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The efficacy of intramammary (Ima) immunization with a live attenuated (la) Staphylococcus aureus mutant
to protect the mouse mammary gland from infection has previously been established. The present study was
aimed at evaluating whether Ima immunization with la-S. aureus can induce cell-mediated immune responses
to the pathogen within the mammary gland. Mice were immunized by Ima route with la-S. aureus, and regional
lymph node mononuclear cells were obtained thereafter. A higher expression of the interleukin-2 receptor was
found on B and T cells from immunized mice when they were compared with control mice. Immunization with
la-S. aureus induced strong proliferative responses to S. aureus. Moreover, significantly increased levels of
gamma interferon (IFN-�) were produced by CD4� T cells when lymphocytes from immunized mice, but not
from control mice, were cultured in the presence of staphylococcal antigens. Moreover, a significant increase
in the percentage of IFN-�-producing CD4� and CD8� T cells was observed after S. aureus Ima challenge in
immunized mice compared to challenged control mice. Our results demonstrated that Ima immunization with
la-S. aureus induced primed lymphocyte populations capable of responding against staphylococcal antigens
during in vitro stimulation, as well as during in vivo infection by S. aureus. CD4� and CD8� T cells appear to
be the main lymphocyte subpopulations involved in this response. It is suggested that IFN-� production
induced by Ima immunization may play a pivotal role in the eradication of intracellular staphylococci.

Staphylococcus aureus is one of the main causative agents of
bovine mastitis, the most economically important disease of
dairy ruminants (16, 28). S. aureus intramammary (Ima) infec-
tions tend to become persistent and chronic, even in animals
placed under antibiotic treatment (36). Several attempts have
been made to prevent S. aureus mastitis through vaccination.
The efficacy of current experimental S. aureus vaccines, how-
ever, has not yet been fully demonstrated in field trials (4, 8,
37), although certain protection was achieved in bovine herds
with high prevalence of S. aureus mastitis (35). Indeed,
whereas available vaccines can induce high levels of circulating
specific anti-S. aureus antibodies (21), they failed to reduce the
incidence of new Ima infection or eliminate chronic mastitis
(20, 32, 37). These facts emphasize the need for a better un-
derstanding of the immune responses required to prevent S.
aureus infection of the mammary gland.

One confirmed mechanism utilized by certain bacteria to
evade host defenses is to become internalized within host cells.
Although S. aureus has not traditionally been considered an
intracellular pathogen of the magnitude associated with clas-
sical facultative intracellular pathogens such as Mycobacterium,
Salmonella, and Listeria spp., its ability to enter and survive
within phagocytic and nonphagocytic cells is now well estab-
lished (17). Intracellular survival may contribute to persistence
of S. aureus in certain pathological conditions, such as endo-
carditis, osteomyelitis, and bovine mastitis (17). Indeed, sur-

vival of S. aureus within professional phagocytes, such as neu-
trophils, may be a key step toward chronic infection (10). In
vitro studies have shown that S. aureus may be internalized and
survive within endothelial cells (38), mammary epithelial cells
(2), pulmonary epithelial cells (14) and osteoblasts (12). In
addition, the intracellular presence of living bacteria has re-
cently been demonstrated within alveolar cells and macro-
phages isolated from milk of cows chronically infected with S.
aureus (11). Internalization and survival of S. aureus may ex-
plain why the humoral immune response alone is inefficient
and why antibiotic treatment fails to eliminate this pathogen,
which is so well adapted to its environment (2, 10). In the light
of these findings we hypothesize that the prevention of S.
aureus mammary gland infection through vaccination may only
be achieved if both humoral and cell-mediated local specific
immune responses against the pathogen are raised.

