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ABSTRACT

The ability to survive and replicate in macrophages is considered the key event in
the pathogenesis of Rhodococcus equi infection in foals. A Type 1 immune response,
characterized by interferon gamma production and cytotoxic T lymphocytes, is
considered the primary mechanism of immune clearance. However, there is evidence
that antibody can also provide at least partial protection from disease. These effects
presumably reflect effector mechanisms such as increased phagocytosis and enhanced
phagosome-lysosomal fusion. In the present study, immunoglobulin G opsonization of
R. equi resulted in increased bacterial uptake, decreased intracellular survival, and
improved host cell viability. Antibody can also affect cellular responses, including Type
1 responses likely relevant to the outcome of R. equi infection in foals. 1gG

opsonization of R. equi resulted in increased transcription by macrophages of Type 1



cytokines interleukin (IL)-12p35, IL-12p40, IL-23p19 and tumor necrosis factor alpha
(TNF-a). Moreover, R. equi infection resulted in IL-10 up-regulation and IL-18 down-
regulation that was not affected by opsonizing antibody. The effects of antibody on
developing cell mediated immune responses may be applicable to immune prevention

of equine rhodococcal pneumonia in young horses.
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CHAPTER ONE
INTRODUCTION

Rhodococcus equi is a pathogenic nocardioform actinomycete bacteria closely
related to Mycobacterium tuberculosis (Prescott, 1993). Both pathogens produce life
threatening pyogranulomatous lesions in the lung. While M. tuberculosis infects
humans, R. equi is an important cause of morbidity and mortality in foals between
approximately 2 and 5 months of age. It is also an opportunistic infection in
immunocompromised people. Like M. tuberculosis, survival and replication within
macrophages is considered the key event in R. equi pathogenesis. In horses, virulent
strains persist within membrane bound vacuoles that do not fuse with lysosomes.
Moreover, R. equi has a cytotoxic effect that results in the necrotic death of
macrophages (Luhrmann et al., 2004).

Virtually all foals are exposed to R. equi shortly after birth. Foals that remain
asymptomatic or recover develop immune responses that protect them throughout life.
A protective immune response is thought to reflect the development of antigen specific
CD4+ Thl lymphocytes that secrete IFN-y and the induction of R. equi specific cytotoxic
T lymphocytes (CTL) —i.e. a type 1 cell mediated immune (CMI) response. The unique
susceptibility of foals is hypothesized to reflect a lack of pre-existing immunity at the
time of challenge and the age-associated decreased ability of neonates and perinates to
develop Type 1 immune responses (Boyd et al., 2003). In particular, foals may have a
decreased capacity to produce IFN-y, which activates macrophages and appears

absolutely required for immune clearance (Breathnach et al., 2006).



Despite the requirement for cell mediated Type 1 immune responses, antibody
also appears to play a role in immunity to R. equi. In one early study, opsonization with
horse serum containing R. equi specific antibody increased phagosome-lysosome
fusion and enhanced killing by foal alveolar macrophages (Hietala and Ardans, 1987).
Likewise, immunosuppressed mice were partially or fully protected against R. equi
intraperitoneal challenge after receiving 1gG purified from horses immunized with the R.
equi virulence associated protein A (VapA) (Fernandez et al., 1997). The apparent
effector functions of R. equi specific antibodies, including opsonization and complement
fixation, provide the theoretical basis for the passive administration of commercial
hyperimmune plasma (HIP), which is widely used to decrease the incidence and
severity of rhodococcal pneumonia in foals (Becu et al., 1997; Caston et al., 2006;
Higuchi et al., 1999; Madigan et al., 1991; Martens et al., 1989). In one study, an equal
degree of protection was observed when foals were administered HIP or purified IgG
from horses immunized with recombinant VapA and VapC virulence proteins (Hooper-
McGrevy et al., 2001).

In addition to its effector functions, antibody may also have regulatory effects that
influence cell mediated responses. For example, human polyclonal antibodies to
Mycobacterium bovis BCG increase IFN-y production and stimulate CD4+ and CD8+
lymphocyte proliferation (de Valliere et al., 2005). Furthermore, Fc receptor gamma
(FcyR) activation increases IL-12 production, indirectly resulting in up-regulation of the
Type 1 cytokines TNF-a and IFN-y (lgietseme et al., 2004). Likewise, immunoglobulin
bound to FcyR also directly stimulates TNF-a production (Clynes et al., 1999). Human

monocyte FcyR ligation results in up-regulation of IL-8 and Monocyte Chemoattractant



