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ABSTRACT Bubonic plague results when Yersinia pestis is deposited in the skin via
the bite of an infected flea. Bacteria then traffic to the draining lymph node (dLN)
where they replicate to large numbers. Without treatment, this infection can result
in highly fatal septicemia. Several plague vaccine candidates are currently at various
stages of development, but no licensed vaccine is available in the United States.
Though polyclonal and monoclonal antibodies (Ab) can provide complete protection
against bubonic plague in animal models, the mechanisms responsible for this
antibody-mediated immunity (AMI) to Y. pestis remain poorly understood. Here, we
examine the effects of Ab opsonization on Y. pestis interactions with phagocytes in
vitro and in vivo. Opsonization of Y. pestis with polyclonal antiserum modestly in-
creased phagocytosis/killing by an oxidative burst of murine neutrophils in vitro. In-
travital microscopy (IVM) showed increased association of Ab-opsonized Y. pestis
with neutrophils in the dermis in a mouse model of bubonic plague. IVM of popli-
teal LNs after intradermal (i.d.) injection of bacteria in the footpad revealed in-
creased Y. pestis-neutrophil interactions and increased neutrophil crawling and ex-
travasation in response to Ab-opsonized bacteria. Thus, despite only having a
modest effect in in vitro assays, opsonizing Ab had a dramatic effect in vivo on Y.
pestis-neutrophil interactions in the dermis and dLN very early after infection. These
data shed new light on the importance of neutrophils in AMI to Y. pestis and may
provide a new correlate of protection for evaluation of plague vaccine candidates.
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Yersinia pestis is a Gram-negative bacterium and the causative agent of plague.
Plague presents as three distinct forms, bubonic, pneumonic, and septicemic, with

the bubonic form being the most common clinical presentation in humans. Bubonic
plague typically results from deposition of Y. pestis in the skin during feeding by an
infected flea. The bacteria traffic from the skin to the regional draining lymph node
(dLN) where they multiply to high numbers, causing the characteristic large, swollen,
painful lymph node called a bubo. Plague is considered a potential reemerging
pathogen, and the low infectious dose, high mortality, and the fact that it has been
developed as a biological weapon in the past make Y. pestis a pathogen of concern
from a biodefense perspective. Thus, Y. pestis remains a significant threat to public
health, and there is a clear need for a safe, effective plague vaccine.

A number of plague vaccines have been developed over the years, including killed
whole-cell, live-attenuated, and recombinant subunit vaccines. Several plague vaccine
candidates are currently in various stages of development and clinical trial, the most
noteworthy being the F1-V recombinant subunit vaccine. The F1-V vaccine consists of
a fusion protein of the F1 protein capsule subunit and the V antigen, a component of

Citation Shannon JG, Hinnebusch BJ. 2021.
Antibody opsonization enhances early
interactions between Yersinia pestis and
neutrophils in the skin and draining lymph
node in a mouse model of bubonic plague.
Infect Immun 89:e00061-20. https://doi.org/10
.1128/IAI.00061-20.

Editor Denise Monack, Stanford University

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Jeffrey G. Shannon,
jshannon@niaid.nih.gov.

Received 27 January 2020
Returned for modification 11 August 2020
Accepted 14 October 2020

Accepted manuscript posted online 19
October 2020
Published

MICROBIAL IMMUNITY AND VACCINES

crossm

January 2021 Volume 89 Issue 1 e00061-20 iai.asm.org 1Infection and Immunity

15 December 2020

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/i

ai
 o

n 
22

 M
ay

 2
02

3 
by

 3
5.

17
5.

11
3.

17
6.

https://orcid.org/0000-0003-4211-4308
https://doi.org/10.1128/IAI.00061-20
https://doi.org/10.1128/IAI.00061-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:jshannon@niaid.nih.gov
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00061-20&domain=pdf&date_stamp=2020-10-19
https://iai.asm.org


the type III secretion system (T3SS) of Y. pestis. Full protection against all forms of
plague is thought to require both antibody and cell-mediated mechanisms of immu-
nity. Indeed, adoptive transfer of T cells from immune mice can protect naive mice from
pulmonary Y. pestis infection (1, 2). However, several studies have shown complete
protection against the pneumonic or bubonic forms of plague after passive immuni-
zation with serum from immune animals, indicating that antibody-mediated immunity
(AMI) alone is capable of protecting against disease (reviewed in references 3 and 4). A
better understanding of the mechanisms responsible for AMI to plague could assist in
future plague vaccine design.

Virulent strains of Y. pestis possess the pCD1 virulence plasmid that encodes a type
III secretion system and its secreted effector proteins (5). Y. pestis uses its T3SS to target
host phagocytes to evade phagocytosis and killing in vivo (6). Interestingly, Cowan et
al. demonstrated that neutrophils are required for the protective immunity provided by
passively administered antibody (Ab), suggesting that interaction between neutrophils
and Ab-opsonized Y. pestis play an important role in AMI to plague (7). Neutrophils are
potently bactericidal toward Y. pestis in vitro. If anti-Y. pestis Ab significantly increased
bacteria-neutrophil interactions in vivo, this could lead to rapid clearance of the Y. pestis
from the tissue.

Intradermal Y. pestis infection by needle injection elicits a potent neutrophil re-
sponse (8, 9). The magnitude of neutrophil recruitment to flea-transmitted Y. pestis
roughly correlates with the number of bacteria inoculated (10). We have shown that
approximately 80% of host cell-associated Y. pestis at 4 hours postinfection (hpi) were
associated with neutrophils (8); however, a large number of bacteria appear to remain
extracellular at this time point. Notably, all of these prior studies were conducted in
naive animals. The goal of the present study is to determine how the presence of
opsonizing anti-Y. pestis Ab affects bacteria-host cell interactions both in vitro and in
vivo. To this end, we use a mouse model of bubonic plague in conjunction with
intravital microscopy to elucidate the mechanism of AMI to plague.

