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Influenza virus is a negative-stranded RNA virus whose genome consists of
eight single-stranded segments which encode at least 10 polypeptides (1). These
include four major structural proteins: the hemagglutinin (HA)' and neuramin-
idase (NA), antigenically variable surface glycoproteins; and the nucleoprotein
(NP) and matrix (M), which are antigenically conserved internal proteins.

Both cellular and humoral immune responses are important in the host defense
to influenza infection. Antibodies to the HA have been shown to be critical for
virus neutralization (2) and for protection against subsequent infection (3),
whereas cytotoxic T cells play a role in the clearance of the virus in an ongoing
infection (4-8). Both of these responses appear to be Th cell dependent (9, 10).
Hence, the activation of Th cells may be critically important to the magnitude
of the host antiviral immune response.

Previous studies have established that Th cells can support antigen-specific B
cell responses through two distinct pathways (reviewed in 11 and 12). One,
referred to as cognate help, is thought to result from a direct T-B interaction,
while the other, referred to as noncognate or bystander help, is mediated through
factors released from activated T cells that act nonlocally upon antigen-activated
B cells. Classic cognate help appears to require that the antigenic determinants
recognized by Th and B cells be covalently linked on the same antigen, thus
mediating (or facilitating) a direct T-B interaction. In contrast, bystander help
has no such requirement and therefore occurs in situations in which T and B
cell determinants are present on noncovalently linked antigens. The type of help
operative in an antigen-specific B cell response appears to depend primarily on
the population (13) and/or activation state (14) of the B cells preferentially
expanded under the conditions of the experiment.

Special rules may apply, however, for T—B interactions in antiviral responses.
Thus, Russell and Liew (15, 16) reported that mice primed with influenza virus
cores (devoid of viral surface proteins HA and NA) or purified M protein
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exhibited an enhanced anti-HA antibody response when challenged with intact
virus, but not when challeged with a mixture of viral cores and purified HA.
Additionally, Lamb et al. (17) found that a human Th clone specific for influenza
virus M protein provided help for secondary HA-specific B cell responses in vitro
upon stimulation with intact virus, but not with a mixture of isolated M protein
and HA. Since M and HA are not covalently linked within the virion, yet
mediated a cognate T-B interaction, these authors termed the observed help as
intermolecular/intrastructural (18).

While these studies provided evidence that Th to the internal M protein could
help B cells respond to HA, the question remained whether this type of inter-
molecular help could be as effective as the classic intramolecular help in terms
of extent of enhancement and isotype switch. Additionally, the role of Th specific
for the NP in this response remained unknown. We addressed these questions in
the present study by comparing the effects of an HA- M-, and NP-specific Th
clone on the antibody response of nude mice after infection with A/PR/8/34
(PR8) influenza virus. We show that nude mice adoptively transferred with
individual Th clones exhibit a strongly accelerated antiviral antibody response
upon infection, directed predominantly against the HA. Further, Th cells specific
for the internal proteins M and NP are as effective in vivo as an HA-specific Th
clone in providing help for HA-specific B cells during a primary response. In
each case, the observed help follows the rules of cognate interaction and thus
supports the existence of intermolecular/intrastructural T-B interaction in the
anti-influenza virus response.

Materials and Methods

Viruses and Viral Antigens.  All viruses used in this study were grown in the allantoic
cavity of embryonated hen eggs. The titers were determined as described previously (19)
and are expressed in hemagglutination units (HAU) per milliliter. The abbreviations, full
designations, and origins of the viruses used here have been described in detail elsewhere
(20). Viral proteins were prepared and their purity was assessed as described (21).

Production, Cloning, and Maintainance of Th Clones. The generation and cloning of the
V1.2 Th cell clone have been described in detail previously (22). The TL1/3.1 and T2.5-
26 cell lines were isolated from the spleen and inguinal lymph nodes, respectively, of
BALB/c mice (Harlan Sprague Dawley, Inc., Indianapolis, IN) 8 d after priming in the
hind footpads with ~50 HAU of PR8 in CFA (Difco Laboratories Inc., Detroit, MI). The
lines were maintained by alternate cycles of antigen stimulation followed by growth in
medium supplemented with 2% IL-2-containing supernatant (from 24-h Con A—stimulated
rat splenocytes). Antigen stimulation was achieved by incubating the T cell lines at 1-2 X
10° cells/ml with PR8 (1-5 HAU/ml) and 2 X 10° irradiated (2,200 rad) syngeneic spleen
cells/ml in Iscove’s complete medium (23) supplemented with 0.2% BSA (Sigma Chemical
Co., St. Louis, MO), 0.5% lipids (Boehringer Mannheim Biochemicals, Indianapolis, IN)
and 2% FCS (KC Biological, Inc., Lenexa, KS). After 4-6 wk, the lines were cloned by
limiting dilution. These clones have been stable in culture for >9 mo.

Proliferation Assay. Cloned T cells, 7-10 d after antigen stimulation, were passed over
Ficoll-Hypaque and cultured at 2 X 10* cells/well with 4 X 10° irradiated spleen cells per
well and several concentrations of antigen in a final volume of 0.2 ml of Iscove’s plus 2%
FCS. These cultures were incubated in flat-bottomed microtiter plates (Falcon Labware,
Oxnard, CA) at 37°C and 7% COs. After 72 h, they were pulsed with 0.2 pCi of [*H}-
thymidine (New England Nuclear, Boston, MA) and harvested onto glass fiber filters 12—
18 h later. [*’H]Thymidine incorporation was measured by liquid scintillation spectroscopy.