Using a mouse model of infection, we have previously dem-
onstrated the feasibility of inducing mammary gland specific
humoral immunity against S. aureus by local but not systemic
immunization with a live attenuated (la) strain (6, 9). The
present study was aimed at evaluating whether Ima immuni-
zation with la-S. aureus can also induce cell-mediated immune
responses to the pathogen within the mammary gland. Thus,
we characterized the lymphocyte subpopulations involved and
the profile of cytokines produced during in vitro and in vivo
secondary responses to S. aureus in a mouse model of mastitis.

MATERIALS AND METHODS

Bacteria and antigens. Wild-type S. aureus 8325-4 (phi-11) was provided by
John Iandolo (Department of Pathology, College of Veterinary Medicine, Kan-
sas State University, Manhattan). Bovine mastitis strain 319 provided by Elida
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Gentilini (Veterinary School, University of Buenos Aires, Buenos Aires, Argen-
tina) was included in certain experiments. Live attenuated, temperature-sensitive
derivatives were obtained from the wild-type strain by chemical mutagenesis with
nitrosoguanidine (Sigma Chemical Co., St. Louis, Mo.) as described previously
(29). The attenuated mutant used in this study (A523) replicates well at low
temperatures (below 30°C) and only undergoes limited replication when trans-
ferred to the mammalian body temperature. Bacteria were cultured on tryptic
soy agar (Difco Laboratories, Detroit, Mich.) at 28°C (la mutant) or 37°C (wild-
type strain) for 14 h, and harvested with saline. Bacteria were washed by cen-
trifugation at 500 � g for 10 min at 4°C and then suspended to the appropriate
density in saline. Heat-killed S. aureus was prepared by heating a suspension of
the wild-type S. aureus strain (wt-S. aureus) in saline at 60°C for 1 h. Total
proteins from wt-S. aureus were obtained as described previously (9). Prepara-
tions of BCG and purified protein derivative (PPD) were obtained from Lucía
Barrera (ANLIS; Carlos G. Malbrán National Institute of Microbiology, Buenos
Aires, Argentina).

Mice, immunization schedule and challenge. Eight- to ten-week-old Swiss
mice were obtained from our vivarium at the Department of Microbiology,
School of Medicine, and were maintained under standard conditions (34).
Groups of six to eight female mice in their first pregnancy received an Ima
inoculation of 50 �l containing 5 � 106 CFU of la-S. aureus 7 days before
parturition as described elsewhere (9). Mice received a second inoculation 7 days
later (at the day of parturition). In the in vivo experiments, mice were challenged
by the Ima route with 5 � 105 CFU of wt-S. aureus as described previously (6, 9).
In experiments designed to test �� T-cell expansion, positive control cells were
obtained from mice inoculated by the Ima route with 5 � 105 CFU of viable BCG
(13).

Lymphocyte isolation and culture. Lymphocytes from regional mammary
lymph nodes were obtained from control and immunized mice by mechanical
dissociation. Cells were cultured in RPMI 1640 medium (Life Technologies,
Gaithersburg, Md.) supplemented with 2 mM glutamine (Life Technologies),
10% fetal calf serum (Life Technologies), and 5 � 10�2 mM 2-mercaptoethanol
(Sigma) and then adjusted to pH 7.4 with 2 N NaOH. For the �� T-cell culture,
25 mM HEPES (Life Technologies), 0.1 mM sodium pyruvate (Life Technolo-
gies), 1� minimal essential medium nonessential amino acids, and 0.5� minimal
essential medium essential amino acids (Life Technologies) were added to the
culture medium already supplemented as described above. Cells (2 � 105 in 200
�l) were cultured in 96-well, round-bottom plates (Corning Glass Works, Corn-
ing, N.Y.) in the presence of whole heat-killed S. aureus (5 � 108 CFU/ml) or
total S. aureus proteins (10 �g/ml). Control cultures were made in medium alone
or medium containing 2 �g of concanavalin A (Sigma)/ml. Cultures were main-
tained at 37°C in a water-saturated air atmosphere containing 5% CO2. For
proliferation experiments, mice were immunized by the Ima route, and 10 days
thereafter mononuclear cells from regional mammary gland lymph nodes were
obtained as described above. Cells were cultured in medium or stimulated with
either whole heat-killed wt-S. aureus or total S. aureus proteins over 4 days.
Proliferation was assessed by addition of [3H]thymidine (1 �Ci/well) during the
last 16 h. Cells were harvested, and thymidine intake was measured by liquid
scintillation counting.