Protein-1cytokines, which recruits neutrophils, macrophages, and dendritic cells (Marsh
et al., 1995; Marsh et al., 1997; Ralston et al., 1997). In summary, studies on the
immunomodulatory effects of antibody suggest it decreases the dose of antigen needed
to stimulate lymphocytes (Amigorena and Bonnerot, 1999; Chang, 1985; Gosselin et al.,
1992; Guyre et al., 1997; Manca et al., 1988), alters the expression of key cytokines,
and increases the recruitment and proliferation of lymphocytes. In the experiments
described here, we hypothesized that antibody mediated opsonization of R. equi would
increase bacterial uptake by equine monocyte derived macrophages, decrease
intracellular survival of bacteria, decrease the cytotoxic effects of virulent R. equi on
infected cells, and result in the up-regulation of Type 1 cytokines likely to play a role in

immune clearance.



CHAPTER TWO
RESEARCH DESIGN AND METHODOLOGY

Peripheral blood mononuclear cells

Venous blood was collected from the jugular vein of three randomly selected
horses using 500 ml evacuated containers (Baxter, Deerfield, IL) containing 75 ml of
anticoagulant citrate dextrose (Baxter, Deerfield, IL). The horses are housed at the
Washington State University and used in accordance with IACUC mandates. Peripheral
blood mononuclear cells (PBMC) were isolated using a Ficoll- Hypaque technique as
previously described (Raabe et al., 1998).
Monocyte derived macrophages

Monocyte derived macrophages (MDM), were isolated from PBMC as previously
described (Patton et al., 2004). Briefly, 1.5 X 102 PBMC in 25 ml RPMI media were
allowed to adhere overnight to bovine gelatin and horse serum coated plates. To coat
the plates, 150 cm? petri dishes were coated with 2% sterile gelatin (J.T. Baker Inc,
Phillipsburg, NJ) and incubated for 2 hours at 37°C with 5% CO,, the gelatin was then
removed, and the plates were air dried for 30 minutes. Next, 6 ml of heat inactivated
horse serum (Invitrogen, Carlsbad, CA) was added to the dishes and incubated for 30
min at 37°C with 5% CO,then removed and PBMC transferred to the plate. The non-
adherent cells were removed after 18 to 24 hours by washing each plate with Hank’s
balanced salt solution (Hyclone Laboratories Inc., Logan, UT). Adherent cells were
eluted with 20 ml antibiotic free- complete RPMI medium containing 20% heat
inactivated horse serum and 5mM EDTA (Sigma-Aldrich, St Louis, MO) for 25 minutes

at 37°C with 5% CO,. Adherent cells were collected by vigorous pipetting, followed by



washing each plate three with 10 ml of Hank’s balanced salt solution. Eluted cells were
centrifuged at 700xg for 15 minutes, combined, and washed once with antibiotic free
complete medium. The cells were stained with trypan blue then counted and
suspended to a concentration of 4X10° MDM/ml or 1X10° MDM/ml. For real time PCR
experiments, 4X10° eluted MDM in 1000 pl RPMI were transferred and adhered
overnight to wells in a 24 well plate coated with 2% bovine gelatin and heat inactivated
horse serum at 37°C with 5% CO,. For viability and intracellular R. equi CFU assays,
1X10° eluted MDM in 100 pl RPMI were transferred and adhered overnight to wells in a
96 well plate coated with 2% bovine gelatin and heat inactivated horse serum at 37°C
with 5% COs,.
Antibody purification and analysis

Immunoglobulin G was purified from commercial Immuno-Glo equine plasma
obtained from R. equi antigen vaccinated horses (MG biologics, serial no. 6330-113-08)
and from plasma obtained from an EIAV persistently infected horse (Dr. Robert Mealy,
Washington State University, Pullman, WA) using octanoic acid precipitation as
previously described (Rojas et al., 1994). The latter was used as a negative control.
Briefly, 500 ml aliquots of equine plasma were adjusted to pH 5.8 adding 1.76N acetic
acid. Then, octanoic acid (Sigma-Aldrich, St Louis, MO) was slowly added to a final
concentration of 5% (v/v) and mixed vigorously for 1 hour at room temperature. The
suspension was then centrifuged for 30 minutes at 10,000xg. The supernatant was
collected and centrifuged for 30 minutes at 10,000xg, this was repeated twice. The
supernatant was then filtered by gravity filtration twice using Whatman 2V grade filter

paper (Whatman International, Ltd, Maidstone, England). The filtrate was subsequently



filtered through a 0.45 ym vacuum filter (Nalgene MF75 vacuum filter, Rochester, NY)
and dialyzed for 48 hours against distilled water using Spectra/Por Membrane 6 dialysis
tubing with MWCO 50,000 (Spectrum Laboratories, Rancho Dominquez, CA. The
dialyzed immunoglobulins were then filtered with a 0.22 ym bottle top filter (Millipore,
Billerica, MA). Purified anti-EIAV (a- EIAV) IgG was subsequently mixed with live R.
equi to absorb any R. equi specific antibodies by incubating for 60 minutes at room
temperature then centrifuged at 2,100Xg for 15 minutes. This was repeated four times,
and the adsorbed product filtered with a 0.22 um bottle top filter.

