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During bacterial infection of the bovine mammary gland, large numbers of leukocytes migrate into the
udder, resulting in the establishment of a host response against the pathogen. Currently, the specific leukocyte
populations mediating this immune response are not well defined. In the studies described here, we analyzed
blood and milk from healthy cows and cows with naturally occurring mastitis to determine if distinct ab and
gd T-lymphocyte subsets were involved in the response of the udder to a mastitis pathogen and if the type of
mastitis pathogen influenced the subset composition of these responding leukocytes. Although blood samples
from cows with confirmed staphylococcal and streptococcal mastitis were characterized by increased numbers
of gd T cells, the most dramatic changes in leukocyte distributions occurred in milk samples from these cows,
with a 75% increase in ab T-cell levels and a 100% increase in gd T-cell levels relative to the levels in milk
samples from healthy animals. Interestingly, the increase in ab T-cell numbers observed in milk from cows
with staphylococcal mastitis was primarily due to increased numbers of CD41 T cells, while the increase in ab
T-cell numbers observed in cows with streptococcal mastitis was due to a parallel increase in both CD41 and
CD81 T-cell numbers. The increased numbers of gd T cells in milk from cows with staphylococcal and
streptococcal mastitis were due to a selective recruitment of a distinct gd T-cell subset (GD3.11), while no
change in the numbers of GD1971 gd T cells was observed. We also analyzed adhesion protein expression on
blood and milk leukocytes and found that, in comparison to the situation for healthy cows, L-selectin was
down-regulated and CD18 was up-regulated on leukocytes from cows with mastitis. Thus, shedding of L-
selectin and up-regulation of CD18 by neutrophils may provide a sensitive indicator of early inflammatory
responses during bovine mastitis. Overall, these studies suggest that distinct ab and gd T-cell subsets are
involved in the host defense of the udder against mastitis infection and that selective recruitment of these T-cell
subsets depends on the infectious agent involved.

Despite increased educational efforts and improved dairy
herd management, mastitis still represents one of the most
costly diseases of the dairy industry (53). In fact, the yearly loss
due to mastitis has recently been estimated at about $2 billion
for dairy producers in the United States alone (15, 25). In the
common subclinical or chronic cases, mastitis can persist for
months with little obvious inflammation. However, many of
these infections eventually develop into clinical mastitis, which
results in acute or slowly progressing inflammation and can
later end in fibrosis of mammary tissue and loss of or decrease
in milk production (53).

The most common bacterial pathogens associated with mas-
titis include staphylococcal, streptococcal, and coliform bacte-
ria (15, 25). Staphylococcus aureus is currently one of the most
difficult pathogens to control because it can spread rapidly
among the herd and responds poorly to conventional antibiotic
therapy (37). Members of another common group of mastitis-
causing bacteria, Streptococcus spp., are frequently present on
mucous membranes and are extremely infectious for the bo-
vine mammary gland. Streptococcal mastitis causes a persistent
type of infection that does not have a high self-cure rate, and
undetected or untreated infected cattle can serve as reservoirs
of infection (25, 60).

In efforts to prevent mastitis, a number of vaccines which can

reduce the severity of mastitis have been generated; however,
these vaccines still fail to effectively prevent the development
of mastitis (67). Thus, the identification of alternative methods
for combating mastitis is essential. In this regard, one of the
most practical means for dealing with mastitis in the dairy
industry may be to enhance the natural host defense mecha-
nisms of the animal (29). Strategies aimed at enhancing the
immune responses of the mammary gland during infection
would significantly affect the ability of the animal to resist
infection. Currently, the roles of various immune system com-
ponents in the defense of the mammary gland against infection
are not well understood. Both cytokine production and leuko-
cyte adhesion play important roles during bacterial infection
(29); however, the relative contributions of these factors to the
pathogenesis of mastitis are not yet fully determined and will
require more extensive studies. In addition, the contributions
of various lymphoid and myeloid subsets to host defense in the
mammary gland have not been extensively evaluated with nat-
urally infected cows. Park et al. (41) reported that the presence
of increased T-lymphocyte levels in bovine milk during lacta-
tion was due to an increase in the number of activated CD81

