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Because most pathogens initially challenge the body at epithelial surfaces, it is important to dissect the
mechanisms that underlie T-cell responses to infected epithelial cells in vivo. The coccidian parasites of the
genus Eimeria are protozoan gut pathogens that elicit a potent, protective immune response in a wide range of
host species. CD4+ af T cells and gamma interferon (IFN-y) are centrally implicated in the primary immu-
noprotective response. To define any additional requirements for the primary response and to develop a
comparison between the primary and the secondary response, we have studied Eimeria infections of a broad
range of genetically altered mice. We find that a full-strength primary response depends on [3,-microglobulin
(class I major histocompatibility complex [MHC] and class II MHC and on IFN-vy and interleukin-6 (IL-6) but
not on TAP1, perforin, IL-4, Fas ligand, or inducible nitric oxide synthetase. Indeed, MHC class II-deficient
and IFN-y-deficient mice are as susceptible to primary infection as mice deficient in all a3 T cells. Strikingly,
the requirements for a highly effective a3-T-cell-driven memory response are less stringent, requiring neither
IFN-v nor IL-6 nor class I MHC. The class I MHC dependence was also reduced, with adoptively transferable
immunity developing in MHC class I1™/~ mice. Besides the improved depiction of an immune response to a
natural gut pathogen, the finding that effective memory can be elicited in the absence of primary effector

responses appears to create latitude in the design of vaccine strategies.

A primary goal of immunological research is to understand
how protective primary and secondary immune responses
against natural infectious pathogens are mounted. This under-
standing will aid in the management of infectious disease and
the design of vaccines that elicit effective secondary responses.
To this end, recent research has developed operational para-
digms for immune responses to different pathogens. For ex-
ample, the linkage of disease resistance to the effective oper-
ation of either T-helper-cell type 1 (Th1l) or T-helper-cell type
2 (Th2) responses during challenge with pathogens such as
Leishmania major, Listeria monocytogenes, Toxoplasma gondii,
and various nematodes (1,4,8,24).

Commonly, pathogens make primary contact with the host
via infection of an external body surface, particularly the in-
testinal epithelium. Thus, the immune responses active at body
surfaces are an essential component of the host-pathogen re-
lationship. Consistent with this, the intestine displays a com-
plex gut-associated lymphoid tissue (GALT), with lymphocytes
present in mesenteric lymph nodes, specialized follicles such as
Peyer’s patches, the lamina propria, and the epithelium itself.
At the same time, the gut immune system must remain tolerant
to innocuous foreign antigens such as those ingested as food.
Thus, effective understanding of GALT has the potential both
to aid oral vaccination programs for infectious diseases and to
guide oral tolerance strategies to ameliorate autoimmunity
(55).

Nonetheless, there are few instances in which the primary
and secondary immune responses to natural and widespread
infectious pathogens of the gut epithelium have been defined
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in detail. This is in part because many studies have focused on
pathogens delivered experimentally via subcutaneous, intrave-
nous, and/or intraperitoneal injection. Such studies cannot as-
sess whether immune responses to infected epithelia adhere
strictly to general rules established for systemic responses or
whether there are site-specific immune effector mechanisms.
Significant questions include the degree to which Th1 and Th2
dichotomies and nonconventional antigen presentation mech-
anisms might be involved in intestinal responses and the dif-
ferences in the respective requirements for mounting primary
and secondary responses. By the direct study of a natural,
widespread infection of the gut epithelium, this paper provides
answers to these questions.

The epithelium-tropic protozoan Eimeria vermiformis is an
example of an organism causing a natural intestinal infection
to which vertebrates mount a highly effective immune re-
sponse. Eimeria spp. are apicomplexans closely related to hu-
man pathogens Cryptosporidium spp., T. gondii, and Sarcocystis
spp., all of which reside in or enter the body via the intestinal
epithelium (10). Additionally, eimerian parasites have an in-
herent biological significance: there are estimated to be over
10,000 species that together target most vertebrates prior to
and throughout breeding age. Hence, Eimeria may have pro-
vided a significant evolutionary pressure for the development
of effective intestinal immune responses. Currently, significant
economic cost is caused by infection of livestock with different
Eimeria spp., leading to a clinical condition known as intestinal
coccidiosis (47).

