Figure 1e–g). Preliminary
results support surface exposure of our platform in these other gram-negative bacteria and offer
exciting applicability to pathogens that are increasingly becoming antibiotic resistant [74]. It would
be interesting to test the efficacy of targeted Ec:YFP, Ec:YFC, and Kp:YFP strains in cell-based and
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animal studies in Ec and Kp models of infection. Based on differences between gram-negative and
gram-positive cell walls, AT-CRL would not be applicable to gram-positive bacteria. However, we could
envision expanding this targeting approach to vaccine development against additional gram-negative
pathogens, as the AT-CRL approach does not require pre-existing pathogen-specific Abs, identification
of protective antigens, or addition of adjuvants in order to enhance immune responses. Finally,
the potential broad-applicability of our platform also offers an interesting opportunity for combination
with pre-existing targeting strategies, such as FcR targeting, to further advance vaccine development.

4. Materials and Methods

4.1. Bacteria

Escherichia coli (Ec) One ShotTM TOP10 Chemically Competent (Invitrogen, Carlsbad, CA, USA)
cells were used as the host strain for plasmid construction. Ec were cultured in Luria-Bertani (LB)
broth or on LB agar plates with appropriate antibiotics at either 26 ◦C or 37 ◦C where indicated.
Electro-competent Francisella tularensis (Ft) LVS NR646 (BEI Resources, Manassas, VA, USA) and
Klebsiella pneumoniae (Kp) ATCC 13883 (provided by Robert K. Ernst, Ph.D.) were produced as follows:
overnight cultures were harvested (prior to reaching an OD at 600 nm of 0.6) via centrifugation at 4000 g
for 15 min. at 4 ◦C. Cells were placed on ice and all solutions were chilled. Cells were re-suspended
in 0.5 M sucrose, spun, and again re-suspended in a smaller volume of 0.5 M sucrose until a final
volume of 500 µL was reached. The cells were then aliquoted and utilized for electroporation or
frozen for later use. Ft strains were cultured at 37 ◦C in Brain Heart Infusion (BHI) media (pH 6.8)
with appropriate antibiotics or on BHI agar plates that were supplemented with 2.5% L-cysteine
hydrochloride, 5% hemoglobin, and appropriate antibiotics. Kp were cultured in LB broth or on LB
agar plates with appropriate antibiotics at 26 ◦C.

4.2. Plasmids

The pCR 2.1-Topo vector and TOPO TA Cloning Kit (Invitrogen) were used for direct cloning
of PCR products. The broader-host-range shuttle vectors pF and pF2, which encode kanamycin
resistance, were used to express YadA, YFC, and YFP in Ec, Kp, and Ft. The pF/F2 plasmids include
a M13R priming site, a Ft groEL promoter (truncated in pF2) driving expression of inserts (see below),
and a reverse priming site for pF-Reverse. Bacteria that were transformed with empty pF/pF2 vectors
served as controls and they are indicated as “-” in figures.

YadA. Full length yadA was PCR amplified from Y. enterolitica DNA with primers Ye YadA 5EcoRI
and Ye YadA 3Stop_PmeI and then cloned into pCR 2.1-TOPO to generate pCR 2.1-TOPO:YadA. Table S1
provides primer sequences. The YadA EcoR1/PmeI fragment was digested from pCR 2.1-TOPO:YadA,
gel-purified, and then ligated into EcoRI/Sma digested pF or pF2 yielding pF:YadA and pF2:YadA
(designated as “YadA” in figures).

pF:YadA SS-SβB. Two fragments of yadA were PCR amplified from Y. enterolitica DNA and
separately cloned separately into pCR 2.1-TOPO prior to DNA sequence analysis. The first fragment,
encoding the YadA signal sequence (YadA SS), was amplified while using primers Ye YadA 5EcoRI and
3’ YadA SS_SacI. The second fragment, encoding the YadA stalk andβ-barrel (YadA SβB), was amplified
using primers 5’ SacI_FLAG_YadA C term and Ye YadA 3Stop_PmeI. 5’ SacI_FLAG_YadA C term
encodes an engineered, in-frame FLAG tag and Ye YadA 3Stop_PmeI contains an additional in-frame
stop codon. Following digestion of pCR 2.1-TOPO:YadA SβB with EcoRI and PmeI, YadA SβB was gel
purified and then ligated to EcoRI/EcoRV digested pF, resulting in plasmid pF:YadA SβB. YadA SS
was liberated from pCR 2.1-TOPO:YadA SS with EcoRI and SacI, gel purified, and then ligated to
similarly digested pF:YadA SβB. Salient features of the resulting plasmid (pF:YadA SS-SβB) include
an open-reading frame containing the YadA SS, a SacI site, a FLAG-tag and YadA SβB followed by
2 stop codons. The SacI site in pF:YadA SS-SβB subsequently served as the recipient site for SacI-flanked
inserts encoding complement receptor ligands (below).
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YFC. DNA encoding murine C3d was PCR amplified from TOPO: C3d rvs BglII BSSB while
using 5’ C3d w/linker AgeI and 3’ C3d w/linker XmaI_SalI and cloned into pCR 2.1-TOPO prior to
DNA sequence analysis. The resulting plasmid was subject to site directed mutagenesis (QuikChange
Site-Directed Mutagenesis Kit, Agilent Technologies, Santa Clara, CA, USA) with 5’ Mut. Destroy SacI
in C3d and 3’ Mut. Destroy SacI in C3d in order to eliminate the C3d-internal SacI site. The resulting
mutated C3d DNA was PCR amplified with 5’ SacI_C3d and 3’ C3d_SacI and cloned into pCR 2.1-TOPO
yielding pCR 2.1-TOPO:C3d-NoIntSacI. Following the digestion of pCR 2.1-TOPO:C3d-NoIntSacI
with SacI, the C3d-NoIntSac fragment was gel purified and then ligated to SacI digested pF:YadA
SS-SβB (above). A clone with the C3d fragment in the same orientation as YadA was identified and
termed YFC.

YFP. DNA encoding murine p28, flanked by SacI sites, was generated via synthetic overlap PCR
using primers P28 FWD SacI (for YadA) and P28 RVS SacI (for YadA) and it was cloned into pCR
2.1-TOPO yielding pCR 2.1-TOPO:SacI-p28-SacI. pCR 2.1-TOPO:SacI-p28-SacI was digested with SacI
and the p28 fragment was then gel purified and ligated to SacI-digested pF:YadA SS-SβB (above).
A clone with the p28 fragment in the same orientation as YadA was identified via DNA sequencing
and it was termed YFP.

