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To clear a Cryptosporidium parvum infection, mice need CD41 T cells, major histocompatibility complex class
II, and an intact CD40-CD154 signaling pathway. CD40 is constitutively expressed on marrow-derived cells
such as dendritic cells and B lymphocytes and is induced by gamma interferon (IFN-g) on most somatic cells.
To determine whether the CD40 needed to clear a C. parvum infection has to be on marrow-derived mononu-
clear cells or on the epithelial cells that normally harbor the parasite, we transplanted CD402/2 mice with
CD401/2 bone marrow and then infected them with C. parvum. These chimeras cleared the C. parvum infection,
while CD401/2 controls transplanted with CD402/2 marrow cells remained infected. CD40 expression on mar-
row-derived cells therefore suffices for a C. parvum infection to be cleared, while CD40 expression on intestinal
epithelial cells is not sufficient. There was no difference between the acquisition of CD69 and CD154 by
mesenteric lymph node T cells of C. parvum-infected animals with intact or disrupted CD40-CD154 pathways.
CD4 T cells entered the intestinal laminae propriae of C. parvum-infected animals whether or not the CD40
genes of these recipients were intact. These results suggest that, for a C. parvum infection to be cleared, CD40
is not necessary for T-cell activation but may instead contribute to an effector pathway of marrow-derived cells.

Cryptosporidium parvum is an apicomplexan organism that
infects intestinal epithelial cells and causes transient diarrhea
in healthy individuals (11). C. parvum infections cause more
severe problems, ranging from prolonged diarrhea to scleros-
ing cholangitis, in subjects with AIDS or X-linked immunode-
ficiency with hyper-immunoglobulin M (IgM) (6, 17). Experi-
mental models in mice show that CD41 T cells (26), major
histocompatibility complex class II (MHC-II) (1), and an intact
CD40-CD154 pathway (10) are all required for C. parvum to
be cleared from the gut and biliary tree. Gamma interferon
(IFN-g) and interleukin-12 (IL-12) contribute to recovery
from C. parvum infection (32, 33), although the ability of many
IFN-g knockout mice to recover from C. parvum (36, 30)
indicates that this cytokine is not invariably necessary for the
parasite to be cleared.

The nature of the interaction between the CD41 T cell and
an MHC-II-bearing cell that is required for the clearing of
C. parvum from the gut is not understood. Cryptosporidial
sporozoites invaginate into epithelial cells of the intestinal
epithelium, but they remain separated from the cell cytoplasm
by an intact cellular cytoplasmic membrane (24). Conventional
pathways for antigen, and particularly class I antigen, presen-
tation (15) may therefore not hold for the handling of C. par-
vum antigens. Intestinal epithelial cells can express MHC-II
antigens and are thought capable of one or more pathways of
antigen presentation (18). Populations of intraepithelial lym-
phocytes and lamina propria lymphocytes may have access to
gut-derived antigens displayed in the context of class II anti-
gens on the basolateral extensions of epithelial cells. It is there-
fore conceivable that T-cell responses that mediate immunity

to C. parvum could occur without the participation of a mar-
row-derived antigen-presenting cell (APC) (19).

It was previously shown that CD4 T cells expressing a trans-
gene for an ovalbumin-specific antigen receptor sufficed to
clear C. parvum infection from SCID mice, provided that the
transgenic T cells became activated and were able to express
CD154 (23). This result suggested that the clearance of C. par-
vum required an interaction between CD154 (presumably ex-
pressed on an activated T cell) and CD40. A role for CD154-
CD40 interactions has been described in immune responses to
other intracellular parasites, albeit in the context of antigen-
specific responses (25, 31, 35). These CD40-CD154 interac-
tions may contribute a direct afferent signal to the T cell, or
they may trigger the CD40-positive cell (for example, a B cell,
dendritic cell, or macrophage) to make a mediator such as
IL-12 (22, 14) or nitric oxide (29). Expression of CD40, how-
ever, can be induced on a wide range of cells by IFN-g (12). If
C. parvum-infected epithelial cells were to express CD40, then
CD154 on T cells might act directly upon them to trigger their
apoptosis (20) or perhaps affect their handling of an intracel-
lular pathogen. For example, a soluble CD154 trimer sufficed
to trigger the apoptosis of C. parvum-infected cells in vitro
(17).