Infection by E. vermiformis is largely limited to the intestinal
epithelium and can be initiated via the natural route by intu-
bation of the esophagus. The resistance or susceptibility of an
animal to primary infection can be reliably quantified by enu-
meration of parasites released into the feces and by the length
of the “patent period” over which this occurs (36, 39). Previous
studies have clearly established that a3-T-cell immunity is cen-
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FIG. 1. TCRB/~mice are highly susceptible to primary infection with E. vermiformis and do not develop immune memory to reinfection. C57BL/6 and C57BL/6
TCRB ™/~ mice were infected with 1,000 sporulated oocysts of E. vermiformis, and secondary infection was initiated 30 days after primary infection. Results of oocyst
counts and patent periods are means * standard errors from groups of 6 to 10 individually housed animals. *, significant difference between experimental groups

infected at the same time (P < 0.05).

tral to the effective attenuation of primary infection (reviewed
in reference 35; 54). Moreover, the immune response to E. ver-
miformis is highly effective, and within a 2- to 3-week period
all conventional inbred mouse strains develop essentially com-
plete immunity to reinfection by an inoculum 1,000 times great-
er than the primary challenge (39; A. L. Smith and A. C. Hay-
day, unpublished observations). We previously showed that a8
T cells are likewise necessary for the memory response and
that the resistance to neither primary nor secondary infection
is affected by the congenital absence of yd cells (33). These
results are consistent with the findings that a-T-cell-deficient
mice are defective in specific T-cell-mediated immunity to the
majority of (possibly all) pathogens so far employed (14, 22, 26,
52).

Although the host response attenuates primary infection,
Eimeria spp. are intrinsically self-limiting. Hence, within 3 to 4
weeks even highly immunocompromised hosts become com-
pletely cleared of the pathogen (33, 36). Experimentally, this is
a useful property, because although it limits the quantitative
difference in susceptibility between fully immunocompetent
and fully immunocompromised mice (e.g., SCID mice), the
complete clearance of the primary infection allows unequivo-
cal evaluation of the secondary response in variably immuno-
compromised animals. This contrasts with other popular mod-
els of infection, where attenuated pathogens or uncertain drug
treatment strategies are required to eliminate the primary in-
oculum from immunodeficient animals. This property was ex-
ploited in this study to allow an improved understanding of
respective mechanisms of the ap-T-cell-mediated primary and
secondary responses. To date, antibody depletion and adop-
tive-transfer experiments have indicated that CD4+ T cells
and gamma interferon (IFN-y) are involved in the develop-
ment of the primary response, suggesting that it may conform
to the Thl paradigm (37, 38, 40, 41). Nonetheless, a detailed
genetic analysis of the primary response had yet to be under-
taken. Likewise, the requirements for the secondary response
over and above an essential role for o8 T cells had heretofore
remained opaque.

MATERIALS AND METHODS
Animals. I-A™/~, T-cell receptor-3~/~ (TCRB™/~, and TCR (B X §) mice
were crossed onto a C57BL/6 background (10 generations) and bred and main-

tained at Yale University in specific-pathogen-free isolators in an accredited
facility. C57BL/6, F,(129 X C57BL/6), B,-microglobulin™/~ (B,m /") (both

C57BL/6 and mixed backgrounds), TAP1™/~ (mixed background), IFN-y~/~
(C57BL/6 background), interleukin-4~/~(IL-4 /") (C57BL/6 background), IL-
67/~ (mixed background bred back an unknown number of times to C57BL/6),
perforin ™/~ (C57BL/6 background), and some TCRB '~ (C57BL/6 background)
mice were originally purchased from Jackson Laboratory (Bar Harbor, Maine).
Mice were given an invariant diet (Hamster chow 3500) and water ad libitum.
Animals were 6 to 10 weeks of age for primary infection, and secondary infec-
tions were initiated 4 to 6 weeks after primary infection.

Parasites and oocyst enumeration. E. vermiformis (kind gift from K. S. Todd,
University of Illinois) was maintained by passage in vivo, with oocysts purified
and sporulated as described previously (39). Sporulation was scored microscop-
ically, and mice were given 10? or 10° sporulated oocysts in 100 wl of water by
oral gavage. At the beginning of patency (7 days postinfection), mice were indi-
vidually caged and maintained over autoclaved sand, preventing reingestion of
fecal material. All fetal material was collected at 24-h periods until no oocysts
could be detected. Total oocysts in each collected fecal sample were counted
after salt flotation in McMaster chambers, and the susceptibility for each infec-
tion was described by the total oocyst counts over the patent period. It was not
appropriate to correct oocyst yields to the weight in grams of fecal material,
because fecal consistency inevitably changed across the course of the infection.
Because the Eimeria stocks were prepared by passage in vivo, the potency
inevitably varied among inocula. For this reason, all experiments were strictly
internally controlled.

