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Objective—To determine whether purified equine
immunoglobulin specific for Rhodococcus equil viru-
lence-associated proteins A and C (VapA and VapC)
can confer passive protection against /7 equiinduced
pneumonia in foals.

Animals—Twenty-eight 3-week-old mixed-breed
pony foals.

Procedure—7 foals received IV injections of equine
hyperimmune plasma (HIP) against whale-cell B equi,
and 7 received purified equine immunogichulin spe-
cific for VapA and VapC 1 day prior to intrabronchial
infection with R equi strain 103+. Eleven foals were
not treated prior to infection, and 3 control foals were
neither treated nor infected. Heart rate, respiratory
rate, and rectal temperature were recorded twice
daily, and serum fibrinogen concentration and WBC
count were determined every other day following
infection. Foals wers euthanatized 14 days following
infection, and lung lesions and concentration of R
aqufin lungs were assessed.

Results—The onset of clinical signs of pneumonia
was  significantly delayed in the HIP- and
immunoglobulin-treated groups, compared with the
untreated infected group. Moreover, pulmonary
lesions were less severe in the treated groups, and
significantly fewer R equi organisms were cultured
from the lungs of treated foals.

Conclusions and Clinical Relevance—Degree of pro-
tection against  equirinduced pnaumoniz provided by
purified immunoglobulin specific for VapA and VapC
was similar to that provided by commercially available
HIP. Results not only suggest that immunoglobulin is
the primary component of HIP that confers protection
against A equfinduced pneumonia in foals but also
indicate that antibodies against A equi VapA and VapC
are protective. (Am J Ver Res 2001;62:1307-1313)

Rhodococcus equi, a gram-positive facultative intracel-
lular organism, is one of the most important causes
of disease in foals between 1 and 6 months of age. The
infection results in the development of chronic and
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often severe pyogranulomatous bronchopneumonia.’
The combination of erythromycin and rifampin is cur-
rently the standard treatment for R equi infections.
Although an effective vaccine is not yet available, pas-
sive Immunization of foals with hyperimmune plasma
(HIP) has become a standard and beneficial practice on
many farms with endemic R equi infections.

The prophylactic value of HIP in experimentally
challenged foals was first demonstrated by Martens et
al* and was subsequently confirmed in foals naturally
exposed to R equi.”® The protective mechanism of HIP
against R equi-induced pneumonia has not been identi-
fied. The list of possible effector molecules in HIP
includes, but is not restricted to, specific antibodies
and nonspecific factors such as fibronectin, comple-
ment, collectins, and cytokines. Antibodies are a likely
candidate, because the development of pneumonia in
infected foals coincides with a decrease in maternally
derived antibody concentrations, which reach a mini-
mum in foals between 5 and 10 weeks of age.”® Results
of in vitro studies™® reveal the importance of
opsomization by antibody in enhancing uptake and
killing of R equi by macrophages and neutrophils.

Immunity to R equi in mice has been shown to
depend on CD4* lymphocytes expressing a T-helper 1
(Th1) profile of cytokines. Antibodies only slightly
enhance clearance of infection in mice."** Although cell-
mediated immunity is of major importance in protection
against infection with several intracellular pathogens, an
effector role for antibody has also been demonstrated
against Listeria monocytogenes,”  Rickettsia spp,*
Salmonella spp™* and Chlamydia spp."® There are 2
number of mechanisms by which antibodies may prevent
the progression of infection with intracellular organisms,
including activation of complement-mediated bacterial
lysis,”" neutralization of bacterial lipopolysaccharide,”
interference with bacterial adhesion or cell entry,”
opsonization,™ inhibition of intracellular growth,” and
alteration of cytokine production by other immune cells
via interaction with Fc receptors.”*

