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IFN-y haslong been recognized as a signature proinflammatory cytokine that
plays a central role in inflammation and autoimmune disease. There is now
emerging evidence indicating that IFN-y possesses unexpected properties as
a master regulator of immune responses and inflammation. In this issue of
the JCI, Guillonneau et al. show that indefinite allograft survival induced by
CD40Ig treatment is mediated by CD8*CD45RC!*" T cells through the pro-
duction of IFN-y (see the related article beginning on page 1096), supporting
the emerging view that IFN-y is critical in the self-regulation of inflamma-
tion. These contradictory roles of IFN-y, perhaps best understood by the
principle of yin and yang, represent one of nature’s paradoxes, whereby the
same cytokine functions as an inducer as well as a regulator for inflamma-
tion. Understanding this complex process of IFN-y signaling is essential, as

it has therapeutic implications.

Zhuangzi (1020-1078 AD), a Chinese phi-
losopher of Taoism, said, “Material force
moves and flows in all directions and in all
manners. Its two elements (yin and yang)
interact and unite to establish he (harmo-
ny), so it gives rise to the concrete. Thus the
multiplicity of things is produced. In their
ceaseless successions the two elements of
yin and yang constitute the great principles
of the universe” (1).

T cell responses to antigens are designat-
ed Th1 responses (e.g., production of IFN-y,
IL-2,1L-12) or Th2 responses (e.g., produc-
tion of IL-4, IL-5, IL-13) based upon the
production of cytokines (2). A newly identi-
fied subset of T cells, Th17 cells, has recent-
ly been added to this classification of T cells
critical to inflammation (3-5). According to
this rather simplistic classification, many
autoimmune inflammatory conditions,
such as MS, RA, and their respective animal
models — EAE and collagen-induced arthri-
tis (CIA) — can be considered predominant-
ly of the Th1 type. These Th1 autoimmune
pathologies are characteristically associ-
ated with the overproduction of IFN-y

Nonstandard abbreviations used: CD40L, CD40
ligand; CIA, collagen-induced arthritis; GA, glatiramer
acetate; IDO, indoleamine 2,3-dioxygenase; PD-1, pro-
grammed cell death 1; PD-L1, programmed cell death
1 ligand 1.
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by autoreactive or other inflammatory T
cells activated either systemically or at the
site of inflammation.

Paradoxical roles of IFN-y in relation
to its known proinflammatory
properties

Once inflammation is initiated, IFN-y is
produced and subsequently acts through
various molecules and pathways of the
immune system to intensify the inflam-
matory process. There is an overwhelming
body of literature extensively document-
ing the proinflammatory nature of IFN-y,
which has led to the mainstream opinion
that IFN-y is a prime proinflammatory
cytokine in inflammation and autoimmune
disease. However, emerging evidence from
animal models of autoimmune disease (e.g.,
EAE and CIA) as well as analysis of human
autoimmune disease is beginning to indi-
cate that our current thinking regarding
the role of IFN-y as an exclusively proin-
flammatory cytokine does not accurately
reflect the complex properties of IFN-y.
Early indications of the paradoxical roles of
IFN-y come from models of autoimmune
disease as demonstrated either by adminis-
tration or blocking of IFN-y in these mod-
els or by attempts to induce autoimmune
inflammation in IFNG-knockout mice (6).
For example, there was increased suscepti-
bility and severity of EAE and CIA in sus-
ceptible mouse strains genetically deficient
in IFN-y or the IFN-y receptor (7-9). Fur-
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thermore, knockout of the gene encoding
IFN-y renders mouse strains genetically less
susceptible to exhibit full-blown disease
and is accompanied by markedly increased
T cell responses and high titers of specific
antibodies (10). However, these important
contradictions were never satisfactorily
explained and were often considered excep-
tions to the role of IFN-y as a Th1 cytokine.