Preparation of lymphocytes. Spleens and mesenteric lymph nodes were re-
moved from freshly euthanized mice using a sterile technique, and lymphocyte
suspensions were prepared by gently disrupting diced organs through a steel
mesh into sterile phosphate-buffered saline (PBS; pH 7.2)-2% fetal calf serum
and maintained on ice. Erythrocytes were removed from spleen preparations by
“flash lysis” according to a standard technique (56). Small intestine intraepithe-
lial lymphocytes were prepared as described previously (17). Lymphocytes were
washed, resuspended, and counted microscopically; viability always exceeded
90% according to trypan blue exclusion.

Adoptive transfer. For adoptive transfer, cells were resuspended in PBS, pH
7.2, and injected intraperitoneally into recipient mice. Controls received PBS, pH
7.2, with no cells. Recipient mice were challenged with E. vermiformis 24 h after
adoptive transfer, as described by Rose et al. (38, 42).

RESULTS

afy T cells are essential for immunity to primary and sec-
ondary infection by E. vermiformis. Data shown in Fig. 1 dem-
onstrate that TCRB '~ mice are highly susceptible to primary
infection and remain highly susceptible to subsequent infection
whereas intact mice are completely immune to reinfection.
This supports an earlier report in which TCRa /"~ mice were
used (33) and in which y3-cell-deficient mice were shown to
have no overt susceptibility to either primary or secondary
infection. Collectively, these data provide the basis for exam-
ining the antigen presentation and effector requirements for
af T cells that are relevant to the anticoccidial response.
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TABLE 1. Characteristics of E. vermiformis infections” in mice with defects in antigen presentation

Primary infection Secondary infection

Expt Strain of b No. of
no. train of mouse mice Oocyst output Patent period Oocyst output Patent period
(10°) (days) (10°) (days)
1 AR~ 5 94.5 + 10.3* 13.8 = 0.4* 54+ 1.9*% 9.0 = 2.1*
C57BL/6 4 9.7 = 3.2F 8.0 = 0.0F 0.0 = 0.07 0.0 = 0.0F
I-AR ™/~ primary control® 6 nd? nd 93.4 + 11.1% 12.3 = 0.2%
2 TCRB ™/~ 5 43.3 £ 4.5% 13.7 = 0.2* nd
AR/~ 5 50.6 = 5.0* 11.8 = 0.47 nd
C57BL/6 7 6.5 = 1.27 9.9 + 0.0% nd
3 B,m '~ 5 323 £ 1.5% 9.6 £ 1.0* 0.0 = 0.0* 0.0 £ 0.0*
C57BL/6 5 10.5 = 1.7¢ 84+ 1.1* 0.0 = 0.0* 0.0 = 0.0*
B,m /" primary control 4 nd nd 48.5 = 13.3% 8.5 = 0.4F
4 B,m "~ 4 48.5 = 13.3* 8.5+ 04* 0.0 = 0.0* 0.0 £ 0.0*
B,m*/~ 6 15.2 = 2.3% 9.0 + 0.0* 0.0 = 0.0* 0.0 = 0.0*
C57BL/6 6 12.2 = 2.8% 8.5+ 04* 0.0 = 0.0* 0.0 £ 0.0*
C57BL/6 primary control 4 nd nd 9.7 = 3.2¢ 8.0 = 0.07
5 TAP1/~ 7 8.4 + 1.9* 8.0 = 0.3* 0.0 = 0.0* 0.0 = 0.0*
B,m '~ 6 56.0 = 6.1F 104 = 0.4% 0.0 = 0.0* 0.0 £ 0.0*
TAP** g,m*/* 6 5.7+ 1.1*% 7.0 +0.3* 0.0 = 0.0* 0.0 = 0.0*

@ All infections were initiated with 10° sporulated oocysts, with secondary infections initiated 4 to 6 weeks after the primary infection. Oocyst outputs and patent
periods are means * standard errors. Different symbols indicate significant differences in oocyst output or patent period (P < 0.05).

> Mouse strain designations: —/—, homozygous targeted gene disruption; +/+, wild type.

¢ Primary infection controls were naive mice infected in parallel with the secondary infections shown.

4 nd, not done.

