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The role of gut intraepithelial lymphocytes (IEL) in immunity to cryptosporidial infection was investigated
with a murine infection model involving Cryptosporidium muris. Oocyst shedding was monitored in severe
combined immunodeficiency (SCID) mice infected with C. muris following intravenous injection of mesenteric
lymph node (MLN) cells or intestinal IEL from BALB/c donor mice which were naive or previously infected
with C. muris. SCID mice receiving no lymphoid cells developed chronic infections and excreted large numbers
of oocysts until the end of the experiment. SCID mice injected with IEL from immune animals, however, were
able to overcome the infection, and furthermore, these animals produced fewer oocysts and recovered sooner
than ones which received IEL or MLN cells from naive BALB/c donors. Similar levels of protection were
obtained in SCID mice injected with either 2 x 10° IEL or MLN cells from immune donor mice. Depletion of
CD4* cells from immune IEL, however, abrogated the ability to transfer immunity to SCID mice, while
depletion of CD8™ cells only marginally reduced the protective capacity of immune IEL. Finally, control SCID
mice which received no lymphocytes had <1% CD4™ cells in the IEL from the small intestine, whereas the IEL
from SCID mice recovered from infection, as a result of injection with immune IEL, contained 15% CD4™ cells.
Thus, the ability to control C. muris infection correlated with the presence of the protective CD4™ cells in the

gut epithelium.

Cryptosporidiosis is an important mucosal disease of verte-
brates caused by coccidial parasites of the genus Cryptospo-
ridium. The parasite develops in epithelial cells, and infection
is transmitted by oocysts, normally in a fecal-oral manner.
Infection of mammals with Cryptosporidium parvum produces a
watery diarrhea which normally lasts several days, but immu-
nodeficient hosts, including individuals with AIDS, often have
chronic and life-threatening symptoms (5). Another species of
parasite, Cryptosporidium muris, infects the gastric glands of
rats and mice and is less pathogenic than C. parvum (13, 25). In
rodents, recovery from cryptosporidial infection requires T-cell
activity (12, 16, 19, 26), particularly from the CD4™" helper cell
subpopulation (4, 15, 17, 20, 26, 27). Although the CD8*
cytotoxic/suppressor cells are not necessary for control of in-
fection (15, 20), we have nevertheless observed a minor role
for these cells in immunity (15, 17). The effector mechanisms
mediating elimination of Cryptosporidium infection are not un-
derstood, although it is clear that gamma interferon (IFN-vy)
plays an important part (4, 16, 27).

Little information on the measurement of protective im-
mune responses against Cryptosporidium spp. at the mucosal
level is available. The lymphoid cells of the gut-associated
lymphoid tissue likely to be responsible for the control of the
parasite’s reproduction are found in three distinct compart-
ments: the connective tissue of the lamina propria, specialized
lymphoid tissue such as Peyer’s patches, and the epithelium
(18). The lymphocytes from each compartment differ in ontog-
eny as well as in stages of activation and maturation. Intraepi-
thelial lymphocytes (IEL) might be expected to form a first line
of defense against pathogens affecting the mucosal surface,
such as cryptosporidia. Indeed, increased numbers of intestinal
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IEL have been observed during coccidial infections of the
gastrointestinal tract, including C. parvum infections (3, 9, 10),
but the importance of these cells in the protective immune
response has not been determined. The composition of lym-
phocyte subsets found in gastrointestinal IEL of the mouse has
been reported to vary with the strain and age of the mice, the
region of the gut, and even housing conditions (1). In the small
intestine, IEL have been found to be predominantly CD3* T
cells, with CD8" cells more prevalent than CD4™" cells; in
addition, T cells with T-cell receptor y8 (TCR-y3) are more
common than in other lymphoid compartments, and there are
few or no B cells (22). The function of IEL in the control of
mucosal infections is unclear at present, but in vitro, these cells
have demonstrated effector mechanisms characteristic of T
cells and upon appropriate stimulation released T-cell-derived
cytokines (22, 23).

