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1 Introduction

The ability ofhosts to respond to pathogens is one of the driving forces in the selection
of the immune system. The immune response to both bacteria and viruses involves
the ability ofT cell to recognize and to respond to pathogens. Both CD4+ and CD8+
T cells are important in the overall immune response. In the most basic paradigm,
CD4+ T cells respond to exogenous antigen, which is internalized, degraded, and
presented on the surface of antigen-presenting cells by major histocompatibility
complex (MHC)-encoded class II molecules. This arm of the response includes not
only helping B cells produce antibodies, but also the production of proinflamatory
cytokines, including interferon (INF)-y, tumor necrosis factor (TNF)-a, and inter
leukin (IL)-2. It is often stated that these responses are important in inhibiting the
spread of virus from cell to cell by aiding the production of antibodies which
neutralize virus and creating a cytokine milieu which does not support virus replica
tion. In contrast, CD8+ T cells respond primarily to peptides derived from endo
genously synthesized proteins. The T cells are able to recognize and kill the cells
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expressing these peptides by at least two major pathways, one utilizing perforin
exocytosis and the other utilizing fas-fas ligand interactions. This response has the
net effect of removing cells which are producing viruses or other pathogens which
have access to the cytoplasm of infected cells. This has given rise to the simple idea
that CD4 responses (and antibodies) block virus spread, while CD8 responses remove
the source of infection, resulting in clearance of pathogens which hide intracellularly.
Recently, ZINKERNAGEL (1996) has proposed a modification of this idea, suggest

ing that CD8 responses are effective against virus infections which are nonlytic and
result in persistent infections in the absence of a CD8 response, while CD4 responses
(and antibody) are effective against viruses which are themselves directly destructive
to cells.
Genetic null alleles have been used for many years to characterize the function of

genes and the pathways in which the gene products function. Such experiments of
nature were critical in the development of our understanding of the immune system.
For example, DiGeorge' s syndrome was crucial in establishing the role of the thymus.
These experiments have provided a mirror image of physiologists' surgical ablation
experiments with the advantage that genetic ablation occurs before birth, from the
earliest time of development. Recent advances in molecular genetics, particularly the
production of transgenic mice and the ability to perform homologous recombination
in embryonic stem cells, has allowed the reverse engineering of new mutations of
genes already cloned. This has resulted in a cottage industry for immunologists
studying the effects of deletions of important molecules and their subsequent effects
on the immune response in a variety of systems. This has been aided by the relatively
rapid availability of these new mouse strains.
This chapter will examine one of the first immunologically relevant knockout mice

to become available, i.e., the insertional mutation of the mouse ~2-microglobulin

gene. This mutation was produced almost simultaneously in two different laboratories
(ZULSTRA et al. 1989; KOLLER et al. 1990). While the mutants were constructed
slightly differently, there is no evidence that they differ in phenotype, and as a result
we will discuss all of the results here without regard to the mutant stock used in the
experiments. There is an additional genetic complication. The knockout mice were
constructed in 129/Sv embryonic stem cells. The chimeric mice were mated in the
first generation with B6 mice to simplify identification of the progeny derived from
embryonic stem cell-derived germ cells. These heterozygous animals were then
intercrossed, and homozygous mutant mice were selected and used to establish the
cell line. It is immediately clear that these animals have a mixed 129/C57BL6
background, and each separate line is a presumptive and distinct recombinant inbred
strain. Thus there can be substantial genetic differences between mice used in
different laboratories after only a few generations. This is now better controlled by
backcrossing the mutants onto a homogeneously inbred background. Several differ
ent inbred backgrounds are currently commercially available, and in the future this
should be less of a problem.
The initial characterization of the mutants was of profound importance. Several

theories had suggested that nonclassical MHC molecules might be important in
development, and the fact that these mice were largely normal disproved these
hypotheses. Of more immunologic interest was the composition of the peripheral T
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cell compartment. As expected, the mice lacked expression of functional class I
molecules on the cell surface. This had been expected from in vitro expression studies
(PARNES et al. 19S6). Even more interesting was the lack of CDS T cell expresssion
in the periphery despite normal CDS expression in the thymus. These mice were
profoundly deficient in functional CD4TDS+ T cells in the periphery. This result
itself showed the importance ofMHC class I expression and positive selection in the
developing T cell compartment in the thymus. The lack of CDS+ cells provided a
model system for testing the role of CDS+ cells in infections in a way that is much
more effective than either in vivo ablations with antibodies or adoptive transfer
experiments. Both these methods always have the limitation that removal of the target
cell population is incomplete, and most workers believed that the ~2-microglobulin
deficient mice would be a more effective system for examining the role of CDS+ T
cells.
An interesting question soon arose concerning the ability of ~2-microglobulin-de

