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It is thought that IgA B-cell differentiation is highly dependent on activated CD4 T cells. In
particular, cell-cell interactions in the Peyer’ patches involving CD40 and/or CD80/CD86 have
been implicated in germinal-center formation and IgA B-cell development. Also soluble factors,
such as IL-4, IL-5, IL-6, and TGF/3 may be critical for IgA B-cell differentiation in vivo. Here
we report on some paradoxical findings with regard to IgA B-cell differentiation and specific
mucosal immune responses that we have recently made using gene knockout mice. More
specifically, we have investigated to what extent absence of CD4 T cells, relevant cytokines, or
T-cell-B-cell interactions would influence IgA B-cell differentiation in vivo. Using CD4- or IL-
4-gene knockout mice or mice made transgenic for CTLA4Ig, we found that, although specific
responses were impaired, total IgA production and IgA B-cell differentiation appeared to
proceed normally. However, a poor correlation was found between, on the one hand, GC
formation and IgA differentiation and, on the other hand, the ability to respond to T-cell-
dependent soluble protein antigens in these mice. Thus, despite the various deficiencies in CD4
T-cell functions seemingly intact IgA B-cell development was observed.

INTRODUCTION

Mucosal surfaces are constantly exposed to a myriad
of foreign antigens. To protect against pathogenic
microorganisms or hostile compounds, such as toxins,
the mucosa has developed effective barrier functions.
For the maintenance of these barrier functions,
secretory IgA (sIgA) is thought to play a particularly
important role (McGhee et al., 1992). In the intestinal
immune system, IgA B cells are derived from

precursor cells in the Peyer’s patches (PP) (Cebra and

*Corresponding author.

Shroff, 1994). After antigen stimulation, IgA lympho-
blasts migrate from the PP via the mesenteric lymph
node (MLN) and the thoracic lymph duct to the blood
and eventually home back to the lamina propria of the

gut mucosa. The development of normal PP morphol-
ogy appears to be dependent on the local exposure to

antigens in the intestine. Investigations of gnotobiotic
or neonatal mice have demonstrated only a few IgA B
cells in poorly developed PP (Cebra et al., 1980).
After bacterial colonization of these mice, IgA B cells
appear in great numbers in the PP, which now have

53



54 E. GRDBY et al.

increased in size and numbers. The IgA B cells in the
PP largely represent dividing cells and the PP make

up the largest pool of IgA-committed B cells in the

body. Most of these IgA B cells colocalize to

germinal centers (GC) in the B-cell follicles of the PP.
It is important to note that even without specific
immunization, conventionally reared animals, in con-

trast to spleen and lymph nodes, exhibit large
numbers of GC in PP (Butcher et al., 1982). One
explanation for this may be that the IgA-committed B
cells from PP commonly have specificities against
phosphocholine,/32-1 fructosyl groups, or/3 galacto-
syl groups, which are antigens that may be associated

with the normal bacterial flora of the gut.

GERMINAL CENTERS

Germinal centers are histologically defined areas

containing rapidly dividing B lymphoblasts enmeshed
in a network of follicular dendritic cells (FDC) and

relatively few CD4 T cells (Liu and Banchereau,
1996). The GC is formed after antigen stimulation and
reaches a maximum size after 10 to 14 days. A
general view is that the GC reaction is dependent on

the presence of CD4 T cells. Also in the gut mucosal
immune system, CD4 T cells in PP are thought to

play a critical role for the generation of IgA immune

responses (Cebra et al., 1980). Studies in nude mice,

lacking cq3TCR cells but fully competent in B cells,
have demonstrated impaired IgA B-cell differen-

tiation (Cebra et al., 1980; Gottstein et al., 1993). In
the PP, the GC contains 75-80% IgA B cells,
whereas in peripheral lymph nodes, very few IgA B
cells are seen (Butcher et al., 1982). Therefore, it is

thought that the GC in PP differ intrinsically from
those of spleen and lymph nodes in their content of

particular kinds of antigen-presenting cells (APC),
stromal cells, or regulatory T cells, and, hence, in the

repertoire of cytokines and cell-cell interactions

available for promoting isotype switching from IgM
to IgA. Earlier experiments by Cebra et al. with local
reovirus infection in germ-free mice demonstrated
that the microenvironment of the PP may be selecting
for direct isotype switching from IgM to IgA B-cell