T cells. In subsequent studies, Park et al. (42) showed that the
number of activated CD81 T cells was increased in milk ob-
tained from cows experimentally infected with S. aureus and
that these cells were responsible for suppressing the prolifer-
ative response of milk CD41 T cells. Taylor et al. (56) also
found that T cells in bovine milk were predominantly CD81;
however, as the number of days of lactation increased, the
number of CD41 T cells increased. In addition, Taylor et al.
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(57) also reported an increased percentage of CD41 T cells in
milk from cows with mastitis. Together, these previous reports
demonstrate that changes in milk lymphocyte populations oc-
cur during mastitis; however, the nature of these changes
seems to vary depending on the pathogen. In addition, because
antibodies recognizing distinct gd T-lymphocyte subsets have
only recently been developed (66), the participation of these gd
T-lymphocyte subsets in mastitis has not been evaluated.
Clearly, a more comprehensive understanding of these factors
of the bovine immune response is essential to the development
of effective treatments for the prevention of mastitis.

In the studies described here, we have investigated the hy-
pothesis that distinct ab and gd T-lymphocyte subsets are
involved in the response of the udder to a mastitis pathogen
and that the type of pathogen may influence the subset com-
position of these responding leukocytes. To evaluate this hy-
pothesis, we have used a panel of monoclonal antibodies to
characterize the lymphocyte populations present in normal and
mastitis milk with respect to leukocyte subset distribution and
adhesion molecule expression. In addition, we have provided a
comparison of these parameters for cows naturally infected
with streptococcal or staphyloccocal bacteria. These studies
have helped to delineate the role of the various leukocyte
subsets in the host defense of the bovine mammary gland
against infection with these different pathogens.

MATERIALS AND METHODS

Animals. Thirty Holstein dairy cows from a local dairy were used throughout
these studies. Control blood and milk samples were taken from apparently
healthy animals. Acute mastitis was identified by detectable signs of inflamma-
tion of the infected udder and visual changes in infected milk. Clinical findings
were confirmed by somatic cell counts in the foremilk and by bacteriologic
culturing of milk from suspect quarters as described below. Animal care and
handling were carried out in accordance with institutional guidelines.

Leukocyte isolation from blood. Bovine lymphocytes and neutrophils were
isolated from bovine blood as described by Sipes et al. (51). Briefly, blood was
obtained by jugular venous puncture and collected in 20-ml Vacutainer tubes
containing 0.2 ml of 0.5 M EDTA. After removal of erythrocytes by H2O lysis,
leukocytes were resuspended in 20 ml of cold Dulbecco’s phosphate-buffered
saline (DPBS) and layered onto a two-step Histopaque gradient consisting of 15
ml of Histopaque 1077 over 15 ml of a 1:1 mixture of Histopaque 1077 and
Histopaque 1119. After centrifugation at 2,500 3 g for 25 min at room temper-
ature, the two layers of cells were collected separately. The purified cells were
washed two times with 20 ml of cold DBPS. Based on Wright staining and
microscopic analysis, cells were routinely determined to be .95% pure; viability
was determined to be .98% based on the exclusion of trypan blue. The final cell
concentration used for flow cytometric analysis was 107 cells/ml.

Leukocyte isolation from milk. Lymphocytes and neutrophils were isolated
separately from the milk of 30 lactating cows. Briefly, milk was aseptically
collected into sterile flasks and kept on ice until used. The milk was centrifuged
at 1,500 3 g for 20 min at 4°C, the cream layer was removed with a spatula, and
the milk was gently decanted. The cell pellet was resuspended in 20 ml of ice-cold
DPBS and filtered through 30-mm-pore-size Nitex to remove any remaining
debris. The milk cell suspension was then applied to a Histopaque gradient as
described above. Leukocytes or purified lymphocyte and neutrophil fractions
were washed twice with DPBS and used for flow cytometric analysis.

Flow cytometry. Single-color flow cytometric analysis was performed as de-
scribed previously (21). Briefly, 106 cells were incubated with 50 mg of primary
antibody per ml for 30 min on ice, washed with phosphate-buffered saline–2%
goat serum, and incubated for 30 min with 1:250-diluted fluorescein isothiocya-
nate (FITC)-conjugated goat anti-mouse immunoglobulin G secondary antibody
(Jackson ImmunoResearch, West Grove, Pa.). The cells were washed again,
resuspended in phosphate-buffered saline–2% goat serum, and analyzed by flow
cytometry with a FACSCalibur flow cytometer (Becton Dickinson Immunocy-
tometry Systems, San Jose, Calif.). A total of 10,000 events were collected for
each sample. All data files were further analyzed with CellQuest software (Bec-
ton Dickinson).