ficient mice to produce functional natural killer (NK) cells. Since NK cells use class
I molecules as markers of the downregulation of killing, it was possible that NK
activity would not correctly develop in ~2-microglobulin-deficient mice (HOGLUND
et al. 1997). An early report suggested that ~2-microglobulin-deficientmice had
lowered NK activity (LIAO et al. 1991). Later experiments showed that, while they
were less able to respond to the NK inducer, poly I:C, they were able to produce NK
cells with other inducers (Su et al. 1994; TAY et al. 1995; ZAJAC et al. 1995). The
specificity of these NK cells was interesting. While NK cells from normal mice were
able to kill blast targets from ~2-microglobulin-deficient mice, NK cells from
~2-microglobulin-deficient mice did not recognize and kill syngeneic targets, but
could kill conventional targets and function to reject hematopoietic stem cells (BIX
et al. 1991; OHLEN et al. 1995; ZAJAC et al. 1995). This specificity was unexpected,
since the NK cells were not known to have a learning process to recognize self as T
cells do. However, it is clear that either the NKclass I receptors can distinguish among
levels of class I expression or there is another, independent mechanism of discrimi
nation which has not been previously appreciated.
Early on, several investigators appreciated that some CDS+ cells were produced

in their studies. Indeed, early papers showed that some CDS+ cells were produced by
alloimmunization (BIX and RAULET 1992; GLAS et al. 1992). Similarly, two groups
demonstrated that immunization with allogeneic tumor cells could stimulate the
production of a~, CDS+ cytotoxic T lymphocytes (CTL) in ~2-microglobulin-defi

cient mice (ApAsov and SITKOVSKY 1993, 1994; LAMOUSE-SMITH et al. 1993). It was
also appreciated that the development of y8-T cells was essentially normal in these
mice (RAULET et al. 1991). Thus it is important to remember that ~2-microglobulin
deficient mice are not completely deficient in CDS+ cells and that, under some
circumstances, potent CDS cell-mediated responses can be elicited. Nonetheless, the
mice are profoundly deficient in CDS+ cells, which allows the examination of the
role of CDS+ T cells in a variety of systems. The best studies reported have taken
pains to examine the possible involvement ofCDS+ cells in the responses studied and
have ruled out significant contributions of the CDS+ cells in the particular system
under study.
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2 Responses to Viruses

The existence of CDS-deficient mice should, in principle, allow the rigorous deter
mination of the role ofCDS+ T cells in resistance to and recovery from virus infection.
Not surprisingly, ~2-microglobulin-deficientmice have now been tested in many
different virus systems to attempt to determine the role ofCDS+ cells in the resistance
and clearance of virus. In this section, we will review in detail the work on the two
best-studied systems, lymphocytic choriomeningitis virus (LCMV) and influenza.
Both are illustrative of the complexities which arise from an innate lack of CDS+ T
cells.

2.1 . Lymphocytic Choriomeningitis Virus

The immune response to LCMV has been studied extensively in many laboratories
(ASANO and AHMED 1995). This virus has become the prototypical case of virus-in
duced, immunomediated pathology. In brief, when normal mice are infected with
LCMV intraperitoneally, they mount an efficient immune response, including both
antibodies and cytotoxic T cells. This response results in the clearance of the virus
from the mouse and resistance to reinfection by any route of infection. In contrast,
when mice are infected by intracranial injection, the mice regularly develop acute
encephalitis and die after about 1 week. Mice previously infected by the intraperi
toneal route are resistant to lethal disease following intracranial challenge. Adoptive
transfer experiments and ablation experiments showed that both protection from
reinfection and development of lethal disease completely depend on CDS+ T cells.
Depletion of CDS+ cells either by specific antibody treatment or by nonspecific
methods, such as sublethal irradiation, results in survival following intracranial virus
infection. Interestingly, while these animal survive, they become persistently viremic.
LCMV provides an ideal model to test the role of CDS+ cells in ~2-microglobu

