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WEEKS FOLLOWING CHALLENGE

FIG. 2. Time course of the proliferative response of PBMC from B. bovis-immune cattle. PBMC (4 x 10°) from immune cattle were
assessed for proliferative responses against B. bovis MER (gray bars), URBC (white bars), or medium control (black bars) at various weeks
following the last challenge inoculation as indicated on the abscissa. Cells were cultured for 6 or 7 days with indomethacin, radiolabeled for
4 h, harvested, and counted as described in the text. The data shown are for optimal concentrations of URBC or MER antigen in the culture
wells, which were as follows: C88, 6.2 pg/ml; C97, 25 pg/ml; C15, 1.0 to 6.2 pg/ml; and C110, 25 pg/ml.

immune (C97 and C15) PBMC were performed for 3 or 6
days (Table 1). There was no response to URBC at either
day. Little or no reactivity against babesial antigen had
occurred by day 3, but strong responses were present by day
6. In contrast, strong responses to the T-cell mitogen ConA
were present by day 3. Subsequent assays were conducted
for 5 to 7 days.

Immune cattle were monitored for proliferative responses
to babesial and control antigens for weeks or months follow-
ing the last challenge inoculation. Figure 2 presents the
responses of PBMC from the four immunized cattle to
optimal antigen concentrations of purified merozoites or
uninfected erythrocytes on various weeks after challenge.
Vigorous proliferative responses to unfractionated merozo-
ites were consistently observed with C15 and C110 PBMC
after 10 to 15 weeks postchallenge. Animals C88 and C97 had
inconsistent and often undetectable responses to merozoites
over time. However, responses to the CM fraction were
consistently positive in all immune animals and after 2 years
could still be induced in PBMC from animals C97 and C15,
which were chosen for prolonged study.

Differential responses of PBMC from babesia-sensitized
cattle to different antigenic fractions. PBMC from B. bovis-
immune and control cattle were compared for stimulation by
different crude preparations of uninfected erythrocytes and
B. bovis merozoites. Figure 3 compares proliferation of
PBMC from three immune cattle and normal animal C99

against four concentrations of URBC, MER, CM, and HSS
fractions. PBMC from all animals were unresponsive to
URBC (Fig. 3) and soluble and membrane fractions prepared
from URBC (not shown). PBMC from all immune cattle
responded vigorously to the parasite CM fraction in a
dose-dependent manner, with maximal proliferation occur-
ring at a concentration of 25 pg of protein per ml. Soluble
HSS was weakly stimulatory for C97 PBMC and moderately
stimulatory for C110 PBMC, but it induced strong responses
in C15 PBMC at the higher concentrations of antigen (5 and
25 ug of protein per ml). MER induced intermediate levels of
proliferation in C97 and C110 PBMC, in a dose-dependent
fashion, whereas the proliferative response of C15 PBMC to
MER was routinely highest with the lowest concentration of
protein assayed (in this case, 0.2 pg/ml). Occasional re-
sponses of control C99 lymphocytes to CM or HSS antigen
were observed, but these responses were neither consistent
nor dose dependent. Nevertheless, the possibility that mero-
zoites contain mitogenic components must be considered.
Effect of indomethacin on parasite-specific responses. We
observed large, activated mononuclear cells in cultures of
PBMC stimulated with merozoites. This, together with the
finding that high concentrations of merozoite antigen had an
inhibitory effect on proliferation of C15 PBMC (Fig. 3),
prompted us to test the effect of the prostaglandin E, (PGE,)
inhibitor indomethacin on parasite-induced proliferation. At
a final concentration of 0.5 wg/ml, indomethacin has been
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FIG. 3. Dose-dependent proliferative responses against merozoite fractions. PBMC (4 X 10°) from one normal (C99) and three immune
cattle were stimulated for 6 days with a final concentration of 0.2, 1, 5, or 25 pg of protein per ml of URBC (solid circles), B. bovis MER (open

circles), B. bovis CM (triangles), or B. bovis HSS (squares). Indomethacin was included in the assay.

shown to augment interleukin-2 (IL-2) production by bovine
T cells (35). When added to proliferation assays, this con-
centration of indomethacin enhanced the responses of
PBMC from all immune cattle to MER and the CM fraction;
an eightfold increase was observed in the proliferation of
C97 PBMC to CM with indomethacin (Table 2). There was
less effect on the response to HSS and no effect on the
response to URBC.