To determine whether the cellular target for CD154 binding
that is required for C. parvum to be cleared is a marrow-
derived cell or an epithelial cell (the cell type infected by
C. parvum), we created chimeras by transplanting CD401/2

marrow into CD402/2 mice. The results presented here show
that expression of CD40 on a marrow-derived cell is sufficient
for C. parvum infection to be cleared from a mouse that can-
not express CD40 on intestinal epithelial cells. In contrast,
CD401/2 mice transplanted with CD402/2 marrow were un-
able to clear C. parvum. The induction of CD69 and CD154 on
CD4 cells from the mesenteric lymph nodes of animals with
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disrupted and intact CD40-CD154 pathways argues against an
essential role for CD40 in the activation phase of the T-cell
response to C. parvum.

MATERIALS AND METHODS

Mice. C57BL/6 wild-type, B6 RAG2/2 and IgM(m) heavy-chain knockout
(JR2288) mice were purchased from Jackson Laboratory (details of these mice
are given at www.jaxmice.jax.org). The sources, breeding, genotyping, and care of
the C57BL/6 SCID, C57BL/6 CD1542/2, and C57BL/6 CD402/2 (knockout)
mice are described in references 10 and 23. Animal conditions and experimen-
tation were approved by the Institutional Animal Care and Use Committee of
the University of Colorado School of Medicine.

Marrow transplant chimeras and adoptive transfer. Mice were irradiated with
950 rads from a cesium source at 250 rads/min. Within 1 h they were injected with
107 spleen and marrow cells from donors of the same sex. These cells were
prepared by flushing the cells from the marrow of the femurs and humeri of
euthanized donors with Hanks’ balanced salt solution (HBSS). These cells were
counted and mixed with an equal number of spleen cells from the same donors,
also suspended in HBSS. Clumps were removed by filtering through nylon mesh,
and the cell suspension was adjusted to 108/ml. One hundred microliters (107

cells) was injected where indicated into the peritoneal cavity of the irradiated
mice. Recipients were maintained on trimethoprim-sulfamethoxazole (Septra)
for 2 weeks after transplantation. They were allowed to recover for 6 weeks
before being used for experimentation in the expectation that this would allow
sufficient time for reconstitution by donor-derived APCs.

Infection and testing for C. parvum. Experimental groups of mice were always
derived from more than one litter and included both males and females. Animals
were transferred to a biohazard facility for infection with C. parvum strain
GCH1, obtained from McKesson Bioservices (catalog no. 1372) through the
AIDS Research and Reference Reagent Program of the National Institute of
Allergy and Infectious Diseases, National Institutes of Health (Bethesda, Md.),
as previously described (23). Over 50% of these oocysts excyst after being washed
in bleach and incubated for 4 h at 37°C. Animals were infected by gavage once
with 106 oocysts in 0.1 ml of HBSS. This number of oocysts is several orders of
magnitude greater than the mouse 50% infective dose for C. parvum. Mouse
feces were collected weekly and stored at 220°C until the infection status was
determined by fecal C. parvum antigen using a commercial C. parvum antigen
enzyme-linked immunosorbent assay (ELISA) kit (LMD, catalog no. CP-35;
Alexon, Ramsey, Minn.). Feces were resuspended in the homogenization buffer
overnight at 4°C before testing according to the manufacturer’s instructions.
Positive and negative controls were included with each ELISA run. Animals were
euthanized by CO2 inhalation (a) when they lost 15% of body weight or (b) at
6 to 13 weeks after infection or adoptive transfer of T cells. Tissues obtained at
necropsy for routine histology were fixed in 10% buffered formalin and embed-
ded in paraffin for sectioning and hematoxylin and eosin staining. Tissues to be

used for detection of 5- (and 6-) carboxyfluorescein, succinimidyl ester (CFSE)-
labeled cells were snap-frozen and sectioned on a cryostat.