Virulent strains of R equi are characterized by sur-
face expression of the thermoregulated virulence-
associated protein (Vap) A** the gene for which is
found on a large virulence plasmid.** Recently, 6
other Vap that are closely related to VapA, designated
VapC through VapH, have been identified *® Extensive
homology has been detected among the C-termini of
the 7 Vap-family proteins. Strains of R equi that do not
carry the virulence plasmid and, hence, do not
express Vap lose virulence for both mice and foals and
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tose the ability to replicate in murine and equine

7-29

macrophages in vitro.”* We hypothesized that anti-
bodies against Vap may protect foals from R equi-
induced pneumonia. The purpose of the study report-
ed here was to determine whether immunity against R
equi conferred by HIP is mediated by antibodies
against VapA and VapC.

Materials and Methods

Animals and experimental design—Twenrty-eight 3-
week-old mixed-breed pony foals (age range, 18 to 23 days)
were used in this study. To ensure adequate transler of colostral
immunoglobulin, serum immunoglobulin concentration was
determined in foals by use of a semiquantitative ELISA® when
foals were between 12 and 24 hours old. The criteria used for
selecting [oals for infection with R equi have been described.™

As individual {oals became availahle, they were random-
ly assigned to 1 of 4 groups and moved to an isolation facili-
ty 1 or 2 days prior to treatment. Seven foals received 1 L of
commercially available HIP" intravencusly 24 hours prior to
infection with R equi. A second group of 7 foals received puri-
fied immunoglobulin against VapA and VapC 24 hours prior
to infection, and a third group of 11 foals received no treat-
ment prior to infection. Foals were infected by administra-
tion of 25 ml of R equi strain 103+ (5 X 10" CFU/ml) into each
of the major bronchi as described.™ The final group of 3 foals
served as challenge controls. This latter group received ster-
ile PBS solution instead of R equi.

Serum antibody tters against a VapA-enriched antigen
preparation (APTX) were determined by use of an ELISA™
before and after infusion of HIP or immunoglobulin and 7 and
14 days atter infection. Titers were expressed as the natural log
(logy}. There were no significant differences in titers among
groups prior to administration of HIP or immunoglobulin.

The day of inlection with R equi was designated as day 0.
Following infection, foals were assessed twice daily, and heart
rate, respiratory rate, and rectal temperature were recorded.
Blood samples were collected every second day for determina-
tion of WBC count and fibrinogen concentration.’ Foals were
euthanatized by 1V injection of a lethal dose of pentobarbital
sodim 14 days after infection. Complete postmortem exami-
nations were performed. All experiments were approved by the
University of Guelph Animal Care Committee.

Hyperimmune plasma—Hyperimmune plasma was pre-
pared from plasma obtained from horses immunized with a
suspension of clinical isolates of R equi according to a pub-
lished protocol.*” The anti-APTX titer in HIP, determined by
use of an ELISA ™ was 10.0.

Production of recombinant VapA and VapC—To pro-
duce equine immunoglobulin against R equi VapA and VapC,
we first purified the reconthinant proteins. Genes encoding
VapA and VapC were amplified from the R equi 103+ plasmid
by use of polymerase chain reaction. Primers for VapA amplifi-
cation were as follows: 3-GCCGGATCCACTAATGCGAC-
CGTTCTT-3 and 5-CATGAATTCCTAGGCGTTGTGCCA-S,
whereas primers [or VapC amphification were: 5-GCCGGATC-
CGCCAATGTAGTCGCTCCGTC-3" and 5'-CATGAATTCGC-
GAGCGTTTACCTTCCGAC-3', Both sets ol primers con-
tained 5-extensions encoding restriction enzyme recognition
sites for BemHI or EcoRL Ampiitied products were digested
with BamHI and EcoRl, and the digestion products were ligat-
ed to a similarly digested plasmid vector® Resultant plasmids
were transformed into Escherichia coli.® These plasmids
allowed for the in vitro production of recombinant VapA and
VapC fused to glutathione-S-transterase. Fusion proteins were
purified, using glutathione beads,” and VapA and VapC were
cleaved from glutathione-S-transferase by use of thrombin.