Two- and three-color flow cytometric analyses were performed by the methods
of Wilson et al. (65). Briefly, 106 cells in 100 ml of DPBS–2% normal goat serum
were incubated for 30 min on ice together with 100 ml of DPBS–2% goat serum
containing one unconjugated primary antibody (diluted to 50 mg/ml). After being
washed with DPBS–2% goat serum, the cells were incubated for 30 min on ice
with 100 ml of secondary antibody (phycoerythrin-conjugated anti-mouse immu-
noglobulin G at 1:250) (Jackson ImmunoResearch). The cells were washed again
with DPBS–2% goat serum, incubated with 100 ml of 10% normal mouse serum

for 20 min on ice (to block available anti-mouse immunoglobulin binding sites on
the second-stage reagent), and incubated for 30 min on ice with additional
primary antibodies directly conjugated with a fluorochrome (e.g., FITC or phy-
coerythrin) or biotin. Avidin CyChrome (Becton Dickinson) was used to reveal
biotin-labeled antibodies. The cells were then washed, resuspended in 500 ml of
DPBS–2% goat serum, and analyzed on a FACSCalibur flow cytometer cali-
brated for three-color analysis with Calibright beads (Becton Dickinson). Neg-
ative controls included (i) cells alone, (ii) second-stage reagent alone, and (iii)
single-color stains for the individual dyes. A minimum of 10,000 cells were
analyzed for each sample. Marker placement for determination of the percent-
age of positive cells and for statistical comparisons was established by placing the
marker outside the upper limit of background staining.

Monoclonal antibodies used in these studies included antibodies recognizing
all gd T-cell receptors (TCRs) (GD3.8) (66), gd T-cell receptor subsets (GD3.1
and GD197) (18, 66), CD2 (CC42) (38), CD4 (CC30) (38), CD8 (CC58) (38),
bovine neutrophils (BN15.6) (52), L-selectin (Dreg-56) (63), and CD18
(MHM23) (34). Although gd T cells have been shown previously to express CD2
(31, 65, 66), this staining represents only a minor subset of gd T cells (;5%) (65).
Additionally, we confirmed that the level of CD21 gd T cells was negligible in our
samples (e.g., see Fig. 3). Therefore, we used CD2 staining to define and quantify
the ab T-cell population in these studies. Neutrophils were identified by their
distinct forward and side light scatter profiles and by positive flow cytometric
staining with antibody BN15.6, an antibody specific for bovine neutrophils (52).

Somatic cell counting. Somatic cell counts were determined by the State of
Montana Veterinary Diagnostic Milk Laboratory (Bozeman). Cell counts were
determined for all milk samples by use of a FOSSOMATIC electronic cell
counter (Foss America Inc., Fishkill, N.Y.).

Bacteriology. Bacteriologic analysis was performed on all milk samples by the
State of Montana Veterinary Diagnostic Bacteriology Laboratory. Briefly, 0.01
ml of each milk sample was placed on tryptose agar containing 5% bovine blood.
Plates were incubated for 48 h at 37°C, and the presence of pathogenic bacteria
was considered a positive indicator of infection.

Statistical analysis. Statistical analysis was performed by a paired Student t
test, and a P value of ,0.05 was considered significant.

RESULTS

Leukocyte distribution in blood and milk of healthy and
mastitic cows. In blood from both healthy and infected ani-
mals, the overall total leukocyte counts were not significantly
different, irrespective of the mastitis pathogen (Table 1). Fur-
thermore, the leukocyte subset distribution in blood obtained
from healthy cows was similar to that in blood obtained from
cows with confirmed staphylococcal or streptococcal mastitis,
with one important exception: blood from cows with mastitis
had significantly increased numbers of gd T cells (Fig. 1).