Total 1IgG concentration was determined using the Equine 1gG RID kit (VMRD,
Inc., Pullman, WA) as per the manufacturer’s instructions.

R. equi specific antibodies were analyzed by ELISA as previously described
(Lopez et al., 2002). Ninety-six-well Immulon Il plates were coated overnight with 1 pg of
R. equi soluble antigen per ml in carbonate-bicarbonate buffer (total volume, 50 ul/well)
at 4°C. IgG was adjusted to fixed concentration of 3.5 mg/dl, then diluted to 1:400 in
PBS containing 0.05% Tween and 2.5% sodium chloride (PBST) and serial two fold
dilutions were analyzed. To detect the total a- R. equi IgG bound, plates were washed
with PBST and incubated for 30 min with 50 pl of a-equine 1gG peroxidase-conjugated
caprine antibodies per well (1:10,000; Kirkegaard & Perry Laboratories, Gaithersburg,
Md.) and analyzed by reading optical densities at 450 nm with an ELISA reader. The
titer was determined when the absorbance equaled the control with no primary antibody

calculating the mean plus or minus three standard deviations.



Isolated protein was visualized by SDS-PAGE using SimplyBlue SafeStain
(Invitrogen, Carlsbad, CA). SimplyBlue SafeStain can detect as little as 7 ng reduced
BSA, and 49 ug of protein was loaded into lane.

Bacteria

Virulent R. equi strain ATCC 33701 and avirulent plasmid cured bacteria (ATCC
33701-PC) was stored at -80° and reconstituted by incubation on a brain heart infusion
(BHI) (Difco Laboratories, Detroit, MI) agar plate at 37°C for approximately 24 hours. A
single colony was transferred from a BHI agar and cultivated overnight in BHI broth in a
shaking incubator at 200 rpm at 37°C. The bacteria were then washed twice with
phosphate buffered saline (PBS) by centrifugation at 3000 X g for 15 min. R. equi was
suspended to a concentration of 1.5 X 10° bacteria/ ml in antibiotic free complete RMPI
medium. Heat killed bacteria were obtained by incubating bacteria at 90° C for 45
minutes (Giguere and Prescott, 1998). The bacterial concentration was confirmed by
plating serial dilutions on BHI agar and calculating CFU/m.

Macrophage infection

R. equi (1.5 X 10® bacteria/ ml) was incubated with a final concentration of
0.28mg/ ml anti-R .equi (a- R. equi) IgG, 0.28mg/ml a-EIAV control 1gG, or a
corresponding volume of media for a no additional IgG control. Each sample was
vortexed and incubated for 60 minutes at room temperature on a rocker. Bacteria were
then added to MDM cell cultures at 30 to 60 MOI as determined by calculating CFU.
One hour post infection (HPI) the media was removed, and the cells in 96 well plates
were washed twice with 100 pl of RPMI media containing 0.2 mg/ml gentamicin sulfate,

media was then replaced with 100 pl of fresh RPMI media containing 0.2 mg/ml



gentamicin sulfate to kill extracellular bacteria. The same procedure was followed with
the MDM in 24 well plates, except 1 ml of RPMI media containing 0.2 mg/ml gentamicin
sulfate was used instead of 100 pl. Each experiment was repeated three times on three
different dates for each horse studied.
Intracellular R. equi colony forming units

Two and 24 hours post infection, triplicate samples were washed once with 100
pl of PBS. To lyse the MDM, PBS was removed and 100 pl of sterile water was
transferred to each well and incubated for 40 minutes at 37°C. The resulting cell lysates
were transferred to a PCR tube, then vortexed for 5 minutes, sonicated for 5 minutes,
and vortexed again for 5 minutes. Serial dilutions were plated on BHI agar plates,
incubated overnight, and then CFU were calculated.
MDM viability

Two and 24 hours post infection, triplicate MDM samples were eluted with 10 mM
EDTA to elute adherent cells as described above. Trypan blue was added to each
sample (v/v) and 200 MDM were counted from each sample.
RNA and cDNA preparation

Preliminary data was generated by collecting mRNA from infected cells at 1, 3, 5,
7,9, 11, and 24 hours post infection and real time PCR was used to analyze cytokine
transcripts. Based on the preliminary data, we determined that 5 and 11 HPI were the
best time points to analyze cytokine production. RNA was extracted from triplicate
samples of MDM at 5 HPI and 11 HPI using the RNeasy mini kit (Qiagen, Valencia, CA)
following the manufacturer’s instructions. Genomic DNA was removed using the

TURBO DNA-free kit (Ambion, Foster City, CA) by following the manufacturer’s



instructions. The RNA concentration was determined using the Warburg-Christian
method.

