bud sites (11), no growth defect has been
reported. The results reveal a functional
redundancy of Ras and Rsrl in spite of their
known individual roles.

When the raslA ras2A rsrlA cyrlA
(YEpT-TPK1, YCpLeGAL1-RAS2-1) cells
were shifted to a galactose-free medium at
30°C, they ceased to proliferate as large
budded cells with chromosomal DNA even-
ly distributed in mother cells and buds (Fig.
2, A to C), indicating that the cells were
arrested at or near the end of the M phase.
This arrest was accompanied by an accumu-
lation of cells with DNA content charac-
teristic of the G, and M phases (Fig. 2F)
and by sustained Cdc28 histone H1 kinase
activity (Fig. 2H), consistent with an M
phase arrest. Cells carrying an intact RAS
gene did not accumulate such cells (10).
This terminal phenotype was different from
the G, arrest of ras] A ras2A cells when the
cells were starved of exogenous cAMP. In
this case, the cells were arrested as unbud-
ded cells (Fig. 2D) with a single nucleus
(Fig. 2E), Cdc28 kinase activity decreased
(Fig. 2G), and cells with G; DNA content
accumulated (10). These results indicate
that the cells with the RASI RAS2 RSRI
triple disruption are defective in the com-
pletion of the M phase.

We examined genetic interactions be-
tween RAS and other genes that participate
in M phase completion, including DBF2,
CDC5 (18), CDCI15 (19), SPOI12, and
TEMI. Both CDC5 and CDCI5 encode
protein kinases. We introduced multicopy
plasmids carrying each of these genes into
the rasIA ras2A rsrIA cyrl A (YEpT-TPKI,
YCpLeGAL1-RAS2-1) cells, and the result-
ing transformants were examined for growth
on a galactose-free plate. Each of the multi-
copy plasmids suppressed the growth defects
of the cells (Fig. 3A). None of these genes
suppressed the cAMP requirement of the
raslA ras2A cells (10). Mammalian c-Ha-
RAS, or its activated form (Val'?, Thr*?),
also suppressed the lethality, indicating that
mammalian Ras can substitute for yeast Ras
in this other function (Fig. 3B).

We have shown here that S. cerevisiae
Ras functions in the completion of the M
phase. The genetic interactions between
RAS and other genes involved in M phase
completion suggest a network of signal trans-
duction pathways in which low molecular
weight GTP binding proteins and various

protein kinases are involved. Activation of

Ras and downstream protein kinase cascade
by growth factors in mammalian cells is nec-
essary for cell cycle progression through the
G, phase to the S phase (2). Several reports
contain arguments for another function of
Ras in the G,-M boundary in vertebrate cells
(7, 20). Yeast and mammalian Ras proteins
could share the same effector molecule in
this signal transduction pathway.
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Ligand-Induced Autoregulation of
IFN-v Receptor 3 Chain Expression
in T Helper Cell Subsets
Erika A. Bach,” Susanne J. Szabo,” Anand S. Dighe,*

Avi Ashkenazi, Michel Aguet, Kenneth M. Murphy,
Robert D. Schreibert

Interferon v (IFN-v) responsiveness in certain cells depends on the state of cellular
differentiation or activation. Here an in vitro developmental system was used to show that
IFN-y produced during generation of the CD4™ T helper cell type 1 (T,,1) subset extin-
guishes expression of the IFN-y receptor B subunit, resulting in T,,1 cells that are unre-
sponsive to IFN-y. This 8 chain loss also occurred in IFN-y-treated T 2 cells and thus
represents a specific response of CD4™ T cells to IFN-y rather than a T,1-specific
differentiation event. These results define a mechanism of cellular desensitization where
a cytokine down-regulates expression of a receptor subunit required primarily for sig-

naling and not ligand binding.

Recently it was reported that Tj;1 and T2
cells develop opposing patterns of respon-
siveness to the cytokines interleukin-12
(IL-12) and IFN-y, with T;1 retaining only
IL-12 responsiveness and T};2 retaining
only IFN-vy responsiveness (1). Because this
differential responsiveness significantly af-
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fects Ty;1 and Tp,2 subset stability in vivo,
the developmental mechanism controlling
the loss of cytokine receptor signaling be-
comes central to the understanding of
pathogen susceptibility or resistance (I, 2).
Using fully differentiated long-term T cell
clones, Pernis et al. observed that expression
of the IFN-y receptor $ chain, the receptor
subunit required primarily for signaling and
not ligand binding, is limited to T2 cells,
and it was implied that this was important
to phenotype differentiation (3, 4). To
characterize the mechanism controlling de-
velopmental expression of the two IFN-y
receptor subunits and to critically test their
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roles in directing T cell differentiation, we
used an af T cell receptor (TCR) trans-
genic system. This allowed us to examine
and manipulate the expression of the two
IFN-y receptor subunits during differentia-
tion of naive T cells. Our results show that
IFN-y receptor B chain loss is not intrinsic
to Tyl development but rather represents
an unusual mechanism of ligand-dependent
cellular desensitization.