Determination of Ia Restriction. 2 X 10* cloned T cells were cultured with PR8 (5
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HAU/well) and 5 X 10" L cells expressing either the cloned I-A? or I-E® genes (generously
provided by Dr. Ronald Germain, National Institutes of Health, Bethesda, MD) in a final
volume of 0.2 ml. 100 ul of supernatant from these cultures were harvested after 48 h
and added to 100 gl of the IL-2-dependent CTLL line (10* cells/well). These cultures
were then pulsed after 24-48 h and were harvested as described above.

Assay for Th Activity In Vitro.  Splenocytes from BALB/c mice, primed by intraperitoneal
injection of PR8 (2,000 HAU) 6-8 wk earlier, were depleted of T cells by treatment with
anti-Thy-1.2 (13.4.9) and guinea pig complement (Gibco Laboratories, Grand Island,
NY). These cells were cultured at 2 X 10° cells/well with 10*, 10, or 102 cloned T cells
(treated with mitomycin c [Sigma Chemical Co.] before assay) and 50-0.5 HAU/well of
virus. After 5 d, the cultures were washed and the medium was replaced. After two
additional days of culture, the supernatants were harvested, diluted 1:5 or 1:25, and
assayed for antiviral antibodies in a solid-phase RIA using PR8 as the immunoadsorbent
(24) and an iodinated monoclonal rat anti-C, (25) as the developing reagent.

Virus Infection In Vivo. BALB/c mice and BALB/c nu/nu mice (Harlan Sprague
Dawley, Inc.) were infected with aerosolized PR8 (Airborne Infection Apparatus, No.
A42, Tri-R Instruments, Inc., Rockville Center, NY) corresponding to 100 MIDs, (50%
mouse infectious dose). ~18 h later, the nu/nu mice were reconstituted by intravenous
injection with 1-5 X 10° cloned T cells. Sera from the animals were collected by
retroorbital bleeding at various intervals thereafter. For the coinfection experiment, mice
were exposed sequentially to aerosolized PR8 and HK or B/Lee, all corresponding to 100
MIDs,.

Analysis of Serum Antiviral Antibody Titers. Antiviral antibodies in the serum were
determined in an RIA (24) using PR8 (20 HAU/well), HK (20 HAU/well), or B/Lee (20
HAU/well) as the immunoadsorbents and iodinated monoclonal rat anti—C, as the devel-
oping reagent. Sera were diluted from 1:100 to 1:12,500 in HAS (PBS, pH 7.2, 0.04%
NaN3) plus 1% BSA. The specificity of the anti-PR8 antibodies was also determined by
RIA, using bromelain-solubilized HA (200 ng/well) or viral cores (300 ng/well) as the
immunoadsorbents. Both the HA and viral cores were obtained by treatment of the virus
with bromelain as described by Brand and Skehel (26). Isotype analysis was performed
using isotype-specific rabbit anti-mouse antisera (27), or monoclonal rat anti-mouse
(CooperBiomedical, Inc., Malvern, PA) reagents followed by an iodinated goat anti-rabbit
(27) or affinity-purified mouse anti-rat antiserum (Pel-Freeze Biologicals, Rogers, AR),
respectively. In all cases, the antibody titer was expressed as the log), of the reciprocal
dilution giving equivalent levels of cpm as the lowest dilution of preimmune serum tested
in the assay.

Results

Specificity and Characterization of Th Cell Clones. The T cell clones were
generated as described in Materials and Methods and were maintained in culture
by alternate passage with irradiated spleen cells and antigen or with rat Con A
supernatant (CAS). All assays were performed with T cells that had been cultured
with CAS for 3-5 d and had been purified over a Ficoll-Hypaque gradient before
use.

The specificity of the V1.2 has been described previously (22) and is shown in
Table I. This clone recognizes the HA of the H1 subtype and is restricted to the
H-29 haplotype. It is also alloreactive to H-2*. Using synthetic peptides, the fine
specificity of the clone has been further mapped to residues 111-119 on the
HA1 molecule (unpublished observations). This region has been designated site
1 and appears to be an immunodominant Th cell determinant for BALB/c mice.

The antigen specificity and H-2 restriction of the TL1/3.1R1 and T2.5-26
clones were determined by [*H]thymidine incorporation in a proliferation assay.
As shown in Table I, the T2.5-26 clone proliferates to type A viruses of the H1
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TaBLE 1
Antigen Specificity of Th Clones

[*H]Thymidine uptake (cpm)

Antigen

V1.2 TL1/3.1 T2.5-26
Medium 6,707 443 4,068
Con A 80,465 90,939 52,087
PR8 (HIN1) 148,848 38,062 235,126
B/Lee 2,602 555 4,692
HK (H3N2) 2,764 291 31,925
Japan (H2N2) 913 525 40,313
BHA 159,541 411 5,800
BNA 8,640 233 4,230
M 5,241 638 146,886
NP 6,647 36,476 5,547

T cells were assayed 7-10 d after antigen stimulation and were passed
over a Ficoll-Hypaque gradient before use. 2 X 10* T cells were added
per well with 4 X 10° irradiated spleen cells (2,200 rad) and antigen, either
in the form of virus grown in allantoic fluid or purified viral proteins, at
a concentration determined to be optimal (PR8, B/Lee, HK, and Jap at
1-5 HAU/ml; BHA, BNA, M, and NP at 100-200 ng/ml; Con A at 5
pg/ml). The cells were cultured for 3 d, pulsed with 0.2 uCi of [*H]
thymidine, and were harvested 12—18 h later. The values shown represent
the mean [*H]thymidine uptake of 3-4 replicate wells.