The present investigation was designed to determine
whether IEL were capable of eradicating cryptosporidial infec-
tion. We had shown previously that immunity to C. muris
infection could be adoptively transferred from previously in-
fected BALB/c mice to severe combined immunodeficiency
(SCID) mice which lack T and B cells (2), using either mes-
enteric lymph node (MLN) or spleen cells (17). In the present
study, this approach of adoptive immunization was employed
to characterize the protective nature of IEL from immunocom-
petent animals used as donor cells. The results show that IEL
obtained from immune donor mice can adoptively transfer
immunity against C. muris and that the protection observed is
associated predominantly with the CD4* cell subpopulation.

MATERIALS AND METHODS

Animals. CB.17 mice homozygous for the scid mutation (2) were bred under
aseptic conditions at the London School of Hygiene and Tropical Medicine and
used at 12 weeks of age. In experiments involving adoptive transfer of immunity,
SCID mice of the same sex and between 8 and 12 weeks old were maintained in
clean rooms. The mice, used in groups of six for each treatment, were housed
individually in wire-floored cages with filter lids and supplied with food and water
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sterilized by radiation and autoclaving, respectively. BALB/c female mice of
similar ages were obtained from Charles River U.K. Ltd.

Parasite. The RN 66 strain of C. muris (13) was passaged in SCID mice, and
oocysts were purified by salt flotation and stored at 4°C in a 2.5% potassium
dichromate solution (16). Experimental infections were initiated by oral inocu-
lation of mice with 2 X 10° oocysts, and production of oocyst progeny in feces
was measured daily after collection of pellets as described previously (16). Pellets
were homogenized in 20 ml of water, and samples were examined microscopi-
cally in a hemocytometer after a further dilution of 1:3 in water.

Preparation of lymphoid cell suspensions. Cell suspensions of MLN cells from
BALB/c mice previously infected or not infected (naive controls) with C. muris
were prepared in RPMI 1640 medium (GIBCO) with 25 mM HEPES (N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid), 200 U of penicillin per ml, 200
ng of streptomycin per ml, and 10% fetal calf serum (FCS) (GIBCO). IEL were
prepared from small intestines by a procedure based on those previously de-
scribed by other workers (1, 6). In summary, the small intestines were cleaned of
fecal debris by being flushed with 10 ml of ice-cold Ca®"- and Mg?*-free Hanks’
solution (CMFH) (GIBCO) with 2% FCS. Gut segments of approximately 1 cm?
from four or five mice were pooled in 50-ml flasks (Falcon) containing 25 ml of
CMFH with 10% FCS and 0.1 mM EDTA warmed to 37°C. Following a 20-min
incubation at 37°C and vigorous shaking of the flask by hand for 25 s, the medium
was removed. This part of the procedure was repeated to release any remaining
epithelium into the medium. The medium containing IEL and epithelial cell
debris was centrifuged at 1,000 rpm (Centaur2), and the cells were resuspended
in 5 ml of cold RPMI 1640 medium with antibiotics (see above) before being
passed through a nylon wool column. The column was immediately washed
through with 5 ml of cold RPMI 1640 medium, and the collected cell suspension
was centrifuged and resuspended in 40% Percoll (Sigma). The cells in 40%
Percoll were layered over 70% Percoll in a 15-ml conical tube and centrifuged at
2,700 rpm for 20 min. The band of cells containing IEL was collected from the
interface between 40 and 70% Percoll and washed three times in 10% FCS-
RPMI 1640 medium. The viability was measured by trypan blue exclusion, and
the purified cells were found to be greater than 90% viable. Prior to infection,
mice were injected intravenously with 2 X 10° viable cells, except in the exper-
iment to titrate the protective effect of IEL (see Fig. 2).

Depletion of T-cell subsets. CD4" and CD8™ cells were depleted from IEL by
treatment with rat monoclonal antibodies (MAbs) (SeraLab) specific for the
relevant surface markers by using protocols recommended by the manufacturers.
The cells were adjusted to a concentration of 107/ml and incubated at room
temperature for 15 min with a 1:50 dilution of YTS 191.1 (anti-L3/T4), YTS
169.4 (anti-Lyt-2), or a nonreactive rat immunoglobulin G (IgG). The cells, with
antibodies, were then injected intravenously into mice.