Naive splenic CD4* T cells from
DO11.10 TCR transgenic mice were differ-
entiated in vitro into Tyl or T2 subsets,
exposed to IFN-y, and then analyzed for
major histocompatibility complex (MHC)
class I expression (Fig. 1A) (5, 6). Treat-
ment with IFN-y did not enhance MHC
class 1 expression on Tyl cells but up-
regulated expression on T2 cells. In con-
trast, both cell types responded to IFN-q,
indicating that the class I response pathway
was intact. IFN-y also selectively activated
the Jak-STAT (Janus kinase-signal trans-
ducers and activators of transcription) path-

Fig. 1. Lack of IFN-vy receptor B chain expression
in early developing T,,1 cells. T,1 and T2 cells
were differentiated for 14 days as described (73).
(A) Cells were treated for 72 hours with medium
(dotted line), murine IFN-y (MulFN-+y) [1000 inter-
national reference units (IRU) per milliliter, thick
solid line], or MulFN-a (1000 IRU/m, thin solid line)
and analyzed by fluorescence-activated cell sort-
ing (FACS) for MHC class | expression with a bi-
otinylated H-29-specific antibody (Pharmingen,
San Diego, Califomia) as described (77). (B)
Northern (RNA) blot analysis of total RNA from
T,1, T2, or L929 cells was performed with 32P-
labeled murine B chain complementary DNA
(cDNA) (4) as described (17). (C) T, 1 cells (6.7 X
107) or T,;2 cells (9 X 107) were lysed as described
(71), and receptor subunits were immunoprecipi-

way only in early developing T2 cells and
not in Tyl cells, although both cell types
expressed comparable amounts of the Jak-
STAT proteins required for IFN-vy signaling
(7, 8). As was shown for long-term Ty
clones, early developing Ty 1 cells expressed
substantially reduced amounts of IFN-vy re-
ceptor B chain message compared with T};2
cells (Fig. 1B) (3). This observation was
substantiated by protein immunoblot anal-
ysis in which a hamster monoclonal anti-
body (mAb) (MOB-47) was used that was
specific for the murine IFN-y receptor B
chain (9). Whereas Ty,2 cells contained B
chain protein, Ty 1 cells did not (Fig. 1C).
Both subsets expressed comparable amounts
of IFN-vy receptor a chain as detected with
a mAb (GR-20) specific for the IFN-y re-
ceptor a chain (Fig. 1C) (10). These exper-
iments confirm the previous observations of
Pernis et al. (3) and demonstrate that the
receptor B chain protein as well as message
is extinguished in Tyl cells as early as 14
days after differentiation.

T2

304

Cell number
3

0w ~'rr-’;< . — - .
102 10! 102 103 100 10! 102 103 104
Fluorescence intensity

B (o _
p chain-» g}k.. a chain -» . . [
Ao ” !- B chain - - u

Tyl T.2 L929 Tl T,2L829

tated with either 1 ng of GR-20 (70) or 0.5 pg of MOB-47 (9), mAbs specific for the MulFN-vy receptor o
and B chains, respectively. Precipitates were separated on 7 or 9% SDS-polyacrylamide gels for analysis
of a or B chains, respectively. Protein. immunoblot analysis was performed with MulFN-y receptor a
chain—specific mAbs (1G5, 1F1, and 2E2) (9) or biotinylated MOB-47 (9) as described (74).

To define the mechanism underlying this
process, we monitored surface expression of
the ewo IFN-y receptor subunits on CD4* T
cells during the process of Ty subset differ-
entiation. Because the receptor epitopes rec-
ognized by the mAbs GR-20 and MOB-47
are masked by bound IFN-y, cells were treat-
ed with dilute acid to remove bound ligand
before they were stained (11). Naive CD4*
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Fig. 3. Maintenance of the IFN-y receptor 8 chain
on T,,1 cells derived from mice deficient for IFN-y
receptor a chain. IFN-y—unresponsive mice ex-
pressing the DO11.10 TCR transgene were gen-
erated by breeding the transgenic TCR (5) into
mice carrying a null mutation for the IFN-+y recep-
tor a chain (IFN-yR%?) (72). T,1 and T2 cells
were differentiated as described (73). Fourteen-
day-differentiated T,1 and T,2 cells from

~ DO11.10-IFN-yR%° (C, D, G, and H) or DO11.10

control (A, B, E, and F) mice were analyzed as
described in Fig. 2 for expression of the IFN-y
receptor B chain [(A) to (D)] or a chain [(E) to (H)].