(PR8), H2 (Jap), and H3 (HK) subtypes but not to an unrelated type B virus
(B/Lee). The TL1/3.1 clone, however, is stimulated by type A viruses of only
the H1 subtype. Additionally, both clones are restricted to the H-2¢ haplotype
and show no alloreactivity to either H-2° or H-2* (data not shown). Using purified
viral proteins (Table I), as well as a panel of recombinant viruses possessing
assortments of genes from the PR8 and HK parental viruses in the case of
TL1/3.1 (data not shown), we mapped the specificity of the T2.5-26 and TL1/3.1
clones to M and NP, respectively. The precise region recognized on either the
NP or M protein is unknown. The TL1/3.1R1, however, is stimulated by all
natural influenza virus variants of the H1 subtype isolated between 1931 and
1980 (data not shown), unlike the cytotoxic T cell clones described by Townsend
et al. (28).

We further characterized the H-2 restriction of each of the clones by using L
cells transfected with genes encoding either the I-A? or I-E? molecule (29). Since
the clones do not proliferate to antigen presented by the L cells (possibly due to
the lack of appropriate factor secretion by the L cells), stimulation was deter-
mined by IL-2 production. Both the T2.5-26 (M-specific) and TL1/3.1 (NP-
specific) are shown to be restricted to I-A®, while the V1.2 (HA-specific) is
restricted to I-E? (Table II). Additionally, all three of the clones express the Ly-
1%, Lyt-2" helper phenotype, as determined by FACS analysis (data not shown).

As expected from their surface phenotype and Ia restriction, the T cell clones
could be shown to exhibit helper activity for an antiviral B cell response in vitro
(Fig. 1). Anti-PR8 antibodies produced by secondary B cells cultured with or
without Th clones and antigen were measured in an RIA. It is evident that
production of antiviral antibodies requires the presence of both a T cell clone
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TasLE 11
Ia Restriction of Th Clones

L cell Ia

transfectant expression V1.2 TL1/3.1 T2.5-26
RT10.3H2 I-F¢ 46,276 1,994 3,220
RT2.3.3H I-A¢ 2,656 23,594 56,930
RTI1.1.12 None 2,504 2,043 3,224

Ia restriction of the T cell clones was determined by culturing 2 X 10* T cells
with 5 HAU of PR8 and 5 X 10* transfected L cells. Supernatants were harvested
after 48 h and added to the 1L-2 dependent CTLL line (10* cells/well). After
24-48 h, proliferation of the CTLL cells was assessed by [*H]thymidine incor-
poration. The values represent the mean of triplicate wells.

Anti gen {concentration)

PR8 (5 HAU/ml>

B/Lee (2.5 HAU/ml>

Medium

L L L A L L L

0 2 4 6 g 10 12 14
1251 (cpm x 1079

FIGURE 1. In vitro helper function of Th clones. Splenocytes from PR8-primed BALB/c
mice were depleted of T cells by anti-Thy-1 and complement, and then were cultured at 2 X
10° cells/well with graded numbers of mitomycin-treated T cell clones V1.2 (wm), TL1/3.1
(=), T2.5-26 (c3) or no T cells (&) and an optimal dose of antigen for 5 d, at which time the
cultures were washed and the medium replaced. After two additional days, the supernatants
were harvested and assayed in an RIA (see Materials and Methods). The number of T cell
clones that supported an optimal antibody response under these culture conditions was 1,000
cells/well of V1.2 and T2.5-26 and 10,000 cells/well of TL1/3.1. The results above represent
the mean cpm seen with a 1:5 dilution of culture supernatant obtained from triplicate wells.

and the appropriate virus as antigen, since a significant level of antibodies is not
detected in the absence of either.

Th Clones Exhibit Helper Function for B Cell Responses In Vivo. Since the T cell
clones could be shown to exhibit helper function in vitro, we next examined the
effect of the clones on the antiviral B cell response in vivo. Athymic nu/nu mice
were infected with aerosolized PR8 and ~18 h later were injected i.v. with 1-5
X 10° T cells. The serum antibody titers were then compared among animals
receiving either the NP-specific, HA-specific, M-specific clone, TL2/4.5R7 (spe-
cific for a component in the allantoic fluid of embryonated hen eggs in which
the virus is grown) or no T cells. The TL2/4.5R7 clone served as a control for
nonspecific effects resulting from the adoptive transfer of cloned T cells. The
titer of PR8-specific antibodies in the serum was determined in an RIA.

Nude mice that received either the control T1.2/4.5 clone or no T cells did
not produce anti-PR8 antibodies (Fig. 2), thus showing the requirement of virus-
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FIGURE 2. Kinetics of the serum anti-PR8 antibody response in reconstituted nude mice.
The antibody titer in the serum of BALB/c mice (+—«), or nude mice reconstituted with the
NP-specific (0O—0), HA-specific (O—L]), M-specific (O- -O), control clone (A—A), or no T
cells (A- -A) was determined in an RIA using PR8 (20 HAU/well) as the immunoadsorbent
and iodinated rat monoclonal anti-C, as developing reagent. Sera were diluted from 1:100 to
1:12,500 in HAS plus 1% BSA, and the titer was expressed as the log 10 of the reciprocal
dilution that gave 2,000 cpm.

specific T cells in the antibody response to influenza (9, 30, 31). In contrast,
mice receiving either the NP-specific, M-specific, or HA-specific clone could
mount a significant antibody response to the virus. This response was detectable
as early as day 3 after infection, and peaked on days 5-7. The kinetics of the
response were accelerated by ~3 d in comparison to those seen in normal BALB/c
mice.