RESULTS
Opsonizing antibody increases killing of Y. pestis by murine neutrophils in

vitro. To evaluate the effect of opsonizing mouse polyclonal antiserum on interactions
of Y. pestis with neutrophils in vitro, we used the immortalized bone marrow progenitor
cells (Hoxb8-ER) system to establish immortalized mouse bone marrow progenitor cells
that can be terminally differentiated into neutrophils (11). These Hoxb8-ER neutrophils
have the transcriptional, phenotypic, and effector capabilities of primary murine neu-
trophils isolated from bone marrow (11). Y. pestis strain KIM5 (pgm negative [pgm�],
pCD1 positive [pCD1�]) was incubated with immune or naive mouse serum before
being added to wells containing the neutrophils. We chose this strain because we
thought our polyclonal antiserum might override the antiphagocytic properties of the
T3SS encoded by the pCD1 plasmid, similar to what has been reported previously (7).
Cells were lysed and plated to determine total recoverable CFU/well at 2 hpi. Preincu-
bation with the immune serum resulted in significantly fewer (�3-fold) CFU recovered
(Fig. 1A), indicating that the presence of anti-Y. pestis Abs increased killing of the
bacteria by neutrophils. Neutrophil killing of Y. pestis is largely mediated by reactive
oxygen species production by neutrophil NADPH oxidase (12). In support of this, we
found that treatment of neutrophils with the NADPH oxidase inhibitor diphenylenei-
odonium (DPI) eliminated the difference between immune and naive serum-treated Y.
pestis (Fig. 1A).

Y. pestis survives within macrophages and associates with macrophages in vivo (10,
13). To determine if opsonizing Ab affects uptake or intracellular survival of Y. pestis
within macrophages, we preincubated bacteria with immune or naive mouse serum
prior to infection of murine macrophages (derived from Hoxb8-ER-immortalized bone
marrow progenitors). Surprisingly, we saw no effect of immune serum on the number
of intracellular bacteria at 1 hpi compared to naive serum (Fig. 1B). We thought this
might be due to the fact that we centrifuged the bacteria down onto the cells, which
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may have obscured any effect of the Ab. When we repeated the assay without
centrifugation, the number of intracellular bacteria was lower, but we still saw no
difference between immune and naive serum-treated Y. pestis (Fig. 1B). Thus, the
opsonizing antiserum we generated moderately increased killing of Y. pestis by murine
neutrophils but had no discernible effect of uptake by murine macrophages in vitro.

Neutrophil reactive oxygen and cytokine/chemokine production in response to
antibody-opsonized Y. pestis. After observing this minimal effect of opsonizing Ab on
killing or uptake of Y. pestis, we aimed to determine if Ab opsonization had a more
apparent effect on neutrophil oxidative burst. We used a luminescence-based assay to
measure neutrophil reactive oxygen species (ROS) production in response to immune
or naive serum-treated Y. pestis in vitro. We observed a measurable, although minimal,
effect of immune serum on ROS produced by the KIM6� strain compared to the naive
serum-treated control (Fig. 1C). The KIM6� strain lacks the pCD1 virulence plasmid that
encodes the T3SS and its effectors, which have well-known inhibitory effects on
neutrophil ROS production (14). When cells were infected with the pCD1� KIM5 strain,
we observed a more marked effect of opsonizing Ab on ROS production in response to

FIG 1 Effects of Ab opsonization on uptake of Y. pestis by murine macrophages or neutrophils in vitro. (A) Mouse
neutrophils derived from immortalized bone marrow progenitor cells (Hoxb8-ER) were infected at an MOI of 5 with
Y. pestis mixed with a 1:100 dilution of naive or immune mouse serum in 24-well plates. Where indicated, DPI was
added to inhibit the neutrophil oxidative burst. At 1 hpi, cells were lysed and plated to determine the number of
viable Y. pestis CFU remaining. A reduction in total CFU/well indicates increased bacterial uptake and killing by
neutrophils. (B) Mouse macrophages derived from Hoxb8-ER were infected at an MOI of 5 with Y. pestis mixed with
a 1:100 dilution of naive or immune mouse serum. Plates were centrifuged for 5 min at 100 � g (spin) to promote
phagocytosis or left uncentrifuged (no spin). At 45 min postinfection, gentamicin was added to all wells for 15 min
to kill extracellular bacteria. Cells were washed, lysed, and plated on a blood agar plate (BAP) to determine viable
intracellular CFU. *, P � 0.05; N/S, no statistical difference between naive and immune samples. Data shown
are from one experiment done in triplicate and representative of three independent experiments. (C and D)
Reactive oxygen species (ROS) production by murine neutrophils (Hoxb8-ER derived) was measured by luminol
assay, where increased ROS corresponds to an increase in luminescence signal detected. Cells were infected with
KIM6� (C) or KIM5 (D) pretreated with naive or immune serum prior to infection. Mock infected (Un) or
PMA-treated (PMA) cells served as negative and positive controls, respectively. The control well data were from the
same experiment and replicated for each graph. The mean and SD of well luminescence were plotted over 90 min
postinfection. The data shown are from one experiment performed in duplicate and representative of three
independent experiments.
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Ab-opsonized bacteria than the naive control serum-treated KIM5, showing that Ab
opsonization overcomes the inhibitory effects of the pCD1�-encoded effectors in vitro
(Fig. 1D).

