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Antibody responses against a variety of
antigens require the participation of T cells
as helper cells. Such thymus-dependent anti-
body responses have been extensively studied
in hapten-carrier systems. Evidence from a
number of these studies suggest that T cells
having carrier specificity are necessary for
optimal hapten antibody responses. For ex-
ample, passive transfer experiments demon-
strate helper activity when carrier-primed T
cells combined with hapten-primed B cells
are transferred to irradiated donors receiving
hapten-carrier conjugates (1). However, Ki-
rov and Parish have recently shown that car-
rier-specific B cells participate in the helper
effect (2). A 40 to 50% decrease in hapten-
specific direct plaque-forming cells (PFC)?
and 85 to 90% decrease in hapten-specific
indirect PFC responses were observed after
radioactive antigen suicide of the carrier-spe-
cific B cells. Thus, carrier-specific antibody
may modulate the helper activity of T cells.
Indeed, previous experiments have shown
that passively administered antibody alters
subsequent humoral responses to thymus-de-
pendent antigens (3-8). Antibody-mediated
modulation of thymus-dependent antibody
responses has included both potentiation and
suppression depending on the class or sub-
class of antibody used (3-5). For example,
Henry and Jerne have shown that 19 S an-
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tisheep erythrocyte (SRBC) antibody poten-
tiates whereas 7 S antibody suppresses the
direct plaque-forming cell (PFC) response to
SRBC (3). Some studies have shown a mod-
ulation of serum antihapten levels by passive
administration of anticarrier antibody (5-8).

Since receptors for the Fc region of both
IgG and IgM have been demonstrated on T
cells (9, 10}, it is conceivable these might bind
to immunoglobulins complexed to carrier
erythrocytes which are T-cell dependent.
Such complex binding could thus initiate reg-
ulation of hapten antibody-producing re-
sponses through helper or suppressor T cells.

The following investigation evaluated in
vivo fluctuations of a primary hapten anti-
body response induced by IgG and IgM an-
tibodies specific for T-cell-dependent carrier
erythrocytes. The hapten response was ex-
amined at the isolated single-cell level using
Jerne’s plaque-forming cell (PFC) assay enu-
merating modulations in both direct and in-
direct PFC (11).

Materials and methods. Homologous anti-
bovine erythrocyte (ORBC) sera were pre-
pared from the pooled sera of at least 20 mice
5 days after primary or tertiary immunization
with 0.2 ml of 50% ORBC. The sera were
fractionated by ammonium sulfate precipi-
tation and Sepharose 6B column chromatog-
raphy. The leading half of the 19 S peak from
primary sera and the trailing half of the 7 S
peak from hyperimmune sera were collected
for use. Immunodiffusion with class-specific
antisera revealed no cross-contamination of
M and G and the latter contained both G,
and G.. Complement-dependent hemolytic
titers of the fractions were determined using
twofold dilutions of the antiserum fractions
and an excess of guinea pig complement. To
make comparisons between experiments us-
ing different pools of antisera, calculations
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were made using “hemolytic units.” One he-
molytic unit is defined as the amount of
antibody in 0.1 ml at the highest dilution
producing complement-dependent hemolysis
of a 1% erythrocyte suspension.

Six- to eight-week-old CBA mice of both
sexes were used with 3 to 5 animals per group.
The animals were immunized i.p. with 0.2 ml
of 10% TNP-ORBC immediately followed by
i.p. injection of the appropriate anticarrier
antibody. One milliliter of ORBC was coated
with 60 mg TNP for immunization (13, 14).
On Days 3, 5, 7, and 10, as indicated in the
results section, TNP-specific antibody-pro-
ducing cells from spleens were enumerated
using the Jerne plaque assay (11) with TNP-
SRBC target cells (13). Indirect plaques were
developed with 1:400 dilution of rabbit anti-
mouse globulin (Cappel Laboratories). Sheep
erythrocytes alone were used as controls and
SRBC background was subtracted from the
TNP-SRBC counts. The numbers of PFC are
represented as logio mean + SE per spleen.
Background levels of TNP-specific PFC from
unimmunized animals were 2.52 + 0.08 (38
animals) for direct PFC and 2.30 + 0.05 (33
animals) for indirect PFC. Log,o means have
been converted to geometric means, as indi-
cated in the results section. Haptenic inhibi-
tion of direct and indirect PFC was accom-
plished by adding varying concentrations of
TNP coupled to glycine (12) to the spleen
cells as they were mixed with the TNP-con-
jugated erythrocytes. Probabilities were de-
termined using a Student’s ¢ test.

