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Role of Na*/H™ Exchange by Interferon-y in
Enhanced Expression of JE and I-Ag Genes

VERONICA Prric, SHEAU-FUNG YU, FLORENCIO FIGUEIREDO,
PauL W. HOLLENBACH, GOWIND GAWDI, BRIAN HERMAN,
RoNALD J. UHING, DoLPH O. ADAMS

The rapid transductional sequences initiated by interferon-y (IFN-v) on binding to its
receptor regulate functional and genomic responses in many cells but are not well
defined. Induction of macrophage activation is an example of such functional and
genomic changes in response to IFN-y. Addition of IFN-y to murine macrophages, at
activating concentrations, produced rapid (within 60 seconds) alkalinization of the
cytosol and a concomitant, rapid influx of ??Na*. Amiloride inhibited the ion fluxes
and the accumulation of specific messenger RNA for two genes induced by IFN-y (the
early gene JE and the B chain of the class II major histocompatibility complex gene
I-A). The data indicate that IFN-v initiates rapid exchange of Na* and H* by means of
the Na*/H™" antiporter and that these amiloride-sensitive ion fluxes are important to

some of the genomic effects of IFN-v.

HE PLEOTROPIC ACTIONS OF IFN-vy

include antiviral, antiproliferative,

and immunoregulatory effects in a
wide variety of responsive cells (7). One
cellular target is the macrophage, which
IEN-y activates to present antigen to T
lymphocytes and to kill facultative and obli-
gate intracellular parasites and tumor cells
(2). These regulatory effects are initiated
when IFN-y occupies a cell surface receptor,
an event that leads to priming for protein
kinase C activation, an oxidative burst, eico-
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sanoid production, and the induction of
genes coding for proteins such as class II
major histocompatibility complex (MHC)
molecules, also referred to as Ia molecules.
Surface expression of Ia molecules is essen-
tial to functions of the activated macrophage
and is stringently regulated (3, 4). The initial
transductional events occurring after IFN-y
occupies its receptor have not been delineat-
ed (5, 6). We reported earlier that addition
of IFN-vy to murine macrophages results in
an enhanced efflux of *°Ca®* (7). Because
this enhanced efflux was observed only after
a lag of 5 to 10 min, we examined the
possibility that it is preceded by more rapid
ion fluxes. We now show that addition of
IEN-y to murine macrophages results in a
rapid cytosolic alkalinization and an en-
hanced influx of *Na*. The ability of amil-
oride to inhibit these responses and to inhib-

it the accumulation of mRNA for the gene
JE and the B chain of the class I MHC gene
I-A (I-Ap), both of which are induced by
IFN-v, indicates the importance of Na*/H*
exchange in the IFN-y—induced activation
of murine macrophages.

IFN-vy at physiologic concentrations (10
to 100 units of recombinant IFEN-y per
milliliter)—that is, at concentrations that
induce macrophage activation for tumor cy-
totoxicity and induce surface expression of
Ta—rapidly raised cytosolic pH by as much
as 0.1 pH unit (Fig. 1A). An increase in
intracellular pH (pH;) was manifest within 1
min after IFN-y was added to the macro-
phage cultures and continued for 10 to 15
min, after which pH; began a slow decrease
to basal levels (Fig. 1A). This alkalinization
was inhibited by prior treatment of the
macrophages with amiloride at concentra-
tions that inhibit the Na*/H" antiporter (8)
(Fig. 1A). The increase in cytosolic pH was
dose dependent and was observed with as
little as 1 unit of IFN-vy per milliliter (9). In
contrast, 50 units of interferon «/B per
milliliter did not alter pH (9).

IFN-y also induced the rapid influx of
ZNa* into macrophages; this was readily
observable within 2 min (176% + 24% of
the basal value; mean + SEM, n = 3 experi-
ments) after IFN-y was added to the cul-
tures (Fig. 1B). At these early times, the
IEN-y—induced influx of ?*Na*, when com-
pared to the appropriate buffer control, was
inhibited ~50% by prior exposure of the
cultures to 0.05 mM amiloride and ~90%
by prior exposure to 0.3 mM amiloride at
the extracellular sodium concentrations
used. Both the increase in IFN-y—stimulated
pH; and #Na” influx were also inhibited by
amiloride analogs according to their relative
efficacies for inhibition of the antiporter (9).
As shown in Fig. 1, amiloride exhibited
small inhibitory effects on basal ?Na* in-
flux, as also described in other cells (8). The
effects of IFN-y on **Na* influx were dose-
dependent, and increases were observable
with as little as 0.1 unit of IFN-y per
milliliter (9). The half-maximal dose for
IFN-y—stimulated, amiloride-inhibitable in-
flux of sodium was ~7.5 units of IFN-vy per
milliliter.