Neutrophils produce a number of inflammatory cytokines and chemokines in re-
sponse to infection, including the important proinflammatory cytokine tumor necrosis
factor (TNF) (15). Human neutrophils produce large amounts of the neutrophil che-
moattractant chemokine interleukin-8 (IL-8) (CXCL8), but mice have no direct homo-
logue of IL-8. Mouse neutrophils do produce several chemokines that functionally play
similar roles in vivo. One of these is MIP-2 (CXCL2) (15). To determine if Ab opsonization
affects neutrophil cytokine/chemokine production in vitro, we infected murine neutro-
phils with Y. pestis pretreated with immune or naive mouse serum and assayed the
culture supernatant for TNF and MIP-2 at 4 hpi (Fig. 2). Consistent with prior results with
human neutrophils (16), murine neutrophils secreted more inflammatory cytokine/
chemokine in response to the pCD1� KIM6� compared to pCD1� KIM5. However, we
observed no statistical differences in TNF or MIP-2 produced in response to naive serum
or immune serum-treated Y. pestis of either strain.

Increased Y. pestis-neutrophil interactions in the skin of passively and actively
immunized mice. The effects of immune serum on Y. pestis-neutrophil interactions in
vitro described above were less robust than anticipated. These results do not seem to
explain the ability of anti-Y. pestis antiserum to provide protection in vivo. We hypoth-
esized that these experiments with essentially pure neutrophil cultures in a plastic dish
do not adequately reflect in vivo conditions, which may obscure some more pro-
nounced effects on Y. pestis-host cell interactions. To address this, we used intravital
microscopy (IVM) to examine the effects of Ab opsonization on these interactions in
vivo. Prior studies examined neutrophil, macrophage, and dendritic cell interactions
with Y. pestis in the skin after needle inoculation or flea transmission (8, 10). These
studies showed substantial neutrophil recruitment to the skin in response to Y. pestis
and some interactions between the bacteria and neutrophils in the dermis. However,
these experiments were conducted in naive mice. To determine how the presence of
anti-Y. pestis Abs might affect neutrophil recruitment and Y. pestis-host cell interactions,
we infected transgenic lysozyme M-enhanced green fluorescent protein (eGFP) re-
porter mice (LysGFP) intradermally in the ear with �1 � 103 red fluorescent Y. pestis
(KIM6�) that had been pretreated with mouse immune serum. LysGFP mice express

FIG 2 Exposure to antibody-opsonized Y. pestis does not significantly alter mouse neutrophil TNF or
MIP-2-� (CXCL2) secretion in vitro. Murine neutrophils were obtained by differentiation from Hoxb8-
immortalized bone marrow neutrophil progenitor cells as described in Materials and Methods. Neutro-
phils were left uninfected (Un) or infected at an MOI of 5 with the indicated Y. pestis strain (KIM6� [K6�]
or KIM5 [K5]) pretreated with either naive or immune mouse serum. Cell culture supernatants were
harvested at 4 hpi. TNF and MIP-2 concentrations in the supernatants were measured using a BioPlex
multiplex cytokine assay. The results shown represent the mean and standard deviation of 3 indepen-
dent experiments. Data were analyzed using a one-way ANOVA test, and there were no statistical
differences between naive and immune serum-treated groups, indicated by “NS.”
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high levels of GFP in neutrophils (GFP-bright) and lesser amounts in macrophages (17).
While the kinetics of neutrophil recruitment to the site of infection with Ab-opsonized
Y. pestis did not qualitatively differ from the naive serum-treated controls, we did
observe increased interactions between immune serum-treated bacteria compared to
controls (Fig. 3A and B; Movies S1 and S2 in the supplemental material). Y. pestis-
neutrophil interactions were quantified by analyzing the IVM movie files and calculat-
ing the percentage of red fluorescent bacteria that move in association with GFP-bright
neutrophils over the course of each experiment (from �15 min to 4 hpi). Pretreatment
of Y. pestis with immune serum prior to infection resulted in an average of �60% (28

FIG 3 Ab opsonization has a dramatic effect on early Y. pestis-neutrophil interactions in the dermis. Lysozyme M-eGFP (LysGFP) mice
(GFP-bright neutrophils/polymorphonuclear leukocytes (PMNs), green) were infected i.d. in the ear with 1 � 103 Y. pestis (KIM6�,
pCD1�)-expressing DsRed fluorescent protein (red), and images were acquired by confocal microscopy from �0 h to 4 h postinfection.
Four different conditions were tested: (A) Y. pestis mixed with 1:100 naive mouse serum (labeled “naïve serum”); (B) Y. pestis mixed
with 1:100 immune mouse serum (labeled “immune serum”); (C) infection of a mouse passively immunized with 100 �l immune serum
administered i.p. 24 h prior to infection (labeled “passive immunization”); and (D) infection of a mouse actively immunized with
attenuated KIM5 administered subcutaneously (s.c.) 30 days and 15 days prior to infection (labeled “live-attenuated vaccinated”).
Upper panels show green (neutrophil) and red (Y. pestis) channels at 0 and 4 hpi. Lower panels show red fluorescence of Y. pestis in
grayscale for easier visualization. Each set of panels is from one mouse and representative of experiments with 3 to 6 individual mice.
Scale bar represents 70 �m.
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to 95%) bacterial neutrophil association during the first 4 hpi, compared to �30% (24
to 35%) for naive serum-treated or untreated bacteria (Fig. 4). Similar results were
observed when we passively immunized mice by injecting 100 �l of mouse immune
serum intraperitoneally (i.p.) 24 h prior to infection (�70% association [56 to 81%]) (Fig.
3C; Movie S3; Fig. 4) or actively immunized mice with the same live-attenuated strain
and protocol used to generate the anti-Y. pestis immune serum (�80% association [66
to 97%]) (Fig. 3D; Movie S4; Fig. 4). Thus, in contrast to the modest effect of immune
serum on pathogen-phagocyte interactions we observed in vitro, the presence of
opsonizing Ab leads to a considerable increase in Y. pestis-neutrophil interactions in
vivo.

