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INTRODUCTION

The discovery by Isakson and Vitetta that a T lymphocyte—produced
substance could induce lipopolysaccharide (LPS)-activated murine B lym-
phocytes to secrete IgG1 (1) demonstrated that lymphokines could play a
role in selecting the isotypes of antibody that are produced in an immune
response. This observation became better defined when Vitetta, in col-
laboration with Ohara and Paul, traced this IgG1-inducing activity to a
purified, recombinant lymphokine, now called interleukin-4 (IL-4) (2).
Studies by Coffman and collaborators demonstrated that IL-4 could
induce LPS-activated B cells to secrete IgE as well as IgG1, and that the
lymphokine interferon-y (IFN-y) could inhibit this activity (3, 4). These
observations were confirmed and extended by Snapper et al, who dem-
onstrated that (a) larger doses of IL-4 were required to induce LPS-
activated B cells to secrete IgE than to secrete IgGl (5), (b) IFN-y, in
addition to inhibiting IgG1 and IgE production by B cells stimulated with
LPS plus IL-4, could enhance LPS-induced IgG2a secretion, and (¢) IL-4
could inhibit IgG2a secretion (6). Thus, differential secretion of IL-4 or
IFN-y could regulate the relative quantities of IgGl, IgE, and IgG2a that
were made following T cell-independent induction of a humoral immune
response. IL-4 is also required for the stimulation of IgE, but not neces-
sarily IgG1, productionin a T cell-dependent in vitro system in which B
lymphocytes are cultured with antigen-specific T cells in the presence of
the appropriate antigen (7, 8). Since single resting B cells can be induced
in this system to generate, with high frequency, clones that include IgG1
and IgE-secreting cells, it seems likely that membrane IgM™* B cells are
being induced to switch to the production of IgG1 and IgE. The results of
this experiment d o not differentiate, however, whether IL-4 promotes the
actual Ig isotype switching process or selectively stimulates the growth of
B cells that have switched to the secretion of IgG1 or IgE by an IL-4-
independent process. The hypothesis that IL-4 acts as an isotype switch
factor, which may promote translocation of the Ig heavy-chain VDJ gene
segment to a site close to the y1 or ¢éCy gene, is favored by observations
that IL-4 can induce production of a germ-line y1 mRNA transcript, and,
in the presence of LPS, a germ-line e-chain mRNA transcript (9—12). The
observation that exposure of resting, membrane IgG~ B cells to IL-4
will allow these cells to make an IgG1 response if they are subsequently
stimulated with LPS in the absence of IL-4 is also more compatible with
the hypothesis that IL-4 promotesa C, to C,, switch, rather than a selective
proliferation of B cells that have undergone such a switch through an IL-
4-independent process (13).

As with IL-4, IFN-y has been shown to affect Ig isotype selection in T



Annu. Rev. Immunol. 1990.8:303-333. Downloaded from www.annual reviews.org
Access provided by University of Liverpool on 11/26/14. For persona use only.

IN VIVO ISOTYPE SELECTION 305

cell--dependent as well as T cell-independent systems, enhancing IgG2a
production and inhibiting IgG1 and IgE production in both (3, 6, 14).
However, while IFN-y can induce resting, membrane IgG™ B cells, in the
presence of additional stimuli, to secrete IgG2a, this cytokine is not an
absolute requirement for the induction of an IgG2a response (14). It is not
yet clear whether IFN-y can promote isotype switching to IgG2a at the
DNA level, or whether this cytokine enhances [g(G2a responses only by
selectively promoting the growth or differentiation to Ig secretion of B
cells that are already committed to the expression of IgG2a.

Two cytokines, IL-5 and transforming growth factor-g (TGF-p), have
been implicated in the generation of in vitro murine IgA responses. Pre-
viously shown to promote the proliferation of already activated B lym-
phocytes and the generation of both IgM and IgG antibody responses
(15-18), IL-5 was found to enhance IgA production by LPS-activated B
lymphocytes to a greater extent than it enhanced the production of other
isotypes (19, 20). Although IL-5 may cause a small increase in the switching
of B cells to the expression of IgA, other studies have shown that this
cytokine promotes IgA secretion predominantly by further activating cells
that already express surface IgA (21, 22). Thus, while IL-5 may selectively
promote the growth and differentiation of B cells already committed to
the secretion of IgA, it does not appear to play a major role in inducing
such commitment. More recent studies implicate TGF-f as an IgA switch
factor, since this cytokine, in the presence of LPS, can induce surface IgA ~
B cells to synthesize mRNA that encodes « chain, to express IgA on their
plasma membranes, and to secrete this isotype (22a). The possibility that
TGF-B functions physiologically as an important IgA switch factor may
appear difficult to reconcile with the observation that IgA-secreting cells
are found predominantly in lymphoid organs associated with the gut and
the respiratory tract, while TGF-g is produced throughout the body. It
has been hypothesized that TGF-f activity may reach high levels in the
gut because this cytokine is secreted in an inactive form that requires
proteolytic cleavage to become activated. The presence of large quantities
of proteolytic enzymes of bacterial origin in the gut could promote TGF-f
activation, which could, in turn, promote IgA production. This hypothesis
remains to be tested by in vivo studies.

In vitro studies with human lymphoid cells have provided results that
have several similarities to those observed with mouse cells. Culture of
human peripheral blood mononuclear cells (PBMC) with IL-4 stimulates
the development of an IgE response that is inhibitable by either IFN-y
or IFN-a (23, 24), The induction of an IgE reponse in this system is
dependent upon the presence of both T cells and monocytes (23, 24). It
requires, in addition to IL-4, the production of IL-6 as well as the estab-
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lishment of direct, MHC class II-dependent, B cell-T cell interactions (25,
26). Culture of purified human B lymphocytes with helper-T-cell lines
can also stimulate IgE production, which is directly proportional to the
quantity-of IL-4 produced by the T cells and inversely proportional to
their production of IFN-y (27). Determination of cytokine effects on Ig
isotype selection has been difficult to accomplish with human B cells in a
T cell-independent system, since no known mitogen or polyclonal activator
"has a stimulatory effect on human B cells similar to that of LPS in the
mouse. This omission has made it difficult to establish whether the stim-
ulatory effect of IL-4 on IgE secretion is a direct one, since IL-4, which
has T-cell as well as B-cell stimulatory activity, might induce T cells to
produce a second mediator that could activate B cells to secrete IgE. A
recent observation, that TL-4 stimulates highly purified Epstein-Barr virus
(EBV)-infected human B cells to secrete IgE, however, provides evidence
for a direct B-cell stimulatory role for IL-4 in the induction of a human
IgE response (28). This stimulatory role does not necessarily involve a
switch event at the DNA level that deletes Ig G, genes located between
VDIJ and Ce. MacKenzie & Dosch have reported that EB V-infected human
B cells, cultured at low density in the presence of activated, irradiated T
cells, will secrete IgE without deleting upstream Cy genes (29). It remains
to be ascertained whether the induction of IgE secretion in the absence of
deletion of upstream G genesis a general characteristic of the IgE reponse,
a selective characteristic of EBV-stimulated B cells, or a characteristic only
of the system used by MacKenzie & Dosch.