Inhibitory effect of merozoites. Because the CM fraction
from merozoites induced higher levels of proliferation than
intact merozoites, the possibility that merozoites were inhib-
itory or induced a downregulation of a proliferative response
was examined. The effect of MER or URBC antigen on
ConA-induced blastogenesis of normal and immune PBMC
is shown in Fig. 4. With PBMC from three animals (C99,
C97, and C15), there was negligible (5% or less) inhibition of
the response to ConA alone when URBC was added with
ConA to the assay wells. However, when MER was added
with ConA in the assay, inhibition of the ConA response
ranged from 46 to 54%. The ConA response of PBMC from
the fourth animal (C110) was inhibited 12% by URBC and
34% by MER. The inhibition of the ConA response by MER
was evident in 6-day (Fig. 4) but not 3-day assays, and
inhibition by either the CM or HSS fraction was not appre-
ciably different from that by URBC (not shown).

Proliferative responses to soluble culture supernatant anti-
gens. Supernatants from cultures containing a high percent-
age of parasitized erythrocytes or uninfected erythrocytes
were compared for antigenic activity at a protein concentra-

TABLE 2. Effect of indomethacin on cell-mediated
immune responses

Radioactivity (cpm) incorporated by PBMC”

Antigen or
mitogen® c1s c97 C110
Medium

Alone 1,004 = 102 1,084 + 180 839 + 22

+ Indo 2,676 = 167 1,151 = 99 1,013 = 150
ConA

Alone 129,173 = 1,809 115,148 = 3,543 41,867 * 249

+ Indo 145,463 + 247 126,690 + 4,119 80,954 + 3,107
URBC

Alone 1,117 = 114 912 = 72 829 + 174

+ Indo 2,965 + 495 1,050 = 85 980 = 31
MER

Alone 52,666 *+ 4,475 2,005 = 210 22,365 *+ 3,910

+ Indo 91,004 = 9,444 4,445 + 1,582 40,506 = 10,348
CM

Alone 87,066 = 909 6,745 + 1,450 24,187 = 334

+ Indo 140,492 * 2,034 55,564 = 7,627 52,324 * 4,948
HSS

Alone 78,908 + 2,965 1,669 + 577 7,476 = 164

+ Indo 144,425 + 8,729 2,505 + 1,268 8,204 = 590

“ ConA and antigen were present at a final concentration of 5 pg/ml, and
indomethacin (Indo) was included in some wells.

b A total of 4 x 10° PBMC from three B. bovis-immune cattle were cultured
with medium, antigen, or ConA for 5 (C15 and C97) or 7 (C110) days,
radiolabeled for 4 h, and harvested as described in the text. Results are means
+ standard deviations of triplicate cultures.
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FIG. 4. Inhibition of ConA-induced proliferation by merozoites.
PBMC (4 x 10°) from one normal (C99) and three immune cattle
were stimulated for 6 days with ConA (at a final concentration of 1
wng/ml), MER (at a final concentration of 25 pg/ml), URBC (at a final
concentration of 25 pg/ml), or a combination of ConA plus MER or
ConA plus URBC. Percent inhibition of the proliferative response to
ConA alone is shown for PBMC cultured with ConA plus MER
(hatched bars) and ConA plus URBC (white bars). Indomethacin
was included in the assay.

tion of 250 pg/ml (Fig. 5). PBMC from animal C15, which
was immunized with cultured parasites, were consistently
responsive to ISUP and, at a protein concentration of 50
pg/ml, incorporated 36,715 + 3,403 cpm. In contrast, PBMC
from cattle infected with tick-derived parasites (C97 and
C110) did not respond to the lower antigen concentration and
responded only weakly to the higher concentration of ISUP.

Proliferative responses to unrelated B. bigemina merozoites.
B. bigemina merozoites also induced proliferation of PBMC

BOT
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FIG. 5. Proliferative responses to culture supernatant antigen.
PBMC from one normal (C99) and three immune cattle were
stimulated for 6 days with medium alone (black bars) or with
supernatants USUP (white bars) or ISUP (gray bars). The responses
shown were elicited with a final protein concentration of 250 p.g/ml.
Indomethacin was included in the assay.
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TABLE 3. Proliferative responses of PBMC to
B. bigemina merozoites