lin-deficient mice. There are clear predictions as to the outcomes of infection. The
mice should not die following intracranial challenge and should not be able to clear
the virus. The results of the first experiments were surprising. When ~2-microglobu
lin-deficient mice were infected intracranially with LCMV, many of the infected
animals died, but survival was longer (MULLER et al. 1992). Other investigators found
a similar situation with variable survival, which seemed to depend on both the exact
virus stock used and the genetic makeup of the ~2-microglobulin-deficientmice
(DOHERTY et al. 1993; LEHMANN-GRUBE et al. 1993; QUINN et al. 1995). A widespread
finding was that ~2-microglobulin-deficientmice produced CD4+ T cells which were
capable oflysing LCMV infected but uninfected target cells, providing that the target
cells expressed class II molecules (MULLER et al. 1992; DOHERTY et al. 1993; QUINN
et al. 1993), These studies have all shown that the wasting disease in these mice is
caused by the CD4+ cells based on adoptive transfer of disease.
A great surprise is the lack of CNS pathology. Although intracranial infection

resulted in the most severe disease, there was little evidence of encephalitis in any of
the published experiments, although the virus used in all the experiments was able to
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provoke lethal encephalitis in normal mice (MULLER et al. 1992; DOHERTY et al. 1993;
LEHMANN-GRUBE et al. 1993; QUINN et al. 1993; CHRISTENSEN et al. 1994). Thus the
disease must be mediated by a different mechanism than the disease mediated by
CD8+ cells in wild-type mice. Recent experiments have shown that, while CD4+CTL
are able to kill target cells using a fas-dependent mechanism, wasting disease is not
dependent on the ability to carry out fas-dependent killing. Mice which are fas-defi
cient are equally susceptible to wasting disease as those whose fas expression is
normal (ZAJAC et al. 1996). A major possible mediator of this wasting disease is
TNF-a. ~2-Microglobulin-deficientmice produce TNF-a after infection, and weight
loss is a well-documented feature of high levels of TNF expression. In contrast,
fas-deficient, ~2-microglobulin-deficientmice are resistant to lethal disease mediated
by transfer of CD4+ T cells. Thus, while a dose of LCMV-immune CD4+ T cells
transferred to fas+, ~2-microglobulin-deficient mice results in lethal disease, the same
dose transferred to fas-~2-microglobulin-deficientmice results in survival (QUINN et
al. 1993; ZAJAC et al. 1996). It therefore appears that there are two pathologic
processes occurring in LCMV-infected, ~2-microglobulin-deficient mice. One is
mediated by direct damage to an unknown target organ and is dependent on fas-me
diated lysis of cells. This is most apparent in the lethal disease seen on adoptive
transfer. The second is independent of fas-mediated lysis, but is probably dependent
on cytokines, with major candidates being TNF-a and INF-y. Consistent with a role
for cytokines, male and female animals show differences in their susceptibility to
disease (MULLER et al. 1995).
Problems remain in how to interpret the above studies. As noted above, there are

some CD8+ cells in ~2-microglobulin-deficientmice, but it is unclear whether they
playa role in these responses. There is evidence for the production of CD8+ T cells
in response to both virus and peptide (LEHMANN-GRUBE et al. 1994; COOK et al. 1995).
This was expected to some extenasince it was known that, in cell lines, a smallamount of both correctly folded L and Db could be expressed and was associated
with peptide. Our own recent experiments show that CD8+ Ld-restricted CTL can be
produced from H2d ~2-microglobulin-deficient mice by infection with LCMV and
that these CTL have a peptide specificity identical to that of wild-type CD8+ CTL
from normal H2dmice (QUINN et al. 1997). Thus the role ofCD8+ T cells in response
to infections is unclear. It is clear that, while ~2-microglobulin-deficientmice are
profoundly depleted ofCD8+ T cells, these cells are not entirely absent. It is important
to note that this depletion also has effects on the CD4+ cells present. Thus a disease
mediated by CD4+ T cells is readily apparent in ~2-microglobulin-deficientmice, but
is not seen even on adoptive transfer in normal mice. Thus the CD4+ population in a
~2-microglobulin-deficient mouse is not simply the normal mouse complement of
CD4+ cells without CD8+ cells, but must contain cells with a different spectrum of
specificity as well.
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2.2 Other Viruses

