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Immune-Mediated Hemolytic Anemia

Wendell F. Rosse, Peter Hillmen, and Alan D. Schreiber

Hemolytic anemia due to immune function is one
of the major causes of acquired hemolytic
anemia. In recent years, as more is known about
the immune system, these entities have become
better understood and their treatment improved.
In this section, we will discuss three areas in
which this progress has been apparent.

In Section |, Dr. Peter Hillmen outlines the
recent findings in the pathogenesis of paroxys-
mal nocturnal hemoglobinuria (PNH), relating the
biochemical defect (the lack of glycosyl-
phosphatidylinositol [GPI]-linked proteins on the
cell surface) to the clinical manifestations,
particularly hemolysis (and its effects) and
thrombosis. He discusses the pathogenesis of
the disorder in the face of marrow dysfunction
insofar as it is known. His major emphasis is on
innovative therapies that are designed to de-
crease the effectiveness of complement activa-
tion, since the lack of cellular modulation of this
system is the primary cause of the pathology of
the disease. He recounts his considerable
experience with a humanized monoclonal
antibody against C5, which has a remarkable
effect in controlling the manifestations of the
disease. Other means of controlling the action of
complement include replacing the missing
modulatory proteins on the cell surface; these
studies are not as developed as the former agent.

In Section II, Dr. Alan Schreiber describes the
biochemistry, genetics, and function of the Fc Yy
receptors and their role in the pathobiology of
autoimmune hemolytic anemia and idiopathic

thrombocytopenic purpura due to IgG antibod-
ies. He outlines the complex varieties of these
molecules, showing how they vary in genetic
origin and in function. These variations can be
related to three-dimensional topography, which
is known in some detail. Liganding 1gG results in
the transduction of a signal through the tyrosine-
based activation motif and Syk signaling. The
role of these receptors in the pathogenesis of
hematological diseases due to IgG antibodies is
outlined and the potential of therapy of these
diseases by regulation of these receptors is
discussed.

In Section IIl, Dr. Wendell Rosse discusses
the forms of autoimmune hemolytic anemia
characterized by antibodies that react preferen-
tially in the cold—cold agglutinin disease and
paroxysmal cold hemoglobinuria (PCH). The
former is due to IgM antibodies with a common
but particular structure that reacts primarily with
carbohydrate or carbohydrate-containing anti-
gens, an interaction that is diminished at body
temperature. PCH is a less common but probably
underdiagnosed illness due to an IgG antibody
reacting with a carbohydrate antigen; improved
techniques for the diagnosis of PCH are de-
scribed. Therapy for the two disorders differs
somewhat because of the differences in isotype
of the antibody. Since the hemolysis in both is
primarily due to complement activation, the
potential role of its control, as by the monoclonal
antibody described by Dr. Hillmen, is discussed.
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I. PAROXYSMAL NOCTURNAL HEMOGLOBINURIA : an association with aplastic anemia. Recent therapeutic
CurrReNT UNDERSTANDING OF THE BioLogcy oF PNH  developments promise to radically alter the natural his-
tory of hemolytic PNH.

PNH is unique because it is an acquired hemolytic
anemia due to an intrinsic red cell defect. In 1970 Oni
Paroxysmal nocturnal hemoglobinuria (PNH3 char- et al first demonstrated that PNH red cells are mono-
acterized by chronic intravascular hemolysis that @onal and that the remaining normal red cells are
punctuated by episodes, or paroxysms, during which
there is a marked increase in the intensity of hemolysis
with macroscopic hemoglobinuria. The other elementq eeds General Infirmary, Great George Street, Leeds
of the clinical triad of PNH are venous thrombosis ands1 3EX, UK

Peter Hillmen, PhD*
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polyclonal. It was clear by the 1980s that the PNH celtsf the membrane attack complex (MAC). In 1990 an
were deficient in a large number of cell surface antindividual with inherited isolated deficiency of CD59
gens but it was unclear how a single mutation couldas described with many features similar to classic PNH,
lead to the deficiency of such a variety of antigens nsuch as intravascular hemolysis with hemoglobinuria
how this resulted in the hemolysis characteristic of PNHnd thrombosis of the cerebral veinkhus CD59 defi-
ciency is the abnormality that is responsible for the
Glycosylphosphatidylinositol-Linked hemolysis and thrombosis classic of PNH.
Antigens and PNH
In the 1980s it became clear that a variety of antigeienous thrombosis in PNH
were attached to the cell membrane by a glycolipid stru€he most feared complication of PNH is venous throm-
ture. This structure is highly preserved throughout evdrosis, which has a predilection for the intra-abdominal
lution with the same basic “backbone” consisting of and cerebral veins. In two historical series of patients,
phosphatidylinositol, a single glucosamine, three mamapproximately 50% experienced venous thrombosis at
noses and an ethanolamine—a glycosylphosphatidgeme time during their disease and a third of patients
inositol (GPI) structure. The antigens missing from PNidied as a result of thrombosisThe risk of thrombosis
cells are all GPIl-anchored to the cell membrane arsigreater in patients from Europe and the United States
thus a single mutation disrupting GPI biosynthesis woulthan in patients from the Far E&g.possible explana-
result in the PNH phenotype. The biosynthetic defetibn is that aplastic anemia (AA) is more prevalent in
in PNH always affects the transfer of glucosamine froithhe Far East and therefore patients are more likely to
UDP-N-acetyl glucosamine onto phosphatidyl inositolhave PNH/AA rather than hemolytic disease. Alterna-
Kinoshita and his group first cloned tipgg-a gene, tively patients from different ethnic groups may have
which was subsequently found to be mutated in all caséi$ferent additional inherited prothrombotic traits—

of PNH reported to dafe. however, no correlation between the inherited throm-
bophilia and thrombosis in PNH has been demon-
Intravascular Hemolysis in PNH strated® The cause of the thrombotic tendency in PNH

The work of both Ham and Dacie in the 1930s firsis not entirely clear. The overwhelming evidence im-
revealed that the hemolysis in PNH was due to the gdlicates the GPI-deficient platelets, which are more eas-
fect of a serum factor on abnormal PNH red cells. Ros#g activated by complement than normal platelets. Thus
proceeded to show that this factor was complement tHiNH platelets, which comprise the vast majority of plate-
when activated led to the intravascular hemolysis d¢éts in almost all hemolytic patients, similar to the pro-
PNH red cells. The characteristic symptoms of PNH—portion of PNH neutrophils, undergo microvesiculation
abdominal pain, dysphagia, erectile failure and sevea¢ far lower concentrations of activated complement
lethargy—can be attributed to the intense intravasculleading to greater prothrombinase activity and to throm-
hemolysis and the resulting free plasma hemoglobibus formatiort! Alternative mechanisms have been sug-
This appears to be due to the absorption of nitric oxidgested, such as deficiency of urokinase plasminogen
by free hemoglobin and since nitric oxide is critical fomctivator receptor from PNH neutrophils or directly due
smooth muscle function this results in the symptonts intravascular hemolysis, but the platelet abnormali-
described (see below). ties appear to be the most important fattér.