Increased Y. pestis-neutrophil interactions unaffected by the presence of type
III secretion system. Our initial IVM experiments used Y. pestis strain KIM6�, which
lacks the T3SS-encoding pCD1 virulence plasmid. The effectors translocated by the Y.
pestis T3SS have profound effects on phagocytic cell physiology, including inhibition of
phagocytosis, chemotaxis, activation, and inflammatory cytokine/chemokine produc-
tion. To test if this virulence factor could overcome the effect of immune serum
treatment of Y. pestis and prevent the increased interactions with neutrophils in vivo,
we infected LysGFP mice with red fluorescent KIM5 (pCD1�) pretreated with immune
serum prior to IVM imaging. Immune serum treatment increased bacteria-neutrophil
interactions in the dermis to a similar degree observed with the KIM6� strain (�70%

FIG 4 Quantification of Y. pestis-neutrophil interactions in dermal IVM experiments. Y. pestis-neutrophil
interactions were quantified by manually analyzing each individual time-lapse confocal image series. Any
mCherry-expressing Y. pestis at the injection site was determined to have interacted with a neutrophil if
they could be seen moving in association with a GFP-bright cell at any point over the course of the �4-h
image series. Bacteria that remained stationary throughout the time series were considered nonneutro-
phil associative. Each data point indicates an independent experiment. Only one mouse can be imaged
at a time, so each experiment was done on a different date. *, P � 0.05 compared to the naive serum
control group determined by one-way ANOVA analysis with Dunnett’s multiple-comparison test.
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[56 to 87%]) (Fig. 5; Movie S5; Fig. 4). The KIM5 strain treated with naive serum showed
similar levels of neutrophil interaction to KIM6� with naive serum (data not shown).
Therefore, the presence of the T3SS and its associated effectors does not overcome the
effects of Ab opsonization.

Increased Y. pestis-neutrophil interactions in vivo are complement indepen-
dent. Virulent Y. pestis avoids complement activation and deposition of complement
components on the bacterial surface (18). Antibody opsonization of bacteria can
stimulate complement activation through the classical complement pathway (19).
Neutrophils express receptors that increase phagocytosis of complement-coated par-
ticles and chemotaxis toward complement-derived factors such as C3a and C5a. To
determine if complement activation was required for the increased Y. pestis-neutrophil
interactions after Ab opsonization, we depleted mice of complement by injection of
cobra venom factor 44 and 48 h prior to infection/imaging. The amount of Y. pestis-
neutrophil interactions in the complement-depleted mice (�70% [42 to 93%]) was
comparable to normal, complement-replete mice, indicating that this phenomenon is
complement independent (Fig. 6; Movie S6; Fig. 4; complement-replete movie data not
shown).

Antibody opsonization increases Y. pestis-neutrophil interactions in the drain-
ing lymph node. After observing how Ab opsonization increased Y. pestis-neutrophil
interactions in the skin, we wanted to examine these interactions in the skin-draining
lymph node (dLN) early after infection in the presence of anti-Y. pestis antibody. We and
others have observed that a small proportion of intradermally inoculated bacteria
disseminate to the dLN as early as 10 min postinfection (9, 10). We wanted to know if
opsonizing Ab might alter neutrophil recruitment to the dLN and/or bacteria-
neutrophil interactions in the dLN very early after infection. We infected LysGFP mice
in the hind footpad with red fluorescent Y. pestis that had been preincubated with
mouse immune or naive serum and imaged neutrophils and bacteria in the popliteal LN

FIG 5 The Y. pestis virulence plasmid pCD1 cannot overcome the effects of antibody opsonization. The experiments shown in Fig. 3 were done using a virulence
plasmid-negative (pCD1�) strain of Y. pestis. The pCD1 plasmid encodes a type III secretion system and its associated effectors that have potent antiphagocytic
effects. To determine if the pCD1 plasmid could overcome the opsonizing effects of anti-Y. pestis antiserum, we imaged infection with the pCD1� KIM5 strain.
Y. pestis (1 � 103 KIM5, pCD1�) was mixed with 1:100 naive or immune mouse serum prior to i.d. injection into the ears of LysGFP mice. Mouse ears were imaged
by confocal fluorescence microscopy from �0 h to 4 h postinfection. Top panels show green (neutrophil) and red (Y. pestis) channels. Bottom panels show red
fluorescence of Y. pestis in grayscale for easier visualization. Each set of panels is from 1 mouse and representative of experiments with 2 (naive) or 3 (immune)
individual mice. Scale bar represents 70 �m.
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by IVM. Bacteria could clearly be seen in some dLNs at �15 to 20 min postinfection, the
earliest time point at which we could image. Intradermal injection of a fluorescently
labeled anti-CD169 Ab permitted visualization of the CD169� subcapsular sinus mac-
rophage population in the dLN. All of the observed bacteria appeared to localize to the
LN subcapsular sinus area. Unfortunately, quantification of these interactions in vivo in
the dLN proved to be technically impossible due to the inherent instability of the LN
tissue while imaging a live animal. We were unable to follow the same red fluorescent
bacteria throughout the imaging process to quantify their interactions with neutro-
phils, but we did observe qualitative differences between naive and immune serum-
treated Y. pestis.

We observed minimal interaction between naive serum-treated Y. pestis and neu-
trophils during the short time frame of these experiments (Fig. 7; Movie S7). In contrast,
immune serum-treatment qualitatively increased neutrophil-Y. pestis interactions in the
dLN (Fig. 7; Movie S8). Thus, similar to what we saw in the skin, Ab opsonization
increases neutrophil-Y. pestis interactions in the dLN.