A two step PCR reaction was used for cDNA synthesis. For the first step, 1 ug
of RNA was mixed with 3.3 uM of random hexamers (Applied Biosystems Foster City,
CA), 0.67 mM dNTP (Applied Biosystems Foster City, CA), and nuclease free water to a
total volume of 15 ul. The reaction was incubated at 70°C for 5 minutes and 10°C for 7
minutes. For the second reaction, 200 U M-MLYV reverse transcriptase (M-MLV RT;
Promega, Madison, WI), 5 yl M-MLV RT reaction buffer, 4 mM DTT (Invitrogen,
Carlsbad, CA), 20 U RNase Inhibitor (Applied Biosystems, Foster City, CA), and 2 mM
MgCl, (Applied Biosystems, Foster City, CA) were mixed with the first reaction, then
incubated for 60 minutes at 37°C. Corresponding samples containing water in place of
M-MLV RT (no reverse transcriptase control) were prepared in order to test for genomic
DNA contamination.

Real-time PCR conditions

Real-time PCR was used to detect cytokine expression. RT-PCR was
performed in a 25 pl reaction containing 12.5 pl SYBR Green (Bio-Rad, Hercules, CA),
6 ul water, 5 pl cDNA, 1 mM MgCL,, 4 uM of each primer (see Table 1). Primers were
either designed with Vector NTI (Invitrogen, Carlsbad, CA) or previous published. All
samples were run in triplicate and amplified using an iCycler (Bio-Rad, Hercules, CA): 2
minutes at 50°C and 10 minutes at 95°C, then 45 cycles of 95°C for 30 seconds and
55°C for 60 seconds, followed by 72°C for 7 minutes The AA CT method was used to
calculate relative fold difference (Livak and Schmittgen, 2001). The mean of the

triplicate samples was calculated.



Gene

IL-10

GenBank
Accessio
n No.

u38200

IL-12p35 Y11130

IL-12p40 Y11129

IL-18

Y11131

IL-23P19 AY704416

TNF-a

GAPDH

AB035735

AF157626

Primer

Forward
Reverse

Forward
Reverse

Forward
Reverse

Forward
Reverse

Forward
Reverse

Forward
Reverse

Forward
Reverse

Sequence (5'—3)'

GAT CTC CCA AAT CCC ATC CA
AGG AGA GAG GTACCACAG GGTTT

CCC GGA AAG GCC TCT TCT
ACC TGG TAC ATC TTC AAG GTC CTC AT

GGATGC TGT TCA CAAGCT CAAG
AAT GGC TTC AGC TGC AGG TTC

AAT TGC ATT AGC TTG GTG GAA
GCA TAT CCT CAAACACAGGTT G

TCC ACCAGG GCCTGGTTT
AGT AGA GAAGGC TCC CCT GTG A

AGC CCATGT TGT AGC AAA CCC
ACC ATCTGG GTT GTC TGT CTAGC

GTA ATC AAC GGA AAG GCC ATC
CCTTTT GGC TCC ACCCTT CAAG

Reference

Sponseller et al., 2009

Nerren et al., 2009

This Publication

This Publication

Ainsworth et al., 2007

This Publication

Lopez et al., 2002

Table 1. Sequences for equine cytokine specific primers used in Real-time PCR
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Statistical analysis

Statistical analyses were performed using GraphPad Prism 4 Software (GraphPad
Software, Inc., San Diego CA). Significant differences were determined using repeated
measures two way ANOVA followed by Boneferroni’s multiple comparison test. P

values of less than 0.05 were considered significant.
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CHAPTER THREE
RESULTS
Characteristics of purified immunoglobulin

The purified immunoglobulin samples were tested for a- R. equi total IgG by
ELISA (Fig.1). The a- R. equi IgG titer was 12,800 and the a-EIAV IgG was negative
for R. equi specific antibodies.

Immunoglobulin G purification was determined using SDS-PAGE. Bands were
visualized at 27,000 Da, 52,000 Da, and 77,000 Da under reducing conditions,
correlating to the light chains and heavy chain of IgG. These bands correlate to light
chain, heavy chain, and one light chain plus the heavy chain of IgG. Under non-
reducing conditions, there was a single band just below 160,000 Da.