Radioactivity (cpm) incorporated

Antigen and concn by PBMC?
(ng/ml)
C1s5 C97

Medium 966 + 308 647 = 66
URBC CM

5 626 + 83 777 = 316

25 834 + 391 535 = 33
B. bovis CM

5 20,396 + 1,422 3,421 = 1,141

25 22,831 = 756 8,147 * 3,596
B. bigemina MER

5 15,703 + 1,786 5,018 + 1,623

25 14,386 + 1,948 793 = 262

@ A total of 2 x 10° PBMC were cultured in half-area 96-well plates with
antigen for 6 days, radiolabeled for 4 h with 2IUDR, harvested, and counted
as described in the text. All wells contained indomethacin. Results are means
+ standard deviations of triplicate cultures.

from animals C15 and C97, although these animals were
serologically unreactive with this parasite on immunoblots.
The response of C15 PBMC was always vigorous to this
parasite, whereas the response of C97 PBMC was routinely
weaker (Table 3).

Role of monocytes/macrophages in the response to babesial
antigens. Other protozoan parasites, including Plasmodium
falciparum (45, 49) and Theileria parva (1, 11, 30, 31), have
been shown to induce nonspecific lymphocyte proliferation.
To examine the possibility that babesial parasites were also
mitogenic, PBMC depleted of monocytes by 2 h of adher-
ence to polystyrene (10) were compared with unseparated
PBMC for the ability to respond to Babesia antigen or ConA
(Table 4). Adherent cells were required for a babesia-specific
response in both immune animals but not for a mitogenic
response to ConA. In undepleted PBMC, both specific and
nonspecific responses were markedly enhanced by the addi-
tion of indomethacin. However, in monocyte-depleted cells,
indomethacin had little effect on the ConA response and no
effect on the babesia-specific response. These data suggest
that monocytes/macrophages are required as antigen-pre-
senting cells for the induction of lymphocyte blastogenesis to
babesial antigens.

DISCUSSION

The results of this study demonstrate that infection of
cattle with B. bovis-infected ticks, tick stabilate, or cultured
merozoites elicits strong, cell-mediated immune responses
to merozoite antigens. All four immunized animals, but not
the control animal, responded to parasite antigens in a
dose-dependent manner. Animals C15 and C97 have been
monitored for 2 years since the last parasite inoculation, and
they continue to respond vigorously to parasite antigen.
Since both animals received viable parasites upon challenge,
these long-lived responses may be due to chronic infection
and continual release of parasite antigen or to a memory
T-cell response.

When the proliferative responses against crude, subcellu-
lar fractions of merozoites were compared, we found that
cattle infected with tick-derived parasites preferentially re-
sponded to an antigenic fraction enriched in parasite mem-
branes. In contrast, the animal that was inoculated with
cultured merozoites responded vigorously to the membrane-
enriched fraction, the soluble merozoite fraction, and solu-

1sanb Ag Tz0zZ ‘6T Arenuer uo /610 wse rel//:dny woll papeojumog


http://iai.asm.org/

2424 BROWN ET AL.

TABLE 4. Requirement of plastic-adherent PBMC for
B. bovis-specific proliferative responses

Radioactivity (cpm) incorporated by PBMC with

Cattle and indicated antigen or mitogen®
PBMC
Medium B. bovis MER ConA
C88
Unseparated
Alone 2,022 = 297 4,517 * 656 51,905 + 676
+ Indo® 7,424 + 2,954 35,580 = 7,752 119,952 * 3,966
Nonadherent®
Alone 793 + 86 1,026 = 123 111,483 = 1,368
+ Indo 716 * 66 881 = 117 117,363 = 3,240
Cc97
Unseparated
Alone 8,875 = 110 48,749 + 8,945 62,056 *+ 2,364
+ Indo 7,231 £ 958 71,027 = 7,504 98,306 = 5,355
Nonadherent
Alone 438 + 38 705 = 123 84,387 = 5,595
+ Indo 279 + 197 660 = 155 91,160 * 5,270

“ A total of 4 x 10° PBMC were cultured in 96-well plates with medium,
antigen, or ConA for 7 days. The cells were radiolabeled for 18 h with
125JUDR, harvested, and counted as described in the text. Results are means
+ standard deviations of triplicate cultures. ConA was present at a final
concentration of 5 pg/ml; B. bovis MER antigen was present at a final
concentration of 6.2 pg/ml.

% Indomethacin (Indo) was included in the assay.