The sole in' vitro evidence that IL-4 may not always be required for the
induction of an
human B cells, cultured with interleukin-2 (IL-2) plus fixed, protein A-
bearing Staphylococcus aureus, secrete IgE as well as IgG (30). Addition
of exogenous IL-4 to these cultures actually suppresses both the IgG and
IgE responses. It has been postulated that the IgE response in this system
is derived from memory B cells that have already switched to IgE at the
DNA level. However, the possibility that endogenous production of IL-4
occurs in this culture system and is responsible for the IgE response has
not been eliminated.

While many similarities exist in cytokine control of IgE secretion in
murine and human systems, no clear parallel has been found in the human
to IL-4 and IFN-y control of IgG1 and IgG2a production in the mouse.
Although IL-4 has been reported to enhance IgG4 production selectively
in one human in vitro system (31), and this IgG subclass resembles murine
IgGl in its inability to fix complement, human IgG4, unlike murine IgG1,
makes only a very small contribution to T-dependent immune responses
to soluble proteins. No evidence of IFN-y control of human IgG subclass
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selection, or of IL-5 or TGF-f control of human IgA production, has yet
been published.

While the roles of IL-4 and IFN-y in IgG subclass selection may differ
in mouse and human, the interspecies similarity in regulation of IgE
secretion by these two cytokines indicated that their relative production
would play a major role in determining the extent to which an immune
response included IgE production. Studies by Mosmann and by Bottomly
provide a mechanism for such differential secretion of these cytokines.
Murine CD4" T lymphocyte clones were found to secrete either IFN-y
(and IL-2), or IL-4 (and IL-5), but not both IFN-y and IL-4 (32-35).
CD4* T-cell clones that secreted IFN-y and IL-2 were termed Thl cells;
those that secreted IL-4 and IL-5, Th2 cells (32). Thus, in the mouse, an
immune stimulus that predominantly activated precursors of the Th2 cells,
or induced a multipotent precursor to differentiate predominantly in the
Th2 direction, might stimulate an antibody response that was characterized
by production of mostly IgG1 and IgE, while a stimulus that resulted in
the generation of activated Thl cells might generate a predominantly
IgQG2a reponse. Since IgG1, IgG2a, and IgE differ in their abilities to fix
complement, to bind to IgGFc receptors, and to participate in the induc-
tion of mast cell degranulation, this differential lymphokine secretion and
the resultant isotype selection could provide a means for the host to
respond to challenge with a variety of different microbes and toxins in a
way that might most effectively eliminate the pathogen yet minimize dam-
age to itself. More recent studies, however, suggest that CD4" T-cell
clones do not all clearly fit into the Thl or Th2 categories. These studies
demonstrate that a considerable percentage of mouse CD4* T cells, and
the majority of human CD4" T cells, produce both IL-4 and IFN-y (27,
35-41). Some ofthese CD4* T cells, which combine characteristics of Thli
and Th2 cells and have been termed ThO cells (35, 41), may represent
precursors of the Th1 or Th2 CD4" subpopulations. Althoughitisunclear
whether CD4* T cells with pure Thl or Th2 secretory characteristics exist
invivo, itis clear that T-cell responses to different stimuli (or in different
mouse strains, to the same stimulus) can have a predominantly Thl or
Th2 character (see below). This has proven to be particularly important
in murine leishmaniasis, in which a host response that has Thl charac-
teristics is associated with a self-limited infection, while a response that
has Th2 characteristics is associated with an overwhelming, generalized
infection that eventually kills the host (42-44).

Elegant and exciting as these observations and concepts were, they did
not prove that lymphokines had the same effects on the generation of an
in vivo antibody response as had been observed in vitro. In vitro experi-
ments had been purposefully set up to demonstrate an effect. Cell numbers
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and types and lymphokine and LPS concentrations had been chosen arbi-
trarily. Possibly, a lymphokine that had an effect in vitro might not be
present in the necessary quantity, at the required place, at the proper
time to have the same effect in an in vivo response. In addition, in vitro
experiments may have omitted stimuli that are important in an in vivo
response. Such stimuli might, in vivo, supersede the in vitro--demonstrated
effects of IL-4 or IFN-y in the regulation of Ig isotype selection. Finally,
inhibitors of some IL-4 or IFN-y effects might be present in vivo, so that
effects of these lymphokines demonstrable in vivo might be blocked in
intact animals.

USE OF IN VIVO SYSTEMS TO STUDY
LYMPHOKINE EFFECTS ON Ic ISOTYPE
SELECTION

Three in vivo systems that induce polyclonal Ig secretion were used in the
initial investigations of whether IL-4 and IFN-y have the same effects on
Ig isotype selection in vivo as in vitro. First, a system was studied in which
mice are injected intravenously with 800 xg of an affinity purified goat
antibody to mouse IgD (GaM§). GaMJ¢ injection directly activates B
lymphocytes by cross-linking their IgD (45). The activated B lymphocytes
process the goat IgG that has bound to their surface and present it to T
lymphocytes, which in turn become activated and secrete lymphokines,
including IL-4 (45-48). The T-cell help that is generated induces B cells to
proliferate and differentiate into Ig-secreting cells (49). This proliferation
and differentiation is on a massive level; by 8 days after GaMJ injection
an approximately five-fold increase has occurred in spleen cell number,
and as many as one third of spleen cells secrete IgG1, with the result that
serum IgGl levels can increase over 100-fold during a three-day period
(49, 50). Serum IgE levels increase by a similar factor; however, IgE levels
are usually only 0.1% of IgG1 levelsin these mice (51). A smaller, two- to
five-fold increase in serum IgG2a levels is also usually observed (51).

In a second system, mice have been inoculated with third stage larvae
of the parasitic nematode Nippostrongylus brasiliensis (Nb). This induces
an IgE response similar in magnitude to that observed in the GaM-
injected mice, but a relatively small IgG1 response that can be observed
onlyin micethatinitially havelow serum IgG1 levels (52-54). Serum [gG2a
levels actually decrease in these mice (54). The difference in [gG1:IgE ratios
between the GaM ¢ and the Nb systems suggested already that secretion
of these two Ig isotypes is regulated differently.

A third system, in which mice are injected intravenously with killed,
fixed Brucella abortus (BA), induces a very different Ig isotype pattern;
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considerable quantities of IgG2a are secreted while IgG1 and IgE responses
are small or absent (55).

