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Abstract
Pathogen-specific complement activation requires direct recognition of pathogens and/or the absence
of complement control mechanisms on their surfaces. Antibodies direct complement activation to
potential pathogens recognized by the cellular innate and adaptive immune systems. Similarly, the
plasma proteins MBL and ficolins direct activation to microorganisms expressing common
carbohydrate structures. The absence of complement control proteins permits amplification of
complement by the alternative pathway on any unprotected surface. The importance of complement
recognition molecules (MBL, ficolins, factor H, C3, C1q, properdin, and others) to human disease
are becoming clear as analysis of genetic data and knock out animals reveals links between
complement proteins and specific diseases.
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Evolution of pathogen/host discrimination
Multicellular organisms developed interiors where cells could trade nutrients and develop
specialized functions in a relatively protected space. Invasion of that space threatened survival
of the species. Discrimination between the invaders and cells contributing to the collective
became critical as did a means of killing or expelling the invaders. There is evidence for
complement-like components in primitive coral and sponges [1,2], early multicellular
organisms, suggesting that the discriminatory mechanisms of this system have had
approximately a billion years to develop. Two of the three pathways of complement activation
appear to have been functional long before adaptive immunity developed [3,4].

Complement activation pathways
Three pathways of complement activation are known. Each uses its own unique mechanism
for target versus host discrimination. All pathways result in covalent attachment of C3b to the
target and each is capable of assembling pores in the bilipid layer of the cell being attacked.
C3b tags the cell for killing by phagocytes and the pores allow water influx and metabolite
efflux from the cell under attack. C3b also covalently tags antigens (opsonization) for
processing by antigen presenting cells of the adaptive immune system. Figure 1 summarizes
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the major targets of each pathway, the discriminatory molecules of each and the different
potential outcomes. These outcomes are beneficial when pathogens have been correctly
identified by complement, but the same outcomes can all produce severe pathology if
misdirected [5].

The alternative pathway primarily uses reverse recognition. It detects markers on host cells
and activates on anything that lacks similar markers [6–8]. Factor H appears to be the primary
host pattern recognition molecule and it recognizes host-associated molecular patterns
(HAMPs), thought to be primarily surface polyanionic structures (Table 1). Recognition occurs
through a number of binding sites on factor H. Mutations in and variants of factor H have been
strongly linked to the apparently complement-mediated diseases atypical hemolytic uremic
syndrome [9–11] and age-related macular degeneration [12–15]. The connection between
altered amino acids in factor H and these diseases has been widely discussed, but the underlying
molecular mechanisms remain poorly understood. Another pathogen recognition function, in
this case direct recognition, was found just two years ago in another protein of the alternative
pathway. Properdin was found to bind to and activate the alternative pathway on Neisseria as
well as apoptotic and necrotic human cells [16–18].

Another unique feature of the alternative pathway is the C3b amplification process [19].
Attachment of small numbers of C3b to all surfaces in contact with blood occurs continuously
and spontaneously. Once C3b is attached it forms an enzyme (C3 convertase) capable of
activating many C3 molecules and depositing many additional C3b protein molecules on that
surface. Each C3b may repeat this process and this amplification can result in rapid, covalent
attachment of millions of C3b molecules to the surface in minutes. C3b attaches to proteins
and carbohydrates and this opsonization process is important for trafficking and presentation
of these molecules to the cells of the adaptive immune system. The specificity of the attachment
site, as will be discussed below, may be a significant component in complement-mediated
antigen selection and presentation.

The lectin pathway (Figure 1) uses members of the collectin family of proteins (MBL and L-,
H-, and M-ficolins) to recognize pathogen-associated molecular patterns (PAMPs) such as
polysaccharides on microbial surfaces [20,21]. Binding to their preferred polysaccharides on
the surface of pathogens triggers activation of associated MASP proteases and these activate
complement through the same protein activation cascade as the classical pathway [22,23]. The
specificities of the lectin sites of these proteins have only begun to be characterized [21].

