1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Vaccine. Author manuscript; available in PMC 2017 September 30.

-, HHS Public Access
«

Published in final edited form as:
Vaccine. 2016 September 30; 34(42): 5073-5081. doi:10.1016/j.vaccine.2016.08.076.

Brucella abortus ArpoE1l confers protective immunity against
wild type challenge in a mouse model of brucellosis

Jonathan W. Willett*1.2, Julien Herrou#1.2, Daniel M. Czyz#1.2, Jason X. Cheng?, and Sean
Crossonl:24.1
1Department of Biochemistry and Molecular Biology, University of Chicago, Chicago, IL, USA.

2Howard Taylor Ricketts Laboratory, University of Chicago, Argonne National Laboratory,
Argonne, IL, USA.

3Department of Pathology, University of Chicago, Chicago, IL, USA.
4Department of Microbiology, University of Chicago, Chicago, IL, USA.

# These authors contributed equally to this work.

Abstract

The Brucella abortus general stress response (GSR) system regulates activity of the alternative
sigma factor, o1, which controls transcription of approximately 100 genes and is required for
persistence in a BALB/c mouse chronic infection model. We evaluated the host response to
infection by a B. abortus strain lacking o&! (ArpoEI), and identified pathological and
immunological features that distinguish ArpoEI-infected mice from wild-type (WT), and that
correspond with clearance of ArpoE1 from the host. ArpoE1 infection was indistinguishable from
WT in terms of splenic bacterial burden, inflammation and histopathology up to 6 weeks post-
infection. However, Brucella-specific serum 1gG levels in ArpoEI-infected mice were 5 times
higher than WT by 4 weeks post-infection, and remained significantly higher throughout the
course of a 12-week infection. Total IgG and Brucella-specific 1gG levels peaked strongly in
ArpoEI-infected mice at 6 weeks, which correlated with reduced splenomegaly and bacterial
burden relative to WT-infected mice. Given the difference in immune response to infection with
wild-type and ArpoE1, we tested whether ArpoE1 confers protective immunity to wild-type
challenge. Mice immunized with ArpoE1 completely resisted WT infection and had significantly
higher serum titers of Brucella-specific 1gG, 1gG2a and IFN-y after WT challenge relative to age-
matched naive mice. We conclude that immunization of BALB/c mice with the B. aborfus GSR
pathway mutant, ArpoE1, elicits an adaptive immune response that confers significant protective
immunity against WT infection.
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Introduction

Brucella spp. are Gram-negative intracellular pathogens that inflict a significant burden on
agricultural production and human health on a global scale (1). During the course of
intracellular infection, Brucella must adapt to changes in the host environment including
oxidative burst, low pH, and nutrient limitation. Brucellaand other species in the class
Alphaproteobacteria employ a conserved regulatory system, known as the general stress
response (GSR), to adapt to such non-optimal growth conditions (2, 3). The GSR has been
functionally characterized in Alphaproteobacteria that inhabit a range of ecological niches
including freshwater (2, 4-7), plant roots and soil (8-10), plant leaf surfaces (8, 11-16), the
interior of mammalian cells (17, 18), arthropod vectors and mammalian reservoir hosts (19,
20). In the case of animal- and plant-associated Alphaproteobacteria, the GSR has been
implicated in establishment or maintenance of host-microbe interactions (8, 17, 19).