Increased neutrophil adhesion, crawling, and extravasation in draining lymph
nodes in response to antibody-opsonized Y. pestis. During the IVM LN experiments
described above, we noticed a qualitative increase in neutrophil recruitment to dLNs
containing immune serum-treated Y. pestis compared to those with naive serum-
treated bacteria. We also saw what appeared to be neutrophil crawling behavior within,
what we speculated were, LN blood vessels in response to immune serum-treated, but
not naive serum-treated, Y. pestis. To examine this phenomenon more closely, we
labeled blood vessels in LysGFP mice by injection of a fluorescent anti-CD31 Ab
intravenously (i.v.) prior to intradermal infection in the hind footpad and IVM of the
popliteal LN. Indeed, infection with immune serum-treated Y. pestis induced neutrophil
adhesion and crawling within CD31� blood vessels, which eventually led to extrava-
sation of a proportion of these neutrophils from the blood vessels into the LN

FIG 6 Increased interaction between Ab-opsonized Y. pestis and neutrophils in vivo is complement independent. To determine if the increased clearance and
association of Ab-opsonized Y. pestis with neutrophils is complement dependent, we depleted LysGFP mice of complement using cobra venom factor (CVF)
treatment prior to infection and confocal imaging. Mice were administered 5 units of CVF 48 h and 44 h prior to infection. CVF-treated or mock-treated control
LysGFP mice (GFP-bright neutrophils, green) were infected with 1 � 103 Y. pestis (KIM5, red) and imaged from �0 h to 4 h postinfection. The results from 1
representative mouse from each group of 5 to 6 mice are shown. Top panels show green (neutrophil) and red (Y. pestis) channels. Bottom panels show red
fluorescence of Y. pestis in grayscale for easier visualization. Scale bar represents 70 �m.
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parenchyma (Fig. 8; Movie S9). This phenomenon was not observed in LNs containing
naive serum-treated Y. pestis (Fig. 8; Movie S10) or untreated control bacteria (data not
shown), suggesting that Ab opsonization increased neutrophil extravasation into the
infected tissue.

DISCUSSION

The goal of this study was to determine how neutrophil-Y. pestis interactions might
be affected by the presence of opsonizing anti-Y. pestis Ab. Our hope was to elucidate
the mechanism of antibody-mediated immunity to Y. pestis. Surprisingly, we saw only
a modest effect of immune serum on neutrophil killing of Y. pestis in vitro and no effect
on uptake of bacteria by macrophages in vitro. The macrophage data were especially
surprising because several groups have reported increased phagocytosis of Ab-
opsonized Y. pestis by this cell type (20–23). There are several differences between ours

FIG 7 Antibody opsonization increases Y. pestis-neutrophil interactions in the skin-draining LN. LysGFP mice were infected intradermally in the hind footpad
with 1 � 105 red fluorescent Y. pestis (KIM5) mixed with naive or immune mouse serum. Mice were also injected in the footpad with anti-CD169-Alexa647 to
label subcapsular sinus macrophages (magenta) prior to imaging. Ten minutes postinfection, mice were anesthetized, and the popliteal LN was exposed for
imaging. The pLNs were imaged for approximately 1 h (top panels). The bottom panels show a time series taken from the region outlined by the white box
in the top right panel. The arrows in the time series indicate red bacteria moving in conjunction with a GFP-bright neutrophil (green). Scale bar in the upper
panels represents 70 �m. Results shown are representative of 4 independent experiments for each condition.

FIG 8 Antibody opsonized Y. pestis may stimulate neutrophil recruitment from the blood into the
skin-draining LN. LysGFP mice were injected i.v. with anti-CD31-Alexa647 Ab to label blood vessels
(magenta) prior to infection in the hind footpad with 1 � 105 red fluorescent Y. pestis (KIM5). Ten minutes
postinfection, mice were anesthetized, and the popliteal LN was exposed for imaging. LNs were imaged
for �1 h. Arrows in the right panel indicate GFP-bright neutrophils (green) crawling within blood vessels
of LN containing Ab-opsonized Y. pestis. Scale bar represents 70 �m. Results shown are representative of
4 independent experiments for each condition.
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and earlier studies of opsonophagocytosis in macrophages that may explain this
discrepancy, including cell line used, polyclonal versus monoclonal Abs, and experi-
mental methodology; however, the precise reasons for the variance remain unknown.
The effects of Ab opsonization on the fate of Y. pestis in vivo were more evident.
Opsonizing Ab increased Y. pestis-neutrophil interactions in the skin and dLN and
induced the recruitment of neutrophils from blood vessels into the dLN parenchyma.
Thus, despite the minimal effect on host cell interactions we observed in our in vitro
experiments, Ab opsonization dramatically altered the Y. pestis-neutrophil interactions
in vivo.

The potential contributions of phagocytes to AMI to Y. pestis have been recognized
since the early days of plague research when Jawetz and Meyer reported that antiserum
alone had no effect on Y. pestis viability, but the combination of phagocytes and
immune serum leads to destruction of the bacterium (24). Antibodies against a variety
of surface proteins of Y. pestis have been shown to provide protective immunity in a
number of different animal models, and several groups have shown a correlation
between Ab titers and protective immunity (4, 25–28). Ab against the F1 capsular
antigen and the LcrV T3SS component can passively immunize animals against Y. pestis
challenge (29–31). More recently, Straley’s group found that neutrophil depletion
abrogated the ability of polyclonal Ab to the T3SS protein LcrV to protect mice in a
model of septicemic plague (7).

