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Theileria annulata in CD5" Macrophages and B1 B Cells
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Theileria parasites infect and transform bovine leukocytes. We have analyzed laboratory-established Theileria
sp.-infected leukocyte lines and observed that transformed macrophages express CD5. Low-level expression of
CDS5S by macrophages was further confirmed on three independent Theileria annulata clinical isolates from
Tunisia. Interestingly, the fourth CD5™ clinical isolate (MB2) was morphologically different, expressed surface
immunoglobulin M (IgM) and BoLA class II, and had rearranged Ig light-chain genes. To demonstrate that
MB2 did indeed contain CD5* B cells, individual clonal lines were obtained by limiting dilution, and CD5
expression and Ig gene rearrangement were confirmed. This suggests that in natural infections 7. annulata can

invade and transform CD5* B cells.

Theileria spp. are tick-transmitted parasites that are the
causative agents of tropical theileriosis (7heileria annulata) and
East Coast fever (Theileria parva), cattle diseases widespread in
North Africa, the Middle East, India, China, and East Africa.
T. annulata sporozoites preferentially invade macrophage
types cells in vivo, but in vitro B lymphocytes can also be
infected (10). T. parva sporozoites mostly invade T cells in vivo,
but again, in vitro parasitized B lymphocytes are seen (1, 27).
The infection of T cells, rather than B cells, by 7. parva is
thought to contribute to the pathogenicity of East Coast fever
(19), which is a more pernicious disease than tropical theileri-
osis. In several respects the infected leukocytes behave like
fully transformed cells, since they proliferate without the ad-
dition of cytokines or growth factors (7), are capable of form-
ing tumors in irradiated athymic and SCID mice (9, 15), and
can be cloned in soft agar (23). A reflection of the transformed
state of the infected host cell is the modulation observed in
leukocyte surface markers. B lymphocytes infected by 7. parva
lose surface IgM, but, like transformed T cells, express inter-
leukin 2 receptor (1, 8). In addition, infection by 7. annulata
also leads to the down-regulation of surface immunoglobulin
M (IgM) on B lymphocytes and the loss of certain surface
markers on macrophages (29).

The surface antigen CDS5 typically expressed on T cells is
also found on a subset of B lymphocytes called Bl cells (12,
14). B1 lymphocytes differ from conventional B2 B cells in a
number of characteristics (for a recent review, see reference
31). In particular, their ability to produce multireactive IgM,
IgG3, and IgA in large amounts has lead to the consideration
that B1 cells might be mediators of “natural” immunity (11).
However, the expansion of autoreactive Bl cells can be inju-
rious, as they are associated with the development of autoim-
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mune disease and some parasitic infections in mice and hu-
mans (13, 17). Interestingly, CD5" B lymphomas expressing
macrophage surface markers have been described and termed
the B/macrophage cell (5). This nomenclature stems from the
observation that certain CD5* B lymphomas can be induced to
differentiate into macrophage-like cells and implies that the
two cell types have a common lineage (2).

Given that a high percentage of B cells in bovine peripheral
blood bear the CD5 marker (22) and given that Theileria par-
asites can invade B cells in vitro, we asked whether in natural
infections Theileria parasites might be found in CD5™ cells. To
test this hypothesis we examined a number of Tunisian 7. an-
nulata clinical isolates for CD5 expression.