In contrast to the results obtained for blood samples very
dramatic changes in the distribution of leukocytes were ob-
served in milk samples from mastitic cows compared to milk
samples from healthy cows. The number of somatic cells (leu-
kocytes and epithelial cells) in milk from healthy animals did
not exceed 2 3 105 cells/ml, and the samples cultured negative
for the presence of bacteria. As expected, milk from mastitic
cows was characterized by significant increases in total somatic
cell counts (Table 1). Somatic cell counts in milk from cows
with mastitis were increased 10- to 20-fold (Table 1). Analysis
of these cells showed that the increase in somatic cell counts
was due primarily to a dramatic increase in the number of
neutrophils in the milk (Fig. 1), a result which is typical for

TABLE 1. Total leukocyte counts in blood and milk from healthy
cows and cows with mastitis

Cows
Counts ofa:

Leukocytes (105) Somatic cells (104)

Healthy 142.6 6 34.6 10.1 6 1.9
Mastitic

Staphylococcal 147.5 6 22.7 188.0 6 86.2
Streptococcal 150.2 6 23.4 82.4 6 26.8

a The data are presented as mean cells per milliliter 6 standard error of the
mean for five cows in each group.
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mastitis (26). However, there were significant increases in both
ab and gd T-cell numbers as well (Fig. 1). In addition, the
relative gd T-cell/ab T-cell ratios increased from an average of
0.37 in healthy cows to 0.42 and 0.44 in cows with staphylococ-
cal mastitis and streptococcal mastitis, respectively. These re-
sults suggested the interesting possibility that selective recruit-
ment of T-cell subsets to the udder might occur during mastitis.
Thus, we performed further studies to investigate the relative
gd and ab T-cell subset distributions in milk from these ani-
mals.

Lymphocyte subset distribution in milk of healthy and mas-
titic cows. As shown in Fig. 1, milk samples from cows with
staphylococcal and streptococcal mastitis contained approxi-
mately 75% more ab T cells than and twice as many gd T cells
as samples from healthy cows. Further analysis of the T-cell
subsets responsible for these changes showed that different ab
and gd subsets were selectively recruited, depending on the
mastitis pathogen (Fig. 2). In milk from cows with staphylo-
coccal mastitis, the increase in ab T-cell numbers was due

primarily to a selective increase in CD41 T-cell numbers,
changing the CD41/CD81 ratio from 0.68 in healthy cows to
1.39 in mastitic cows (Fig. 2). In contrast, the increase in ab
T-cell numbers in milk from cows with streptococcal mastitis,
which was similar in amplitude to that in cows with staphylo-
coccal mastitis, was due to increases in both CD41 and CD81

T-cell numbers, without a major change in either subset rela-
tive to the other (CD41/CD81 ratio, 0.65).

Analysis of gd T-cell subsets in milk samples from cows with
streptococcal and staphylococcal mastitis showed that the in-
crease in gd T-cell numbers shown in Fig. 1 was due, in part, to
significantly increased levels of GD3.11 gd T cells, while the
levels of GD1971 gd T cells remained similar to those in milk
samples from healthy cows (Fig. 2). The remaining increase in
gd T-cell numbers appeared to be due to a variable increase in
CD81 gd T-cell numbers in the milk of mastitic cows (5 to
20%). This observation is consistent with the studies of Park et
al. (43), who reported the presence of elevated numbers of
CD81 gd T cells in the milk of cows with staphylococcal mas-

FIG. 1. Leukocyte subset distribution in blood and milk of healthy animals. Mixed bovine leukocytes were isolated from the blood and milk of 10 healthy lactating
cows (left panels), 10 cows with staphylococcal mastitis (center panels), and 10 cows with streptococcal mastitis (right panels). The cells were labeled with monoclonal
antibodies against ab T-cell antigen CD2 (CC42), pan-gd T-cell receptor (GD3.8), and bovine neutrophils (BN15.6) and analyzed by flow cytometry as described in
Materials and Methods. Lymphocytes and neutrophils (PMN) were identified by their distinctive forward and side light scatter profiles, and the percentage of total
leukocytes staining above the background (secondary antibody only) for the specific antigens listed above was determined. The data are expressed as mean 6 standard
error of the mean (n 5 10). The asterisk indicates statistically significant differences (P, ,0.05) between mastitis and healthy samples.
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titis. However, not all animals consistently displayed increased
levels of this subset of gd T cells, which is negative for WC1,
GD3.1, and GD197 (31, 65). For example, Fig. 3 shows that a
relative increase in gd T-cell numbers in the milk of a cow with
mastitis is primarily due to an increase in CD82 cell numbers.
Furthermore, the increase in CD81 T-cell numbers in this
animal is due primarily to an increase in ab T-cell numbers,

consistent with previous reports that the predominant T cells in
bovine milk are CD81 T cells (41, 56). In any case, our studies
do show that different ab and gd T-cell subsets are recruited to
the udder, depending on the mastitis pathogen and the host
immune status.