The effects of a- R. equi IgG on uptake, cytotoxicity and intracellular survival

At 2 hours post infection (HPl) MDM infected with a- R. equi IgG opsonized
bacteria had significantly higher uptake of bacteria compared to a- EIAV and no
additional 1gG controls (Fig. 2 a, b, ¢). There was no significant loss in host cell viability
at 2 HPI between uninfected MDM and R. equi infected MDM, regardless of treatment
(Fig. 2 d, e, f).

The increased bacterial uptake, at 24 HPI the a- R. equi IgG treatment resulted in
significantly decreased intracellular survival of R. equi when compared to controls,
presumably due to increased bacterial killing (Fig. 2 a, b, ¢). Compared to 2 HPI, there
was significant increase in intracellular R. equi at 24 HPI for the controls (all 3 horses
with no additional IgG control and 2 of 3 horses for the a- EIAV IgG control). The

number of intracellular bacteria did not increase in cells infected with bacteria opsonized
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with a- R. equi IgG. The viability of MDM infected with R. equi at 24 HPI was
significantly decreased compared to uninfected MDM (Fig. 2 d, e, f). Opsonization with
a- R. equi IgG significantly improved MDM viability compared to both controls. Viability
was also significantly increased in MDM infected with R. equi incubated with a- EIAV
IgG when compared to the no additional IgG control.

The effects of a- R. equi IgG on cytokine expression

As predicted, infection of equine MDM with R. equi resulted in significant
changes in cytokine expression compared to uninfected controls at 5 and 11 HPI (Fig.
3). The changes were most dramatic at 11 HPI, when there were significant increases
in IL-12p35, IL-12p40, IL-23p19, and TNF-a Fig. (3 a, b, ¢, d). These increases at 11
HPI were significant compared to uninfected MDM regardless of treatment.

Although statistically significant compared to uninfected cells, the increase in IL-
10 expression at 11 HPI was consistently less than the increased observed for other
cytokines (Fig. 3 e). Likewise, there was no significant increase in IL-10 expression at 5
HPI compared to uninfected MDM.

Opsonization of R. equi with a- R. equi IgG resulted in significantly increased
transcription of IL-12p35, 1L-12p40, 1L-23p19 and TNF-a mRNA compared to both the
a- EIAV IgG control and the no additional IgG controls (p< 0.05). The increase was
most apparent at 11 HPI but was also present at 5 HPI. Interestingly compared to the
no IgG control, the addition of purified IgG from the EIAV control also significantly
increased IL-12p35, IL-12p40, IL-23p19, and TNF-a transcripts at 11 HPI and IL-23p19
and TNF-a transcripts at 5 HPI. There was no statistically significant difference of IL-10

mMRNA production between the a- R. equi IgG opsonized samples and controls.
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In contrast to R. equi infection up-regulating the cytokines IL-10, IL-12p35, IL-
12p40, IL-23p19 and TNF-a, IL-18 expression was down regulated in response to R.
equi infection of MDM. The IL-18 decrease was significant in all horses at 11 HPI and
one horse at 5 HPI (Fig. 4 a, b, ¢). There was no significant difference in IL-18

expression attributed to a-R. equi or a- EIAV IgG.

14



CHAPTER FOUR
DISCUSSION

Clinical cases of rhodococcal pneumonia in horses typically begin to appear at 6-
8 weeks of age — about the same time that passively acquired maternal antibody is
waning. This observation provided the original justification for prophylactic
administration of anti-R. equi hyperimmune plasma (HIP). The theory was that the age-
related susceptibility of foals to R. equi infection reflects loss of the protection provided
by maternal antibodies at a time when foals are only beginning to produce their own
antibody. The provision of high levels of R. equi specific antibody in the form of HIP
was intended to address what was viewed as the basic underlying problem. In most
studies, HIP has been shown to have a beneficial effect — decreasing the number of
cases and often times the severity of clinical signs and/or lesions (Becu et al., 1997,
Caston et al., 2006; Higuchi et al., 1999; Madigan et al., 1991; Martens et al., 1989).
Even where the protection was not statistically significant, there was as much as a 30%
decrease in cases, a change that could have real life significance on endemic farms
(Giguere et al., 2002). When the theory emerged that foals might actually be infected in
the first week of life and then incubate the disease for multiple weeks, many clinicians
began to administer HIP at 1-2 weeks of age — sometimes followed by a second dose
closer to the more traditional age (Caston et al., 2006; Horowitz et al., 2001; Perkins et
al., 2002).

