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Abstract 

Virulence of Rhocococc~s equi ATCC 33701 and its plasmid-cured derivative ATCC 33701P- was compared in 
BALB/c and C3H/HeJ mice in terms of bacterial growth kinetics and histological changes in the liver, spleen and lungs, 
and humoral immune responses. Injection with a sublethal dose of 10’ ATCC 33701 in mice resulted in microabscess 
formation after rapid multiplication in the liver and spleen by day 4, and then the bacteria were gradually eliminated with the 
formation of granuloma and the production of specific antibodies against 15 to 17-kDa antigens of the virulent bacteria. By 
contrast, ATCC 33701P- was avirulent as shown by early elimination of viable bacteria and no evidence of net 
multiplication in the organs. Histopathological changes consisted of only slight, transient infiltration of neutrophils and 
macrophages in the liver. Although live ATCC 337OlP- did not evoke any humoral or histological responses in the mice, a 
large inoculum (10’) of killed ATCC 33701 and ATCC 337OlP- resulted in the formation of granuloma in the liver and 
accelerated extramedullary hemopoiesis in the spleen. These results suggest that the pathogenesis of R. equi infection 
involves at least two important virulence determinants, both of which play critical roles in the disease: one is the virulence 
plasmid, which is required for R. equi to resist and grow within host cells; and the other is the granulomagenic activity that 
is related to the lipids and nature of the cell wall of the species, which induces the characteristic pathological changes. 
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1. Introduction 

Rhodococcus equi is one of the most important 

bacterial pathogens in l- to 3-month-old foals, and 

* Corresponding author. Tel: +81 176 23 4371, ext. 459; Fax: 
+ 81 176 23 8703 

infections caused by this organism are characterized 
by chronic, suppurative bronchopneumonia with ex- 
tensive abscessation and enteritis associated with 
suppurative lymphadenitis [1,2]. Despite the impor- 
tance of the disease, which is virtually limited to 
foals, the pathogenesis involved in R. equi infection 
remains unclear 131. 

The recent interest in virulence mechanisms of R. 

equi has undoubtedly been stimulated by the discov- 
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ery of virulence-associated antigens and plasmids 
[4-61. We have demonstrated the association of large 
plasmids (85 and 90-kb virulence plasmids) and 15 
to 17-kDa antigens with the virulence of R. equi 
[5,7]. Strains showing 15- to 17-kDa antigens con- 
tained a large plasmid and were virulent in foals and 
a mouse model, whereas mutants of these strains, 

which were cured of the large plasmid, lacked the 
antigens and showed a loss of virulence [5,8]. More 
recently, the genetic region responsible for 15- to 
17-kDa antigens has been determined to be in the 
virulence plasmid [9,10]. Antigens 15- to 17-kDa 

are thought to be important determinants of 
pathogenicity in relation to their surface localization 

and thermo-dependent properties [ll]. However, very 
little is known about the functions of these antigens 
and virulence plasmids. 

R. equi is a facultative, intracellular parasite that 

is capable of survival and multiplication particularly 
within equine alveolar macrophages [12]. The pres- 
ence of virulence plasmids is strongly associated 
with virulence in experimentally infected foals and 
mice [4], and plasmid-carrying R. equi are isolated 
from naturally occurring infections in foals [13], 

suggesting that the virulence plasmid affects resis- 
tance to macrophages or growth within cells. Iso- 
genie plasmid-cured strains showed a dramatic de- 
crease in lethality in foals and mice [5,8]; however, 
no data concerning bacterial growth kinetics, 
histopathology or immune responses in mice infected 
with sublethal doses of virulent and avirulent R. equi 
have been published in relation to mechanisms of 
early host resistance. In this study, we investigated 
bacteriological and histopathological changes in mice 
injected intravenously with virulent and avirulent R. 
equi, ATCC 33701 and its plasmid-free derivative 
ATCC 33701P-, and humoral immune responses, 
with a view to determine the role of virulence plas- 
mids in the pathogenesis of R. equi infection in 
mice. 