Cytokine detection by enzyme-linked immunosorbent assay. Culture superna-
tants were sampled after the first 48 h to evaluate the presence of gamma
interferon (IFN-�) and interleukin-4 (IL-4) by enzyme-linked immunosorbent
assay. The IFN-� concentration in culture supernatants was determined by using
the mouse IFN-� MiniKit (Endogen, Woburn, Mass.) according to a modifica-
tion of the original protocol described by the manufacturer (7). The IL-4 con-
centration in culture supernatants was measured by using the Duoset kit for
mouse IL-4 detection (Genzyme Diagnostics, Cambridge, Mass.) according to
the manufacturer’s directions. For both cytokines, a standard curve was made,
and IFN-� and IL-4 concentrations in each sample were determined by regres-
sion analysis. The sensitivity of both of the assays was 40 pg/ml.

Phenotypic cell analysis. Phenotypes of freshly isolated cells from regional
mammary gland lymph nodes or cells after culture in the presence of whole
heat-killed S. aureus (5 � 108 CFU/ml) or PPD (50 �g/ml) were determined by
flow cytometry. Cells (106) were washed in phosphate-buffered saline (PBS),
suspended in PBS containing 10% normal mouse serum, incubated during 30
min at 37°C, and stained with labeled antibodies specific for the different murine
surface antigens evaluated. The following monoclonal antibodies were used:
fluorescein isothiocyanate (FITC)-labeled or Tri-Color (TC)-labeled anti-CD3,
FITC-labeled or phycoerythrin (PE)-labeled anti-CD4, TC-labeled anti-CD8,
PE-labeled anti-CD25 (Caltag, South San Francisco, Calif.), PE-labeled CD19,
biotin-labeled anti-�� T-cell receptor, PE-labeled Pan NK, biotin-labeled anti-
CD25 (Pharmingen, San Diego, Calif.). When biotin-labeled antibodies were
used, cells were incubated with TC-labeled streptavidin (Caltag). Cells were

washed, and fluorescence was measured by using a Coulter EPICS XL cytometer
(Miami, Fla.). Flow data were analyzed by using XL II software. Negative control
samples were incubated with irrelevant, isotype-matched antibodies in parallel
with all experimental samples.

Intracellular analysis of cytokine production. Cytokine production by different
lymphocyte subpopulations was evaluated at the single-cell level by intracellular
staining by using the Citofix/Cytoperm Plus kit (Pharmingen) according to the
manufacturer’s instructions. Briefly, cultured cells or freshly isolated cells from
mice challenged with wt-S. aureus were incubated consecutively with monensin,
Cytofix/Cytoperm solution (Pharmingen), and FITC-conjugated anti-IFN-�
(Pharmingen). Cells were then washed with Perm/Wash solution (Pharmingen)
and finally with PBS–2% fetal calf serum. Samples were analyzed by using the
cytometer and the software described above. Negative control samples were
incubated with irrelevant, isotype-matched antibodies in parallel with all exper-
imental samples. The percentage of CD4� and CD8� T cells producing IFN-�
was determined. The change in mean fluorescence intensity (�MFI) was deter-
mined as the difference between the MFI measured when cells were incubated
with specific antibodies and the MFI measured when cells were incubated with
irrelevant isotype-matched antibodies.

Statistical analysis. The Mann-Whitney test for nonparametrics was used to
statistically compare nonpaired samples. The Wilcoxon signed-rank test for
paired samples was used for cell comparisons before and after culture. Statistical
analysis was performed with the GraphPad program (PRISM, version 2.2). P
values lower than 0.05 were considered significant.

