fluidity in the interconnecting helix (15).
Thus, Ca®* serves to organize and stabilize
domain structure in a conformation that
can bind the target, while the central helix
remains flexible, an essential condition for
target recognition. Target binding further
stabilizes domain structure, which should
and does increase Ca’* affinity (16). We
believe that the Ca?* signal restricts the
available conformational states of CaM to
those that are most favorable to target
recognition and activation. The modula-
tion of the inherent plasticity of CaM by
the different ligands is a key element of
molecular recognition and the mechanism
of signal transduction.
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Restoration of HIV-Specific Cell-Mediated Immune
Responses by Interleukin-12 in Vitro

Mario Clerici, Daniel R. Lucey, Jay A. Berzofsky, Ligia A. Pinto,
Thomas A. Wynn, Stephen P. Blatt, Matthew J. Dolan,
Craig W. Hendrix, Stanley F. Wolf, Gene M. Shearer*

Peripheral blood mononuclear cells (PBMCs) from many asymptomatic individuals
infected with human immunodeficiency virus-type 1 (HIV) are unresponsive as mea-
sured by in vitro T cell proliferation and interleukin-2 (IL-2) production to influenza virus
and synthetic peptides of HIV envelope (Env). Strong influenza virus— and Env-stim-
ulated IL-2 responses and T cell proliferation were restored when cultures were stim-
ulated in the presence of IL-12. Interferon-y production by PBMCs from HIV seropositive
(HIV*) patients was also restored with IL-12. Furthermore, in vitro antigen-specific
production of IL-2 and proliferation of PBMCs from HIV~ donors were suppressed by
antibody to IL-12, but were not enhanced by addition of exogenous IL-12. Thus, IL-12
may be limiting in PBMCs from HIV+ but not HIV~ individuals. These findings demon-
strate that IL-12 can restore HIV-specific cell-mediated immunity in vitro in HIV-infected
individuals and suggest a potential use of IL-12 in augmenting the diminished immu-
nologic functions associated with HIV infection.

The recently discovered cytokine IL-12
has been reported to increase (i) natural
killer cell and cytotoxic T lymphocyte
(CTL) activity (1); (ii) T cell proliferation
(2, 3); and (iii) the production of interfer-
on-y (IFN-y) (4). We previously demon-
strated that the progression of HIV disease
in HIV-infected (HIV™") individuals is as-
sociated with a switch from a T helper 1
(Ty1)-like cytokine profile (high IL-2, low
IL-4, and low IL-10 production) to a Ty;2-
like cytokine pattern (low IL-2, high IL-4,
and high IL-10 production) (5, 6). This
change in cytokine profile is predictive of a
decline in the number of peripheral blood
CD4* T cells (7), as well as of the time
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until diagnosis of acquired immunodefi-
ciency syndrome (AIDS) and time to death
(7). We recently demonstrated that IL-4
and IL-10 antibodies can reverse the Ty1-
to-Ty;2 switch in vitro and restore in vitro
the ability of the PBMCs of HIV* individ-
uals to produce IL-2 (6). IL-12 can bypass
the inhibitory effect of IL-10 on the induc-
tion of a Ty1-like function (4). Therefore,
on the basis of the above findings we asked
whether the defective Ty 1-like cell-medi-
ated responses of PBMCs from HIV™ indi-
viduals could also be reconstituted in vitro
by IL-12.

