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Inhibition of coagulation by macromolecular
complexes

The purpose of the coagulation net-
work is to produce a focused burst of
fibrin clot formation at the site of vas-

cular injury (Figure 1). Not only does the
process need to be rapid, it also needs to be
tightly controlled to prevent the potentially
disastrous consequences of clot dissemina-
tion through the intact vasculature. The
original waterfall and cascade hypotheses of
coagulation described a series of enzymatic
reactions following each other sequential-
ly.1,2 In this model each zymogen is activat-
ed before acting on the next zymogen in the
pathway in a series of discrete reactions.
Although this explains the catalytic steps
required in fibrin clot formation, it alone
does not explain the kinetics of the process.
It is now clear that, with certain exceptions,
all of the reactions occur at the physiologi-
cally required rate only when the compo-
nent molecules form complexes incorporat-
ing the substrate, enzyme and co-factor
bound to negatively charged phospholipid.
The exceptions are the procoagulant reac-
tions catalysed by thrombin and the activa-
tion of factor (F) IX by FXIa. In the resting
state phospholipid membranes are actively
held such that the negatively charged phos-
pholipids that provide the platform for
these complexes are sequestered away from
their outer surface. Following activation of
cells such as platelets, the negatively
charged phospholipids are flipped to the
outer surface enabling the complexes to

form more efficiently. Many pro-coagulant
and anti-coagulant proteins have specialized
N-terminal domains (Gla) containing post-
translationally modified glutamic acid
residues that mediate the phospholipid
interaction. The incorporation of calcium
ions in the Gla domain provides the neces-
sary tertiary structure for this interaction to
occur. The importance of this post-transla-
tion modification to appropriate blood
coagulation is demonstrated by the action
of warfarin which targets vitamin K epoxide
reductase complex subunit 1.3 The anticoag-
ulant effect of this drug is due to the produc-
tion of proteins with reduced g-carboxyla-
tion of glutamic acid residues and hence
decreased capacity to bind calcium. Once all
the required components are assembled the
substrate becomes activated by limited pro-
teolysis and may then form a complex in
which it is the enzyme with its own co-fac-
tors and substrates, thus producing a series
of macromolecular complexes. Under-
standing how the complexes of FVIIIa-FIXa
(the tenase complex) and FVa-FXa (the pro-
thrombinase complex) are formed has been
fundamental to our understanding of how
coagulation proceeds in vivo.4 At the same
time that thrombin generation is leading to
platelet activation and fibrin clot formation,
negative feedback pathways and specific
inhibitors are brought into play to regulate
and terminate the process. Our current
understanding of coagulation is based on
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The role of vertebrate blood coagulation is to rapidly prevent the loss of body fluids
following vascular injury without compromising blood flow through either the unin-
jured or damaged vessels. To achieve this the coagulation network is initiated and
regulated by a complex network of interactions that are under the control of both pos-
itive and negative feedback loops that result in controlled fibrin deposition and
platelet activation only at the site of injury. Anticoagulant molecules play key roles in
preventing inappropriate initiation of coagulation as well as down-regulating thrombin
generation at the site of injury. Tissue factor pathway inhibitor (TFPI) inhibits the ini-
tiation complex, antithrombin (AT) inhibits the active serine proteases directly, where-
as the activated protein C pathway inhibits coagulation by inactivating the cofactors
V and VIII. In this review the structure and function of these anticoagulant molecules
and their inhibitory complexes is discussed.
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knowledge of the enzyme kinetics and demonstrations
of the structural interactions between the components.
Much of the information on the formation of the
macromolecular complexes comes from X-ray and elec-
tron crystallography and nuclear magnetic resonance.
Where this is not feasible computer modelling based on
homologous structures has been used. The macromol-
ecules involved in the initiation and amplification of the
network have been discussed previously5 and we now
focus on those that regulate and/or terminate thrombin
generation. 

There are three major points in the coagulation net-
work where inhibitory molecules act (Figure 1). These
are: the inhibition of the initiating complex by tissue
factor pathway inhibitor (TFPI); the inhibition of the
serine proteases by serine protease inhibitors (serpins),
particularly anti-thrombin and the conversion of the co-
factors FVIIIa and FVa to their inactive forms by the
activated protein C (APC) pathway. In this short review
we shall consider the interaction between the proteas-
es and their major inhibitors at each of these points and
the activation of protein C by thrombin, as these are
the steps for which high quality structural information
is available. All the 3D images depicted in this review
were created from the PDB data files held at the Protein
Data Bank (http://www.rcsb.org/pdb/)6 using Accelrys
Viewer Lite (http://www.accelrys.com/). As indicated
above the complexes are dependent in vivo on the avail-
ability of a suitable negatively charged phospholipid
surface and Ca2+ ions, which are not shown in the
images.

TFPI
The coagulation network is initiated by the binding

of FVII/FVIIa to tissue factor (TF). The subsequent bind-
ing and activation of FX results in the formation of the
trimolecular complex TF-FVIIa-FXa and an initial trick-
le of thrombin (FIIa) formation via direct activation of
prothrombin (FII) by FXa in the absence of its co-factor
FVa. Proteolytic activation of the zymogen coagulation
proteases produces a neo N-terminus that is inserted
into the catalytic domain, generating active serine pro-
teases. Generally this class of enzyme is inhibited by
serpins but it has been shown that serpins such as anti-
thrombin inactivate the initiator complex too slowly to
be relevant in vivo and that the main inhibitor of the ini-
tiator complex is TFPI.7 This Kunitz-type inhibitor
binds to form a quaternary complex that inhibits both
FVIIa and FXa (Figure 2). It has been shown that inacti-
vation of TF-FVIIa by TFPI is dependent on both calci-
um and FXa8 indicating that TFPI only inhibits the com-
plex after sufficient FX has been activated to allow
thrombin to be generated. It does not,  therefore, pre-
vent coagulation from being initiated but rather limits
further generation of FIXa and FXa by the TF-FVIIa
complex. On account of the dependence on FXa, it is
generally assumed that TFPI binds free FXa first and TF-
FVIIa subsequently. However, there are kinetic data
suggesting that TFPI can bind TF-FVIIa if FXa is in the
near vicinity and thus it remains to be resolved which
of these interactions occurs first in vivo.9

Circulating TFPI is bound by lipoproteins, in particu-
lar low-density lipoproteins, and there is close correla-