4.3. SDS-PAGE and Western Blots

Bacterial whole cell preps (in TPIG = 50 mM Tris 8.0, protease inhibitor cocktail [Sigma-Aldrich,
St. Louis, MO, USA. P2714], 10% glycerol) were boiled in Laemmli sample buffer for 10 min. and were
loaded at 108 cells per lane onto NuPAGE 4–12% Bis-Tris Protein Gels (Invitrogen). The NuPAGE MES
SDS running buffer was used and gels were run variously at 50–120 V. Resolved gels were transferred
to 0.22 µm nitrocellulose membranes (BioRad, Hercules, CA, USA). Membranes were blocked for
30 min. in 5% non-fat dry milk in PBS 0.05% Tween 20 (PBST); except when anti-goat antibodies
were used, in which case membranes were blocked for 30 min. with 5% heat-inactivated FBS in
PBST. Primary antibodies were used at the indicated concentrations for an overnight incubation at
4 ◦C in PBST. Secondary horseradish peroxidase (HRP)-conjugated antibodies were diluted to the
indicated concentrations in PBST and incubated at 4 ◦C for 1 h. Where indicated, a biotinylated
secondary antibody was used, followed by streptavidin-linked HRP, each for 1 h incubations at 4 ◦C.
The development of chemiluminescent substrate (SuperSignal West Pico or SuperSignal West Femto
Maximum Sensitivity, Pierce) was visualized using the BioRad ChemiDoc Touch Imaging System.
Densitometry was analyzed using the BioRad Image Lab 6.0 software.

4.4. Bacterial Fractionation

Whole cell preps of bacteria were incubated at 2.5 × 107 cells/µL in 1% Tx114 (containing
protease inhibitor (Sigma-Aldrich, P2714), lysozyme (Fisher scientific, Waltham, MA, USA, BP535),
and benzonase nuclease (Sigma-Aldrich, E8263) in PBS) for 30 min. at room temperature. The samples
were then placed on ice for 30 min. and subsequently centrifuged at 13,000 g for 30 min. at 4 ◦C and the
Tx114 soluble (TxS) phase was separated from the Tx114 insoluble (TxI) phase. TxI was resuspended
in PBS and both TxI and TxS were again centrifuged; residual TxS was removed from TxI and TxS
was moved to a fresh tube to remove any residual TxI. TxS was then incubated at 31 ◦C for ~5 min.
to precipitate Tx114, and the samples were centrifuged at room temperature for 10 min. at 10,000 g
in order to separate aqueous (A) and detergent (D) soluble fractions. A and D were both washed
three times. D was re-suspended in 1% SDS to a final concentration of 108/µL. TxI was also further
processed and it was re-suspended in 0.2% sarkosyl and then incubated at room temperature for 30 min.
The TxI samples were then centrifuged at 13,000 g for 30 min. at 4 ◦C and the sarkosyl soluble (SS)
phase was removed from the sarkosyl insoluble (SI) phase. Extraction from SI was repeated via 0.2%
sarkosyl incubation and centrifugation. SI was then re-suspended in PBS and both SS and SI were
again centrifuged to remove residual SS from SI and residual SI from SS. SS was transferred to a fresh
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tube. SI was re-suspended in 1% SDS to a concentration of 108/µL. All of the samples were loaded at
equivalents to 108 bacteria per lane for SDS-PAGE.

4.5. Collagen Binding ELISA

Flat bottom Costar 96-well assay plates (Corning #9018) were coated with 1µg of type I collagen (rat
tail, Sigma-Aldrich, C3867) in 100 µL of 100 mM bicarbonate/carbonate coating buffer (pH 9.6) per well,
incubating overnight at 4 ◦C. The wells were washed three times with PBS 0.05% Tween 20 while using
the BioTek ELx50 plate washer and then blocked for 2 h at room temperature with 2% heat inactivated
(HI) FBS in DPBS. Ft strains were serially diluted in blocking solution (2% HI FBS in DPBS) and then
incubated on the collagen-coated plate for 1 h at room temperature. The plates were then washed
and Ft was detected using 1:2500 Mouse anti-Ft LPS (clone FB11, Abcam, Cambridge, UK) followed
by 1:5000 Goat anti-Mouse IgG(H+L) HRP (Southern Biotech, Birmingham, AL, USA); each diluted
in blocking buffer and then incubated for 1 h at room temperature. Tetramethylbenzidine (TMB,
Sigma-Aldrich) substrate was added, development was stopped using 2 M H2SO4, and absorbance
was measured at 450 nm while using the BioRad iMark microplate reader.

4.6. Antibody Immunoprecipitation

25 µL of bacteria in culture media (at 2.5 × 107 CFU/µL) were mixed with 25 µL of the appropriate
antibody in culture media and then incubated for 1 h at room temperature. Mouseα-FLAG, biotinylated
(Sigma-Aldrich, F9291) was used at a final concentration of 6 µg/µL. Rat α-complement C3 (Novus
NB200-540) was used at a final concentration of 12 µg/µL. Mouse α-IglC (clone 1G7 hybridoma
supernatant) [75] was used at a 1:45 dilution. The samples were centrifuged at 5000 g for 10 min.,
washed with fresh culture media, and re-suspended to 107/µL in TPIG before prep for western blotting.

4.7. Cell Culture

RAW 264.7 cells were maintained at 37 ◦C in 5% CO2 in DMEM (high glucose, Gibco, Gaithersburg,
MD, USA) that was supplemented with 10% heat inactivated fetal bovine serum, 100 units/ml
penicillin-streptomycin (Gibco), 2 mM GlutaMAX (Gibco), 10 mM HEPES (Gibco), 0.075% sodium
bicarbonate (Gibco), and 50 µM 2-mercaptoethanol (Sigma-Aldrich). For co-incubations of RAW cells
with bacteria: serum-, antibiotic-, and mercaptoethanol-free (SAM-free) formulations were used.