Effect of mastitis on neutrophil and lymphocyte adhesion
molecule expression. One of the earliest events observed after
leukocyte priming or activation is a change in the level of cell
surface adhesion molecule expression (4, 20, 27, 28, 30). There-
fore, we analyzed how mastitis affected the level of expression
of two adhesion molecules known to be sensitive indicators of
cell activation: L-selectin and CD18. Using flow cytometric
analysis, we found that mastitis infection caused a significant
down-regulation of L-selectin expression on blood lympho-
cytes and neutrophils (Fig. 4). In milk samples from healthy
cows, L-selectin expression was down-regulated on both lym-
phocytes and neutrophils compared to the levels of these cells
in blood samples (Fig. 4), consistent with previous studies
showing that L-selectin is shed during exudation (30). Inter-
estingly, lymphocytes and neutrophils in the milk of cows with
mastitis expressed levels of L-selectin similar to those isolated
from healthy cows, indicating that maximal down-regulation of
L-selectin may have occurred in the blood and/or during mi-
gration from the blood into the udder (Fig. 4). Analysis of
CD18, the common b subunit of the b2 integrins (55), showed
that CD18 was up-regulated on lymphocytes and neutrophils
from the blood and milk of cows with mastitis compared to
cells from the blood and milk of healthy cows (Fig. 4).

In contrast to our data showing L-selectin staining on milk
leukocytes, Schmaltz et al. (49) reported that milk CD41 and
CD81 T lymphocytes do not express Lam-1 (L-selectin), al-
though closer inspection of their data does show staining of a
small population of these cells. One possible explanation for
this difference may be in the affinity of the antibody reagents
used to stain L-selectin in these studies. In addition, staining of
L-selectin on gd T cells (except for possibly the small number
of CD81 gd T cells) would have been missed. Therefore, we
used three-color flow cytometric analysis to further investigate
this issue. As shown in Fig. 5, a subpopulation of both ab and
gd T cells stained positively for L-selectin (;5 to 10%). In
addition, the higher level of L-selectin staining on gd T cells
versus ab T cells confirms the results of previous studies by
Walcheck and Jutila (61), who reported that bovine gd T cells
express L-selectin at higher levels than ab T cells. In any case,
our results clearly show L-selectin staining on milk leukocytes.

Since not all lymphocytes stain positive for L-selectin, we
also analyzed whether mastitis infection caused changes in the
relative numbers of L-selectin-positive lymphocytes. The rela-
tive percentages of L-selectin-positive lymphocytes were not
significantly different (paired t test) in either blood (38.1% 6
7.0% versus 40.0% 6 10.2% [mean 6 standard deviation; n 5
5]) or milk (16.0% 6 2.4% versus 9.6% 6 1.8% [mean 6
standard deviation; n 5 5]) from healthy and mastitic cows,
respectively. Thus, the changes observed in lymphocyte L-se-
lectin expression appear to be due to the down-regulation of
L-selectin expression and not to changes in the relative per-
centages of L-selectin-expressing cells. In addition, evaluation
of milk leukocyte L-selectin expression showed that L-selectin
down-regulation primarily occurred on ab T cells (Fig. 5),
while little L-selectin down-regulation was observed for gd T
cells. Consistent with this observation, the down-regulation of
L-selectin on blood lymphocytes from mastitic cows was also
due primarily to the down-regulation of L-selectin on ab T
cells rather than gd T cells (data not shown).

FIG. 2. Lymphocyte subset distribution in milk of cows with staphylococcal
or streptococcal mastitis. Purified lymphocytes were isolated from the milk of 10
healthy lactating cows, 10 cows with staphylococcal mastitis, and 10 cows with
streptococcal mastitis. The cells were labeled with monoclonal antibodies against
CD2, CD4, CD8, pan-gd TCR, GD3.11 gd TCR subset, and GD1971 gd TCR
subset and analyzed by flow cytometry as described in Materials and Methods.
The percentage of total lymphocytes staining above the background (secondary
antibody only) for the specific antigens listed above was determined. The data
are expressed as mean 6 standard error of the mean (N 5 10). The asterisk
indicates statistically significant differences (P, ,0.05) between mastitis and
healthy samples.
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DISCUSSION

The interaction between invading bacteria and the host im-
mune system is a key factor in determining the outcome of an
infection (29). Consequently, an effective immune response
against any pathogen requires the migration of various sets of
myeloid and lymphoid cells into the tissues during the inflam-
matory response (19). An essential component of the defense
of the bovine udder against infection involves the recruitment
of large numbers of neutrophils (40); however, it is clear that
lymphoid cells are also involved in this process. Currently, little
is known about the types of lymphoid cells recruited to the

udder during mastitis. Therefore, to better understand the host
defense process in mastitis, we have characterized the changes
in lymphocyte subset populations present in the blood and milk
of cows with naturally occurring staphylococcal and strepto-
coccal mastitis.