Fluorescence intensity (IFN-y receptor o chain)

Fig. 2. Loss of IFN-vy receptor B chain during T,,1 development. Naive CD4*
T cells or T,,1 and T,,2 cells treated with dilute acetic acid as described (77)
were analyzed by FACS for the presence of IFN-y receptor a and B chains
after 7 or 14 days of differentiation (73). (A) Cells were left untreated (solid line)
or were treated with 10 pg of MulFN-y for 45 min (dotted line), and then
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stained with 1 g of biotinylated GR-20 and streptavidin-phycoerythrin (PE)
(71). (B) Cells were stained with 0.3 pg of MOB-47 (solid line) or 0.3 ng of
species-matched control mAb (dotted line) and developed with 1 pg of bio-
tinylated polyclonal goat antibody to hamster immunoglobulin and streptavi-
din-PE. OVA, ovalbumin.
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T cells and acid-stripped Ty1 and T2 cells
expressed similar amounts of the [FN-y re-
ceptor a chain (Fig. 2A). In contrast, where-
as naive CD4* T cells and early developing
T2 cells expressed IFN-y receptor B chain,
Tyl cells did not (Fig. 2B). Loss of the
receptor B chain on T},1 cells occurred with-
in 5 days after the initiation of primary cul-
ture (8). Thus, CD4* T cells lose cell surface
expression of the IFN-y receptor B chain as
they differentiate to the Ty1 subset.

These observations suggested that the
loss of the IFN-y receptor B chain on Tyl
cells was either a process intrinsic to Tyl
differentiation or a consequence of it. We
distinguished between these possibilities by
breeding the DO11.10 TCR into IFN-y-
unresponsive mice lacking the [FN-y recep-
tor a chain (12). T cells from these mice
differentiated normally into Tyl and T2
subsets, as evidenced by polarized produc-
tion of subset-specific cytokines (8). How-
ever, unlike Ty;1 cells derived from IFN-y-
responsive transgenic mice, B chain expres-
sion was retained on T1 cells derived from
TCR transgenic mice lacking the IFN-y
receptor a chain (Fig. 3C). These results
demonstrate that loss of the IFN-y receptor
B chain requires the presence of a function-
ally active IFN-+y receptor and represents a
response of the cells to ligand. Moreover,
the results show that the process is not
intrinsically linked to Ty1 differentiation.

To directly test whether the loss of the
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[FN-vy receptor B chain represented a gen-
eral biologic response of CD4* T cells to
IFN-y, T,;2 cells were treated with three
different doses of IFN-y (100, 500, or 2000
international reference units per milliliter),
quantities typically produced by Tyl cul-
tures, and analyzed for surface expression of
the receptor B chain (Fig. 4) (8). At all
doses tested, IFN-y induced a loss of recep-
tor B chain expression on Ty;2 cells (Fig.
4A) (8). The kinetics of receptor B chain
loss on IFN-y—treated Ty,2 cells was similar
to that displayed on Ty1 cells (8). In con-
trast, [IFN-y did not down-regulate expres-
sion of the B chain on L929 fibroblasts and
actually increased expression in some ex-
periments (Fig. 4D). Protein immunoblot
analysis demonstrated that all T cells ex-
pressed the IFN-y receptor @ chain and
untreated Ty;2 cells expressed the receptor
B chain (Fig. 4B). In contrast, no B chain
was detected in either Ty;1 or [FN-y-treat-
ed T2 cells. Analysis of cytokine produc-
tion by the T cell cultures showed that
IFN-vy treatment of Ty;2 cells did not alter
the Ty;2 phenotype (8). IFN-y did not en-
hance MHC class I expression on T2 cells
pretreated with I[FN-y (Fig. 4C). In con-
trast, these cells remained fully responsive

to IFN-a. Thus, IFN-y—treated T2 cells .

become unresponsive to IFN-y in a manner
similar to that of Ty1 cells.