Figure 1. The inhibition of coagulation. The initiation of
blood coagulation via generation of FIXa and FXa by TF-
FVIIa is shut down by the action of TFPI, which forms a
quaternary complex with TF-FVIIa-FXa. The serine pro-
teases FIXa, FXa, FXIa and thrombin are all inhibited by
antithrombin. Thrombin bound to thrombomodulin on
endothelial cell surfaces activates protein C bound to its
receptor, EPCR. APC in complex with its co-factor protein
S inactivates FVa and in complex with FV/FVai inacti-
vates FVIIIa by further proteolytic cleavages. Dashed
blue arrows indicate negative feedback loops. The mod-
ular organization of proteins is indicated. Protein names
are colored: functionally active proteins, red; inactive
proteins black; inactivated or inhibited proteins, blue. All
abbreviations are those explained in the text other than
PS: protein S; PC: protein C; AT: antithrombin.  

negatively charged phospholipids

neutral phospholipids
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tion between plasma levels of TFPI and low-densitry
lipoproteins.10 In the circulation TFPI is partially truncat-
ed by proteolysis such that there is a mixture of forms
of variable length, ranging from full length to loss of the
carboxy-terminus and sometimes part of the K3
domain. These shortened forms of the molecule have
reduced inhibitory activity in comparison with full
length TFPI.8 TFPI bound to lipoprotein is inactive. The
major pool of functionally active TFPI is found on the
endothelial cell surface. The administration of heparin
substantially increases plasma TFPI concentrations sug-
gesting TFPI is in complex with glycosaminoglycans on
the endothelial cell surface. The release of TFPI from
the cell surface may partly explain the anticoagulant
effect of this drug.11 Recent data suggest that a further
large pool of TFPI is associated with a glycosyl-phos-
phatidylinositol (GPI) linked protein on the surface of
endothelial cells. Furthermore, there is also a pool of
TFPI contained in the a-granules of platelets which is
released upon platelet activation. 

After its formation on the cell surface, the quaternary
complex (TF-FVIIa-FXa-TFPI) interacts with cell surface
receptors such as the low-density lipoprotein receptor-
related protein possibly through the C-terminus of
TFPI. This leads to endocytosis of the complex, degra-
dation and ultimately down-regulation of TF expres-
sion.12,13 Other cell surface receptors may also be
involved in this process as there is good evidence that
endocytosis can occur independently of the low-densi-
ty lipoprotein receptor-related protein.14,15 There is
increasing evidence that in addition to its role in fibrin

clot generation the initiating complex activates cell sig-
naling pathways by cleavage of protease activated
receptors. The physiological importance of this func-
tion remains unclear but inhibition by TFPI effectively
silences the TF-FVIIa cell signaling pathway.
Interestingly in a Chinese hamster ovary cell model
system recombinant TFPI had little effect on cell signal-
ing pathways at concentrations that effectively inhibit-
ed FXa generation.16 These results suggest a critical role
for proper positioning of TFPI on the cell surface,
through association with glycosaminoglycans or glyco-
syl-phosphatidylinositol-anchored protein(s), for effi-
cient inhibition of TF-VIIa cell signaling.

The domain structure of TFPI is typical of inhibitors
acting on multiple similar proteases in that it consists of
a series of homologous regions with crucial subtle dif-
ferences that determine substrate specificity. The ho-
mologous regions are three Kunitz-type domains (K1-3)
followed by a long carboxy-terminus. The protease
inhibitory function resides in the Kunitz domains with
K1 interacting with FVIIa and K2 with FXa. The func-
tions of the K3 domain and carboxy-terminus remain to
be fully elucidated. As there is no evidence of a direct
interaction between the K3 domain or carboxy-termi-
nus and FVIIa or FXa, these regions may be involved in
stabilizing the final complex on the cell surface.17

The crystal structure of the quaternary complex
FVIIa-TF-FXa-TFPI is not yet available but the interface
between these molecules can be inferred from the
known structures of TFPI Kunitz domains in isolation
and in complex with trypsin. From these structures it
seems that the critical segment in the Kunitz domains
that are involved in protease binding involves residues
10-20 (boxed residues Figure 3). Numbering in this
review follows the convention of using the numbers of
the archetype for a protein family, in this case bovine
pancreatic trypsin inhibitor.18,19 This sequence forms the
reactive center loop that interacts closely with the cat-
alytic domain of the protease lying just below the cat-
alytic groove in the quaternary complex (Figure 4). The
residue at the center of the loop (Lys15 in K1 and Arg15
in K2) assumes particular importance and replacement
with a non-basic side chain greatly reduces inhibitory
potential.18 The residue at position 15 corresponds to
the P1 residue marking the position of the scissile bond
that is cleaved in normal substrates. However, TFPI acts
as a pseudo-substrate because the reactive center loop
is a rigid structure that resists proteolysis. Once the
reactive center loop is bound in the active site a stable
complex is formed and the enzyme is blocked from fur-
ther catalytic activity. An alignment of TFPI sequences
across species demonstrates that the Kunitz domains
are highly conserved in comparison with the remainder
of the molecule (Figure 3). In particular this shows that
the residue at the center of the reactive center loop is
invariably an arginine or lysine. It can be seen that in

Figure 2. Inhibition of the initiating complex by tissue factor path-
way inhibitor. Kunitz domains (K1 and K2) of TFPI bind with acti-
vated factor VII (FVIIa) and factor X (FXa). The third Kunitz domain
(K3) and C-terminus of TFPI may interact with the plasma mem-
brane.
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some species, including man, a basic residue is also
found in the same position in K3 suggesting that this
domain could have an inhibitory function, although at
present there are no candidate enzymes for this
domain. 

Antithrombin
After the trickle of thrombin production that results

from the formation of the initiating complex and acti-
vation of prothrombin by FXa, subsequent thrombin
generation speeds up exponentially once the co-factors
V and VIII have been activated.20 This is due to forma-
tion of the tenase complex FVIIIa-FIXa and the pro-
thrombinase complex FVa-FXa. Although the basic ter-
tiary structure of thrombin is similar to that of other
members of its protease family (of which the archetype
is chymotrypsin), it contains a number of unique loops.
Some of these form anion-binding exosites that are
involved in substrate recognition and allow thrombin
to have a wide variety of substrates resulting in both
procoagulant and anticoagulant functions. Exosite I is
essentially procoagulant and is required for cleavage of
substrates such as fibrinogen, while exosite II is antico-

agulant and binds heparin. In addition to its many func-
tions in the coagulation network, thrombin also cleaves
protease activated receptors, indicating that it may
have important roles in cell signaling pathways.