Much less is known about the response of ~2-microglobulin-deficientmice to other
viruses, and much of the work involved has been of a more superficial nature, with
mice being infected with the virus in question and the outcome observed without
much detailed study of the underlying mechanisms.
A protective immune response to influenza virus has been reported to depend on

both CD4+ and CD8+ T cells. The prospect of using ~2-microglobulin-deficientmice
to elucidate the relative contribution of each compartment was enticing. In retro
spect, the results are not surprising. Influenza-infected ~2-microglobulin-deficient

mice produced CD4+ CTL that were class II restricted, as did LCMV-infected mice
(TAYLOR and BENDER 1995). The consequences of influenza infection were also
different in ~2-microglobulin-deficient mice. The virus was cleared from the lungs
more slowly than from wild-type mice (EICHELBERGER et al. 1991; BENDER et al.
1992). In addition, priming for resistance to subsequent infection was effective
(BENDER et al. 1994). In a similar manner, ~2-microglobulin-deficientmice could be
protected by vaccinia recombinants (EpSTEIN et al. 1993). In one report, the incidence
of fatal disease was increased (BENDER et al. 1992). Thus, consistent with the earlier
reports using CD4+ and CD8+ cells in adoptive transfer experiments, both CD4+ and
CD8+ cells playa role in the resistance to and/or recovery from influenza virus
infection (McDERMOTI et al. 1987; GRAHAM et al. 1994).
Sendai virus infection has also been investigated. There is delayed clearance of

Sendai virus, and there are some subtle alterations in IgA production (Hou et al. 1992;
HYLAND et al. 1994). In other viruses, such as reovirus, where Ig is the most important
mechanism of clearance, ~2-microglobulin-deficient mice clear the infection nor
mally (BARKON et al. 1996). In a similar manner, rotavirus clearance also occurred,
although it was slightly delayed, and ~2-microglobulin-deficientmice were resistant
to rechallenge (FRANCO and GREENBERG 1995). Neither mouse cytomegalovirus nor
herpes simplex virus was sensitive to the loss of class I molecules and CD8+ T cells
(MANICKAN and ROUSE 1995; POLIC et al. 1996). As mentioned above, it was possible
to document the production of CD4+ cells with CTL activity (NIEMIALTOWSKI et al.
1994). In contrast to these viruses, gamma herpesvirus 68 shows a pattern similar to
other viruses where clearance is delayed (WECK et al. 1996). Vaccinia virus infection
also results in survival, but subtle alterations of the antibody response occur (SPRIGGS
et al. 1992).
The response of ~2-microglobulin-deficientmice to Theiler's virus is interesting.

Theiler's virus causes a demyelinating disease that is in some ways similar to multiple
sclerosis. Genetic evidence based on resistance to disease mapping to the Db locus
has suggested that CD8+ T cells might play an important role in the disease. As in
many other systems, ~2-microglobulin-deficientmice failed to clear Theiler's virus
following infection (FIETIE et al. 1993; RODRIGUEZ et al. 1993). It is of particular
interest that, although these mice regularly developed areas of demyelination, they
did not die or develop other neurologic symptoms. Indeed, ~2-microglobulin-defi
cient mice showed areas of remyelination, which normal mice do not (MILLER et al.
1995). Together, these observations suggest that CD8+ cells do play an important role
in the production of disease and can inhibit remyelination, but are not required for
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demyelination itself. This is similar to the results using the coronavirus mouse
hepatitis virus (MHV) A59. In this system, too, virus is only cleared slowly, but the
mice are more sensitive to acute disease (LAVI and WANG 1995). Interestingly, even
at low virus doses, demyelination can occur, suggesting that CD8+ cells are not
required for demyelination (GOMBOLD et al. 1995).

~2-Microglobulin-deficient mice have also been used to investigate other poten
tially autoimmune diseases, including diabetes in NOD mice. This disease was
reported to require CD4 responses because of the requirement for the unusual IA
allele expressed by NOD mice (SLAITERY and MILLER 1996). Surprisingly, when the
~2-microglobulin mutation is crossed onto the NOD background, mice are resistant
to diabetes (SERREZE et al. 1994; SUMIDA et al. 1994; WICKER et al. 1994; WANG et
al. 1996). This provides a compelling argument for a role for class I molecules and
CD8+ T cells in the production of diabetes and insulitis in NOD mice.