Preparation and transfer of mesenteric lymph node suspensions. For certain
experiments, mesenteric lymph nodes were teased in HBSS and adjusted to
107/ml. These cells were fluorescence labeled by CFSE (catalog no. C-1311;
Molecular Probes, Portland, Oreg.) as previously described (23) and resus-
pended at 108/ml in HBSS. Ten million cells were injected intraperitoneally into
wild-type and knockout recipients as indicated below. The division of these cells
was assessed by fluorescence-activated cell sorter analysis, and their appearance
in the gut was detected by fluorescence microscopy of frozen sections. These
were viewed on a Leitz microscope with incident UV light and transmitted
phase-contrast optics. Images were captured with a Spot camera (model 1.3.0;
Diagnostic Instruments, Sterling Heights, Mich.) and processed with Adobe
Photoshop software.

Fluorescence staining. For fluorescence-activated cell sorter analysis, 106 mes-
enteric lymph node or spleen cells were spun down and resuspended in 5 to 10
ml of fluorochrome-conjugated antibodies to B220, CD4, CD154, or CD69
(Caltag, Burlingame, Calif., or Pharmingen, San Diego, Calif.) and incubated on
ice for 30 min. An aliquot of cells was stained with phycroerythrin and fluorescein
isothiocyanate controls in parallel. The cells were washed twice and fixed in 1%
paraformaldehyde before being viewed on an EPICS Elite cytofluorograph.

RESULTS

CD40 on a marrow-derived cell suffices for C. parvum to be
cleared by C57BL/6 mice. C57BL/6 CD402/2 mice, irradiated
with 950 rads and reconstituted with 107 CD401/2 donor cells,
were rested for 6 weeks to allow for the repopulation of APCs
with donor-derived CD401/2 cells. Following infection by
mouth with 106 C. parvum oocysts, these transplant chimeras
cleared the infection as judged by C. parvum ELISAs (Fig. 1).
The B2201 cells in blood and spleen samples obtained at nec-
ropsy from these animals stained for CD40 by two-color cy-
tometry. Histology of necropsy sections of ileum also con-
firmed that the C. parvum infection had been cleared.
CD401/2 animals transplanted with CD402/2 bone marrow
remained infected by C. parvum for .8 weeks as shown by
ELISA (Fig. 1), and this was confirmed by histology of the
terminal ileum (not shown). B cells from these CD401/2 ani-
mals reconstituted by CD402/2 marrow were negative for cell
surface CD40 (not shown). Positive-control transplant chime-
ras comprising CD401/2 mice reconstituted with wild-type
marrow cleared the C. parvum infection (not shown), while
negative controls (CD402/2 mice reconstituted with RAG
knockout or CD402/2 marrow cells) remained infected for .8
weeks (Table 1).

FIG. 1. C. parvum ELISA results (mean 1 1 SD) for CD402/2

C57BL/6 mice infected with 106 C. parvum oocysts. Œ, CD402/2 mice,
unmanipulated; ‚, CD402/2 mice transplanted with C57BL/61/2 bone
marrow; ■, CD402/2 mice transplanted with CD402/2 marrow; h,
CD401/2 mice transplanted with CD402/2 marrow. OD, optical den-
sity.

TABLE 1. Outcome of C. parvum infection of control
bone marrow transplant chimerasa

Group
no.