Although there are various serpins that can inactivate
thrombin, the most important in physiological terms is
antithrombin. This inhibitor also has a physiological
role in inactivating FXa and possibly also FIXa and FXIa
(Figure 1). As with the other serine proteases the terti-
ary structure of the thrombin/antithrombin brings the
catalytic triad of His57, Asp102 and Ser195 (chy-
motrypsin numbering) together at the bottom of the
reactive site. Unlike the Kunitz-type inhibitors such as
TFPI, antithrombin has a reactive center loop that is not
held rigidly by disulfide bonds but is able to swing in a
hinge-like manner. In the resting state the reactive cen-
ter loop projects above the body of the serpin. When
the reactive center loop docks with the thrombin reac-
tive site the Arg393-Ser394 peptide bond in the center
of the reactive center loop is cleaved (Figure 5). At this
stage the complex is in a covalently linked intermediate
form that is similar to those formed between thrombin
and its procoagulant substrates. Normally a substrate

Figure 3. Sequence alignments of
TFPI from various species. The
sequences were aligned using
ClustalW, following a Phi-blast search
(http://www.ncbi.nlm.nih.gov/BLAS)
with the human TFPI amino acid
sequence to identify proteins with
sequence identity. The figure was
generated using Bioedit
(http://www.mbio.ncsu.edu/BioEdit/
bioedit.html). White on black indi-
cates identity with the consensus;
black on gray indicates similarity
with the consensus. K1, Kunitz
domain 1; K2, Kunitz domain 2; and
K3, Kunitz domain 3. The black
arrows indicate the residue in each
Kunitz domain that would corre-
spond to the P1 residue. The red box
highlights the reactive center loop
(RCL).



would dissociate after cleavage, thereby regenerating
the active enzyme. In contrast, antithrombin remains
linked to thrombin by one arm of the now cleaved reac-
tive center loop such that the enzyme is effectively
trapped. This arm becomes inserted into the body of
the serpin as an additional b-pleated sheet with the pro-
tease swung to the bottom of the inhibitor.21,22 This pro-
duces a stable complex in which the thrombin reactive
site is squashed against the body of the inhibitor, dis-
torting it and resulting in irreversible inhibition. The
two loops of thrombin on either side of the reactive
cleft, which form the 148 loop (also called the g-loop)
and 220 loop (which together with the 180 loop forms
the Na+ binding site), are critical in determining speci-
ficity for antithrombin rather than other serpins. These
two loops effectively prevent inhibitors such as bovine
pancreatic trypsin inhibitor from docking with the reac-
tive site but form important interactions with the main
body of AT.23

Antithrombin by itself is a weak inhibitor of throm-
bin. The extensive interactions that are required
between the two molecules do not take place easily
without assistance. This may be because of repulsion
between the highly charged surfaces of the two mole-
cules.24 The action of antithrombin is greatly enhanced
by glycosaminoglycans such as the naturally occurring
heparan sulfate or the various tissue-derived heparins
that are widely used as anticoagulants in clinical prac-
tice. Antithrombin binds in a highly specific fashion to
a unique pentasaccharide sequence in heparin. This
induces a conformational change in the reactive center
loop that is alone sufficient to enhance inhibition of
FXa. This understanding has led to the development of
synthetic molecules containing the pentasaccharide
sequence which are useful in therapeutic anticoagula-
tion. Binding of the pentasaccharide sequence to
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Figure 5. Ribbon models showing inhibition of a serine protease
by a serpin. On the left the serpin (aa1-antitrypsin in blue) has
aligned with its target protease (trypsin in red, with catalytic triad
residues in green). The serpin reactive center loop (RCL) inserts
into the reactive site and is cleaved between Met358-Ser359 as
described in the text. On the right part of the cleaved RCL has
been inserted as an additional sheet into the main part of the ser-
pin. The protease remains linked to Met358 and is swung down
and pressed against the body of the serpin. PDB IDs: 1H4W, 1QLP
and 1EZX.

K. Gomez et al. 

Figure 4. Ribbon model of the TFPI K2 and porcine trypsin com-
plex. The reactive center loop of the Kunitz domain, incorporating
residues 10-20, is in yellow with the protease catalytic triad of
His57, Asp102 and Ser195 in green. PDB ID: 1TFX.

Figure 6. Ribbon model of the thrombin-antithrombin-heparin
complex. Antithrombin is in blue, thrombin heavy chain in red and
light chain in pink with the disulfide bond Cys1-Cys122 shown as
a line model and heparin as a line model. The reactive center loop
(RCL) of antithrombin is shown in yellow. R93, R233, K236 and
K240 (cyan ball and stick models) in thrombin exosite II bind to
heparin and the 148 and Na+ binding loops interact with the body
of antithrombin. PDB ID 1TB6.
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antithrombin does not, however, lead to full enhance-
ment of thrombin inhibition. This requires subsequent
binding of thrombin to heparin, with recognition of an
oligosaccharide of variable length in heparin by a num-
ber of basic arginine and lysine residues that together
form exosite II in thrombin.25 The sequence of events
seems to be that antithrombin binds to heparin via the
highly specific pentasaccharide and thrombin binds dis-
tal to this region and then moves along the heparin
molecule until it encounters the inhibitor. This leads to
further conformational changes that orientate the reac-
tive center loop with the thrombin reactive site and
importantly forces antithrombin and thrombin into the
close proximity required for full inactivation (Figure 6).
Once the tri-molecular complex has been formed, inhi-
bition is completed by the mechanism described above
and heparin can dissociate and interact with further
free antithrombin. The antithrombin-thrombin com-
plex that remains is stable and irreversible.

Protein C pathway
While antithrombin effectively inhibits the procoag-

ulant effect of thrombin and leads to its removal from
the circulation there is a molecule that goes much fur-
ther. The binding of thrombin to thrombomodulin
modifies a number of its functions, effectively switch-
ing them from procoagulant to anticoagulant activities.
The main functions of the FIIa-thrombomodulin com-
plex are the activation of the anticoagulant protein C
and the anti-fibrinolytic thrombin-activatable fibrinoly-
sis inhibitor (TAFI) (Figure 1).26,27