3 Response to Nonviral Pathogens

The ~2-microglobulin-deficientmouse has been employed by several investigators
as a model system to determine the role of CD8+ T lymphocytes in the immune
response to nonviral pathogens. These studies must be interpreted cautiously for
several reasons. We have shown that wild-type CD8+ T lymphocytes are capable of
mediating protection against a lethal dose of Listeria monocytogenes (LM) in
~2-microglobulin-deficient mice (SERODY et al. 1996). Despite the lack of H-2Kb

molecules on the surface of cells in ~2-microglobulin-deficient mice, as shown by
flow cytometry, we have shown that Kb-restricted CD8+ lymphocytes are effective
in the adoptive transfer of protection.
The class I-restricted response has been best demonstrated in the H2d ~2-micro

globulin-deficient mouse. Using peptide pulsed target cells, COOK et al. (1995)
showed that Ld-restricted CD8+ T lymphocytes could be produced in the ~2-micro
globulin-deficient mouse. Therefore, changes in the response of the ~2-microglobu
lin-deficient mouse to nonviral pathogens cannot only be attributed to the lack of
class I-restricted CD8+ T lymphocytes. Additionally, ~2-microglobulin-deficient
mice have an exaggerated compensatory CD4+ response to pathogens (MARUSIC
GALESIC et al. 1993). This enhanced response may be capable of compensating for
the lack of cytolytic CD8+ T cells in these mice. Thus an equivalent response in these
mice does not indicate that CD8+ T cells have no role in the immune response to
different nonviral pathogens.

3.1 Listeria monocytogenes

LM is a facultative intracellular bacterium that causes meningoencephalitis in immu
nocompromised hosts (MIELKE et al. 1993). LM is actively taken up from the blood
by macrophages in the reticuloendothelial (RE) system after infection. Organisms are
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engulfed into the phagolysosome of the macrophage. The secretion of the protein
listeriolysin a allows for the organism to escape the phagolysosome and replicate
unrestricted in the cytoplasm. LM is capable of using the cellular actin machinery in
concert with the product oftheACTAgene to spread from cell to cell without entering
an extracellular phase (KOCKS et al. 1992).
The murine model of listeroisis is the best-characterized immune response to a

bacterial pathogen. In the 1960s, several groups demonstrated that T cell activation
of macrophages was critical for the eradication of LM after murine infection
(MACKANESS 1962; SIMON and SHEAGREN 1972). These groups also showed that the
hallmark of T cell activity in the response to LM was the formation of granulomata.
Further studies using severe combined immunodeficient (SCID) and nude mice

challenged the hypothesis that T cell activation ofmacrophages was the critical effect
in the clearance ofLM (EMMERLING et al. 1975). Current work suggests that multiple
arms of the immune response are critical in this clearance. By day 5 after infection,
detectable numbers of listeria-specific CDS+T cells can be found in the liver and
spleen of infected animals (MIELKE et al. 1993). The expansion and activation of these
T cells appears to be responsible for complete clearance of the bacterium. In addition,
yo T lymphocytes precede the appearance of a~ T lymphocytes after infection with
LM, and depletion of this population of lymphocytes resulted in enhanced numbers
of LM 5 days after an intraperitoneal infection.
ROBERTS et al. (1993) used ~2-microglobulin-deficient mice to evaluate the

specific role of CDS+ a~ T lymphocytes during a primary infection. Mice were
infected with LM intravenously and the course of infection was followed by plating
splenic and liver homogenates. These investigators found a statistically significant
increase in the number of LM at days S and 16 after infection in ~2-microglobulin

deficient mice as compared to C57BL/6 mice. No changes were seen at days 1,3, and
5 after infection. Using monoclonal antibodies, yo or NK cells were depleted in
~2-microglobulin-deficient mice on days 0 and 2 after infection. Depletion of yo T
lymphocytes led to a statistically significant (p.<001) 1- to 2-log increase in the
numbers ofLM in the spleen and liver after infection as compared to untreated control
mice. Treatment with antiasialo-GMI to deplete NK cells had no effect.
From this work, the authors concluded that CDS+ T lymphocytes were important