Immunofluorescence staining and cytometric analysis. Cell suspensions con-
taining 10° cells were added to plastic tubes (12 by 75 mm), washed in phosphate-
buffered saline (PBS) with 2% FCS and 0.01% sodium azide, and resuspended in
100 wl of normal rabbit serum for 10 min at 4°C to prevent nonspecific staining
by antibodies added later. The cells were then washed once and incubated for 30
min at 4°C in 100 wl of a rat MAb (1:100 dilution) against the mouse lymphocyte
surface marker CD4 (phycoerythrin conjugated), CD8 (fluorescein isothiocya-
nate conjugated), or Ig (fluorescein isothiocyanate conjugated) (all from Sigma).
For detection of TCR-a, cells first were incubated with biotin-conjugated ham-
ster anti-mouse TCR-af IgG or an isotype-matched control antibody (1:100
dilution; PharMingen) and then, following washing, were incubated for 30 min
with avidin-conjugated quantum red. Following a further two washes, all cell
preparations labelled with antibodies were fixed by incubation at room temper-
ature with 2% paraformaldehyde in PBS and then washed twice in PBS and
analyzed by FACScan (Becton Dickinson). The cells were gated for lymphocytes,
which represented more than 90% of the IEL population.

Histology. Fresh tissues were fixed in formal saline and embedded in paraffin
wax, and 5-pm-thick sections were prepared and stained with hematoxylin and
eosin.

Statistics. Standard errors are shown on the figures, and data were analyzed
with Student’s ¢ test.

RESULTS

Infection of immunocompetent mice. BALB/c mice used as
donors in adoptive transfer of immunity were immunized
against C. muris by infection following inoculation with 2 X 10°
oocysts. Oocyst shedding was first detectable around day 10
postinfection (p.i.), with the level increasing until between days
14 and 18 p.i. and then declining until infections became sub-
patent by day 25. It was previously found that animals recov-
ered from infection demonstrated no patent infection more
than 30 days following challenge with 10° oocysts of the ho-
mologous parasite strain (16). In experiments involving adop-
tive transfer of immunity, MLN cells and IEL were obtained
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from infection-immunized mice between days 63 and 88 p.i. for
transfer to SCID mice.

Analysis of IEL from immune and naive BALB/c mice. Stud-
ies were done to determine whether the IEL isolated were
likely to be contaminated with lymphocytes from the lamina
propria and also to compare the lymphocyte subpopulation
compositions of IEL from immune and naive donor mice.
Intestinal segments were examined histologically after the pro-
cedure to remove the epithelium had been performed. Few
epithelial cells remained attached to the villi, but the villous
architecture and basal membrane appeared to have remained
intact (results not presented). Flow cytometry was used to
determine the prevalence of major lymphocyte subpopulations
present in isolated IEL. The typical murine IEL from the small
intestine have a predominance of CD8" cells over CD4™" cells
and have few Ig* cells (1, 22). In the present study, the IEL
from naive BALB/c mice were 92% CD8™ cells, 25% CD4*
cells, 81% TCR-aB ™ cells, and <1% Ig* cells. These results
indicated that IEL contained little or no contamination with
cells from the lamina propria. Similar corresponding values
were obtained when the same lymphocyte subsets were ob-
served in IEL from BALB/c mice infected with C. muris 64
days previously.