The functions of the GPI-linked antigens are ex-
tremely varied. At least two are important in the corNitric Oxide and the Symptoms of PNH
trol of complement. Decay accelerating factor (DAF olt is likely that the symptoms of PNH during a parox-
CD55) controls the early part of the complement cagsm, such as esophageal spasm and abdominal pain, are
cade by regulating the activity of the C3 and CBaused by smooth muscle dysfunction due to distur-
convertases. Thus CD55 deficiency initially appeardoinces in the metabolism of nitric oxide (NO). These
to explain the sensitivity of PNH red cells to complesymptoms are identical to those observed when free
ment. However, the observation that individuals witthemoglobin was given to normal individuals during the
inherited CD55 deficiency (Inab- phenotype) did nogarly attempts to produce artificial blood and can be
suffer from hemolysis proved that deficiency of CD55%nduced by the inhibition of NO synthetase in normal
does not cause the hemolysis in PNH. Membrane imdividuals. Haptoglobin efficiently removes free he-
hibitor of reactive lysis (MIRL or CD59) was identi- moglobin and is necessary because the function of he-
fied in 1989 and is also GPI-linked. CD59 inhibits termoglobin depends upon its correct compartmentaliza-
minal complement by preventing the incorporation dion in red cells. Free hemoglobin, as is seen in hemolytic
C9 onto C5b-8 and therefore preventing the formatidPNH, is an extremely efficient scavenger of NO with
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10° times greater affinity of the heme moiety for NOA
than that for oxygen. Thus intravascular hemolysis ab-
sorbs NO, disturbs smooth muscle function and causes
the symptoms seen during a paroxysm.
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Conventional Therapeutic Strategies in PNH

The principal conventional therapy for PNH is supportive
care with transfusions as required and the treatment of
complications, such as thrombosis, when they occur.
The only curative strategy is allogeneic stem cell trans- > -
plantation but this carries a considerable risk of mortal- CDSS‘,“FITC
ity from the reported seri€sand, in view of the fact

that a proportion of patients will eventually experience
a spontaneous remission of PNH (occurs in approxs 1 1.7%
mately 15% of hemolytic patientsand with the ad- ]
vent of potentially effective novel therapies, this should 23
only be considered in selected cases, such as those with :
a syngeneic donor or with associated bone marrow fail-
ure. In these patients the indications for transplantation
are similar to those for AA. Patients with cytopenias
due to associated AA will often respond to immuno-
suppressive therapy with antilymphocyte globulin and/
or cyclosporine. The occurrence of venous thrombosis
affecting a major vessel is a life-threatening occurrence
and the advent of reduced-intensity conditioning allo-
geneic stem cell transplantation, which carries a lowey i 50.96% 49.04%
risk than conventional bone marrow transplantation ] ;
(BMT), has led to this approach being used in some
patients with life-threatening thromboses.
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Diagnosis of PNH

Flow cytometry v

The gold standard diagnostic test for PNH is the analy-

sis of GPI-linked molecules on the surface of hemato-

poietic cells by flow cytometry (seeigure 1).* An

unusual feature of flow cytometry for PNH diagnosis

is that a positive test is defined by an absence of anti-

gens rather than the aberrant expression of antigensFas L i |
. . . . Figure 1. Flow cytometry to diagnose paroxysma

Seen_m most other flow cyFometrlc ap,phcatlons' HOWnocturnaI hemoglobinuria (PNH) and to quantitate the

ever in almost all PNH patients there is at least a smalbne.

residuum of normal cells, which acts as an internal COR: pemonstrates a population comprising 28% of the red cells

trol to demonstrate that the staining and gating strategyat are completely deficient in CD59 (and other

are correct. The minimum requirement to diagnose PNycosylphosphatidylinositol (GPI)-linked antigens) and a

. . . second abnormal population of partially deficient red cells

is the_: de_monstranon thgt a propoon_n of red cells aigmprising 3.5% of the total.

deficientin a_t least two (_jlfferent C:]F?l—llthd mOIeCUIe'SB. Demonstrates the lack of more than one GPI-linked antigen

The proportion of GPI-linked deficient granulocytes iSCD16 and CD24) from the same patient's granulocytes.

not affected by either hemolysis or transfusions and. bemonstrates that the proportion of PNH monocytes

therefore gives the best estimate of the actual propmsually closely corresponds to the granulocyte analysis.

. P . - .~ (Courtesy of Dr. S.J. Richards)

tion of PNH hematopoiesis. In addition to establishin

the diagnosis of PNH, flow cytometry also provides

information regarding the severity of deficiency of the

antigens from PNH red cells. PNH Type lll red cells
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are completely deficient in GPI-linked molecules andectly or indirectly through one or more GPI-linked
are 15 to 25 times more sensitive to activated complantigens, and therefore this attack spares the GPI-defi-
ment (compared to normal) whereas PNH Type |l redlent PNH clone. Thus, in an environment where there
cells have a partial deficiency (PNH Type Il cells) ands intense pressure for hematopoiesis (aplastic anemia),
are only 3 to 5 times as sensitive. The size of the PNHe PNH clone is driven to produce mature hematopoi-
clone and type of PNH cells are important determetic cells and expands to fill the void left by the aplastic
nants of the clinical presentation. For example, patientsocess. The exact mechanism for the relative growth
with hemolytic anemia and macroscopic hemoglobiradvantage of PNH cells remains unclear but is the sub-
uria will almost always have over 10% PNH Type llject of considerable scientific activity.

red cells and a majority, often over 95%, of PNH neu-

trophils. The risk of thrombosis is directly related tdNovel Therapeutic Strategies in PNH

the proportion of PNH neutrophils, and this informa-

tion has been used to stratify patients when decidifyevention and treatment of thrombosis

who should receive warfarin as primary prophylaxi3he first thrombosis in a patient with PNH heralds a

against venous thrombosis. significant deterioration in the patient’s health and a
worsening prognosis. Reports of tissue plasminogen
Tests of complement sensitivity activator (tPA) for intra-abdominal venous thrombosis