Our previous studies showed robust neutrophil recruitment to the dermis in re-
sponse to Y. pestis with a small proportion of the bacteria interacting with neutrophils
within the first �4 hpi (8). The increased bacteria-neutrophil interactions in the
presence of opsonizing anti-Y. pestis Ab observed in this study suggest that this could
be a mechanism of antibody-mediated immunity to Y. pestis. Neutrophils are much
more bactericidal toward Y. pestis than other phagocytic cells, such as macrophages or
dendritic cells (32). Thus, increasing uptake of Y. pestis by neutrophils in vivo could
reduce the chances of bacterial survival in the skin or dLN after transmission.

Antibody-opsonized bacteria are known to induce complement activation and
deposition by the classical complement pathway, and complement opsonization in-
creases neutrophil phagocytosis and killing of bacteria by a complement receptor-
dependent mechanism (33). However, the increase in Y. pestis-neutrophil interactions in
the skin in the presence of anti-Y. pestis antiserum was not affected by complement
depletion prior to infection, showing that this phenomenon is complement indepen-
dent. Neutrophils also express several Fc receptors on their surface that can facilitate
uptake of antibody-antigen immune complexes by binding the Fc portion of IgG
antibodies (34). These Fc receptors are likely involved in the increased interactions of Y.
pestis with neutrophils in vivo, but we have not yet tested this hypothesis in our model.

We observed fluorescent Y. pestis in the popliteal LN within 20 min of intradermal
inoculation in the footpad, consistent with the rapid LN dissemination observed in
previous studies (9, 10). These early disseminating bacteria were located in close
proximity to subcapsular sinus (SCS) macrophages in the subcapsular sinus of the LN
but did not appear to be host cell associated at this early time point. This fits with
observations by Sebbane et al. of Y. pestis LN dissemination in a rat model of bubonic
plague, where Y. pestis appeared to be extracellular and confined to the subcapsular
space early after infection (35).

We also saw little neutrophil recruitment to the dLN in response to naive serum-
treated Y. pestis over the short time frame imaged. This contrasts with what has been
observed after infection with Staphylococcus aureus or Pseudomonas aeruginosa, where
both of these pathogens induce rapid and robust neutrophil recruitment to the dLN
after infection (36, 37). Bogoslowski et al. found that S. aureus infection resulted in
recruitment of neutrophils from high endothelial venules into the LN parenchyma by a
complement-dependent mechanism. Interestingly, the outer membrane protein Ail is a
virulence factor of Y. pestis that confers resistance to killing by the complement cascade
(18, 38). This might explain why naive serum-treated Y. pestis did not induce much
neutrophil recruitment in our imaging experiments. Infection with Ab-opsonized Y.
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pestis, in addition to increasing bacterium-neutrophil interactions in the dLN, appeared
to stimulate neutrophil recruitment from the blood vessels. While Y. pestis-neutrophil
interactions in the skin were complement independent, immune complexes can induce
the complement cascade via the classical pathway, resulting in the production of the
neutrophil chemoattractants C5a and C3a. This could explain the differences we
observed in neutrophil recruitment to the dLN in response to naive and immune
serum-treated Y. pestis. Future work will be aimed at determining the roles of comple-
ment, antibody, and the Ail protein in inducing or inhibiting neutrophil recruitment to
the dLN during bubonic plague.

Though we observed seemingly minimal effects of Ab opsonization on Y. pestis-
phagocyte interactions in vitro, imaging of infection in vivo in a mouse model of
bubonic plague revealed significant differences in Y. pestis-neutrophil interactions in
the presence of opsonizing Ab in both the skin and dLN. The results of this study
highlight the need for evaluation of potential subunit vaccine candidates in in vivo
models of infection and for increased attention to the contributions of neutrophils in
AMI to bacterial pathogens.

MATERIALS AND METHODS
Mouse strains. C57BL/6J LysM-eGFP knock-in mice were originally created by T. Graf (17) (Albert

Einstein University, Bronx, NY) and were bred by Taconic Laboratories. C57BL/6J mice (stock number
000664) were purchased from The Jackson Laboratory (Bar Harbor, ME). Ten- to 20-week-old female mice
were used in all experiments. All mice were maintained at the Rocky Mountain Laboratories animal care
facility under specific-pathogen-free conditions.

Bacterial strains and growth conditions. Attenuated KIM5 (referred to as pCD1� and pgm locus
negative) and KIM6� (referred to as pCD1 virulence plasmid negative and pgm�) Y. pestis strains were
used in this study. The pTac-mCherry plasmid was constructed by amplifying the mCherry open reading
frame (ORF) from the pmCherry vector (Clontech, Mountain View, CA) by PCR. The PCR product and the
vector pTAC-MAT-Tag-2 (Sigma, St. Louis, MO) were digested with XhoI and EcoRI and ligated to form
pTac-mCherry. The KIM5 pLpxL strain used for generation of Y. pestis antiserum was transformed with the
pLpxL plasmid generously provided by Egil Lien, UMass Medical School (39), and grown in brain heart
infusion (BHI) broth at 28°C prior to inoculation.

For mouse infection experiments, bacteria were grown in BHI broth at 28°C with 100 �g/ml
carbenicillin to maintain the pTac-mCherry plasmid where appropriate. Isopropyl-�-D-thiogalacto-
pyranoside IPTG (Sigma) was added at 200 �M to induce mCherry expression. Bacterial cultures were
transferred to 22°C 12 h prior to infection. Bacteria were washed in phosphate-buffered saline (PBS), and
Lysing Matrix Z bead tubes (MP Biomedicals, Solon, OH) and a Bio101 FastPrep (Thermo Fisher Scientific,
Waltham, MA) were used to break up clumps of bacteria in cultures prior to injection. Bacteria were
enumerated in a Petroff-Hausser counting chamber before preparation of the inocula in PBS. Serial
dilutions of inocula were plated on blood agar to determine the actual number of CFU used for
experiments.