RESULTS

Effect of Ima immunization on specific priming of mammary
gland lymphocytes. To evaluate the efficacy of local immuni-
zation with la-S. aureus on the induction of cell-mediated im-
mune responses within the mammary gland, lymphocyte pro-
liferation after in vitro specific stimulation was assessed.
Lymphocytes from immunized mice exhibited a significant pro-
liferative response in the presence of heat-killed S. aureus (Fig.
1A, right) (P � 0.001) or total S. aureus proteins (Fig. 1B,
right) (P � 0.01). No proliferative response was observed in
lymphocytes from control mice upon in vitro stimulation with
either heat-killed bacteria or total S. aureus proteins (Fig. 1A
and B, left panels). These results suggest that local immuniza-
tion with la-S. aureus induces primed lymphocyte populations
capable of responding to staphylococcal antigens in vitro.

Cytokine production by lymphocytes stimulated with S. au-
reus in vitro. The levels of IFN-� and IL-4 produced by lym-
phocytes from immunized mice in response to S. aureus were
investigated. Mononuclear cells from mammary gland regional
lymph nodes from control and immunized mice were stimu-
lated with either heat-killed wt-S. aureus or total S. aureus
proteins. A significant increase in the levels of IFN-� produced
by lymphocytes from immunized mice after stimulation with
heat-killed S. aureus (Fig. 2A, right) or total S. aureus proteins
(Fig. 2B, right) (P � 0.001) was observed when compared with
control mice (Fig. 2A and B, left panels). Similar results were
obtained when lymphocytes from immunized mice were stim-
ulated with a heat-killed S. aureus strain of bovine mastitis
origin (Fig. 2C). No IL-4 production was detected during the in
vitro response to S. aureus (whole heat-killed bacteria or total
proteins [data not shown]).

Lymphocyte subpopulations responding during in vitro
stimulation with S. aureus. Similar percentages (relative pro-
portion) of CD4� and CD8� T cells were found before and
after S. aureus stimulation. A significant increase (P � 0.01) in
the percentage of CD4� T cells producing IFN-� was detected
when lymphocytes from immunized mice were cultured in the
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presence of whole heat-killed S. aureus (Fig. 3A and B, right
panels). Moreover, S. aureus-stimulated CD4� T cells from
immunized mice carried a significantly higher number of
IFN-� molecules per cell compared to nonstimulated cells, as
evidenced by analysis of the MFI (�MFI with medium alone,
1.03 [range, 0.5 to 1.47]; �MFI with S. aureus, 1.5 [range, 1.2 to
2.3]; P � 0.02). No differences were found in the number of
IFN-� molecules per cell when mononuclear cells from control
mice were stimulated with S. aureus (�MFI with medium, 0.7
[range, 0.6 to 0.8]; �MFI with S. aureus, 0.8 [range, 0.4 to 0.9];
P 	 0.5). No production of IFN-� by CD8� T cells was ob-
served (data not shown). No preferential expansion of �� T
cells from control or immunized mice was observed (control
medium [1.0%; range, 0.1 to 4.0%] versus control S. aureus
[0.6%; range, 0.0 to 5.0%] [P 	 0.5] and immunized medium
[1.4%; range, 0.4 to 3.2%] versus immunized S. aureus [0.7%;
range, 0.0 to 9.3%] [P 	 0.5]). Moreover, no subsequent ex-
pansion of �� T cells was detected when cells were cultured in
the presence of S. aureus for 6 to 8 days. In additional control
experiments a considerable expansion of �� T cells from mice
immunized by Ima route with BCG was observed after in vitro
stimulation with PPD (medium, positive-stained cells, 7.0%
[range, 6.8 to 12.0%]; PPD, positive-stained cells, 30.0%
[range, 20.0 to 35.0%]). There was also no differential expan-
sion of natural killer (NK) cells (either CD3� or CD3�) after
in vitro stimulation with S. aureus (control medium [1.5%;
range, 0.7 to 2.0%] versus control S. aureus [3.4%; range, 1.0 to
5.9%] [P 	 0.5] and immunized medium [3.0%; range, 0.0 to
4.3%] versus immunized S. aureus [6.9%; range, 6.0 to 6.7%] [P