R. equi is, however, an intracellular pathogen - closely related and behaving
similarly to M. tuberculosis (Prescott, 1993). Subsequent research performed in mice

and supported by studies in horses has indicated that immune clearance of R. equi is
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cell mediated response. Clearance is achieved primarily by antigen-specific CD4+ Thl
lymphocytes secreting IFN-y and thereby activating macrophages (Darrah et al., 2000;
Hines et al., 2003; Kanaly et al., 1995, 1996). CD8+ cytotoxic T lymphocytes that
recognize and lyse R. equi-infected cells are also thought to be involved (Patton et al.,
2004; Patton et al., 2005). The partial protection of antibody demonstrated in vivo and
in several in vitro studies were thought to reflect effector functions of immunoglobulin,
notably the ability of equine isotypes like IgGa (IgG1) and IgGb (IgG4 and IgG7) to
opsonize and fix complement (Lewis et al., 2008). The apparent inability of HIP to
provide more robust protection was attributed to the failure of individual foals to develop
the required cellular responses. Like neonates and perinates of other species, young
horses appear to have a decreased ability to mount the protective Type 1 immune
responses seen in adult horses (i.e. the protective phenotype) (Boyd et al., 2003;
Breathnach et al., 2006; Giguere and Polkes, 2005; Merant et al., 2009). In conjunction
with their lack of immunologic memory, this age-associated defect predisposes foals to
rhodococcal pneumonia and explains their unique susceptibility.

In this study, we first provide further evidence in support of the effector functions
of R. equi-specific antibodies. As predicted, opsonization increased the uptake of
virulent R. equi bacteria by equine macrophages and decreased intracellular survival.
As R. equi typically enters equine macrophages via the Mac-1 type 3 complement
receptor, we hypothesize that these effects likely reflect increased entry of bacteria via
the Fc receptor (Hondalus et al., 1993). FcR mediated phagocytosis has been shown
to, increase phagosome-lysosomal fusion, increase reactive oxygen species, and

increase reactive nitrogen molecules (Dasgupta et al., 2000; Gaikwad and Sinha, 2008;
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Hietala and Ardans, 1987; Martinez et al., 2009). By changing the receptor mediating
phagocytosis, the route of entry is also changed, potentially altering the outcome
(Martinez et al., 2009). Similarly, these data show for the first time that opsonization
improves the viability of R. equi infected cells — i.e. anti-R. equi IgG decreases the
cytotoxic effects that result in the necrotic death of infected macrophages (Luhrmann et
al., 2004). As necrosis is, in contrast to apoptosis, a pro-inflammatory response that
likely contributes to development of pyogranulomatous lesions in the lung, this effect is
also likely to be beneficial to the host (Russell et al., 2009; Saunders and Britton, 2007).

In addition to its effector functions, antibody can influence cellular responses.
For example, antibody can decrease the dose of antigen needed to stimulate
lymphocytes, increase the recruitment and proliferation of lymphocytes, and alter the
expression of cytokines (Amigorena and Bonnerot, 1999; Chang, 1985; Clynes et al.,
1999; Dasgupta et al., 2000; Gosselin et al., 1992; Guyre et al., 1997; Igietseme et al.,
2004; Manca et al., 1988; Marsh et al., 1995; Marsh et al., 1997; Ralston et al., 1997).
Polyclonal antibody to a related actinomycete bacteria M. bovis Bacillus Calmette-
Guérin (BCG) increases IFN-y production in humans and enhances proliferation of
CD4+ and CD8+ T lymphocytes (de Valliere et al., 2005). Studies in knock-out strains
of mice have provided strong evidence that the effects of antibody on cell mediated
responses reflect engagement of activating FCR on antigen presenting cells (Moore et
al., 2002; Pleass and Woof, 2001).

In most naturally occurring in vivo situations, antibody is present as a result of a
previous primary immune response. Therefore, it would affect cell mediated responses

in the case of a subsequent secondary immune response (e.g. challenge) and/or an
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ongoing infection. The scenario is different with R. equi infection in foals. Because of
the passive acquisition of maternal antibody via colostrum and/or administration of HIP,
foals may already have significant levels of R. equi specific antibody during initiation of
the primary immune response. Beyond its expected effector functions, passively
acquired antibody might influence alter the outcome of infection through its effects on
professional phagocytes, notably macrophages and dendritic cells, and the subsequent
effects of those cells on developing T cell responses. This is potentially important as
the quantity and quality of antibody in neonatal and perinatal foals is manipulable. For
example, strategic immunization of the pregnant mare and/or administration of an
improved anti-R. equi IgG product foals could be part of an integrated immunologic
approach that also involved active immunization of foals (Cauchard et al., 2004).