Although an antibody response was generated in nude mice reconstituted with
either the HA-, M-, or NP-specific clone, we saw differences in the titer and
duration of the antibody response supported by the individual clones. Transfer
of the HA- or NP-specific clone resulted in similar levels of serum antibodies in
the nude mice. The titer, however, was ~10-fold lower than that found in normal
animals. The antibody response in these nude mice was also more transient than
in normal mice, where a high titer was detected as late as 30 d after infection.
In nude mice reconstituted with the NP-specific clone, the titer usually dropped
to background levels around day 14. The sharp decrease by day 14 was also seen
in nude mice reconstituted with the HA-specific clone, although a low level of
antibodies was still present on day 30 (seen in three individual experiments).
Nude mice reconstituted with the M-specific clone generated an antibody re-
sponse most comparable to that seen in normal mice. The antibody titer peaked
at a level approximately sevenfold higher than that supported by the NP- or HA-
specific clones, and it persisted at high levels throughout the experiment.

Specificity and Isotype of Antibodies Generated in Reconstituted Nudes. It has
been shown that antibodies to the HA are important for both protection against
(3) and neutralization of (2) influenza virus. To determine whether the levels of
anti-HA antibodies supported by the NP-, M-, or HA-specific Th clone differed
from each other, the sera were further tested in an RIA for the titer of antibodies
specific for HA or viral core proteins (mainly NP and M). As shown in Fig. 34,
roughly equivalent levels of HA-specific antibodies were detected in the sera of



1120 T-B INTERACTIONS IN THE IMMUNE RESPONSE TO INFLUENZA

10910

L 1 L L

5 7 10 14
Days after infection

w¥

0 3 5 7 10 14
Days after infection

FIGURE 3. Comparison of the specificity of the antiviral antibodies supported by the Th
clones in nude mice. Antibodies directed against the HA (A) or internal viral components M
and NP (B) were detected in an RIA using bromelain-solubilized HA at ~200 ng/well or viral
cores at ~300 ng/well as the immunoadsorbents. The sera from BALB/c mice (x—=), or nude
mice reconstituted with the HA-specific (O), NP-specific ((J), or M-specific (A) clone were
assayed as described in the legend of Fig. 2. The titers are expressed as the logo of the
reciprocal dilution that gave 1,500 cpm using HA as the immunoadsorbent, or 2,000 ¢pm
using viral cores.

nude mice reconstituted with the HA- or NP-specific Th clone. Again, the titer
of the sera from nudes reconstituted with the M-specific clone was significantly
higher (approximately sevenfold) and was comparable to that seen in normal
BALB/c mice. These results were confirmed by testing the sera in a hemagglu-
tination inhibition assay (data not shown).

In contrast to normal BALB/c mice, which had relatively high titers of
antibodies to the internal viral proteins M and NP, little or no antibody to these
proteins was detected in the sera of reconstituted nude mice (Figure 3 B). Thus,
the antibody response in the nude mice appeared to consist almost entirely of
anti-HA antibodies, regardless of the specificity of the helper clone with which
they were reconstituted.
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FIGURE 4. Isotype composition of the anti-PR8 antibodies generated in reconstituted nude
mice. Antiviral antibodies in the serum of the reconstituted nude mice were tested in an RIA
5 d (A) and 14 d (B) after infection for antibodies of the IgM (wm), IgG (&m), and IgA (&)
isotypes (see Materials and Methods). The titers are expressed as the logio of the reciprocal
dilution of sera giving 1,500 cpm for IgM antibodies and 2,000 cpm for IgG and IgA
antibodies.

The isotype composition of the antiviral antibody response 5 and 14 d after
infection is shown in Fig. 4. In normal BALB/c mice, only IgM antibodies were
detected 5 d after infection. By day 14, however, significant levels of IgA and
IgG antibodies were also detected, showing the isotype switch that normally
occurs during a primary immune response. We also saw this switch in nude mice
reconstituted with the HA- and M-specific clones. In contrast, transfer of the
NP-specific clone resulted in the production of antibodies only of the IgM isotype
throughout the response. This failure to switch may in part explain the shorter
duration of HA-specific antibodies in the nudes receiving the NP clone. Addi-
tionally, the ability to generate antibodies of the IgM, IgG, and IgA isotypes in
nude mice receiving the HA- and M-specific clones suggests that in terms of
isotype composition, the reconstitution of the antibody response in these animals
is complete.
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TasLE I1I
Requirement for Cognate Help in Generation of Antiviral Antibodies

Mice Specificity of Infection with Antibody titer (log;o)

transferred Th PRS HK B/Lee
Normal — PR8 + HK 0.7 0.7 —
Nude — PR8 + HK 0.1 0 —
Nude Anti-M (PR8,HK) PR8 + HK 0.5 0.6 —
Nude Anti-HA (PRS) PRS + HK 0.6 0 —
Normal —_— PR8 + B/Lee 1.5 — 1.2
Nude — PR8 + B/Lee 0 — 0.1
Nude Anti-NP (PRS) PRS + B/Lee 0.8 — 0.1
Nude Anti-HA (PR8) PR8 + B/Lee 1.1 — 0

Sera were obtained from animals 7 d after coinfection with either PR8 and HK or PR8 and B/Lee
viruses. The titer of antiviral antibodies produced was determined in an RIA using purified PR8 (20
HAU/well), purified B/Lee (20 HAU/well), or purified HK (20 HAU/well) as the immunoadsorbents
and iodinated rat monoclonal anti-C, as the developing reagent. The antibody titer = (the logo of
the reciprocal dilution of day 7 serum giving 2,000 cpm) — (the log)o of the reciprocal dilution of
preimmune serum giving 2,000 cpm). In the experiments shown above, a 1:400 dilution of preim-
mune serum gave 2,000 cpm.