Results. Kinetics experiments indicate both
the direct and indirect TNP-specific immune
responses peak in the mouse 5 days after
injection of TNP-ORBC conjugates (Fig. 1).
The Day 5 responses in Fig. 1 represent the
geometric mean TNP-PFC/spleen from 28
animals and the other days represent geo-
metric means from 6 mice. The effects of IgM
and IgG anti-ORBC on the hapten response
at different times after injection are shown in
Table I. Both classes of antibody potentiated
direct and indirect PFC on Day 3 after injec-
tion. However, at the peak of the response
the two classes of anticarrier antibodies had
opposite effects on the TNP-PFC. Thus, on
Day 5 in this experiment IgM anti-ORBC
potentiated the direct response by >23,800
PFC and potentiated the indirect response by

195
sor

Direct PFC O0—0

Indirect PFC —@

Days after Injection

F1G. 1. Kinetics experiment of the primary PFC re-
sponse specific for TNP. Spleens from CBA mice were
assayed for PFC after being injected i.p. with 0.2 ml,
10% TNP-ORBC. Each point represents the geometric
mean PFC/spleen from the following numbers of ani-
mals. Day zero represents data from 38 and 33 animals
for direct and indirect PFC, respectively, Day 5 shows
data from 28 mice for both direct and indirect PFC, and
Days 3, 7, and 10 each from 6 animals each.

>110,000 PFC. In this experiment IgG anti-
ORBC inhibited the indirect response by
>43,000 PFC but had no significant effect on
the direct response. Since the optimal TNP-
PFC response was on Day 5 and because of
the dramatic and opposite effects of the two
classes of antibody on the antihapten re-
sponse at this time, Day 5 was chosen for
further analyses.

The results from multiple experiments in
which animals were simultaneously injected
with relatively high concentrations of IgM or
IgG anticarrier antibody and antigen are
summarized in Table II. IgM increased the
geometric mean of the TNP-specific PFC by
5297 direct plaques and 47,448 indirect
plaques. High concentrations of IgG me-
diated essentially no direct PFC suppression
but reduced the mean number of indirect
plaques by 16,671 PFC. Similar results have
been obtained with several strains including
CBA, C3H/Hel, BALB/c, and (C56 B1/6 X
DBA/2)F; mice and using either bovine or
horse erythrocyte carriers and IgM or IgG
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anticarrier antibodies. Haptenic inhibition
studies in which varying concentrations of
hapten coupled to glycine were added to the
PFC overlay confirmed the TNP specificity

TABLE 1. IN Vivo KINETICS OF MODULATION OF
TNP-PFC BY ANTICARRIER ANTIBODIES

Day
after
injec- Anti-ORBC  Anti-ORBC
tion Control” IgM* IgG*
Direct PFC Direct PFC Direct PFC
3 273+043Y 401012 378 £0.07
(573) (10,233) (6,026)
S 357 +£0.10 444 +0.10 3.65 £ 0.07
(3,715) (27,542) (4,467)
7 2.37 £ 1.08 2.14 £ 0.60 3.25 £0.03
(234) (138) (1,778)
10 279 £0.26 3.27 £ 0.11 3.05 £ 0.09
617) (1,862) (1,122)
Indirect PFC Indirect PFC Indirect PFC
3 251 £0.55 3.83 £ 0.01 3.56 +0.32
(324) (6,760) (3,631)
S 455 +0.15 5.20 £ 0.05 3.53 £0.29
(45,709) (158,489) (3,388)
7 4.03 £ 0.07 NT* 3.24 +£0.21
(10,715) (1,738)
10 2.06 £ 0.27 3.12 £ 0.05 3.02 +£0.33
(115) (1,318) (1,047)

“ Control animals were injected with 0.2 ml, 10%
TNP-ORBC.

* Animals received antigen and passive anticarrier
IgM with 24 hemolytic units (defined in the text).

“ Passive IgG anti-ORBC with 32 hemolytic units was
injected with the antigen.

? Log,; mean + SD of PFC/spleen from three animals
tested separately. Numbers in parentheses represent the
geometric mean.

“ Not tested.
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of these PFC (data not shown here). Further-
more, the concentration of hapten (5 mM)
required to inhibit 50% of the direct TNP-
PFC was at least 10-fold greater than re-
quired to inhibit 50% of the indirect plaques
indicating a higher average avidity of the
indirect PFC. The IgM-potentiated direct and
indirect PFC had the same low and high
avidities, respectively, as the PFC from ani-
mals receiving antigen only.