Antigen presentation pathways involved in the primary re-
sponse to Eimeria. Previous studies have shown that mice de-
pleted of CD4" cells by administration of 1L3T4 antibody in
vivo are highly sensitive to primary infection by E. vermiformis
(37, 38). Likewise, protection conferred on naive mice by adop-
tive transfer of mesenteric lymph node T cells from infected
mice was abrogated by depletion of CD4" T cells from the
inoculum (38). Conversely, anti-CD8 antibodies had no effect
(38). To investigate the pathway(s) of antigen presentation to
which active CD4" cells are restricted, a series of infections
was carried out in mice deficient in major histocompatibility
complex (MHC) functions (Table 1). C57BL/6 I-A~/~ mice are
deficient in class II MHC because the targeted disruption of
I-AB is set against a mutation in I-E; there are very few CD4™
cells in these mice (7, 19). B,m ’~ mice are severely deficient
in the expression of most conventional class I MHC molecules
and nonconventional class Ib MHC molecules; there are very
few CD8™ cells in these mice (5, 59). Likewise, TAP1~/~ mice
harbor reduced numbers of CD8* MHC class I-restricted cells,
because they cannot stabilize conventional, peptide-dependent
MHC class I molecules (53). However, there are greater num-
bers of class I and class Ib MHC-reactive cells in TAP1 ™/~
mice than in B,m /" mice because there is scope in TAP1~/~
mice for the stabilization of some conventional class I mole-
cules by TAP-independent leader peptides and for the expres-
sion of MHC class Ib molecules, such as CD1 and TL, that are
B,m dependent and TAP1 independent (6).

Data derived from five independent experiments are shown
in Table 1. Because Eimeria stocks are prepared by passage in
vivo, their potency inevitably varies among inocula and with
storage over time (compare data for C57BL/6 mice in different
experiments in Table 1). Although this makes it difficult to use
the same inocula to infect a wide range of different hosts, all
experiments are tightly internally controlled (e.g., relative to
C57BL/6 mice), and all comparisons are made within rather
than across experimental groups. Some clear conclusions can

be drawn. First, experiments 1 and 2 demonstrate that I-A™/~
mice are ~10-fold more susceptible than congenic C57BL/6
mice and have susceptibility similar to that of TCRB™/~ mice
(experiment 2, Table 1). Compared to a normal yield of ~10
million oocysts shed over a patent period of ~8 days, I-A™/~
mice yield ~100 million parasites over ~14 days. (The results
of secondary infection, also shown in Table 1, will be consid-
ered below.)

Experiment 5 demonstrates that F,(129 X C57BL/6)TAP1 '~
and F,(129 X C57BL/6)TAP1"/" mice are essentially indistin-
guishable from one another in oocyst yield and in patent pe-
riod. This insensitivity to TAP1 deficiency is consistent with
previous data that depletion of CD8" cells does not compro-
mise the immune response (37). However, TAP1~/~ mice are
more resistant than F,(129 X C57BL/6)B,m ’~ mice. Experi-
ments 3 and 4 confirm the increased susceptibility to primary
infection of inbred C57BL/6 B,m '~ mice compared to that of
congenic C57BL/6 B,m™/~ or B,m™ " mice. The sensitivity to
B,m deficiency but not to TAP1 deficiency suggests a role for
cells regulated either by a nonconventional MHC class I path-
way of antigen presentation (e.g., TAP-independent loading
of leader peptides) or by TAP-independent, B,m-dependent
MHC class I-related molecules, e.g., TL and CDI1. Given that
CDS8 depletion, albeit by antibody treatment rather than null
mutation, was previously shown to have no effect on the pri-
mary response (37), it is possible that the cells in question are
either CD4" CD8™ or CD4~ CDS8~ (double-negative) cells
(see Discussion). Likewise, because the primary response is
insensitive to yd-cell deficiency (33), the B,m dependence is
not likely to be a manifestation of y8-cell involvement.

Effector molecules involved in the primary response to Ei-
meria. The effector mechanism utilized by the MHC class II-
restricted response was analyzed in mice deficient in a range of
molecules. These included mice deficient in cytokines (Table
2) IFN-v (since it is the defining Th1 cytokine [27]), IL-4 (since
it is a defining Th2 cytokine [27]), IL-6 (since IL-6 has been



6276 SMITH AND HAYDAY

INFECT. IMMUN.

TABLE 2. Characteristics of E. vermifomis infections” in mice with defects in cytokine production

Primary infection

Secondary infection

Expt Strain of mouse” No. of - -
no. mice Oocyst output Patent period Oocyst output Patent period
(10°) (days) (10°) (days)
1 IFN-y~/~ 5 98.3 + 14.8% 11.4 = 0.7* 0.0 £ 0.0* 0.0 £ 0.0*
C57 BL/6 5 16.4 = 4.0t 8.2 * 047 0.0 = 0.0* 0.0 = 0.0
IFN-y~/~ primary control® 5 nd? nd 47.5 + 4.6F 11.4 = 0.4%
C57 BL/6 primary control 5 nd nd 10.8 = 1.5% 8.6 = 0.2%
2 L4/ 7 13.2 = 1.6* 8.0 = 0.3* 0.0 = 0.0* 0.0 +0.0*
C57BL/6 8 12.5 = 2.2* 7.9 = 0.4* 0.0 £ 0.0* 0.0 £ 0.0*
IL-47/~ primary control 6 nd nd 9.4 + 1.6} 8.2 + 0.5F
C57 BL/6 primary control 8 nd nd 8.2 = 0.9F 7.6 = 0.3%
3 IL-67/~ 6 21.4 £ 1.5* 7.3 = 0.3* 0.0 £ 0.0* 0.0 £ 0.0*
IL-6*/* 6 8.8 = 1.9% 7.0 = 0.0* 0.0 = 0.0* 0.0 +0.0*
C57BL/6 6 10.2 = 0.8 7.2 +0.2* 0.0 £ 0.0* 0.0 £ 0.0*
IL-67/ primary control 6 nd nd 16.9 *= 3.8+ 7.7 +0.2%
IL-6*/* primary control 6 nd nd 5.1 *1.2% 7.0 £ 0.4%
C57 BL/6 primary control 6 nd nd 7.6 £ 1.4% 6.8 = 0.2%