Requirement of Cognate T—B Interaction in Response. The data presented thus
far show that the antiviral antibody response in nude mice requires virus-specific
Th cells and that an NP and M-specific Th clone is as effective as an HA-specific
Th clone in providing help for a primary IgM response to the HA. We next
wanted to determine whether the observed help resulted from linked recognition
of viral antigens by the T and B cells (cognate interaction), or whether it was
mediated by factors released from the activated Th clones which then acted in a
nonspecific way on any antigen-triggered B cell (noncognate or bystander acti-
vation). To distinguish between these two possibilities, nude mice were coinfected
with either PR8 and HK or PR8 and B/Lee, and reconstituted with individual
Th clones. Sera were then examined at various time points for antibodies specific
for each of the infecting viruses. As shown in Table I1I, nude mice receiving the
M-specific clone, which recognizes PR8 and HK, produced antibodies to both
viruses by day 7. Reconstitution of nude mice with the Th clone specific for the
HA of PRS8, however, elicited an antibody response only to PR8 in animals
coinfected with either PR8 and B/Lee or PR8 and HK. Transfer of the NP-
specific Th clone, which recognizes only PR8, also failed to provide bystander
help to B/Lee-specific B cells in animals coinfected with PR8 and B/Lee. These
results indicate that induction of the antiviral antibody response supported by
the individual Th clones in this experimental system requires a linked T-B
interaction. It remains possible, however, that transfer of higher numbers of
these particular clones or transfer of different Th clones may result in significant
bystander activation.

Discussion
There are three main findings that emerge from this study: First, nude mice,
after adoptive transfer of individual virus-specific Th clones, can generate an
antiviral antibody response to pulmonary influenza virus infection. This response
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is accelerated by ~3 d, compared with the primary antibody response of normal
mice and with two of the three clones studied, an isotype switch similar to that
which occurs during a normal antibody response is seen. Second, Th cells specific
for the internal viral proteins, M and NP, are as effective as an HA-specific Th
clone in supporting a primary B cell response to the HA. Third, the type of help
seen in this experimental system requires a cognate T-B interaction whether or
not the determinants recognized by the Th and B cells are located on the same
viral protein or on different, noncovalently linked proteins assembled within the
same virus particle.

The evidence that a cognate interaction is required to generate an anti-HA
response comes from the results of the coinfection of reconstituted nude mice
with either PR8 and HK or PR8 and B/Lee. In this case, an antibody response
was generated only to PR8 in nude mice receiving the HA- or NP-specific Th
clones. In nude mice reconstituted with the M-specific clone, which recognizes
both PR8 and HK, antibodies to both viruses were produced. Since no bystander
activation was seen against a virus that was not recognized by the Th clone
transferred, it appears that the antibody response supported in this experimental
system by the individual Th clones examined is entirely due to cognate help.
This is the case even if the Th and B cell recognize different PR8 viral proteins,
therefore supporting the concept that effective intrastructural/intermolecular
help occurs in this antiviral antibody response.

The phenomenon of intrastructural/intermolecular help can be explained as
follows: Current evidence indicates that B cells can function as APCs (32-42).
Although high concentrations of antigen are required for B cells to take up
antigen nonspecifically for presentation to T cells, B cells have been shown (39—
42) to present very efficiently the antigen for which they are specific, probably
due to their ability to interact with and take up this antigen via their surface Ig
receptors. This promotes a direct antigen-specific T-B interaction and underlies
the requirement for the covalent linkage of Th and B cell antigenic determinants
seen during classic cognate help. In the influenza system, however, an HA-
specific B cell that has interacted with and taken up an intact virus particle can
present on its surface processed viral proteins other than HA, and thereby can
receive direct help from T cells specific for internal as well as surface viral
proteins. By this mechanism, intermolecular/intrastructural help would occur
only when the intact virus serves as antigen, a requirement seen in previous
studies (15-17). Note that efficient uptake of intact virus (but not free internal
proteins) by B cells can be mediated via sialic acid-containing surface receptors
(L. C. Eisenlohr, W. Gerhard, and C. ]J. Hackett, manuscript submitted for
publication), and therefore does not require initial focusing via surface Ig. A
subsequent surface Ig-antigen interaction, however, appears to be required to
render HA-specific B cells responsive to direct T cell help, since antibodies to
the internal viral proteins are not seen.

Although helper function for an HA-specific B cell response could be mediated
by either an HA-, M-, or NP-specific clone, we saw differences in the antibody
responses supported by the individual clones. Specifically, the magnitude and
duration of the response supported by the M-specific clone were significantly
greater than those seen in nude mice reconstituted with either the HA- or NP-
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specific clones. Additionally, the response supported by the NP-specific clone
consisted exclusively of antibodies of the IgM isotype, whereas a definite switch
to the IgG and IgA isotypes occurred in the presence of both the M- and HA-
specific clones.