Reverse transcriptase PCR (RT-PCR) analysis of leukocyte
gene expression. Total cellular RNA from 4 X 10° cells was
obtained by disruption in lysis buffer containing 4 M guani-
dinium thiocyanate, and first-strand cDNA was synthesized
from RNA samples by using Moloney murine leukemia virus
reverse transcriptase (Boehringer Mannheim) in the presence
of oligo(dT) (Pharmacia Fine Chemicals; Piscataway, N.J.), as
described elsewhere (18). All cDNA samples were stored at
—20°C until use. Specific amplification of the different cDNAs
was achieved by using synthetic oligonucleotides based on con-
served sequences in the variable (V) and conserved (C) gene
segments of the Ig\ chain. Primers for CDS, the T-cell receptor
{ chain, and CD4 were derived from the corresponding bo-
vine cDNA sequence in the database (accession no. X53061,
U25688, and U48356, respectively). Bovine specific oligonucle-
otides for CD44 were derived from exons 4 and 5 (accession
no. S64418). PCRs were performed with 5 to 10 pl of cDNA
samples and 2 uM each (sense and antisense) primer mixture
by using a GeneAmp 9600 PCR system (Perkin-Elmer Cetus)
in the presence of thermalase DNA polymerase. Products had
the predicted sizes after electrophoresis in 1.3% agarose gels
when compared to either $X174, Haelll, or the 100-bp marker
(Gibco BRL).

Fluorescence-activated cell sorter (FACS) analysis of mem-
brane surface markers. The different cell lines were used for
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TABLE 1. Oligonucleotides used in RT-PCR analysis of leukocyte gene expression

Leukocyte marker Sense oligonucleotide (5" to 3")

Antisense oligonucleotide (5’ to 3)

Annealing temp PCR product length

O (bp)
Igh TGTGCTGACTCAGCCG GACACACACCAGGGTG 52 412
CD5 GTGTGGTCCTCTGGTCTACAAGAAG GCAGGTCATAGTCACTGT 58 280
{ Chain CAGCACATGTTATTGTGGCC GACCATCATGCCCCTTGCC 60 419
CD14 AAGCACACTCGCTTGCC CACATCGGGTAGCACCC 54 279
CD44 TGGGGAAGACTGTACATCGG GGCCGTCTTGGTCTGGACGG 59 250
CKlIla GTTAATACACACAGACCCCGA GCTATGGCAGTAATCAAGGGCC 49 384

immunofluorescence staining with the following unlabelled
monoclonal antibodies directed to bovine differentiation cell
markers: mouse IgG1 anti-bovine CD5 (clone CC17), mouse
IgG1l anti-bovine IgM (clone ILA-30), mouse anti-CD45
(clone CC31), mouse anti-transferrin receptor (TfR, ILA-77),
and mouse anti-BoLA class II (clone D112), kindly provided
by Jan Naessens (20, 30). The anti-CD44 antibody (clone
BAG40A) has been described elsewhere (26). To block non-
specific binding of antibodies through cellular FcyR II/III re-
ceptor, cells were previously incubated with anti-CD32/16,
clone 2.4.G2 (33). Further incubations were done with rat
anti-mouse IgG1 antibodies labelled with fluorescein isothio-
cyanate (FITC) (Tebu, Paris, France). Appropriate controls
were performed and consisted of incubating the different cell
lines with FITC-labelled anti-IgG1 antibodies alone to deter-
mine nonspecific staining. Fresh, uninfected bovine peripheral
blood lymphocytes were also used as controls in all experi-
ments (data not shown). After washes, 1 X 10% to 2 X 10* cells
were acquired in a FACScan cytofluorometer (Becton Dickin-
son & Co., Mountain View, Calif.). Except during analysis of
the Thei macrophage cell line, polymorphonuclear cells and
macrophages were excluded from the analysis by a combined
light scatter (forward and side scatter) gate in the acquisi-
tion. Dead cells were excluded in all samples by propidium
iodide labelling, and fluorescence was evaluated by using the
CELLQuest 3.1 program.

