
leaf area. Forests have potentially faster 
growing species and leaf areas that are sev- 
eral times greater, but ANPP responses are 
abiotically constrained because such biomes 
typically do not experience much precipita- 
tion variability. Or, if variability is substan- 
tial, a water surplus [estimated as the ratio of 
annual precipitation to potential evapotrans- 
piration (PPTPET)] typically exists (Fig. 4). 
Thus, most forests have sufficient moisture to 
meet evapotranspirational demands even dur- 
ing years with below-average precipitation; 
and during wet years, other resources such as 
light or nutrients limit production responses 
in forests. It is in herbaceous-dominated eco- 
systems, such as grasslands and old fields of 
the central United States, that the production 
potential of the vegetation is high, the PPTI 
PET ratio is near or below one, and substan- 
tial precipitation variability occurs (Fig. 4). 
These biomes display the greatest interannual 
variability in ANPP under current precipita- 
tion patterns (Fig. 1) and may be the most 
responsive to future climatic changes. 

Our results have two implications. First, 
assessing temporal variability in primary pro- 
duction is important for quantifying energetic 
constraints on organisms, population dynam- 
ics, and community structure across a range 
of terrestrial biomes (21). Second, the inher- 
ently high climatic variability of the central 
United States has been described as detrimen- 
tal for detecting climate change in this region 
(22). Certainly, there is evidence that long- 
term climate changes have caused dramatic 
shifts in species distributions and biome 
boundaries across North America (23). How-
ever, initial biotic responses to global chang- 
es will not be manifest as biome shifts but 
rather as more subtle changes in ecosystem 
states and processes. Our results provide a 
basis for predicting which biomes will re-
spond most rapidly and strongly to global 
change phenomena, particularly to alterations 
in precipitation. If the sensitivity of ANPP in 
grasslands to precipitation variability por- 
tends responses to alterations in other re-
sources, then these biomes may be especially 
valuable as ecological bellwethers of global 
change. 
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Anti-inflammatory Activity of 
lVlG Mediated Through the 

Inhibitory Fc Receptor 
Astrid Samuelsson, Terri 1. Towers, Jeffrey V. Ravetch* 

The molecular basis for the anti-inflammatory property of intravenous gamma 
globulin (IVIC) was investigated in a murine model of immune thrombocyto- 
penia. Administration of clinically protective doses of intact antibody or mon- 
bmeric Fc fragments to  wild-type or Fcy receptor-humanized mice prevented 
platelet consumption triggered by a pathogenic autoantibody. The inhibitory 
Fc receptor, FcyRIIB, was required for protection, because disruption either by 
genetic deletion or with a blocking monoclonal antibody reversed the thera- 
peutic effect of IVIG. Protection was associated with the ability of lVlG ad- 
ministration t o  induce surface expression of FcyRllB on splenic macrophages. 
Modulation of inhibitory signaling is thus a potent therapeutic strategy for 
attenuating autoantibody-triggered inflammatory diseases. 

Although first introduced for the treatment of 
hypogammaglobulinemia, M G  has since been 
shown to have broad therapeutic applications in 
the treatment of infectious and inflammatory 
diseases (I). The polyclonal specificities found 
in these preparations have been demonstrated to 
be responsible for some of the biological effects 
of M G .  For example, M G  has been used as 
prophylaxis against infectious agents and in the 
treatment of necrotizing dermatitis (2). Inde- 
pendent of these antigen-specific effects, M G  
has well-recognized anti-inflammatory activi- 
ties, generally attributed to the immunoglobulin 
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The Rockefeller University, 1230 York Avenue, New 
York, NY 10021, USA. 
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G (IgG) Fc domains. These activities, first ap- 
plied for the treatment of immune thrombocy- 
topenia (ITP) (3, 4), have been extended to the 
treatment of a variety of immune mediated 
inflammatory disorders including autoimmune 
cytopenias, Guillain-BarrC syndrome, myasthe- 
nia gravis, anti-Factor VIII autoimmune dis- 
ease, dermatomyositis, vasculitis, and uveitis 
(5-10). A variety of explanations have been put 
forward to account for these activities, includ- 
ing Fc receptor blockade, attenuation of com- 
plement-mediated tissue damage, neutralization 
of autoantibodies by antibodies to idiotype, 
neutralization of superantigens, modulation of 
cytokine production, and down-regulation of B 
cell responses (11-14). However, the impor- 
tance of any of these mechanisms to the in vivo 
activity of M G  has not been established. 