in mediating late clearance in murine listeriosis. In the absence of CDS+ a~ T cells,
yo T lymphocytes were critically important in the early immune response. However,
there were several factors that rendered definite conclusions from this work difficult
to interpret. ~2-Microglobulin-deficient mice initially had a mixed background of
129/J and C57BLl6 genes. Therefore, the C57BLl6 mouse, which the authors used,
is not a true control animal when comparing the in vivo response of the ~2-micro

globulin-deficient mouse. In addition, the clearance of LM in the ~2-microglobulin
deficient mice in these experiments is exaggerated at the later time points compared
to the clearance observed by our group (SERODY et al. 1996) and by LADEL et al.
(1994).
The latter authors extended the observations made by ROBERTS et al. (1993) by

comparing the response of ~2-microglobulin-deficientmice with A~-/- class II
knockout mice. A~-/- mice are devoid of CD4+ T lymphocytes as a result of the
inability to select this subset from the CD4+/CDS+ double-positive subset in the
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thymus (LADEL et al. 1994). In agreement with the results obtained by ROBERTS et al.
(1994), P2-microglobulin-deficient mice had a delayed clearance of LM. However,
LADEL et al. (1994) used heterozygous littermate control animals in the comparison.
p2-microglobulin-deficient mice showed a delay in clearance of LM as compared to
Ap-I- mice. In both model systems, treatment with a anti-yo T cell monoclonal
antibody exacerbated the infection. The LDso for LM of the p2-microglobulin-defi
cient mice was fourfold less than that of C57BLl6 mice.
LADEL et al. (1994) also investigated the role of CD4+ and CD8+ cells in the

protective memory response against LM. Mice were infected with a sublethal dose
of LM and then challenged with a dose 20 times the LDso for P2-microglobulin-de
ficient mice. Both p2-microglobulin-deficient and Ap-I- mice were able to respond
to a lethal infection with LM after a sublethal inoculum. However, again, the mutant
mice did not clear the second infection as quickly as control mice. Finally, the same
group of investigators evaluated the role of CD4+ and CD8+ lymphocytes in the
formation of granulomata. In both of the knockout mice, granulomata formation was
markedly impaired as compared to wild-type mice.
The natural route of infection of LM is through the gastrointestinal tract. EMOTO

et al. 1996 evaluated the response of P2-microglobulin-deficient mice to oral infection
with LM. They focused on the role of CD8aa and CD8a~ T lymphocytes during an
intestinal infection with LM. CD8aa T cells are selected independent of the presence
of P2-microglobulin; conversely, CD8a~ cells require the presence of P2-microglobu
lin. Thus, by using P2-microglobulin-deficient mice, they were able to focus on the
role of different intestinal intraepithelial cells (lEL).
This group found that the number of IFN-y-producing cells after T cell receptor

(TCR) ligation from IEL was less in p2-microglobulin-deficient mice than in het
erozygous littermates (p.<01). Interestingly, they showed that the population of
CD8aa lymphocytes was markedly reduced in P2-microglobulin-deficient mice.
There was a compensatory increase in the number of yo IEL in p2-microglobulin-de
ficient mice. Finally, IFN-yproduction and cytolytic activity were less in p2-micro
globulin-deficient mice than in heterozygote littermates. However, this decrease was
not as great as the decrement in cell numbers, suggesting that the residual IEL present
in P2-microglobulin-deficient mice are potent effectors.
We used P2-microglobulin-deficient mice to evaluate the specific role of class I

and class II-restricted CTL in the adoptive transfer of protection against a lethal
infection with LM. We showed that class II-restricted CTL are easily produced in
P2-microglobulin-deficient mice. These lymphocytes were capable of mediating
protection if given before an infection. However, we showed that early in infection,
class II-negative parenchymal cells are infected and limit the ability of class II-re
stricted lymphocytes to respond to an ongoing infection.
In accordance with previous work, we showed that H-2Kb-restricted lymphocytes

were effective in protecting p2-microglobulin-deficient mice despite the lack of Kb

complexes on the surface of the cells as determined by flow cytometry. Finally, we
demonstrated that the production oflFN-ywas not a requirement for activity of class
II-restricted effector cells.
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3.2 Mycobacteria and Fungi