Adoptive transfer of immunity. C. muris infections in groups
of SCID mice following injection of IEL or MLN cells from
naive or immune BALB/c mice were compared (Fig. 1). Oocyst
shedding in all groups of mice became patent on day 11 p.i. and
increased sharply over the next few days, reaching a mean peak
level in most groups on day 17. SCID mice which received no
lymphoid cells developed chronic infections and continued to
shed large numbers of oocysts throughout the remainder of the
experiment. In contrast, mice which received IEL from im-
mune donors recovered from infection; furthermore, these
mice had lower peak values of oocyst excretion and recovered
sooner than mice given naive lymphoid cells. MLN cells from
immune donors provided a level of protection comparable to
that obtained with IEL from the same animals. Subpatent
infections were eventually obtained in all mice given naive
MLN cells, but infections remained patent in mice given naive
IEL up to at least day 54 p.i. In another, similar experiment,
three of five SCID mouse recipients of naive IEL still had
heavy patent infections 140 days p.i. (data not presented). The
total mean numbers of oocysts produced until day 54 p.i. by
SCID mice receiving immune IEL (11.2 X 10° + 2.2 X 10°) or
immune MLN cells (9.2 X 10° = 5.8 X 10°) were significantly
less than the values obtained for mice receiving naive IEL
(134.6 X 10° = 35.0 X 10°) or MLN cells (65.0 X 10° + 28.8
X 10°), while the greatest production was found in the SCID
mouse control group which received no donor lymphocytes
(211.4 x 10° = 28.0 X 10°%) (P < 0.001). Although there was
little difference between the levels of oocyst shedding by
groups given immune IEL and immune MLN cells, there was
a significant difference between the yields from groups given
naive IEL and naive MLN cells (P < 0.001). These results
demonstrated that IEL could be used to transfer immunity
against C. muris adoptively from immune BALB/c mice to
histocompatible SCID mice.

Titration of immune IEL. Compared with MLN or spleen
cells, IEL are more difficult to harvest, and significantly fewer
cells may be isolated. In our experience, 2 X 10° to 5 X 10° IEL
were obtained from the small intestine of a BALB/c mouse,
and previous infection did not affect the numbers that could be
isolated. It was necessary, therefore, to determine a minimal
number of infection-primed IEL which could transfer immu-
nity to SCID mice. Accordingly, prior to infection with C.
muris, groups of SCID mice received either 10, 10°, or 10°
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FIG. 1. Adoptive transfer of immunity to C. muris in SCID mice reconstituted with MLN cells or IEL from previously infected BALB/c mice. Oocyst production
was measured in groups of mice injected intravenously with infection-primed or naive immunocompetent cells prior to infection. The groups were SCID controls (m),
naive IEL recipients (+), naive MLN cell recipients (A), immune MLN cell recipients (O), and immune IEL recipients (O).

immune IEL, while control groups received either 10° naive
IEL or no lymphoid cells. The transfer of immunity was ob-
served only in the group which received 10° immune IEL (Fig.
2). These animals began recovery from infection after day
21 p.i., while high levels of chronic infection were observed in
all other groups throughout the remainder of the monitoring
period.

Role of CD4* and CD8™* cells in transfer of immunity with
IEL. Experiments to measure the involvement of the CD4*
and CD8™ T-cell subsets of IEL in adoptive immunity. In the

first experiment, a comparison of the protective effects of im-
mune IEL depleted of CD4 " cells, the unfractionated immune
cell population, and naive IEL was made (Fig. 3). As before,
recipients of naive IEL developed chronic infections, produc-
ing a mean of 78.3 X 10° + 30.8 X 10° oocysts up to day 50 p.i.,
while animals receiving immune IEL had subpatent infections
by day 30 and produced only 10.7 X 10° = 1.8 X 10° oocysts
during the patent period. However, when the immune IEL had
been depleted of CD4" cells, none of the recipients showed
evidence of control of infection, producing 106.1 = 13.5 X 10°
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FIG. 2. Titration of protective effect of immune IEL cells against C. muris in SCID mice. The mice received either 10° naive IEL (+), 10° immune IEL (@), 10°

immune IEL (A), or 10* immune IEL (#).
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FIG. 3. Effect of depletion of CD4™ cells from immune IEL on the adoptive transfer of immunity to C. muris. SCID mice received 2 X 10° naive IEL (+), immune
IEL (@), or immune IEL depleted of CD4™" cells following incubation with a rat anti-mouse CD4 MAbD (OJ).

oocysts by day 50; these animals were as susceptible to infec-
tion as the recipients of naive IEL.