differentiation (Weinstein and Cebra, 1991). The

prevailing theory on IgA B-cell differentiation argues
for this process being a highly directed event strongly
dependent on CD4 T cells (Strober and Ehrhandt,
1994). Recently, it was reported that a majority of the
GC T cells may be phenotypically distinct Thyl-
CD4 cells (Harriman et al., 1990; Zheng et al., 1996).
Also accessory cells can provide necessary signals to

drive IgA B-cell differentiation in PP (Schrader et al.,
1990). Important accessory cells in the PP are

dendritic cells (DC), both the interdigitating DC and
the FDC in the GC. Whether there exists distinct

functional subsets of DCs in the PP is currently
unclear (Kelsall and Strober, 1996; Ruedl et al.,
1996). Recent preliminary reports have suggested that
dendritic cells isolated from PP or treated with IL-10

may favor Th2 differentiation and cytokine secretion

of CD4 T cells.

COSTIMULATION AND GC FORMATION

Earlier studies have clearly demonstrated that cell-cell
interactions via the CD40L and CD28 on the activated

T cell critically influence the formation of GC (Foy et

al., 1994; Bluestone, 1995; Sharpe 1995). Whereas
both CD40L and CD28 interactions appear to affect
GC formation, isotype switching, and development of

memory, there may also be differential effects on

these events as well as on other events such as Ig
hypermutation (Han et al., 1995). Moreover, it is also

probable that these T-cell-B-cell interactions affect
the development of the CD4 T-helper functions in

vivo (Essen et al., 1995). We and others have found

that oral immunization preferentially generates CD4
T cells of the Th2 type and experiments in IL-4-/-

mice have shown that this cytokine may be required
for intestinal immune responses against soluble

protein antigens (Xu-Amano et al., 1993; Vajdy et al.,
1995). Recent studies have indicated that expression
of CD40L on activated T cells may be more strongly
associated with Th2 rather than Thl development in

CD4 T cells (Freeman et al., 1995). Therefore, T
cells that are high in CD40L expression may be one of
the defining features of the IgA-promoting environ-

ment in PP.
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REQUIREMENT FOR CD4 T CELLS IN lgA
B-CELL DIFFERENTIATION

For IgA B-cell differentiation, CD4 T cells are

thought to play a critical role as helper cells producing
soluble factors, such as TGF/3, IL-5, and IL-6, as well
as engaging in contact-dependent cell-cell inter-

actions (Strober and Ehrhardt, 1994). Whereas TGF/3
acts as a possible switch factor early in IgA B-cell
differentiation, IL-5 and IL-6 act later, on already
committed IgA B cells. Since most of the cytokines
that have been implicated in IgA B-cell development
are truely pleiotropic and produced by macrophages,
fibroblasts, epithelial cells as well as B and T
lymphocytes in the mucosa, our understanding of the
interactions between these cells and the IgA B-cell
progeny is still poor. The introduction of transgene-
and gene-targeting techniques has provided powerful
new tools with which to address complex issues such
as the regulation of mucosal immune responses and
IgA B-cell development (Lycke et al., 1995). In our

laboratory, we have taken advantage of these mice to

address some of the critical questions in mucosal
immunolgy.

PARADOXES IN IgA B-CELL
DIFFERENTIATION IN GENE KNOCKOUT
MICE

In this review, we will discuss some of the paradoxes
of IgA B-cell immunity that we have observed in

mice made genetically deficient for critical T-cell
functions. Our experimental model system uses

soluble protein antigens such as keyhole limpet
hemocyanin (KLH) or ovalbumin (OVA) given orally
together with cholera toxin (CT) adjuvant for induc-

tion of intestinal immune responses. We have studied

IgA B-cell differentiation and the ability to respond to

oral immunizations in CD4 gene-targeted (CD4-/-)
mice, IL-4-/-, and IL-6-/- mice or mice over-

expressing the CTLA4-Hyl protein, which blocks T-
cell-B-cell interaction via the CD80 and CD86
surface molecules. The latter CTLA4-Hyl transgenic
mice (TG) have previously been reported to lack GC

formation and isotype switch differentiation in sys-
temic tissues following specific immunizations with