@ All infections were initiated with 10 sporulated oocysts with secondary infections initiated 4 to 6 weeks after the primary infection. Oocyst outputs and patent
periods are means, * standard errors. Different symbols indicate significant differences in oocyst output or patent period (P < 0.05).

> Mouse strain designations: —/—, homozygous targeted gene disruption; +/+, wild type.

¢ Primary infection controls were naive mice infected in parallel with the secondary infections shown.

4nd, not done.

reported to have effects on priming Th2 responses [32] and on
Th1 and neutrophil responses [12, 34, 43]) and mice deficient
in cytotoxic activities (Table 3) perforin (since Thl-type CD4™
T cells, as well as CD8" T cells and NK cells, have been
reported to utilize this effector molecule [20]) and Fas ligand
(FasL), which is required for the susceptibility of cells to Fas-
mediated cytolysis. Other mice examined were deficient in the
receptor for IFN-y or inducible nitric oxide synthase (iNOS),
which is reported to be an IFN-y-inducible effector against
pathogens that adopt intracellular niches such as the phagoly-
sosome utilized by Eimeria.

IFN-y~/~ mice were consistently up to 10-fold more susce?-
tible to infection than congenic C57BL/6 mice and, like I-A™/~
mice, shed for a longer patent period (Table 2, experiment 1).
Similar results were obtained with IFN-y receptor /~ (IFN-
yR /") mice (Fig. 2). By contrast, the primary response was
insensitive to IL-4 deficiency (Table 2, experiment 2), whereas
IL-6 deficiency produced reproducible increases, albeit small,
in oocyst output but no increase in patent period (Table 2,
experiment 3). Although the difference was small, the internal

controls were sufficiently rigorous that statistical significance
could be easily assigned (P < 0.05). Conversely, primary re-
sponses were insensitive to mutations in perforin, FasL, and
iNOS (Table 3 and Fig. 2). Integration of the data in Tables 1
to 3 with previously published work supports the hypothesis
that MHC class II-restricted, IFN-y-producing CD4™" cells are
important in the anti-Eimeria response but it adds a role for
cells responsive to B,m-associated molecules and defines a
contribution of IL-6. The insensitivity to either perforin or
FasL deficiency supports the findings that neither CD8" cyto-
lytic T cells nor NK cells are required for immunity against this
parasite (49). Moreover, the data in Fig. 2 demonstrate that
although the primary response depends on IFN-y and its re-
ceptor, this dependency does not reflect any requirement for
iNOS.

Requirements for the secondary response to Eimeria. Many
of the mice studied in Tables 1 to 3 were subsequently rechal-
lenged, so that the requirements for the secondary response
could be compared to the requirements for the primary re-
sponse. In each case, a simultaneous primary infection of syn-

TABLE 3. Characteristics of E. vermifomis infections” in mice with defects in cytolytic function

Primary infection

Secondary infection

Expt Strain of mouse” No. of - -
no. mice Oocyst output Patent period Oocyst output Patent period
(10°) (days) (10°) (days)
1 Perforin ™/~ 6 10.2 = 1.2* 9.3 + 0.2* 0.0 = 0.0* 0.0 = 0.0*
C57BL/6 8 10.5 = 1.3* 9.2 = 0.2* 0.0 = 0.0* 0.0 = 0.0*
C57BL/6 primary control® 6 nd? nd 11.7 £ 1.2+ 9.0 = 0.47
2 Perforin ™/~ 6 9.6 = 1.0* 9.3 + 0.3* 0.0 = 0.0* 0.0 = 0.0*
gld/gld 6 13.1 = 1.8* 8.3 = 0.4* 0.0 = 0.0* 0.0 = 0.0*
C57BL/6 6 11.7 = 1.2* 9.0 = 0.4* 0.0 = 0.0* 0.0 = 0.0*
C57BL/6 primary control 6 nd nd 8.6 £ 1.47 8.8 = 0.2%

@ All infections were initiated with 10° sporulated oocysts with secondary infections initiated 4 to 6 weeks after the primary infection. Oocyst outputs and patent
periods are means * standard errors. Different symbols indicate significant differences in oocyst output or patent period (P < 0.05).