In B. abortus, the GSR is directly regulated by the LovhK-PhyR two-component signaling
system. LovhK is a soluble histidine Kinase that responds to variable environmental cues: it
binds a flavin mononucleotide (FMN) cofactor, autophosphorylates in response to blue light
in vitro (21), and controls transcription and cellular adaptation to a range of acute stress
conditions (18, 22). Phospho-LovhK (LovhK~P) transfers its phosphoryl group to the anti-
anti-o factor, PhyR, which increases PhyR affinity for the anti-oF1 factor NepR (17).
Binding of PhyR~P to NepR is proposed to release the GSR o-factor, oL, allowing its
association with RNA polymerase (RNAP) to regulate transcription of genes required for
acute stress survival and infection (17, 18, 22) (Figure 1). We have previously reported that
B. abortus mutants missing the GSR regulatory genes encoding o=1 or PhyR are attenuated
specifically during the chronic phase of infection in a BALB/c mouse model (17, 18).
However, these studies only measured bacterial burden in the spleen over an 8-12 week
period; the corresponding effects of infection on host pathophysiology and immune response
remain uncharacterized. This study focuses on defining features of murine host pathology
and immune response associated with infection by a B. abortus strain missing the core GSR
regulator, o1 (ArpoEI). We have further assessed the efficacy of the B. abortus ArpoEl
mutant as a live attenuated vaccine.

Mice infected with ArpoE1 had less spleen inflammation in the chronic phase (>6 weeks
post-infection) than mice infected with WT B. abortus. This reduced splenomegaly
correlated with a ~3 log decrease in the number of splenic bacteria and decreased
immunohistochemical staining of Brucellaantigen in fixed spleens. Host clearance of B.
abortus ArpoE1 strongly correlated with increased Brucella-specific 1gG production relative
to WT-infected mice, providing evidence that the ArpoE1 strain elicits a more robust
humoral response than WT. Mice immunized with a single dose of 5x10% colony forming
units (CFU) of ArpoE1 were completely protected from a WT challenge at 9 weeks post-
immunization, demonstrating that ArpoE1 is a live attenuated vaccine. Vaccinated mice had
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higher total 1gG, 1gG2a, Brucella-specific 1gG, and IFN-y levels than aged-matched naive
mice after WT challenge.

Our data provide evidence that B. abortus ArpoE1 elicits a robust immune response that
corresponds with reduced splenic inflammation and clearance of ArpoE1 from the host. We
further demonstrate that the B. abortus ArpoE1 strain is an effective live attenuated vaccine
in a mouse model of infection. There remains a need for more safe and effective brucellosis
vaccines (23, 24), and the data presented here illustrate the potential of ArpoE1 for
development as a new brucellosis vaccine.

Materials and Methods

Bacterial Strains and Culture Conditions

Experiments conducted with live B. abortus strain 2308 were performed at the University of
Chicago, Howard Taylor Ricketts Laboratory on the campus of Argonne National
Laboratory. Experiments were performed at Biosafety Level 3 (BSL3) conditions as
required by the Centers of Disease Control rules and regulations governing the use of Select
Agents. Growth and maintenance of strains is as previously described (25).

Animal Infection

Histology

All animal experiments followed protocols approved by the University of Chicago
Institutional Animal Care and Use Committee and the Institutional Biosafety Committee.
For infections, we used the wild-type B. abortus strain 2308 and the B. abortus ArpoE1
strain (17). Bacterial strains were grown for 2 days on Schaedler Blood Agar (SBA) at 37°C
before being suspended in sterile phosphate-buffered saline (PBS; pH 7.2, GE Healthcare),
to a concentration of 5 x 10° CFU/mL. Bacterial titers were first estimated
spectrophotometrically at 600 nm (ODgg); the CFU per inoculum was confirmed post-
infection by serial dilution plating on tryptic soy agar (TSA). Eight week old female
BALB/c mice (Harlan Laboratories, Inc.) were infected by intraperitoneal (IP) injection with
100 pL of bacteria at a concentration of 5 x 10° CFU/mL (for a total infectious dose of 5 x
10* CFU per mouse). At 1, 2, 4, 6, 9, 12 weeks post-infection, animals (n = 8 per time point)
were asphyxiated with CO» prior to collection of blood via cardiac-puncture and aseptic
removal of spleens. Serum from 8 mice for each strain and time point was separated from
blood using a serum separation tube (Sarstedt). After serum was collected, samples were
subsequently stored at —20°C until the end of the experiments. For each sample, five mouse
spleens were weighed and splenic bacterial burden (CFU/spleen) was measured by
homogenizing the spleens in 5 mL PBS with 0.1% Triton X-100, before serial dilution and
plating on TSA. The three remaining mouse spleens were fixed and prepared for histology
(described below).