	 0.5]). The results of our experiments suggest that the CD4�

T cells constitute the main lymphocyte subpopulation involved
during in vitro secondary responses to S. aureus induced by
local immunization with the live attenuated mutant.

Effect of Ima immunization on mammary lymphocyte re-
sponses during S. aureus infection. Mice were immunized by
the Ima route and, by day 10 after the second inoculation, mice
were challenged by the Ima route with wt-S. aureus. Regional
mammary lymph nodes were obtained at days 0, 2, and 6
postchallenge, and lymphocyte subpopulations were character-
ized by flow cytometry. The total number of mononuclear cells
in mammary lymph nodes from immunized mice was signifi-
cantly higher than that in control mice (5.25 � 106 versus 1.99
� 106, respectively; P � 0.05) on the day of the challenge. At
that time a significant increase in the relative percentage of B
lymphocytes was also detected in mammary gland lymph nodes
from immunized mice (16.0% [range, 7.4 to 24.0%]) compared
to control mice (1.3% [range, 1.0 to 2.2%]) (P � 0.01). More-

FIG. 1. In vitro proliferative responses of mammary gland lymph
node cells to S. aureus. Cells from regional mammary gland lymph
nodes of control (left panels) and immunized mice (right panels) were
cultured in the presence or absence of whole heat-killed S. aureus
(A) or S. aureus total proteins (B). Lines connect the counts per
minute (cpm) measured in the presence or absence of antigen at the
individual level. Horizontal short lines indicate the median cpm value
obtained for each group. P values were obtained by using the Wilcoxon
signed-rank test for paired samples by comparing the median cpm
measured after stimulation with S. aureus or staphylococcal proteins
versus the median cpm measured in medium (❋ , P � 0.01; ❋❋ , P �
0.001). One representative experiment of three is shown.

FIG. 2. Effect of Ima immunization on cytokine production in re-
sponse to S. aureus. Mononuclear cells from mammary gland lymph
nodes of control mice (left panels) and immunized mice (right panels)
were cultured in the presence of medium alone, heat-killed wt-S.
aureus (A), total S. aureus proteins (B), or heat-killed S. aureus of
bovine origin (strain 319) (C). Lines connect IFN-� levels measured in
the presence or absence of antigen at the individual level. Horizontal
short lines indicate the median values obtained for each group. P
values were determined by using the Wilcoxon signed-rank test for
paired samples in order to compare median IFN-� levels measured
after stimulation with S. aureus or staphylococcal proteins versus the
median IFN-� levels measured in medium (❋ , P � 0.01; ❋❋ , P �
0.001). One representative experiment of three is shown.

4256 GÓMEZ ET AL. INFECT. IMMUN.



over, all B cells and 10% of CD3� T cells present in lymph
nodes of immunized mice expressed the IL-2 receptor, which
indicates that these cells were activated (Fig. 4). The CD4/CD8
ratio in control and immunized mice did not differ significantly
(control, 6.1 [range, 5.3 to 7.4]; immunized, 7.3 [range, 5.8 to

8.4]). By the day of the challenge, there were no significant
differences in the percentages of either �� T cells or NK cells
among the different groups investigated (data not shown). The
total number of mononuclear cells increased significantly
thereafter in both groups of challenged mice (immunized and
nonimmunized) compared to nonchallenged control mice. Sig-
nificant changes in the relative percentages of CD8� T cells
were observed after S. aureus-Ima challenge in both immu-
nized and control mice between the day of the challenge (con-
trol, 10.1% [range, 6.2 to 17.0%]; immunized, 12.2% [range,
7.1 to 16.0%]) and day 6 after challenge (control, 29.3%
[range, 8.1 to 36.2%]; immunized, 20.4% [range, 11.2 to
32.1%]) (P � 0.05). Concomitant changes in the relative per-
centage of CD4� T cells were observed after S. aureus-Ima
challenge (data not shown). These changes, however, were
observed in control, nonchallenged mice during lactation. No
significant changes in the relative percentages of �� T or NK
cells from mammary lymph nodes were observed in the host
response to S. aureus mammary gland infection.