Other tests, such as the demonstration that PNH redPNH show that the thrombus can be cleared effec-
cells have an increased sensitivity to complement (thigely in a proportion of patient$ The standard of care
Ham test), are less sensitive than flow cytometry. Theaéler established venous thrombosis in PNH is life-long
may be useful screening tests but can no longer be fell anticoagulation. In view of the high risk of throm-
lied on to establish the diagnosis. The diagnosis sholldsis and the fact that patients have decreased quality
always be confirmed by flow cytometry. An alternativenf life following the first thrombosis, selected patients
diagnostic approach is to utilize the toxin Aerolysingould be considered for warfarin as primary prophy-
which is produced by the bactefieromonashydrophila  laxis prior to the thrombosis. Hall et'&lecently re-

and binds to the GPI structufeAerolysin has been ported a retrospective analysis comparing 39 patients at
fluorescently labeled (FLAER), and therefore any nucldigh risk of venous thrombosis treated with warfarin as
ated cell that expresses GPl-anchored antigens is pgmimary prophylaxis to 56 patients with similar sized
tive, whereas the GPI-deficient cells remain negativelones who were not treated with warfarin. The inci-
The FLAER test is currently under investigation as dence of thrombosis at 10 years in the group of patients

diagnostic test for PNH. not on warfarin was 36.5%, which was statistically sig-
nificantly higher than the warfarin group in whom no
PNH Pathophysiology: patients had a thrombosis. However, 2 patients in the

Relative Growth Advantage of the PNH Clone  warfarin group had major hemorrhages, with 1 dying
PNH is a unique disorder in which an abnormal clonas a direct result of an intracranial bleed. Despite this
or small number of clones expand to replace almost theing a retrospective analysis and the fact that the pa-
entire hematopoietic stem cell pool, but these clones tlents were not randomized the results suggest that pri-
not have any “malignant” tendency in that they appeanary prophylaxis may have a roleigures 2and3).
to be regulated in a normal manner with no tendency Thhe data are compelling, particularly in view of the
metastasize beyond the normal hematopoietic compdiet that because the patients in the warfarin group were
ment. Also GPI-deficient cells withig-a mutations selected for anticoagulation they would be expected to
occur very frequently at low levels in normal individu-have at least as high a risk of thrombosis as the non-
als but do not expand in competition with the normadkarfarin group. PNH patients with neutrophil clone sizes
hematopoietic cells. Dacie first proposed that in ordef over 50%, platelet counts above 20QC°/L and no
to develop PNH two things were required: first, th@ther contraindication for warfarin therapy should be
occurrence of a GPI-deficient clone arising in a multieonsidered for primary prophylaxis. There are no stud-
potent hematopoietic stem cell; second, a second evesd of antiplatelet drugs, such as aspirin or clopidogrel,
that encourages the expansion of the PNH clone ovarPNH.
the residual normal hematopoiesis—a relative growth
advantage for the PNH celsThe clue to this second Inhibition of the complement cascade
event is the close relationship between aplastic anen@@amplement is the principal effector of the innate im-
and PNH. It appears that normal hematopoiesis is supune system. Complement activation is a complex cas-
pressed by the immune system, presumably either diade leading to the production of anaphylatoxins,
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Figure 2. Effect of glycosylphosphatidylinositol (GPI)-
deficient granulocyte clone size on incidence of venous
thrombosis (primary prophylaxis patients excluded).

When primary prophylaxis patients are excluded, the 10 year
cumulative incidence rate of thrombosis in patients with PNH
granulocyte clone size of > 50% is 44%, compared with a
thrombosis rate of 5.8% in those with clone size of < 50% (P <
0.01%).
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Figure 3. Effect of warfarin prophylaxis on venous
thrombosis in patients with paroxysmal nocturnal
hemoglobinuria (PNH) granulocyte clone sizes of > 50%
(patients presenting with thrombosis excluded).

The 10-year cumulative incidence rate of venous thrombosis in
patients with PNH granulocyte clones of > 50%, not presenting
with thrombosis and not taking warfarin is 36.5%. In compari-
son, the current thrombosis rate is 0% in patients taking

* P value calculated with use of the log-rank test; Hall et al. primary prophylaxis (P = 0.01%).

Blood. 2003;102:3587-3591. Thirty-two of the 39 patients on primary prophylaxis had

granulocyte clone sizes > 50% and could therefore be included
in this analysis. A further 2 of these patients were excluded

chemotaxins and the membrane attack complex (MACY2use. faving stopped wartarin (one through personal

) . oice and one because of warfarin-associated hemorrhage),
Three pathways activate the cascadefeggre 4):the  hey went on to suffer venous thrombosis.
CIaSSi_Cal (_in_it_iated by a_-ntige_n/antibc’dy compl_ex), aITime 0 was the time of presentation with PNH.
ternative (initiated by microbial membranes or IMMUNE b yaue calculated with use of the log-rank test; Hall et al.
complexes), and lectin pathways. These pathways albod. 2003;102:3587-3591.
converge to cleave C5 into C5a, a potent anaphylatoxin,
and C5b. C5b is the initial molecule of terminal comple-
ment and binds C6, then C7, and then C8. C5b-8 forrpears to be largely redundant in normal adults. Indi-
the scaffold for C9 molecules, which bind to each othefiduals with inherited deficiency of any of the comple-
to form the MAC. The MAC forms a pore in the cellment molecules prior to C5 are vulnerable to both pyo-
membrane, which results in cell lysis. CD59 preventgenic organisms and to autoimmune disorders. In con-
the incorporation of C9 onto C5b-8. A remarkable fearast, deficiency of any of the molecules after C5 re-
ture of the complement cascade is that the MAC amarkably has little phenotype. The only apparent se-