Thrombomodulin is a trans-membrane protein con-
taining a serine-threonine rich domain adjacent to the
membrane, followed by six epidermal growth factor
(EGF)-like domains and a lectin-like globular domain.
The central portion of the molecule, EGF4-6, is prima-
rily responsible for binding thrombin and providing the
co-factor function that leads to protein C activation. As
can be seen in Figure 7, EGF5-6 of thrombomodulin and
the anion binding exosite I of thrombin interact via a
series of hydrogen bonds across their hydrophobic sur-
faces.28 It is apparent from this view that EGF5 is fold-
ed in a manner that is not typical of EGF domains in
other proteins. The tertiary structure of EGF domains is
dependent on disulfide bond formation between pairs
of cysteine residues within the domain. In EGF4 and
EGF6 of thrombomodulin the cysteines are paired 1-3,
2-4 and 5-6 as in most other proteins and thus a typical
tertiary structure is formed. In EGF5 the cysteines are
paired 1-2, 3-4 and 5-6 resulting in an unusual folding
with extension of the major b-sheet. The folding of
EGF5 in this manner points EGF4 away from the inter-
action with thrombin exosite I. As EGF4 does not inter-
act directly with thrombin, but is nevertheless essential
for activation of protein C, it has been postulated that
it binds protein C allowing optimal alignment of the

protein C activation peptide with the thrombin active
site.26,28 The FIIa-thrombomodulin complex is further
stabilized by a chondroitin sulfate moiety that is O-
linked to the serine-threonine-rich domain of thrombo-
modulin and extends away from the membrane
towards thrombin,  interacting with basic residues in
exosite II. The most critical of these is Arg97 (yellow
ball and stick in Figure 7), which sits adjacent to the
reactive site. Mutating this residue to the non-basic Ala
prevents chondroitin sulfate-dependent inhibition of
thrombin without affecting the ability of the FIIa-
thrombomodulin complex to activate protein C.29 The
binding of thrombomodulin EGF5-6 to exosite I pre-
vents this region of thrombin from binding to procoag-
ulant substrates and in addition leads to allosteric
changes in the reactive site that enable cleavage of pro-
tein C. The domain structure of protein C is the same
as that of the serine proteases of coagulation (FX, FIX
and FVII) with a calcium containing Gla domain that is
important in binding to phospholipids. In contrast with
the other (procoagulant) serine proteases, protein C has
a specific receptor: the endothelial protein C receptor
(EPCR), which it binds to via its Gla domain.30

Antibodies to EPCR can be found in disease states and
have been shown to inhibit the activation of protein C
on the endothelium, indicating that it is the EPCR
rather than membrane phospholipids that is important
in protein C activation.31 The requirement for a specific
receptor for protein C may be due to the relatively low
affinity of its Gla domain for negatively charged phos-
pholipids in comparison with other vitamin K –
dependent coagulation factors.32 Additionally it may
allow activated protein C (APC) to carry out a number
of specific functions in other pathways. It is now well

Figure 7. Ribbon model showing thrombin complexed with a
thrombomodulin fragment. The image is oriented such that the
membrane would be at the top of the figure. The thrombomodulin
fragment is in green with thrombin marked as in the previous fig-
ure. The thrombin inhibitor EGR-CMK is shown as a ball and stick
model in the reactive site. EGF5-6 of thrombomodulin interacts
with thrombin via exosite I (cyan residues). R97, which critically
interacts with chondroitin sulphate, is shown as a yellow ball and
stick. The long axis of EGF4 points away from thrombin. PDB ID
1DX5.
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established that the anticoagulant pathways discussed
above have an important role in the regulation of
inflammation and that thrombomodulin and APC
appear to be most important in linking coagulation and
inflammation.33 The anti-inflammatory activities of
thrombomodulin may depend principally on the lectin-
like domain. Mice with a truncated thrombomodulin in
which the lectin-like domain has been deleted have
normal activation of protein C but an impairment of
the anti-inflammatory properties of the endothelium
such that they have reduced survival after exposure to
endotoxin.34 APC carries out its main anticoagulant
functions of inactivating FVa and FVIIIa only after
recruiting protein S as a co-factor. Neither full length
protein S nor any of the  protein S-containing complex-
es have been crystallized to date and our understanding
of its involvement comes from theoretical models
based on biochemical data and homologous structures.
In the circulation 60% of  protein S is inactive by virtue
of being bound to C4b binding protein via two laminin

G-type domains at its N terminus.35 The free active
form interacts with negatively charged phospholipids
via the C terminal Gla domain in a Ca2+ dependent fash-
ion. The Gla domain is followed by a region sensitive
to cleavage by thrombin and FXa followed by four EGF
domains. It is likely that the EGF domains mediate
binding to APC. The APC-protein S complex is then
able to effectively cleave membrane bound FVa.30 The
cleavage of FVIIIa is dependent on the presence of inac-
tivated FV but does not seem to require protein S.
Although our current understanding is that protein S
has its anticoagulant effect through APC there is some
interesting evidence that it can inhibit the tenase and
prothrombinase complexes directly in vitro.35 Whether
this direct inhibitory effect is physiologically significant
remains to be seen.
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Acute Myeloid Leukemia

Effects of the protein tyrosine kinase inhibitor,
SU5614, on leukemic and normal stem cells

FLT3 activating mutations are the most frequent
single genetic abnormality in patients with acute
myeloid leukemia. Thus targeting the FLT3 activat-
ed kinase is a promising treatment approach. We
wanted to test whether the protein tyrosine kinase
inhibitor SU5614 selectively eliminates leukemic
stem cells while sparing their normal counterparts.

haematologica 2005; 90:1577-1578

(http://www.haematologica.org/journal/2005/11/1577.html)

The most common single genetic alterations in acute
myeloid leukemia (AML) are activating mutations of
FLT3 such as the internal tandem duplication (FLT3-LM)
or mutations in the second tyrosine kinase domain at
codons 835, 836, 841, or 842 (FLT3-TKD).1 These muta-
tions constitutively activate protein tyrosine kinases,
inducing factor-independent growth of hematopoietic
cell lines or a myeloproliferative syndrome in mice.2,3

Recently, a number of small molecule protein tyrosine
kinase inhibitors have been developed which target con-
stitutively activated FLT3. One member of the family of
protein tyrosine kinase inhibitors is SU5614, which sup-
presses growth factor-independent growth of cells with
constitutively activated FLT3 in vitro and has anti-
leukemic activity in patients with AML or myelodysplas-
tic syndrome.4-6 However, like other protein tyrosine
kinase inhibitors, SU5614 does not inhibit FLT3 selective-
ly, but also inhibits stem cell factor receptor and vascular
endothelial growth factor receptor. Activity against sev-
eral protein tyrosine kinases has the advantage that the
anti-leukemic potential of compounds such as SU5614

might not be restricted to FLT3-LM or FLT3-TKD, as
demonstrated in the first clinical trials.4,5 However, both
receptors are pivotal for normal hematopoietic stem cell
(HSC) development7 and, therefore, might result in sub-
stantial toxicity against normal HSC. The aim of this
study was to analyze and compare the effects of SU5614
on AML HSC and normal HSC. 

