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Discrimination of Peromyscus maniculatus
Leukocytes by Flow Cytometry
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Abstract. Deer mice (Peromyscus maniculatus) have been identified as the principal host species for
Sin Nombre hantavirus. Assessment of deer mouse immune responses to this agent has been difficult
because of a lack of reagents with defined specificity for the discrimination of leukocyte populations.
The purpose of this work was to identify currently available immunological reagents directed at house
mouse (Mus musculus) leukocyte cell surface antigens that cross-react with deer mouse cells. A panel
of 19 monoclonal antibodies was screened for reactivity by flow cytometric analysis. Seven antibodies
exhibited binding to deer mouse splenocytes at varying levels compared to house mouse controls. The
panel detected cellular phenotypes that are associated with natural and adaptive immune responses,
including T cells, B cells, macrophages, dendritic cells, neutrophils and granulocytes. This panel
should facilitate the further examination of deer mouse immune responses to infectious agents.

Introduction

embers of the genus Peromyscus host
several human pathogens, including
the agents of granulocytic ehrlichiosis,

Lyme disease, babesiosis, cryptosporidia, bar-
tenellosis and hantavirus cardiopulmonary syn-
drome (HCPS) (Childs et al., 1994; Elliott et al.,
1994; Richter et al., 1998; Hofmeister et al.,
1999; Stafford et al., 1999; Welch et al., 1999;
Breitschwerdt and Kordick, 2000; Perz and Le
Blancq, 2001; Ravyn et al., 2001). Deer mice
(Peromyscus maniculatus) are the principal host
of Sin Nombre hantavirus (SNV), which has
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caused over 100 deaths in the United States since
its discovery in 1993. Understanding mainte-
nance of these pathogens in peromyscine host
populations is critical to understanding transmis-
sion to humans (Mills and Childs, 1998).

Little is known about how deer mice contain
infection with SNV. The virus is found in many
tissues of infected deer mice, including the lungs
(Green et al., 1998), but with little or no pathol-
ogy (Botten et al., 2000) and pulmonary function
is not compromised (O’Connor et al., 1997). In-
fected deer mice appear to remain persistently
infected for the remainder of their lives (Botten
et al., 2000). In HCPS, however, a pronounced
pulmonary immune response occurs without vi-
ral cytopathology that is characterized by the
presence of mononuclear cells producing proin-
flammatory cytokines that are thought to cause
the clinical manifestations of disease (Zaki et al.,
1995; Mori etal., 1999). Serological evidence in-



dicates that humans and deer mice produce
strong antibody responses to the same region of
the viral nucleocapsid antigen (Jenison et al.,
1994; Yamada et al., 1995).

Virtually no immunological reagents of de-
fined specificity have been developed for evalu-
ation of immune responsiveness in deer mice.
However, many monoclonal antibodies (Mab)
specific for cluster of differentiation (CD) pro-
teins and other cell surface molecules are avail-
able for laboratory-derived strains of house mice
(Mus musculus). The presence or absence of
these molecules on the cell surface permits the
phenotyping of leukocyte subpopulations. We
report here that some of these Mab are cross-
reactive with deer mouse leukocytes by flow cy-
tometry. These antibodies will be useful for iden-
tifying cellular subpopulations during deer
mouse immune responses in naturally and ex-
perimentally infected animals.

Materials and Methods

Mice

All mice were obtained from breeding colo-
nies at Mesa State College. Animals were used at
6—12 weeks of age and the institutional Animal
Care and Use Committee approved all experi-
mental animal procedures. The Peromyscus
maniculatus bardii colony was established with
mice purchased from the University of South
Carolina Peromyscus Stock Center and were
maintained under the provisions of the Animal
Welfare Act. The house mouse strain used was
BALBY/c.

Antibodies

Fluorochrome-conjugated monoclonal anti-
bodies (kindly provided by D. Grantham,
Pharmingen) directed against house mouse
CD3e (clone 145-2C11), CD4 (RM4—4 and
GK1.5), CD8a (53-6.7), CD11la (M17/4),
CD11b (M1/70), CD11c (HL3), CD19 (1D3),
CD21/35 (7G6), CD24 (M1/69), CD43 (S7),
CD45R-B220 (RA3-6B2), CD61 (2C9.G2),
CD62L (MEL-14), CD80 (16—-10A1), CD86
(GL1), immunoglobulin-k chain (Igk) (R8—
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140), 1gD* (AMS 9.1), and T cell receptor-3
chain (TCRp)) (H57-597) were used for these
experiments.