The PBMCs of 40 HIV* individuals
that were unable to produce IL-2 in re-
sponse to five synthetic peptides corre-
sponding to antigenic regions of the enve-
lope (Env) of HIV-1 (8) in vitro were
stimulated with Env in the presence of
IL-12 (9). The data obtained from three
representative individuals are shown in Fig.
1A (panels a through c), along with the
response generated by PBMCs from an un-
infected, healthy control donor (panel d).
Cultures from all three of the HIV* indi-
viduals responded strongly to Env only
when IL-12 was added. In contrast, IL-12
did not elevate above the background the
IL-2 response to Env of the HIV ~ culture or
induce IL-2 production by HIV™* cultures in
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response to the nonantigenic peptide p23
(10). An increase in IL-2 responses to Env,
defined as a greater than threefold increase
above the basal level, was observed in 28 of
40 (70%) HIV* individuals tested. No
Env-stimulated IL-2 production was seen in
any of the nine HIV™ individuals tested
with or without IL-12. A similar IL-12-
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Fig. 1. (A) IL-2 production in response to stim-
ulation of PBMCs from three HIV* individuals
(panels a through c) and from one HIV~ indi-
vidual (panel d) in response to a pool of five Env
peptides cultured with (A) or without (A) IL-12.
IL-2 production in unstimulated cultures with
(V) or without (V) IL-12 is also shown. The five
Env peptides used were T1, T2, Th4.1, P18 IIIB,
and P18MN (8). (B) Proliferation of PBMCs from
seven HIV* individuals (numbered) and from
one HIV~ individual (HC) in response to the
same pool of Env peptides cultured with (solid
bars) or without IL-12. Standard errors bars are
indicated. The background (<500 cpm) was
subtracted.
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induced increase in Env-stimulated T cell
proliferation by PBMCs of HIV* patients
was observed (Fig. 1B).

To determine whether IL-12 would
also increase T helper cell function to
non-HIV antigens in these HIV™* individ-
uals, we stimulated the PBMCs of 47 HIV™*
individuals with the influenza virus (FLU),
human lymphocyte antigen (HLA)—dispar-
ate PBMCs (ALLO), or phytohemaggluti-
nin (PHA). The data of Fig. 2, A through
C, illustrate that the proliferative responses
to FLU of three representative HIV* indi-
viduals was increased approximately 10-fold
above the background, and their ALLO
response (which was potent without IL-12)
was increased two- to fivefold. IL-12 in-
duced a greater than threefold increase in
FLU-stimulated proliferation in 32 of 47
(68%) HIV™ individuals tested. The intact
FLU responses of HIV~ controls were not
further increased by IL-12, which illustrates
that IL-12 augmented the deficient respons-
es of the HIV* individuals. Proliferation of
unstimulated cultures was not increased by
IL-12. Similar results were obtained for
FLU-, ALLO-, and PHA-stimulated IL-2
production, as the FLU response of the
HIV* patient shown was increased 10-fold
and the ALLO and PHA responses were
increased fourfold by IL-12 (Fig. 2, G and
H). Responses to the same stimuli were not
increased in the HIV ™~ control (Fig. 2, I and

J). No correlations were observed between
the IL-12-induced elevation of IL-2 produc-
tion and proliferation and the clinical stage,
the number of CD4* T lymphocytes, or the
CD4:CD8 ratios of the patients. IL-12—
induced elevation of IL-2 production and
proliferation was most frequently observed,
however, in patients with a type 2 cytokine
pattern (29 out of 32 or 90%). We conclude
that IL-12 is limiting in cultures of PBMCs
from HIV* but not from HIV~ individuals.

Interleukin-12 has also been shown to
stimulate the production of IFN-y from T
cells and natural killer (NK) cells (4). We
measured PHA-stimulated IFN-y produc-
tion by PBMCs from 10 HIV* individuals in
the absence or in the presence of IL-12 (20
U/ml) (11). As shown in Fig. 3A, IFN-y
production was diminished (defined as
<1000 ng/ml) in 8 out of 10 HIV* patients
but was augmented 5- to 20-fold after incu-
bation with IL-12 in six of these eight
patients (Fig. 3B). PHA-stimulated IFN-y
production was not defective (>1000 ng/ml)
in any of five HIV ™ controls tested (Fig. 3C)
and was not appreciably augmented by IL-12
in any of the cultures (Fig. 3D). The amount
of IL-10 detected by enzyme-linked immu-
nosorbent assay (ELISA) in the supernatants
of PHA-stimulated PBMCs from these pa-
tients was reduced to one-half to one-third
of previous levels by the addition of IL-12 to
the same cultures.