There are several possible explanations for these differences. First, the factors
secreted by the individual clones may vary both qualitatively and quantitatively.
There is evidence that IL-2 (43-46), IFN-y (47), as well as B cell growth and
differentiation factors (48) are important signals for the activation and expansion
of B cells to antibody-secreting cells during a direct T~B interaction. Second,
differences in the expansion and/or survival of the Th clones in vivo could
account for the results we saw. Third, the specificity of the clone could play a
role in its efficiency for helping HA-specific B cells. It is possible, for example,
that HA-specific B cells, after uptake of intact virus, process the M protein (which
is the most abundant viral structural protein) more efficiently than NP or HA,
and therefore, focus M-specific Th more effectively than NP- or HA-specific Th
cells. We feel that this possibility is the least likely because no significant
difference can be detected in the efficiency of processing of M and HA by B cell
lymphomas (A20, L10} in vitro (L. Eisenlohr and C. Hackett, personal commu-
nication). Experiments are currently underway, however, to further discriminate
among these possibilities.

Finally, there are several striking differences between the antibody response
supported in the reconstituted nude mice and that seen in normal BALB/c mice.
The kinetics of the antibody response elicited in the reconstituted nudes is
accelerated by ~3 d in comparison with normal animals. The simplest explanation
of this finding is that the presence of an expanded population of antigen-specific
T cells can accelerate the expansion and differentiation of primary antigen-
specific B cells. Previous studies by Miller and Sprent (49), using irradiated mice,
however, showed that antigen-primed T cells could not enhance the antibody
response of unprimed B cells to fow]l gamma globulin. Thus, a lack of regulatory
mechanisms such as T suppressor cells or a difference in the population of B
cells present in nude mice (50) may also account for the shift in kinetics we saw.

In contrast to BALB/c mice which produce comparable levels of antibodies to
both the HA and the internal viral proteins, the antibody response in the
reconstituted nude mice is directed almost entirely to the HA. This does not
appear to be due to an inherent inability of nude mice to produce antibodies to
M and NP, since antibodies to these proteins can be detected in supernatants of
nu/nu B cells cultured with the Th clones and PR8 in vitro (data not shown).
Thus, the HA, although clearly a T cell-dependent antigen, may require less T
cell help to effect B cell activation than the NP and M proteins (51). Alternatively,
if interaction of antigen with surface Ig is a precondition for effective T-B
interaction, M- or NP-specific B cell responses may occur only when these
proteins are present in free form, e.g., upon lysis of infected cells. Thus, if the
adoptively transferred T cells were functional for only a short time, B cells
specific for proteins appearing later during infection may not receive adequate
help. This is supported by preliminary experiments showing that transfer of the
NP-specific Th clone 3 d (instead of 18 h) after infection provides effective help
for B cells responding to internal viral proteins.



SCHERLE AND GERHARD 1125

Although in vivo function of murine class II-restricted T cell clones specific
for sheep erythrocytes (52) and myelin basic protein (53) has been described,
this study is to our knowledge the first demonstration of helper function by
virus-specific Th clones in vivo. That this system reflects T-B interactions that
occur in a normal antibody response is evidenced by the observed requirement
for cognate help. Additionally, recent experiments have shown that nude mice
reconstituted with the Th clones show a significant reduction, and in some cases,
complete clearance of virus from the lung (P. A. Scherle and W. Gerhard,
manuscript in preparation). Further analysis of these clones should help elucidate
the mechanisms involved and the factors required for generation of a successful
antiviral immune response.

Summary

We compared the effects of adoptively transferred Th cell clones specific for
the influenza hemagglutinin (HA), matrix (M), or nucleoprotein (NP) on the
antibody response of nude mice infected with A/PR/8/34 influenza virus. We
show that the production of antibodies to the HA absolutely requires the presence
of virus-specific Th cells. Further, transfer of a Th clone specific for the internal
proteins, M or NP, was as effective as was transfer of an HA-specific clone in
supporting an antibody response to the HA. With each of the clones, the kinetics
of the response were accelerated by ~3 d compared with the antibody response
of normal BALB/c mice. The HA- and M-specific clones supported an isotype
switch from IgM to IgG and IgA similar to that which occurs during a normal
antibody response. Finally, as shown by coinfection experiments, the response
required a cognate T-B interaction whether the determinants recognized by the
Th and B cell are located on the same viral protein or on different viral proteins
within the same virus particle. The implications of these findings for understand-
ing the T-B interactions that occur during an effective antiviral antibody
response are discussed.

We are grateful to Drs. Ellen Heber-Katz, Jonathan Yewdell, and Charles Hackett for
critical review of the manuscript.

Received for publication 27 May 1986.

References

1. Choppin, P. W., and R. W. Compans. 1975. The structure of the influenza virus. In
Influenza Virus and Influenza. E. D. Kilbourne, editor. Academic Press, New York.
15-51.

2. Virelizier, . L., A. C. Allison, and G. C. Schild. 1979. Immune responses to influenza
virus in the mouse, and their role in control of infection. Br. Med. Bull. 35:65.

3. Virelizier, J. L. 1975. Host defenses against influenza virus: the role of anti-hemag-
glutinin antibodies. J. Immunol. 115:434.

4. Yap, K. L., T. J. Braciale, and G. L. Ada. 1979. Role of T-cell function in recovery
from murine influenza infection. Cell. Immunol. 43:341.