Regulatory roles for IFN-y

These important issues are addressed
in the report by Guillonneau et al. in
this issue of the JCI, which shows that
indefinite allograft survival in rats can be
achieved by therapeutic intervention with
CD40Ig, which interrupts the interaction
of CD40 and CD40 ligand (CD40L) (11).
The authors demonstrate that this regula-
tory effect is mediated by CD8*CD45RClov
T cells induced by the treatment. More
importantly, the resulting CD8*CD4SRClv
T cells act through the production of IFN-y
to induce indoleamine 2,3-dioxygenase
(IDO) expression in graft endothelial cells,
which accounts for the graft acceptance.
The data support the conclusion that IFN-y
produced locally by CD8*CD45RC!v T cells
is directly responsible for the immune regu-
lation and the treatment effect of CD40Ig
through the suppressive mechanism
involving IDO. The study adds to growing
evidence of the regulatory role of IFN-y in
immune response and inflammation. The
regulatory mechanism of IFN-y seems to
involve its interaction with the immune
system at multiple levels or checkpoints. At
the level of immune regulation, in a recent
study to delineate the mechanism of the
increased susceptibility of IFN-y-knock-
out mice to EAE, the authors unexpectedly
discovered that IFN-y was required for the
expression of Foxp3 and the peripheral con-
version of CD4* Tregs in the course of EAE
(12). This process was markedly impaired
in IFN-y-deficient mice. At the level of
T cell activation, IFN-y appears to induce
overexpression of negative costimulatory
molecules in synovial inflammatory T cells
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The paradoxical roles and interplay of IFN-y in inflammation and autoimmune disease. These
roles are best illustrated in the familiar diagram of yin and yang, the “Great Ultimate” [T’ai-chi]
diagram. When an inflammatory process (yang) is initiated, IFN-y is produced to promote
inflammation through multiple genes of the immune system (some are indicated). As IFN-y
reaches its peak level (the “hot” point), inflammation intensifies (enlargement of yang area)
and compresses its opposite. The dominant signal of IFN-y then flows into the opposite area
(yin) and activates a regulatory process through various genes and pathways to reach the
“cool” point, resulting in shift of the dividing line toward the reduction of inflammation (enlarge-
ment of yin area, mutually compressing its opposite). CIITA, MHC class |lI-specific transac-
tivator; IL-18BP, IL-18 binding protein; NKG2DL, NK group 2D ligand; TRAIL, TNF-related

apoptosis—inducing ligand.

and macrophages in RA (13). The negative,
but not the positive, costimulatory mole-
cules (i.e., programmed cell death 1 [PD-1]
and PD-1 ligand 1 [PD-L1]) were found to
be selectively upregulated through IFN-y
overproduced in the rheumatoid synovium
as a result of local inflammation. Further-
more, similar to the observation described
by Guillonneau and colleagues (11), IFN-y
appears to induce resistance of synovial
inflammatory T cells to IDO-mediated
deprivation of tryptophan in patients with
RA (14). There are still other examples of
the regulatory role of IFN-y in inflamma-
tion, such as the role of IFN-y in antagoniz-
ing the function of IL-17, a critical patho-
genic cytokine in autoimmune conditions
(3,4, 15, 16). Such a regulatory effect would
be considered highly counterintuitive for
IFN-y, a recognized primary proinflamma-
tory cytokine. However, it can be appreci-
ated that at the height of inflammation in
the course of an autoimmune pathology,
the immune system is mobilized to con-
tain excess inflammation through a num-
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ber of regulatory mechanisms. Although
a few other cytokines have similar roles
in inflammation (17), IFN-y appears, by
comparison, to act as a master regulator
upstream of many inflammatory and regu-
latory pathways. This self-regulatory pro-
cess, through the work of IFN-y, is impor-
tant for immune system homeostasis. As
a result, most inflammatory processes are
self limiting and rarely develop into patho-
logical conditions.

Interpretation of the IFN-y paradox
by the principle of yin and yang

As illustrated in Figure 1, the paradoxical
actions of IFN-y appear to follow the prin-
ciple of yin and yang, as do many of nature’s
paradoxes. That is, the roles of IFN-y only
exist in a well-defined, integrated system in
which the two elements of a proinflammato-
ry process (yang) and an antiinflammatory/
regulatory process (yin) interact to achieve
and maintain balance. When inflammation
reaches its culmination, high levels of IFN-y
turn the inflammatory process into an
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opposing one by activating the regulatory
mechanisms that deliver negative feedback.
As a renowned ancient Chinese philosopher
of Confucianism, Shao Yong (1012-1077
AD), stated, “Yang cannot exist by itself; it
can exist only when it is supported by yin.
Hence yin is the foundation of yang. Simi-
larly, yin cannot alone manifest itself; it can
manifest itself only when accompanied by
yang. Hence yang initiates the expression
of yin. Yang controls the origination and
enjoys the completion of a process while
yin follows the effects produced by yang
and completes the work of yang” (18). It
is left to us to comprehend the underlying
process that flips the switch, allowing two
opposite processes to occur during inflam-
mation, and to discover what determining
factors and requirements are involved.