Fig. 2. Proliferation of
PBMCs from three HIV*
individuals (A through C)

and from three HIV-
controls (D through F) in

response to FLU, ALLO,
and PHA, cultured with
(solid bars) or without IL-
12. Med indicates un-
stimulated cultures; FLU

Stimulus

indicates cultures stimu-
lated with influenza A vi-
rus; ALLO indicates cul-
tures stimulated with irra-
diated (50 Gy) HLA-dis-

parate PBMCs; PHA
indicates cultures stimu- 108
lated with phytohemag-
glutinin. Standard error

104 108 104 10°
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Earlier studies demonstrated the ability

of IL-12 to elevate the cytolytic activity of-

murine (12) and human (13) NK cells;
IL-12 has also been found to enhance mu-
rine allogeneic CTL activity that is H-2—
specific (14). Therefore, we tested whether
IL-12 would increase the NK activity of
PBMCs from the HIV™' individuals. We
observed that IL-12—supplemented cultures
of PBMC:s from eight HIV* and four HIV~
individuals increased lysis of K-562 cells by
approximately 10-fold, thus supporting the
published report of IL-12-enhanced NK
cell activity (13). Preliminary data also
suggest that HIV-specific and FLU-specific
CTL activity of PBMCs from HIV* indi-
viduals is enhanced in vitro by IL-12 (15).

Conversely, to determine whether IL-12
antibody could inhibit T cell proliferation,
PBMC:s from HIV~ donors were stimulated
in the presence of a neutralizing polyclonal
antibody directed toward human p40 of
IL-12 during antigenic stimulation (16).
Figure 4 summarizes the data from one of
five experiments with similar results. The
proliferative responses to FLU and ALLO
were greatly reduced by antibodies to IL-12.
Thus, although IL-12 is not limiting in

HIV* individuals
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Fig. 3. PHA-stimulated- production of IFN-y by
PBMCs from 10 HIV* individuals (A and B) and
from 5 HIV~ individuals (C and D). PBMCs were
cultured without (A and C) or with (B and D)
IL-12. Different symbols indicate IFN-y re-
sponses by PBMCs from different individuals.

PBMC:s of uninfected individuals, it is nec-
essary for T cell proliferation.

The activity of IL-12 in the development
of Tyl T cells has been suggested by recent
in vitro and in vivo studies. Hsieh et al. (17)
demonstrated that IL-12 can induce the in
vitro differentiation of naive T cells (T}0
cells) into Ty1 cells. Using murine models
of leishmaniasis, Sypek et al. (18) and Hein-
zel et al. (19) reported that IL-12 induces a
Tyl response in vivo. An association be-
tween IL-12 and T 1-like functions in hu-
mans was suggested by our previous findings
and the recent observation that production
of Staphylococcus aureus—stimulated IL-12—
p40 by PBMCs of HIV* individuals is re-
duced to one-tenth that of healthy controls
(20). Our previous findings (6) are consis-
tent with the hypothesis that a major por-
tion of the immune deficiency seen in HIV*
individuals is due to an imbalance in type 1
versus type 2 cytokine production, in which
type 2 cytokines become more prevalent in
the progression to AIDS (6, 21). Those
results are also consistent with the recent
observation that helminthic parasitic infec-
tions, which cause a similar shift from a type
1 to a type 2 cytokine profile, lead to
diminished CD8* CTL activity against viral
antigens and a delay in clearance of virus in
vivo (22).

Our results indicate that IL-12 can aug-
ment production of cytokines associated
with the Tyl phenotype in cultures of
PBMC:s from HIV* patients. Antigen-spe-
cific induction of IL-2 has not been previ-
ously reported for IL-12 and may represent
an important aspect of in vivo IL-12 func-
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103 104 108
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Fig. 4. Effect of incubation of PBMCs from HIV~
controls with a neutralizing p40 IL-12 antibody
(anti-1L-12) during antigen or mitogen stimula-
tion. (A), (B), and (C) represent PBMCs from
three different donors, respectively.
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tion. Whether this activity and its associ-
ated responses are due to the activation of
Tyl T cells or reflect the known activities
of IL-12 on existing CD4*, CD8%, or NK
cells remains to be determined.