Dose-response experiments conducted on
Day 5 with passive anticarrier IgM and IgG
are shown in Figs. 2 and 3, respectively.
Potentiation of both direct and indirect anti-
hapten PFC was produced by IgM with car-
rier specificity. The maximum potentiation
observed was three- to fourfold greater than
controls receiving TNP-carrier conjugates
alone (Fig. 2). The direct response was in-
creased from 1940 PFC/spleen from animals
receiving antigen alone to 7356 PFC by IgM
anticarrier antibody. The number of indirect
PFC was elevated from a control mean of
8481 to 30,528 plaques by passive IgM anti-
ORBC. The potentiation in both direct and
indirect PFC was dose responsive, i.e., de-
creased with decreasing concentrations of
IgM.
gAs shown in Fig. 3, IgG anticarrier anti-
body had no significant effect on direct anti-
hapten PFC. In contrast, higher concentra-
tions of IgG anti-ORBC affected a 10-fold
suppression of indirect TNP-specific PFC. It
is conceivable that the hyperimmune sera
used as a source of IgG might contain anti-

TABLE II. ANTICARRIER ANTIBODY-MEDIATED MODULATION OF TNP-PFC MEASURED S DAYS AFTER INJECTION

No. ex-
peri- No.
Group PFC ments mice Logio X = SD Geom X A PFC* P
Control”
Antigen only Direct 9 28 348 + 0.27¢ 3,020
Indirect 9 28 4.27 £ 0.33 18,621
IgM“?
Anti-ORBC Direct 5 14 3.92 +£0.35 8,317 +5,297 <0.025
Indirect 5 15 4.82 £ 0.26 66,069 +47,448 <0.0005
IgG*
A%nti-ORBC Direct 9 31 342 +£0.25 2,630 -390 NS/
Indirect 9 31 3.29 £ 0.09 1,950 —16,671 <0.0005

“ Calculated by subtracting the geometric means of the control PFC/spleen from the experimental means.

® Mice injected with 0.2 ml, 10% TNP-ORBC.
“ Interexperimental variation.

“IgM hemolytic units (defined in the text) for each experiment ranged from 24 to 128, logie X £ SD = 1.70 +

0.28, geometric X = 50.

¢ IgG hemolytic units for each experiment ranged from 32 to 64, logio X = SD = 1.67 + 0.11, geometric X = 47.

/Not significant.
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F1G. 2. Modulation of TNP-specific PFC by pas-
sively administered anti-ORBC IgM. Spleens from at
least four CBA mice per group were assayed for PFC 5
days after being injected i.p. with 0.2 ml, 10% TNP-
ORBC and 0.1 ml anti-ORBC IgM (—). Control
spleens from animals receiving only TNP-ORBC were
also assayed (---). PFC were assayed with TNP-SRBC.
Antibody concentrations are represented in hemolytic
units as defined in the text. Maximal potentiation of
TNP-specific direct and indirect PFC was significant at

P < 0.005 and P < 0.025 levels, respectively.
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F16. 3. Modulation of TNP-specific PFC by pas-
sively administered anti-ORBC IgG. Spleens from at
least four CBA mice per group were assayed for PFC 5
days after being injected i.p. with 0.2 ml, 10% TNP-
ORBC and 0.1 ml anti-ORBC IgG (—). Control
spleens were assayed from animals receiving only TNP-
ORBC (---). PFC were assayed with TNP-SRBC. An-
tibody concentrations are represented in hemolytic units
as defined in the text. Significant (P < 0.0125) suppres-
sion of indirect hapten-specific PFC was observed with
the highest concentrations of IgG anti-ORBC.

idiotypic antibody against carrier-specific re-
ceptors. Thus, idiotype suppression (15) could
be a mechanism involved in the IgG-induced
suppression of hapten-specific PFC. We,
therefore, evaluated whether anti-ORBC IgG
bound to the carrier would produce this sup-
pression. Injection of TNP-ORBC conju-
gates, pretreated with IgG anticarrier and
then washed, resulted in comparable sup-
pression of the indirect PFC against TNP
(data not shown). Thus, IgG with carrier
specificity alone is sufficient to produce this
suppression.