® Mouse strain designations: —/—, homozygous targeted gene disruption; gld/gld, FasL deficient.

¢ Primary infection controls were naive mice infected in parallel with the secondary infections shown.

4 nd, not done.
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FIG. 2. IFNyR™/~ mice but not iNOS™/~ mice are more highly susceptible than C57BL/6 mice to primary infection with E. vermiformis. Mice were infected with
1,000 sporulated oocysts of E. vermiformis. Results of oocyst counts and patent periods are means * standard errors from groups of 6 to 10 individually housed animals.
*, significant difference between experimental groups infected at the same time (P < 0.05).

geneic mice was undertaken to control for the reproductive
index of the inoculum used. Not surprisingly, complete immu-
nity was evident in TAP1~/~ (Table 1), IL-4~/~ (Table 2),
perforin /", FasL mutant (Table 3), and iNOS ™'~ mice (data
not shown) in which strong primary responses developed. Like-
wise, the slightly reduced primary response of IL-6/~ mice
was followed by a robust secondary response (Table 2). How-
ever, at variance with the primary infection data was the com-
plete immunity to rechallenge of B,m ’~ mice and IFN-y /"~
mice (Tables 1 and 2). Likewise, I-A~/~ mice, which are an
order of magnitude more susceptible to primary infection,
showed an almost 20-fold increase in resistance to rechallenge
(Table 1). It cannot be argued that the secondary response is
insensitive to any mutation, since ap-T-cell deficient mice are
highly susceptible to primary and secondary infections, with no
decrease in oocyst output at secondary infection compared
with that at primary infection (Fig. 1).

Adoptive transfer of the secondary response to Eimeria from
mutant mice. The development of immunity to E. vermiformis
can be demonstrated by adoptive transfer of mesenteric lymph
node cells (MLNC) to irradiated naive recipients (38, 42) or
T-cell-deficient recipients (A. L. Smith and A. C. Hayday,
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unpublished data) (see below). Although complete protection
is rarely achieved, naive recipients of MLNC from mice 8 to 12
days after primary infection are invariably more resistant to
infection than mice inoculated with cells from naive mice or
mice mock inoculated with PBS (38; A. L. Smith and A. C.
Hayday, unpublished observations). Therefore, this well-estab-
lished approach was used to test whether the relative resistance
to secondary infection in I-A™/~ mice reflects the development
of true, transferable, cell-mediated immunity.

T-cell-deficient TCR(B X )/~ mice were used as recipi-
ents, as they are highly susceptible to infection (A. L. Smith
and A. C. Hayday, submitted for publication) and do not re-
quire irradiation prior to transfer, a particular concern with
intestinal epithelium-tropic pathogens since the epithelium it-
self is sensitive to irradiation. The data collected into groups in
Fig. 3 are derived from a single large experiment in which all
mice were infected and analyzed in parallel. The data are fully
representative of other experiments in which smaller com-
ponent groups of the experiment were examined (data not
shown).

The mice of group 1 showed that TCR(B X 8) '~ mice mock
inoculated with PBS were over 1 order of magnitude more

Treatment/ Recipient

source of cells
OPBS (no cells) TCR (Bxd) -

T n R (Bx8) -/-

0 na'l've I-Abeta-/ TCR (Bx3) --
@ naive C57 Bl/6 : TCR (Bx3) -/-
B 3dpsi I-Abeta-/-  TCR (Bx8) -/-
& 3dpsi C57 Bl/6 TCR (Bx3) -/-
B PBS (no cells) €57 Bl/6

FIG. 3. MHC class I/~ mice develop transferable immunity to E. vermiformis that functions in MHC class II* recipients. The recipient mice listed were infected
with 1,000 sporulated oocysts of E. vermiformis 24 h after receiving inocula listed (3dpsi, cells harvested on the third day following secondary infection). Oocyst counts

are means * standard errors from groups of 6 to 10 individually housed animals.
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TABLE 4. Immunoprotection of TCR (B X 8)™/~ mice with cells taken from I-AB~/~ mice after secondary infection”