The distributions of lymphocyte subsets were similar in
blood samples obtained from cows with mastitis due to natu-
rally occurring staphylococcal and streptococcal infections.
However, in both cases, we observed a significant increase in
the total number of gd T cells in the blood of infected animals
compared to the blood of healthy animals. In milk samples

FIG. 3. Two-color flow cytometric analysis of bovine blood and milk lymphocytes. Purified lymphocytes were isolated from the blood (A to C) and milk (D to F)
of cows with mastitis, and two-color flow cytometric analysis was performed as described in Materials and Methods. (A and D) Staining of blood (A) and milk (D)
lymphocytes with antibody GD3.8 (FL3, specific for gd T cells) versus antibody CC58 (FL1, specific for bovine CD8). (B and E) Staining of blood (B) and milk (E)
lymphocytes with antibody GD3.8 (FL3, specific for gd T cells) versus antibody CC42 (FL1, specific for bovine CD2). (C and F) Control staining levels with secondary
antibodies only in blood (C) and milk (F) samples. The data are representative of at least five independent experiments.
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from infected animals, we observed even larger increases in the
numbers of ab and gd T cells. In samples obtained from cows
with staphylococcal mastitis, the increase in ab T-cell numbers
was due primarily to an increase in CD41 T-cell numbers. In
contrast, the increase in ab T-cell numbers in milk from cows
with streptococcal mastitis appeared to be due to parallel in-
creases in both CD41 and CD81 T-cell numbers. This differ-
ence in responding ab T-cell subsets is most likely due to the
nature of the toxins released by staphylococcal and streptococ-
cal bacteria during the acute stages of infection (44, 59). In-
deed, recent studies by Ferens et al. (11) showed that treat-
ment of bovine peripheral blood mononuclear cell cultures
with staphylococcal enterotoxin C1 (SEC1) led to preferential
activation and proliferation of CD41 T cells. In addition, they
found that activation of CD41 and CD81 T cells by SEC1 was
significantly influenced by the proportion of gd T cells present
in the cultures and suggested that the gd T-cell/ab T-cell ratio
might play a role in modulating the immune response to SEC1
(11). In support of this hypothesis, our present studies dem-
onstrate a significant increase in the gd T-cell/ab T-cell ratio
during naturally occurring mastitis infections.

The mechanisms of antigen recognition and stimulatory sig-

nals involved in the activation and proliferation of gd T cells
are not yet clearly defined (24). In humans and rodents, gd T
cells represent a minor T-cell population. In contrast, gd T
cells represent the predominant T-cell population in the cir-
culation of newborn ruminants (16, 62). Despite the variable
numbers of circulating gd T cells in different species, recent
data suggest that these cells play an important role in the initial
host response to infectious agents (8). It has been proposed
that gd T cells complement ab T cells during the host defense
process by providing a rapid response before the ab T-cell
response has fully developed, i.e., “the first line of defense” (8,
64). gd T cells have been shown to respond to antigen in the
context of major histocompatibility complex molecules; how-
ever, most of these cells do not always require antigen process-
ing to recognize bacterial antigens (3, 5, 32, 48). Interestingly,
some activated gd T cells also express high levels of major
histocompatibility complex class II molecules on their surface
and are able to present antigen to CD41 T cells (6) and prime
bacterial antigen-specific CD81 T cells (39). These cells also
appear to produce costimulatory molecules as well as cyto-
kines, demonstrating that gd T cells do indeed have the capa-
bility of influencing ab T-cell function (6). Thus, the presence

FIG. 4. Adhesion molecule expression on blood and milk leukocytes obtained from healthy and infected cows. Purified lymphocytes and neutrophils isolated from
the blood and milk of 10 healthy cows and 20 cows with acute mastitis were labeled with anti-L-selectin or anti-CD18 monoclonal antibodies followed by an
FITC-labeled secondary antibody and then analyzed by flow cytometry as described in Materials and Methods. The results are expressed as mean fluorescence
intensity 6 standard error of the mean for cells staining positively for these antigens. p, statistically significant differences (P, ,0.05) between mastitis and healthy
samples; pp, statistically significant differences (P, ,0.05) between comparable milk and blood samples.
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of increased levels of gd T cells in milk obtained from cows
with mastitis is consistent with their putative role in modulat-
ing the inflammatory response.