IL-4 IS REQUIRED FOR THE INDUCTION OF
PRIMARY, POLYCLONAL IGE, BUT NOT IcG1
RESPONSES IN VIVO

The GaMo¢ and Nb systems were used first to study the requirement for
IL-4 for the induction of primary, polyclonal IgG1l and IgE antibody
responses (Figure 1). I n these experiments BALB/c mice were injected with
either GaMd or Nb, and they simultaneously received either 20 mg of
monoclonal rat IgGl anti-mouse IL-4 antibody (produced by the hybri-
doma 11B11) (56), 20 mg of a control rat IgG1 antibody (anti-NP, pro-
duced by the hybridoma J4-1), or no additional antibody. Mice were bled

N.BRASILIENSIS INFECTION

None o.o7 lgE
Nb

ND + Anti-NP [P

Nb + Antl-IL4

None

Antl-lgD

0 2 4 6 8 10 12 40 60 0 2 4
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Figure 1 Anti-IL-4 antibody blocks in vivo polyclonal IgE responses. BALB/c mice
(5/group) were left untreated, inoculated with Nb larvae, or injected with GaM§ antibody
+ monoclonal anti-IL-4 antibody or a control antibody (anti-NP). Mice were bled 14 days
after Nb inoculation or 9 days after GaMé injection. Serum IgGl and IgG2a levels were
determined by radial immunodiffusion; IgE levels by ELISA. Geometricmeans and standard
errors of serum Ig concentrations are shown.
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at the time of the peak antibody response, and serum IgGl, 1gG2a,
and IgE levels were determined. It was initially hypothesized, because of
the in vitro data, that anti-IL-4 antibody would block both the IgGl
and IgE responses. Surprisingly, while anti-IL-4 antibody inhibited IgE
production in both the GaMé and Nb systems by greater than 99%, it
had no consistent, specific effect on IgG1 production or IgG2a production
(57).

Since less IL-4 is required in vitro for the generation of anIgGl response
than for the generation of an IgE response (5), it was possible that the
doses of anti-IL-4 antibody used neutralized IL-4 sufficiently to block IgE
production almost totally, but not sufficiently to limit an IgG1 response.
This possibility was investigated by studying whether anti-IL-4 antibody
could decrease B-cell class-IIl MHC (Ia) expression in Nb-inoculated mice,
since IL-4 induces murine B cells to express increased quantities of cell
surface [a (58), and because this effect requires considerably less IL-4 in
vitro than does the induction of an IgGl response (C. M. Snapper, F. D.
Finkelman, unpublished data). Anti-IL-4 antibody was found to inhibit
both the IgE response and the increase in B-cell Ia expression in Nb-
inoculated mice, but again the antibody failed to inhibit the IgG1 response
(57). This result demonstrated that the failure of anti-IL-4 antibody to
inhibit IgG1 production could not result simply from incomplete neu-
tralization of IL-4. It left open, however, the possibility that 1L-4 is de-
livered to precursors of IgGl1, but not IgE-secreting cells, in a manner
that may not be susceptible to antibody neutralization, such as direct
cell-to-cell contact.

INHIBITION OF A PRIMARY, GaMJs-INDUCED
IGE RESPONSE BY A MONOCLONAL ANTI-IL-4
RECEPTOR (IL-4R) ANTIBODY

The production of a rat IgG2a monoclonal antibody that binds with high
affinity to the mouse IL-4R and blocks IL-4 binding (M. P. Beckmann,
K. A.Schooley,B.Gallis, T. V. Bos, D. Friend, A. R. Alpert, R. Raunio, S.
K.Dower, K.S. Prickett, P. E. Baker, L. S. Park, ‘“Monoclonal antibodies
recognizing the murine interleukin-4 receptor. Characterization of two anti-
bodies which immunoprecipitate and inhibit receptor function,” sub-
mitted) has allowed in vivo studies to be performed in which even delivery
of IL-4 to a B cell by direct, cell-to-cell contact can be blocked. This is
because anti-IL-4R antibody can inhibit an IL-4 effect in advance of IL-
4 secretion, by binding to B-cell IL-4 receptors and making them refractory
to stimulation by IL-4 secreted later. Anti-IL-4 antibody, in contrast, can
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have no effect until the actual time that IL-4 is secreted, and thus, it must
be continuously present at concentrations sufficient to neutralize secreted
IL-4 before it can bind to the IL-4R.

To study the in vivo effects of anti-IL-4R antibody on Igisotype selection
during an immune response, some BALB/c mice were left untreated; others
were injected with GaMé, but no additional antibody, or with GaMJ plus
a range of doses of anti-IL-4R antibody, anti-IL-4R antibody, or both
anti-IL-4 and anti-IL-4R antibodies. Still others were injected with GaM¢
plus control rat IgGl and/or IgG2a antibodies. Sera obtained 8 days later
were analyzed for IgG1, IgG2a, and IgE concentrations (Figure 2). Anti-
IL-4R antibody was approximately five-fold more potent than anti-IL-4
antibody at inhibiting GaMé-induced IgE production by 95%, although
the differences in the concentrations of these antibodies required to inhibit
IgE production to a smaller extent were less marked. Neither anti-IL-4
antibody nor anti-IL-4R antibody significantly inhibited the IgGl
responses made eight days after GaMJ injection, although both antibodies
somewhat inhibited the IgGl responses made by these mice ten days after
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Figure 2 Effects of anti-IL-4 and anti-IL-4 receptor antibodies on the generation of poly-
clonal Ig responses in GaM§ antibody-injected mice. BALB/c mice (5/group) were injected
with GaMé antibody plus the doses shown or either monoclonal anti-IL-4 antibody or anti-
IL-4 receptor antibody and were bled 8 days later. Serum IgE levels were determined by
ELISA; IgGl1 and IgG2a levels by radial immunodiffusion. Geometric means and standard
errors are shown. Diagonal-filled and black circles on ordinates indicate serum Ig levels of
untreated mice and mice treated only with GaMJ antibody, respectively.
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injection (data not shown). At neither time, however, did the combination
of anti-IL-4 and anti-IL-4R antibodies inhibit IgG1 production more
completely than did either antibody alone (data not shown). This obser-
vation indicates that IgG1 production in GaM/é-stimulated mice, unli ke
IgG1 production in some in vitro systems, must be largely independent of
IL-4. Both anti-IL-4 and anti-IL-4R anti bodies modestly enhanced IgG2a
responses in this study, but no synergistic or additive enhancement was
observed when these antibodies were administered together.

The observation that an anti-IL-4R antibody is as selecti ve and at least
as effective as an anti-IL-4 antibody at blocking an in vivo IgE response
enhances the possibility that approaches that block the effects of IL-4 on
the B lymphocyte may be useful for the therapy of IgE-mediated disorders.
Repeated injection of the tremendous quantities of a foreign anti-IL-4
antibody that would be required to achieve a clinically significant effect
in a human would be impractical and would most likely stimulate the
production of human antibodies that would neutralize the anti-IL-4 anti-
body. The successful and selective in vivo inhibition of IgE production by
anti-IL-4R antibody suggests that it may be possible to use a smaller IL-
4R antagonist pharmacologically with similar effects. The recent cloning
of the IL-4R gene (B. Mosley, M. P. Beckmann, C. J. March, R. L.
Idzerda, S. D. Gimpel, T. V. Bos, D. Friend, A. Alpert, D. Anderson, J.
Jackson, J. M. Wignall, C. Smith, B. Gallis, J. E. Sims, D. Urdal, M. B.
Widmer, D. Cosman, L. S. Park, ‘“The murine interleukin-4 receptor:
Molecular cloning and characterization of secreted and membrane bound
forms,” submitted) should facilitate the production and screening of such
IL-4R antagonists.