Production of purified equine immunoglobulin against
VapA and VapC—Three adult horses with low serum anti-
body titers (< 5.7 in log,) against VapA and VapC were iden-
tifted by use of an ELISA. These horses were vaccinated intra-
muscularly 3 times at 2-week intervals with recombinant
VapA and VapC (1.5 mg of each protein); the adjuvant was 1
ml of aluminum hydroxide gel*in a final volume of 4 ml
Serum anti-VapA and -vVapC titers were determined periodi-
cally. Three weeks after the third vaccination, 4 1, of blood
was obtained from each horse, and the plasma was separated.
Immunoglobulin was precipitated [rom plasma by additon
of 7.6 ml of caprylic acid'/100 mli of plasma, followed by a
second precipitation, using 50% (vol/vol) ammonivm su-
fate! After dialyzing for 36 hours against saline {0.9% NaCl}
solution, the immunoglobulin fraction was further dialyzed
against ultra pure-water until a slight precipitate developed.
Purified immunoglobulin was then lyophilized and assessed
by use of sodium dodecyl sulfate-polyacrylamide gel elec-
wrophoresis (SDS-PAGE} and western blot analysis. To deter-
mine immunoglobulin purity, western blot analysis was per-
lormed, using alkaline phosphatase-conjugated goat anti-
horse IgG (heavy and light chains) diluted 1:10,000 in skim-
milk blocking buffer. To determine [gG isotypes in whole
plasma and isolated immunoglobulin (e, pre- and postpu-
rification samples), additional western blot analyses were
performed, using monoclonal antibodies against IgGa (CVS
45), 1gGb (CVS 39), IgGe (CVS 52), and igGT (CVS 38)™
followed by alkaline phosphatase-conjugated goat anti-
mouse JgG Cheavy and light chains)/

To determine whether antibodies against VapA and
VapC predominated in the purified immunoglobulin prepa-
ration, compared with HIP, whole-cell R equi strain 103+
and recombinant VapA and VapC were separated by use of
SDS-PAGE. Proteins were transferred to nitrocellulose, and
western blot analyses were performed, using purified
immunoglobulin and HIP followed by alkaline phos-
phatase-conjugated goat anti-horse 1gG’ diluted 1:10,000 in
skim-milk blocking buffer. To prepare whole-cell R equi, R
equi strain 103+ was cultured in brain heart infusion broth'
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Figure 1—Coomassie blue-stained 15% polyacrylamide gel
{lanes 1-4) and western blot {lane &) depicting whole plasma
from horses immunized with recombinant virulence-associated
proteins {Vap) A and C of Rhodococeus equi (lane 2}, the cruds
immuneglobutin fraction precipitated from whole plasma by use
of caprylic acid (lane 3), and the purified immunoglobutin fraction
precipitated from whole plasma by use of caprylic acid and
ammoniurm sulfate (lanes 4 and 5). Low-range molecular weight
markers are in lane 1. Immunogiobulin in lane & was detected
by use of alkaline phosphatase-conjugated goat anti-horse IgG
antihody after transfer of separated proteins to nitroceliulose.
kDa = Kilodalton.
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at 37 C for 48 hours. Bacterial pellets were collected and
frozen at -20 C prier to SDS-PAGE,

Ant-APTX activity of purilied immunoglobulin was
tound to be 2-fold less than that in the original plasma. Thus,
prior to use, purified immunoglobulin was rehydrated in a
volume of saline solution that resulted in a tiler approxi-
matety equivalent to that in the original plasma. Anti-APTX
liter of the reconstituted immunoglobulin, determined by
use of an FLISA™ was 9.9, and foals received 1 L of this
preparalion intravenously 1 day before infection.