To investigate the effect of local immunization on the mam-
mary T-cell responses involved in eradication of S. aureus dur-
ing infection, IFN-� production by regional CD4� and CD8�

T cells was determined. Mononuclear cells from mammary
lymph nodes of S. aureus-challenged, immunized and control
mice were obtained by days 2 and 6 after challenge, and the
production of IFN-� by CD4� and CD8� T cells was analyzed
at the single-cell level. Although the relative percentage of
CD4� and CD8� T cells did not differ between S. aureus-
challenged control and immunized mice, only cells from im-
munized mice were able to produce IFN-�. Indeed, by day 6
after S. aureus Ima challenge, a significant increase in the
percentage of IFN-�-producing CD4� and CD8� T cells was
observed among lymphocytes from immunized mice compared
to those from control mice (Fig. 5; P � 0.01). Moreover, IFN-�
production by CD8� T cells from immunized mice was de-
tected as early as 2 days after S. aureus Ima challenge (Fig. 5B;

FIG. 3. Intracellular IFN-� expression by CD4� T cells in response
to S. aureus. Mononuclear cells from mammary gland lymph nodes of
control mice (left panels) and immunized mice (right panels) were
cultured in the presence of medium alone or heat-killed S. aureus for
72 h, and double-color flow cytometry for CD4 and IFN-� was per-
formed. Lymphoblasts were gated based on their forward-scatter–side-
scatter profile and gated further based on CD4 expression. (A) Hori-
zontal short lines depict the median values obtained for each group. P
values were determined by using the Wilcoxon Signed Rank test for
paired samples to compare the percentage of CD4� T cells producing
IFN-� after stimulation with S. aureus versus medium alone (❋ , P �
0.01). One representative experiment of three is shown. (B) Histo-
grams show the intracellular IFN-� production by CD4� T cells from
one representative control mouse (left) and one immunized mouse
(right). Histogram curves: thick lines, cells stimulated with S. aureus;
thin lines, cells cultured in medium; dotted lines, cells stained with
irrelevant, isotype-matched antibodies.

FIG. 4. IL-2 receptor (CD25) expression in T (A) and B (B) lym-
phocytes from regional mammary gland lymph nodes after Ima immu-
nization with la-S. aureus. Open circles represent cells from control
mice, and solid circles represent cells from immunized mice. Horizon-
tal short lines indicate the median percentage of positive-stained cells
for each group. Significance: ❋ , P � 0.05; ❋❋ , P � 0.01 (Mann-
Whitney test).

FIG. 5. Intracellular IFN-� expression by CD4� and CD8� T cells
during in vivo infection with S. aureus. Mononuclear cells from mam-
mary gland lymph nodes of S. aureus-challenged control (E) and im-
munized (F) mice were obtained and triple-color flow cytometry for
CD4, CD8, and IFN-� was performed. Lymphoblasts were gated based
on their forward-scatter–side-scatter profile and gated further based
on CD4 (A) or CD8 (B) expression. Horizontal short lines show the
median values obtained for each group. P values were determined by
using the Mann-Whitney test to compare the percentage of CD4� or
CD8� T cells producing IFN-� in each group (❋ , P � 0.05; ❋❋ , P �
0.01). One representative experiment of three is shown.
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P � 0.05). Since it occurred after in vitro stimulation, not only
was a significant increase in the percentage of cells producing
IFN-� in response to S. aureus infection observed but also a
significant increase in the �MFI measured in CD4� and CD8�

T cells from immunized mice compared to control mice (data
not shown). These results suggest that both CD4� and CD8�

T cells are involved in responses elicited by S. aureus during
experimental Ima infection.