To investigate the mechanism by which 
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IVIG mediated its anti-inflammatory effects, 
we used a murine model of ITP. As described 
previously, the murine IgG2a anti-platelet 
monoclonal antibody (mAb) 6A6 triggers a 
rapid consumption of platelets when inject- 
ed intravenously into wild-type mice (15, 
16), mimicking the effect of a pathogenic 
autoantibody. As in human ITP, IVIG, ad- 
ministered at 1.0 glkg, was protective (Fig. 
1A). This protective effect was dose-depen- 
dent, with 50% protection observed at 0.5 
gkg, decreasing to a negligible effect at 0.1 
g k g  (17). Administration of equimolar 

wild-type mice, RIIB-deficient mice were 
defective in their protective responses 
through IVIG administration (Fig. 2A). 

toantibody, indicating that the effector cells 
mediating ITP are not substantially modu- 
lated by RIIB. However, in contrast to 

concentrations of Fab or Fc fragments, fol- 
lowed by 6A6, revealed that only the Fc 
fragment conferred the protective effect of 
IVIG (Fig. 1B). The pathogenic effect of 

0- 
0 4 8 12 16 20 24 

Time (hours ) 6A6 was dependent on the presence of the 
low-affinity activating IgG Fc receptor, 
FcyRIII. In its absence (Fig. lC), mice 
were also protected from the ITP induced 
by 6A6. In contrast, deleting the high-af- 
finity activating FcyR, FcyRI, was not pro- 
tective (1 7). To further define the mecha- 
nisms of IVIG protection, we developed a 
transgenic model in which the endogenous 
murine FcyRIII gene was replaced by a 
human transgene encoding the FcyIIIA 
protein, expressed on natural killer (NK) 
cells, macrophages, and mast cells (18). 
These FcyR-humanized mice were fully 
susceptible to the pathogenic effect of this 
murine IgG2a antibody (Fig. ID), despite 
the lack of FcvRIII ex~ression on neutro- 

Time (hours) 

0 4 8 12 16 20 24 

Time (hours) 
phils. Thus, the'requirekent for neutrophils 
in the pathogenicity of this form of ITP was Fig. 1. (A) lVlG protects against experimental immune thrombocytopenia. Wild-type BALBIc mice 

were injected with lVlC (1.0 g/kg) before administration of anti-platelet mAb 6A6 (75, 76). Mean 
platelet counts from untreated (blue circles) and IVIC-treated (red circles) mice are presented. (B) 
The Fc portion of lVlG protects against ITP. Equimolar concentrations of lVlG (open triangles), Fab 
(yellow triangles), or Fc fragments (red triangles) were administered 1 hour before 6A6 and 
compared with 6A6 alone (black triangles). (C) ITP is mediated by activation Fc receptors. ITP was 
induced in wild-type (wt; blue circles) and FcR y-chain-deficient mice (green circles). (D) ITP in 
hRIIIAT~IRIII-'- mice. Nadir platelet counts after 6A6 injection are depicted after administration of 
mAb 3G8 or lVlG (26-28). 

minimal. In contrast, splenectomy was par- 
tially protective (1 7), implicating splenic 
effector cells, such as macrophages, in the 
FcR-dependent pathogenicity of ITP. Pro- 
tection in these FcR-humanized mice was 
observed either upon IVIG administration 
or by blocking the human IIIA with the 
monoclonal antibody to human FcyRIII, 
3G8 (Fig. ID). However as defined below, 
the mechanisms underlying these two treat- 
ments are distinct. RllB block 

Previous studies have demonstrated that 
the responses triggered by FcRyIII are 

- RII-I- 6A6 
-wt NlOcBA6 

counterbalanced by the inhibitory receptor 
FcyRIIB, under conditions when the effec- 
tor cell coexpresses both molecules. This 
coupling has been seen in murine models of 
glomerulonephritis (19), in syngenic and 
xenograft tumor protection studies with anti- 
tumor antibodies, and in immune complex- 
triggered inflammatory responses in the 
skin and lung (20-22). However, in those 
models, deletion of RIIB enhanced sensi- 
tivity to cytotoxic IgGs and immune com- 
plexes. In the model of ITI! described here, 
RIIB-deficient mice were as sensitive to the 
pathogenic effects of 6A6 as their wild- 
type counterparts (Fig. 2). This was the 

I -Q- RII-I- NIG+6A6 

0 4 8 12 16 20 24 0 4 8 12 16 20 24 

Tlme (hours) Tlme (hours) 