2. Materials and methods 

2.1. Mice 

Specific-pathogen-free female BALB/c and 
C3H/HeJ mice were purchased from Japan CLEA 

Co., Ltd., Tokyo, Japan., and used at 5 to 6 weeks of 
age. Two strains of mice, BALB/c and C3H/HeJ, 
were chosen, since inbred strain surveys of resistance 
and susceptibility to facultative intracellular bacteria 
(e.g. Listeria monocytogenes, Salmonella ty- 
phimurium, Mycobacterium bovis BCG) have been 
reported [ 141. 

2.2. Bacteria 

R. equi ATCC 33701 and its plasmid-cured 
derivative, ATCC 337OlP-, were used. Virulence of 
both strains has been reported [5,7]. The intravenous 

50% lethal doses of ATCC 33701 and ATCC 
337OlP- were 2.6 X lo6 and > 1.0 X 108, respec- 

tively. The strains were grown in brain heart infusion 
broth (BHI, Difco Laboratories, Detroit, MI). Cul- 
tures of these were incubated in a rotary shaker at 
100 rpm at 30 or 38” C for 48 h, and then stored as 
suspensions of cells in 20% glycerol at - 80” C. 
Aliquots (1 ml) were periodically thawed, and viable 
cfu were quantified by plating serial dilutions on 

nutrient agar plates. For inoculation of mice, bacte- 
rial cultures were thawed and washed with 0.01 M 
phosphate-buffered saline (PBS, pH 7.4) immedi- 
ately before use and diluted appropriately in PBS. 
Actual numbers of bacteria inoculated were con- 

firmed by plate counts at the time of injection. 

2.3. inoculations 

Groups of three mice were infected with either 

1.0 X 10” ATCC 33701 or 1.0 X lo6 ATCC 
337OlP- i.v. via the lateral tail vein. Mice were 
inoculated i.v. with either 5.0 X 10’ autoclave-killed 
ATCC 33701 or 5.0 X 10’ autoclave-killed ATCC 
33701P_. 

2.4. Estimation of bacteria in organs 

At various times after infection with either 1.0 X 

lo6 ATCC 33701 or 1.0 X lo6 ATCC 337OlP- i.v., 
mice were euthanized by cervical dislocation. Liver, 
spleen and lungs were removed aseptically and ho- 
mogenized in 2 ml of sterile PBS as described 
previously [5]. Numbers of bacteria were determined 
by plate counts of appropriately diluted samples of 
each tissue. Results are expressed as the mean cfu + 
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standard errors per gram of organ for groups of three 
mice. 

2.5. Analysis of antibody response to R. equi in mice 

Serum samples, obtained at various time points 
after infection with bacteria, were analyzed to deter- 

mine the presence of anti-R. equi-specific antibodies 
by enzyme-linked immunosorbent assay (ELISA) and 
Western blotting. ELBA and Western blotting pro- 
cedures were performed as described previously 

[4,151. 

2.6. Histopathology 

All animals were necropsied after cervical dislo- 
cation. After post-mortem examination, tissue sam- 
ples from the liver, spleen, kidneys, lungs, and thy- 

I I 

mus were fixed in 10% neutral buffered formalin and 

embedded in paraffin. Sections were cut at 4 pm 
thickness and stained with hematoxylin and eosin. 
Selected serial sections were stained by Gram’s 
method. 

3. Results 

3.1. Infection of BAL.B / c and C3H / HeJ mice with 
R. equi ATCC 33701 or ATCC 33701P - 

The pathogenicities of ATCC 33701 and its plas- 
mid - cured derivative (ATCC 337OlP-) in mice 
have been reported; mice inoculated intravenously 

with 2-4 X 106ATCC 33701 died on 3-4 days after 
infection, on the other hand, mice inoculated with 
10’ plasmid-cured derivative survived without any 
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Fig. 1. Kinetics of bacterial growth of R. equi ATCC 33701 (A and C) and ATCC 337OlP- (B and D) in spleens (closed column), livers 