With a TCR transgenic system, we have
been able to distinguish between cellular re-
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Fig. 4. Loss of IFN-vy receptor B chain expression and IFN-y responsiveness in IFN-y-treated T,,2 cells.
T2 cells were treated with MulFN-y (2000 IRU/mI) on days O to 5 of both primary and secondary
stimulation (IFN-y Tx T,,2) (13). T,41, T;2, and IFN-y Tx T,;2 cells were differentiated for 14 days as
described (73). (A) FACS analysis for expression of IFN-y receptor a and B chains on T,2 and IFN-y Tx
T,,2 was performed as described in Fig. 2. (B) Protein immunoblot analysis for IFN-y receptor a and B
chains from 6.7 X 107 T,1,9 X 107 T,;2, and 9 X 107 IFN-y Tx T,,2 cells was performed as described
in Fig. 1. (C) MHC class | expression on T,,1, IFN-y Tx T,;2, and T,,2 cells after treatment with medium
(dotted line), MulFN-v (thick solid line), or MulFN-a (thin solid line) was assessed by FACS as described
in Fig. 1. (D) L929 fibroblasts were treated with MulFN-y (1000 IRU/mI) and analyzed by FACS 72 hours
later for expression of the IFN-y receptor polypeptides as described in Fig. 2 with mAbs 1G5 and MOB-55
to stain IFN-vy receptor a and B chains, respectively (9).
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sponses intrinsic to Ty subset differentiation
and those that arise as a result of this process.
Whereas our observations confirm and extend
those of Pernis et al. (3), our study draws
different conclusions about the mechanism of
this process. Specifically, we show that the
Tyl subset develops normally from IFN-y—
unresponsive naive T cells and maintains ex-
pression of the IFN-y receptor B chain. This
result demonstrates that IFN-y receptor B
chain loss is not intrinsic to the Ty differen-
tiation process. We also show that B chain
loss and inactivation of IFN-vy signaling oc-
curs in Ty2 cells when they are exposed to
IFN-y. Thus, the loss of IFN-y receptor B
chain expression on T cells is a consequence
of exposure to IFN-vy rather than a true mark-
er of phenotype. Our observations indicate
that inactivation of [FN-y signaling in CD4*
T cells is a dynamic regulatory process that
represents a cellular response to cytokines
present in the local environment.

Equally significant is our observation
that on T cells, IFN-y down-regulates ex-
pression of a component of its own receptor
involved predominantly_in signaling rather
than ligand binding (4). Previous work with
several cell types has demonstrated that
after receptor ligation, the IFN-y receptor a
chain is internalized and, on most cells,
dissociates from ligand and recycles back to
the cell surface (7). However, on a limited
number of cell types, IFN-vy induces down-
regulation of the receptor a chain by affect-
ing receptor a chain internalization (7).
Internalization of a ligand-binding receptor
subunit is a common mechanism that leads
to a transient insensitivity of cells to a
variety of hormone and cytokine ligands.
However, our observation that ligand in-
duces the down-regulation of biosynthesis
of a signaling component of a receptor
without affecting expression of the ligand-
binding chain represents a heretofore un-
recognized mechanism of ligand-induced
cellular desensitization. That B chain
down-regulation occurs on T cells but not
on certain other cells suggests that this
process can modulate the ability of specific
cells to respond to subsequent reexposure to
ligand. In this manner, IFN-y—induced cel-
lular responses may be differentially regulat-
ed in distinct cell types. It will be important
in the future to explore which cells are
desensitized to [IFN-y in this manner and to
determine whether down-regulation of a re-
ceptor signaling chain represents a para-
digm controlling the activity of other cyto-
kine receptors as well.
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Bl TECHNICAL COMMENTS

Attenuated Retrovirus Vaccines and AIDS

In their recent report, Timothy W. Baba et
al. state that a deletion mutant of simian
immunodeficiency virus (SIVA3), which
does not cause disease in adult macaques
and has been successfully used as a vaccine
against challenge with pathogenic virus (1),
causes acquired immunodeficiency syn-
drome (AIDS) in newborn macaques. They
ascribe the differential outcome of SIVA3
infection of neonatal and adult macaques to
several possibilities including the amount of
virus replication early after inoculation, the
route of virus inoculation, and the develop-
ing neonatal immune system. However,
their study does not allow separation of
these important variables.

We found that high-dose intravenous
inoculation of newborn rhesus macaques
with molecularly cloned SIVmac239 (the
parental virus from which SIVA3 was de-
rived) resulted in persistently high amounts
of virus in peripheral blood mononuclear
cells (PBMC) and plasma (higher than
those reported by Baba et al. for SIVA3).
Rhesus newborns infected with SIVmac239
did not experience rapid CD4" T lympho-
cyte depletion, and the time course before
fatal immunodeficiency developed was con-
sistent with that previously reported for
SIVmac239-infected adult macaques (that
is, 6 to 24 months) (2, 3). Thus, an age-
related difference does not explain why rhe-
sus infants inoculated with an attenuated
triple-deletion mutant of SIVmac239 ap-
pear to experience a more rapid CD4" T
cell depletion and CD4*/CD8* T cell ratio
inversion than rhesus infants inoculated
with the pathogenic parental virus, SIV-
mac239. We also found that absolute CD4™
T lymphocyte numbers were not a reliable
marker of disease progression in infant rhe-
sus macaques because of extreme variability
of absolute lymphocyte counts in response
to stress (for example, handling). Only ab-
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solute CD4™ T cell numbers that are per-
sistently below 500 per microliter reliably
suggested CD4™ T lymphocyte depletion in
neonatal macaques (2—4).