Necropsy—Alter foals were euthanatized, hody and
lung weights were determined. Tissue specimens for hacte-

riclogic culture were collected from 4 evenly distributed
preselected sites in each lung. For each site, number of
colony-forming units (CFU) of R equi per gram of cissue
was delermined and expressed as log),.

Sratistical analyses—A I-tailed Student t-test was used
to analyze the differences in means between treatment
groups. Significance was set at P < 0.05.

Results ,
Immunoglebulin purification—Only miror con-

taminating proteins were detected in the final

immunoglobulin preparation by use of SDS-PAGE and

B

Figure 2--\Western blots of A equi antigens detected by use of equine hyperimmune plasma (HIP} against whole cell A equi (A} and
purified equine immunoglobulin against A equi VapA and VapC (B). Lane 1, low-rangs molecular weight markers: Jane 2, whole-celi R
equi; fane 3, purified recombinant VapA; lane 4, purified recombinant VapC. Virulence-associated proteins in whole-cell B egui (lane 2,
thin arrow) are larger than the recombinant proteins (lanes 3 and 4, thick amow), probably because the native protein is lipid modified.

Fibsinogen {gfL)

Day

Figure 3—Mean {x 3D} serum fibrinogen concentration in untreated infected foals
(nf, n = 11} and in foals treated with HIP (7} or purified immunoglobulin against A
equiVapA and VapC (Ig; 7} 1 day prior to intrabronchial infection with A equi on day
0. Control horses (Con; 3} were not treated and received PBS solution instead of R

aqui.
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western blot analysis {Fig 1). The predominant isotype
in all samples of immunoglobulin analyzed was IgGT
followed by 1gGb and 1gGa. Western blot analyses per-
formed with HIP and purified immunoglobulin
revealed that antibodies in the immunoglobulin prepa-
ration were predominantly against VapA and VapC,
whereas antibodies in HIP were directed against a
number of R equi antigens (Fig 2).

Clinical and hematologic evaluation-—Serum fib-
rinogen concentrations on days 10 and 12 were signif-
icantly (P = 0.02) less in foals that received HIP or
immuneglobulin prior to infection, compared with
foals that did not (Fig 3). Moreover, rectal temperature
of untreated infected foals was significantly greater
than that of IIP-treated foals on days 9-through 11 and
of immunoglobulin-treated foals on days 9 through 13
{Fig 4). Mean heart rate in the HIP-treated group was
significanily less on days 9 through 13, compared with
unireated infected foals. However, heart rate of foals
treated with immunoglobulin was significantly less
than that of the untreated infected group only on days

9 and 10 (Fig 3). Respiratory rate was less in the
immunoglobulin-treated group on days 4 through 10,
compared with the untreated infected group; however,
this difference was only significant on day 9. In addi-
tion, respiratory rate was less in HlP-treated foals on
days 5 through 13, compared with untreated infected
foals. Differences between these groups were signifi-
cant on days 3, 6, 9, 10, and 13 (Fig 6). .

Serology—>Serum antibody titers against APTX
were > 0.40 at the time of infection (day 0) in foals that
received HIP or immunoglobulin and remained high
until at least day 7 after infection (Table 1). In con-
trast, titers in unitreated foals were low or not
detectable on day 0.

Necropsy—Lung abnormalities were not detected
in control foals incculated with PBS solution. Infected
foals all developed pyogranulomatous lung lesions,
and to objectively assess the severity of lesions, lung-
to-body weight ratios were determined. Lung-to-body
weight ratios were significantly greater in the untreat-
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Figure 4—Mean (= SD) rectal temperature in untreated infected foals and in foals
treated with HIP or immunoglobulin against A equi VapA and VapC 1 day prior to
intrabronchial infection with A equf on day 0. Centrot horses were not treated and

received PBS solution instead of A equi.
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Figure 5—Mean (= S0) heart rats in untreated infected foals and in foals treated with
HIP or immunoglobulin against A equi VapA and VapC 1 day prior to intrabronchial
infection with R equi on day 0. Control horses were not treated and received PBS

solution instead of A equi.
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Figure 6—Mean (x 5D} respiratory rate in untreated infected foals and in foals treat-
ed with HIP or immunoglobulin against R equi VapA and VapC 1 day prior to intra-
bronchial infection with R equ/ on day 0. Control horses were not treated and

received PBS solution instead of R equl.