(open column), and lungs (hatched column) of BALB/c (A and B) and C3H/HeJ (C and D) mice. Results are the mean i standard errors 
for three to five animals. 
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clinical signs [5]. However, the cellular events occur- 
ring during infection with each strain in the liver, 

spleen and lungs of mice have not been clarified 
histologically, nor have host resistance and antibody 
response to R. equi in mice been examined. In the 
course of infection of virulent ATCC 33701 and its 

isogenic mutant ATCC 337OlP- was compared in 
the liver, spleen and lungs of both mice strains, and 

two distinct patterns emerged (Fig. 1). In the case of 
virulent ATCC 33701, viable counts in the liver and 
spleen, which decreased slightly 1 day after infection 

(data not shown), were followed by 5- to lo-fold 
increases during the next 3 days. Thereafter, there 
was a slow decline in viable counts. Viable counts in 
the lungs decreased more rapidly without multiplica- 

tion than they did in the liver and spleen. By con- 
trast, there was no apparent growth of bacteria in the 
liver, spleen and lungs of mice infected with aviru- 
lent ATCC 33701P-. Viable counts in C3H/HeJ 
mice declined more steeply than in BALB/c mice. 
In accordance with expectations from the LD,, val- 
ues, there was no difference in the course of infec- 
tion with virulent ATCC 33701 in either mouse 
strain. However, avirulent organisms were elimi- 
nated more rapidly from the organs. of C3H/HeJ 
than BALB/c mice. 

3.2. Antibody response to R. equi ATCC 33701 or 
ATCC 33701P - in mice 

To examine the antibody response to virulent or 
avirulent R. equi in the two strains of mice, serum 
samples were obtained at various time points and 
assessed for the presence of R. equi-specific antibod- 

ies. Optical densities (ODs) of R. eqzk-specific total 
immunoglobulin IgM, IgG and IgA are shown as a 
function of time after infection in Fig. 2A. ELISA 
ODs of the serum from BALB/c and QH/HeJ 
infected with ATCC 33701 reached a maximum by 
days 20 and 8, respectively. On the other hand, no 
changes were detected in the serum of mice infected 
with ATCC 337OlP-. 

Antibody responses to the virulence-associated 
antigens, 15 to 17-kDa antigens, were also exam- 
ined by immunoblot analysis using whole-cell anti- 
gens (Fig. 3). Both mouse strains infected with ATCC 
33701 showed an antibody response to 15 to 17-kDa 
antigens corresponding to the changes of ELISA 

ODs. In contrast, mice infected with ATCC 337OlP- 
showed no bands in the immunoblots. 

3.3. Changes in spleen weights in mice infected with 
R. equi ATCC 33701 or ATCC 33701P - 

Changes in spleen weights of the mice during the 
study were shown in Fig. 2B. The mean weights of 
the spleen of BALB/c and C3H/HeJ at day 0 were 
0.096 g and 0.047 g, respectively. Spleen weights of 
C3H/HeJ mice increased strikingly 7-fold by day 8 
thereafter, and then decreased, whereas spleen 
weights of BALB/c reached a maximum of about 
3-fold from day 4 to 8, and then decreased. On the 
other hand, no changes were detected in the spleen 
weights of mice infected with ATCC 337OlP-. 

f; 8 1.8 

* 
g 1.2 

d 

0.6 

0 
0 4 8 12 16 20 

Days after infection 

Fig. 2. Antibody response (ELISA OD values) (A) and spleen 

weight (B) of BALB/c (0, 0) and C3H/HeJ ( W, 0) mice after 

infection with either R. equi ATCC 33701 (0, n ) or ATCC 

337OlP- (0, 0). Mice were bled at various time points after 

infection with the strains. Sera were diluted l/100 and analyzed 

by ELISA. 
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3.4. Histopathological examination of mice infected the severity (i.e. the number of granulomas) and the 

with virulent and avirulent R. equi time course of infection were different. 