Peripheral blood or bone marrow cells were obtained
from 12 patients with newly-diagnosed AML after
informed consent and with the approval of the Clinical
Research Ethics Board of the LMU University of Munich.
The diagnosis and classification of AML were based on
the criteria of the French-American-British (FAB) group.8

Cytogenetic analysis was performed on the bone marrow
at initial diagnosis. Frozen normal CD34+ bone marrow
cells were obtained from CellSystems (St. Katharinen,
Germany). Analysis of FLT3-TKD and FLT3-LM was per-
formed as described previously.1,9 AML bone marrow or
peripheral blood as well as CD34+ bone marrow cells
from healthy donors were incubated at 1¥106 cells/mL
with 50 ng/mL granulocyte colony-stimulating factor
with or without (control) 10 mmoL SU5614 (Calbiochem-
Novabiochem, Bad Soden, Germany). This concentration
was previously found to induce apoptosis in transduced
myeloid leukemic cell lines.6 After 24h incubation, equal
fractions of the cells recovered from cultures with or
without SU5614 were assayed without regard to change
in cell numbers. Assays for colony-forming cells (CFC) for
AML and normal bone marrow samples were performed
as described previously,10 plating 1-2¥105 cells/mL in
methylcellulose medium (CellSystems). Cultures were
scored for the presence of clusters and colonies after 14
days.10 Long-term culture-initiating cells (LTC-IC) were
established from AML and normal bone marrow as pre-
viously described.10 All experiments were done in tripli-
cates. The mean values were used for our analyses.
Statistical analysis comprised a Student’s t-test (Microsoft

Table 1. Patients’ characteristics and response to treatment.

Patient Cytogenetics Age FAB WBC % FLT3 % killing
(x109) blasts CFC LTC-IC

1 46,XX, Nras+ 68 M1 284 95 WT 0 100

2 47,XX,I(21),+i(21), c-KIT-, Nras- 67 M2 41 60 WT 0 100

3 46,XY, c-KIT-, Nras- 46 M4 105 90 WT 93 25

4 47,XY,+13, 48,XY,+13,+13, c-KIT- 71 M1 160 90 WT 26 59

5 46,XY, c-KIT-, MLL dupl- 47 M1 66.4 LM 98 100

6 46,XX, Nras- 55 M4 8.2 90 LM 77 100

7 46,XX, c-KIT- 73 M5b 206 90 LM 77 0

8 46,XX,t(11;16), c-KIT-, Nras- 42 M4 75 90 LM n.g. 69

9 47,XX,+14, c-KIT-, Nras- 68 M5a 94 95 D835H 32 0

10 46,XX, c-KIT-, Nras- 85 M5b 268 95 D835H 100 100

11 46,XY, c-KIT-, Nras- 48 M2 9 80 Del835 n.g. 83

12 46,XX, c-KIT-, Nras- 38 M4 10,6 90 D835Y/ITD n.g. 14

n.s. not successful; n.g. no growth in control arm; WT: wild type; *% killing as compared to AML or normal BM CFC and LTC-IC respectively, after 24 hrs
pre-incubation without SU5614 (control).
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Excel). 
Three groups of patients (n=4 per group) were ana-

lyzed with non-mutated wild-type FLT3, FLT3-LM, and
FLT3-TKD (D835H, D835H, D835Y, del835). The in vitro
results from each group treated with SU5614 were com-
pared to those of the respective untreated control cells.
At the level of clonogenic progenitors (CFC) 2/4 patients
with wild-type FLT3, 3/3 with FLT3-LM (p<0.004) and
2/2 with FLT3-TKD responded to therapy with as much
as 100% reduction of the number of leukemic CFC as
compared to the untreated AML cells (Table 1). At the
level of HSC (LTC-IC), the compound achieved > 50%
cell killing in 3/4 (p<0.03) patients with  wild-type FLT3,
3/4 with FLT3-LM (p<0.04) and 2/4 with FLT3-TKD. The
response of both CFC as well as leukemic HSC to
SU5614 could not be predicted from the level of expres-
sion of FLT3 or the presence of activating mutations or
surface expression of c-KIT, a protein tyrosine kinase
also targeted by the SU5614 compound (data not shown).
As a control, CD34+ bone marrow stem cells from
healthy donors were analyzed in the same way. At the
level of CFC level SU5614 had considerable toxicity,
killing a mean (range) of 67.5 % (30-100) of the cells
(n=3). In addition, the compound eliminated normal HSC
(n=3) with a range between 78 – 100% after 24h incuba-
tion. These data demonstrate the efficacy of tyrosine
kinase inhibitors at eliminating leukemic stem cells in
AML patients with mutated as well as non-mutated
FLT3. However, the data also point to a considerable tox-
icity to normal HSC, which should be taken into account
in the management of patients with compromised nor-
mal hematopoiesis. 
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Malignant Lymphomas

Rituximab in patients with mucosal-associated
lymphoid tissue-type lymphoma of the ocular
adnexa 

Eight patients with ocular adnexal mucosal-asso-
ciated lymphpid tissue (MALT) lymphoma were
treated with rituximab, at diagnosis (n=5) or
relapse (n=3). All untreated patients achieved lym-
phoma regression, while relapsing patients had no
benefit. Four responding patients experienced early
relapse. The median time to progression was 5
months. The efficacy of rituximab in ocular adnex-
al lymphoma is lower than that reported for gastric
MALT lymphomas. 

haematologica 2005; 90:1578-1580
(http://www.haematologica.org/journal/2005/11/1578.html)

Any CD20-positive lymphoproliferative disorder is a
potentially suitable candidate for treatment with rituximab.
Significant rituximab activity has been reported in extran-
odal mucosal-associated lymphoid tissue (MALT) lym-
phomas.2 However, the clinical activity of this drug in
MALT lymphomas arising in different organs remains to be
defined.2 MALT-type ocular adnexal lymphoma is a very
indolent malignancy that would appear to be a suitable can-
didate for treatment with a drug that has an excellent safe-
ty profile, such as rituximab. However, the use of rituximab
in this setting has been only anecdotally investigated.1,3-5 

We report a series of eight patients with MALT-type ocu-
lar adnexal lymphoma treated with rituximab, at diagnosis
(patients #1 to 5) or relapse (patients #6 to 8) (Table 1).
Patients were treated with rituximab 375 mg/m2, weekly,
for four weeks, according to the conventional administra-
tion schedule which includes pre-medication. Patients did
not receive steroids or any other concomitant antineoplas-
tic therapy. CD20-positivity and MALT lymphoma histo-
type were confirmed both at diagnosis and relapse in all



cases. All patients had measurable disease in the ocular
adnexa, and two had concomitant systemic disease (Table
1). The study conformed to the tenets of the Declaration of
Helsinki. 