T-cell-dependent antigens (Lane et al., 1994).
Using normal and CD4-/- mice, we asked whether

mucosal immune responses and IgA B-cell differen-

tiation required the presence of CD4 T-helper cells
(H6rnquist et al., 1995). Quite unexpectedly we found
that CD4-/- mice had numerous GC in PP and other

gut-associated lymphoid tissues (GALT), whereas
only few GCs were evident in spleen and lymph
nodes. Membrane IgA B cells were found to

colocalize to GC areas and CD4-CD8- double-

negative (DN) CD3 T cells had replaced CD4 T
cells in the follicular areas of the PP. A recent study
analyzing TCRc-/- mice also reported on GC
formation in PP despite the lack of classical cq?TCR
cells, suggesting that the lymphoid tissue in PP may
be differently regulated from that in peripheral lymph
nodes (Dianda et al., 1996). Alternatively, there may
exist microbial antigens in the gut microenvironment

that can drive GC formation with a limited require-
ment for cq3TCR CD4 T-cell help. The latter notion
is supported by the finding that germ-free TCRc-/-

mice had less GC in PP than did conventionally
reared mice. However, at variance with our findings,
in CD4-/- mice, the latter study suggested that

expression of CD4 was important for GC formation in

PP (H6rnquist et al., 1995; Dianda et al., 1996).
Nevertheless, at present, we must conclude that the
relationship between CD4 T cells and the formation
of GC in PP is poorly understood.
The CD4-/- mice had normal levels of IgA-

producing cells in GALT and gut lavage contained
unaltered levels of total IgA (H6rnquist et al., 1995).
In spite of what appeared to be adequate T-cell help
for IgA B-cell differentiation, CD4-/- mice did not

respond with Ag-specific intestinal or serum IgA
following oral immunization with CT. Moreover,
perorally immunized CD4-/- mice were completely
unprotected against CT-induced diarrhea, whereas
normal mice were well-protected and demonstrated
high levels of antitoxin IgA in gut lavage. Thus,
paradoxically, whereas IgA B-cell differentiation

appeared to proceed normally in CD4-/- mice,

specific gut mucosal immune responses were
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impaired in the absence of CD4 T cells. A poor
correlation between GC formation and presence of
serum antibody has previously been reported by
Stedra and Cerny (1994), and based on our findings,
it seems reasonable to assume that the presence of GC
in PP does not constitute proof of the ability to

respond to oral immunization with T-cell-dependent
antigens.

TABLE Levels of Total IgA in Gut Lavage of CTLA4-Hyl TG
Mice

Experiment Total IgA
C57B1/6 CTLA4-Ig

2.8 0.3 2.8 0.1
2 3.1 0.3 3.0 0.2

aGut lavage was performed and the content of total IgA antibodies
determined by ELISA. The results are given as mean loglo titers _+

SD of two experiments with five to seven animals.

IgA B-CELL DIFFERENTIATION IN THE IL-4
KNOCKOUT MOUSE

IL-4 has been found responsible for the generation of
Th2 functions in CD4 T cells (Reiner and Seder,
1995). After oral immunizations in normal mice, Th2
cells were selectively induced, suggesting that IL-4
may be of particular interest for the control of
mucosal immune responses (Xu-Amano et al., 1993;
Vajdy et al., 1995). Moreover, IL-4 has been ascribed
a role in IgA B-cell differentiation, possibly as a

switch factor, in recent studies (Wakatsuki and
Strober, 1993; Strober and Ehrhardt, 1994). However,
we observed that, paradoxically, total IgA levels in

gut lavage and serum as well as total numbers of IgA-
containing cells in lamina propria were unaltered in
IL-4-/- mice as compared to wild-type mice (Vajdy
et al., 1995). Thus, it appeared that IgA B-cell
differentiation was unaffected by the total absence of
IL-4 or Th2 cells. Furthermore, a striking and
consistent finding was that PP in the IL-4-/- mice
demonstrated no or poor GC reactions, not even after
oral immunization. By contrast, and similar to wild-

type mice, GCs were prominent in mesenteric lymph
nodes and spleen. Also, systemic immune responses
were unaltered in IL-4-/- mice as compared to wild-

type mice. Therefore, we believe, that whereas IL-4 is
not critical for stimulation of immune responses at

systemic sites, the gut intestinal tract and probably
also mucosal immunity in general is strongly depend-
ent on IL-4 or Th2 cells. In support of this notion, it
was found in GC in human tonsils that IL-4 was the

only cytokine constitutively expressed (Butch et al.,
1993). An unanswered question is why IL-4 appears

to be more critical for GC formation in PP as

compared to peripheral lymph nodes.