Microscopic examination revealed clear-cut dif- 
ferences between virulent ATCC 33701 and aviru- 
lent ATCC 33701P-infection in both BALB/c and 
C3H/HeJ strains. The major histopathological le- 
sions of the two strains infected with virulent ATCC 
33701 were observed in the liver and spleen. The 
quality of pathological changes (i.e. the cell constitu- 
tion of granulomas) was similar in both strains, but 

In the liver, there was an occasional focus of liver 
cell degeneration and necrosis associated with small 
groups of neutrophils and macrophages from day 1. 
This initial inflammatory cell reaction formed well- 

demarcated multifocal granulomas by day 4, which 
passed its peak by day 8 in both BALB/c and 
C3H/HeJ. On day 4, the granulomas were com- 
posed mostly of neutrophils and macrophages with 

coccobacilli clusters and very few epithelioid changes 
(Fig. 4); in the latter stages (days 8, 12 and 16), the 
epithelioid cells were predominant in each granu- 

loma (Fig. 5). After Gram stain, Gram-positive coc- 
cobacilli could be identified between day 0 and day 
16, and the number of apparently replicating bacteria 
peaked at day 4 in the histological sections. Compar- 
ing the severity of histopathological lesions in both 

mouse strains, the inflammatory cell reaction was 
more severe in C3H/HeJ and persisted to day 20, 
while in BALB/c, it ceased by day 16. 
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Fig. 3. Antibody response to 15- to 17-kDa antigens of R. equi in 

BALB/c (A, B) and C3H/HeJ mice (C, D) after infection with 

either R. equi ATCC 33701 (A, C) or ATCC 337OlP- (B, D). 

Whole cells of strain ATCC 33701 were separated by SDS-PAGE 

and transferred to nitrocellulose for Western immunoblot analysis. 

Mice were bled at various time points after infection with strains 

ATCC 33701 or ATCC 337OlP-. Sera were diluted l/100 and 

analyzed. Lanes: 1, day 0; 2, day 4; 3, day 8; 4, day 12; 5, day 16; 

6, day 20. The molecular weight markers (with IU, in parentheses), 

phosphorylase b (106000), bovine serum albumin (80000), oval- 

bumin (49500), carbonic anhydrase (32500), soybean trypsin 

inhibitor (27500), and lysozyme (18500) are indicated by bars on 

the right. The arrow on the left indicates the band for the 15- to 

17-kDa antigens. 

In the spleen, the initial histopathological changes 
were lymphoid depletion of the white pulp, appear- 
ance of small aggregations of neutrophils, and accel- 
erated extramedullary hematopoiesis in the red pulp. 
By day 4, the scattered foci of neutrophils and 
macrophages formed indistinct granulomas (Fig. 6a1, 

and thereafter (days 8, 12, and 161, the cellular 
components of the granumomas changed into mostly 
epithelioid cells (Fig. 6b). After Gram stain, 
macrophages and epithelioid cells in the splenic 
granulomas also engulfed Gram-positive coc- 
cobacilli. The severity and termination of the granu- 
loma formations in the spleen in BALB/c and 
C3H/HeJ were the same as those of the liver. 

In contrast to the histopathological lesions in- 

fected with ATCC 33701, hepatic lesions infected 
with ATCC 337OlP- were mild at all times in both 
mouse strains. At most, on days 4 and 8, Kupffer 

cell hyperactivity and a few single cell necroses of 
hepatocytes accompanied by a few inflammatory 
cells could be observed. The spleen infected with 

ATCC 337OlP- appeared normal, except for the 
appearance of accelerated extramedullary 
hematopoiesis. Almost no Gram-positive bacteria 
were observed in the liver and spleen, except for 
small numbers in the resident macrophages up to 1 
day post-inoculation. 
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Fig. 4. Histological changes in liver of BALB/c mice 4 days after infection with ATCC 33701. Photographs show disseminated granulomas 

composed mostly of neutrophils and macrophages (a) in hematoxylin and eosin stained sections, and Gram-positive coccobacilli were shown 

inside the macrophages (b) in sections stained by Gram’s method. Magnifications: X 120 (a) and x 480 (b). 