Characterization of Theileria-transformed laboratory-estab-
lished lines: identification of CD5* macrophages. Since the
loss of specific surface markers on 7. annulata-transformed mac-

BL3

TBL3

Thei
TpM409B2
TpM 803
DNA ladder

Ig A ~— 400 bp

CD5 ~— 300 bp

CD 44 <— 300 bp

FIG. 1. Identification by RT-PCR of transcripts for leukocyte cell surface
markers on laboratory-established lines. Amplified cDNA was separated on a
1.3% agarose gel, and the sizes of the products were estimated by comparison
with the 100-bp ladder. (Top) Ig\ transcripts of the expected size were detected
in the B-cell lines (BL3, TBL3, and TpMD409), and no message was detectable
in the macrophage line (Thei) or the T-cell line (TpM803). (Center) CD5
transcripts were detected in the macrophage (Thei) and T-cell (TpM803) lines.
The less-abundant mRNA expression in Thei compared to TpM803 is consistent
with its reduced surface expression of CD5 (see Fig. 3). (Bottom) All lines readily
express CD44 transcripts.

rophages has been proposed to be due to cellular dedifferen-
tiation associated with the transformed phenotype (26), we
decided to examine whether laboratory-established Theileria-
infected lines also expressed CDS5 and, if so, to what degree.
The TBL3 cell line was derived by in vitro infection of the
spontaneous bovine B-lymphosarcoma cell line BL3 (32) with
the Hissar stock of 7. annulata (3). As a positive control for CD5
expression, we used a 7. parva-infected T-cell line (TpM803).
As a negative control, we used the B-cell line TpMD409 clone
B2 (referred to below, for simplicity, as TpM409), also infected
with T. parva muguga (7, 21). We have previously described the
T. annulata-infected macrophage-like line Thei (6).
Confirmation of the B-cell origin of the laboratory lines
was obtained by RT-PCR amplification of rearranged Ig light-
chain transcripts (Table 1 and Fig. 1) and FACS analysis of
surface IgM (Table 2). As a positive control, the noninfected
B-sarcoma cell line BL3 was used, and as expected, no Ig\
transcripts were amplified from the infected T-cell line
TpMS803 (Fig. 1). Consistent with a macrophage origin for
Thei, no Ig\ transcripts were detected (Fig. 1), nor did Thei
express the { chain of the T-cell receptor (data not shown). As
has been reported previously (26), all lines express CD44 (Fig.
1 and Table 2), and the transformed macrophage line Thei had
markedly down-regulated expression of CDI4 and reduced
sensitivity to lipopolysaccharide stimulation (data not shown).
Interestingly for a transformed macrophage, Thei was found to
transcribe the CD5 gene (Fig. 1), and some cells expressed
surface CD5 (see Fig. 3). The low percentage of CD5™ cells in
Thei (5%) contrasted with the high percentage (82%) of cells
expressing CD5 in the classical T-cell line TpM803 (see Fig. 3).
CD5* macrophages and CD5" B cells in Tunisian clinical
isolates. We next asked if CDS5 expression on T. annulata-
transformed macrophages was common or was specific to the
laboratory-established line Thei. To this end, we examined a
further four independent Tunisian clinical isolates whose geo-
graphical location has been described, since MB2 corresponds
to isolate 1, Djedaida to isolate 3, Bouchna to isolate 4, and
Jendouba to isolate 13 on the map presented in reference 4. As
can be seen in Fig. 2, three of the four clinical isolates behave
like Thei in that they express no Ig\ transcripts but transcribe
both CD5 and CD44. Interestingly, the fourth isolate (MB2)

TABLE 2. Relative percent expression of membrane surface
markers on MB2 and established cell lines

% Expression on the following cell line:

Marker
BL3 TBL3 Thei TpMD409 TpM803 MB2
IgM 95 20 2 42 <1 77
CD44 92 68 48 51 37 8
CD45 83 76 ND“ 85 100 99
BoLA class 1T 98 12 ND 30 93 100
TfR 99 99 ND 99 75 100

“ ND, not determined.
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FIG. 2. Identification by RT-PCR of transcripts for leukocyte surface mark-
ers in T. annulata Tunisian clinical isolates. (Top) Ig\ transcripts can be detected
only in the MB2 isolate. (Center) All isolates express CDS5, with MB2 showing
reduced levels of transcript and cell surface expression (see Fig. 3). (Bottom) All
isolates transcribe CD44, with MB2 showing reduced levels consistent with CD44
surface expression on a low number of cells (see Fig. 3). The sizes of the
amplified products were estimated by comparison with $X size markers. Three
of four Tunisian clinical isolates are Igh\~, CD5", and CD44" and as such
resemble the CD5" macrophage line Thei.