Figure 4. The complement cascade and

= Potent Anaphylatoxin .
C|65:l¢;?| F:_znhway Chonotaxis eculizumab.
ctivation ivati L
Antibody/Antigen Complexes Colt Acsreation The complement cascade culminating in the
T \ production qf the me_mbrane attack complex
Ciq ""“ C5a Membrane that results in the lysis of the cell. The cleavage
- | Attack of C5 is the pl\_/otal_ pomt_ of the pathway._
Lectin C4+C2 Comblox Inherited deficiencies prior to C5 result in
:a;h‘:_ay P recurrent pyogenic infections and autoimmune
v e disorders, whereas deficiencies after C5 have
MBL C5b C5b-9 ; i
) remarkably little effect except for an increased
C6 C7 C8 C9 risk of infection by encapsulated organisms.
€3 —»C3b ¥ The site of blockage of eculizumab is demon-
Cell Activation strated
Factor B+D Lysis ’
Alternative Pathway >
OO i * Target of Anti-C5 mAb
Bacterial LPS Therapeutics
Immune Complexes
M lian Cell M
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quela is an increased risk of infection by encapsulatéioe attack was not too extreme and in both the comple-
organisms, nameliaemophilus influenzae, Neisseria  ment was reblocked immediately after the next dose of
meningitides andN gonorrhoea. In the case ol men-  eculizumab and remained so on a slightly more fre-
ingitides, although the deficient individuals have amuent dosing regimen. Although eculizumab appears to
increased risk of suffering infection they also have almost completely stop the intravascular hemolysis, the
significantly lower mortality from infection when com- patients’ hemoglobin does not return to normal (it usu-
pared to complement-replete individuals. C5 is a goally plateaus between 10 and 12 g/dL), the bilirubin
therapeutic target, because blockade here would not oalyd reticulocytes remain elevated and the haptoglobin
prevent the creation of MAC but would also prevenhitially becomes detectable but reverts to undetectable
the release of the potent anaphylatoxin C5a. Eculizumalithin a few weeks of the start of therapy in almost all
is a humanized chimeric antibody against C5 with patients. Thus a continuing low level of well-compen-
completely nonfunctional Fc domain. Eculizumab hasated extravascular hemolysis persists, suggesting that
a high affinity for C5 and thus when bound remains siie hemolysis in PNH is not only due to terminal comple-
until the complex is removed from the circulation. Rement activity but that there is also a component of ex-
cently a pilot study of eculizumab in 11 patients withravascular hemolysis due to complement activity prior
transfusion-dependent PNH was repoffetihe anti- to C5. Eculizumab appears to be a highly promising
body was given at a dose of 600 mg every week fortherapy for PNH and is now the subject of a Phase Il
weeks and then at a dose of 900 mg every other weekndomized clinical trial.

The drug is given by intravenous infusion over 30 min-

utes and was extremely well tolerated. The parametdreplacement of complement regulatory

of intravascular hemolysis, namely lactate dehydrogeroteins on PNH cells

nase (LDH) and aspartate transaminase (AST), immA&n alternative therapeutic strategy in PNH could be to
diately fell to normal or near normal levels. The meareplace CD59, the deficient complement regulatory pro-
LDH prior to eculizumab was 3111 + 598 IU/L (nor-tein. In the first instance a gene therapétiipproach
mal range 150—480) and this fell by the first week tmight appear attractive. However, introducing pig

594 + 32 IU/L. There was a significant improvemenéa gene into the PNH hematopoietic stem cell is far from
in the quality of life when comparing before the starrivial and would simply render the “corrected” cell as
of eculizumab and at week 12. There was also a signiéi-target for the aplastic process that was the reason for
cant reduction in mean transfusion requirement for thbe proliferation of the PNH clone. An alternative strat-
whole group from 2.1 units per month to 0.6 units pexgy would be to simply replace CD59 on the PNH red
month. The benefit was most evident in patients witbell surface. Itis impractical to extract GPI-linked CD59
normal or near normal platelet counts and therefore fmm cell membranes as it is extremely tightly bound
evidence of co-existent clinically significant marrowand does not re-attach well to cells in the presence of
failure. There was also a complete cessation of hemalbumin. CD59 is functional when bound to the cell by
globinuria immediately after commencing eculizumalalternative mechanisms, such as a transmembrane link-
The proportion of PNH red cells in patients not omge, but again this approach is impracti¢&ah et &k
eculizumab is usually significantly lower than the prohave recently reported the use of an alternative artifi-
portion of PNH neutrophils because of the effect dfial glycolipid anchor (Prodaptin) to anchor CD59 into
transfusions and also the selective hemolysis of PNHe cell. Prodaptin-CD59 has been shown to effectively
red cells compared to their normal counterparts. Thewat PNH cells in vitro and murine cells in vivo and to
reduction or cessation of transfusions and control oéstore the cell’s resistance to complement. This ap-
hemolysis in patients on eculizumab leads to an increga®ach is attractive because the complement system is
in the proportion of PNH red cells toward the level ohot blocked and the increased riskNofneningitides,

the PNH neutrophils. The median proportion of PNhvhich is seen in complement deficient individuals, is
type Il red cells increased from 36.7% + 5.9% prior tmo longer an issue.

eculizumab to 59.2% + 8.2% by week 12 of therapy.

This raises the concern that stopping eculizumab f@&lobal PNH Registry

any reason might render the patient susceptible tolraview of the infrequency of PNH it is extremely dif-
massive hemolytic attack and profound anemia. Twitcult to perform large or randomized trials of thera-
of the patients on eculizumab have had a breakthroughutic interventions. In addition, the advent of comple-
from complement blockade immediately prior to thenent inhibitors, such as eculizumab, or the routine use
next dose of eculizumab with a return of hemoglobimef prophylactic anticoagulation promises to alter the
uria. Although both suffered hemolysis, the severity afatural history of PNH. In fact, the approval process of
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eculizumab as a therapeutic agent will be on the basis Receptor Subtypes and Expression Patterns

of relatively small and short clinical trials. Thus fewrc receptors can be divided into two groups based on
patients are likely to have received more than 3 yeditseir signaling capability and structure. The first and
of eculizumab. It is possible that any complications ahost common type of Fc receptor is a multichain hetero-
such a novel agent might take several years to develgpmplex composed of a ligand-bindirghain and one
These factors have led to the recent development obamore signal-transducing-chains. The second type
Global Registry for PNH. It is hoped that a large numef Fc receptor is a single-chain transmembrane recep-
ber of PNH patients will be registered on the Globdbr containing a signal-generating motif(s) in the cyto-
PNH Registry in order that a more thorough insighplasmic domain and, thus, not requiring another sig-
into the effect of these changes on the natural history wél-transducing subunit.