3.5. Histopathological examination of mice inocu- 
lated with killed R. equi 

To investigate the granulomagenic activity of the 
virulent and avirulent R. equi strains, BALB/c mice 
were inoculated i.v. with either 5.0 X lo* autoclave 
killed ATCC 33701 or lo8 ATCC 337OlP-. Multifo- 
cal granuloma formation in the liver and accelerated 
extramedullary hematopoiesis in the spleen were ob- 
served at day 8 after inoculation of a large dose of 
either bacterial strain (one of the results is shown in 
Fig. 7). 

4. Discussion 

The discovery of virulence plasmids and viru- 
lence-associated antigens of R. equi have helped to 
clarify the pathogenicity of R. equi in foals and mice 

[4,5,7]. However, pathogenically speaking, the func- 
tions of the plasmids and the antigens of virulent R. 
equi are poorly understood, i.e. definitive correlation 
of virulence with the plasmid awaits the reintroduc- 
tion of the plasmid into the plasmid-cured strain with 
full restoration of virulence. In the present study, we 
demonstrated that there are at least two important 
virulence determinants that play critical roles in the 
disease: one is the virulence plasmid, which is re- 
quired for R. equi to resist and grow within host 
cells; and the other is granulomagenic activity that is 
related to the lipids and nature of the cell wall of the 
species, which induces characteristic pathological 
changes during infection. 

In the present study, three clear-cut stages were 
seen when a sublethal dose of virulent R. equi was 
inoculated intravenously into mice. First, most of the 
inoculum was cleared from the blood by the liver. 
Second, residual organisms in the liver and spleen 
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grew abundantly during the next 4 days. Bacteria 
were eliminated in the third stage with the start of 
antibody production and granuloma formation, which 
is considered to be the most characteristic morpho- 
logical expression of macrophage activation in these 
organs. On the other hand, viable counts in mice 
infected with avirulent R. equi declined steeply 
without net multiplication, and no antibody response 
against R. equi was detected. Bowles et al. [16] also 
described bacterial growth kinetics in mice infected 

with clinical and environmental isolates of R. equi. 
Clinical isolates showed an early multiplication phase 
reaching a peak at day 4, followed by a more gradual 
decline phase, and some of the environmetal isolates 
showed rapid elimination of bacteria from organs 
without prior multiplication. These two patterns are 
similar to our results using virulent and avirulent 

strains, respectively. The growth kinetics and 
histopathological responses following intravenous in- 

oculation of virulent R. equi in this study are very 

similar to those elicited by intraveous infection with 
a number of facultative intracellular bacteria, e.g. 
Listeria monocytogenes [17,18], Brucella abortus 
[19], Salmonella typhimurium [20], and Mycobac- 
terium bovis (BCG) [21], as Bowles et al. 1161 
mentioned. 

The ingestion of a microorganism by a phagocyte 
results in the formation of a phagosome [22]. This 
event triggers a respiratory burst and fusion of the 
phagosome with lysosomes [22,23]. Any organisms 
having the ability to interfere with either of these 
two processes can therefore enhance their chances of 
intracelluar survival [22,24,25]. Electron microscopic 
examination of the behavior of R. equi in cultured 
horse macrophages showed that organisms resisted 

elimination by preventing phagosome-lysosome fu- 
sion [12]. At present, it is unclear whether 15 to 
17-kDa antigens are associated with phagosome- 

Fig. 5. Histological changes in liver of BALB/c mice 8 days after infection with ATCC 33701. Photographs show that epithelioid cells 

were predominant in each granulomas (a) in hematoxylin and eosin stained sections, and Gram-positive coccobacilli were identified inside 

the epithelioid cells of granulomas (b, arrow) in sections stained by Gram’s method. Magnifications, X 120 (a) and X 480 (b). 
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lysosome interaction or not. However, the expression 
of 15 to 17-kDa antigens is regulated by tempera- 
ture [ll] and pH [26], and the expression of the 
antigens at acidic pH and 38” C suggested that it 
might be synthesized in the host, for example in 
macrophage phagolysosomes. This regulation is quite 
similar to that of the surface antigen of Yersinia 
pestis, pH 6 antigen [27]. In the present study, the 
mice infected with virulent strain produced antibod- 
ies against 15 to 17-kDa antigens, as did naturally 
and experimentally infected foals [4]. These results 
suggest that 15- to 17-kDa antigens are expressed in 
the host and are involved in the pathogenesis of R. 
equi infection. Further studies are needed to clarify 
the functions of virulence-associated antigens in the 
pathogenesis of infection. 