A LATE, NON-IL-4-DEPENDENT EFFECT OF
CD4* T CELLS IS REQUIRED FOR THE
GENERATION OF AN IN VIVO IGE RESPONSE

Studies have been performed in GaMd-injected mice to determine the
period of time during which T-cell help, in general, and IL-4, in particular,
are required for the generation of an IgE response (60). To do this, mice
were first injected with GaM¢. These mice were also injected, up to six
days later, with anti-IL-4 antibody, to block IL-4-mediated effects, with
anti-CD4 antibody, to block all help mediated by CD4™* T cells (61), or
with a control antibody (anti-NP). Mice were all bled 8 days after injection
with GaMJ{, and serum IgGl and IgE levels were determined. As in
previous experiments, anti-IL-4 antibody had no consistent effect on IgGl1
production, but almost totally blocked the IgE response if the antibody
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was given up to four days after GaMd. Anti-CD4 antibody almost totally
blocked the IgG1 response if given up to four days after GaMJd, and still
almost totally blocked the IgE response if given as late as five days after
GaMeo. Since the production of IL-4 in GaMJd-injected mice cannot be
detected until three days after GaMJ¢ injection, this experiment localizes
the time during which the presence of IL-4 is important for the generation
of an 1gE response to the two-day period that extends from three to five
days after GaMJ injection. In addition, these studies suggest that from
five to six days after GaMo injection some form of T-cell help other than
IL-4 is important in the generation of an IgE response, while the IgG1
response appears to be independent of T help five days after GaMé injec-
tion. This suggestion was supported by experiments which ruled out more
trivial explanations for these results by demonstrating that: (a) IgE and
IgGl responses appear at the same time in GaMJ antibody-injected mice.
(b) IgE and IgG1 responses in these mice are equally inhibited by limiting
doses of anti-CD4 antibody. (¢) Even low doses of anti-CD4 antibody,
which inhibit IgE responses less than do optimal doses of anti-IL-4 anti-
body if given two days after GaM§, inhibit IgE responses more than do
optimal doses of anti-IL-4 antibody if both are given five days after GaM¢o
(60). No progress has yet been made, however, in the identification of this
additional, late acting form of T cell help that may contribute specifically
to anIgE response.

IL-4 IS REQUIRED IN VIVO TO SUSTAIN
ESTABLISHED IGE RESPONSES

The unexpected isotype specificity of IL-4in the induction of IgE secretion
in vivo suggested that an approach aimed at blocking IL-4 production or
IL-4 effects might be of use in the treatment of IgE-mediated allergic
disorders. However, for an IL-4 based therapeutic approach to such dis-
orders to have any chance for success, it would have to be able to decrease
an already established IgE response and to prevent the establishment of a
new response. To investigate this, a study was made of the ability of anti-
IL-4 antibody to accelerate the decline in an Nb-induced IgE response,
when given at the time of the peak response. Anti-IL-4 antibody clearly
accelerated the decline in this response, as did anti-CD4 antibody (57).
Since serum IgE levels in Nb-inoculated mice spontaneously decline a
few days after Nb are expelled, it was possible that the IL-4 requirement
for maintenance of IgE productionin the Nb system might not be relevant
to human allergy patients,in whom serum IgE levels normally stay elevated
for long periods of time. For this reason, the IL-4-dependence of an
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established, chronic murine IgE response wasinvestigated. Such a response
is made by mice inoculated with the nematode Heligmosomoides polygyrus
(Hp). Unlike Nb, Hp is not spontaneously expelled by infected mice;
neither do Hp-induced IgE responses spontaneously fall (62). Despite these
considerations, when anti-IL-4 antibody was given to Hp-infected mice
after large IgE responses had already occurred, the antibody still induced
serum IgE levels to decline substantially wi thin one week of administration
(Figure 3). After three weeks of anti-IL-4 antibody treatment, serum IgE
levels were reduced by greater than 95% compared to those levels observed
in untreated or control (anti-NP) antibody-treated, Hp-infected mice. All
mice continued to excrete large numbers of Hp ova, however. Anti-IL-4
antibody did not suppress all Hp-induced immune responses non-specifi-
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Figure 3 Effect of chronic anti-IL-4 antibody treatment on an established, ongoing IgE
response to Heligmosomoides polygyrus (Hp). BALB/c mice (5/group) were left untreated or
were infected with Hp larvae. Starting three weeks later, mice were bled weekly, and Hp-
inoculated mice were injected weekly with saline, anti-IL-4 antibody, or anti-NP antibody
(control) for the duration of the experiment. At 58 days after Hp inoculation mice were
cured by drug treatment, and 65 days after injection mice were reinoculated with Hp. An
additional group of previously untreated mice was inoculated with Hp at this time. Serum
IgE levels were determined by ELISA. Geometric mean values are shown.
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cally; substantial increases in polyclonal serum IgGl levels continued to
be seen after anti-IL-4 antibody treatment. Thus, the maintenance of even
an established, ongoing IgE response is IL-4 dependent.

IL-4 IS REQUIRED TO GENERATE AND SUSTAIN
A SECONDARY, ANTIGEN-SPECIFIC, IN VIVO IGE
RESPONSE

To determine whether secondary, antigen-specific IgE responses are as
dependent upon IL-4 as are primary, polyclonal IgE responses, mice were
first primed with an intraperitoneal injection of 1 ug of TNP-KLH on
alum, rested for three weeks, and boosted in the same way with the same
dose of the same antigen. At the time of the boost, mice were intravenously
injected with anti-IL-4 antibody, anti-CD4 antibody, anti-NP antibody,
or saline. Serum was obtained seven days later and IgE, IgGl, and IgG2a
anti-TNP levels, as well as total IgE levels, were determined (Figure 4).
Both the secondary IgE anti-TNP and the polyclonal responses appeared
to be completely blocked by anti-IL-4 antibody, while the [gG1 and [gG2a
anti-TNP responses were not significantly or specifically altered. In
contrast, anti-CD4 antibody inhibited the production of all three isotypes
of anti-TNP antibody. Thus, IL-4 appears to be required for the pro-
duction of both primary polyclonal and secondary antigen-specific IgE,
but not IgG responses.