Spleens prepared for histology (n = 3) were first fixed with formalin for 7 days. Formalin
was removed and replaced with fresh formalin and fixed for another 7 days before washing
and subsequently transferring spleens to 70% ethanol. Whole spleens were submitted for
tissue embedding, hematoxylin and eosin (H & E) staining, and immunohistochemistry to
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Nationwide Histology (\Veradale, Washington). For immunohistochemistry, goat anti-
BrucellalgG was used (Tetracore, Inc). We subsequently analyzed and scored slides at the
University of Chicago. Pictures of fixed mouse spleens were taken at the University of
Chicago Integrated Light Microscopy Facility on a Cambridge Research and Instrumentation
whole slide scanner fitted with an Allied Vision Technologies Stingray F146C color camera.

Determination of Antibody and Cytokine Responses

Mouse serum immunoglobulin G (1gG) and interferon gamma (IFN-y) titers were measured
using an enzyme-linked immunosorbent assay (ELISA) in 96-well ELISA plates (Nunc-
immuno MaxiSorb, Sigma). Total mouse serum IgG, 1gG1, and 1gG2a titers were measured
using mouse-specific ELISA kits by following manufacturer's instructions (eBioscience). To
determine Brucella-specific 1gG titers, ELISA plates were coated with 100 pL of heat-killed
bacterial suspensions prepared in PBS (ODgpp=2.0) from B. abortus grown for 2 days on
SBA. Cultures were heat-killed at 65°C for 1 hour, cooled to room temperature, and treated
with kanamycin (50 pg/mL) and gentamycin (50 pg/mL) to prevent bacterial growth. Serum
IFN- titers were measured using the OptiEIA mouse IFN-y ELISA kit (BD Biosciences)
following the manufacturer’s instructions. The signal from all ELISA plates were measured
at 450 nm with a 570 nm background correction using a Tecan Infinite M200 PRO
fluorescence plate reader. All values presented are the mean + the standard error of the mean
(SEM) from at least 5 mice for each time-point and condition.

Vaccination Studies

Results

For vaccine studies, eight-week-old female BALB/c mice were vaccinated by IP injection
(100 pL) with 5 x 10° CFU/mL of the B. abortus ArpoE1 strain in PBS. After 9 weeks, naive
age-matched mice and ArpoEI-vaccinated mice were challenged with 100 pL of 5 x 105
CFU/mL of WT B. abortus. Three weeks post-challenge, bacterial burden, spleen weight,
and immune responses were measured as described above. Primers specific to the rpoE1
locus were used to differentiate WT from ArpoE1 bacteria isolated from the spleens of
vaccinated mice. WT bacteria gave a PCR product of 1141 base pairs (bp) while the Arpo£1
strain gave a PCR product of 568 bp, using the primers ArpoE1_confirm_up 5’-
CCTTTCGAGTGCTGATGCAT-3" and ArpoE1 confirm_dn5" —
GCTGACAGCAAGACCAACC-3’.

Mice infected with Brucella abortus ArpoE1 have reduced chronic splenomegaly, which
correlates with reduced splenic bacterial burden