For in vitro experiments, KIM6� and KIM5 strains without the pTac-mCherry plasmid bacteria were
grown in BHI broth at 28°C and transferred to 37˚C with aeration prior to inoculation. Bacteria were
enumerated in a Petroff-Hausser counting chamber before preparation of the inocula in PBS.

Generation of mouse anti-Y. pestis antiserum. C57BL/6 mice were immunized on day 0 and
boosted on day 15 with 1 � 106 attenuated Y. pestis (strain KIM5 pLpxL [pCD1�, pgm�]) injected
subcutaneously. Mice were euthanized and blood collected by cardiac puncture on day 30. Clotted blood
was centrifuged to separate serum. Immune sera from 20 total mice were pooled. Pooled serum from 20
nonimmunized C57BL/6 mice served as control naive serum. Reactivity of immune serum with whole Y.
pestis or bacterial lysate was confirmed by immunofluorescence assay (bright staining at 1:1,000 dilution)
or Western blotting (�1:1,500 dilution), respectively, and passive immunization with this serum provided
protection to naive mice against intradermal inoculation of virulent Y. pestis (data not shown).

Murine macrophage and neutrophil in vitro assays. Murine macrophages and neutrophils were
derived from immortalized progenitor cell lines generated from C57BL/6 mouse bone marrow using
transduction of a Hoxb8-estrogen receptor fusion construct as described by Wang et al. (11) using
reagents generously provided by Mark Kamps, University of California (UC) San Diego. Briefly, bone
marrow was harvested from the femurs of an adult C57BL/6 mouse, and the cell suspension was enriched
for lineage-negative progenitor cells using a negative selection EasySep kit (StemCell Technologies,
Vancouver, BC, Canada) according to the manufacturer’s instructions. Progenitor cells were expanded by
culturing for 4 days in stem cell media (SCM) (RPMI with Glutamax plus 15% fetal bovine serum [FBS],
antibiotic/antimycotic, 10 ng/ml murine IL-3, 20 ng/ml murine IL-6, and 30 ng/ml murine stem cell factor
[PeproTech, Rocky Hill, NJ]) in a T25 flask at 37°C and 5% CO2. These expanded progenitors were
transduced with a murine stem cell virus (MSCV)-neomycin retrovirus encoding the Hoxb8 transcription
factor fused to an estrogen receptor binding domain (11). The transduced cells were then cultured at
37°C and 5% CO2 in macrophage progenitors (MacPro) medium (RPMI with Glutamax [Invitrogen], 10%
FBS, penicillin/streptomycin, 20 ng/ml murine granulocyte-macrophage colony-stimulating factor [GM-
CSF; Peprotech], 30 �M beta-mercaptoethanol [2-ME], and 1 �M beta-estradiol [Sigma]) to select for
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immortalized macrophage progenitors or NeutPro medium (Opti-MEM with Glutamax [Invitrogen], 10%
FBS, antibiotic/antimycotic,10 ng/ml stem cell factor [PeproTech], 30 �M 2-ME, and 1 �M beta-estradiol)
to select for neutrophil progenitors. Both media were supplemented with beta-estradiol to maintain
activity of the Hoxb8-ER transcription factor and to maintain the cells in an undifferentiated state. Cells
were immortalized after 2 weeks of culture in the appropriate medium, harvesting and diluting the
nonadherent cells every 3 to 4 days, and replating in fresh culture medium. MacPro were differentiated
into macrophages by culturing for 6 days in RPMI with Glutamax, 10% FBS, 50 ng/ml murine M-CSF
(PeproTech), and 30 �M 2-ME without estradiol. Neutrophil progenitors were differentiated into neutro-
phils by culturing for 4 days in NeutPro medium without estradiol.

(i) Macrophage phagocytosis assay. Adherent, fully differentiated macrophages were harvested
from tissue culture flasks by removing the medium, washing once with PBS, and incubating with PBS on
ice for 15 to 20 min until cells began to round. Cells were then gently dislodged using a sterile cell
scraper, centrifuged, and resuspended in MacPro medium without estrogen and plated in 24-well tissue
culture plates at 2 � 105/well in 500 �l medium. Bacterial inocula were prepared as described above,
diluted in PBS, and incubated with a 1:10 dilution of naive or immune mouse serum for 20 min at room
temperature (RT) prior to adding to the wells for a multiplicity of infection (MOI) of �5 CFU/cell. Where
indicated, plates were centrifuged at 100 � g for 5 min at RT. Plates were then incubated for 45 min at
37°C and 5% CO2. Extracellular bacteria were killed by addition of 10 �g/ml gentamicin to each well for
15 min. Cells were then washed 1 time with PBS, and 500 �l of fresh medium was added back to the
wells. Cells were lysed by addition of 0.1% Triton X-100 to each well followed by vigorous pipetting up
and down. These cell lysates were diluted and plated on blood agar plates to determine intracellular
CFU/well.

(ii) Neutrophil phagocytosis and survival assay. Nonadherent, fully differentiated neutrophils were
harvested from flasks 4 days after removal of beta-estradiol, centrifuged, and resuspended in RPMI
without phenol red. Neutrophils were added to 24-well plates that had been precoated with normal
mouse serum (30 min, 37°C, washed once with PBS) at 1 � 106/well in 500 �l medium. Bacterial inocula
were prepared as described above, diluted in PBS, and incubated with a 1:10 dilution of naive or immune
mouse serum for 20 min at RT prior to adding to the wells for an MOI of �5 CFU/cell. Where indicated,
cells were treated with the NADPH oxidase inhibitor diphenyleneiodonium (DPI; Sigma) at 10 �M 30 min
prior to infection.