Experiments were also performed to study whether IL-4 is required to
maintain the antigen-specific IgE reponse induced by TNP-KLH on alum.
When given at the time of the peak IgE anti-TNP response to a second
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Figure 4 Isotype-specific inhibition of secondary anti-TNP response. BALB/c mice
(5/group) were all primed with TNP-KLH on alum. Three weeks later mice were injected
with saline (no boost) or with TNP-KLH on alum plus saline, a control antibody (anti-NP),
anti-IL-4 antibody, or anti-CD-4 antibody. Mice were bled 7 days after the boost. Serum
IgE, IgGl, and IgG2a anti-TNP antibody levels and total IgE concentration were determined
by ELISA and are shown as geometric means and standard errors.
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immunization with TNP-KLH on alum, anti-IL-4 antibody again accel-
erated the decline in serum IgE levels, although the decline was con-
siderably slower than that observed in the Nb system (Figure 5). The
slowness ofthe anti-IL-4 antibody-induced decline in serum IgE anti-TNP
antibody levels in this system is compatible with an observation that anti-
IL-4 antibody failed to decrease, over a 7-10-day culture period, in vitro
IgE production by human B cells that had differentiated to the stage of
IgE secretion in vi vo (G. Delespesse, personal communication; D. Vercelli,
H. H. Jabara, C. Cunningham-Rundles, J. S. Abrams, D. B. Lewis, J.
Meyer, L. C. Schneider, D. Y. M. Leung, R. Geha, “Regulation of IgE
synthesis in the hyper-IgE syndrome.” Submitted). When coupled with
evidence from the GaMJ system that the last phase of the induction of an
IgE response is IL-4-independent, both observations suggest that the role
of IL-4 in the maintenance of an IgE response is to recruit new cells to
secrete IgE, rather than to sustain IgE secretion by already fully differ-
entiated plasma cells. The possibility cannot, however, be ruled out that
IL-4 both stimulates B cells to become committed to the synthesis of IgE
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Figure5 IL-4 maintains antigen-specific IgE responses. BALB/c mice (5/group) were immu-
nized with TNP-KLH on alum and were boosted with the same antigen three weeks later.
One and two weeks after the boost, mice werein jected with saline, anti-NP antibody (control),
anti-IL-4 antibody, or anti-CD4 antibody. Mice were bled two and three weeks after the
boost, and serum IgE anti-TNP titers were determined by ELISA. Geometric means and
standard errors are shown.
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and extends the life of IgE secreting cells after they have begun to secrete
IgE, but that IL-4 is not required during the period that IgE-committed
cells differentiate to IgE secretion.

An additional, somewhat surprising result of studies in the TNP-KLH
system is that anti-CD4 antibody, unlike anti-IL-4 antibody, did not sig-
nificantly accelerate the decline in serum IgE anti-TNP levels. This raises
the possibility that IL-4 made by a cell other than a CD4* T cell is
important in sustaining IgE responses in this system. In this regard it is
noteworthy that mast cell lines secrete IL-4 in response to cross-linking
of their high affinity IgE receptors (63), and that the spleens of TNP-
KLH/alum-immunized mice contain non-B, non-T cells that secrete this
cytokine when stimulated with IgE-containing immune complexes (S. Z.
Ben Sasson, G. Le Gros, personal communication).

SOME IGE PRODUCTION DURING AN IN VIVO
SECONDARY, POLYCLONAL RESPONSE APPEARS
TO BE IL-4-INDEPENDENT

Not all IgE responses appear to be totally dependent upon the presence
of IL-4. Mice that are inoculated for a first time with Nb, allowed to
recover for about one month, then reinoculated with the same parasite,
make a secondary polyclonal IgE response that is approximately three- to
four-fold greater in magnitude than the primary response and that appears
much more rapidly than the primary response. Injection of anti-IL-4
antibody at the time of the second Nb inoculation inhibits IgE production
by at least 65%, and, in some experiments, by as much as 90%; however,
the nearly 100% inhibition of IgE production that occurs when anti-IL-4
antibody is given at the time of primary Nb inoculation is never observed.
Experiments in which various doses of anti-IL-4 antibody were admin-
istered to try to inhibit IgE responses to primary or secondary Nb inocu-
lation (Figure 6) indicate that while even relatively small doses of anti-IL-
4 antibody inhibit most of the secondary IgE response, some of this
response cannot be inhibited even by large doses of this antibody. This
failure suggests that this response has both IL-4-dependent and IL-4—
independent components. We have hypothesized that the IL-4— inde-
pendent part of this response may be generated by memory B cells that
have already switched to IgE expression. This hypothesis, if correct, would
indicate that I1-4 isimportantin vivo only for isotype switching, and not for
afurther differentiative process by which cells that have already switched to
IgE become IgE-secreting cells. Given our results, this hypothesis would
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Figure 6 Inhibition of primary and secondary polyclonal IgE responses to Nb infection by
anti-IL-4 antibody. Previously untreated BALB/cmice were left untreated or were inoculated
with Nb larvae. Mice additionally received two injections of either anti-IL-4 or anti-NP
(control) antibody at the doses shown. At the same time, mice that had received an initial
Nb inoculation approximately six weeks earlier were re-inoculated with Nb and were injected
twice with anti-IL-4 or anti-NP antibody at the indicated doses. Mice were bled 13 days after
the primary inoculation or 7 days after the second inoculation, and IgE levels, shown as
geometric means and standard errors, were determined by ELISA.

also require that only a small percentage of the IgE response generated in
mice given a second Nbinoculation is derived from cells that have switched
to IgE during the initial Nb inoculation. A n alternate explanation for the
apparent partial IL-4-independence of the secondary Nb-induced poly-
clonal IgE response is that so much IL-4 may be generated during this
response that complete neutralization is impossible even with large doses
of anti-IL-4 antibody. To investigate this possibility an experiment tested
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the effects of anti-IL-4 antibody on both IgE production and B-cell Ia
expression in mice given primary or secondary Nb infections. While anti-IL-
4 antibody again failed to completely inhibit the secondary IgE response,
it did completely block the Nb-induced increase in B-cell Ia expression
(64). Since in vitro studies have demonstrated that induction of an IgE
response requires much more IL-4 than does the induction of increased
B-cell Ia expression, this result makes it unlikely that incomplete 1L-4
neutralization could explain incomplete inhibition of the secondary Nb-
induced IgE response.

Partial IL-4-independence of a secondary IgE response is also seen in
mice treated with anti-IL-4 antibody after an IgE response has been estab-
lished by Hp infection (Figure 3). When these mice are cured of Hp by
drug administration, then reinfected with Hp while continuing to receive
an anti-IL-4 antibody, serum IgE levels increase by greater than 30-fold.
The serum levels attained, however, are still reduced by 95% compared
to those that develop in similarly treated mice that have not received
anti-IL-4 antibody. Thus, while part of the secondary IgE response in
both the Nb and Hp systems appears to be IL-4 independent, in both
systems this response accounts for only a small percentage of the total
response.

IL-4 IS NOT REQUIRED DURING A PRIMARY
IN VIVO IMMUNE RESPONSE TO ALLOW THE
GENERATION OF A SECONDARY IGE RESPONSE

To determine if inhibition of IL-4 effects during a primary Nb infection
would alter the IgE response made during a second infection with this
parasite, the magnitudes and kinetics of these responses were compared in
mice that received no anti-IL-4 antibody treatment with those that
developed in mice treated with anti-IL-4 antibody (a) only during the first
Nb inoculation, (5) only during the second Nb inoculation, or (¢) during
both inoculations (Figure 7). As before, anti-IL-4 antibody inhibited IgE
production during a primary Nb response by over 98%. However, when
inoculated with third-stage larvae of Nb six weeks after the initial inocu-
lation, these mice generated an IgE response both larger and more rapid
than that made by mice not previously infected with Nb, although not as
large as that made by mice initially infected with Nb in the absence of anti-
IL-4 antibody. In contrast, administration of anti-IL-4 antibody at the
time of both primary and secondary Nb inoculation suppressed the sec-
ondary IgE response by over 99%, compared to that made by mice infected



Annu. Rev. Immunol. 1990.8:303-333. Downloaded from www.annual reviews.org
Access provided by University of Liverpool on 11/26/14. For persona use only.