Addition of IFN-y to macrophage cul-
tures resulted in increased accumulation of
mRNA for numerous genes, including the
gene JE and the genes coding for Ia mole-
cules such as I-Ag (10). The increased accu-
mulation of mRNA for JE in macrophages
is due to an increase in mRNA stability (11),
whereas the increase in mRNA for Ia is
transcriptionally regulated (10). We thus
examined a potential role of Na*/H" ex-
change in IFN-y-mediated regulation of
mRNA for JE and I-Ag. When amiloride
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Fig. 1. Activation of Na*/ A
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IFN-y (20 U/ml) as indicated. The data presented are for cultures of macrophages that were incubated for 5 min
with 0.5 mM ouabain or 0.5 mM ouabain plus the indicated concentrations of amiloride before addition of the

stimulus. The counts per minute at zero time for the

shown were 205 + 3, and this value was

subtracted from the values presented. Data are presented as the mean + SD for triplicate determinations of a
representative experiment. Similar results were obtained in three separate experiments (28).

Fig. 2. Inhibition of IFN-y-induced JE mRNA b

Thloglycolatc -elicited murine macrophages (5 x 10
cm?) were incubated for 3 hours with (lane 1) buffer, (lane 2)
IFN-y (50 U/ml), (lane 3) 2 mM amiloride, or (lane 4) IFN-y
plus amiloride before determination of JE mRNA (10, 12). Total
cellular RNA was prepared and analyzed as described (12, 29).
RNA was transferred from 1% agarose-formaldehyde gels to
GeneScreen-Plus membranes in a capillary transfer (29). A JE
fragment was labeled by an oligolabeling method (Pharmacia).
Membranes were prehybridized and hybridized as described (30,
31). Blots were washed twice for 30 min each time with 0.1%
SDS in 0.3M NaCl and 0.03M sodium citrate at room tempera-
ture and twice for 30 min with 0.1% SDS in 0.03M NaCl and
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Fig. 3. Inhibition of IFN-y—induced I-Ag by

amiloride. Thioglycolate-elicited murine macro-
phages were treated as indicated with either no

was added to the macrophage cultures be-
fore IFN-y was added, the accumulation of
mRNA for JE was inhibited at 3 hours. As
determined by laser densitometry of the
RNA blots, the inhibition of IFN-y-in-
duced mRNA for JE compared to the ap-
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additions, IFN-y (50 U/ml), or IFN-y plus ami-
loride (AM) (0.3 mM) for 18 hours before deter-
mination of surface Ia at 40 hours or for 18 hours
before mRNA analysis. Results for ]a mRNA are
standardized to the maximum level observed in a
representative experiment and are presented as a
percentage of that maximum. Amiloride alone
had no effect on expression of basal I-Ag mRNA
or surface I-Ag antigen (9). I-A; mRNA was
determined as described (13). Accumulation of
mRNA was determined from densitometric scan-
ning of autoradiograms. Surface expression of I-
Ag antigen was determined by radioimmunoassay
as described (13). Triplicate wells were used for
each point; the SEM for the triplicate determina-
tion did not exceed 10%. IgG, immunoglobulin
G.

propriate buffer controls was 68% * 3%
normalized to actin (mean + range in two
experiments) (Fig. 2). The presence of amil-
oride did not affect the ability of phorbol
esters to cause mMRNA accumulation for JE
or the ability of endotoxin to stimulate

mRNA accumulation for the gene KC (9).
We recently presented additional evidence
for the differential regulation of JE and KC
in macrophages (11, 12).

In contrast to the rapid accumulation of
mRNA for JE in response to IFN-v, accu-
mulation of mRNA for Ia genes is observed
only after a lag of ~4 hours (10, 13). In the
presence of 0.3 mM amiloride, significant
inhibition of IFN-y—induced mRNA for
I-Ag was observed (61% + 14%; n = 3)
(Fig. 3). The inhibition of IFN-y—induced
mRNA was also evident at the level of
surface expression of Ia (66% =+ 10% inhi-
bition at 0.3 mM amiloride; n = 4) (Fig. 3).