was phenotypically different, not only from Thei but also from
the laboratory-established B-cell lines TBL3 and TpMD409
(data not shown), and also differed in its pattern of expression
of the markers tested. The expression of Ig\ transcripts and
CD5 suggested that MB2 could be a Bl-type B-cell (Fig. 2).
The B-cell character of MB2 was confirmed by the expression
of surface IgM on 77% of the cells (Fig. 3). Furthermore, a
reasonable, but limited percentage (5%) of MB2 cells pre-
sented surface CD5 expression (Fig. 3 and 4). Interestingly,
MB?2 has down-regulated both CD44 transcripts (Fig. 2) and
the number of cells positive for CD44 surface expression (Ta-
ble 2).

To confirm that MB2 does indeed contain CD5* B cells with
the Ig gene rearranged, individual clonal lines were obtained
by limiting dilution. This was achieved by seeding two 96-well
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plates with less than 1 infected leukocyte per well; of the 25
different clonal lines obtained, 10 were further characterized.
RT-PCR was then performed, and the results for five repre-
sentative clonal lines are presented in Fig. 5. Because the MB2
isolate was low in CD44 (see Table 1 and Fig. 2), casein kinase
IT alpha (CKII) was used as a positive control, since this kinase
is known to be expressed in Theileria-infected cells (24, 28).
The MB?2 isolate is composed predominantly of IgM™ cells,
since four of five clones had their Ig genes rearranged (Fig. 5,
top panel). Double-labelling (IgM plus CD5) FACS analysis
performed on independent clones indicated that CDS5 expres-
sion could be detected at the surfaces of infected cells. For
example, clones C8 and F10 displayed 1.8 and 1.6% CDS5
positivity, respectively, on gated IgM™ cells, compared with
MB?2, which in this experiment displayed 3.4% CDS5 positivity
(data not shown). Importantly, individual clones derived from
MB?2 also reflected modulation in the degree of IgM surface
positivity, varying between 65 and 22% (see Fig. 4, insets).

By the combined use of RT-PCR amplification of target
gene transcripts and FACS analysis of leukocyte marker cell
surface expression, we have characterized a number of Theile-
ria-infected laboratory-established lines and 7. annulata-in-
fected Tunisian clinical isolates. Although CD5" B-cell lym-
phomas expressing macrophage markers have been described,
the detection of CD5 on macrophage tumors appears novel. If
one accepts that macrophages and CD5™ B cells have a com-
mon lineage (5), this finding could be considered consistent
with the reported dedifferentiation that occurs upon 7. annu-
lata-induced macrophage transformation (26). The observa-
tion that TBL3 and TpMD409 transcribe Ig light-chain genes,
are positive for surface IgM and BoLA class II, and appear
CD5™ is also consistent with their being classical B2-type B
cells (16). Moreover, the complete lack of CDS5 expression on
TBL3 and TpMD409 B2-type B-cell lines supports the view
that CD5 expression on B2 cells is not linked to parasite-
induced dedifferentiation (25).

In contrast, the MB2 isolate contained a low number of cells
expressing CDS5, and this had three possible interpretations.
First, the majority of cells constituting the isolate could be
IgM" CD5™ B2 B cells, but MB2 also contained some CD5™"

TpM803 TBL3 MB2 Thei
0.3% % 0.04 % 0.02 % 0.30 %
IgG1
FITC
L M1 M1 M1
— — S —
822 % 011 % 5.0 % 54 %
CD5+
Ml MY L M
b A A —
011 % 20 % 77.0 % 2.4 %
IgM.
g * M1 M v L1
—--m