In another experiment, a comparison of the effects of de-
pleting CD4™ cells and CD8™ cells from immune donor cells
was made (Fig. 4). SCID mice given immune IEL depleted of
CD4™" cells again failed to control oocyst production, whereas
those receiving immune TEL depleted of CD8™ cells were able
to recover from infection. Patent infections in mice given im-
mune IEL depleted of CD8" cells lasted longer than those in
the recipients of unfractionated immune IEL (29.6 = 4.4 days

compared with 22.0 + 7.9 days; P < 0.05); in addition, the total
mean yield of oocysts from the recipients of immune IEL
depleted of CD8™ cells (41.7 X 10° = 24.6 X 10°) was also
greater than that from the recipients of unfractionated im-
mune IEL (16.4 X 10° = 10.4 X 10), but the difference was
not statistically significant. These results demonstrated that
CD4™" cells were predominantly responsible for the protection
against C. muris infection conferred by immune IEL, while
CD8™ cells were of measurable but minor importance.
Homing of donor IEL to the gut in SCID mice. To determine
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FIG. 4. Adoptive transfer of immunity against C. muris and effect of depleting CD4" or CD8™ cells from immune donor 1EL. The T-cell subpopulations were
depleted following incubation with specific rat MAbs. Groups of SCID mice received 2 X 10° immune IEL which were either unfractionated (®), depleted of CD4*

cells (O), or depleted of CD8™ cells (m).
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FIG. 5. Flow cytometry analysis of T-cell subpopulations present in IEL from naive SCID mice and SCID mice reconstituted with immune IEL. The IEL from
reconstituted mice were obtained from the mice for which results are shown in Fig. 4 following recovery from infection. The cells were incubated with a control antibody

(a) or with an antibody to detect CD8, CD4, or TCR-a (b).

whether immune IEL were able to populate the epithelia of
recipient SCID mice, an examination was made of the lympho-
cyte composition of IEL from SCID mice previously reconsti-
tuted with immune IEL recipients (those for which results are
shown in Fig. 4), 14 days after clearance of the patent infection
(Fig. 5). These IEL were 68% CD8" cells, 77% TCR-af™
cells, =1% Ig™ cells, and 15% CD4™" cells. The IEL from naive
(uninfected) SCID mice, however, contained <1% CD4 " cells
and TCR-af™ cells, while 33% were CD8™ cells, as would be
expected (18). In separate experiments, SCID mice with
chronic infections had CD4" and TCR-af* cell numbers
which were not significantly above the background level (data
not presented). Recovery from infection in SCID mice which

received immune IEL therefore correlated with the presence
of CD4™ cells in the gastrointestinal epithelium.

DISCUSSION

In vitro studies have suggested that IEL may have an im-
portant regulatory and/or effector function in immunity to mu-
cosal infection (18, 22), but confirmation for this from in vivo
investigation has been lacking. Since Cryptosporidium develop-
ment is confined to the epithelium, our C. muris model seemed
suitable for the investigation of the involvement of IEL in
immunity to an intracellular mucosal pathogen. Our demon-
stration that immunity against C. muris could be adoptively
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transferred with IEL indicated that in the murine host these
lymphocytes were, indeed, important effectors of immunity.
These results are the first to show that IEL could be primed
against cryptosporidial infection and also that the primed IEL
could induce elimination of this parasite.

The lymphocytes isolated from the epithelium for adoptive
transfer of immunity appeared to contain few or no lamina
propria lymphocytes, as evidenced by the relative numbers of
CD4%, CD8™, and Ig™ cells present and also by the apparent
intact nature of the villous architecture following removal of
the epithelium. This suggested that the IEL and not contami-
nating lamina propria cells were predominantly responsible for
adoptive immunization against the cryptosporidial parasite.
The IEL donor cells were obtained from mice which had
cleared a patent infection up to about 60 days previously,
indicating that the immunological memory of these cells was
long lived.

Within the IEL population, CD4* cells were required for
the transfer of immunity, since depletion of these cells abro-
gated the protective effect following transfer. In comparison,
depletion of CD8™ cells resulted in only a small reduction in
the level of immunity obtained with immune IEL, suggesting
that this subset of cells had a limited role in control of infec-
tion. It is possible that the cells with the CD8 phenotype
involved in protection may come from a double-positive CD4™"
CD8" cell population found in IEL which were found in an
earlier study by other workers to repopulate the gut epithelium
following transfer to SCID mice (21). The observations here
on the relative importance of CD4" and CD8™ cells from IEL
in the adoptive transfer of immunity were consistent with our
earlier results showing that in the control of C. muris infection,
CD4™" cells played a more important part than CD8" cells
17).