MUCOSAL IMMUNITY IN IL-6 KNOCKOUT
MICE

In IL-6-/- mice we observed normal numbers and

appearances of GC in PP to which IgA B cells
colocalized. This result was indicative of that IgA-
isotype differentiation may be occurring in situ in PP
and lamina propria even in the absence of IL-6
(Bromander et al., 1996). Also, the ability to respond
with mucosal IgA following oral and intranasal
immunization with specific antigen, KLH or OVA, in

the presence of CT adjuvant or to live Helicobacter

felis infection was similar in IL-6-/- and wild-type
mice. CT exerted strong and comparable adjuvant
functions in IL-6-/- and wild-type mice. We con-

cluded that, although IL-6 has been ascribed a crucial

role for terminal differentiation of IgA B cells in vitro,

we found no evidence to support the notion that IL-6
is critically required for IgA B-cell development or

specific mucosal IgA responses in vivo.

INVOLVEMENT OF CD40L INTERACTIONS

Recent studies in vitro using LPS- or CD40L-induced
B-cell stimulation have provided evidence suggesting
that IgA B-cell differentiation may depend on cell-
cell interactions (Rousset et al., 1991; Ehrardt et al.,
1996). The data suggest that whereas IgA-switch
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differentiation may proceed in the presence of soluble
T-cell factors, that is, cytokines, terminal differen-
tiation of IgA B cells may critically depend on B-cell
interaction with activated CD40L-expressing T cells.
IgA B cells, in contrast to IgA-/IgM B cells, were

strikingly more responsive to T-cell dependent activa-

tion, that is, CD40L interaction, than to T-cell-
independent activation via membrane cross-linking of
receptors. Thus, the close interaction with the acti-
vated T cell most probably is a necessary precondition
for terminal IgA B-cell differentiation in vivo. How-
ever, there was no difference in responsiveness
between PNA-high B cells isolated from GC of PP
and PNA-low-lamina-propria IgA B cells, suggest-
ing that CD40L expression may not be sufficient to

explain the regulatory role of CD4 T cells in these
two locations. Nevertheless, collectively, the data
provide evidence that costimulation is playing a

pivotal role in IgA B-cell differentiation.

FIGURE Micrographs demonstrating presence of germinal
centers in the PP of CTLA4-Hyl mice. Immunofluorescense
labeling of PNA-binding cells constituting a GC (arrows) in (A)
wild-type mice and (B) in CTLA4-Hyl transgenic mice.

IgA B-CELL DIFFERENTIATION IN
CTLA4-Ig-TRANSGENIC MICE

Because it can be postulated that IgA differentiation is

highly dependent on activated T cells, we investigated
to what extent cell-cell interactions between the B cell
and the T cell would influence IgA B-cell differen-
tiation in vivo. To this end, we used the recently
developed CTLA4-Hyl TG mice, which were

reported to lack GC and exhibit poor B-cell isotype
switching following systemic immunizations with
soluble protein antigens (Lane et al., 1994). The

transgenic mice overexpress the CTLA-4Ig-protein,
which binds both CD80 and CD86 and blocks the
interaction with the CD28/CTLA-4 receptors. We
found that in unimmunized CTLA4-Hyl TG mice,
total serum IgA levels were normal, whereas total IgG
levels were significantly reduced. Also, total IgA in

gut lavage was normal (Table I). Whereas Lane et al.
(1994) reported that CTLA4-Hyl TG mice lacked GC
in spleen and lymph nodes, immunohistochemical

analysis of frozen tissue sections of gut mucosa

clearly demonstrated GC formation in PP of these
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Impaired mucosal IgA anti-KLH responses
despite normal levels of total gut IgA.
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FIGURE 2 Impaired-specific mucosal immune response in CTLA4-Hyl transgenic mice after oral immunization with KLH and cholera
toxin. (A) KLH-specific IgA spot forming cells/107 isolated lymphoid cells in lamina propria in C57B1/6 (solid diamonds) and in CTLA4-
Hyl (open diamonds) mice as determined by ELISPOT. (B) Total KLH-specific spot forming cells/107 isolated lymphoid cells in the spleen.
The results are given as mean value SEM of two experiments. The differences in responsivenes between transgenic and the wild-type mice
are statistically significant (p < 0.01).