Mice infected with WT B. abortus had pronounced spleen swelling (i.e. splenomegaly,
assessed by measuring spleen weight), which peaked at 4 weeks post-infection (wpi) and
slowly decreased during the chronic phase of infection (approximately 4 — 12 wpi). Peak
spleen weight at this time point was 0.70 + 0.09 grams; peak bacterial burden was ~10’
colony forming units per spleen (CFU/spleen). As previously described, mouse
splenomegaly correlates with an increase in splenic bacterial burden (26).
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Through the first four weeks of infection, WT- and ArpoE1-infected mice were statistically
indistinguishable in terms of splenomegaly and bacterial burden (Figure 2). Beginning 6
wpi, mice infected with Arpo£1 exhibited reduced splenomegaly and bacterial burden
compared to WT-infected mice, though mean values were not statistically distinct at this
time point (Figure 2). By 9 wpi we observed statistically significant reductions in both
spleen weight (P<0.0001) and bacterial burden (P<0.001). ArpoEI-infected mice had a 2.5-
fold reduction in spleen weight and a 3.0 log reduction in splenic bacterial burden relative to
WT-infected mice (Figure 2). Both spleen weight and bacterial burden remained constant
between 9 and 12 wpi in ArpoE1-infected mice, but decreased slightly in this period in WT-
infected mice (Figure 2). These results demonstrate that host splenomegaly is reduced in
ArpoEI-infected mice during the chronic phase relative to WT-infected mice. Reduced
splenomegaly in the chronic phase is correlated with clearance of B. abortus ArpoE1 from
the murine host.

Spleens of ArpoEl-infected mice have reduced pathologic features and contain less
Brucella antigen

To assess differences in pathology of mice infected with WT and ArpoE1 strains in the early
and chronic phase, we harvested spleens at 1 and 9 wpi. Spleens were fixed, mounted, and
subjected to hematoxylin and eosin (H&E) staining. We scored spleens for white to red pulp
ratio, average number of lymphoid follicles, germinal center size, marginal zone thickness,
extramedullary hematopoiesis, histiocytic proliferation and presence of granulomas. Our
results are summarized in Table 1 (data are scored on a scale of 0-3, with 0 being no
apparent pathology). Naive (i.e. uninfected) spleens scored 0 in all categories. Spleens of
ArpoE1- and WT-infected mice were inflamed and contained Brucella granulomas at 1 wpi,
consistent with what has been previously reported for BALB/c infection with WT B. abortus
(27). However, there were modest differences in scored histopathology between strains at
this early time point. Though spleen weight and total CFU per spleen were statistically
equivalent at 1 wpi (Figure 2), ArpoE1-infected mice had lower extramedullary
hematopoiesis, histiocytic proliferation and fewer granulomas than WT (Table 1, Figure S1).
These data provide evidence of differences in interaction of ArpoE1 and WT Brucella strains
with the murine host in the acute phase, though infections look similar with respect to spleen
colonization and bulk inflammation.

By 9 wpi, spleens of ArpoEI-infected mice had reduced pathologic features in all scored
categories relative to 1 wpi (Table 1, Figure 3). In contrast, spleens of mice infected with
WT had significantly reduced white to red pulp ratio due to disruption of lymphoid follicles
(follicular lysis) and red pulp expansion while also displaying significantly increased
marginal zones. In addition, spleens of WT-infected mice had higher extramedullary
hematopoiesis, histiocytic proliferation, granulomas and presence of Brucella
immunoreactivities than ArpoE1 at 9 wpi (Tablel, Figure 3). Images of naive, WT- and
ArpoEI-infected mouse spleens at 9 wpi are presented with histological features labeled in
Figure 3.
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ArpoELl infection elicits an increased IgG antibody response relative to WT infection

To test whether there are differences in antibody or cytokine responses in mice infected with
ArpoE1 and WT, we harvested serum from uninfected (naive) control mice and infected
mice at 1, 2, 4, 6, 9 and 12 wpi. We measured serum levels of total 19G, Brucella-specific
1gG, 1gG1, 1gG2a, and IFN-y by enzyme-linked immunosorbent assays (ELISA). Total
serum IgG was higher across the 12-week experiment in both WT- and ArpoE1-infected
mice relative to uninfected control (Figure 4A). WT- and ArpoEI-infected mice had similar
total 1gG levels with the exception of 6 wpi when total 19G serum levels were ~2 times
higher in Arpo£1 (9.4 mg/mL versus 5.5 mg/mL; Figure 4A). We next measured 1gG
specific to B. abortus. Serum harvested from WT- and ArpoEI-infected mice was incubated
in ELISA plates coated with a suspension of heat-killed B. abortus, measurements were
normalized to uninfected control serum. The level of Brucella-specific 1gG was ~6 times
higher in ArpoEI-infected mice by 4 wpi (Figure 4B). Levels peaked at 6 wpi when
antibodies specific to B. abortus antigen(s) were 7 times higher in ArpoEI-infected
compared to WT-infected mice (one-way ANOVA with Bonferroni correction; P<0.001)
(Figure 4B). Thus the difference in total 1gG levels we observe between strains is largely
attributable to a response to B. abortus-specific antigen(s).