(iii) Neutrophil oxidative burst assay. Differentiated neutrophils were harvested from flasks,
centrifuged, and resuspended at 1 � 107/ml in RPMI without phenol red containing 50 �M luminol (from
50 mM in 0.1 M NaOH stock), 2,000 U/ml catalase, and 50 U/ml superoxide dismutase. This neutrophil
suspension was dispensed into 96-well opaque white plates, 100 �l/well, that had been precoated with
normal mouse serum at 37°C for 30 min and washed once with PBS. The plate was then placed on ice.
Bacterial cultures were harvested by centrifugation, opsonized with naive or immune mouse serum
where specified, counted, and diluted in RPMI without phenol red. We added 100 �l of bacterial
suspension or RPMI alone for controls to appropriate neutrophil wells. Phagocytosis was synchronized by
centrifugation of the plates at 100 relative centrifugal force (rcf) at 4°C for 5 min. Phorbol 12-myristate
13-acetate (PMA; Sigma) was added to positive-control wells at 1 �g/ml. The chilled plate was then
placed in a luminescence plate reader set to 37°C, and a kinetic analysis of luminescence was performed
using a Synergy Mx plate reader with Gen5 software (BioTek, Winooski, VT) taking readings every minute
for �60 min. Graphs were plotted using Prism 7 software (GraphPad, San Diego, CA).

(iv) Measurement of neutrophil cytokine and chemokine production. Differentiated neutrophils
were harvested from flasks, centrifuged, and resuspended in RPMI without phenol red. Cells were
dispensed at 1 � 106 cells/well into 24-well plates that had been precoated with 20% normal mouse
serum for 30 min at 37°C and washed once with PBS before use. The cells were infected with Y. pestis
inocula prepared as described above. At 4 hpi, cell culture supernatants were harvested and stored at
�20˚C. Concentrations of TNF and MIP-2 were determined using a BioPlex multiplex bead array
according to the manufacturer’s instructions (Bio-Rad, Hercules, CA). Plates were read on a BioPlex 3D
suspension array system (Bio-Rad).

Intravital microscopy. The ears of LysM-eGFP mice were imaged by confocal microscopy as
previously described using a Zeiss LSM 510 Meta or Zeiss LSM 880 confocal microscope (Zeiss,
Oberkochen, Germany) equipped with an incubated chamber set to 30°C (8). Mice were infected i.d. in
the ear with Y. pestis induced to express mCherry from the pTac-mCherry plasmid by culturing with
300 �M IPTG. Bacteria were opsonized a 1:100 dilution of naive or immune mouse serum in PBS as
indicated prior to injection. For experiments involving complement depletion, mice were injected
i.p. with 100 �l of cobra venom factor (CVF; Quidel, San Diego, CA) at 50 U/ml in sterile saline at 48
and 44 h prior to infection/imaging. Depletion of complement was confirmed by Western blot
analysis of serum from control and CVF-treated mice with anti-mouse C3 antibody (Abcam, Cam-
bridge, MA) (data not shown). Z stacks were acquired with a 20� objective at 2-min intervals for the
indicated durations, and the images obtained were deconvolved using Huygens deconvolution
software (Scientific Volume Imaging, Hilversum, The Netherlands) and analyzed using Imaris 6.3.1
software (Bitplane, South Windsor, CT).

Y. pestis-neutrophil interactions in the skin were quantified by manually analyzing each individual
time-lapse confocal image series. Red fluorescent Y. pestis at the injection site within the microscopic
field were determined to have interacted with a neutrophil if they could be seen moving in association
with a GFP-bright cell at any point over the course of the �4-h image series. Bacteria that remained
stationary throughout the time series were considered nonneutrophil associative.
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For intravital imaging of the popliteal lymph nodes, mice were infected i.d. in the footpad with red
fluorescent Y. pestis. Bacteria were opsonized with naive or immune mouse serum as indicated prior to
injection. The popliteal LNs of live LysM-eGFP mice were imaged by confocal microscopy by a method
adapted from reference 36. Briefly, mice were anesthetized with an isoflurane-O2 mixture provide by
nose cone, their popliteal LNs were surgically exposed via a small skin incision at the back of the knee,
and a coverslip was mounted over the exposed LN. Mice were placed on a stage heated to 30°C and
imaged with a 20� objective on a Zeiss LSM 880 confocal microscope equipped with an objective
inverter. Z stacks composed of six to nine 7-�m-thick sections were collected at 2-min intervals for
the indicated duration. Where indicated, subcapsular sinus macrophages in the pLN were labeled by
intradermal injection of 2 �g anti-mouse CD169-e660 (Thermo Fisher) in the footpad 30 min prior to
imaging. In separate experiments, blood vessels were imaged by injecting mice i.v. with anti-mouse
CD31-Alexa 647 (BioLegend, San Diego, CA) at least 30 min prior to imaging. Image series were
deconvolved using Huygens deconvolution software and analyzed using Imaris 6.3.1 software.

Ethics. All animal studies were performed under protocols adhering to guidelines established by the
American Association for Laboratory Animal Science (AALAS) and the U.S. Public Health Service Office of
Laboratory Animal Welfare (PHS-OLAW). The protocols were reviewed and approved by the Rocky
Mountain Laboratories Animal Care and Use Committee.

Statistics. The data from in vitro neutrophil and macrophage uptake or killing assays were analyzed
by t test. The data gathered for the percentage of Y. pestis interacting with neutrophils in the dermis were
analyzed by one-way analysis of variance (ANOVA) with Dunnett’s multiple-comparison test. All statistical
tests were performed using Prism 7 software (GraphPad).
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