Although gd T cells have been shown to play a role in
contributing to the inflammatory response (54, 68), recent
studies by several groups have suggested that gd T cells may
have a protective or anti-inflammatory function (10, 35, 36,
47). For example, gd TCR gene knockout mice infected with
Mycobacterium tuberculosis were able to control early infection
in a manner similar to wild-type mice; however, a substantial
pyogranulomatous response was observed in the knockout
mice but not in the wild-type controls (10). These authors
concluded that gd T cells do not directly protect against infec-
tion but instead play a role in modulating local cellular traffic
by promoting the influx of lymphocytes and monocytes and
limiting the access of inflammatory cells that do not contribute
to protection but can cause tissue damage (10). In support of
this idea, Mukasa et al. (35) found that depletion of gd T cells
accelerated testicular inflammation in mice injected with Lis-
teria monocytogenes. In addition, studies by Park et al. (42, 43)
showed that a subset of CD81 gd T cells in bovine milk was
responsible for the down-regulation of the response of CD41

T cells to staphylococcal antigens. Finally, gd T cells have also
been found to produce growth factors that may play a role in

the healing of epithelia damaged by infection or by inflamma-
tion (2, 22). Thus, it is clear that gd T cells do play a role in
modulating the inflammatory response; however, it is currently
not known whether the primary role of increased levels of gd
T cells is to regulate the magnitude of the immune response or
to directly contribute to host tissue protection. Studies are in
progress to investigate this issue.

Several different gd T-cell subsets have been identified, as
defined by their respective TCR expression (18, 66), and recent
studies have demonstrated that the distinct gd T-cell subsets
localize to specific tissues. For example, murine gd T cells
homing to the intestinal epithelium, skin, vagina, uterus, and
tongue utilize a distinct gd TCR (17). Recently, Wilson et al.
(65) showed that the CD81 CD21 gd T-cell subset exhibited a
defined tissue tropism for the spleen but did not accumulate
efficiently at sites of inflammation. In addition, Wilson et al.
(66) described three novel anti-bovine gd TCR antibodies
(GD3.8, GD197, and GD3.1) and showed that these antibodies
could be used to define a distinct gd T-cell subset that prefer-
entially localized in inflamed lymph node tissue. Specifically,
GD3.11 gd T cells were found to be preferentially enriched at
the site of inflammation (66). The data presented here support
this observation, as we found that the increase in gd T-cell
numbers in milk from cows with acute mastitis was also pri-

FIG. 5. Three-color flow cytometric analysis of L-selectin expression on bovine blood and milk lymphocytes. Purified lymphocytes were isolated from the blood (A
to C) and milk (D to F) of cows with mastitis, and three-color flow cytometric analysis was performed as described in Materials and Methods. (A and D) Staining of
blood (A) and milk (D) lymphocytes with antibody Dreg-56 (FL2, specific for L-selectin) versus antibody CC42 (FL1, specific for bovine CD2). (B and E) Staining of
blood (B) and milk (E) lymphocytes with antibody GD3.8 (FL3, specific for gd T cells) versus antibody Dreg-56 (FL2, specific for L-selectin). (C and F) Control staining
levels with an isotype control antibody (same isotype as Dreg-56) in blood (C) and milk (F) samples. The data are representative of at least 10 independent experiments.
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marily due to a preferential increase in GD3.11 gd T-cell
numbers.