320 FINKELMAN ET AL

1000 1

100

/@' Olntreated/Nb
" - @NDIND + o L4

\D-—Drmffumreated

AI
A
S " A-BNb + o IL4ND + o ILa

IgE Concentration (ug/ml)

a 10 20 30 40 50 0

Days After Initial Nb Inoculation

Figure 7 Effect of anti-IL-4 antibody on IgE responses to primary and secondary Nb
inoculation. BALB/c mice (5/group) were left untreated or inoculated with Nb larvae and
bled 13 days after inoculation. Mice were again bled 42 days after the initial inoculation and
were left untreated or were re-inoculated with Nb one day after that. Mice were injected with
anti-IL-4 antibody or saline at the time of and 7 days after the initial Nb inoculation, and
at the time of and 4 days after the second Nb inoculation. Mice were bled 6, 9, 12, and 15
days after the second inoculation. Serum IgE levels, determined by ELISA, are shown as
geometric means. The legend at the right of the figure indicates the treatment received during
the period of initial inoculation//period of second inoculation.

twice in the absence of anti-IL-4 antibody, and by over 80% as compared
to that made by mice given anti-IL-4 antibody only at the time of the
secondary infection. These observations indicate that: (@) “priming” for a
secondary IgE response can occur even when the primary response is
largely blocked by neutralization of IL-4; and (b) when an IgE response
to an initial immunization is blocked by neutralization of IL-4, continued
I1-4 neutralization is both necessary and able to block the development of
an IgE response to a second immunization. Thus, the IL-4-independent
component of a secondary IgE response developsin Nb-infected mice only
when I1-4 is present during the primary response. These observations are
compatible with the hypotheses that: (@) theincreased speed and magnitude
of the secondary polyclonal IgE response in Nb-primed mice results pri-
marily from the IL-4-independent generation of memory T cells; () the
IL-4-independent component of the IgE response to a second Nb infection
isdcrived from B cells that have become committed to IgE production in
response to IL-4 during a primary Nb infection; and (c) a relatively small
percentage of the IgE produced during a second Nb infection is derived
from these B cells.
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MODIFICATION OF HUMORAL, IN VIVO
IMMUNE RESPONSES BY INTERFERONS

As noted earlier, in addition to establishing that IL-4 can contribute to
the generation of IgGl and IgE responses, in vitro murine studies have
demonstrated that the lymphokine IFN-y can inhibit these responses and
contribute to the generation of IgG2a responses. To determine whether
IFN-y can have these same effects in vivo, the abilities of recombinant,
purified IFN-y and of a purified, monoclonal anti-IFN-y antibody to alter
the isotypes of Ig produced in mice immunized with GaMd or BA were
investigated. I n an initial series of experiments, BAL B/c mice injected with
GaMo also recei ved twice dailyintraperitoneal injections of 782 to 100,000
units of IFN-y two, three, and four days after GaMé. Mice were bled eight
days after GaMJ¢ injection, and their serum IgE, IgG1 and IgG2a levels
were determined. Doses of IFN-y as low as 1500 units induced increased
IgG2a production; this effect was greatest at IFN-y doses of 3000 to 6000
units. Significant inhibition of IgGl and IgE responses was first noted
when a dose of 12,500 units of IFN-y was used, and the degree of inhibition
increased as the dose of IFN-y was further raised. At higher IFN-y doses,
enhancement of IgG2a responses was no longer observed; however, inhi-
bition of production of this isotype did not occur until doses were reached
that made mice severely ill (100,000 units) (55). Thus, in this system, less
IFN-y was required to enhance IgG2a production than to inhibit IgG1
and IgE production, and inhibition of the IgG1 and IgE responses required
an identical IFN-y dose.

Injection of anti-IFN-y antibody together with GaM¢ had an effect
opposite to that of IFN-y (Figure 8). Anti-IFN-y antibody not only blocked
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Figure 8 Effects of IFN-y and anti-IFN-y antibody on Ig secretion in GaMd-treated mice.
BALB/c mice (4/group) were left untreated or were injected with GaM§ antibody + IFN-y
and/or anti-IFN-y antibody or anti-NP antibody (control). Mice were bled 8 and 10 days
after GaM¢ antibody injection. Day 8 serum IgG1 and IgE levels, and day 10 serum IgG2a
levels are shown as geometric means and standard errors.
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the ability of IFN-y to inhibit GaMd-induced IgG1 and IgE responses and
enhance the GaMd-induced I1gG2a response; but also enhanced GaM§-
induced IgG1 and IgE responses and blocked the GaMéd-induced 1gG2a
response (55). Thus, sufficient IFN-y can be made during an in vivo
immune response to inhibit IgG1 and IgE production, and to stimulate
IgG2a production. This issue was further studied in a system in which
mice were injected with killed, fixed BA, which stimulates a large polyclonal
IgG2a response, but relatively little or no IgGl1 or IgE production (55).
Injection ofmice with anti-IFN-y antibody considerably, but incompletely,
inhibited the BA-induced IgG2a response, and considerably amplified the
BA-induced IgG1 response, but did not lead to the generation of an IgE
response. When given to mice thathad also been injected with GaMé, BA
acted very much like IFN-y, in that it inhibited GaMé-induction of IgGl
and IgE production and allowed a large IgG2a response to be produced.
Anti-IFN-y antibody blocked the ability of BA to inhibit GaMé induction
of an IgG1 response but did not block the ability of BA to inhibit GaMé
induction of IgE production (55). Thus, while BA induction of IFN-y
production can explain the ability of BA to block 1gG1 production, inhi-
bition of IgE production by BA must involve an additional mechanism.
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Figure 9 Effect of interferon-a on GaMé-induced polyclonal antibody responses. BALB/c
mice (5/group) were injected with GaMé antibody + monoclonal anti-IFN-y antibody, and
2, 3, and 4 days later, received two injections/day of recombinant mouse IFN-« at the doses
shown. Mice were bled and their spleens were removed and weighed 8 days after GaMéd
injection. Serum IgG1, IgG2a, and IgE levels were determined and are shown as geometric
means and standard errors. Ig and spleen weights for mice that were not treated with GaMd
are shown as diagonal-filled circles.
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Since BA has been shown to induce IFN-o production in mice (65, 66),
and IFN-a blocks IgE production in both murine and human in vitro
systems (23; and C. M. Snapper, F. D. Finkelman, unpublished data), in
vivo murine studies with this cytokine were performed. When injected into
GaMo-treated mice (Figure 9), IFN-a produced effects that resembled
those of IFN-y (suppression of IgG1 and IgE production and stimulation
of IgG2a production), but, unlike IFN-y, did not have obvious toxic effects
at doses that caused substantial alterations in Ig isotype selection. In the
presence of monoclonal anti-IFN-y antibody, IFN-a continued to suppress
the GaMd-induced IgE response and enhance IgG2a production, but no
longer inhibited the IgG1 response. These observations suggest that IFN-
o may act directly at the B-cell level to stimulate IgG2a production and
suppress IgE production, while its inhibitory effects on IgGl production
result either from induction of IFN-y production or from synergistic
enhancement of the inhibitory effect of IFN-y. While studies to determine
the physiological roles of IFN-a and IFN-f in the control of Ig isotype
selection await the availability of large quantities of antibodies that
specifically neutralize these cytokines, the relative lack of toxicity of
IFN-a, as compared to IFN-y, may make the former cytokine a better
candidate than the latter for the treatment of human IgE-mediated dis-
orders.