Baba et al. hypothesize that the oral
route of inoculation may be responsible for
increased virulence of SIVA3 in new-
borns. Our observations with five orally
and six intravenously inoculated newborn
macaques did not demonstrate a more se-
vere course of infection with uncloned
pathogenic SIVmac251 for the oral route
(2—4). With regard to the postulated age-
dependence of SIV virulence, we have
also compared the time course of infection
of the nonpathogenic molecular clone,
SIVmaclAll, and SIV/human immuno-
deficiency virus—1 (HIV-1) envelope chi-
meric viruses in macaques of different
ages: We have no evidence that an SIV
strain that is attenuated in older macaques
becomes pathogenic when inoculated in-
travenously or orally into newborn ma-
caques (2, 5). Instead, inoculation of fetal
and newborn macaques with attenuated
SIVmaclAll proved to be a safe and effec-
tive vaccine against challenge with patho-
genic uncloned SIVmac later in life (3).
Finally, our studies indicate that the neo-
natal immune system was not overwhelmed
by attenuated SIV isolates or by a patho-
genic SIV clone (2, 3).

Caution must be used when assigning
the underlying cause of death in SIV-
infected macaques to immunodeficiency.
For the one SIVA3-inoculated macaque
that died in their study, the classical hall-
marks of simian AIDS (such as the pres-
ence of opportunistic infections, enceph-
alopathy, and so on) apparently were not
demonstrated by Baba et al. Instead, this
animal had severe anemia and thrombocy-
topenia, reportedly a result of peripheral
autoimmune destruction of red blood cells
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splenocytes by culture with MulL-12 (10 U/ml Hoff-
mann-La Roche, Nutley, NJ) and MulL-4 mAb
(11B11) (10 pg/ml, DNAX, Palo Alto, CA), or MulL-4
(200 U/ml, Genzyme, Cambridge, MA) and MulL-12
mAb (8 pg/ml) (TOSH), respectively. Seven days
after primary stimulation, cells were restimulated with
antigenic peptide in the absence of exogenous cy-
tokine reagents and incubated for an additional 7
days.

14. A. C. Greenlund et al., EMBO J. 13, 1591 (1994).

15. We thank E. Unanue and P. Allen for helpful discus-
sions. MulL-12 mAb was a gift from C. Tripp and E.
Unanue. MulFN-a was a gift from S. Narula. Support-
ed by grants from NIH and Genentech, Inc.
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and platelets. It is not clear whether this
diagnosis of hemolytic anemia was mainly
based on a positive direct Coombs test.
Many healthy macaques will react positively
if human Coombs test reagents are used (6).
Clinical hemolytic anemia must be con-
firmed by additional evidence, such as he-
moglobinuria, poikilocytosis, the presence of
spherocytes, hemolytic or icteric plasma, and
increased serum bilirubin and lactate dehy-
drogenase. The erythroid hyperplasia of the
bone marrow, reported by Baba et dl., is a
finding that we do not see in anemic SIV-
infected animals; rather, their bone marrow
aspirates reveal a myeloid hyperplasia with
the erythroid series being normal or only
slightly increased (7). Findings in addition
to an abundance of megakaryocytes in the
bone marrow are needed to support the
hypothesis of peripheral platelet destruc-
tion. SIV-infected animals often have a
megakaryocyte hyperplasia of the bone mar-
row, but these megakaryocytes have in-
creased cytoplasmic vacuolization, which
suggests that the thrombocytopenia is a re-
sult of decreased platelet production rather
than peripheral platelet destruction (6).

Extra care needs to be taken to exclude
all other pathogens that can adversely affect
the immune system and the health of ma-
caques. Although the animals in the study
by Baba et al. were polymerase chain reac-
tion—negative (by an assay able to detect
approximately one infected cell in 8000
PBMC) and seronegative for simian type D
retroviruses, virus isolation is more reliable
for diagnosis of this viral infection, but was
not reported by Baba et al.

Until a more thorough analysis is com-
pleted and results of Baba et al. are con-
firmed, it would be premature to dismiss the
potential of SIV nef-deletion mutants as
live-attenuated vaccines.
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