4.8. Bacteria Staining and Quantification of RAW 264.7 Cell Binding

For microplate-based quantification: RAW 264.7 cells were seeded on Greiner CELLSTAR
black-wall 96-well plates, aiming for confluency following overnight incubation. BHI-grown Ft were
stained by incubating the bacteria with 5 µM of SYTO BC Green Fluorescent Nucleic Acid Stain
(Invitrogen, S34855) in DPBS at 107Ft/µL, Ft were then washed and re-suspended in SAM-free DMEM.
Ft strains were serially diluted in SAM-free DMEM, starting at 108/well (~MOI 1000) in 100 µL,
and they were incubated with RAW cells for 2 h at either 4 ◦C or 37 ◦C. The wells were washed with
SAM-free DMEM before adding DPBS and measuring fluorescence with the PerkinElmer VICTOR
Nivo Microplate Reader. Output was plotted as a percentage of the input Ft signal. For Microscopy:
RAW cells were seeded on MatTek 24-well No. 1.5 Coverslip plates and they were incubated with
stained (as above) Ft strains at MOI 100 in 1 mL SAM-free DMEM for 2 h at either 4 ◦C or 37 ◦C.
Wells were washed and imaging was performed at 40x with the Zeiss Axio Observer. For RAW
cell incubation with unstained Ft strains: RAW cells were seeded on Corning Costar 24-well plates,
aiming for confluency overnight, and they were incubated with 5 × 107 Ft/well (~MOI 500) in 500 µL
SAM-free DMEM for 2 h at either 4 ◦C or 37 ◦C. The wells were washed with SAM-free DMEM and
adherent cells were harvested into 150 µL of 0.5% Tx100 and combined with 150 µL Laemmli sample
buffer in preparation for western blotting.
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4.9. RAW 264.7 Cell Signaling Experiments

RAW 264.7 cells were seeded on Corning Costar 24-well plates, aiming for confluency overnight
and 5 × 107 Ft/well (~MOI 500) in SAM-free DMEM were added. The plates were centrifuged at 500 g
for 1 min. to synchronize bacterial association with RAW cells and they were incubated at 37 ◦C for 5,
15, 30, or 60 min. The wells were washed and all cells were collected with 150 µL of 0.5% Tx100 and
were added to 150 µL of Laemmli sample buffer in preparation for western blotting for various cell
signaling proteins.

4.10. Mice and Immunizations

The Institutional Animal Care and Use Committees of Albany Medical Collage approved (ACUP
# 17-09003) the work described in this manuscript. Six-week old male and female C57BL/6 mice
(Taconic) were anesthetized via intraperitoneal injection of a cocktail of ketamine (5 mg/kg) (Vedco Inc,
St. Joseph, MO, USA) and xylazine (4 mg/kg) (Akorn Inc, Lake Forest, IL, USA) and checked for loss of
toe pinch reflex. The anesthetized mice were vaccinated intranasally (i.n.) with a P20 micropipette
on d 0 with 20 µL of PBS, Ft:-, or Ft:YFC drop-wise into a single nare using PBS as a vehicle for Ft
strains [17,18]. Prior to administration, the Ft doses were spotted on agar plates, which were incubated
at 37 ◦C for enumeration of actual CFU counts. Figure 4: intended doses: low = 50 CFU, high = 200
CFU. Actual doses: Ft:- (low) = 37 CFU, Ft:YFC (low) = 18 CFU, Ft:- (high) = 144 CFU, Ft:YFC (high) =

36 CFU. Figure 5: intended dose = 200 CFU. Actual doses: Ft:- = 159 CFU, Ft:YFC = 117 CFU. Figure 6:
intended dose: 200 CFU. Actual doses: Ft:- = 187 CFU, Ft:YFC = 197 CFU. Mice were individually
weighed daily starting d –3. Weights are plotted as a percentage of an individual three-day-average
baseline. On d 21, blood was collected from the sub-mandibular vein of all mice for post-vaccination
(PV) antibody titer analysis. On d 28, mice were anesthetized and challenged i.n. with 20 µL of Ft
LVS into a single nare. Figure 5: intended low challenge dose = 12,000 CFU, actual = 12,500 CFU.
Intended high challenge dose = 48,000 CFU, actual = 55,500 CFU. Figure 6: intended Ft LVS RML
doses: 102, 103, 104, 105 CFU. Actual doses: 133, 1194, 9844, 107,813 CFU. Mice were followed for 21 d
post-challenge (PC) and individual weights were recorded. Figures 5 and 6: blood was collected from
the sub-mandibular vein of all mice for post-challenge antibody titer analysis on d 21 PC.

4.11. Antibody Titer Determination

Sera were prepared from PV and PC blood collections by centrifuging clotted blood at 2000 g
for 8 min. and was then analyzed for Ft-specific titers via ELISA. Flat bottom Costar 96-well assay
plates (Corning #9018) were coated with 100 µL of Ft LVS whole cell lysate derived from 5 × 105

Ft/well in coating buffer (100 mM bicarbonate/carbonate coating buffer pH 9.6) overnight at 4 ◦C.
Wells were washed three times with PBS 0.05% Tween 20 using the BioTek ELx50 plate washer and
were then blocked with 2.5% heat inactivated (HI) FBS in DPBS. The plates were again washed and
incubated with serial dilutions of immune sera in blocking solution (2% HI FBS in DPBS) for 1 h
at room temperature. Ft-specific Ab were detected with 1:5000 of the respective goat anti-mouse
HRP-conjugated secondary, incubated in blocking buffer for 1 h at room temperature. The plates
were again washed, tetramethylbenzidine (TMB, Sigma-Aldrich) substrate was added, development
was stopped using 2 M H2SO4, and absorbance was measured at 450 nm using BioRad iMark
microplate reader. Titers were determined as the Ec50s of the nonlinear regression analysis of log
transformed values.

4.12. Statistics

GraphPad Prism 5 or Microsoft Excel calculated the statistically significant differences.
Differences in fluorescent signal measured by the PerkinElmer VICTOR Nivo Microplate Reader,
differences in quantitated densitometry for signaling experiments, differences in mouse weights,
and differences in days below baseline weight were all calculated via two-tailed unpaired t-test when
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comparing the control (-) to YFC. Differences in Ft-specific antibody titers post-vaccination were
determined by two-way ANOVA (Figure 5) or t-test (Figure 6), when comparing the control (-) to YFC.
A comparison of Ft-specific antibody titers between post-vaccination and post-challenge sera was
determined via one-way ANOVA with a Tukey multiple comparisons test. p-value < 0.05 or <0.01
were considered significant where indicated. Ab titer data are presented as the means and standard
error of the mean; all other graphical data are means and standard deviations.