Table 1—Mean (= SD} serum antibody titers* against a
Rhodococcus equivirulence-associated protein {Vap} A-enriched
antigen preparation (APTX) in foals before and after intra-
bronchial infection with A equi on day 0

Day
Treatment? (n} -1 0 7 14
HiPfinfected () 379135 725+084 7251074 5871147
igfinfected (7) 240 237 844084 BD5+077 488+ 232
infacted {11) NB 2224188 103+ 147 453279
Caontral {3) ND 000000 146 + 253  1.59 £ 293

*Titers expressed as the natural log (log,). TFoals in the HIPfinfected group
received eguine HIP {1 1, IV} on day -1; feals in the Ig/infected group
received purified equine Ig (1 L, IV} on day —1; foals in the control group
received saline (0.9% NaCl) sclution instead of R eqgui on day 0.

HIP = Hyperimmune plasma against A equi. Ig = Immunoglobulin specific
for R equiVapA and VapC. ND = Not done.

ed infected group (mean + S, 0.042 + 0.007), com-
pared with the HIP- and immunoglobulin-treated
groups (0.026 + 0.008 and 0.025 + 0.006, respective-
ly). Additionally, mean bacterial counts (log,o) in lung
specimens from HIP- and immuoenoglobulin-treated
foals were significandy less (7.59 + 0.089 and 6.91 =+
1.35 CFU/g of tissue, respectively), compared with
untreated infected foals (8.98 + 0.88 CFU/g of tissue).

Discussion

Compared with untreated infected foals, severity
of disease that developed following experimental infec-
tion of foals with R equi strain 103+ was reduced by
administration of commercially available HIP against R
equi as well as by administration of immunoglobulin
purified from plasma of horses vaccinared with R equi
VapA and VapC. Cur results not only support results of
other studies™™” indicating that humoral factors are
important in altering the clinical progression of R equi-
induced pneumonia but also extend those previous
results by suggesting that the protective effects of HIP
are within the immunoglobulin-enriched fraction and
are likely antibodies against VapA and VapC.

Although severity of disease varied among foals in
each group, group size allowed for the detection of sig-
nificant differences between groups. Development of

clinical signs of disease was delayed in the HIP- and
immunogfobulin-treated groups, compared with the
unitreated infected group. Most importantly, lung dam-
age and bacterial counts were reduced in treated infect-
ed foals. These results suggest that the protective effect
of HIP is mediated by the immunoglobulin fraction.
We effectively purified the immunoglobulin fraction of
plasma from VapA- and VapC-vaccinated horses by use
of a double precipitation procedure, but we also
acknowledge that the final purified immunoglobulin
preparation may have contained small quantities of
contaminating proteins that contributed to protection,
However, results of a previous study” indicate that
nonimmune equine seruin does not provide protection
against R equi infection in foals. In the present study,
western blot analysis clearly revealed that antibody in
the purified immunoglobulin preparation was almost
exclusively against VapA and VapC, whereas HIP con-
tained antibodies against other R equi antigens as well.
We concluded that R equi VapA and VapC are protec-
tive antigens, because antibodies against these 2 pro-
teins provided partial protection against R equi-
induced pneumonia in foals equivalent to that mediat-
ed by HIP.

Analysis of whole-cell R equi antigens indicated
that the native Vap antigens are larger than the recom-
binant proteins, probably because of lipid modifica-
tion.” Interestingly, SDS-PAGE of recombinant VapA
and VapC revealed the characteristic multiple forms
and diffuse banding pattern typical of Vap antigens.”
The additional protein bands in recombinant VapC
may represent aggregate forms of the purified protein.
Hyperimmune plasma reacted less strongly to VapC
than VapA, which suggests VapC is less prominently
produced by R equi than is VapA.