Group Recipient strain” Donor strain or inoculum® No. of mice Oocyst output Patent period
1 TCR (B X 8)7/’ PBS 8 90.9 = 13.1* 13.4 = 0.3*
2 TCR (B X 8)7/’ Naive I-A~/~ 5 66.0 = 5.6* 12.3 = 0.3F
3 TCR (B X 8)7/’ Naive C57BL/6 5 37.6 =5.9F 11.6 = 0.6
4 TCR (B X 8)7/’ 3 dpsi A~/ 7 12.6 = 2.3% 9.9 = 0.5%
5 TCR (B X 8)7/’ 3 dpsi C57Bl/6 7 11.3 = 2.1% 13.8 = 0.3*
6 A~/ PBS 5 50.6 = 5.0*F 11.8 = 0.4F
7 C57BL/6 PBS 7 6.5 £ 1.2§ 9.9 = 0.0%

@ All infections were initiated with 10° sporulated oocysts 48 h after transfer of a mixture of 10° spleen cells and MLNC. Oocyst outputs and patent periods are
means * standard errors. Different symbols indicate significant differences in oocyst output or patent period (P < 0.05).

b —/—, homozygous targeted gene disruption.
¢ dpsi, days after secondary infection.

susceptible than congenic C57BL/6 mice mock inoculated with
PBS in the same experiment (Fig. 3). In fact, TCR(B X 8) '~
mice, unlike any other strains, would occasionally die because
of overwhelming infection (the uniquely high susceptibility of
these mice is the focus of a separate study [A. L. Smith and
A. C. Hayday, submitted]). Similarly, TCR(B X 8)"/~ mice
that received cells from naive I-A~/~ mice were also approxi-
mately 1 order of magnitude more susceptible than C57BL/6
controls (Fig. 3) and were not significantly different in their
susceptibility from unmanipulated TCR(B X §) /" mice. By
contrast, adoptive transfer of T cells from naive but immuno-
competent C57BL/6 mice measurably reduced the susceptiblity
of TCR(B X &)/~ mice (note that resistance in adoptive-
transfer recipients is never as great as in infected, unmanipu-
lated donors [Fig. 3] [42]). These differences in the capacities
of cells from naive I-A~'~ mice and naive C57BL/6 mice to
confer protection parallel the high susceptibility of naive
I-A™/~ mice to primary infection (Table 1).

Nonetheless, these differences largely disappear when donor
cells are derived from previously-infected I-A~'~ or C57BL/6
mice (Table 4). Relative to cells from naive C57BL/6 mice,
cells taken either from mice at the peak of primary infection or
from mice 3 days after secondary infection both show in-
creased capacity to confer protection (Fig. 3; A. L. Smith and
A. C. Hayday, unpublished). Strikingly, a comparable capacity
was shown by cells harvested from I-A~/~ mice (Table 4). This
indicates that the dramatically improved resistance of I-A™/~
mice to secondary, as opposed to primary, challenge is mani-
fest in transferable immunity. Importantly, the effectors which
develop in the infected I-A™/~ mice function in an I-A-intact
mouse, indicating that they are not specific to atypical antigen
presentation pathways that may be up-regulated in MHC class
1T/~ mice.

DISCUSSION

The results in this paper are from a large number of inter-
nally controlled experiments aimed at clarifying how an animal
mounts an immune response to a natural infection of its gut
epithelium. The infection system under study, coccidiosis, is a
protozoan-induced disease that afflicts most vertebrates before
and throughout breeding age and as such may have provided
an evolutionary pressure on intestinal immune responses. In
addition to being economically important in its own right,
Eimeria is closely related to several human pathogens that
either reside in or enter the body via the intestinal epithelium,
e.g., Cryptosporidium parvum and T. gondii.

The data presented support the previously published hy-
pothesis that the immune response to primary infection is
dominated by MHC class II-restricted CD4 ", IFN-y-produc-

ing aB T cells; for example, IFN-y '~ and I-A~/~ mice are as
susceptible as TCRB '~ mice. In any studies of knockout mice,
important physiological mediators can fail to score as essential
because of functional redundancy. This may be the case for
class I MHC and IFN-vy in the secondary response. Nonethe-
less, neither of these components can be substituted for in the
primary response. Thus, one can conclude that the primary
infection is most likely characterized by a dominant Th1-type
response, while the secondary response can be both primed
and executed in the absence of class II MHC or IFN-v.

Evidence that cells other than MHC class II-restricted T
cells are activated during the primary response is provided in
this study by data that the primary response is also sensitive to
B,m deficiency and influenced, albeit weakly, by IL-6 defi-
ciency (Table 1). This seems to parallel other instances in
which more than one class of antigen-presenting molecule is
important for the establishment of the full T-cell response (57).
Future studies will determine whether the cells sensitive to
B,m deficiency recognize antigens presented by classical class
Ia MHC, but in a TAP-independent fashion, or TAP1-inde-
pendent, class I-related molecules, of which there are a grow-
ing number of candidates, e.g., CD1, TL, RAE, H60, and any
putative murine homolog of MICA/B that is expressed on
activated human enterocytes (9, 16, 29, 45, 48, 50).