Therapeutic implications based on
the complex roles of IFN-y

A detailed understanding of the para-
doxical roles of IFN-y in inflammation has
significant implications for delineating
the underlying mechanisms and develop-
ing effective treatments for autoimmune
pathologies. Why, in circumstances of auto-
immune pathology, does IFN-y produced
at high levels nevertheless fail to regulate
inflammation? One of the possibilities is
that the regulatory mechanism activated
by IFN-y does not fail but rather is inter-
rupted by factors abnormally produced in
association with the given pathology. There
is experimental evidence supporting such a
possibility. For example, in one of the cases
discussed above, persistent activation of
T cells in rheumatoid synovium coexists
with the overexpression of negative costim-
ulatory molecules (e.g., PD-1). However,
T cell function is interrupted by a soluble
form of the same negative costimulatory
molecule (soluble PD-1) overproduced in
rheumatoid synovium (13). It appears that
overproduction of soluble PD-1 is caused
by an abnormal splicing variant associated
with RA (13). More importantly, how does
our understanding of the paradoxical roles
of IFN-y translate into our therapeutic strat-
egy? In this context, it must be mentioned
that an initial attempt to treat MS with
IFN-y led to early suspension of a clinical
trial, as the treatment resulted in clinical
worsening of the disease (19). This indicates
that the therapeutic application of IFN-y is
a much more complex issue. Administration
of exogenous IFN-y at an artificially deter-
mined dosage and route is unlikely to mimic
the complex in vivo situation required for
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IFN-y to act as a regulator. Therefore, when
compared with its general proinflammatory
properties, a therapeutic window for use of
IFN-y as a regulatory cytokine, if it exists, is
likely to be extremely narrow and clinically
unpredictable. It is of interest to note that
some of the currently approved immuno-
modulatory drugs for autoimmune disease
may work partially through IFN-y induction.
One example is glatiramer acetate (GA), a
treatment option for MS. GA is a mixture of
random polymers composed of four amino
acids frequently appearing in myelin basic
protein, a putative autoantigen for MS. It
stimulates T cells to produce both Th1 and
Th2 cytokines, including IFN-y. One of the
possible regulatory mechanisms of GA may
involve its ability to induce adaptive Tregs
by inducing Foxp3 expression through
IFN-y production (20). By the same token,
care must be taken in design of anti-IFN-y
therapy for the treatment of autoimmune dis-
ease, as such therapy may considerably inter-
fere with the regulatory activity of endog-
enously produced IFN-y. Much has yet to be
learned about the molecular mechanism(s)
required for IFN-y to switch its roles at dif-
ferent stages of inflammation.
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The renin-angiotensin system: it’s all in your head
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Components of the renin-angiotensin system (RAS) are expressed in a num-
ber of areas in the brain involved in cardiovascular control. However, it has
been difficult to link RAS actions in circumscribed brain regions to specific
physiological functions. In a study appearing in this issue of the JCI, Sakai
and associates use a combination of sophisticated transgenic techniques
and stereotaxic microinjection of recombinant viral vectors to demonstrate
a pivotal role in the regulation of thirst and salt appetite of angiotensin II
generated in the subfornical organ in the brain (see the related article begin-

ning on page 1088).

Nonstandard abbreviations used: AT}, Ang II recep-
tor, type 1; RAS, renin-angiotensin system; SFO, sub-
fornical organ; SR mice, mice expressing human renin
under the control of the neuron-specific synapsin I
promoter; SRA mice, double-transgenic mice express-
ing human renin from a neuron-specific promoter and
human angiotensinogen from its own promoter.
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The renin-angiotensin system (RAS) is a
key regulator of blood pressure and fluid
homeostasis (1). The main effector mol-
ecule of the RAS, angiotensin II, is pro-
duced from the substrate angiotensinogen
through sequential enzymatic cleavages by
renin and angiotensin converting enzyme.
In the classic view of the RAS (Figure 1A),
derived from analysis of its components
in the circulation, the liver is the primary
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source of angiotensinogen. In the circu-
lating system, the amount of renin in the
plasma is a key rate-limiting step deter-
mining the overall RAS activity. The kid-
ney is the major source of circulating renin
where its secretion is triggered by reduced
pressures in the afferent arteriole, reduced
sodium delivery to the macula densa,
and activation of B-sympathetic neurons.
Thus, the activity of the circulating RAS
is precisely calibrated by signals from the
kidney linked to blood pressure and intake
of salt and water. Angiotensin II generated
within the circulation is then transported
throughout the body, triggering a range of
physiological responses.

It has become clear that this simplified
view of the RAS (Figure 1A) cannot fully
explain the physiological complexity of the
system in health and disease. For example,
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