FIG. 3. Expression of CDS5 and IgM molecules by Theileria-transformed cell lines. Cells were incubated with mouse anti-bovine CD5 or anti-IgM antibodies and
revealed by a secondary goat anti-mouse IgG1-FITC antibody. Upper panels show the nonspecific staining of the secondary antibody on the different cell lines. Middle
panels show the expression of CD5 molecules. Five percent of MB2 cells are CD5". The macrophage line (Thei) shows 5.4% positivity for CD5 surface expression,
and this does not reflect binding of antibody by macrophage Fc receptors, as previous saturation of cells with anti-CD32/16 antibodies was used to prevent a nonspecific
reaction via FcyRII/III receptors. Note the high specificity (82.2%) of the anti-CDS5 antibody on the typical T-cell line TpM803 and the low level of binding of the second
antibody on all cell lines. In the bottom panels, modulation of surface IgM expression is clearly observed for the B-cell lines (compare TBL3 with MB2).
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FIG. 4. Overlay histogram of membrane differentiation markers on the 7. annulata-infected MB2 line. MB2 cells were labelled with mouse IgG1 anti-bovine CD5
or IgG1 anti-bovine IgM antibodies revealed by goat anti-mouse IgG1-FITC. The lymphocytes were acquired in a FACScan apparatus using a forward scatter
(FSC)-side scatter (SSC) combined gate. The light scatter distribution of MB2 cells inside the lymphocyte gate (left inset) excluded the possibility that the [gM™* CD5*
population was contaminated by macrophages. The figure shows a shift to the right after staining with IgM or CD5-specific antibodies, and a number of IgM™* cells
bear the CD5 molecule, consistent with their being Bla-type B lymphocytes. (Right insets) Modulation of IgM expression on the surfaces of MB2-derived clones C8,

D10, and F10 compared to the original MB2 line.

macrophages. We consider this hypothesis unlikely, because
we eliminated macrophages from our FACS analysis by a com-
bined light scatter (forward and side scatter) gate. Due to the
known modulation in surface IgM positivity of Theileria-trans-
formed leukocytes, a second explanation was that the majority
of cells were CD5™ B2 B cells, with a minor population of
CD5™" B1 lymphocytes. Finally, due to the marked modulation
of virtually all surface markers tested (see Table 2), a more
likely possibility was that MB2 represents 7. annulata-infected
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FIG. 5. CD5 expression on clonal lines derived from the MB2 isolate. Five
representative clones derived from MB2 were analyzed for Ig\ (top), CD5
(middle), and CkII (bottom) transcripts. The T. parva-infected T-cell line
(TpM803) is shown as a positive control for CD5 expression (second lane from
the left), and the uncloned isolate MB2 is included for comparison (second lane
from the right). Specific fragments of the expected sizes were amplified as judged
by comparison with the 100-bp DNA ladder.

Bl B cells which have down-regulated the level of surface
expression of CDS. To distinguish between these possibilities,
we analyzed a number of individual clones derived from MB2,
and all but one were found to be IgM™ and weakly CD5". By
RT-PCR or FACS analysis no clones were found to be either
highly CD5™ or completely CD5 ~, which would have explained
a mixed B1-B2 population. We conclude, therefore, that when
T. annulata originally infected MB2, it was a B1 B cell which
subsequently has down-regulated the level of CDS5 expression,
not unlike the down-regulation also observed for surface IgM
and CD44.

The observation that 7. annulata can infect CD5" B cells
should not have been unexpected, since B1 cells are common
in bovine peripheral blood and T. annulata can infect B cells in
vitro. Importantly, infection and transformation by Theileria
parasites would result in uncontrolled proliferation of CD5*
cells, a situation already reported to be associated with infec-
tion by African trypanosomes (22). The sustained parasite-
induced proliferation of B1 cells could result in altered cell
differentiation and growth patterns of these cells, contributing
to their neoplastic transformation. In this context, it would be
of interest to examine 7. parva clinical isolates for the presence
of CD5™ B cells, as in other organisms and diseases the ex-
pansion of B1 lymphocytes can influence the resulting pathol-

ogy.
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