DISCUSSION

In a broad sense, mastitis vaccines are expected to eliminate
chronic Ima infection, prevent the establishment of new infec-
tions, and reduce the frequency and severity of clinical disease.
One possible explanation for the limited success of previous
field trials (8, 35) may lie in the approach utilized to construc-
tion of these vaccines. In fact, in most cases empirical criteria
for vaccine administration have prevailed over previous sys-
tematic acquisition of basic knowledge on the type of immune
responses that would be required in the mammary gland to
prevent S. aureus Ima infections. It is surprising that, although
an increased incidence of mastitis has been associated with
impaired phagocyte and lymphocyte function in the mammary
gland (15, 27, 32), the contribution of current and potential
available S. aureus mastitis vaccines to the enhancement of
adaptive cell-mediated immune responses within this gland has
not yet been established. The rationale of our current research
is that a deeper knowledge on mammary gland immune re-
sponses leading to the eradication of intracellular S. aureus is
required for the rational design of a vaccine for protecting
ruminant hosts from staphylococcal Ima infection.

Current evidence shows that S. aureus superantigens might
cause a shift from a protective immune response to one that is
not competent to clear intracellular pathogens (3). In this
regard, evaluation of lacteal secretions from mammary glands
of dairy cows infected with S. aureus revealed a subpopulation
of activated CD8� lymphocytes that are capable of altering or
suppressing CD4�-lymphocyte proliferative responses (23). In
addition, the low levels of IFN-� mRNA found in milk samples
from S. aureus-infected cows (25), concomitantly with the in-
vasion of mammary epithelial cells and a nonstimulatory entry
into macrophages (3), may enable S. aureus to survive in an
immunocompetent host. Therefore, eradication of intracellu-
lar S. aureus may only be achieved if an appropriate Th1
response is triggered at the site of infection. This study pro-
vides evidence that, in a mouse model, Ima immunization with
a live attenuated prototypic vaccine strain induces cell-medi-
ated immunity in the mammary gland. Ima immunization in-
duced activation of T lymphocytes in mammary gland lymph
nodes, and these cells were able to proliferate and produce
IFN-� upon in vitro stimulation with S. aureus antigens. Pro-
duction of IFN-�, a key indicator of the cell-mediated immune
response induced by immunization, was not strain dependent,
since it was found after stimulation with not only strain 8325-4
but also a S. aureus strain obtained from a cow with mastitis.
Activated B lymphocytes were also detected in mammary
lymph nodes from immunized mice, a finding which agreed
with our previous results (6, 9). The number of mononuclear
cells in mammary lymph nodes from both immunized and

control mice significantly increased after Ima challenge with
wt-S. aureus, but only lymphocytes from immunized mice were
able to produce IFN-� in response to S. aureus infection. In the
light of available information, the significance that these find-
ings may have in protection of the ruminant udder from staph-
ylococcal infection merits discussion from different viewpoints.