The tolerance to rituximab was excellent. All five
patients treated at diagnosis (patients #1 to 5) had an objec-
tive response, which was complete in three cases and par-
tial in two (Table 1); however, four of them experienced
local relapse and one of these four also had a systemic
relapse. Patients treated with rituximab for relapsed lym-
phoma (patients #6 to 8) did not achieve an objective
response. After a median follow-up from rituximab admin-
istration of 46 months, treatment had failed in all patients
but one (patient #4), with a median time to progression for
the entire series of 5 months. All patients are alive at a
median follow-up of 62 months.

This is the largest reported experience on patients with
MALT-type ocular adnexal lymphoma treated with ritux-
imab as a single agent. This drug has been associated with
modest activity in advanced MALT lymphomas,5 but with
a 73% response rate in a phase II trial on different extran-
odal MALT lymphomas.1 Consistently with our observa-
tions, reported response rates have been significantly high-
er among previously untreated patients than among relaps-
ing patients. The activity of rituximab has been reported to
be similar in gastric and non-gastric MALT lymphomas;1

however, an analysis according to extranodal site has not
been provided, and the median follow-up was 15 months,
thus preventing any conclusion being drawn about long-
term results. 

To date, only one paper focusing on the activity of ritux-
imab in ocular adnexal lymphoma is available.3 This study
included two patients with conjunctival MALT lymphoma
that had relapsed after radiotherapy in whom rituximab
then achieved durable remissions. The only patient in our
series who did not experience relapse after rituximab had a
conjunctival lymphoma. In another study,4 the role of ritux-
imab was investigated in eight patients with ocular adnex-
al lymphoma of different histotypes, including three
patients with MALT lymphoma. In that study,4 rituximab
was used in combination with chemotherapy and/or radio-
therapy, thus preventing any conclusion being drawn
about the real efficacy of the monoclonal antibody.
Consistently with our observations, however, two of the
three patients with MALT lymphoma experienced early
relapse after rituximab-containing therapy. Anecdotally, rit-
uximab activity has been reported in a few cases of ocular
adnexal lymphoma other than of MALT-type; stage, man-
agement and follow-up were variable.4,7,8

Our experience suggests a discrepancy between the
activity and efficacy of rituximab against MALT lym-
phomas arising in the ocular adnexa and those occurring in
the stomach. In fact, despite a high activity in both lym-
phomas, the efficacy of rituximab against ocular adnexal
lymphoma of MALT-type seems to be lower than that
reported for gastric MALT lymphoma.9 In a retrospective
series of 26 patients with gastric MALT lymphoma, 77% of
the patients responded to rituximab and only two patients
had relapses, after a median follow-up of 33 months.9

These results clearly contrast with the treatment failures
observed in seven of our eight patients and the median
time to progression of 5 months. These differences in the
efficacy of rituximab could be in part explained by the
known heterogeneity of extranodal MALT lymphomas,
which display a different natural behavior according to the
organ in which they arise.2

In conclusion, rituximab is highly active against newly
diagnosed ocular adnexal lymphoma, while it is inefficient
in relapsing patients. Its activity is similar to that observed
in other extranodal MALT lymphomas, but its long-term
efficacy is modest. The relapse rate in patients with ocular
adnexal MALT lymphoma is clearly higher than that
reported for gastric MALT lymphoma, suggesting that
MALT lymphomas arising in different organs could show
varied sensitivity to rituximab. Further investigations will
be needed to define the best role for rituximab in the man-
agement of extranodal MALT lymphomas. 
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Table 1. Stage, extent of disease, objective response, and duration
of response after rituximab. 

N. Sex/ Stage Orbital Systemic Therapy Objective TTP Site of
Age disease disease line# response* (mo.) relapse

1 F/56 IV lachrymal stomach, 1st CR 23 L
gland mediastinum &

axillary lymph n.
2 F/59 IV lachrymal - 1st CR 17 L

gland (bilateral)

3 F/74 I orbit - 1st PR 48 L + S§

4 F/38 I conjunctiva - 1st CR 37+
5 F/48 I conjunctiva - 1st PR 2 L

6 F/22 I orbit - 2nd PD 0 L

7 F/74 IV orbit bone marrow, 3rd PD 0 L
parotid gland &
cervical lymph n.

8 M/55 IV conjunctiva - 5th SD 5 L
(bilateral)

No patient had ECOG-PS >1, systemic symptoms or elevated levels of serum
lactate dehydrogenase . #Patient #6 had been previously treated with CEOP
chemotherapy, patient #7 with CEOP chemotherapy and orbital irradiation, and
patient #8 with orbital irradiation, CHOP chemotherapy, doxycycline, and
intralesional interferon. *Objective response was defined according to the WHO
criteria.6 CR: complete remission; PR: partial response, PD: progressive disease;
SD: stable disease; TTP: the time to progression was calculated from therapy
conclusion to the date of lymphoma progression or last date of follow-up;
“+” indicates the absence of lymphoma progression after therapy. L: local;
S: systemic. Preliminary data concerning patients #1 and 2 have been previously
reported.1 §Systemic relapse consisted of lymphomatous involvement of axillary
lymph nodes and subcutaneous nodules. 
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Malignant Lymphomas

High-dose therapy with autologous stem cell
transplantation in first response in mantle cell
lymphoma

We retrospectively investigated the outcome of
30 newly diagnosed patients with mantle cell lym-
phoma treated with high-dose therapy and autolo-
gous stem cell transplantation in first response.
With a median follow-up of 55 months, the 5-year
overall-survival is 62%, the 5-year progression-
free-survival is 40% and no secondary malignancy
has occurred. 

haematologica 2005; 90:1580-1582
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We performed a retrospective analysis of patients under
65 years of age diagnosed with mantle cell lymphoma
(MCL) in our department between 1990 and 2003. Our
therapeutic strategy for these patients always included
autologous stem cell transplantation (ASCT) in first
response. Thirty-five patients were diagnosed as having
MCL in this period. However, five patients were excluded
from the study: one because he received an allogeneic
stem cell transplantation and four because they had pro-
gressive disease after initial chemotherapy.