PNH can be established (www.PNHregistry.org). Receptors for a specific isotype of IgG can vary in
structure and can differ in ligand affinity and signaling
Conclusion ability.* Foy receptors are categorized into three classes:

The understanding of the biology and natural historlycy RI, FoyRII, and Fg Rl (Figure 5; see Color Fig-
of PNH has altered dramatically over the last 10 yeanstes, page 514). F®l is a high affinity receptor that
This has facilitated major steps forward in our abilitcan be subdivided into three groups (A, B and C) that
to diagnose the disorder and in our therapeutic strate encoded by three different geneg.Fds expressed
gies for PNH. There is now initial evidence that wen monocytes, macrophages, neutrophils and some den-
may be able to prevent the most feared complication dfitic cells. The receptor can be upregulated upon stimu-
PNH, namely thrombosis, with the use of primary proation with interferon (IFN)y, tumor necrosis factor
phylaxis with anticoagulants for selected patients. THENF)-a or granulocyte colony-stimulating factor (G-
recent description of a small pilot study of the comple=2SF)22 Similar to Fg RI, FoyRIl has been divided into
ment inhibitor eculizumab offers the first promise thathree families encoded by three genes, named A, B and
we may have a “targeted” therapy capable of controG, which are of relatively low avidity for monomeric
ling the hemolysis of PNH. Other novel approaches igG but of high avidity for complexed IgG. ¥Rl is
therapy in PNH are also being explored. The developxpressed on various cell types and contributes to cell
ment of the Global PNH Registry offers the potential teunction based on the subclass of Rtl. FcyRIIA is
further our understanding and therefore therapy of PNldxpressed on neutrophils, monocytes, macrophages,
natural killer cells and platelets. yRIIB is expressed

Il. F cy RECEPTOR STRUCTURE/FUNCTION AND in two forms following alternative splicing, forming
RoLE IN IMMUNE CoMPLEX —MEDIATED the FyRIIB1 and Fg RIIB2 isoforms, and is limited in
AUTOIMMUNE DISEASE expression to B cells, neutrophils, macrophages and
monocytes. FgRIIC is expressed on human natural
Randall G. Worth, PhD, Brian A. Jones, PhD, killer cells. Fg/RIIl is divided into two families, the
and Alan D. Schreiber, MD* transmembrane form §®llla and the GPI-linked

Fcy RIIB found on neutrophils and natural killer cells.

Antigen recognition by cells of the immune system od=cy RIIIA is found on monocytes and macrophages, and
curs via several mechanisms. One important family s also been shown to be expressed and upregulated
receptors involved in the recognition of immunoglobuon eosinophils.

lin (Ig)-coated particles and complexes are Fc recep-

tors. Fc receptors recognize the Fc portion of Ig arfarystal Structure/Affinity for 19G

are accordingly grouped into subfamilies. They arBoth recent immunotherapy using IgG antibodies as
named depending upon which class of Ig they bindvell as certain antibody-mediated autoimmune diseases
The major Fc receptors areyFeceptors that bind 1gG, Utilize Foy receptors for the clearance of IgG-coated
FcaR that bind IgA, and R that bind IgE.Fc recep- cells from circulation. While this may be beneficial in
tors are responsible for such functions as endocytosigmunotherapy, it is detrimental in autoimmune dis-
phagocytosis, granule release, reactive mediator releg@&se. Understanding the interaction between the Fc do-
and cell activation/cytotoxicity. Fc receptors are foun#nain of IgG and the Freceptors is necessary in order
on specific cell types corresponding to their ability té0 develop better therapy. There are two extracellular
recognize Ig. As such, faeceptors are found prima-

rily on neutrophils, macrophages and monocytes where

they can detect and phagocytose IgG-coated particlesiniversity of Pennsylvania, 421 Currie Blvd., BRB Il and Il
and on B lymphocytes. Bldg., Philadelphia PA 19104
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immunoglobulin-like domains for FRIl and F¢RIll,  shown that glycosylation of an IgG may be involved
while Fo/RI has three immunoglobulin-like domains.with the formation of a stabley@-Cy 2 interaction of
The third domain of ReRI has been attributed to thethe two heavy chains of IgG1. When the carbohydrates
high affinity binding of IgG by this receptor; however,are removed, there is decreased binding of IgG1 to both
since the extracellular region of y I has not been FcyRIIl and Fo/Rllb (Table 1).%1° The glycosylation
crystallized this has not been confirmed experimentallgf Fcy receptors can also affect binding of 19G. Ex-
The crystal structures of the extracellular region giression of FgRIlla on different cell types leads to
FcyRIIA, FeyRIIB, FoyRINIA, and FoyRINIB have been  different glycosylation patterns. The differences in the
determined.The two immunoglobulin-like domains of ability to bind monomeric IgG by F&llla have been
these receptors, D1 (membrane distal) and D2 (memitributed to the cell type specific glycosylation of the
brane proximal), are bent at an approximately 50—70&ceptoi! Also, one particular glycosylation site in the
angle relative to each other depending on the algorithb2 domain of FgRIlla and Fg RIlIb, 163N, is located
used. All Fg receptors are structurally very homolo-in the IgG-binding site. Receptors lacking glycosylation
gous, with their domains oriented in a steep angle & this amino acid have an increased affinity for tg§G.
each other. While most studies have shown fecep- Thus, the glycosylation state of the receptor, which may
tors existing in the membrane as a monomer, some cory in cases of inflammation, could affect the binding
flicting reports have suggested thatyRtla forms a of IgG.
homodimer, with a 2:1 stoichiometry of receptor to  Another example of affinity modulation is through
IgG.5 However, the crystallization of fF®llla in com- polymorphism. As such, a polymorphism inyiRila
plex with the Fc region of IgG1 suggests a 1:1 stoich{d31R or 131H) affects the binding affinity ofyfiella
ometry of receptor to IgGlt is believed that the other for human 1gG2; FgRIlla (131H) binds 1gG2 but
Fcy receptors display similar binding stoichiometry duécyRlla (131R) does ndt Results of a recent meta-
to their high degree of homolo§lso, as a dimer is analysis show that the ¥RIla polymorphism is im-
able to crosslink Fc receptors to induce signaling, ffortant in genetic susceptibility for systemic lupus
may not be efficient for cells to be able to induce sigerythematosus (SLE}.There is also a polymorphism
naling by binding a single IgG molecule. However, thén FcyRllla (158V or 158F) that affects binding to hu-
conformation of both bound and unboundg/Rtla re- man IgG1l and human IgG3. NK cells from patients
mains a matter of debate. with FeyRllla (158F) are unable to bind IgG3 and bind
The binding sites of the lfaeceptors for IgG are 1gG1 with lower affinity, whereas NK cells from pa-
fairly well established. From the crystallization studieients with Fg Rllla (158V) are able to do s&éln ad-
as well as some mutational studies, the D2, or merdiion, a triallelic polymorphism in fRllla (48 H, R,
brane proximal, domain of the yaeceptor is impor- or L) was originally reported to affect the binding af-
tant for the binding of 19G. The binding of an IgG byfinity for human IgG. Subsequently, this difference in
the receptor induces approximately a 10° shift in theinding affinity was determined to be due to the poly-
angle between the D1 and D2 domdiffhe Fg re- morphism at amino acid 188This is consistent with
ceptor binds asymmetrically to an IgG molecule in thstructural studies as 48 H/R/L is located in the D1 im-
lower hinge region of they@2 domains of an IgG heavy munoglobulin-like domain whereas 158 V/F is located
chain. The asymmetrical binding may result from a corin the D2, IgG-binding domain. Finally, in ¥RIlIb,
formational change in one of they€ domains of IgG the GPI-linked Fg receptor expressed on neutrophils,
in relation to the other. A factor that could affect théhere are two alleles (NA1 and NA2). These two alleles
IgG binding ability of the Fg receptor is the glycosyl- have minimal differences in binding affinity for IgG,
ation state of the receptor and IgG. One example of thisit patients homozygous for the NA1 allele have a
is found in the crystal structure of yRlIlla/lgG-Fc, higher level of phagocytosis of IgG-coated partiéles.
whereby the glycosylation of the IgG1 at 297N was not
involved in the binding site. However, two groups have

Table 1. Relative affinities of IgG subclasses for various Fc y receptors.