¢ A total of 5 x 107 PBMC were incubated for 2 h at 37°C in a 25-cm? flask
(10 ml), and the nonadherent cells were used in the assay.

ble culture supernatant antigens. Responses of animals C97
and C110 to the soluble merozoite fraction were weaker,
even in the presence of indomethacin, and these cattle did
not react significantly with culture supernatant exoantigens.
These studies suggest that antigens most immunogenic for T
cells, and those which induce an anamnestic response from
cattle exposed to babesia-infected ticks, are found in para-
site membrane-enriched fractions. Soluble antigens and an-
tigens secreted or shed into the culture supernatant most
likely contain some of these membrane-associated proteins,
as shown by the reactivity on immunoblots of immune sera
with protein bands common to CM and HSS fractions.
However, the use of soluble parasite extracts to induce
T-cell blastogenesis may explain the weak and short-lived
responses in B. bovis-immune cattle observed by Timms and
coworkers (43). Furthermore, the unique response of PBMC
from animal C15 to culture supernatant antigens may be
directed primarily against cultured merozoite antigens used
for immunization. The response of B. bovis-immune PBMC
to B. bigemina parasites is likely directed against epitopes
shared by the two parasites, and species-common polypep-
tides have been demonstrated by immunoprecipitation with
immune sera (26). The lack of serological reactivity on
immunoblots with C97 and C15 immune sera may reflect a
difference in T- and B-cell epitopes on these putative cross-
reactive proteins.

The optimal time of 5 to 7 days for blastogenesis to occur
in response to babesial antigen is consistent with an antigen-
induced and not a mitogen-induced response. Furthermore,
comparison of proliferative responses from immune and
normal cattle indicates that these responses were evoked in
an antigen-specific manner, since babesial antigens stimu-
lated little or no proliferation in PBMC from the nonimmune
control. Additional evidence for the antigen-specific nature
of the proliferative response was demonstrated by the inabil-
ity of PBMC depleted of plastic-adherent cells to respond to
antigen, with no reduction in the response to ConA. Because

INFECT. IMMUN.

the majority of monocytes are removed by this procedure
(10), these results indicate that monocytes are required as
antigen-presenting cells in the babesia-specific response.

The regulation of lymphocyte proliferation in response to
babesial antigens appears quite complex. As well as the
apparent requirement for monocytes as accessory or anti-
gen-presenting cells, monocytes appear to inhibit immune
responses through the production of PGE,. This autocoid
has been shown to play a key role in immune downregulation
by inhibiting both IL-1 and IL-2 production (reviewed in
references 4 and 8), possibly through the induction of
suppressor T cells (5). In our studies, the PGE, inhibitor
indomethacin enhanced both babesia-specific and ConA
responses but did not reverse the inability of uninfected
erythrocyte membranes to stimulate PBMC. An interpreta-
tion of these results is that babesial merozoite antigens
induce the production of PGE, by monocytes, which may
downregulate IL-1- and IL-2-induced lymphocyte prolifera-
tive responses. Our findings are consistent with those of
Ruebush and coworkers (34), who showed that B. microti
infection of mice elicited PGE, synthesis by macrophages,
which resulted in suppression of delayed-type hypersensitiv-
ity responses to parasite antigens.

Unfractionated merozoites both stimulated proliferation
of antigen-primed lymphocytes and inhibited the prolifera-
tive response to the T-cell mitogen ConA. This inhibitory
effect was observed in the presence or absence of indometh-
acin, implying that factors in addition to PGE, are involved
in suppressing proliferation. We are exploring the possibility
that tumor necrosis factor alpha, released by parasite-acti-
vated macrophages, may play a role in downregulating T-cell
proliferation. Inhibition of ConA-induced proliferation was
not caused by antigen-specific T cells, since PBMC from
nonimmune animal C99 were inhibited to the same extent as
those from babesia-sensitized animals. Soluble factors pro-
duced by T. parva-infected T cells were similarly shown to
suppress proliferation of T cells from normal cattle (11).

These studies provide a foundation for further analyses of
the cellular immune response which is undoubtedly involved
in protective immunity against Babesia spp. and all hemo-
parasites. To unravel the complex interactions between host
lymphocytes, monocytes, and parasite antigens, defined
subpopulations of T cells and biochemically purified or
recombinant parasite antigens must be used. Experiments
designed to identify T-cell-immunodominant babesial anti-
gens by using functionally characterized babesia-specific
T-cell lines and clones are in progress and will be the subject
of future publications.
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