TREATMENT OF HUMAN HYPER-IGE SYNDROME
PATIENTS WITH IFNs

Both IFN-« and IFN-y have been used for the treatment o f small numbers
of patients with the hyper-IgE syndrome. IFN-a,,, given to one hyper-IgE
syndrome patient at a dose of 3 x 10¢ U subcutaneously twice a week for
a period of four weeks, resulted in an approximately 50% reduction in
serum IgE levels without affecting serum levels of other Ig isotypes. The
severe atopic dermatitis that was present in this patient cleared completely
after three weeks of treatment, but reappeared in a milder form eight days
after the last IFN-a dose (67). Of five patients treated with .50-100 pg of
IFN-y three times a week for two weeks, the serum IgE levels of two
decreased by approximately 50%, and all exhibited considerable decreases
in the “spontaneous” production of IgE by their peripheral blood mono-
nuclear cells when cultured in vitro (C. L. King, J. I. Gallin, H. L. Malech,
S. L. Abramson, T. B. Nutman, “Regulation of immunoglobulin pro-
duction in hyper-immunoglobulin-E recurrent-infection syndrome by inter-
feron-y.” Submitted). In a separate study (67a), treatment of 15 patients
with atopic dermatitis and high serum IgE levels with 10 pg/M? of IFN-y
five times a week for one week, then sequentially with 50 and 100 ug/M?



Annu. Rev. Immunol. 1990.8:303-333. Downloaded from www.annual reviews.org
Access provided by University of Liverpool on 11/26/14. For persona use only.

324 FINKELMAN ET AL

of IFN-y five times a week during the two subsequent weeks, failed to
consistently decrease serum IgE levels. However, the in vivo IFN-y treat-
ment was associated with a significant decrease in the “spontaneous”
in vitro production of IgE by peripheral blood mononuclear cells from
most of these patients. These studies suggest that cytokines, measures
that alter cytokine production, or measures that alter cytokine effects,
may be useful in the therapy of IgE-mediated disorders. Further investi-
gation is required to confirm these preliminary observations, to deter-
mine optimal doses of these cytokines, and to compare their effectiveness
and toxicity with each other, with agents that block IL-4 production or
effects, and with combinations of these cytokines and agents, in the
treatment of IgE-mediated disorders.

IFN-y CAN CONTRIBUTE TO, BUT IS NOT
REQUIRED FOR, THE INDUCTION OF ALL
ANTIGEN-SPECIFIC IcG2a RESPONSES

The ability of IFN-y to enhance an IgG2a response is not limited to
polyclonal IgG2a responses, since anti-IFN-y antibody selectively inhibits
both the IgG2a anti-DNP response in mice immunized with DNP-Bor-
detella pertussis (68) and the IgG2a anti-FITC response in mice immunized
with FITC-BA (Table 1). IFN-y does not seem to be an absolute require-
ment for the generation of an IgG2a response, however, since these
responses are only partially inhibited by anti-IFN-y antibody. Thelack of
complete inhibition is not likely a result of incomplete neutralization of
IFN-y, since a ten-fold increase in thcdose of anti-IFN-y antibody did not
further inhibit the generation of an IgG2a anti-FITC antibody response
to FITC-BA (data not shown). Furthermore, if IFN-y were an absolute
requirement for the generation of an IgG2a response, it might be antici-
pated that the small IgG2a responses made to antigens that induce pri-
marily an IgG1 response would be at least as easy to inhibit with anti-
IFN-y antibody as the large IgG2a responses made to antigens that induce
primarily that IgG isotype. This is not the case. While the relatively large
IgG2a anti-FITC response to FITC-BA is strongly inhibited by anti-
IFN-y antibody, the small IgG2a anti-FITC responses to FITC-sheep
erythrocytes, FITC-Ficoll, or FITC-KLH are only slightly inhibited by
the same antibody (Table 1). In some experiments no significant inhibition
of FITC-sheep erythrocyte-induced IgG2a anti-FITC antibody pro-
duction was observed (data not shown). Thus, it seems likely that IFN-y
can enhance some, but is not required for the induction of all, murine
IgG2a antibody responses.
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Table 1 Effects of anti-IFN-yp antibody on IgGl and IgG2a
anti-FITC antibody responses to different FITC-substituted
antigens. Mice were immunized with the antigens shown and
were injected with 1 mg of either monoclonal anti-IFN-y anti-
body or an isotype-matched rat IgG control antibody (anti-NP)
at the same time. Mice were bled 7 to 10 days later and serum
IgGl1 and IgG2a anti-FITC antibody titers were determined by
ELISA. Numbers shown are geometric means for groups of five
mice, X /+ (geometric standard errors).

Anti-FITC titer

Immunogen IgGl I1gG2a
<10 <10
FITC-BA + anti-NP 120 (1.38) 3,820 (1.20)
FITC-BA + anti-IFN-y 112 (1.19) 475 (1.07)
FITC-SRBC + anti-NP 318 (1.06) 28 (1.06)
FITC-SRBC + anti-IFN-y 333 (1.13) 17 (1.08)
FITC-GaM{ + anti-NP 27,000 (1.09) 303 (1.05)
FITC-GaM$ + anti-IFN-y 29,800 (1.08) 165 (1.18)
FITC-KLH + anti-NP 252 (1.21) 54 (1.29)
FITC-KLH + anti-IFN-y 308 (1.21) 33 (1.20)
FITC-Ficoll + anti-NP 387 (1.08) 165 (1.22)
FITC-Ficoll + anti-IFN-y 354 (1.10) 96 (1.17)

IFN-y INHIBITS POLYCLONAL IcG1 RESPONSES
MORE THAN ANTIGEN-SPECIFIC IcGl1 RESPONSES

While IFN-y appears to have a similar stimulatory effect on the polyclonal
and antigen-specific IgG2a responses to FITC-BA or to GaMJ, it inhibits
polyclonal IgG1 responses to a considerably greater extent than antigen-
specific IgG1 responses. This is seen both in studies in which exogenous
IFN-y inhibits the GaM{-induced goat IgG-specific IgGl response less
than the polyclonal IgG1 response to the same immunogen (Figure 10)
and in studies in which anti-IFN-y antibody fails to enhance the FITC-
specific [gG1 response to several antigens, including FITC-BA (Table 1),
even though it considerably enhances the polyclonal IgGl response to
BA (55). While the mechanism for differentially affecting polyclonal and
antigen-specific responses is not immediately apparent, the consequence
of this effect is to conserve the immune system by focusing a humoral
immune response more precisely toward the stimulating antigen. It is not
currently known whether polyclonal IgE responses are also inhibited by
IFN-y to a greater extent than are antigen-specific responses. This is an
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important question to resolve, since an agent that inhibited all IgE
responses could ameliorate IgE-mediated disorders, while an agent that
selectively inhibited polyclonal IgE responses could exacerbate these dis-
orders by increasing the percentages of mast cell IgE receptors occupied
by IgE molecules specific for pathogenic antigens. Unfortunately, this is a
difficult issue to resolve, because it is hard to quantitate accurately antigen-
specific IgE in the presence of much larger amounts of polyclonal IgE and
antigen-specific IgG, and because IFN-y stimulation of immune responses
that results from enhancement of macrophage and dendritic cell antigen
presentation (69-71) can be difficult to separate from more specific effects
on Ig isotype selection.