In this study, we addressed the initial question of whether anti-R. equi IgG alters
in vitro expression of cytokines with potential relevance to immune clearance. The
expression of five Type 1 cytokines (IL-12p35, IL-12p40, IL-23p19, TNF-q, and IL-18)
and the Type 2 cytokine IL-10 was measured in equine macrophages (MDM) using real
time RT-PCR at 5 and 11 hours post infection. These two time points were selected
based on the results of preliminary experiments and differ somewhat from earlier
studies with murine macrophages in which cytokine mRNA was measured at 4 HPI
(Giguere and Prescott, 1998).

As previously reported, R. equi infection of equine macrophages results in
significant up-regulation of cytokine expression (Flaminio et al., 2009; Garton et al.,
2002). However, opsonization of R. equi with IgG resulted in further increases in

transcription of IL-12 (both p35 and p40 subunits), IL-23p19, and TNF-a when
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compared to controls. In other species, IL-12 plays at least three important roles that
could affect the outcome of R. equi infection in horses. It induces naive T cells to
differentiate into Th1l cells, activates NK and T lymphocytes, and stimulates IFN-y
production which is required for clearance of R. equi (Langrish et al., 2004; Stobie et al.,
2000). The IL-23p19 subunit forms a heterodimer with the p40 subunit of IL-12 to
produce bioactive IL-23. In other species, heterodimeric IL-23 stimulates the production
of IL-17, a potent inflammatory mediator that increases IL-1, IL-6, TNF-a and IFN-y
(Langrish et al., 2004). Because these cytokines can bias immunity to a Type 1 cell
mediated immune response, upregulation of IL-23 with opsonization is likely also
relevant to outcome. In addition, infection of equine MDM with opsonized R. equi
increased expression of TNF-a at 5 and 11 HPI. TNF-a induces local inflammation,
endothelial cell activation, macrophage activation, and IFN-y production (Herbein and
O'Brien, 2000). Previous studies have shown that TNF-a plays a role in the course of
R. equi infection in mice; TNF-a-depleted mice given a sub-lethal dose of R, equi
developed lethal rhodococcal pneumonia infections (Kasuga-Aoki et al., 1999;
Nordmann et al., 1993).

In contrast, IL-10 is an anti-inflammatory Type 2 cytokine that potently inhibits
Th1l cells and the production of Type 1 cytokines (Moore et al., 2001). Increased
expression of IL-10 would be expected to detrimental to the host. In this study, we
detected more modest changes in IL-10 transcripts compared to other cytokines and
expression was not increased by opsonization. Although it is possible that IL-10

expression had not peaked at the time points we examined, another study also reported
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less than 10 fold differences compared to uninfected equine macrophages over a 24
hour period (Garton et al., 2002).

Although the effects of anti-R. equi IgG cytokine expression were significant
compared to both controls, we often also observed an effect of the anti-EIAV 1gG control
when compared to the R. equi infected MDM to which no additional IgG had been
added. There are several potential explanations for this finding. One is the presence of
residual anti-R. equi antibodies in the control. As might be expected, the equine plasma
from which this IgG was prepared had low levels of R. equi specific antibody at the start.
However, the ELISA titer following multiple absorptions against whole R. equi bacteria
was neglible. Another possible explanation is the interaction of IgG aggregates in the
control with activating Fcy receptor FcyRIla (CD32) and associated cross-linking that
could result in activation (Hart et al., 2004). A third possibility is small amounts of
contaminating cytokines.

An unexpected finding that has not previously been reported was the down-
regulation of IL-18 transcription produced by R. equi infection. At 11 HPI, R. equi
infected cells from all horses produced significantly less IL-18 mRNA than non-infected
MDM. Neither opsonization with anti-R. equi IgG nor addition of the anti-EIAV control
IgG had an additional effect. In other species, IL-18 is a pro-inflammatory cytokine that
induces the expression of IFN-y, IL-2, and GM-CSF (O'Donovan et al., 2004). Down-
regulation of IL-18 due to R. equi infection would be expected to dampen a protective
Type 1 response and enhance survival of the bacteria. This may be a mechanism by