The induction therapy consisted of three to four courses
of increased CHOP-like or CHOP regimen. The DHAP or
an ESHAP regimen was used to obtain a response before
ASCT in patients with stable disease following the CHOP
or CHOP-like regimen. Response was assessed by physical
examination, hemogram and blood chemistry analysis,
chest X-ray, thoracic, abdominal and pelvic computed
tomography, and bone marrow biopsy if positive at diag-
nosis. The response was evaluated after the initial
chemotherapy, 3 months after ASCT, twice a year for 5
years, and then yearly up to 10 years. Complete response
was defined as the complete disappearance of lymphoma.
Regression of at least 50% of all measurable disease was
defined as a partial response. Minimal response and stable
disease were defined as reductions of all measurable
lesions of, respectively, 25% to 50% and 0% to 25%. 

The patients’ initial characteristics are listed in Table 1A
and the characteristics of their transplants are summarized
in Table 1B. The median follow-up is 55 months (range:
13-149 months). As shown in Figure 1A, the 5-year overall

Table 1A. Initial patient characteristics.

n (%)

Age (years)
Median 53 
Range 40-63

International Prognostic Index 
Low-risk 10 (33)
Low-intermediate risk 13 (43)
High-intermediate risk 4 (14)
High-risk 2 (7)
Unknown 1 (3)

Sex
Male 23 (77)
Female 7 (23)

Ann Arbor stage 
III 4 (14)
IV 26 (86)

B symptoms
Present 8 (27)
Absent 19 (63)
Unknown 3 (10)

Performance status
<2 30 (100)
≥2 0 (0)

Lactate dehydrogenases
Normal level 17 (57) 
Above normal 12 (40)
Unknown 1(3)

Dimension of the largest tumor mass
≥10 cm 5 (17)
<10 cm 23 (77) 
Unknown 2 (6) 

Site of extra-nodal disease
Bone marrow 23 (77) 
Blood 15 (50)
Gastrointestinal tract 11 (37)
Liver 7 (23)
Lung 1 (3)

Extranodal sites
0 4 (13)
1 14 (47)
2 6 (20)
3 6 (20)
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survival is 62% and the median overall survival is 72
months. Thirteen patients have died at a median time of
34 months (range: 6-75 months): 11 from lymphoma and
2 from bacterial sepsis. As shown in Figure 1B, the 5-year
progression free survival is 40% and the median progres-
sion-free survival is 37 months. Seventeen patients have
relapsed or progressed at a median time of 22 months
(range: 3-111 months). Among these, 13 relapsed from a
complete remission at a median time of 22 months (range:
7-111 months). These 13 patients were treated with con-
ventional chemotherapy (n=9) or allogeneic stem cell
transplantation (n=4). Three patients in partial remission

after ASCT progressed at 4, 10 and 26 months and were
treated with conventional chemotherapy. One patient pro-
gressed immediately after transplantation and was treated
with conventional chemotherapy. Among the 17 relapsing
or progressing patients, 13 had died by the time of analy-
sis. High-dose therapy was well tolerated without any
toxic deaths during the 3 months following transplanta-
tion. The toxicity of the therapy is summarized in Table 2.
With a long median follow-up of 55 months, our study
shows that patients under 65 years of age responding to
initial chemotherapy and subsequently autografted can
achieve 5-year progression-free survival and overall sur-
vival of, respectively, 40% and 62%, with an acceptable
toxicity profile. These results update our previous report
on 17 MCL patients who showed 4-year disease-free and
overall survivals of, respectively, 49% and 81%.1 It must
be emphasized that 15% of patients (5 out of 35) were
not eligible for ASCT because of a poor response to ini-
tial chemotherapy. It is also noteworthy that 83% of
patients received a conditioning regimen based on total
body irradiation and that none developed a secondary
malignancy. However, this finding should be viewed cau-
tiously because of the limited size of our study and
because a recent prospective study reported an actuarial

Table 1B. Characteristics at transplantation.

n (%)

Time from diagnosis to transplantation
Median 5 months

Source of stem cells
Peripheral blood 27 (90)
Bone marrow 3 (10)

Conditioning regimen
TBI+Cy 23 (77)
BEAM 5 (17)
TBI+CBV 1 (3)
TBI+Mel 1 (3)

Post-transplant growth factors
G-CSF 22 (72)
GM-CSF 4 (14)
None 4 (14)

Number of chemotherapy lines before transplantation
1 23 (77)
2 6 (20)
3 1 (3)

Status at transplantation
Complete response 5 (17)
Partial response 24 (80)
Minimal response 1 (3)

Response 90 days after transplant
Complete response 26 (87)
Partial response 3 (10)
Progressive disease 1 (3)

TBI+Cy: total body irradiation of 12 Gy in 6 fractions over 3 days plus cyclophos-
phamide (60 mg/kg/day for 2 consecutive days); BEAM: BCNU: 300 mg/m2 day
1; etoposide: 200 mg/m2 days 2-5; aracytine: 400 mg/m2 days 2-5 and melphalan:
140 mg/m2 day 6; CBV: cyclophosphamide: 1500 mg/m2 days 1-4; BCNU: 300
mg/m2 day 1 and etoposide: 200 mg/m2 days 2-4; Mel: melphalan 140 mg/m2.

Table 2. Extra-hematological toxicity of ASCT.

n

Toxic death 0

Secondary malignancy 0

Herpes zoster infection 4

Localized basal cell 2
skin carcinoma

Figure 1. A. Overall survival of the studied population. B.
Progression-free survival of the studied population.  
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risk of 18.6% at 5 years in 86 follicular lymphoma
patients autografted in first response.2 In our study, 23
patients out of 35 (65%) responded to an initial anthracy-
cline-based chemotherapy (CHOP or CHOP-like) while 7
patients needed salvage treatment with high doses of
cytarabine before ASCT and 5 patients never obtained a
response good enough for ASCT. This proportion of
MCL patients responding to an anthracycline-based
chemotherapy is consistent with other results reported in
the literature.3 Rituximab is likely to play an important
role in association with anthracycline-based chemothera-
py by effectively clearing blood and bone marrow lym-
phoma cells.4 However, the observation that addition of
rituximab to induction therapy does not translate into
prolonged progression-free survival supports the role of
using ASCT in first response.5,6

In a recent landmark study, Dreyling et al.7 demonstrat-
ed that ASCT prolongs progression-free survival in MCL.
They reported 3-year overall survival and progression-
free survival rates of 83% and 54%, respectively. The
corresponding 5-year rates in our study, dealing with a
comparable population of patients, were 62% and 40%,
respectively, thus confirming after an extended follow-up
that ASCT in first response is an effective and safe treat-
ment for MCL patients under 65 years of age.
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Stem Cell Transplantation

Development of functional Haemophilus Influenzae
type b antibodies after vaccination
of autologous stem cell transplant recipients