Discussion. The data presented here show
that passive antibody specific for a T-depend-
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ent carrier can modulate the in vivo primary
PFC response to a defined haptenic deter-
minant. An increase in the numbers of both
direct and indirect TNP-specific antibody-
producing cells in mouse spleens was pro-
duced by both classes of anticarrier antibod-
ies 3 days after injection. However, at the
peak response, 5 days after injection, IgM
continued to produce potentiation of both
direct and indirect PFC. Anticarrier IgG had
little effect on the 5-day direct hapten-specific
PFC. However, the indirect hapten responses
at 5 days were consistently suppressed by
anticarrier IgG at relatively high antibody
concentrations.

One possible explanation for these data is
that IgM anticarrier activates helper T cells,
potentiating both the direct and indirect PFC
responses to hapten; and IgG, in relatively
high concentrations, activates suppressor cells
which either inhibit helper activity or directly
suppress the indirect PFC response to hapten.
Inhibition of indirect PFC could also be a
result of IgG anticarrier antibody covering
sites necessary for helper-cell recognition. In-
hibition by simple blocking of antigenic de-
terminants seems unlikely, however, since
F(ab), fragments of anticarrier IgG have been
shown to be much less efficient than intact
IgG in antibody-mediated suppression (4,
16). The structures necessary to interact with
antibody to produce help or suppression of a
thymus-dependent response would be recep-
tors on T cells for IgM Fc (10) and IgG Fc
(9), respectively. In support of such a model
(although their system was not antigen spe-
cific), Moretta et al., using human lympho-
cytes, have recently shown that T cells bear-
ing IgM Fc receptors can function as helper
cells and T cells bearing IgG Fc receptors can
function as suppressor cells (17). Further-
more, T cells have been found essential in
antibody-mediated potentiation of immune
responses to erythrocytes (18) as well as in a
hapten-carrier system where the hapten re-
sponse was potentiated by anticarrier anti-
body (19). Also, as indicated above, the Fc
region of IgG has been shown to be important
in IgG-mediated suppression of antibody re-
sponses (4, 16).

Since T cells have receptors for the Fc
regions of immunoglobulins, it is reasonable
to assume immune complex binding to lym-
phocytes has a functional role that may well
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be of a regulatory nature. The present study
suggests activation of helper or suppressor T
cells by IgM and IgG anticarrier antibodies,
respectively, which bind to the carrier
through their antigen combining sites and to
the T cells via IgM or IgG Fc receptors.

The experiments presented here provide no
direct evidence for the involvement of T cells
in this antibody-induced potentiation or sup-
pression. However, evidence from a number
of studies make it seem probable that T cells
are involved: 1. The responses studied are
thymus dependent; 2. it has been demon-
strated that antibody-mediated modulation
of such responses requires T cells (18, 19); 3.
finally, the demonstration of immune com-
plex receptors on T cells (9, 10) would predict
some functional significance for these struc-
tures. Ultimate resolution of this problem will
require passive transfer experiments with pu-
rified populations of cells.

Conceivably, the observed modulations in
the hapten-specific responses could involve
an indirect effect on helper or suppressor cells
via amplifier T cells (20). Alternatively, an-
tigen-antibody complexes could activate
macrophages to modulate the hapten-specific
responses (21).

Whatever the mechanism involved, the
magnitudes of the observed in vivo modula-
tions are very large and statistically highly
significant. As much as 10-fold suppression
of indirect PFC was produced by IgG and 4-
fold potentiation of both direct and indirect
PFC was produced by IgM. These anticarrier
antibody-mediated modulations may repre-
sent in vivo immunoregulatory phenomena
since anticarrier IgM and IgG are compo-
nents of the host primary immune response.

Finally, these findings may offer promise
in terms of pragmatic manipulation of the
immune response; helper activity against un-
desirable antigens might be potentiated by
attaching IgM to another (carrier) portion of
the molecule. Specific suppression also may
be activated using 1gG anticarrier antibodies.

Summary. Immunization of mice with TNP
coupled to ORBC resulted in a TNP-specific
antibody response. TNP-specific direct and
indirect PFC in the spleens reached a maxi-
mum level 5 days after injection. Passively
administered anticarrier antibodies injected
with the hapten-carrier conjugates were
found to modulate the primary PFC response
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to hapten. Three days after injection, both
classes of carrier-specific antibody induced
potentiation of hapten-specific direct and in-
direct PFC. On Day 5, however, IgM and
IgG had opposite effects on the TNP-specific
response. Carrier-specific IgM produced a
three- to fourfold increase in both direct and
indirect hapten-specific PFC over animals
injected with the hapten-carrier conjugates
alone. In contrast, carrier-specific IgG, at
relatively high concentrations, suppressed the
hapten-specific indirect PFC but had little
effect on direct hapten-specific PFC.
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