Supplementary Materials: The following will be made available online at http://www.mdpi.com/2076-0817/9/5/
375/s1. Table S1: DNAs, bacteria, and primers used in this study. Figure S1: YadA and YFC are outer membrane
proteins in Ft. Figure S2: Detection of YFC trimers in Ec and Ft. Figure S3: Expanded Figure 2a,b inset images:
YFC enhances association of Ft to RAW 264.7 cells. Figure S4: Weight loss following RML challenge.

Author Contributions: K.M.H.-T., E.J.G., K.R.H.—designed studies. K.M.H.-T., L.E.S., D.S., S.K., A.S.—performed
experiments. S.J.R., P.N., T.J.S.—provided critical reagents and/or insights. K.M.H.-T., K.R.H. prepared the
manuscript with feedback from T.J.S., E.J.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from the National Institutes of Health (R01AI100138 - EG, KROH;
RO1AI123129 - KROH) and the Department of Defense (W81XH1910661 – KROH; W81XH1910662 - EJG).
The funding agencies had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript. The content is solely the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health or the Department of Defense.

Acknowledgments: We are grateful to Jonathan Harton, Heather Chin, and Abhinit Nagar for use of the
PerkinElmer VICTOR Nivo Microplate Reader. We also wish to thank Dirk Linke (University of Oslo) for
providing anti-sera against YadA.

Conflicts of Interest: K.M.H.-T., E.J.G., and K.ROH. are inventors on a provisional patent for plasmids described
in this manuscript. K.M.H.-T., L.E.S., D.S., S.K., S.J.R., P.N., A.S., T.J.S., E.J.G., and K.ROH. declare no conflict
of interest.

References

1. Del Giudice, G.; Rappuoli, R.; Didierlaurent, A.M. Correlates of adjuvanticity: A review on adjuvants in
licensed vaccines. Semin. Immunol. 2018, 39, 14–21. [CrossRef] [PubMed]

2. Di Pasquale, A.; Preiss, S.; Tavares Da Silva, F.; Garcon, N. Vaccine adjuvants: From 1920 to 2015 and beyond.
Vaccines 2015, 3, 320–343. [CrossRef] [PubMed]

3. Li, M.; Wang, Y.; Sun, Y.; Cui, H.; Zhu, S.J.; Qiu, H.J. Mucosal vaccines: Strategies and challenges. Immunol. Lett.
2020, 217, 116–125. [CrossRef] [PubMed]

4. Rhee, J.H.; Lee, S.E.; Kim, S.Y. Mucosal vaccine adjuvants update. Clin. Exp. Vaccine Res. 2012, 1, 50–63.
[CrossRef]

5. Cohn, L.; Delamarre, L. Dendritic cell-targeted vaccines. Front. Immunol. 2014, 5, 255. [CrossRef] [PubMed]
6. Tesfaye, D.Y.; Gudjonsson, A.; Bogen, B.; Fossum, E. Targeting conventional dendritic cells to fine-tune

antibody responses. Front. Immunol. 2019, 10, 1529. [CrossRef]
7. Caminschi, I.; Proietto, A.I.; Ahmet, F.; Kitsoulis, S.; Shin Teh, J.; Lo, J.C.; Rizzitelli, A.; Wu, L.; Vremec, D.;

van Dommelen, S.L.; et al. The dendritic cell subtype-restricted C-type lectin Clec9A is a target for vaccine
enhancement. Blood 2008, 112, 3264–3273. [CrossRef]

8. Wang, H.; Griffiths, M.N.; Burton, D.R.; Ghazal, P. Rapid antibody responses by low-dose, single-step,
dendritic cell-targeted immunization. Proc. Natl. Acad. Sci. USA 2000, 97, 847–852. [CrossRef]

9. Lysen, A.; Braathen, R.; Gudjonsson, A.; Tesfaye, D.Y.; Bogen, B.; Fossum, E. Dendritic cell targeted Ccl3- and
Xcl1-fusion DNA vaccines differ in induced immune responses and optimal delivery site. Sci. Rep. 2019, 9,
1820. [CrossRef]

10. Park, H.Y.; Light, A.; Lahoud, M.H.; Caminschi, I.; Tarlinton, D.M.; Shortman, K. Evolution of B cell responses
to Clec9A-targeted antigen. J. Immunol. 2013, 191, 4919–4925. [CrossRef]

11. Park, H.Y.; Tan, P.S.; Kavishna, R.; Ker, A.; Lu, J.; Chan, C.E.Z.; Hanson, B.J.; MacAry, P.A.; Caminschi, I.;
Shortman, K.; et al. Enhancing vaccine antibody responses by targeting Clec9A on dendritic cells. NPJ Vaccines
2017, 2, 31. [CrossRef] [PubMed]

12. Layek, B.; Lipp, L.; Singh, J. APC targeted micelle for enhanced intradermal delivery of hepatitis B DNA
vaccine. J. Control. Release 2015, 207, 143–153. [CrossRef] [PubMed]

http://www.mdpi.com/2076-0817/9/5/375/s1
http://www.mdpi.com/2076-0817/9/5/375/s1
http://dx.doi.org/10.1016/j.smim.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29801750
http://dx.doi.org/10.3390/vaccines3020320
http://www.ncbi.nlm.nih.gov/pubmed/26343190
http://dx.doi.org/10.1016/j.imlet.2019.10.013
http://www.ncbi.nlm.nih.gov/pubmed/31669546
http://dx.doi.org/10.7774/cevr.2012.1.1.50
http://dx.doi.org/10.3389/fimmu.2014.00255
http://www.ncbi.nlm.nih.gov/pubmed/24910635
http://dx.doi.org/10.3389/fimmu.2019.01529
http://dx.doi.org/10.1182/blood-2008-05-155176
http://dx.doi.org/10.1073/pnas.97.2.847
http://dx.doi.org/10.1038/s41598-018-38080-7
http://dx.doi.org/10.4049/jimmunol.1301947
http://dx.doi.org/10.1038/s41541-017-0033-5
http://www.ncbi.nlm.nih.gov/pubmed/29263886
http://dx.doi.org/10.1016/j.jconrel.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/25886704


Pathogens 2020, 9, 375 18 of 21

13. Muhamad, N.; Plengsuriyakarn, T.; Na-Bangchang, K. Application of active targeting nanoparticle delivery
system for chemotherapeutic drugs and traditional/herbal medicines in cancer therapy: A systematic review.
Int. J. Nanomed. 2018, 13, 3921–3935. [CrossRef] [PubMed]

14. Goyvaerts, C.; Breckpot, K. Pros and cons of antigen-presenting cell targeted tumor vaccines. J. Immunol. Res.
2015, 2015, 785634. [CrossRef] [PubMed]