Our data show that IL-12 induces IL-2 and
IFN-vy production and proliferation of PBMCs
from HIV* patients after antigenic stimula-
tion. Our data also demonstrate that antigen-
ic stimulation in the presence of IL-12 anti-
bodies can induce T helper cell functional
defects in PBMCs from HIV~ individuals
similar to those seen in HIV™ individuals.
Thus, our findings imply that in HIV infec-
tion a type 1 response can be restored in vitro
by IL-12. It is possible that these responses are
due to the differentiation of naive cells into
Tyl cells, as has recently been suggested by
Manetti et al. (23). However, it is unlikely
that IL-12 could induce a FLU-specific type 1
response from naive cells without priming
with FLU antigens. A recent report suggested
that once a type 2 response is established
during Leishmania infection of susceptible
mice, administration of IL-12 does not reverse
but may delay progression of the disease (19).
These findings question whether IL-12 can
directly induce a shift from a type 2 to a type
1 response.

An alternate possibility to a type 2 to
type 1 switch is that exogenously added
IL-12 may induce proliferation, IL-2 produc-
tion, and IFN-y production by acting direct-
ly on existing populations of cells under
conditions in which endogenous IL-12 pro-
duction is limiting. Gateley et al. have
shown that IL-12 in the presence of small
amounts of IL-2 can promote proliferation of
resting PBMC cultures (3). The combina-
tion of IL-4 and IL-12 has also been shown
to promote proliferation of NK cells (24).
The synergy of IL-12 with IL-2 in the induc-
tion of IFN-y (25) may also account for the
enhanced IFN-y production measured in
IL-12-treated cultures of PHA-stimulated
PBMCs. Both T and NK cells have been
shown to produce IFN-vy in response to the
combination of IL-12 and IL-2 (4). IL-12
also elevates NK cell activity in cultures of
murine spleen cells and human PBMCs and
increases murine CTL responses in vitro.
Our results verify those of Chehimi et al.
(13), which demonstrate IL-12—induced en-
hancement of human NK activity.

Whether by direct effect on existing T or
NK cells or through the induction of T;1 T
cell populations, the efficacy of IL-12 in
augmenting the immune function of
PBMC:s from HIV* patients raises the pos-
sibility of using IL-12 as an immune modu-
lator to augment the defective cell-mediat-
ed functions associated with HIV infection
(26). Further studies of the mechanism of
action, efficacy, and toxicity of IL-12 in in
vivo models will be critical in evaluating its
potential for restoring type 1 function.

1723



REFERENCES AND NOTES

_

. M. K. Gateley et al., J. Immunol. 136, 1274 (1986);
H. L. Wong et al., Cell. Immunol. 111, 39 (1988).

2. A S. Stern et al., Proc. Natl. Acad. Sci. U.S.A. 87,
6808 (1990); S. F. Wolf et al., J. Immunol. 146,
3074 (1991).

. M. Gateley et al., J. Immunol. 147, 874 (1991).

. S.H.Chan etal, J. Exp. Med. 173, 869 (1991); A.
D'Andrea et al., ibid. 176, 1387 (1992); C. S.
Tripp, S. F. Wolf, E. R. Unanue, Proc. Natl. Acad.
Sci. U.S.A. 90, 3725 (1993); S. E. Macotonia et al.,
Int. Immunol. 5, 1119 (1993).

. M. Clerici et al., J. Clin. Invest. 84, 1892 (1989).

. M. Clerici et al., ibid. 91, 759 (1993); M. Clerici et
al., ibid., in press.

7. D. R. Lucey et al., J. Infect. Dis. 164, 631 (1991);
M. J. Dolan, G. P. Melcher, M. Clerici, G. M.
Shearer, IXth Int. Conf. AIDS Berlin (abstr. WS-
B02-6), 45 (1993).

. K. B. Cease et al., Proc. Natl. Acad. Sci. U.S.A. 84,
4249 (1987); P. M. Hale et al., Int. Immunol. 1, 409
(1989); M. Clerici et al., Nature 339, 383 (1989).