Similar to the initial work in LM, multiple investigators have shown that the CD4+
T lymphocyte is critical for the immune response to Mycobacterium tuberculosis
(ORME 1994). Early in the first 3 weeks after infection, CD4+ T lymphocytes are
potent producers of IPN-y. This cytokine activates macrophages that have engulfed
the bacillus and is pivotal in the eradication of the organism. A specific role for CD8+
lymphocytes in the immune response to Mycobacterium tuberculosis has been more
difficult to identify.
Previous investigators had shown that mycobacterial-specific CD8+ T lympho

cytes could be produced in mice (DELIBERO et al. 1988). The in vivo role of
mycobacteria-specific CD8+ T lymphocytes in the immune response to this organism
has been investigated by FLYNN et al. (1992) using ~2-microglobulin-deficientmice.
~2-Microglobulin-deficient mice backcrossed onto a C57BL/6 background were
infected with acid-fast bacillus (AFB) and compared to C57BL/6 mice. Seventy
percent of the ~2-microglobulin-deficient mice died after infection with 106 AFB.
All of the wild-type mice survived this infection. In histologic sections, ~2-micro
globulin-deficient mice consistently had 1-3 logs greater AFB than wild-type mice.
Granulomata formation was similar in both types of mice.
The authors compared the response of ~2-microglobulin-deficientand C57BL/6

mice after infection with bacille Calmette-Guerin (BCG). No differences were seen
in mortality or colony-forming units (CFU) from spleen, liver, or lungs after infection.
Vaccination with BCG increased the time to death after infection with AFB, but did
not alter survival in ~2-microglobulin-deficientmice. After mycobacterial infection,
~2-microglobulin-deficient mice produced less IFN-y than C57BL/6 mice, but this
was not statistically significant.
The conclusion drawn from this work was that CD8+ T lymphocytes were

important in the control of pulmonary infection with Mycobacterium tuberculosis.
This may be due to infection of class I-expressing parenchymal cells of the lung by
AFB. The particular role ofclass I-restricted CTL or lymphocytes that recognize class
Ib molecules in the immune response to AFB cannot be ascertained from this work.

Histoplasma capsulatum is a fungus that causes a clinical illness closely resem
bling tuberculosis. CD4+ lymphocytes and macrophages are pivotal to the immune
response to H. capsulatum. DEEPE (1994) evaluated the role of CD8+ lymphocytes
in the immune response to H. capsulatum in ~2-microglobulin-deficientmice. Fungal
CFU were followed in ~2-microglobulin-deficientmice and heterozygote littermates
after infection. While no difference was seen 1 week after infection, statistically
significant differences were noted in CFU from spleen and liver in the knockout mice
at weeks 2 and 3 after infection (p.<Ol). While the magnitude of the infection was
greater in ~2-microglobulin-deficient mice, these mice were able to control infection
with H. capsulatum.
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3.3 Parasitic Infections

3.3.1 Leishmania

Murine infection with the arnastigote fonn ofLeishmania major has provided critical
insights into the role ofCD4+subsets in the immune response. Infection with L. major
in BALB/c mice produces a Th2 response and a progressive course that eventually
leads to death (HEINZEL et al. 1989). C57Bl/6 mice produce a Thl response and
survive. Blockage of the Th2 response in BALB/c mice by the administration of
anti-IL-4 monoclonal antibodies allows BALB/c mice to control the infection
(SADIeK et al. 1990). In contrast to the crucial role of CD4+ T cells, direct evidence
of a role for CD8+ lymphocytes has not been easily demonstrated.
WANG et al. (1996) infected ~2-microglobulin-deficient mice with L. major to

assess the role of CD8+ lymphocytes in the immune response. ~2-Microglobulin-de
ficient mice controlled the infection as well as control mice. This work suggested that
CD8+ lymphocytes are not critical in the clearance of L. major.