FcyRI FcyRlla FcyRIlb FcyRIll
Molecular Mass 70 kDa 40 kDa 40 kDa 50-80 kDa
IgG Subclass Specificity 123>4>2 3>1>2>4 321>4>2 1=3>2=4
IgG Affinity 107-10° M >107 M >107 M >2x107M
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Signal Transduction from Fcy Receptors ITAM-like domain contains the two YxxL motifs but a
Given that most Rcreceptors are transmembrane praspacer sequence containing 12 amino acids instead of
teins, the first step of receptor activation and subs#ie usual 7° ITAM tyrosine residues have been shown
qguent phagocytosis is binding of IgG containing conmto be crucial for mediating the phagocytic response.
plexes to the receptor extracellular domain. Bindingvhen either of the ITAM tyrosines are mutated to phe-
and phagocytosis by humanyH@ceptors has been ob-nylalanine, phagocytosis is inhibited by ~70%—80%.
served both in normal human leukocytes and in modelowever, if both tyrosine residues are mutated phago-
systems such as transfected COS-1 éellstial Fcy  cytosis is abolishe#t:®
receptor activation takes place upon ligand binding to It has been proposed that ITAM tyrosines are phos-
the extracellular domain. Since eacly Feceptor has a phorylated by Src family kinases after crosslinking. Sev-
structurally distinct extracellular domain, the receptoeral members of the Src family have been shown to
binds to 1gG with varying affinity, as shownTable 1.  associate with specific faeceptors. However, which
Fcy receptors traditionally signal through anSrc kinase is responsible for phosphorylation of a spe-
immunoreceptor tyrosine—based activation moti€ific Fc receptor is not established. Studies have been
(ITAM) or through inhibitory residues found in ansomewhat inconclusive in elucidating which kinase is
immunoreceptor tyrosine—based inhibitory motifesponsible for phagocytic signaling through each Fc
(ITIM).1*20|TIMs are composed of an I/VxYxxL/l se- receptor. An example of these observations can be found
guence that recruits tyrosine phosphatases to the signalknockout experiments where phagocytosis is not abol-
ing complex. Therefore, the presence of ITIM-bearinghed in Hck, Lyn, or Fgr single knockodtdn addi-
receptors imposes a negative effect. As such, the presetion, in triple knockout mice, phagocytosis by mac-
of FoyRIIB, an ITIM-bearing receptor, inhibits phago-rophages and neutrophils is still partially intact, sug-
cytic signaling mediated by activatingyFreceptors! gesting other kinases may play a redundant role in
The classic ITAM motif consists of two YxxL se- phagocytosig’
qguences separated by 7 amino aéidscy receptor Phosphorylation of ITAM tyrosines creates Src ho-
ITAM sequences in the Fc receptor associgte@thain  mology 2 (SH2)-binding sites required for signal trans-
abide by this structure. However, the cytoplasmic daluction involving other members of the tyrosine kinase
main of F¢Rlla contains an ITAM-like domain. This family.2-**Most importantly, Syk tyrosine kinase, which
contains two SH2-binding
sites, is recruited to phos-
phorylated ITAM residues

TARGET / BACTERIUM .
(Figure 6). Foy R phagocy-
tosis is dependent upon Syk
N signaling, and has been ob-

served to be enhanced upon
the overexpression of Sykin
model system& In addi-
<— Fe Receptor tion, when Syk kinase ex-
pression is inhibited with
antisense oligonucleotides
both in vitro and in vivo,

y - v—r - phagocytosis and inflamma-
SYK Adaptor  PLC

Membrane

tion are abolishe#:*

SH2-containing pro-

L L L L ! teins are important in sig-
oK Ca"A/ l naling complexes. For ex-
IP:R ample, recent studies have

emphasized the role of
ot e Ca* adaptor proteins in phago-

cat EA cats cytic signaling. Adaptor
molecules such as SLP-76,
LAT, Cbl and others have

the ability to recruit SH2-
Figure 6. Proximal signal transduction by activating Fc y receptors. containing proteins to sig-

X
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Y
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naling complexes, notably in lipid raftEigure 6). fection may cause a change in the expression pattern of
These adaptor proteins play a significant role in rd=cy receptors due to transcriptional activation or other
cruiting such secondary signaling molecules as phastechanisms. For example, childhood ITP has been de-
pholipase C (PLC), Grb2, Shc and others. The abilitgcribed after infection with varicella zoster virus (VZV),
for adaptor molecules to recruit proteins to the site @iusing molecular mimicry of antibodies against VZV
signal propagation by Kcreceptors is important for to crossreact with platelet antigens, thus causing’ITP.
efficiently triggering the downstream signaling leadindTP in some patients has been shown to be due to pro-
to target internalization and mediator release. duction of predominantly self-reactive Ig&1.