Donor
marrow
strain

No. of
mice

Duration of
infection

(wk)

Final C. parvum
ELISA ODb

Interpre-
tation

1 C57BL/6 6 ,6 0.006 6 0.004 Cleared
2 m2/2CD401 8 ,6 0.008 6 0.006 Cleared
3 B6 RAG2/2 4 .12 0.13 6 0.005 Infected
4 CD402/2 3 .8 1.00 6 0.03 Infected

a Chimeras were created by exposing CD402/2 mice to 950 rads of irradiation
delivered over 4 min from a Cs source. They were then injected with 107 cells of
the indicated bone marrow and spleen. All animals were infected 6 weeks later
with 106 C. parvum oocysts, and the outcome of infection was determined by
ELISA for C. parvum.

b Results are the mean ELISA optical density (OD) 6 1 SD for the last fecal
samples obtained before euthanasia. OD readings of .0.02 indicate infection.
The difference in outcomes of infection after 6 weeks between the test (groups
1 and 2 combined) and control (groups 3 and 4 combined) mice is significant
(P , 0.005 by the Fisher test).
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To exclude a role for antibody in the clearing of C. parvum
infection by the CD402/2 recipients of CD401 marrow cells in
the above experiment, we repeated the experiment using
IgM (m) chain knockout (B-cell deficient) bone marrow do-
nors. Eight recipients of m2/2 marrow cells were infected with
C. parvum 6 weeks after reconstitution, and all cleared their
C. parvum infection in the ensuing 6 weeks (Table 1).

T-cell activation in CD402/2 mice infected with C. parvum.
CD 40 transduces important signals into APC that stimulate
the expression of B7 and MHC and the secretion of IL-12.
These CD40-mediated functions are thought to increase the
ability of an APC to stimulate a T cell. To determine whether
CD402/2 mice would be unable to activate T cells in their
mesenteric lymph nodes (and so fail to clear a C. parvum
infection), we examined CD4 cells from infected and unin-
fected mice for expression of the early activation marker,
CD69, and for CD154. A single time point was required to
permit comparisons between groups, and because wild-type
animals clear the infection promptly, 6 days after infection was
the time point selected. This approximates the period of the 7
to 9 days after infection used in the study with calves reported
by Pasquali and coworkers (27). Our results (Table 2) show in
each case a greater percentage of activated CD691 cells in the
infected animals than in uninfected controls. Since there were
no overlaps between the infected and uninfected mice within
groups, these differences are significant by the Fisher exact test
(P , 0.05). The percentages of CD41 cells that expressed
CD691 approximately doubled in the wild-type, CD1542/2, or
CD402/2 mice that were infected with C. parvum, compared
with the uninfected controls. Expression levels of CD154 were
similar in C. parvum-infected wild-type and CD402/2 mice. To
determine whether the activation that occurred was followed
by cell division, spleen and mesenteric lymph node cells from
wild-type C57BL/6 mice were CFSE labeled and injected into
control and C. parvum-infected CD402/2 and wild-type mice.
Six days later, the recipients’ mesenteric lymph nodes were
recovered and examined for CFSE fluorescence. Cell division
was detected only in the infected recipients (Fig. 2 illustrates
cell division by CD4 cells in a C. parvum-infected but not an
uninfected CD402/2 recipient). The mean 1 1 standard de-
viation (SD) percentage of CD4 cells that divided in the

CD402/2 mice was 48% 1 8%, and in the C. parvum-infected
wild-type recipients it was 38% 1 12%. This difference does
not reach statistical significance.

It was previously shown that T cells enter the laminae pro-
priae of C. parvum-infected SCID mice prior to clearing of the
infection (23). To determine whether CD40 was required for T
cells to reach the lamina propria, we examined the guts of the
CD402/2 and wild-type C. parvum-infected recipients of the
CFSE-labeled cells described above. Donor-derived cells iden-
tified through CFSE fluorescence were found in 24% (SD, 7%)
of high-power fields of laminae propriae from the guts of all
five CD402/2 C. parvum-infected animals tested (an example
is shown in Fig. 3). CFSE-labeled cells were found in 18% 1
7% of high-power fields of laminae propriae from the guts of
C. parvum-infected wild-type animals. The difference between
CD402/2 and wild-type animals is not statistically significant.
CFSE-labeled cells were not detected in the laminae propriae
of CD402/2 animals that had not been infected by C. parvum
(not shown).