Sixteen autologous stem cell transplant recipients
received three vaccinations with conjugated
haemophilus influenzae type b vaccine. Quantitative
and qualitative aspects of the antibody response
were studied. The vaccination schedule resulted in
high antibody response rates and functional matu-
ration of antibodies, as measured by antibody avid-
ity and phagocytosis-inducing capacity.

haematologica 2005; 90:1582-1584

(http://www.haematologica.org/journal/2005/11/1582.html)

Infections are a major source of morbidity in patients
undergoing autologous stem cell transplantation and are
frequently caused by encapsulated bacteria such as
Haemophilus influenzae type b (Hib) and Streptococcus pneu-
moniae.1,2 Therefore, vaccination of stem cell transplant
recipients with Hib and pneumococcal vaccine has been
recommended.3,4 A response to vaccination is often quan-
titatively expressed as antibody titers, but determination
of avidity and phagocytosis-inducing capacity of antibod-
ies can provide important information regarding the func-
tional activity of antibodies.5,6 For instance, an increase in

antibody avidity during the year following Hib vaccina-
tion with a concurrent decrease in antibody levels, has
been described in children.7 We conducted a prospective
follow-up study to determine quantitative and qualitative
aspects of the humoral immune response to multiple vac-
cinations with conjugated H. influenzae type b vaccine in
16 adult patients with non-Hodgkin's lymphoma (n=3) or
multiple myeloma (n=13) who underwent autologous
stem cell transplantation. Patients with multiple myeloma
received high dose melphalan, whereas patients with
non-Hodgkin’s lymphoma received the BEAM regimen as
conditioning therapy. At 6, 8 and 14 months after trans-
plantation, patients were vaccinated with Hib (PRP-T vac-
cine: polyribosylribitolphosphate conjugated to tetanus
toxoid). Serum samples were taken before vaccination
and 3 weeks after each vaccination. For each patient, sera
taken at all time points were analyzed simultaneously for
all techniques. IgG antibody levels to H. influenzae were
measured by ELISA as described previously.8 An adequate
antibody response was defined as a 4-fold or greater
increase in antibody levels in addition to a minimal titer
of 50 U/mL corresponding to 18.8 mg/mL, which is 50%
of the titer in the reference serum. Avidity indices of IgG
anti-Hib antibodies were measured by a modification of
the sodium thiocyanate (NaSCN) elution method
described by Pullen et al.9 Antibody avidity can only reli-
ably be determined in sera with a minimal optical density
value of 1.0 at a 1:50 dilution, corresponding to a minimal
Hib antibody concentration of 25 mg/mL. The relative



avidity index (AI) is defined as the molarity of NaSCN at
which 50% of the amount of IgG antibodies bound to the
coated antigen in the absence of NaSCN has been eluted.
Phagocytosis-inducing capacity of anti-Hib IgG antibod-
ies was determined by a modification of the method
described by Sanders et al.10 In brief, sera of patients were
incubated with fluoroscein isothiocyanate (FITC)-labeled
Hib, subsequently incubated with polymorphic mononu-
clear cells and analyzed by flow cytometry. The phagocy-
tosis-inducing capacity of antibodies was expressed as
the mean FITC fluorescence intensity (MFI). 

The mean level of CD19+ cells before vaccination was
0.17¥109/L (range 0-0.4¥109/L) with subnormal levels of
B cells in three patients. Two patients had recurrence of
tumor at 9 and 12 months after transplantation and were
not included in the subsequent analysis. Measurement of
antibody titers showed response rates of 38%, 75% and
93% after one, two and three vaccinations, respectively
(Figure 1A). One patient did not acquire anti-Hib antibod-
ies after any of the three vaccinations. Avidity indices are
depicted in Figure 1B. After repeated vaccinations, avidi-
ty of anti-Hib IgG antibodies increased in all but one of
the patients who were eligible for avidity determination.
This one patient did show an increase in anti-Hib anti-
bodies after all vaccinations, but after the third vaccina-
tion the avidity index decreased. 

The phagocytosis-inducing capacity of anti-Hib IgG
antibodies is shown in Figure 1C. The previously men-
tioned patient who did not acquire anti-Hib antibodies
did not show an increase in phagocytosis-inducing capac-
ity. This patient had a very low relative CD19-count in
the circulation (<1%) at the time of the first vaccination,
also reflected by low serum immunoglobulin levels. The
patient who had a high increase in antibodies but a
decrease in avidity index, also showed a decrease in MFI
after the third vaccination. Although this patient did have
a robust IgA response after the third Hib vaccination (a
rise from 163 to 2034 U/mL) which was higher than that
in the other patients (range 1 to 643 U/mL after three Hib
vaccinations), the high IgA antibody response cannot
readily explain the drop in IgG avidity, apart from the
theoretical possibility that all high affinity IgG-bearing B
lymphocytes would have switched to IgA, resulting in
blocking of phagocytosis. However, the data do under-
line the relation between antibody avidity and opsoniza-
tion/phagocytosis and show that an increase in antibody
quantity is not always accompanied by an increase in
antibody quality.

In conclusion, in this study of autologous stem cell
transplant recipients, multiple vaccinations with a conju-
gated Hib vaccine resulted in high antibody levels and
maturation of antibody functionality.
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Figure 1.  A. Anti-Hib IgG antibodies of 14 patients before (pre)
and after one (post-1), two (post-2) and three (post-3) vaccinations
with conjugated Hib vaccine. Mean antibody levels plus standard
errors are shown. Anti-Hib antibodies increased significantly after
three vaccinations (p value=0.001). Hatched area indicates mean
value (± SE) of 12 healthy adults vaccinated with a single dose of
Hib conjugate vaccine. B. Anti-Hib IgG antibodies avidity indices
(AI) after one (post-1), two (post-2) and three (post-3) vaccinations
with Hib vaccine. Mean AI plus standard errors are shown. Mean
AI increased significantly after three vaccinations with conjugated
Hib vaccine, as compared with AI after two vaccinations (p
value=0.047). Hatched area indicates mean value (± SE) of 12
healthy adults vaccinated with a single dose of Hib conjugate vac-
cine. C. Phagocytosis inducing capacity of anti-Hib IgG antibodies
of 14 patients, expressed as mean fluorescence intensity (MFI),
before and after one, two and three vaccinations with Hib vaccine.
MFI plus standard errors are shown. MFI increased significantly
after two and three vaccinations, as compared with MFI before
vaccination (p values 0.03 and 0.002, respectively). Hatched area
indicates mean value (± SE) of 12 healthy adults vaccinated with
a single dose of Hib conjugate vaccine.
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