9. The PBMCs of HIV+ individuals or of HIV- con-
" trols resuspended at 3 x 106 per milliliter in RPMI
1640 (Gibco, Grand Island, NY) were either un-
stimulated or stimulated in vitro for 7 days with a
mixture of five previously described antigenic
synthetic peptides from Env of HIV-1 (T1, T2,
Th4.1, P18I1IB, and P18MN) (8) or the Env nonan-
tigenic peptide p23 at a final concentration of 5
wM/ml in sterile, 96-well flat-bottom culture plates
(Costar, Cambridge, MA). In a second series of
experiments, PBMCs were either unstimulated or
stimulated for 7 days with influenza A virus (A/
Bangkok/RX73 H3N2) (final concentration,
1:500), with a pool of irradiated [50 Gy (units of
absorbed dose of ionizing radiation)] PBMCs from
multiple donors (resuspended at 2 x 108 per
milliliter) (ALLO), or with PHA (Gibco) (final con-
centration, 1:100). The PBMCs were stimulated in
the absence or the presence of 20 U of recombi-
nant human IL-12 per milliliter. For the IL-2 pro-
duction assays, the IL-2 receptor monoclonal
antibody TAC was added to the cultures (2 pg/ml)
to prevent consumption of the IL-2 produced.
Supernatants were harvested after 7 days and
serially diluted, and the amount of IL-2 produced
was assessed in a bioassay with the IL-2-depen-
dent cell line CTLL as described (5). In the
proliferation assays, the cell cultures were cul-
tured for 5 days in 96-well flat-bottom plates,
pulsed with 1 mCi of [3H]thymidine, and harvest-
ed after 18 hours.

10. M. Clerici et al., J. Infect. Dis. 165, 1012 (1992).

11. PBMCs (3 x 10° per well) in a 24-well LINBRO

plate were stimulated for 48 hours with PHA

diluted 1:100 (Gibco). The PBMCs were stimulat-

ed in medium alone or in medium containing 20 U

of recombinant IL-12 per milliliter. The amount of

IFN-y present in the supernatants was determined

with a two-step ELISA assay. Briefly, Immulon

plates (Dynatech Labs, Chantilly, VA) were coat-
ed overnight at 4°C with 100 ul per well of the A35

IFN-y antibody (DNAX Research Institute) (final

concentration, 5 ng/ml). Plates were washed five

times in phosphate-buffered saline (PBS)-Tween
and blocked with 150 ml of 10% fetal calf serum in

PBS. Supernatants were diluted through three

serial dilutions (1:2 to 1:8) in PBS-Tween, which

contained the IFN-y nitroiodophenyl-conjugated

antibody B27 (final concentration, 5 wg/ml). A

100-pl aliquot of each sample was added to each

well, and a standard for IFN-y was run concur-
rently. Plates were washed with PBS-Tween five
times. Horseradish peroxidase—conjugated anti-

body J4-HRP was diluted 1:3000 in PBS, and 100

wl was added to each well and incubated for 1

hour at 37°C. Plates were again washed with

PBS-Tween. ABTS peroxidase substrate was di-

luted 1:1 with H,0, (Kirkegaard-Perry, Gaithers-

burg, MD), and 100 wl of this mixture was added
to each well. Plates were developed for 15 min
and then read in an ELISA reader at a wavelength

of 405 A. Values for IFN-y were calculated from a

standard curve.

~ W

o,

o]

1724

12. R. T. Gazzinelli, S. Hieny, S. Wynn, S. F. Wolf, A.
Sher, Proc. Natl. Acad. Sci. U.S.A. 90, 6115
(1993).

13. J. Chehimi et al., J. Exp. Med. 175, 789 (1992).

14. M. Gateley et al., Cell. Imnmunol. 143, 127 (1992).

15. L. A. Pinto et al., unpublished observations.

16. PBMCs (3 x 105) from HIV~ control donors were
stimulated for 7 days with FLU, ALLO, or PHA in
the absence or presence of a rabbit polyclonal
antibody specific for the p40 chain of human IL-12
(Genetics Institute, Cambridge, MA).