WT B. abortus infection is reported to stimulate a robust CD4+ T helper 1 (Th1) response
(28, 29) without a significant Th2 response (30). Though BALB/c is regarded as a Th2-
dominant mouse strain (31), BALB/c can mount a Thl response against bacterial and
parasitic infections (32, 33); there is evidence that BALB/c do not actually present a Th2
bias following WT Brucellainfection (34). Given the specific defect of the ArpoE1 strain in
the chronic phase of infection, and the known role of the Th1 cytokine IFN-vy in control of
chronic infection (35), we sought to test whether BALB/c infected with WT and ArpoE1
may show a differential skew in Th1/Th2 responses. To this end, we profiled IgG sub-classes
IgG1 and 1gG2a and the cytokine IFN-vy in harvested sera. The ratio of IgG1 to 1gG2a can
serve as an indicator of Th1 versus Th2 responses in the host: high 19G2a/IgG1 ratios
indicate a Th1 response, and a low ratio indicates a Th2 response (36, 37). IFN-y is an
established Thl cytokine, and a marker for Th1 response (38).

Both WT- and ArpoE1-infected mice displayed similar increases in 1gG1 and IgG2a across
the 12-week experiment with levels of IgG1 peaking at approximately 9 wpi and 1gG2a
peaking at 6 wpi (Figure 4C,D). The 1gG2a/lgG1 ratio suggests a mixed Th1/Th2 response,
though relative increase in 1gG2a was much larger than IgG1 after infection. IFN-vy levels
increased by a factor of ~2 over the first four weeks of infection, and decreased gradually
back to levels measured at 1 wpi by the end of the 12-week experiment (Figure 4E). We
observed no significant differences between WT- and ArpoE1-infected mice for IgG1,
1gG2a, or IFN-y at any time point. Together, these data provide evidence that Arpo£1 elicits
a stronger antibody response than WT B. abortus in BALB/c mice (Figure 4A-B), while the
Th1/Th2 profile of ArpoE-infected mice does not appear to differ from WT infection
(Figure 4C-E).
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Vaccination with ArpoE1 protects mice against WT B. abortus challenge

Brucella infection in humans is correlated with the incidence of infection of their ungulate
livestock, which can range above 70% at the herd level in certain regions of the world
(39-42). Current efforts to control disease in livestock, and by extension, humans, are limited
by the availability of broadly effective and safe animal vaccines (24). The observation that
B. abortus ArpoE1 elicits a strong humoral response (Figure 4B) that corresponds with
clearance of infection from the host (Figure 2) suggested that ArpoE1 may be an effective
live-attenuated vaccine. To test this hypothesis, we vaccinated mice with the ArpoE1 strain
via IP injection (5 x 10° CFU/mL). At 9 weeks post-vaccination, we challenged ArpoFE1
vaccinated and naive age-matched mice with 5 x 104 CFU of WT B. abortus. We measured
spleen weights and bacterial burden in the spleen at 3 weeks post-challenge (wpc) (Figure
5A).