The classical pathway is initiated by the binding of C1q to antigen-antibody complexes (Figure
1), certain pentraxins, as well as some PAMPs. This complement system primarily depends
upon the much more sophisticated discriminatory processes of the adaptive immune system to
mount responses to pathogens and eliminate responses to autoantigens. Mistakes of this system
(i.e. autoantibodies) elicit the same classical pathway response as antibodies to pathogens. The
result is increased inflammation and tissue damage in antibody-mediated autoimmunity due
to complement activation. Two other target recognition molecules in this pathway are C1q
itself, through direct recognition of PAMPs, and the recently identified SIGN-R1 lectin [24]
that mediates polysaccharide uptake in spleen (Table 1).

Molecular mechanisms of pathogen/host discrimination
Clearly any errors in target identification that result in complement activation on host cells or
tissues can have devastating consequences to the host. Activation attaches the opsonins C3b/
C3d on the surface, releases the inflammatory mediators C3a and C5a, and causes cell damage
or death due to C5b-9 pores in the cell membrane. Understanding the molecular specificity of
the discriminatory molecules is critical to understanding the mechanisms behind mistaken
identification of the host and the pathology that follows.

Pangburn et al. Page 2

Vaccine. Author manuscript; available in PMC 2009 December 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Alternative pathway recognition molecules and their targets
As shown in Table 1 the alternative pathway uses three different recognition molecules to
identify the host or targets. Factor H is a protein composed of twenty small domains arranged
like beads on a flexible string (Figure 2). The N-terminal four domains regulate the complement
amplification system [25–27]. The other sixteen domains contain a variety of binding sites
which control the functional effectiveness of domains 1–4 at the N-terminus. At least two sites
interact with host cell surface markers, thought to be polyanions, and multiple C3b-binding
sites interact with cell-surface deposited C3b/C3d [26–33], allowing factor H to effectively
control the spontaneous activation of the alternative pathway on host surfaces. Complement-
mediated pathology in the host can be triggered by the lack of proper recognition of markers
on host cells due to mutations in the binding sites on factor H, as evidenced by inherited atypical
hemolytic uremic syndrome (aHUS) [34,35] and age-related macular degeneration (ARMD)
[35]. The specific chemical nature of host markers has yet to be reported, but both regions
(domain 7 and 19–20, Figure 2) are thought to interact with host polyanionic molecules, such
as sialic acids and glycosoaminoglycans. Complement activating organisms, e.g. yeast, coated
with heparin cease to activate human complement [36]. On the other hand, sheep cells, which
do not activate human complement, activate the alternative pathway after surface sialic acid is
removed [37,38]. Thus, although the human counterparts of these polyanions have never been
identified they are assumed to be polyanionic in nature. The primary difficulty in identification
appears to be the low affinity between individual markers and factor H. In vivo factor H may
utilize both surface-bound C3b and multiple host specific contacts to identify host [39,40]. On
surfaces lacking markers recognized by factor H (bacteria, fungi, agarose, glomerular basement
membrane, etc.) alternative pathway-mediated C3b amplification proceeds unabated due to the
ineffectiveness of factor H on such surfaces.

Properdin is one of the six proteins involved in activation of the alternative pathway. It
stabilizes the central enzyme in the amplification process and thus accelerates activation [41].
Although first identified in 1959 [42], it was not until 2007 [17] that it was shown to be a
pattern recognition molecule capable of binding to Neisseria gonorreae, necrotic human cells,
and fungi and initiating activation of the alternative pathway [16–18]. People with properdin
deficiencies have recurrent episodes of meningococcal [43–45] infections suggesting that
recognition and elimination of these organisms are uniquely dependent on properdin. Certain
molecular structures recognized by properdin have been proposed, such as cell surface GAGs,
DNA, as well as non-sulfated glycoconjugates [16,18,46].