which the bacterium modulates the host response in its favor.
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In summary, these in vitro studies provide evidence that the previously described
benefits of anti-R. equi antibody might be attributable, at least in part, to its effects on
developing cellular responses. An expected argument against the use of passively
acquired anti-R. equi antibodies are the potential for antibody to interfere with primary
immune responses in foals. Maternal antibody interference is a well known
phenomenon in infants and animals (Crowe, 2001; Jeffcott, 1974, Siegrist, 2003; Wilson
et al., 2001). However, the inhibition is B cell specific and T cells are typically not
significantly altered (Endsley et al., 2003; Siegrist, 2003). Uptake of antigen: maternal
antibody complexes by antigen presenting cells typically promotes antigen processing
and presentation, leading to T cell priming even in the face of B cell interference.
Additional experiments that would further support the use of anti-R. equi antibody
include testing the effect of opsonization on equine dendritic cells, determining whether
cells from foals respond similarly to cells from adult horses, and adding T lymphocytes
to the cultures to confirm the expected outcomes (e.g. increased production of IFN-y)
(Orme et al., 1993). Ultimately, confirmation of enhanced Type 1 cytokine responses in
vivo will also be required. However, these experiments suggest that passive transfer of
anti-R. equi may be useful as part of an integrated immunoprophylactic strategy in
horses - especially considering the likely need to begin immunization of foals during the

first weeks of life.
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Fig. 2: Effect of IgG on R. equi uptake, intracellular replication, and host cell viability. Uninfected
MDM J) are compared to R. equi infected MDM. The three treatments are opsonization with
a- R. equi IgG (), incubation with a-EIAV IgG control that has been absorbed to remove a- R.
equi antibodies (), and no additional IgG control (C—_1). The intracellular R. equi CFU (a, b, c)
and host cell viability (d, e, f) were observed at 2 and 24 hours post infection. Each graph depicts
one representative outcome of the three independent experiments that were completed with each
animal. Within each experiment, each test was run in triplicate; each bar shows the mean and
standard deviation. (*) Statistically significant (P<0.05) compared to uninfected MDM; (A) a- R.
equi IgG opsonization statistically significant (P<0.05) compared to a-EIAV IgG control; (B) a-EIAV
IgG control statistically significant (P<0.05) compared to no additional 1gG control; (C) a- R. equi
IgG opsonization statistically significant (P<0.05) compared no additional IgG control
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(e) IL-10 mRNA are up-regulated in MDM infected with R. equi. R. equi was opsonized with a- R.
equi lgG (), incubated with a-EIAV IgG control that has been absorbed to remove o- R. equi
antibodies ([ ), or incubated with a no additional IgG control (). The AA CT method was
used to calculate the mean fold increase in expression relative to uninfected MDM (W ) at 5
and 11 HPI. Each graph from horse 93207 depicts one representative outcome of the three
independent experiments completed with each animal. Similar results were seen in all animals.
Within each experiment, each test was run in triplicate; each bar shows the mean and standard
deviation. (*) Statistically significant (P<0.05) compared to uninfected MDM; (A) o- R. equi IgG
opsonization statistically significant (P<0.05) compared to a-EIAV 1gG control; (B) a-EIAV 1gG
control statistically significant (P<0.05) compared to no additional IgG control; (C) o- R. equi IgG
opsonization statistically significant (P<0.05) compared no additional IgG control
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Fig. 4: IL-18 expression is down-regulated in adult equine MDM infected with R. equi. MDM
infected R. equi opsonized with a- R. equi IgG (Ill), incubated with a —EIAV control (), and
a no additional 1gG control ((C—__1) compared to non-infected MDM (B ) at 5 and 11 HPI (a, b, c,).
IL-18 expression by MDM infected with virulent R. equi (), avirulent R. equi (M), stimulated
with virulent heat killed R. equi ( i), and non-infected MDM () - \Values represent the mean
fold changes in expression relative to virulent R. equi infected MDM plus standard deviation at 5
and 11 HPI. Each graph depicts one representative outcome of the three independent experiments
that were completed with each animal. Within each experiment, each test was run in triplicate;
each bar shows the mean standard deviation. (*) Statistically significant (P<0.05) compared to
uninfected MDM; (A) Virulent R. equi infected MDM statistically significant (P<0.05) compared to
virulent heat killed stimulated MDM; (B) virulent heat killed stimulated MDM statistically significant
(P<0.05) compared to avirulent R. equi infected MDM; (C) avirulent R. equi infected MDM
statistically significant (P<0.05) compared virulent R. equi infected MDM
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APPENDIX

List of commonly used abbreviations

APC
CMI
CTL
FcyR

IFN-y

MDM
MHC
PBMC
Th

TNF-a

Antigen Presenting Cells

Cell Mediated Immunity

Cytotoxic T Lymphocytes

Fc Receptor Gamma

Interferon Gamma

Interleukin

Monocyte Derived Macrophage
Major Histocompatibility Receptor
Peripheral Blood Mononuclear Cells
T helper cells

Tumor Necrosis Factor Alpha
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