Flow cytometry

Cells were prepared and stained with antibod-
ies as previously described (Schountz et al.,
1996). Spleens were removed and made into
single-cell suspensions and red blood cells and
fibroblasts were removed by centrifugation over
Lymphocyte Separation Medium (Cappel/
Organon-Teknika). Cells were washed twice in
5% fetal bovine serum in phosphate buffered sa-
line (FBS-PBS) (pH 7.3) and 5 x 10° cells were
stained with monoclonal antibody for 1 hr onice.
After repeated washing in 5% FBS-PBS, cells
were fixed in 1% paraformaldehyde-PBS (pH
7.3) and 10,000 events collected on a FACScan
flow cytometer (Becton-Dickinson Immunocy-
tometry Systems). Leukocytes were gated (Fig-
ure 1A) and analyzed with Cell Quest software
(BDIS). To compare cellular distributions be-
tween house mice and deer mice, an event ratio
(ER) for each antibody was calculated by divid-
ing the number of deer mouse cells occurring in
marker 2 (M2) of histograms by the number of
house mouse cells occurring in marker 2 (Table
1; flow data not shown). Event ratios of greater
than 1 indicated that more deer mouse cells ex-
pressed the cell surface protein than do house
mouse cells.

T Cell Proliferation Assay

Monoclonal antibody 145-2C11 was coated
onto 96-well tissue culture plates in PBS (pH
7.4) overnight at 4° C. The next day, unbound
antibody was removed and 5 x 10° freshly-
isolated splenocytes in 5% FBS-Clicks medium
were added to wells of the plate. The cells were
incubated 48 hours in a humidified 5% CO, in-
cubator and proliferation was assessed using the
CellTiter 96 Aqueous MTS proliferation kit
(Promega) according to the manufacturer’s di-
rections. A proliferation index was determined
by the maximal proliferation of cells incubated
with 5 pg/ml of concanavalin-A (arbitrarily set to
10).
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Figure 1. Binding characteristics of antibodies directed to house mouse leukocyte cell surface antigens on deer mouse spleno-
cytes. Five hundred thousand spleen cells were stained with antibodies directed against house mouse cell surface antigens. Cells
were washed and fixed in 1% paraformaldehyde-PBS (pH 7.4) and 10,000 events were collected on a FACScan flow cytometer.
A gate was established around leukocytes for analysis. Panels: A, Forward/side scatter of unstained cells with gate. Markers for
FL1 and FL2 were established with nonbinding isotype control antibodies. B. CD3 (145-2C11); C.CD11b (M1/70); D. CD21/35
(7G6); E. CD24 (M1/69); F. CD62L (MEL-14); G. CD43 (S7); H. CD45R-B220/B220 (RA3—-6B2). Solid lines, CD-specific
antibody; hatched lines, isotype control antibody (B, G=clone HL3, hamster IgG[FITC]; C, D, E=RM4-4, rat IgG2b[FITC];
F=53-6.7, rat IgG2a[FITC]; H, I=1D3, rat IgG2a[PE]). The data are from a single deer mouse and are representative of five

animals.
Results

Splenocytes were evaluated for the presence
of cells in marker 2 (M2), which was suggestive
of antibody binding. Binding to CD4, CD8a,
CDl1l1a, CD19, CD80 CDS86, Igk, IgD?® and
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TCRp on deer mouse leukocytes was not de-
tected since the histograms lacked a distinct peak
in M2 (data not shown) and had a low ER (<0.30;
Table 1). CD1lc staining was inconclusive be-
cause no discernable peak was detected in stain-
ing of either deer mouse or house mouse spleno-
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cytes (data not shown) and the ER was moderate
(0.51). Notably, each tested Ig isotype exhibited
at least one Mab that failed to bind to deer mouse
cells, suggesting that none of the isotypes bind to
deer mouse Fc receptors (Table 1).