ENDOGENOUSLY PRODUCED IFN-y CAN LIMIT
“SPONTANEOUS” IN VIVO PRODUCTION OF IGE

To determine if IFN-y has a role in limiting IgE production in animals
that are not purposefully immunized, BALB/c mice were treated from
birth with weekly injections of saline or with either a monoclonal anti-
IFN-y antibody or an isotype-matched control antibody. When bled at
twelve weeks of age, the anti-IFN-y antibody-treated mice had serum IgE
levels that averaged nearly four-fold more than those of the control mice
(4.28 pgfml vs 1.15 pg/ml). Serum IgG1 and IgG2a levels were similar in
anti-IFN-y antibody-treated and control antibody-treated mice (P. Cohen,
F. D. Finkelman, manuscript in preparation). This observation suggests
that endogenously produced IFN-y may have a role in limiting environ-
mental antigen stimulation of IgE production.

IL-5 PROMOTES EOSINOPHILIC RESPONSES, BUT
DOES NOT CONTRIBUTE TO IGE OR IcGl
RESPONSES IN SOME MURINE IN VIVO SYSTEMS

In in vitro mouse studies IL-5 has been found to stimulate antibody
production by enhancing both proliferation and differentiation of acti-
vated B cells (15-18), to be required for the induction of Ig secretion by B
cells cultured with antigen-specific Th2 cell clones in the presence of the
appropriate antigen (72, 73), especially to promote the synthesis and
secretion of IgA (19-22), and to stimulate eosinophil development and
activation (74). In vivo studies provide support only for the last of these
effects. Studies in which the effects of a monoclonal anti-IL-5 antibody
have been studied in mice infected with Schistosoma mansoni (75), Nb
(76), or Hp (Figure 11), have all shown that this antibody blocks the
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Figure 10 Inhibition of polyclonal and goat IgG-specific antibody responses by IFN-y.
BALB/cmice (5/group) were left untreated or wereinjected with GaMd antibody. One group
of GaMé-injected mice also received two daily injections of 25,000 units of IFN-y twice daily
2, 3, and 4 days after GaMJ injection. Mice were bled eight and ten days after GaMd
injection. Total serum IgGl levels were determined by radial immunodiffusion; serum IgGl
anti-goat IgG levels were determined by ELISA. Serum Ig levels are shown as geometric
means and standard errors.

development of both blood and tissue eosinophil responses but fails to
affect IgG1 or IgE responses, even though similar IL-5 concentrations are
required to stimulate lymphocyte and eosinophil responses in vitro. Anti-
IL-S antibody, at a dose 20-fold greater than that required to completely
block eosinophilia in the parasite models, also fails to block IgG1, IgG2a,
or IgE responsesin GaMJ-treated mice, which do not develop eosinophilia
(J. F. Urban, I. M. Katona, F. D. Finkelman, unpublished data). In both
the GaMéd and Hp systems, treatment with a combination of anti-IL-4
and anti-IL-S antibodies had no effect on the generation of IgG responses
and was no more effective at blocking IgE responses than anti-IL-4 anti-
body alone (Figure 11, F. D. Finkelman, J. F. Urban, I. M. Katona,
R. L. Coffman, T. R. Mosmann, unpublished data). These observations
suggest that IL-5, while crucial to the development of eosinophilia, may
have little in vivo role in the generation of antibody responses. It is
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Figure 11 IL-5 contributes to the development of eosinophilia, but not to IgGl or IgE
responses in Hp-infected mice. BALB/c mice (5/group) were leftuntreated or wereinoculated
with Hp. Some groups received 2 mg of monoclonal anti-IL-5 antibody (TRFK-5), 10 mg
of monoclonal anti-IL-4 antibody (11B11), both antibodies, or 12 mg of a control (J4-1 anti-
NP) antibody, once a week, starting at the time of Hp inoculation. Blood eosinophil levels,
serum IgE levels (shown as ug/ml), and serum IgGl levels (shown as mg/ml) were all
determined 13 days after Hp inoculation.

possible, however, that IL-5 acts at a considerable distance from its site of
production in the stimulation of eosinophil responses, but stimulates B
lymphocytes that are in direct contact with the T lymphocytes that produce
it. If this is the case, it might be more difficult for an anti-IL-5 antibody
to inhibit IL-5 induction of B cell, than eosinophil responses. It is also
noteworthy that no studies of anti-IL-5 antibody effects on the generation
of in vivo IgA responses have yet been reported.

SUMMARY AND CONCLUSIONS

Several specific conclusions can be drawn from these studies:
1. IL-4 is required for the generation of both primary polyclonal and
secondary antigen-specific IgE responses in vivo.
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2. IL-4 is required to maintain established, ongoing, antigen-specific
and polyclonal IgE responses.

3. Most, but not all, polyclonal IgE production during a secondary
immune response is IL-4--dependent. Memory B cells that have already
switched to IgE at the DNA level may no longer require stimulation with
IL-4 to be induced to secrete IgE.

4. The generation of a secondary IgE response is not dependent upon
the presence of IL-4 during primary immunization. However, if IL-4 is
not present during primary immunization, it is required during secondary
immunization for the generation of an IgE response.

S. IL-4 does not appear to be required for the generation of in vivo
IgG1 responses, and in at least some instances, does not contribute sig-
nificantly to the generation of IgG1 responses in vivo.

6. A late-acting form of T-cell help other than IL-4 appears to be
required for the generation of an IgE, but not an IgG1 response.

7. An antibody that inhibits IL-4 binding to IL-4 receptors affects Ig
isotype selection in the same way as an antibody that neutralizes IL-4.

8. IFN-y can act in both spontaneous and induced immune responses
to suppress IgE production.

9. IFN-y can also suppress IgG1 production and stimulate IgG2a pro-
duction. However, IFN-y appears to suppress polyclonal IgG1 responses
more than antigen-specific IgG1 responses, and it enhances, but is not
required for, the generation of IgG2a responses.

10. IFN-o appears to resemble IFN-y in its ability to inhibit IgE and
enhance IgG2a responses in GaMd-injected mice, but it requires the pres-
ence of IFN-y to suppress [gG1 production in these mice.

11. Both IFN-x and IFN-y appear to be able to decrease IgE production
in some human patients.

12. There is no direct evidence that IL-5 contributes to the generation
of in vivo antibody responses.

Two general conclusions may also be drawn. First, sufficient evidence
has now accumulated to support the view that approaches aimed at the
control of IL-4 and IFN production or effects may be useful in the control
of IgE-mediated disorders. Secondly, in vivo studies sometimes support
hypotheses that have been generated in simpler, more controllable in vitro
systems, but sometimes indicate that in vitro observations have little in
vivo applicability. Despite their complexity and expense, in vivo studies
will continue to be required to further elucidate the mechanisms by which
cytokines contribute to the generation of immune responses and to the
control of Ig isotype selection in intact animals.
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