Fcy Receptor—Associated Diseases Therapy for ITP or AIHA
As described above, the isotype of IgG determines ti@eatment for ITP and AIHA has recently been reviewed
class of Fg receptor ligated and the nature of the sigelsewheré?®*°Many of the therapies used involve alter-
nal propagated. Of particular interest are the myriad ofg Foy receptor expression or phagocytosis. One of
diseases based upon IgGyReceptor interaction lead- the first treatments is the administration of glucocorti-
ing to inflammation, phagocytosis and endocytosis. Twaoids. Prednisone and dexamethasone have been shown
particular diseases mediated by FHeceptors are im- to downregulate Rc receptor expression, thus poten-
mune thrombocytopenic purpura (ITP) and autoimmurt@ally decreasing the phagocytosis of IgG-coated par-
hemolytic anemia (AIHA). Both of these diseases aticles. Other treatments involve administration of anti-
caused by production of self-reactive antibodies agairiBtlgG to Rh-D positive patients. The rationale behind
either platelet antigens or erythrocyte antigens. ITP ikis treatment is that the 1gG will coat erythrocytes with
mediated by production of IgG against one or morsubsequent binding by ¥aeceptors. Binding of the
antigens exposed on platelets. Specifically, antibodiégG-coated red blood cells will prevent the binding and
reactive to platelet GPIlb-llla, GPIb-IX, GPIb andphagocytosis of the IgG-coated platelets. However, self-
GPIllla among others have been shown to be potentlanited hemolytic anemia is to be expected after anti-D
tors of ITP* AIHA has been shown to be due in largdreatment.
part to self-reactive antibodies against erythrocyte Band High-dose intravenous immunoglobulin (IVIG) is
3, an ion transporter found in erythrocyte membranedso used as a treatment for both ITP and AIHA. How-
also shown to be involved in erythrocyte senescenaever, the mechanism by which this inhibits the clear-
Both of these diseases are mediated by feceptors ance of the IgG-coated platelets or IgG-coated red blood
found on phagocytes (macrophages) as part of the reticells is still unknown. It is believed to work through a
loendothelial system (RES) in the spleen and liver amiimber of different mechanisms, which may include
may lead to thrombocytopenia or anemia, respectielyanti-idiotypic antibodies and decreased autoantibody
Various observations by multiple laboratories havproductiont! and, of interest here, its effects onyFc
determined the role of Kcreceptors in these diseaseseceptor function. One principal theory for a mecha-
most conclusively in murine models lacking the comrism of IVIG's function is through a blockade ofyFc
mony-chain { KO). Experimentally induced AIHA and receptors. At high local concentrations of IgG, the IVIG
ITP are markedly decreased in mice lacking yhe may either bind to the low-affinity fcreceptors, pre-
chain® Additionally, administration of monoclonal venting the binding of IgG-coated cells, or outcompete
antibody 2.4G2, which binds to and blocks mouskinding of the high avidity immune complexes. Also,
FcyRIl and FgRIII, allows a rapid recovery after in- the possibility of IgG dimers existing in IVIG prepara-
duction of AIHA or ITP. Similarily, administration of tions would even further enhance this block&d&n-
GM-CSF has been shown by various groups to accelether possibility involves the inhibitory #RIIb, which
ate AIHA potentially due to upregulation of \#eI.%¢ is able to inhibit phagocytosis mediated by activating
These reports show that altering the balance of stimulgey receptors! Injection of IVIG into a mouse model
tory to inhibitory Fg receptors has a marked effect orof ITP increased circulating platelet coufft#lso in
disease progression and susceptibility. As such, virdlis model was an increased percentage of non B cell
infection has been shown to stimulate or increase susplenocytes expressingyRIIb. Increased expression
ceptibility to both AIHA and ITP. However, the of this receptor relative to the expression of activating
mechanism(s) by which viral infection does so has yegceptors could decrease the phagocytosis of IgG-coated
to be fully elucidated. Potential scenarios of viral inplatelets. The mechanism for the IVIG-mediated in-
fection that could lead to this outcome include stimwerease in Rg receptor—expressing cells is still unknown.
lated production of IFM during viral infection that
causes upregulation of ¥RI. Alternatively, viral in-
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Summary the other hand, IgM antibodies fix complement much
Fcy receptors are integral for the removal of IgG-coateahore readily than IgG molecules because the two nec-
cells from the circulation. In autoimmune diseases su@ssary attachment sites for C1q are present on a single
as autoimmune hemolytic anemia and immune thrormolecule; therefore, complement plays a primary role
bocytopenia the removal of the IgG-coated erythrocytés the destruction of the red cells by these antibddies.

or IgG-coated platelets is detrimental to a patient. Much

is known regarding the structure and signaling propewhy Are Cold-Reacting Antibodies Cold Reacting?

ties of the Fg receptor family. As the two autoimmuneThe interaction of antigen and antibody is reversible
diseases mentioned involve phagocytosis of IgG-coatadd the degree of attachment depends upon the forces
cells, interference at either theyFreceptor binding of interacting between the two. For all cold-reacting anti-
these complexes or interference of the phagocytodisdies, the antigen with which they react is polysac-
process could possibly improve on the current treatharide or the polysaccharide parts of glycoproteins. In
ments available for these disorders. Understanding ttiee case of cold agglutlinins, the antigen is one of the
crystal structure of the Kcreceptors may lead to thefollowing: the straight-chain paragloboside basic to the
development of molecules that inhibit the binding to aexpression of the ABH antigens (the i antigen), a
IgG-coated cell. Small molecules might inhibityfe- branched version of that molecule (the | antigen),
ceptor signaling at many different steps leading to phagpelysaccharides resident on glycoproteins (Pr antigens),
cytosis. Finally, treatment to decrease expression of thad rare sialylated polysaccharides. Since the branching
activating Fg§ receptor or increasing expression of thenzyme responsible for the | antigen is not activated until
inhibitory Foy receptor may also prove to be an effecafter birth, cord cells (and the cells of individuals geneti-

tive therapy. cally lacking the branching enzyme) express the i antigen
whereas the red cells of adult express the | antigen.
lll. C oLb-INDUCED IMMUNE HEMOLYTIC ANEMIA The interaction of antibody and polysaccharide is
dependent upon weak forces that are easily disrupted
Wendell F. Rosse, MD* by molecular activity that occurs at higher tempera-

tures. The cold agglutinins of anti-1 or anti-i specificity

The antibodies that cause immune hemolytic anemaaie strikingly similar to one another in the structure of
can be classified by isotype (IgG, IgM, or IgA) and byhe antigen binding site. These antibodies all react with
the temperature at which they react maximally with the monoclonal antibody that identifies the product of
antigen on the red cell: warm reacting if that temperdhe VH4-34 (VH4-21) gene segmérther antibodies
ture is 37°, cold reacting if that temperature is lesgnonoclonal anti-Rh system antibodies, etc.) have been
Much of the pathophysiology and many of the clinica$hown to use this same gene segment for the variable
manifestations are determined by these characteristipsrtion of the heavy chain and many of them also have
For the most part, the isotype and the temperature @fld agglutinin activity against the I/i antigeh$he
reaction coincide: most frequently, cold-reacting anticharacteristic that leads to such activity is a relative
bodies are IgM and warm-reacting antibodies are Ig@ydrophobicity, and it has been shown by detailed stud-
but important exceptions exist. Two clinical entities du&s that a hydrophobic patch in framework region 1
to cold-reacting antibodies are defined by differencesontributed to by tw@-strands is important in binding
in isotype: cold agglutinin disease is caused by Iglb the polysaccharide antigen and that this binding is
antibodies and paroxysmal cold hemoglobinuria by Ig@odified by sequences in the complementarity-deter-
antibodies. mining region H 3. (This specific structure does not