TABLE II Unaltered T-Cell Priming Efficiency of Oral Immunizations in CTLA4-HT1 TG Mice

Mice KLH Anti-CD3 Anti-CD3 + anti CD28
c.p.m. SI c.p.m. SI c.p.m. SI

C57BI/6 2276 1366 2.4 1.1 2891 649 5.4 1.8 32,802 9,757 55 13
CTLA4-Ig 2859 1294 3.0 _+ 1.5 6674 _+ 4936 24.6 4.3 47,199 11,452 97 19

aAfter three peroral immunizations with KLH + CT adjuvant single-cell suspensions from the spleen were prepared and cultured for 3 days
in the presence or abscence of KLH, anti-CD3, or anti-CD3 + anti-CD28 mAb. Cell proliferation was determined on day 3 by [3H TdR]
uptake and the results were expressed as mean c.p.m, values SD of triplicate cultures. Stimulation indices (SI) were calculated and are

given as means SD of triplicate cultures. This is one representative experiment of four.



REGULATORY CD4 T CELLS ON INTESTINAL IGA IMMUNE RESPONSES 59

mice (Figure 1). In accordance with previous findings
in normal mice, the IgA B cells colocalized to the
GC areas in PP. Thus, similar to the IL-4-/- mice, we
found unaltered total IgA concentrations in serum and
intestinal lavage, but, in contrast to these mice, we
observed many GC in PP of CTLA4-HT1 TG mice.

Previously, it was reported that systemic antibody
responses to T-cell-dependent antigens were signifi-
cantly impaired in the CTLA4-H3/1 TG mice (Lane et

al., 1994). As the lack of an IgG response appeared to

be directly related to the absence of systemic GC
formation, we tested whether mucosal IgA responses
required less T-cell-B-cell cooperation to generate
mucosal IgA immunity. Following oral immunization

with KLH plus CT-adjuvant local IgA as well as

systemic anti-KLH responses in CTLA4-HT1, TG
mice were strongly impaired (Figure 2). Thus,
paradoxically, we observed unimpeded total IgA
levels in the gut lamina propria, and GC formation

and IgA B-cell isotype-switch differentiation in PP,
and yet the response to both KLH and CT were

severely impaired in the CTLA4-Hyl TG mice.
Moreover, in contrast to IL-4-/- mice (Vajdy et al.,

1995), we found that oral immunizations efficiently
primed T cells in the CTLA4-Hyl TG mice. As
illustrated in Table II, we obtained comparable
responses to recall antigen in spleen T-cell cultures
from CTLA4-HT1 TG and normal C57B1/6 mice

following oral immunizations with KLH plus CT
adjuvant. Also, the ability of splenic T cells from

CTLA4-HT1 TG mice to respond to anti-CD3 and
anti-CD28 costimulation was unaltered as compared
to normal mice (Table 2). This finding agrees well
with previous reports demonstrating unaltered ability
to induce T-cell responses in the CTLA4-HT1 TG
mice (Ronchese et al., 1994), whereas T-cell help for
IgA B-cell differentiation after specific oral immuni-

zations appears to be inhibited.

CONCLUDING REMARKS

In conclusion, the CTLA4-Hyl TG mice, as well as

CD4-/- and IL-4-/- mice, have shown impaired

mucosal immune responses to oral immunizations
with the highly immunogenic combination of KLH
and CT adjuvant. Although, specific responses were

impaired, total IgA production and IgA B-cell
differentiation appeared to proceed normally in these
mice, despite the various deficiencies in CD4 T-cell
functions. Thus, paradoxically, we found poor corre-

lation between, on the one hand, GC formation and
IgA differentiation and, on the other hand, the ability
to respond to T-cell-dependent soluble protein anti-

gens. Experiments are ongoing to resolve these
conflicting findings.
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