Fig. 2. The protective effect of lVlG is mediated through the inhibitory receptor RIIB. (A) Mean 
platelet counts after 6A6 injection into RIIB-'- mice are shown for IVIG-treated (1.0 g/kg; yellow 
circles) and untreated (blue circles) groups (29). Red circles indicate lVlG + 6A6 in wild-type 
controls. The panel is representative of four different experiments. (B) RllB blocking was performed 
in wild-type mice with anti-Lyl7.2 (30). Mean platelet counts are presented for mice pretreated 
with lVlG (1.0 @kg; red circles) or lVlG + anti-Lyl7.2 mAb (6 p.g/g; yellow circles) before 6A6 
injection. case even at limiting concentrations of au- 
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Fig. 3. (A) In vivo induction of A 
spleen RIIB+ cells by IVlG. Wild- 
type mice were injected with 
lVlG (1.0 &g). After 4 hours, 10 - 
splenocytes were analyzed by 
FACS for mac-I and RllB expres- 9 - 

sion. (B) Representative FACS 8 - 

dot plots on mac-1- and Ly17.2- g 
stained B22O-negative spleno- 

- 
?$ 

cytes from one control and one 2 6 - 
IVIG-treated mouse. 'F 

3 5 -  
+ r 
d 4 -  

i! 3 -  

2 - 

1 - p=0.0001 ti' , 

0 ,  

control lVlG Ly17.2 (FcyRIIB) 

Similarly, blocking RIIB with a specific 
mAb (anti-Ly17.2) in wild-type mice treat- 
ed with IVIG negated its protective effect 
(Fig. 2B). These data demonstrated a clear 
requirement for FcyRIIB in the mechanism 
of IVIG protection, suggesting that IVIG 
might modulate RIIB expression or func- 
tion, in a manner that counteracts the acti- 
vation responses triggered by FcRIII en- 
gagement. Staining of splenic macrophages 
before and after treatment with IVIG re- 
vealed a 60% increase in expressing high 
levels of FcyRIIB after IVIG treatment 
(Fig. 3), supporting a model in which en- 
hanced surface expression of NIB is re- 
sponsible for mediating the protective ef- 
fect of IVIG. Because FcyRIIB mediates its 
inhibitory effect by the recruitment of the 
SH2-containing inositol phosphatase SHIP, 
an intracellular signaling molecule with 
pleiotropic effects on phosphatidylinositol 
(3,4,5)triphosphate (PIP3)-dependent sig- 

Fig. 4. Effects of lVlG on 6A6-induced throm- 
bocytopenia in wild-type, FcyRI-, C3-, comple- 
ment receptor 112 (CRI/II)-, and RIIB-deficient 
mice. The panel shows mean nadir platelet 
counts reached after injection with lVlG (1.0 
g/kg) followed by mAb 6A6 (0.3 ~ g l g ;  red) or 
6A6 alone (blue). 

naling cascades (23, 24), modulating RIIB 
expression could result in greatly amplified 
inhibitory effects. However, additional ef- 
fects of IVIG on SHIP-dependent signaling 
cannot be excluded. 

Protection is seen with the Fc fragment 
of IVIG alone (Fig. lB), and we therefore 
investigated whether the inductive response 
was dependent on the high-affinity Fc re- 
ceptor, FcRI, which is capable of binding 
this molecule. FcyRI-deficient mice were 
susceptible to the pathogenic effects of 6A6 
and were fully protected by IVIG adminis- 
tration (Fig. 4). Similar results were ob- 
served with complement-deficient mice 
(Fig. 4), indicating that the mechanism by 
which Fc fragments of IVIG induce protec- 
tion through NIB does not require these 
classical antibody-binding components. 
These data support the conclusion that 
IVIG mediates its protective effect by its 
ability to induce the expression of the in- 
hibitory FcyRIIB receptor on effector cells 
that would otherwise trigger clearance of 
the opsonized platelets. A pronounced ef- 
fect of even a modest induction of RIIB can 
be predicted in cells where activation 
through FcyRIII is not previously balanced 
by an inhibitory receptor. ITP can also be 
treated by blocking the activation receptor, 
FcRIII, as shown in Fig. ID. This blocking 
effect on activation receptors may explain 
the therapeutic effect of anti-D in the treat- 
ment of ITP (25), where complexes of anti- 
D-opsonized red blood cells are likely to 
compete for FcRIII occupancy with com- 
plexes of autoantibody-opsonized platelets. 

The present report demonstrates that 
manipulation of the inhibitory FcR pathway 
is a practical therapeutic means for con- 
trolling autoantibody-mediated inflamma- 
tion. IVIG is thus a demonstrated therapeu- 
tic whose mechanism of action is targeted 
to this inhibitory pathway. The emer- 
gence of additional molecules of this class 

can be anticipated on the basis of the in- 
sights provided by this mechanism of IVIG 
action. 
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