DISCUSSION

That T cells are necessary for a C. parvum infection to be
cleared is well established (26) and is perhaps to be expected
for an organism that principally resides in a parasitophorous
vacuole in an epithelial cell. This location is likely to protect
the intracellular sporozoite from antibody, but the C. parvum
sporozoites do not penetrate the cell wall to enter the cyto-
plasm of the infected cell. Residence within a parasitophorous
vacuole is therefore likely to prevent sporozoite antigens from
entering a class I processing pathway. Certainly CD8 T cells
and MHC-I antigens do not seem to be required for crypto-
sporidia to be cleared (1, 28). Even the CD4 T-cell response
that can clear a C. parvum infection is unusual in that the
specificity of the T-cell receptor seems less important than the
activation of the T cells and their utilization of an intact
CD154-CD40 signaling pathway (23). CD40 ligation can lead
to apoptosis of fibroblasts (20) and, in vitro, of C. parvum-
infected cells (17, 30), so the direct triggering of apoptosis in
CD401 infected cells by CD154 expressed on activated T
cells was considered a potential mechanism that could ac-
count for the contribution of CD40 to C. parvum immunity.

TABLE 2. Activation markers on CD4 cells from mesenteric
lymph nodes of control and C. parvum-infected micea

Mouse examined No. of
mice Infection status

% CD4 cells
(mean 6 1 SD)
staining for acti-

vation marker

CD69 CD154

C57BL/6 6 Uninfected control 18 6 5 5 6 3
C57BL/6 7 C. parvum infected 31 6 3b 12 6 2b

CD1542/2 C57BL/6 6 Uninfected control 14.6 6 6.3 ,0.1
CD1542/2 C57BL/6 8 C. parvum infected 32 6 2b ,0.1
CD402/2 C57BL/6 5 Uninfected control 28 6 4 7 6 2
CD402/2 C57BL/6 5 C. parvum infected 58 6 3b 15 6 2b

a Mesenteric lymph nodes were recovered from the infected mice 6 days after
infection. The cells were stained with p-conjugated CD4 antibody and fluorescein
isothiocyanate antibodies to the activation markers, and 5,000 CD4 cells were
examined. Results are the mean 6 1 SD of CD4 cells staining for the activation
marker shown.

b These results differ (P , 0.05 by Mann-Whitney U test) from the corre-
sponding control.

FIG. 2. Green CFSE fluorescence of CD4 cells from mesenteric
lymph nodes of CD402/2 mice 6 days after injection of 107 CFSE-
labeled spleen cells from wild-type donors. (a) Uninfected recipient;
(b) C. parvum-infected recipient. The appearance of additional popu-
lations of cells with reduced green fluorescence in the region labeled C
of the infected animal is indicative of cell division. This result is rep-
resentative of five animals studied.
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The results presented here clearly refute this interpretation
because CD40 was not required on the surface of the in-
fected intestinal epithelial cells for a C. parvum infection to
be cleared. Instead, C. parvum infections were cleared only
when CD40 was present on a marrow-derived cell. The
marrow-derived populations that normally express CD40
are B lymphocytes and cells of the dendritic and mononu-
clear phagocyte series. Since CD402/2 recipients of B-cell-
deficient marrow were able to clear C. parvum infections, it
appears that the required CD401 population is a member of
the dendritic and mononuclear phagocyte series.

An implication from our finding that marrow-derived CD401

cells are required for a C. parvum infection to be cleared is that
antigen presentation to T cells through intestinal epithelial
cells alone (19) is insufficient for immunity. This conclusion is
consistent with the recent report from Blanas and colleagues
(5) showing that a marrow-derived MHC-II- positive cell is
necessary for ovalbumin-specific CD4 cells to proliferate in the
mesenteric lymph nodes of mice fed ovalbumin.