5. Yap, K. L., G. L. Ada, and . F. C. McKenzie. 1978. Transfer of specific cytotoxic T
lymphocytes protects mice innoculated with influenza virus. Nature (Lond.) 273:238.

6. Yap, K. L., and G. L. Ada. 1978. The recovery of mice from influenza virus infection:
adoptive transfer of immunity with immune T lymphocytes. Scand. J. Immunol. 7:389.



1126 T-B INTERACTIONS IN THE IMMUNE RESPONSE TO INFLUENZA

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25,

Ennis, F. A., M. A. Wells, G. M. Butchko, and P. Albrecht. 1978. Evidence that
cytotoxic T cells are part of the host’s response to influenza pneumonia. J. Exp. Med.
148:1241.

. Yap, K. L., and G. L. Ada. 1978. Cytotoxic T cells in the lungs of mice infected with

influenza A virus. Scand. J. Immunol. 7:73.

. Burns, W. H., L. C. Billips, and A. L. Notkins. 1975. Thymus dependence of viral

antigens. Nature (Lond.). 256:654.

Askonas, B. A., A. Mullbacher, and R. B. Ashman. 1981. Cytotoxic T-memory cells
in virus infection and the specificity of helper T cells. Immunology. 45:79.

Melchers, F., and J. Andersson. 1984. B cell activation: three steps and their varations.
Cell. 37:715.

Julius, M. H. 1982. Cellular interactions involved in T-dependent B cell activation.
Immunol. Today. 3:295.

Singer, A., P. J. Morrissey, K. S. Hathcock, A. Ahmed, 1. Scher, and R. J. Hodes.
1981. Role of the major histocompatibility complex in T cell activation of B cell
subpopulations. Lyb-5* and Lyb-5~ B cell subpopulations differ in their requirement
for major histocompatibility complex-restricted T cell recognition. J. Exp. Med.
154:501.

Melchers, F., J. Andersson, W. Lernhardt, and M. H. Schreier. 1980. H-2 unrestricted
polyclonal maturation without replication of small B cells induced by antigen-activated
T cell help factors. Eur. J. Immunol. 10:679.

Russell, S. M., and F. Y. Liew. 1980. Cell cooperation in antibody responses to
influenza virus. I. Priming of helper T cells by internal components of the virion.
Eur. J. Immunol. 10:791.

Russell, S. M., and F. Y. Liew. 1979. T cells primed by influenza virion internal
components can cooperate in the antibody response to hemagglutinin. Nature (Lond. ).
280:147.

Lamb, J. R, J. N. Woody, R. J. Hartzman, and D. C. Eckels. 1982. In vitro infleunza
virus-specific antibody production in man: antigen-specific and HLA-restricted in-
duction of helper activity mediated by cloned human T lymphocytes. J. Immunol.
129:1465.

Lake, P., and N. A. Mitchison. 1976. Regulatory mechanisms in the immune response
to cell surface antigens. Cold Spring Harbor Symp. Quant. Biol. 41:589.

Fazekas, de St. Groth, S., and R. G. Webster. 1966. Disquisitions on original antigenic
sin. I. Evidence in man. J. Exp. Med. 124:331.

Gerhard, W., C. . Hackett, and F. Melchers. 1983. The recognition specificity of a
murine helper T cell for hemagglutinin of influenza virus A/PR/8/34. J. Immunol.
130:2379.

Hurwitz, J. L., C. J. Hackett, E. C. McAndrew, and W. Gerhard. 1985. Murine TH
response to influenza virus: recognition of hemagglutinin, neuraminidase, matrix and
nucleoproteins. J. Immunol. 134:1994.

Melchers, F., J. Zeuthen, and W. Gerhard. 1982. Influenza virus-specific murine T
cell hybridomas which recognize virus hemagglutinin in conjunction with H-2¢ and
display helper functions for B cells. Curr. Top. Microbiol. Immunol. 100:153.

Iscove, N. N., and F. Melchers. 1978. Complete replacement of serum by albumin,
transferrin, and soybean lipid in cultures of lipopolysaccharide-reactive B lympho-
cytes. J. Exp. Med. 124:923.

Yewdell, J. W., R. G. Webster, and W. Gerhard. 1979. Antigenic variation in three
distinct determinants of an influenza type A hemagglutinin molecule. Nature (Lond.).
279:246.

Yelton, D. R., C. Desaymard, and M. D. Scharff. 1981. Use of monoclonal anti-
mouse immunoglobulins to determine mouse antibodies. Hybridoma. 1:5.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

SCHERLE AND GERHARD 1127

Brand, C. M., and J. J. Skehel. 1972. Crystalline antigen from the influenza virus
envelope. Nature (Lond.). 238:145.

Gerhard, W., J. Yewdell, M. E. Frankel, A. D. Lopes, and L. Staudt. 1980. Monoclonal
antibodies against influenza virus. In Monoclonal Antibodies. R. H. Kennett, T. J
McKearn, and K. B. Bechtol, editors. Plenum Publishing Corp., New York. 317~
333,

Townsend, A. R. M., and ]J. J. Skehel. 1982. Influenza A specific cytotoxic T-cell
clones that do not recognize viral glycoproteins. Nature (Lond.). 300:655.

Germain, R. N, J. D. Ashwell, R. I. Lechler, D. H. Marguilies, K. M. Nickerson, G.
Suzuki, and J. Y. L. Tou. 1985. “Exon-shuffling” maps control of antibody- and T-
cell-recognition sites to the NHe-terminal domain of the class II major histocompati-
bility polypeptide A. Proc. Natl. Acad. Sci. USA. 82:2940.