Naive mice exhibited pronounced splenomegaly with a mean spleen weight of 0.68 + 0.14
grams at 3 wpc (Figure 5B). ArpoE1-vaccinated mice had significantly lower spleen weight
of 0.23 £ 0.08 grams (t-test; P<0.01). Reduced splenomegaly corresponded with reduced
bacterial burden: ArpoE1 vaccinated mice had ~3 logs less splenic bacteria than naive mice
at 3 wpc (t-test; <0.001) (Figure 5C). As presented above, the ArpoE1 strain persists at low
levels in the spleen at 12 wpi (Figure 2B). Thus, it was necessary to determine whether B.
abortus isolated from the spleens of vaccinated mice at 3 wpc was Arpo£1, WT, or a mixture
of both strains. To this end, we PCR amplified the rpoE1 locus of all bacterial colonies
isolated from a spleen section of vaccinated mice. All bacteria isolated from plated spleen
homogenates of vaccinated mice (n = 48) were confirmed to be the ArpoE1 genotype. Thus,
vaccination with Arpo£1 provided complete protection against WT B. abortus challenge in
the context of this assay.

Mice vaccinated with ArpoE1 have higher antibody and IFN-y responses than naive mice
upon WT challenge

We next assessed whether naive and ArpoEI-vaccinated mice exhibited differences in
antibody or IFN-y production upon WT challenge. Total 1gG serum levels were significantly
higher in Arpo£1-vaccinated mice at 3 wpc (t-test; P<0.0001) (Figure 5E). Brucella-specific
IgG levels, measured as described above, were ~5 times higher in ArpoEI-vaccinated mice
than naive control mice (Figure 5F). There was no difference in total 1gG1 levels between
naive and ArpoEI-vaccinated mice at 3 wpc (Figure 5G). Total 1IgG2a serum levels were ~2
times higher in ArpoE1-vaccinated mice (t-test; A=0.020), which is consistent with a
stronger Thl response (Figure 5H). Finally, IFN-y response was significantly higher in
ArpoEI-vaccinated mice than unvaccinated naive mice (t-test; £=0.019) (Figure 51). We
conclude that vaccination with ArpoE1 results in significantly increased antibody production
and IFN-y production relative to naive mice upon WT challenge.

Discussion

Genes encoding the GSR system (Figure 1) are determinants of chronic brucellosis in a
BALB/c mouse model of disease (17). A goal of this study was to define features of the host
response that distinguish wild-type (WT) B. abortus infection from infection with a strain
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harboring a null allele of the GSR sigma factor, rpo£1 (ArpoEI). Deletion of rpoE1 had no
effect on splenic bacterial burden or spleen inflammation in the acute phase (up to 6 wpi).
However, histological analysis of ArpoE1 and WT infected spleens at 1 wpi revealed
pathologic features that differ at this time point including lower histiocytic proliferation and
extramedullary hematopoiesis, and fewer granulomas in ArpoE1 at this early time point
(Table 1). As previously reported (17, 18), deletion of rpoE1 resulted in significant reduction
of splenic bacteria and decreased splenomegaly in the chronic phase (> 6 wpi) of infection
relative to WT (Figure 2).

Reduced splenic bacterial burden of ArpoEI-infected mice during the chronic phase of
infection suggested that this strain may elicit a stronger host immune response than WT B.
abortus. To test this hypothesis, we measured serum levels of specific cytokines and
antibodies known to be important in host-mediated clearance of Brucellainfection (26, 35,
43, 44). We observed no significant difference in IFN-vy levels between WT- and ArpoE1-
infected mice over a 12-week experiment. We did observe a peak in total IgG and Brucella
specific IgG in the serum of ArpoE1-infected mice at 6 wpi, which corresponds with
clearance of ArpoE1 from the spleen. This 1gG peak was significantly reduced in WT-
infected mice. These data provide evidence that ArpoE1 elicits a more robust humoral
response than WT B. abortus. At this time, we cannot discern whether clearance of the
ArpoE1 strain is mediated or enhanced by these antibodies, or if antibody production is
simply a consequence of antigen release triggered by host clearance of ArpoE1 by innate or
cell-mediated mechanisms known to control Brucellaspp. infection in mice (43, 45-48).