The isotype is important because the isotypic chapertain to cold agglutinins of other specificity, and the
acteristics of the antibody direct the mechanisms of degason for their specificity and reactivity, while prob-
struction. As described in Section Il, phagocytic cellably similar, is unknown.)
have receptors specific for IgG molecules of specific
subtypes (IgG1, 19G2, and IgG3) but not for IgM molHow Do Cold-Reacting Antibodies Arise?
ecules; therefore, Fc-receptor—induced destructive prgold agglutinins arise in two settings, both perhaps due
cesses apply only when IgG molecules are attacheditgpart to the fact that B cells utilizing the VH4-34 gene
the red cell in the presence of the phagocytic cells. Gegment normally represent a relatively large percent-
age of the population (6%—13% of all mature B cells).
These cells probably account for the low titers (< 1/10)

* Duke University, Department of Medicine, 4605 Timberly ~ Of cold ggglgtinin that_ can be found in_ the Serum_Of
Drive, Durham NC 27707 normal individuals. Oligoclonal antibodies, usually in
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elevated titers, appear routinely in moderate titers that the Donath-Landsteiner test. Many patients with un-
are not sufficient to cause significant hemolysis in inexplained immune hemolytic anemia, often with a nega-
fectious mononucleosis (with anti-i specificity) andive direct antiglobulin test, probably have undiagnosed
mycoplasma (with anti-1 specificity) infections and les$CH.
commonly in cases of cytomegalovirus, chicken pox,
etc. Monoclonal cold-reacting antibodies are an expreg/fhy Is the Degree of Hemolysis So Different
sion of paraneoplasia (benign monoclonal gammopathy) Among Patients?
or immunocyte neoplasia including chronic lymphoThe degree of hemolysis varies among patients because
cytic leukemia (CLL) and a variety of lymphonfas.the characteristics of the antibodies responsible for it
Trisomy (complete or partial) of chromosome 3 haare so highly variabl€.In the case of cold agglutinins,
been recorded in patients in whom cold agglutinin dighe amount of antibody (roughly measured by the titer)
ease progressed to a lymphoproliferative disorfiee and the affinity of the antibody (roughly measured by
titer of the antibody is, in all cases, a relative measuits thermal amplitude) are the most important determi-
of the number of abnormal cells. nants of hemolysis. These should be measured both in
The Donath-Landsteiner antibody of paroxysmadaline and with albumin added. Some antibodies are
cold hemoglobinuria (PCH) formerly arose as a crostess hemolytic because they fix complement ineffi-
reacting antibody to an antigen @reponema pallidum  ciently; these antibodies are usually cryoprecipitable and
(or so it is thought) and was frequently seen in seconthe effect may have to do with structural changes that
ary and tertiary syphilis; this is now rare. It is mostesult in that characteristtt. Some antibodies are not
commonly encountered in children as a response to uithibited by the residual C3 on the red cell surface, as
ral illness or immunization, much like immune throm-most are, and this results in increased hemolysis. Al-
bocytopenia in this group; in these cases, it does nbbugh most antibodies are pentameric IgM, some pa-
persist, but the clinical syndrome it produces may ke&nts produce considerable quantities of hexameric IgM,
severe enough to cause death. In adults, it is usuallywahich is more efficient in fixing complemett.
autoimmune antibody and may be associated with other The same general principles of titer and thermal

evidences of autoimmunity. amplitude apply to Donath-Landsteiner antibodies. Sev-
eral explanations have been offered to explain why these

Diagnosis of Diseases Due to IgG antibodies result in intravascular hemolysis when

Cold-Reacting Antibodies the supposedly more efficient IgM antibodies generally

Cold agglutinins are readily detected as, being IgMio not. Certainly, the agglutination effected by IgM
they agglutinate red cells directly. Three characteristiestibodies inhibits the fixation of complement compo-
should be determined: specificity, titer, and thermalents in vitro, but how much of a role this plays in vivo
amplitude (the highest temperature at which the ants unclear. D-L antibodies are able to fix C4 (but not
body reacts with red cells). These are readily done wi@3) in the cold phase, but again the in vivo importance
standard techniques. of this is questionable. The antigens of the D-L anti-
The detection of Donath-Landsteiner antibodies isodies are said to lie closer to the membrane surface,
much more problematical. Direct agglutination is oftethus facilitating the fixation of complement. In fact,
present but in relatively low titers (usually less than the reason for the greater lysis of D-L antibodies com-
64). The direct antiglobulin test (direct Coombs’ testpared to cold agglutinins is not clear.
with anti-lgG is negative as the antibody elutes from
the cells during their preparation. The indirect antiwhat Is the Treatment of Diseases
globulin test is usually ineffective as well but occasion- Due to Cold-Reacting Antibodies?
ally is positive® The test attributed to Donath andA primary treatment of any syndrome of cold-reacting
Landsteiner (the bithermic hemolysis of normal redntibodies is keeping the patient warm. This sometimes
cells) is positive only when the titer in the serum isvolves discomfort and is difficult for many patients
relatively high. The sensitivity of the test can be into maintain. Where possible, avoidance of winter by
creased greatly by the use of red cells from patiemsigration is advisable.
with PNH, which are more sensitive to the hemolytic  In the case of IgM cold agglutinins, antibody pro-
action of complement. The best technique, not genettction is not suppressed by prednisone and it should
ally available, is the use of radiolabeled anti-IgG, whiche used only when the simultaneous presence of IgG
is affixed at 4°C but removed by raising the temperantibodies is found. Antibody production can some-
ture to 37°C? By using this technique, we were able tdimes be suppressed by chemotherapy, but the rate of
identify two patients not detected by the PNH variargroliferation of benign clones is so small that this is
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often ineffective; obviously, if malignancy is present, (ACRES) in PNH patients with and without thrombosis.
its treatment will treat the cold agglutinin problem. More Haematologica. 1996;81:540-542. .

tlv. th f ti-CD20 (rituxi b) h f 1. Wiedmer T, Hall SE, Ortel TL, Kane WH, Rosse WF, Sims PJ.
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can be used to remove antibody temporarily but is dif- wian MIcroparieies 1 paies Wit paroxy
f : . : . nocturnal hemoglobinuria and aplastic anemia. Blood.
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