Sullivan, J. L., R. E. Meyers, D. W. Barry, and R. F. Ennis. 1976. Influenza virus
infection in nude mice. J. Infect. Dis. 133:91.

Virelizier, J. L., R. Postlethwaite, G. C. Schild, and A. C. Allison. 1974. Antibody
responses to antigenic determinants of influenza virus hemagglutinin. I. Thymus
dependence of antibody formation and thymus independence of immunological
memory. J. Exp. Med. 140:1559.

Chesnut, R. W., and H. M. Grey. 1981. Studies on the capacity of B cells to serve as
antigen-presenting cells. J. Immunol. 126:1075.

Chesnut, R. W., S. Colon, and H. M. Grey. 1982. Antigen presentation by normal B
cells, B cell tumors and macrophages: functional and biochemical comparison. J.
Immunol. 128:1764.

McKean, D. J., A. J. Infante, A. Nilson, M. Kimoto, C. G. Fathman, E. Walker, and
N. Warner. 1981. Major histocompatibility complex restricted antigen presentation
to antigen-reactive T cells by B lymphocyte tumor lines. J. Exp. Med. 154:1419.
Glimcher, L. H,, K. J. Kim, 1. Green, and W. E. Paul. 1982. Ia antigen-bearing B cell
tumor lines can present protein antigen and alloantigen in a major histocompatibility
complex-restricted fashion to antigen-reactive T cells. J. Exp. Med. 155:445.
Kappler, J., J. White, D. Wegmann, E. Mustain, and P. Marrack. 1982. Antigen
presentation by la-positive B cell hybridomas to H-2-restricted T cell hybridomas.
Proc. Natl. Acad. Sci. USA. 79:3604.

Issekutz, T., E. Chu, and R. S. Geha. 1982. Antigen presentation by human B cells:
T cell proliferation induced by Epstein-Barr virus B lymphoblastoid cells. J. Immunol.
129:1446.

Ashwell, J. D., A. L. deFranco, W. E. Paul, and R. H. Schwartz. 1984. Antigen
presentation by resting B cells. J. Exp. Med. 159:881.

Rock, K. L., B. Benacerraf, and A. K. Abbas. 1984. Antigen presentation by hapten-
specific B lymphocytes. I. Role of surface immunoglobulin receptors. J. Exp. Med.
160:1102.

Malynn, B. A,, and H. H. Wortis. 1984. Role of antigen-specific B cells in the
induction of SRBC-specific T cell proliferation. J. Immunol. 132:2253.

Tony, H. P., and D. C. Parker. 1985. Major histocompatibility complex-restricted,
polyclonal B cell responses resulting from helper T cell recognition of antiimuno-
globulin presented by small B lymphocytes. J. Exp. Med. 161:223,

Lanzavecchia, A. 1985. Antigen-specific interaction between T and B cells. Nature
(Lond.). 314:537.

Maraguchi, A., J. H. Kehrl, and D. L. Longo. 1985. Interleukin-2 receptors on
human B cells. Implications for the role of interleukin-2 in human B cell function. 7]
Exp. Med. 161:181.

Liebson, H., P. Marrack, and J. Kappler. 1981. B cell helper factors. I. Requirement



1128 T-B INTERACTIONS IN THE IMMUNE RESPONSE TO INFLUENZA

45.

46.

47.

48.

49.

50.

51.

52.

53.

for both interleukin-2 and another 40,000 molecular weight factor. J. Exp. Med.
154:1681.

Swain, S., G. Dennert, ]J. Warner, and R. Dutton. 1981. Culture supernatant of a
stimulated T cell line has helper activity that synergizes with interleukin-2 in the
response of B cells to antigen. Proc. Natl. Acad. Sci. USA. 78:2517.

Nakanishi, K., T. R. Malek, K. A. Smith, T. Hamaoka, E. M. Shevach, and W. E.
Paul. 1984. Both interleukin-2 and a second T cell-derived factor in EL-4 supernatant
have activity as differentiation factors in IgM synthesis. J. Exp. Med. 160:1605.
Liebson, H. J., M. Gefter, A. Zlotnik, P. Marrack, and J. W. Kappler. 1984. Role of
y-interferon in antibody-producing responses. Nature (Lond.). 309:799.

Kishimoto, T. 1985. Factors affecting B cell growth and differentiation. Annu. Rev.
Immunol. 3:133.

Miller, J. F. A. P., and J. Sprent. 1971. Cell-to-cell interactions in the immune
response. V1. Contribution of thymus-derived cells and antibody-forming cell pre-
cursors to immunological memory. J. Exp. Med. 134:66.

Wortis, H. H., L. Burkly, D. Hughes, S. Roschelle, and G. Waneck. 1982. Lack of
mature B cells in nude mice with X-linked immune deficiency. J. Exp. Med. 155:903.
Anders, E. M., A. A. Scalzo, and D. O. White. 1984. Influenza viruses are T-cell
independent B cell mitogens. J. Virol. 50:960.

Tees, R., and M. H. Schreier. 1980. Selective reconstitution of nude mice with long-
term cultured and cloned specific helper T cells. Nature (Lond.). 283:780.

Zamvil, S., P. Nelson, ]J. Trotter, D. Mitchell, R. Knobler, R. Fritz, and L. Steinman.
1985. T-cell clones specific for myelin basic protein induce chronic relapsing paralysis
and demyelination. Nature (Lond.). 317:355.