There is precedent for the involvement of T cells reactive to
such antigens in the response to protozoal infection. Thus,
murine T-cell types including TCRap CD4* NKI1.1 cells have
been shown to be CD1 restricted (23), and antibody synthesis
supported by such cells was reported following infection by
Plasmodium, another apicomplexan (44). One of the charac-
teristics of such cells is an oligoclonal TCR repertoire, most
utilizing Va14Ja281 and a limited set of VBs. Intriguingly, one
such set of cells expressing VB3 has been documented exclu-
sively in the intestine (25). Although CDl-restricted, CD4™"
NK1.1" cells are notable for their capacity to produce IL-4
within 30 min of anti-CD3 treatment (58), they can also pro-
duce IL-2 and IFN-y (3, 13). Hence the sensitivity of the
antieimerian response to 3,m deficiency but not to IL-4 defi-
ciency does not preclude a role for TCRaf CD4 " NK1.1 cells.
Interestingly, B,m deficiency has been reported to reduce the
number of IFN-y-producing intestinal intraepithelial lympho-
cytes in response to intestinal L. monocytogenes infection (15).

The rapidity and effectiveness of the secondary response to
Eimeria are both extremely high and represent hoped-for stan-
dards for oral vaccines for a plethora of infectious diseases.
Moreover, antieimerian immunity is long-lived, in contrast to
the commonly cited transient status of memory for mucosal
pathogens (reviewed in reference 2). Nonetheless, it had pre-
viously been inferred from antibody depletion studies that the
requirements for the secondary response might be less than



VoL. 68, 2000

those for the primary response. For example, both anti-CD4
and anti-IFN-y antibodies administered in vivo inhibited the
primary but not the secondary response (38, 40, 41). Hereto-
fore, the interpretation of such studies had to be qualified by
the uncertain capacity of administered antibodies to penetrate
the GALT, where memory cells might reside. Such qualifica-
tions are offset by the current experiments that show that a
memory response, either 100% complete or 95 to 99% com-
plete, clearly develops in IFN-y~/~ and MHC class II™/~ mice,
respectively, even though these mice cannot develop primary
responses of any magnitude. These data are quite different
from those on the effects of af-T-cell deficiency that obliter-
ates both the primary and secondary responses equally (Fig. 1)
(33). Moreover, we show that the increased resistance of
I-A~'~ mice is reflected in genuine transferable immunity (Ta-
ble 4). Such memory is not provided by v8 T cells or B cells
(A. L. Smith and A. C. Hayday, submitted and unpublished
studies), and it will be interesting to determine the nature of
the cells that mediate such immunity.

The complete dependence of the memory response on af T
cells (Fig. 1) means that in the B,m’~ mice and IA™~ mice
the memory response is most likely driven by different T-cell
populations: those selected on B,m-associated MHC in IA ™/~
mice or those selected on class I MHC in 8,m ™/~ mice. One
might hypothesize that a variety of different memory cells can
be primed during the initial encounter with an antigen. Possi-
bly these cells compete with each other for long-term survival
and reactivation. This would be consistent with the demonstra-
tion that B cells compete with each other for a limited number
of available niches during recirculation (11). It would also
seem consistent with the concept that Thl and Th2 dichoto-
mies reflect population effects rather than the exclusive and
precise commitment of every cell clone to one particular phe-
notype (21). Hence, in the absence of one population (e.g.,
IFN-y-producing, MHC class II-resticted CD4" of T cells)
other antigen-experienced cell types may develop more suc-
cessfully and subsequently act to provide memory. The factors
that prevent similar functional redundancy in the primary re-
sponse need to be clarified, but, until proven otherwise, it may
simply be the time constraint in making a response de novo to
a rapidly proliferating pathogen. This could likewise explain
the capacity to “see” fully effective recall responses in mice,
such as the IFN-y ™/~ strain, in which there was no measurable
primary response.

The capacity to elicit pathogen-limiting memory responses
in the absence of all molecules except for TCRaf may be
germane to vaccine programs that would be designed to reca-
pitulate the efficacy of the anti-Eimeria response. Different
adjuvants and vaccine delivery regimens are known to promote
some effector functions better than others. The findings pre-
sented here suggest, perhaps surprisingly, that there may be
room for some latitude in vaccine design. So long as appropri-
ate, neutralizing epitopes can be presented and recognized,
effective immunoprotective T cells may develop in multiple
compartments.
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