Previous evidence has pointed out the potential role of
IFN-� in the mammary gland environment to prevent S. aureus
Ima infections. The in vitro treatment with IFN-� can reverse
the suppressive effects of mammary gland secretions and in-
crease the functional capabilities of bovine mammary gland
phagocytes against S. aureus (30). Moreover, Ima administra-
tion of recombinant IFN-� was also effective in enhancing
phagocytic and bactericidal activities of mammary gland neu-
trophils in vivo (5). Based upon these findings, administration
of IFN-� has been suggested as a possible, albeit very expen-
sive, prophylactic strategy for the prevention of S. aureus mas-
titis (32). In the present study, we demonstrated the capability
of CD4� T cells from immunized mice to produce IFN-� upon
in vitro stimulation with S. aureus antigens. Moreover, CD4� T
cells from Ima-immunized mice were able to produce IFN-�
after experimental Ima challenge with wt-S. aureus. The rele-
vance of these findings is that immunization by the Ima route
with a live attenuated strain induced primed lymphocyte pop-
ulations which, once confronted with the wild-type pathogen,
were able to produce IFN-�, a cytokine that may play a pivotal
role in eradication of intracellular staphylococci throughout
phagocytic cell activation. We suggest that the presence of both
specific antibodies (9) and active phagocytic cells would pre-
vent the establishment of chronic S. aureus infection in the
mammary gland of locally vaccinated hosts.

The diminished cellular activity observed in the bovine
mammary gland was attributed to a high percentage of sup-
pressor CD8� T lymphocytes present in this gland (23). One
important finding of the present study is that not only CD4�

but also CD8� T lymphocytes from Ima-immunized mice were
able to produce IFN-� during staphylococcal experimental in-
fection. The significance of this finding can be analyzed from
two viewpoints. On the one hand, IFN-� produced by CD8� T
lymphocytes may contribute to cytokine-mediated macrophage
activation, thus promoting S. aureus clearance by these cells. In
this regard, it has been shown that control of M. tuberculosis
infection also requires IFN-� production by CD8� T cells (33).
On the other hand, although further studies are required,
IFN-� production by CD8� T lymphocytes suggests that Ima
immunization with a live attenuated strain can prime cytotoxic
T lymphocytes, which may play an important role in eliminat-
ing infected mammary epithelial cells.

In addition to CD4� and CD8� T cells, T cells bearing the
�� T-cell receptor and NK cells may participate in the control
of infection caused by certain intracellular bacteria (1, 18, 19,
22). A potential role for �� T cells in the bovine immune
responses against mastitis-causing bacteria has been hypothe-
sized. This hypothesis was based upon the fact that the per-
centage of �� T lymphocytes in the mammary parenchyma
decreases significantly during the postpartum period, when
susceptibility to Ima infection is increased (15, 26, 27, 32). In
our mouse model, we did not observe differential expansion of
�� T cells during in vitro secondary stimulation with S. aureus.
Moreover, in the present study, we did not observe differential
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expansion of �� T cells during in vivo experimental Ima infec-
tion by S. aureus in either immunized or control mice. These
results agree with those of Riollet et al., who demonstrated the
lack of participation of �� T cells during early host responses in
cows previously immunized with alpha-toxin (24). Further-
more, S. aureus mammary gland infection did not induce sig-
nificant changes in the percentage of milk �� T cells in bovines
(25). The results obtained in the present study and the exper-
imental evidences available to the present suggest that, if �� T
cells play any role during immune mediated inflammation, it is
likely to occur in the intraepithelial milieu. Regarding NK
cells, a population of lymphoid cells with NK-like activity and
antibacterial properties has been isolated from the bovine
mammary gland (31). In our mouse model, there was no dif-
ferential expansion of NK cells, either from immunized or
control mice, after S. aureus stimulation, which suggests that
these cells may not be involved in either in vivo or in vitro
secondary responses to S. aureus. Further studies in bovines
will be required to elucidate whether NK cells play a significant
role in protection from S. aureus Ima infection.

In conclusion, the feasibility of using local immunization
with a live attenuated strain to induce cell-mediated immunity
to S. aureus in the mouse mammary gland was established.
Although differences may exist between ruminant and murine
mammary glands, our findings may contribute to the future
rational design of a vaccine for preventing S. aureus mastitis,
since in this study we have shown that Ima immunization can
induce immune responses known to be involved in the eradi-
cation of intracellular pathogens. Further controlled trials in
cows are required to extend the validity of our findings for
dairy ruminant vaccination.
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4260 GÓMEZ ET AL. INFECT. IMMUN.