We detected moderate staining of CD3 on
deer mouse splenocytes compared to house
mouse controls (Figure 1B). Although more cells
from deer mice were CD3" (ER=1.25, Table 1),
staining was less bright as determined by mean
channel fluorescence (MCF) (Table 1) suggest-
ing that antibody affinity for the epitope is lower
in deer mice or that deer mouse cells express
fewer CD3 molecules. To verify that Mab 145—
2C11 binds CD3, we induced T cell proliferation

[F2] with plate-bound antibody (Figure 2). The kinet-

ics of proliferation were similar, but less in deer
mouse cells, supporting the contention that the
antibody binds with less affinity or fewer CD3
molecules exist on the surface of deer mouse T
cells. Maximal proliferation was observed at 1
pg/ml for both species, while 10 pg/ml induced
an unresponsive state.

Binding to CD11b revealed a relatively ho-
mogenous population of cells in deer mice (Fig-
ure 1C). Again, more deer mouse cells were
CD11b" (ER=1.89) but antibody binding was
less. As with CD3, binding to CD21/CD35 was
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Figure 2. Proliferation of deer mouse splenocytes to plate-
bound anti-CD3 monoclonal antibody 145-2C11. Plates
were coated overnight with antibody diluted in PBS at the
noted concentrations. 5 x 10° deer mouse or house mouse
splenocytes were added to each well in 5% FBS-Click’s me-
dium and incubated 48 hours. Proliferation was measured by
MTS assay and a proliferation index was determined relative
to maximal proliferation (arbitrarily assigned as 10) of sple-
nocytes incubated with 5 ug/ml of Con A.
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present, although at less fluorescent intensity
(Figure 1D). The frequency of CD21/CD35"
cells was nearly identical in deer mice and house
mice (ER=0.96). Anti-CD24 also exhibited simi-
lar binding pattern as CD3, with less fluores-
cence but more deer mouse cells expressed the
protein (Figure 1E; ER=1.41).

CD62L binding produced a slightly less fluo-
rescent peak and positive cells were fewer in deer
mice than in house mice (Figure 1F; ER=0.86).
CDA43 expression was nearly identical in deer
mouse and house mouse splenocytes, but more
house mouse cells expressed the protein (Figure
1G; ER=0.77). Staining of CD45R-B220 pro-
duced nearly congruent histograms with house
mouse (compare MCF in Table 1) and the fre-
quency of cells expressing the protein was virtu-
ally identical (Figure 1H; ER=0.99).

Discussion

Contemporary techniques for assessing host-
parasite relationships in deer mice have not been
well-developed. One such deficiency is a lack of
immunological reagents specific for cell surface
antigens found on the surfaces of leukocytes. We
have addressed this issue by evaluating a panel
of monoclonal antibodies directed against house
mouse cell surface antigens for cross-reactivity
on deer mouse leukocytes. Seven of 19 Mab
screened by flow cytometry exhibited binding to
deer mouse cells. The cellular distribution of
these molecules is known in house mice (Table

2), but unknown in deer mice. The availability of

these antibodies will be useful in determining the
distribution of the markers in deer mouse leuko-
cyte subpopulations.

The antibodies that did not stain deer mouse
cells eliminated the possibility of nonspecific
binding by F_ receptors. All isotypes were repre-
sented by nonbinding antibodies from each spe-
cies (Table 1). These included RM4—4 (rat
IgG2b), 53-6.7 (rat [gG2a), R8-140 (rat IgG1),
AMS 9.1 (mouse IgG2b) and H57-597 (hamster
IgQ). These antibodies provided important con-
trols for assessing binding.

Several antibodies detected the presence of
molecules associated with lymphocyte signaling
and activation. CD3 is found on T lymphocytes
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and activated NK cells. It is composed of three
homologous noncovalently-linked transmem-
brane proteins, y, d and &, which exist as ey or €
dimers (Blumberg et al., 1990) and is nonco-
valently associated with the T cell receptor
(TCR) (Clevers et al., 1988). The molecule pro-
vides TCR-proximal signal transduction events
leading to T cell activation and clonal expansion
(O’Rourke et al., 1990). Mab 145-2C11 binds to
the & chain and it will permit assessment of T
cell-mediated immune functions in deer mice.