The recruitment of leukocytes is one of the first steps in the
host response to infection, and leukocyte emigration from the
blood to sites of inflammation involves a sequential interaction
of adhesion molecules expressed by leukocytes and endothelial
cells (1, 13). Two groups of adhesion molecules known to play
important roles in this process are the selectins, which mediate
leukocyte rolling on the endothelium (reviewed in reference
23), and the b2 integrins, which mediate tight adhesion and
diapedesis (reviewed in reference 12). Both of these groups of
adhesion molecules have been found to be sensitive indicators
of leukocyte activation (20, 27). Depending on the treatment,
neutrophil priming or activation can cause the shedding of
L-selectin from the cell surface or the up-regulation of CD11b/
CD18 or both (4, 7, 20, 27). Recently, it has also been shown
that the exudation of human neutrophils into skin chambers in
vivo causes the shedding of L-selectin and the modest up-
regulation of CD11b/CD18 (30, 50). In the present studies, we
found that lymphocytes and neutrophils from the milk of
healthy cows expressed significantly lower levels of L-selectin
than cells obtained from the blood of these cows; however, we
observed very little up-regulation of CD18 in milk leukocytes
compared to blood leukocytes. In contrast, lymphocytes and
neutrophils obtained from the milk of cows with mastitis ex-
hibited significant up-regulation of CD18, consistent with an
activated state due to the presence of bacterial pathogens.
Since these cells already down-regulated L-selectin during mi-
gration into the udder, little or no further down-regulation or
shedding of L-selectin was observed in milk leukocytes isolated
from cows with mastitis. In support of these findings, a similar
decrease in L-selectin expression has been observed for ca-
prine milk leukocytes (14). Interestingly, we observed the
down-regulation or shedding of L-selectin and the up-regula-
tion of CD18 in blood lymphocytes and neutrophils obtained
from cows with mastitis compared to blood leukocytes ob-
tained from healthy cows. Thus, changes in the expression of
these adhesion molecules on blood leukocytes might represent
a potential diagnostic indicator of mastitis that could be easily
and rapidly evaluated.

The changes in adhesion molecule expression observed on
cells from cows with mastitis reflect the overall host response
to infection, where increased adhesion mediated through the
b2 integrins would facilitate adherence to the pathogen, phago-
cytosis, and killing (12). Enhanced expression of b2 integrins
would also facilitate leukocyte migratory potential through in-
creased adhesive interactions with the endothelium, i.e., more
effective transition from rolling to adherent cells. Shedding of
L-selectin occurs during the process of diapedesis and may be
required to dissociate the cells from ligands associated with the
transmigration process and induce unresponsiveness to extra-
cellular ligands (58). The role of L-selectin shedding by cells in
the blood is not yet clear. One possibility is that soluble L-
selectin plays a cytokine-like role in priming or even stimulat-
ing the host defense response. Soluble forms of L-selectin have
been detected in the plasma of patients at risk for adult respi-
ratory distress syndrome, and a correlation between reduced
levels of soluble L-selectin and progression to this syndrome
has been observed (9). In addition, recent studies by Ruchaud-
Sparagano and coworkers (46) showed that soluble E-selectin
exerted a proinflammatory effect on neutrophil function. An-
other possible function of L-selectin shedding by blood leuko-
cytes is to limit the number of leukocytes accumulating at sites
of inflammation and, thereby, to limit excessive tissue injury
caused by these inflammatory cells. This idea is supported by
the studies of McGill et al. (33), who reported that intravas-

cular shedding of L-selectin might be a mechanism for con-
trolling neutrophil exudation in patients with systemic inflam-
matory response syndrome. It has also been proposed that
intravascular L-selectin shedding may be a general mechanism
used by the human body to control inflammation, thus explain-
ing the normal neutrophilia observed during inflammatory dis-
ease (45). In a similar manner, the intravascular shedding of
L-selectin by leukocytes in mastitic cows may be a mechanism
for controlling the level of leukocyte accumulation in the mam-
mary gland and preventing further tissue damage due to in-
flammation.

In summary, we have characterized lymphocyte subset dis-
tributions and adhesion molecule expression on leukocytes
from the blood and milk of healthy cows and cows with natu-
rally acquired mastitis of staphylococcal and streptococcal or-
igin. Our studies show that, depending on the type of mastitis
pathogen, differential T-cell subset recruitment to the udder
occurs. Both ab and gd T cells were recruited to the mammary
gland; however, depending on the infectious agent, various
ratios of CD41 and CD81 ab T cells and distinct gd T-cell
subsets were found in the milk. In addition, the shedding of
L-selectin and the up-regulation of CD18 by leukocytes in the
blood may provide a sensitive indicator of early inflammatory
responses during bovine mastitis. Further studies are necessary
to define the specific roles of the various leukocyte subsets in
the host immune response as well as the contributions of the
pathogens involved. Understanding the role of specific T-cell
subsets in mastitis may have a significant impact on the devel-
opment of effective treatments or vaccines.
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