Immune responses to other intracellular pathogens (partic-
ularly Leishmania, Toxoplasma, and Pneumocystis) have em-
phasized the role of CD40 in stimulating APCs (most probably
dendritic cells) to make IL-12 (9). The production of IL-12 is
relevant because it is known to bias T cells towards a IFN-g-
secreting (or Th1) immune response. In the response to Leish-
mania infection, IL-12 production by parasitized dendritic cells
depends on a CD40 transduced signal (25). Since IL-12 is
known to contribute to immunity to C. parvum (33), the prin-
cipal contribution of CD40 ligation to the immune response to
C. parvum might be to ensure T-cell activation and subsequent
IFN-g production. Experiments in transplant systems show
that dendritic cells deficient in CD40 tend to make more of the
down-regulatory cytokine IL-10 (13). Despite the relationship
of CD40 to IL-12 production, our experimental results clearly
show that CD41 T cells in the mesenteric lymph nodes of
CD402/2 C. parvum-infected mice activate at least to the ex-
tent of CD69 expression. About a third of the mesenteric
lymph node CD41 cells from C. parvum-infected animals also
expressed CD154, whether these cells came from CD40-posi-
tive or -knockout mice. Studies with CFSE-labeled cells go fur-
ther in showing that CD4 T cells divide in CD402/2 adoptive
hosts when these are C. parvum infected. This result is consis-
tent with the recent report of Howland et al. that CD4 T cells
expressing the DO11.10 receptor for ovalbumin, but with dis-

rupted CD154, divide when stimulated by ovalbumin—even
though this response is not as well sustained as that by cells
with intact CD154 (21). These results, and our own using
CFSE labeling, are important because they suggest that the
absence of a potential afferent signal through CD154 (7) does
not limit T-cell responses in CD402/2 mice. Even IFN-g pro-
duction in response to intracellular pathogens can proceed
when CD40-CD154 signaling is blocked (34), provided that the
B7-CD28 pathway is intact. A recent report draws attention to
TRANCE-TRANCE R signaling as a major pathway in the
production of IFN-g by activated T cells (2). Taken together,
these data argue against the view that the principal role for
CD40 in the response to C. parvum is for T-cell activation and
subsequent IFN-g production.

While the findings reported here do not define the contri-
bution that CD40 makes to immunity to C. parvum, they do
narrow the range of possibilities. The finding that educated
CD402/2 T cells could not eliminate C. parvum from CD402/2

knockout mice suggests that CD40 acts to mediate an effector
function that is not subserved by T cells and epithelial cells
alone. Studies with other apicomplexans, such as Toxoplasma
sp., implicate nitric oxide as an essential mediator of immunity,
and nitric oxide production by mononuclear phagocytes is
known to be stimulated through CD40. Even though nitric
oxide would be a plausible candidate for the essential CD40-
ligation-dependent mediator in C. parvum clearance, we show
elsewhere that inducible nitric oxide synthetase and Fas/Fas
ligand expression are not required to clear a C. parvum infec-
tion (16). Dendritic cells in the intestinal lamina propria are
CD401, and both their survival (8) and function (3) are af-
fected by CD40 signaling. Mononuclear phagocytes of the den-
dritic cell and macrophage series have an important effector
function against other intracellular pathogens, and in the hu-
man lamina propria, they are responsible for scavenging apo-
ptotic epithelial cells (4). Our present data argue for a further
study of their interactions with C. parvum-infected epithelial
cells.
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FIG. 3. (a) CFSE-labeled cells in the intestine of a C. parvum-infected CD402/2 mouse 6 days after injection of 107 CFSE-labeled wild-type
spleen cells. Magnification, 3400. Higher-power (magnification, 31,000) phase-contrast (b) and green fluorescence (c) views of ileum show that
labeled cells lie adjacent to the base of a crypt (arrow). Comparable results were obtained with five more animals.
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