While a number of Brucellalive vaccines have been developed (26, 49-52), there is a need
for more effective vaccines (23, 24). Vaccines in current use are documented to cause
spontaneous abortion and arthritis in livestock and have varying levels of protective efficacy
(23, 50, 53). Accordingly, we tested the efficacy of B. abortus ArpoE1 as a live attenuated
vaccine. Though a low number of ArpoEI brucellae remained in the spleen at the time of
vaccination, ArpoEi-vaccinated mice showed no signs of spleen inflammation and
completely resisted splenic colonization by WT brucellae. This stands in contrast to BALB/c
mice vaccinated with some commercially available vaccines; vaccinated mice are not
significantly protected against splenic colonization upon WT challenge (54). Serum from
vaccinated mice and naive mice after WT challenge revealed significantly higher levels of
total 19G, Brucella-specific 1gG, 19G2a, and IFN-y in ArpoEI-vaccinated mice. The increase
in 1gG2a, but not 1gG1, and the significantly higher IFN-y levels in vaccinated mice post-
challenge (Figure 5) suggests that ArpoE1 elicits Thl-mediated protection (30, 55).

We do not currently understand the mechanism by which the B. abortus GSR regulatory
system mediates bacterial survival in the host during the chronic phase of infection.
Transcriptional profiling approaches have defined the GSR regulon in B. abortus (17, 18),
and these studies have demonstrated that a variety of outer membrane and other cell
envelope proteins, stress response proteins, and genes of unknown function are under direct
or indirect transcriptional control of RpoE1 (oF1). The roles of these GSR-regulated genes in
maintenance of chronic infection remain largely undefined, though several including rpoH1
(56), ba14K (18, 57), pgm (58, 59), wrpA (60), cydAB (61), cydX (62), the urease gene
cluster (63), and flagellar genes (64) have been linked to B. abortus virulence or host-
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Brucella interaction. Alterations in the B. abortus envelope due to dysregulation of the GSR
in the chronic phase of infection may reveal B. abortus antigens that are otherwise repressed.
This could explain the increased antibody response elicited by Arpo£1, and subsequent
clearance from the host (Figure 2; Figure 4 A-B). Alternatively, it is possible that B. abortus
encounters particular physical or chemical stressors during the chronic phase of infection
that result in death of ArpoE1, which has known acute stress survival defects in vitro (17).
The exact nature of such a chronic phase stress in this scenario is not obvious given that
ArpoE1 has no deficiency in entry or replication in activated macrophages /n vitro, or in
infection and colonization of mouse spleens over the first 6 weeks of infection (Figure 2)
(17). Future studies will elucidate the specific links between ArpoE£1 clearance from the
host, activation of host immunity, and Arpo£1-mediated protection against wild-type B.
abortus infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Model of the B. abortus general stress response (GSR) regulatory system
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The stress-activated sensor histidine kinase (HK), LovhK, autophosphorylates and transmits
a phosphoryl group to the anti-anti-o factor, PhyR. The HK, Babl 1673, represses PhyR
activation. Phosphorylated PhyR (PhyR~P) binds the anti-o factor, NepR. When released

from NepR, the o-factor oF! associates with RNA polymerase (RNAP) to activate
transcription of the GSR regulon.
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Figure 2. ArpoE1-infected mice have reduced splenic bacterial burden and splenomegaly during
the chronic phase of infection

Female BALB/c mice were infected intraperitoneally with WT or ArpoE1 B. abortus and (A)
spleen weights and (B) bacterial burden were measured at 1, 2, 4, 6, 9, and 12 weeks post-
infection. Data presented are the mean = the standard error of the mean (n = 5). Graphs
represent data from naive mice (black circle), WT-infected mice (grey circle), and ArpoE1-
infected mice (red circle). One-way ANOVA was followed by a Bonferroni post-test to
assess the significance in the mean differences between naive mice and WT- or Arpo£1-
infected mice (A) or between WT- and ArpoE1-infected mice (B). NS = not-significant, (*)
= P<0.05, (**) = P<0.01, (***) = P<0.001, (****) = P < 0.0001.
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Figure 3. Spleen histology of BALB/c mice infected with wild-type and ArpoE1 B. abortus strains
At 9 weeks post-infection spleens were harvested, fixed, and slides were prepared. H&E