15. Liu, X.; Liu, S.; Lyu, H.; Riker, A.I.; Zhang, Y.; Liu, B. Development of effective therapeutics targeting HER3
for cancer treatment. Biol. Proced. Online 2019, 21, 5. [CrossRef] [PubMed]

16. Sancho, D.; Mourao-Sa, D.; Joffre, O.P.; Schulz, O.; Rogers, N.C.; Pennington, D.J.; Carlyle, J.R.; Reis e Sousa, C.
Tumor therapy in mice via antigen targeting to a novel, DC-restricted C-type lectin. J. Clin. Investig. 2008,
118, 2098–2110. [CrossRef]

17. Iglesias, B.V.; Bitsaktsis, C.; Pham, G.; Drake, J.R.; Hazlett, K.R.O.; Porter, K.; Gosselin, E.J.
Multiple mechanisms mediate enhanced immunity generated by mAb-inactivated F. tularensis immunogen.
Immunol. Cell Biol. 2013, 91, 139–148. [CrossRef]

18. Rawool, D.B.; Bitsaktsis, C.; Li, Y.; Gosselin, D.R.; Lin, Y.; Kurkure, N.V.; Metzger, D.W.; Gosselin, E.J.
Utilization of Fc receptors as a mucosal vaccine strategy against an intracellular bacterium, Francisella tularensis.
J. Immunol. 2008, 180, 5548–5557. [CrossRef]

19. Carroll, M.C.; Isenman, D.E. Regulation of humoral immunity by complement. Immunity 2012, 37, 199–207.
[CrossRef]

20. Merle, N.S.; Church, S.E.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement system part I—Molecular
mechanisms of activation and regulation. Front. Immunol. 2015, 6, 262. [CrossRef]

21. Toapanta, F.R.; Ross, T.M. Complement-mediated activation of the adaptive immune responses: Role of C3d
in linking the innate and adaptive immunity. Immunol. Res. 2006, 36, 197–210. [CrossRef]

22. Dempsey, P.W.; Allison, M.E.; Akkaraju, S.; Goodnow, C.C.; Fearon, D.T. C3d of complement as a molecular
adjuvant: Bridging innate and acquired immunity. Science 1996, 271, 348–350. [CrossRef] [PubMed]

23. De Groot, A.S.; Ross, T.M.; Levitz, L.; Messitt, T.J.; Tassone, R.; Boyle, C.M.; Vincelli, A.J.; Moise, L.; Martin, W.;
Knopf, P.M. C3d adjuvant effects are mediated through the activation of C3d-specific autoreactive T cells.
Immunol. Cell Biol. 2015, 93, 189–197. [CrossRef] [PubMed]

24. Bajic, G.; Yatime, L.; Sim, R.B.; Vorup-Jensen, T.; Andersen, G.R. Structural insight on the recognition of
surface-bound opsonins by the integrin I domain of complement receptor 3. Proc. Natl. Acad. Sci. USA 2013,
110, 16426–16431. [CrossRef] [PubMed]

25. Henson, S.E.; Smith, D.; Boackle, S.A.; Holers, V.M.; Karp, D.R. Generation of recombinant human C3dg
tetramers for the analysis of CD21 binding and function. J. Immunol. Methods 2001, 258, 97–109. [CrossRef]

26. Musa, H.H.; Zhang, W.J.; Lv, J.; Duan, X.L.; Yang, Y.; Zhu, C.H.; Li, H.F.; Chen, K.W.; Meng, X.; Zhu, G.Q.
The molecular adjuvant mC3d enhances the immunogenicity of FimA from type I fimbriae of Salmonella
enterica serovar Enteritidis. J. Microbiol. Immunol. Infect. 2014, 47, 57–62. [CrossRef]

27. Green, T.D.; Montefiori, D.C.; Ross, T.M. Enhancement of antibodies to the human immunodeficiency virus
type 1 envelope by using the molecular adjuvant C3d. J. Virol. 2003, 77, 2046–2055. [CrossRef]

28. Haas, K.M.; Toapanta, F.R.; Oliver, J.A.; Poe, J.C.; Weis, J.H.; Karp, D.R.; Bower, J.F.; Ross, T.M.; Tedder, T.F.
Cutting edge: C3d functions as a molecular adjuvant in the absence of CD21/35 expression. J. Immunol. 2004,
172, 5833–5837. [CrossRef]

29. Test, S.T.; Mitsuyoshi, J.; Connolly, C.C.; Lucas, A.H. Increased immunogenicity and induction of class
switching by conjugation of complement C3d to pneumococcal serotype 14 capsular polysaccharide.
Infect. Immunol. 2001, 69, 3031–3040. [CrossRef]

30. Pompa-Mera, E.N.; Arroyo-Matus, P.; Ocana-Mondragon, A.; Gonzalez-Bonilla, C.R.; Yepez-Mulia, L.
Protective immunity against enteral stages of Trichinella spiralis elicited in mice by live attenuated Salmonella
vaccine that secretes a 30-mer parasite epitope fused to the molecular adjuvant C3d-P28. Res. Vet. Sci. 2014,
97, 533–545. [CrossRef]

31. Tozakidis, I.E.P.; Sichwart, S.; Jose, J. Going beyond E. coli: Autotransporter based surface display on
alternative host organisms. New Biotechnol. 2015, 32, 644–650. [CrossRef] [PubMed]

32. Cotter, S.E.; Surana, N.K.; St Geme, J.W. 3rd. Trimeric autotransporters: A distinct subfamily of autotransporter
proteins. Trends Microbiol. 2005, 13, 199–205. [CrossRef] [PubMed]

http://dx.doi.org/10.2147/IJN.S165210
http://www.ncbi.nlm.nih.gov/pubmed/30013345
http://dx.doi.org/10.1155/2015/785634
http://www.ncbi.nlm.nih.gov/pubmed/26583156
http://dx.doi.org/10.1186/s12575-019-0093-1
http://www.ncbi.nlm.nih.gov/pubmed/30930695
http://dx.doi.org/10.1172/JCI34584
http://dx.doi.org/10.1038/icb.2012.66
http://dx.doi.org/10.4049/jimmunol.180.8.5548
http://dx.doi.org/10.1016/j.immuni.2012.08.002
http://dx.doi.org/10.3389/fimmu.2015.00262
http://dx.doi.org/10.1385/IR:36:1:197
http://dx.doi.org/10.1126/science.271.5247.348
http://www.ncbi.nlm.nih.gov/pubmed/8553069
http://dx.doi.org/10.1038/icb.2014.89
http://www.ncbi.nlm.nih.gov/pubmed/25385064
http://dx.doi.org/10.1073/pnas.1311261110
http://www.ncbi.nlm.nih.gov/pubmed/24065820
http://dx.doi.org/10.1016/S0022-1759(01)00471-9
http://dx.doi.org/10.1016/j.jmii.2012.11.004
http://dx.doi.org/10.1128/JVI.77.3.2046-2055.2003
http://dx.doi.org/10.4049/jimmunol.172.10.5833
http://dx.doi.org/10.1128/IAI.69.5.3031-3040.2001
http://dx.doi.org/10.1016/j.rvsc.2014.09.010
http://dx.doi.org/10.1016/j.nbt.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25579193
http://dx.doi.org/10.1016/j.tim.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15866036