While immunity could be adoptively transferred with IEL
from immune donors, IEL from naive BALB/c donor mice
conferred a relatively poor level of protection on SCID mice.
The relative numbers of CD4*, CD8*, TCR-ap™, and Ig*
cells were found to be similar in immune and naive IEL,
indicating that any difference between these populations in the
ability to transfer immunity to SCID mice was unlikely to
reflect a discrepancy in the corresponding numbers of these
major cell subsets. In the present study, as in a previous one
(17), SCID mice injected with naive MLN cells were able to
control C. muris infection, although less effectively than im-
mune MLN cells. It is not clear why in this experimental system
naive MLN cells were more protective than IEL from the same
donor animals. However, there is evidence to suggest that IEL
are predominantly resting memory cells (18), and so the “na-
ive” population transferred to SCID mice might be expected to
be largely unresponsive to C. muris.

Recovery from infection by SCID mice injected with im-
mune IEL correlated with the presence in the small intestinal
epithelium of significant numbers of CD4" cells, which sug-
gested that the impact of these cells on the infection might be
dependent on a close interaction with the epithelium. This
repopulation of the gut epithelium with CD4* cells was con-
sistent with observations of other workers, who recently
showed that BALB/c IEL transferred to SCID mice readily
repopulated the intestinal epithelium (21). Preliminary at-
tempts to isolate IEL from the stomach for phenotype analysis
were unsuccessful (data not presented), and it may be neces-
sary to employ immunohistological methods to evaluate hom-
ing of lymphocytes to the site of infection. Our finding that
immune donor IEL obtained from the small intestine con-
ferred immunity against an infection (apparently) confined to
the gastric mucosa indicated that lymphocytes primed in the
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stomach were able to migrate through the common mucosal
system to occupy distant sites in the gut (18).

The mechanisms whereby IEL induced control of C. muris
development are unknown. IEL have a cytotoxic capacity (11,
18, 22), and intestinal infection with Toxoplasma gondii re-
sulted in the generation of cytotoxic CD8* TCR-af* IEL
which, in vitro, specifically lysed parasite-infected epithelial
cells with major histocompatibility complex class I restriction
(14). IEL contain higher numbers of CD8" TCR-y8" cells
than there are in other lymphocyte compartments, but their
role in immunity is unclear (18, 22). However, CD8" IEL
played only a small part in control of C. muris infection, so the
effector mechanisms involving these cells are unlikely to be
crucial.

Generally, in vitro functional studies of T cells from IEL
have shown that they are less susceptible to activation than T
cells from other sites. However, they were able to proliferate in
the presence of T-cell mitogens, and stimulation resulted in the
release of T-cell cytokines (22, 23). IEL from animals infected
with the intestinal pathogens Trichinella spiralis and Listeria
monocytogenes secreted a number of cytokines, including
IFN-y, in the presence of specific antigen (7, 28). We have
shown that the onset of immunity to C. muris infection was
significantly delayed and oocyst excretion was increased fol-
lowing treatment with anti-IFN-y antibodies (16), and, in an-
other study, the development of immunity correlated with pro-
duction of IFN-y and interleukin-2 by MLN cells and splenic
CD4™" cells (24). Other investigators have shown that IFN-y
played an important part in the CD4" cell-mediated elimina-
tion of C. parvum infection (4, 27). The mechanisms of action
of IFN-y are not known, but it has been shown to inhibit the in
vitro development of T. gondii and Eimeria tenella in cell lines
(8, 14).

In conclusion, the results presented here showed that CD4"
IEL from immunocompetent mice previously infected with C.
muris induced immune effector mechanisms responsible for
the elimination of this parasite. Future studies of immunity to
C. muris infection will include in vitro and in vivo investigations
of the functional characteristics of immune IEL, particularly
the protective CD4™ cell subpopulation.
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