staining was performed on all samples. Uninfected (A, D, G), WT-infected (B, E, H), or
ArpoEI-infected (C,F,1) mouse spleen pictures were taken at 10X (A-C), 50X (D-F) or 400X
magnification (G-1). Brucella antigen was visualized by immunohistochemistry with an anti-
Brucella antibody (D-1). White arrowheads point to areas of extensive Brucella antigen
staining. Scale bars are 5 mm (A), 1 mm (B), and 100 um (C). WP = white pulp, RP = red

pulp.
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Figure 4. Antibody and cytokine quantification in wild-type and ArpoE1-infected mouse sera
Mouse serum was harvested at 1, 2, 4, 6, 9, and 12 weeks post-infection from naive-control

mice, WT-, or ArpoEI-infected mice. Amounts of total 1gG (A) Brucella-specific 1gG (B)
1gG1 (C) 19G2a (D) and IFN-y (E) were determined by ELISA (see Materials and Methods
for details). Data presented are from naive mice (black circle), WT-infected mice (grey
circle), or ArpoE1-infected mice (red circle). Each data point (n = 5) is the mean * the
standard error of the mean. Unless otherwise indicated, one-way ANOVA was followed by a
Bonferroni post test to assess the significance in the mean differences between naive mice
and WT- or ArpoEI-infected mice. NS = not significant, (*) = P<0.05, (**) = P<0.01, (***)
= P<0.001, (****) = P < 0.0001.
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Figure 5. Analysis of splenomegaly, bacterial burden, antibody, and cytokine profiles in ArpoE1-
vaccinated mice

Naive age-matched control mice or ArpoEI-vaccinated mice were infected with WT
Brucella 9 weeks post-vaccination (A). Spleen weights (B), total Brucellaburden (C), and
WT Brucella (D) were determined for each spleen. Quantitative ELISAs were performed to
analyze serum levels of total 19G (E), Brucella-specific 1gG (F), 1gG1 (G) 1gG2a (H), and
IFN-y (I). For vaccination studies, naive mice (n = 3) are colored black and ArpoE1-
vaccinated mice (n = 4) are colored red. Data presented are the mean £ SEM. T-tests were
performed between naive and ArpoE1-vaccinated mice. NS = not-significant, (*) = P<0.05,
(**) = P<0.01, (***) = P<0.001, (****) = P < 0.0001.
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Table 1

Summary of histopathologic scoring of naive mouse spleens, and spleens of mice infected with wild-type or
ArpoEl B. abortus.

Naive B. abortus WT B. abortus ArpoE1

Week

Post-infection (wpi) 1 9 1 9 1 9

white pulp to red Normal ~ Normal Decrease Decrease Decrease  Decrease
pulp ratio (= 1:1) (= 1:1) Score 1 Score 3 Score 1 Score 0.5

Average lymphoid 81012 81012 Decrease  Decrease  Decrease  Decrease
follicles per field Score 1 Score 2 Scorel  Score 0.5

Decrease  Decrease  Decrease

Score 1 Score 1 Score 1 Score 0

Size of follicles normal normal

Marginal zone Increase  Increase Increase Increase

normal normal

depletion Score 1 Score 2 Scorel  Score 0-1
Extramedullary . . Increase  Increase Increase Increase
hematopoiesis minimal  minimal Score 2 Score 2 Scorel  Score 0-1
Histiocytic none none Increase  Increase Increase Increase
proliferation Score 2 Score 3 Scorel  Score 0-1
Granulomas hone hone Increase Increase Increase Increase

Score 1 Score3  Score 0-1  Score 0-1

Scores range from 0 to 3, and are based on masked evaluation of sectioned and stained spleen tissue. The presence of Brucellain tissue was
confirmed by immunohistochemistry. 0 = normal pathology (all naive spleens scored 0 in all categories); 1 = mild pathology, 2 = moderate
pathology, 3 = severe pathology relative to uninfected (naive) control.
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