Pathogens 2020, 9, 375 19 of 21

33. Emody, L.; Heesemann, J.; Wolf-Watz, H.; Skurnik, M.; Kapperud, G.; O’Toole, P.; Wadstrom, T. Binding to
collagen by Yersinia enterocolitica and Yersinia pseudotuberculosis: Evidence for yopA-mediated and
chromosomally encoded mechanisms. J. Bacteriol. 1989, 171, 6674–6679. [CrossRef] [PubMed]

34. Roggenkamp, A.; Ackermann, N.; Jacobi, C.A.; Truelzsch, K.; Hoffmann, H.; Heesemann, J. Molecular
analysis of transport and oligomerization of the Yersinia enterocolitica adhesin YadA. J. Bacteriol. 2003, 185,
3735–3744. [CrossRef]

35. Schulze-Koops, H.; Burkhardt, H.; Heesemann, J.; von der Mark, K.; Emmrich, F. Characterization of the
binding region for the Yersinia enterocolitica adhesin YadA on types I and II collagen. Arthritis Rheum. 1995,
38, 1283–1289. [CrossRef]

36. Gaither, T.A.; Vargas, I.; Inada, S.; Frank, M.M. The complement fragment C3d facilitates phagocytosis by
monocytes. Immunology 1987, 62, 405–411.

37. Jensen, M.R.; Bajic, G.; Zhang, X.; Laustsen, A.K.; Koldso, H.; Skeby, K.K.; Schiott, B.; Andersen, G.R.;
Vorup-Jensen, T. Structural basis for simvastatin competitive antagonism of complement receptor 3. J. Biol.
Chem. 2016, 291, 16963–16976. [CrossRef]

38. Bower, J.F.; Ross, T.M. A minimum CR2 binding domain of C3d enhances immunity following vaccination.
Adv. Exp. Med. Biol. 2006, 586, 249–264.

39. Holland, K.M.; Rosa, S.J.; Kristjansdottir, K.; Wolfgeher, D.; Franz, B.J.; Zarrella, T.M.; Kumar, S.; Sunagar, R.;
Singh, A.; Bakshi, C.S.; et al. Differential growth of Francisella tularensis, which alters expression of virulence
factors, dominant antigens, and surface-carbohydrate synthases, governs the apparent virulence of Ft SchuS4
to immunized animals. Front. Microbiol. 2017, 8, 1158. [CrossRef]

40. Feng, Y.; Chin, C.Y.; Chakravartty, V.; Gao, R.; Crispell, E.K.; Weiss, D.S.; Cronan, J.E. The atypical occurrence
of two biotin protein ligases in francisella novicida is due to distinct roles in virulence and biotin metabolism.
MBio 2015, 6, e00591. [CrossRef]

41. Brock, S.R.; Parmely, M.J. Francisella tularensis confronts the complement system. Front. Cell Infect. Microbiol.
2017, 7, 523. [CrossRef]

42. McLendon, M.K.; Apicella, M.A.; Allen, L.A. Francisella tularensis: Taxonomy, genetics,
and Immunopathogenesis of a potential agent of biowarfare. Annu. Rev. Microbiol. 2006, 60, 167–185.
[CrossRef]

43. Dai, S.; Rajaram, M.V.; Curry, H.M.; Leander, R.; Schlesinger, L.S. Fine tuning inflammation at the front
door: Macrophage complement receptor 3-mediates phagocytosis and immune suppression for Francisella
tularensis. PLoS Pathog. 2013, 9, e1003114. [CrossRef] [PubMed]

44. Edwards, M.W.; Aultman, J.A.; Harber, G.; Bhatt, J.M.; Sztul, E.; Xu, Q.; Zhang, P.; Michalek, S.M.; Katz, J.
Role of mTOR downstream effector signaling molecules in Francisella tularensis internalization by murine
macrophages. PLoS ONE 2013, 8, e83226. [CrossRef] [PubMed]

45. Medina, E.A.; Morris, I.R.; Berton, M.T. Phosphatidylinositol 3-kinase activation attenuates the TLR2-mediated
macrophage proinflammatory cytokine response to Francisella tularensis live vaccine strain. J. Immunol.
2010, 185, 7562–7572. [CrossRef] [PubMed]

46. Saint, R.J.; D’Elia, R.V.; Bryant, C.; Clark, G.C.; Atkins, H.S. Mitogen-activated protein kinases (MAPKs) are
modulated during Francisella tularensis infection, but inhibition of extracellular-signal-regulated kinases
(ERKs) is of limited therapeutic benefit. Eur. J. Clin. Microbiol. Infect. Dis. 2016, 35, 2015–2024. [CrossRef]
[PubMed]

47. Telepnev, M.; Golovliov, I.; Sjostedt, A. Francisella tularensis LVS initially activates but subsequently
down-regulates intracellular signaling and cytokine secretion in mouse monocytic and human peripheral
blood mononuclear cells. Microb. Pathog. 2005, 38, 239–247. [CrossRef]

48. Griffin, A.J.; Crane, D.D.; Wehrly, T.D.; Bosio, C.M. Successful protection against tularemia in C57BL/6 mice
is correlated with expansion of Francisella tularensis-specific effector T cells. Clin. Vaccine Immunol. 2015, 22,
119–128. [CrossRef]

49. Gonzalez, S.F.; Lukacs-Kornek, V.; Kuligowski, M.P.; Pitcher, L.A.; Degn, S.E.; Turley, S.J.; Carroll, M.C.
Complement-dependent transport of antigen into B cell follicles. J. Immunol. 2010, 185, 2659–2664. [CrossRef]