17. C.-S. Hsieh et al., Science 260, 547 (1993).

18. J. P. Sypek et al., J. Exp. Med. 177, 1797 (1993).

19. F. P. Heinzel et al., ibid., p. 1505.

20. J. Chehimi et al, IXth Int. Conf. AIDS Berlin
(abstract WS-AQ8-4), 24 (1993).

21. M. Clerici and G. M. Shearer, Immunol. Today 14,
107 (1993).

22. J. K. Actor et al., Proc. Natl. Acad. Sci. U.S.A. 90,
948 (1993).

23. R. Manetti et al., J. Exp. Med. 177, 1199 (1993).

24. B. Naume, M. K. Gateley, B. B. Desay, A. Sudan,
T. Espevik, Cytokine 5, 38 (1993).

25. M. Kobayashi et al., J. Exp. Med. 170, 827 (1989).

26. P. Scott, Science. 260, 496 (1993); J. Salk, P. A.
Bretscher, P. L. Salk, M. Clerici, G. M. Shearer,
ibid., p. 1270.

27. The IL-2 receptor monoclonal antibody TAC was a
gift of J. Hakimi, Hoffmann—La Roche, Nutley, NJ.
We are grateful to R. L. Coffman and J. Abrams,
DNAX Research Institute, Palo Alto, CA, for gen-
erously providing many of the reagents, and J.
Zamora, Wilford Hall Medical Center, U.S. Air
Force Base, TX, for his contribution to the study.

12 July 1993; accepted 27 October 1993

Dense Nonsymmetrical DNA Methylation Resulting
from Repeat-Induced Point Mutation in Neurospora

Eric U. Selker,* Deborah Y. Fritz, Michael J. Singer

Cytosine methylation has been implicated in epigenetic control of gene expression in
animals, plants, and fungi. It has been assumed that all methylation in eukaryotes is at
symmetrical sequences such as CpG/GpC, because this can explain perpetuation of
methylation states. Here the bisulfite genomic sequencing method was used to examine
methylation in DNA from a Neurospora gene exposed to repeat-induced point mutation.
5-Methylcytosine was not limited to symmetrical sites and individual molecules showed
different patterns and amounts of modification. The methylation extended beyond the
mutated region and even beyond the edge of the duplicated segment.

A fraction of the cytosines in the DNA of
many organisms becomes methylated after
replication. This methylation is not ran-
domly distributed. Some sequences, such as
the CpG islands of animals, are rarely if
ever methylated (1). Others are methylated
under certain circumstances, such as when
the sequence is inherited from the mother
rather than the father (2), and still others
appear methylated in all tissues and at all
times (3).

Neither the precise function nor the
control of DNA methylation is understood
in any eukaryote. In animals, most 5-meth-
ylcytosine (5mC) is found in the symmet-
rical sequence 5'CpG/3'GpC, and this is
thought to be mediated by a maintenance
methylase that preferentially recognizes and
methylates hemimethylated sites. Such an
enzyme could be responsible for propagating
patterns of methylation (4). Indications of
heterogeneous methylation in populations
of cells thought to be clonally related sug-
gest, however, that maintenance methyl-
ases cannot be solely responsible for per-
sistence of methylation (5-7). There is
evidence of substantial non-CpG methyl-
ation in plants (8) and fungi (5, 9) and of
occasional non-CpG methylation in ani-
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mals (10, 11). Nevertheless, it is generally
assumed that all non-CpG methylation is
in other symmetrical sequences, such as
CpNpG (12), which might also be recog-
nized by a maintenance methylase.

Results of Southern (DNA) hybridiza-
tions on DNA from the fungi Neurospora
crassa and Ascobolus immersus suggested
that methylation is not limited to symmet-
rical sites (5, 9). We have investigated this
possibility directly in N. crassa. Whereas
most of the Neurospora genome appears
devoid of DNA methylation, heavily meth-
ylated chromosomal regions have been
identified. At least some such regions are
relics of repeat-induced point mutation
(RIP), a process operating in the sexual
phase of the life cycle that detects se-
quence duplications and riddles them with
G:C to A:T mutations (13). We investi-
gated the methylation of a product of RIP
to explore the possible connection be-
tween DNA methylation and RIP and to
further our understanding of methylation
in eukaryotes.

Information about the distribution of
methylated cytosines has come almost ex-
clusively from Southern hybridizations on
genomic DNA with restriction enzymes
that are sensitive to 5mC. The develop-
ment of several genomic sequencing meth-
ods made it possible to assess the methyl-
ation status of any cytosine in genomic