3.3.2 Plasmodia

The immune response to malaria is complex. Immunity to Plasmodia species is
dependent on persistent exposure to the organism. Presentation of plasmodial anti
gens by hepatic cells can initiate a T cell response that may be critical in the
maintenance of immunity. CD8+ CTL that recognize circumsporozoite proteins
(CSP) or sporozoite surface proteins (SPZ) can be demonstrated in humans (MALIK
et al. 1991). WHITE et al. (1996) used ~2-microglobulin-deficient mice to investigate
the immune response to attenuated P. berghei sporozoites. Spleen cells from ~2-mi

croglobulin-deficient mice generated proliferative activities to SPZ antigens similar
to those ofwild-type mice. However, unlike wild-type mice, which show a decrement
in proliferative activity after boosting, ~2-microglobulin-deficient mice showed an
increase in activity. This work suggested that CD8+ lymphocytes might downregulate
the immune response to SPZ after initial exposure.
WHITE et al. (1996) also evaluated whether SPZ from attenuated P. berghei were

protective in ~2-microglobulin-deficient mice. After SPZ priming and two boost
immunizations, wild-type and heterozygote littennates were protected against a 10
OOO-dose challenge with P. berghei SPZ. All ~2-microglobulin-deficient mice were
not protected by attenuated SPZ and became parasitemic at day 9 after infection. This
lack of protection in ~2-microglobulin-deficient mice was independent of the dose of
SPZ used. Unlike the response in wild-type recipients, wild-type splenocytes from
SPZ immunized animals did not protect ~2-microglobulin-deficientmice despite the
presence of antibody specific for CSP in these mice. Splenocytes from ~2-micro

globulin-deficient mice were incapable of protecting wild-type animals.
VAN DER HEYDE et al. (1993) evaluated the response of ~2-microglobulin-deficient

mice to infection with the erythrocytic stage of infection of Plasmodia chabaudi
adami, yoelii yoelii, and chabaudi chabaudi. No differences were seen in C57BLl6
or ~2-microglobulin-deficientmice after infection with any of the species of plasmo-
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dia used. This work suggests that CD8+ T lymphocytes are important in the immune
response to the exoerythrocytic stage of infection with P. berghei. As class I-restricted
CTL should not be capable of lysing infected erythrocytes, the lack of difference
between the clearance of several species of plasmodia in ~2-microglobulin-deficient

mice is not surprising.

3.3.3 Toxoplasma

The immune response to the intracellular protozoan Toxoplasma gondii is dependent
on the production of IFN-y (SUZUKI et al. 1988). The transfer of T lymphocytes from
immunized animals to naive recipients mediates adoptive transfer of protection.
CD8+ lymphocytes mediate this process more efficiently than CD4+ T lymphocytes
(GAZZINELLI et al. 1991). DENKERS et al. (1993) evaluated the immune response to T.
gondii in ~2-microglobulin-deficient recipients. Unexpectedly, both ~2-microglobu
lin-deficient and heterozygote littermate controls after vaccination with tachyzoites
were protected when challenged with virulent T. gondii. Resistance in both sets of
mice was dependent on the production of IPN-y. There was a striking increase in
NKl.l+ cells in ~2-microglobulin-deficient mice after vaccination, which was the
source of IFN-y in these mice, replacing the lost CD8+ T cells.

3.3.4 Chlamydia

T lymphocytes are important mediators of the immune response to Chlamydia sp.
~2-Microglobulin-deficient mice showed higher levels of organisms, but cleared the
infection with similar kinetics to wild-type mice (MAGEE et al. 1995).
MORRISON et al. (1995) evaluated the immune response to genital infection with

C. trachomatis. C57BU6 and ~2-microglobulin-deficientmice were no longer colo
nized by Chlamydia by 4-5 weeks after infection. In contrast, class II-deficient mice
shed organisms over a 1O-week period and showed a delay in resolution of the primary
infection. Histopathologic sections from the genitourinary tract of infected animals
confirmed the previous findings and demonstrated persistent inflammation only in
the class II-deficient mice.

4 Concluding Remarks

It is clear from the assembled data that ~2-microglobulin-deficient mice are not
simply the same as normal mice with CD8+ T cells removed. There are substantive
effects of maturation of the immune system without class I expression which go
beyond positive selection of CD8+ T cells. The role of CD8+ T cells includes both
positive and negative effects on subsequent immune responses. While the responses
to both bacteria and viruses are complex, ~2-microglobulin-deficient mice are able
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to mount substantial and protective immune responses. Itmust be stressed that, even
if a class I-deficient mouse can respond, this does not suggest that CD8+ T cells do
not have a role in those immune responses, but rather that CD4+cells can compensate
for the lack of CD8+ T cells. Thus the responses are complex and interrelated.
~2-Microglobulin-deficient mice have revealed more about the potential of CD4+
cells than the depletion of CD8+ cells during development.
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