50. Plzakova, L.; Krocova, Z.; Kubelkova, K.; Macela, A. Entry of Francisella tularensis into Murine B Cells:
The role of B Cell receptors and complement receptors. PLoS ONE 2015, 10, e0132571. [CrossRef]

http://dx.doi.org/10.1128/JB.171.12.6674-6679.1989
http://www.ncbi.nlm.nih.gov/pubmed/2592347
http://dx.doi.org/10.1128/JB.185.13.3735-3744.2003
http://dx.doi.org/10.1002/art.1780380917
http://dx.doi.org/10.1074/jbc.M116.732222
http://dx.doi.org/10.3389/fmicb.2017.01158
http://dx.doi.org/10.1128/mBio.00591-15
http://dx.doi.org/10.3389/fcimb.2017.00523
http://dx.doi.org/10.1146/annurev.micro.60.080805.142126
http://dx.doi.org/10.1371/journal.ppat.1003114
http://www.ncbi.nlm.nih.gov/pubmed/23359218
http://dx.doi.org/10.1371/journal.pone.0083226
http://www.ncbi.nlm.nih.gov/pubmed/24312679
http://dx.doi.org/10.4049/jimmunol.0903790
http://www.ncbi.nlm.nih.gov/pubmed/21098227
http://dx.doi.org/10.1007/s10096-016-2754-1
http://www.ncbi.nlm.nih.gov/pubmed/27714591
http://dx.doi.org/10.1016/j.micpath.2005.02.003
http://dx.doi.org/10.1128/CVI.00648-14
http://dx.doi.org/10.4049/jimmunol.1000522
http://dx.doi.org/10.1371/journal.pone.0132571


Pathogens 2020, 9, 375 20 of 21

51. Ulrich, T.; Oberhettinger, P.; Schutz, M.; Holzer, K.; Ramms, A.S.; Linke, D.; Autenrieth, I.B.; Rapaport, D.
Evolutionary conservation in biogenesis of beta-barrel proteins allows mitochondria to assemble a functional
bacterial trimeric autotransporter protein. J. Biol. Chem. 2014, 289, 29457–29470. [CrossRef] [PubMed]

52. Hajishengallis, G.; Lambris, J.D. Crosstalk pathways between Toll-like receptors and the complement system.
Trends Immunol. 2010, 31, 154–163. [CrossRef] [PubMed]

53. Harokopakis, E.; Hajishengallis, G. Integrin activation by bacterial fimbriae through a pathway involving
CD14, Toll-like receptor 2, and phosphatidylinositol-3-kinase. Eur. J. Immunol. 2005, 35, 1201–1210. [CrossRef]
[PubMed]

54. Wang, M.; Shakhatreh, M.-A.K.; James, D.; Liang, S.; Nishiyama, S.-I.; Yoshimura, F.; Demuth, D.R.;
Hajishengallis, G. Fimbrial proteins of porphyromonas gingivalis mediate in vivo virulence and exploit
TLR2 and complement receptor 3 to persist in macrophages. J. Immunol. 2007, 179, 2349–2358. [CrossRef]

55. Lee, J.O.; Bankston, L.A.; Arnaout, M.A.; Liddington, R.C. Two conformations of the integrin A-domain
(I-domain): A pathway for activation? Structure 1995, 3, 1333–1340. [CrossRef]

56. Oxvig, C.; Lu, C.; Springer, T.A. Conformational changes in tertiary structure near the ligand binding site of
an integrin I domain. Proc. Natl. Acad. Sci. USA 1999, 96, 2215–2220. [CrossRef]

57. Fabrik, I.; Link, M.; Putzova, D.; Plzakova, L.; Lubovska, Z.; Philimonenko, V.; Pavkova, I.; Rehulka, P.;
Krocova, Z.; Hozak, P.; et al. The early dendritic cell signaling induced by virulent francisella tularensis
strain occurs in phases and involves the activation of extracellular signal-regulated kinases (ERKs) and p38
in the later stage. Mol. Cell Proteom. 2018, 17, 81–94. [CrossRef]

58. Arbore, G.; Kemper, C.; Kolev, M. Intracellular complement—The complosome—In immune cell regulation.
Mol. Immunol. 2017, 89, 2–9. [CrossRef]

59. Liszewski, M.K.; Elvington, M.; Kulkarni, H.S.; Atkinson, J.P. Complement’s hidden arsenal: New insights
and novel functions inside the cell. Mol. Immunol. 2017, 84, 2–9. [CrossRef]

60. Reichhardt, M.P.; Meri, S. Intracellular complement activation-An alarm raising mechanism? Semin. Immunol.
2018, 38, 54–62. [CrossRef]

61. Tam, J.C.; Bidgood, S.R.; McEwan, W.A.; James, L.C. Intracellular sensing of complement C3 activates cell
autonomous immunity. Science 2014, 345, 1256070. [CrossRef] [PubMed]

62. Sorbara, M.T.; Foerster, E.G.; Tsalikis, J.; Abdel-Nour, M.; Mangiapane, J.; Sirluck-Schroeder, I.; Tattoli, I.;
van Dalen, R.; Isenman, D.E.; Rohde, J.R.; et al. Complement C3 drives autophagy-dependent restriction of
cyto-invasive bacteria. Cell Host Microbe 2018, 23, 644–652 e645. [CrossRef] [PubMed]

63. Steele, S.; Radlinski, L.; Taft-Benz, S.; Brunton, J.; Kawula, T.H. Trogocytosis-associated cell to cell spread of
intracellular bacterial pathogens. Elife 2016, 5, e10625. [CrossRef] [PubMed]

64. Brock, S.R.; Parmely, M.J. Complement C3 as a prompt for human macrophage death during infection with
francisella tularensis strain SCHU S4. Infect. Immun. 2017, 85, e00424-17. [CrossRef]

65. Checroun, C.; Wehrly, T.D.; Fischer, E.R.; Hayes, S.F.; Celli, J. Autophagy-mediated reentry of Francisella
tularensis into the endocytic compartment after cytoplasmic replication. Proc. Natl. Acad. Sci. USA 2006, 103,
14578–14583. [CrossRef]

66. Lai, X.H.; Xu, Y.; Chen, X.M.; Ren, Y. Macrophage cell death upon intracellular bacterial infection. Macrophage
2015, 2, e779. [CrossRef]