Our data suggest that (i) physiologic con-
centrations of IFN-y induce rapid, amilor-
ide-sensitive increases in cytosolic pH and in
the influx of *Na* into murine peritoneal
macrophages; and that (i) the changes in
cytosolic jon concentrations appear to par-

* ticipate in the IFN-y—induced increases in

mRNA accumulation for JE and I-Ag. JE
was originally identified as a gene in fibro-
blasts that was rapidly induced in response
to platelet-derived growth factor (14). Re-
cent data indicate considerable sequence
similarity of JE to various cytokines (15).
Transductional events involved in the plate-
let-derived growth factor-induced tran-
scriptional activation of the JE gene have
not been ascertained (16). In macrophages,
increased mRNA for JE can be induced by
various agents (10), although mRNA accu-
mulation is not transcriptionally regulated
(10). Class II MHC gene expression in
macrophages is induced by IFN-y (3, 4).
The transductional mechanisms regulating
these genes are not well defined (10, 17, 18),
but inhibition of protein synthesis during
the first several hours after exposure of
macrophages to IFN-y does not block accu-
mulation of specific mRNA nor subsequent
surface expression of Ia molecules (13, 19).
Our data indicate the involvement of
Na*/H* exchange in IFN-y—induced mRNA
accumulation of both JE and I-Ag. The gene
induction is apparently due to cytosolic alka-
linization, since monensin was ineffective in
inducing JE, whereas significant accumulation
was observed on pharmacologic increase in
cytosolic pH (20).

A model for effects of IFN-y on macro-
phages can thus be proposed: occupancy of
the receptor for IFN-vy leads to activation of
the Na*/H" antiporter and results in the
eflux of H* from the cytosol of the cells
and influx of Na*. These changes result in
increased levels of specific mRNA for at
least two IFN-y—inducible genes. The in-
volvement of Na*/H™ exchange in the mi-
togenic response to a variety of factors has
been described (21, 22). Our data indicate
the importance of this transductional se-
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quence for the cytokine IFN-vy as well. Dur-
ing the course of these studies, Smith ez al.
(23) reported that IFN-vy stimulated cytosol-
ic alkalinization in a pre-B lymphocyte cell
line, partially as a result of activation of
Na*/H* exchange. Because the earliest
measured time was 30 min, the rapidity of
activated Na™/H* exchange and its impor-
tance as a genomic transductional sequence
in response to IFN-vy in these cells remain to
be established. In view of the pleotropic
actions of IFN-y (5, 6), it is likely that
additional transductional sequences may
mediate other actions of IFN-y. For in-
stance, addition of amiloride did not inhibit
priming by IFN-vy for tumor cell cytolysis
(9). Relatively high concentrations of IFN-vy
can cause accumulation of labeled diacylgly-
cerol or similar compounds in fibroblasts
(24). In macrophages, physiologic concen-
trations of IFN-vy, however, induce increases
in the mass of diacylglycerol only after ~4
hours, suggesting that these increases are
unlikely to represent a primary transduction-
al event (25). Our studies demonstrate that
physiologic doses of IFN-y induce rapid
Na®/H* exchange in murine macrophages
and that these amiloride-sensitive fluxes are
important for mediating some of the subse-
quent genomic responses to IFN-y.
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High Rate of HTLV-II Infection in Seropositive IV
Drug Abusers in New Orleans
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Confirmed infection with HTLV-II (human T cell leukemia virus type II) has been
described only in rare cases. The major limitation to serological diagnosis of HTLV-II
has been the difficulty of distinguishing HTLV-II from HTLV-I (human T cell
leukemia virus type I) infection, because of substantial cross-reactivity between the
viruses. A sensitive modification of the polymerase chain reaction method was used to
provide unambiguous molecular evidence that a significant proportion of intravenous
drug abusers are infected with HTLV, and the majority of these individuals are
infected with HTLV-II rather than HTLV-1. Of 23 individuals confirmed by polymer-
ase chain reaction analysis to be infected with HTLV, 21 were identified to be infected
with HTLV-II, and 2 were infected with HTLV-I. Molecular identification of an
HTLV-II-infected population provides an opportunity to investigate the pathogenici-

ty of HTLV-II in humans.

UMAN T CELL LEUKEMIA VIRUSES

type I (HTLV-I) and type II

(HTLV-II) have been associated
with specific forms of malignancy in hu-
mans. HTLV-I is the etiologic agent for a
malignancy known as adult T cell leukemia
(1) and has been linked to a chronic myelop-
athy known as HTLV-I-associated myelop-
athy (2) or tropical spastic paraparesis,
which is endemic to regions of Japan, the
Caribbean, and Africa (3). Sporadic cases of
HTLV-I infection have also been reported
in other areas in the world; in the United
States, it has been particularly observed in
the southeastern region (4). Recently,
HTLV-seropositive individuals were identi-
fied among an intravenous (IV) drug abuser
population (5), but infection has not been
confirmed by more stringent criteria.

In contrast to HTLV-I, HTLV-II has
only rarely been isolated. HTLV-II has been
associated with two cases of malignancy in
humans (6). Both patients had unusual T
cell malignancies resembling hairy-cell leu-
kemia. In one case, we showed definitively
that HTLV-II was molecularly associated
with a lymphoproliferative disorder involv-
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