Researchers have tried to clarify virulence factors 
of R. equi, and capsular polysaccharide, equi factors 
(cholesterol oxidase and phospholipase C exoen- 

zymes), and mycolic acid-containing glycolipids of 
R. equi have been identified as possible candidates 
for these factors [2,3,12,28,29]. However, the ap- 
pearance of a certain capsular serotype was not 
associated with virulence [4], and all R. equi strains 
produced equi factors and mycolic acid [1,2,28,30]. 
Our previous studies indicated that curing the viru- 
lence plasmid is associated with loss of virulence in 
mice and foals [5], and almost all the clinical isolates 
from lesions of infected foals which contained an 85- 
or a 90-kb plasmid were virulent in mice [7,13]. The 
previous and present findings strongly suggest that 
the virulence plasmid is the most important virulence 
factor of R. equi, as it is associated with its ability to 
survive and grow inside host macrophages. 

R. equi produces glycolypids containing different 
mycolic acid structures ranging widely from C,, to 
C,, [28,30]. Purified glycolipids of rhodococci and 
Nocardia rub-a have shown various biological activ- 

Fig. 6. Histological changes in spleen of BALB/c mice 4 days (a) and 8 days (b) after infection with ATCC 33701. Photographs show that 
scattered foci of neutrophils and macrophagcs formed indistinct granulomas (a) and that cellular components of the granulomas were mostly 
epithelioid cells (b) in hematoxylin and eosin stained sections. Magnification, X 240 (a and b). 
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Fig. 7. Histological changes in liver of BALB/c mice day 8 after 

intravenous inoculation of autoclave killed R. equi 
ATCC337OlP-. Photograph shows multifocal granuloma forma- 

tion in hematoxylin and eosin stained sections. Magnification, 

x 120. 

ities, including granuloma formation and hemopoiesis 

[28,31,32]. Gotoh et al. [28] showed that the carbon 
length of mycolic acid from R. equi is critical in 
granuloma formation in murine liver. In our present 

study, no granulomatous response was shown in the 
mice infected with lo6 live avirulent R. equi. How- 
ever, by large burdens (lOa) of killed virulent and 
avirulent bacteria, granuloma formation in the liver 
and accelerated hemopoiesis in the spleen were ob- 
served. These results suggest that granuloma forma- 
tion is not related to viability of R. equi, but is 
dose-dependent, as was also shown by injecting gly- 
colipid-containing mycolic acid isolated from the 
cell walls of R. aurantiucus [31]. 

Various strains of mice are known to differ in 
their susceptibilities to intracellular pathogens [ 141. 
Resistance and susceptibility alleles of Beg, Ity, and 

Lsh define relative resistance to in vivo infection 

with Mycobacterium bovis or M. lepramurium, 
Salmonella typhimurium, and Leishmania dono- 
vanni, respectively [14]. The BALB/c strain carries 
the susceptiblility allele(s); the QH/HeJ strain has 
the resistance allele(s) [14]. It is well known that the 

resistance and susceptibility alleles for these intracel- 
lular pathogens do not affect the immune response, 
but they affect macrophage function [14,22]. We 

compared the growth of R. equi in both mouse 
strains. Differential host responses of the two mouse 
strains were only observed to the avirulent strain in 

terms of bacterial clearance; viable counts in 
C3H/HeJ mice declined more steeply than in 
BALB/c mice, and were observed to the virulent 
strain in terms of changes in spleen weights and 
antibody titers; changes in C3H/HeJ mice were 
greater than those in BALB/c mice. 

In conclusion, the present study suggest that the 
virulence plasmid and the granulomagenic activity of 
the bacteria play critical roles in the pathogenesis of 
R. equi infection, but this study does not eliminate a 
role for numerous other factors, some possibly more 
important for virulence, that just have not been 
identified so far. Further studies need to reveal the 
pathogenic mechanisms of R. equi infection. 
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