67. Case, E.D.; Chong, A.; Wehrly, T.D.; Hansen, B.; Child, R.; Hwang, S.; Virgin, H.W.; Celli, J. The Francisella
O-antigen mediates survival in the macrophage cytosol via autophagy avoidance. Cell Microbiol. 2014, 16,
862–877. [CrossRef]

68. Bradt, V.; Malafa, S.; von Braun, A.; Jarmer, J.; Tsouchnikas, G.; Medits, I.; Wanke, K.; Karrer, U.; Stiasny, K.;
Heinz, F.X. Pre-existing yellow fever immunity impairs and modulates the antibody response to tick-borne
encephalitis vaccination. NPJ Vaccines 2019, 4, 38. [CrossRef]

69. Memoli, M.J.; Czajkowski, L.; Reed, S.; Athota, R.; Bristol, T.; Proudfoot, K.; Fargis, S.; Stein, M.; Dunfee, R.L.;
Shaw, P.A.; et al. Validation of the wild-type influenza A human challenge model H1N1pdMIST: An
A(H1N1)pdm09 dose-finding investigational new drug study. Clin. Infect. Dis. 2015, 60, 693–702. [CrossRef]

70. Ndungo, E.; Randall, A.; Hazen, T.H.; Kania, D.A.; Trappl-Kimmons, K.; Liang, X.; Barry, E.M.; Kotloff, K.L.;
Chakraborty, S.; Mani, S.; et al. A novel shigella proteome microarray discriminates targets of human
antibody reactivity following oral vaccination and experimental challenge. mSphere 2018, 3, e00260-18.
[CrossRef]

http://dx.doi.org/10.1074/jbc.M114.565655
http://www.ncbi.nlm.nih.gov/pubmed/25190806
http://dx.doi.org/10.1016/j.it.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20153254
http://dx.doi.org/10.1002/eji.200425883
http://www.ncbi.nlm.nih.gov/pubmed/15739163
http://dx.doi.org/10.4049/jimmunol.179.4.2349
http://dx.doi.org/10.1016/S0969-2126(01)00271-4
http://dx.doi.org/10.1073/pnas.96.5.2215
http://dx.doi.org/10.1074/mcp.RA117.000160
http://dx.doi.org/10.1016/j.molimm.2017.05.012
http://dx.doi.org/10.1016/j.molimm.2017.01.004
http://dx.doi.org/10.1016/j.smim.2018.03.003
http://dx.doi.org/10.1126/science.1256070
http://www.ncbi.nlm.nih.gov/pubmed/25190799
http://dx.doi.org/10.1016/j.chom.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29746835
http://dx.doi.org/10.7554/eLife.10625
http://www.ncbi.nlm.nih.gov/pubmed/26802627
http://dx.doi.org/10.1128/IAI.00424-17
http://dx.doi.org/10.1073/pnas.0601838103
http://dx.doi.org/10.14800/Macrophage.779
http://dx.doi.org/10.1111/cmi.12246
http://dx.doi.org/10.1038/s41541-019-0133-5
http://dx.doi.org/10.1093/cid/ciu924
http://dx.doi.org/10.1128/mSphere.00260-18


Pathogens 2020, 9, 375 21 of 21

71. Park, J.K.; Han, A.; Czajkowski, L.; Reed, S.; Athota, R.; Bristol, T.; Rosas, L.A.; Cervantes-Medina, A.;
Taubenberger, J.K.; Memoli, M.J. Evaluation of preexisting anti-hemagglutinin stalk antibody as a correlate
of protection in a healthy volunteer challenge with influenza A/H1N1pdm virus. MBio 2018, 9, e02284-17.
[CrossRef] [PubMed]

72. Shimanovich, A.A.; Buskirk, A.D.; Heine, S.J.; Blackwelder, W.C.; Wahid, R.; Kotloff, K.L.; Pasetti, M.F.
Functional and antigen-specific serum antibody levels as correlates of protection against shigellosis in
a controlled human challenge study. Clin. Vaccine Immunol. 2017, 24, e00412-16. [CrossRef] [PubMed]

73. Hirschmann, J.V. From squirrels to biological weapons: The early history of tularemia. Am. J. Med. Sci. 2018,
356, 319–328. [CrossRef] [PubMed]

74. Ramirez, M.S.; Traglia, G.M.; Lin, D.L.; Tran, T.; Tolmasky, M.E. Plasmid-mediated antibiotic resistance
and virulence in gram-negatives: The klebsiella pneumoniae paradigm. Microbiol. Spectr. 2014, 2, 459–474.
[CrossRef]

75. Zarrella, T.M.; Singh, A.; Bitsaktsis, C.; Rahman, T.; Sahay, B.; Feustel, P.J.; Gosselin, E.J.; Sellati, T.J.;
Hazlett, K.R.O. Host-adaptation of Francisella tularensis alters the bacterium’s surface-carbohydrates to hinder
effectors of innate and adaptive immunity. PLoS ONE 2011, 6, e22335. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/mBio.02284-17
http://www.ncbi.nlm.nih.gov/pubmed/29362240
http://dx.doi.org/10.1128/CVI.00412-16
http://www.ncbi.nlm.nih.gov/pubmed/27927680
http://dx.doi.org/10.1016/j.amjms.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/30146078
http://dx.doi.org/10.1128/microbiolspec.PLAS-0016-2013
http://dx.doi.org/10.1371/journal.pone.0022335
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Conception and Applicability of Autotransporter (AT)—Complement Receptor Ligand (CRL) Fusions to Multiple Gram-Negative Bacteria 
	Bacterial Expression of YFC Enhances Binding and Uptake by Murine Macrophages 
	YFC-Bearing Bacteria Induce Elevated p38 and p65 Phosphorylation in Murine Macrophages 
	Infection of Mice with YFC-Bacteria Transiently Limits Weight Gain and Induces Higher Titers of Ab 
	Vaccination with YFC-Bacteria Alters Ag Recognition and Limits Morbidity Following Challenge 
	Vaccination with YFC-Bacteria Accelerates Recovery Following Challenge with a Heterologous Isolate 

	Discussion 
	Materials and Methods 
	Bacteria 
	Plasmids 
	SDS-PAGE and Western Blots 
	Bacterial Fractionation 
	Collagen Binding ELISA 
	Antibody Immunoprecipitation 
	Cell Culture 
	Bacteria Staining and Quantification of RAW 264.7 Cell Binding 
	RAW 264.7 Cell Signaling Experiments 
	Mice and Immunizations 
	Antibody Titer Determination 
	Statistics 

	References