CD45R-B220 is a phosphatase found on all B
cells that participates in surface Ig signaling
events by regulating src-family tyrosine kinase
activity (Hathcock et al., 1992) and is first de-
tected on pro-B cells (Hardy, et al., 1991). It is
also found on activated NK cells (Ballas and
Rasmussen, 1993).

Many complement proteins facilitate phago-
cytosis by receptor-mediated endocytosis.
CD11b forms dimers with other polypeptides to
mediate binding to the complement fragment op-
sonin C3bi and intercellular adhesion by CD54,
facilitating neutrophil and macrophage adher-
ence to the endothelium and phagocytosis of
iC3b- or IgG-coated particles (Springer et al.,
1979; Lub et al., 1996). Its distribution includes
macrophages, granulocytes, NK cells, activated
dendritic cells and B cells (Springer et al., 1979;
Ault and Springer, 1981; Hamilton, Lehuen and
Kearney, 1994; Kantor et al., 1992; Vremec et al.
1992).

CD21 and CD35 are alternative splice variants
ofthe Cr2 gene and are found on activated granu-
locytes, B cells and follicular dendritic cells (Ki-
noshita et al., 1988). CD21 is the receptor for
complement protein C3d that is involved in an-
tigen trapping in lymphoid tissues. Zaki et al.
(1995) have reported that cells resembling follic-
ular dendritic cells in HCPS patients react with
antisera specific for SNV. However, it is unclear
whether these cells are infected by virus or if an-
tibodies are binding to CD21/CD35-ligated im-
mune complexes containing viral antigens.

Recruitment of leukocytes to sites of infection
is mediated by a large family of adhesion mol-
ecules. CD62L (L-selectin) is expressed by a va-
riety of leukocytes and plays an early role in at-
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tachment to activated vascular endothelium (Ar-
bones et al., 1994). Chemotactic factors
synthesized by traumatized tissues influence the
expression of CD62L, thus targeting leukocytes
into the tissue by extravasation.

CD43 is found on NK cells, T cells, B cells,
macrophages, granulocytes, megakaryocytes,
and platelets. It is an anti-adhesion molecule and
negatively regulates CD62L-mediated tethering,
rolling and adherence to capillary endothelial
cells (Stockton et al., 1998).

CD24 is expressed by erythrocytes, granulo-
cytes, monocytes and lymphocytes (Ledbetter
and Herzenberg, 1979; Stall and Wells, 1997)
and has been detected on splenic dendritic cells
(Vremec et al., 1992). Its precise role in the im-
mune response has remained elusive, however B
cells expressing high levels of CD24 have been
associated with primary IgM responses (Klin-
man, 1997).

There are currently more than 150 Mab avail-
able for the detection of house mouse cell surface
proteins. We assessed 19 of these and have dem-
onstrated that several stain deer mouse leuko-
cytes by flow cytometry and it is likely that many
of the remaining antibodies will also recognize
deer mouse proteins.

Most of the antibodies that are reactive with
deer mouse cells are not suitable for use with par-
affin-embedded tissues (according to manufac-
turer’s data sheets). However, they can be uti-
lized for localization of proteins in acetone-fixed
cryopreserved tissue sections, and it is likely that
they can also be used with cryopreserved deer
mouse tissues. Moreover, this panel of antibod-
ies should facilitate rapid identification of the
biochemical functions of deer mouse CD mol-
ecules by the various immunochemical methods
currently available, such as immunoprecipitation
and western blotting. Many of these proteins are
temporally regulated during leukocyte develop-
ment and this panel should permit examination
of immunological maturation in the bone mar-
row and thymus of deer mice. We believe these
antibodies will also recognize proteins from
other Peromyscus species as well, such as white-
footed mice (P. leucopus).

We also have developed assays for detecting
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cytokine and chemokine expression in deer mice
(Herbst et al., 2002; in preparation). The combi-
nation of these assays and the antibodies de-
scribed in this work will provide important tools
for examining immune responses in peromy-
scine rodents.
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