Because R equi is an intracellular pathogen, it is
assumed that cell-mediated immunity contributes to
resistance ro infection. This assumption is supported by
results of studies indicating that adoptive transfer of an
R equi-specific Thl cell line to immunodeficient mice
increased clearance of bacteria from the Jungs and pre-
vented preumonia. In contrast, adoptive transfer of 2 T
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helper 2 cell line did not result in bacterial clearance but
did result in development of pulmonary lesions similar
to those observed in R equi-infected foals.*** Studies of
the role of antibodies in protection of mice against R equi
have resulted in conflicting conclusions. Fernandez et
al” demonstrated protection of immunocompromised
BALB/c mice against fatal intraperitoneal challenge with
R equi after administration of immunoglobulin from
horses vaccinated with partially purified VapA. In con-
trast, Nordmann et al"" did not ohserve protection when
immune serum was translerred into athymic (ie, nu/mu)
BALB/c mice. Results of the present study indicate thas,
in foals, passive transfer of antibody reduces the severi-
ty of prnewmonia caused by R equi. However, the protec-
tive effect of antibedy is only partial and is in contrast to
the complete protection of {oals immunized orally with
live virulent R equi.®*® The latter procedure would be
expected to result in effective cell-mediated immunity.
Further studies are required to develop active bmmu-
nization procedures that effectively protect foals from
infection with R equi.

Rhedococcus equi invades macrophages, and sever-
al mechanisms that may contribute to the ability of this
bacterivm to avoid killing have been described.
Phagocytosis of R equi by equine macrophages is not
associated with a functional respiratory burst™ In
addition, intracellular persistence of R equi is correlat-
ed with absence of phagosome-lysosome fusion.”™
Opsonization with R equi-specific antibody, however,
increases phagosome-lysosome fusion and significant-
ly enhances killing of R equi by alveolar macrophages.”
Hondalus et al” demonstrated that binding of R equi to
macrophages requires complement and is mediated by
the complement receptor Mac-1 (CR3). This route of
entry into macrophages may allow bacteria to avoid
induction of an oxidative burst, as has been observed
for Mycobacterium tuberculosis.” It is likely that entry
of R equi into macrophages mediated by macrophage
Fe receptors [ollowing antibody binding to surface-
expressed VapA or VapC leads to enhanced bacterial
killing, whereas entry via the CR3 receptor in the
absence of opsonizing antibody may lead to survival
within macrophages.

Although the function of VapA and the other
members of the Vap family is currently not known,
VapA is highly immunogenic.* The results presented
here suggest that prior to administering HIP against R
equi to [oals, ani-VapA and -VapC titers should be
determined to ensure HIP guality. The failare of HIP to
induce protection against natural R equi infection in
foals, which has been described in at least 1 report,”
may be explained by lack of relevant antibodies.

*Cite Test, Idexx Lahoratories, Westhrook, Me.

"Weterinary Dynamics Ine, Templeton, Calif.

‘Animal Health Laboratory, University of Guelph, ON, Canada.

{pGEX-2T, Amersham Pharmacia Biotech, Baie d'Uxfé, QC, Canada.

“XL1Blue E coli, Stratagene, La Jella, Calif.

'‘Glutathione Sepharose 4B, Amersham Pharmacia Bictech, Baie
d'Urle, QC, Canada.

*Reheis Inc, Berkeley Heights, NJ.

"Aldrich, Oakville, ON, Canada.

Fisher Scientific, Nepean, ON, Canada.

Bio/Can Scientific, Mississauga, ON, Canada.

*Courtesy of Holmes MA, Drepartment of Veierinary Clinical Studies,
University of Cambridge, Cambridge, UK.
‘Difco Laboralories, Detroit, Mich.
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