C3b attaches covalently to targets being attacked by all three pathways of complement as
illustrated in Figure 1. This critical step in complement activation is not normally thought of
as a target recognition event, however, C3b exhibits strong preferences (Table 2) among
different sugars (carbohydrates are its preferred attachment site on most targets) and an even
stronger preference for amino acid hydroxyl groups (Thr, Ser and Tyr) when they are available
[47–51]. Attachment to xylose is preferred 12-fold over attachment to inositol and two fold
over attachment to glucose (Table 2). Even preferences for particular hydroxyl positions on
sugars have been demonstrated [49]. Attachment to the phenyl hydroxyl group of tyrosine is
preferred 50-fold over glucose and the ester link to amino acids is more stable than that to
sugars. In one case it was shown (Figure 3) that a series of yeast mutants capable of synthesizing
surface polysaccharides terminating with one, two, three or four xylose sugars (the most highly
preferred sugar for C3b attachment) exhibited a 4-fold difference in C3b attachment efficiency
[49]. The rate and extent of complement activation by these yeast also reflected this quantitative
difference suggesting that the specificity measured with sugars is relevant to complement
activation [49].
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Antigen-processing cells of the adaptive immune system utilize C3b/C3d-tagged antigens as
their preferred antigens, through receptors CD21 and the BCR [52,53], especially during the
initial low antigen concentration phase of infections. This suggests that the chemical reactivity
of C3b for particular sites on an antigen may be an important step governing antigen selection.
It may also be important in regulating the pathway of cellular processing (Th1 versus Th2)
[54]. The recent discovery of a completely C3 deficient child with severely impaired B-cell,
dendritic cell and T-cell responses supports this conclusion [55]. The fact that the ability of
activated C3 to attach to invaders occurred early in evolution suggests that the mechanism of
invader identification and tagging by C3 might be an important factor in the selection of
antigens. It seems reasonable to expect that the selection of specific structures on target surface
molecules by C3b, and the covalent tag it attaches, will influence what polysaccharides and
protein fragments are utilized for processing by antigen-presenting cells.

All three pathways of complement activation deposit C3b on their respective targets. If that
surface lacks host markers or membrane-bound complement regulatory proteins (i.e., DAF,
MCP, CR1, CD59) the alternative pathway will amplify the number of C3b on that surface.
This system is capable of depositing millions of C3b protein molecules on a strong activator
within five to 15 minutes of first contact with host blood. A single cell will elicit such a response
suggesting that during early, low antigen dosage responses the molecules identified and tagged
by C3b may have a disproportionate influence on what antigens get processed.

Lectin pathway target recognition molecules and their ligands
Recognition of targets by the lectin pathway is more straightforward than target recognition
by the alternative pathway. The four known lectin-like proteins that initiate this pathway appear
to be traditional pattern recognition molecules specific mainly for different carbohydrates
prevalent on microorganisms. Due to the complexity of polysaccharides on microorganisms
and the fact that each lectin molecule possesses up to 18 binding sites, it is difficult to define
an exact specificity for these proteins. Nevertheless, it has become clear that MBL has a strong
preference for polysaccharides with terminal mannose and glucose residues, and more
specifically for sugars with 3- and 4-OH groups placed in the equatorial plane of the sugar ring
structure [56]. L-ficolin has been well characterized using an array of 279 different glycans
[21]. Although the structural preferences are clearly complex, the common feature was the
presence of one or more glycans with N-acetylated glucosamine. H-ficolin [57] and M-ficolin
[58] are both inhibited by N- acetylated sugars, but their fine specificity has not been well
characterized. One unanswered question is why human N-acetylated glycans (primarily
terminal sialic acids) are not recognized by the ficolins. Most likely the ficolins rely on complex
ligands and the multiplicity of binding sites on each arm of their structure to discriminate host
from microorganism. Due to the broad specificity exhibited by the ficolins it seems likely that
two or more of them will bind to any particular microorganism. It is not yet clear how much
cooperation specific pathogens elicit from the four complement activating lectins.

Classical pathway target recognition molecules and their ligands
The primary target recognition mechanism of the classical pathway is easy to describe. IgM
or clusters of IgG bound to their antigens activate this pathway of complement. The specificity
expressed by the antibody is determined by the B-cell maturation process. C1q is also known
to bind directly to PAMPs on pathogenic targets, such as envelope proteins of certain
retroviruses, lipopolysaccharides (LPS), and porins from Gram-negative bacteria [59–62]. In
addition, C1 can be activated by binding to pentraxins such as C reactive protein and serum
amyloid P [63–65], or by binding to SIGN-R1, a pattern recognition receptor located on spleen
marginal zone macrophages. SIGN-R1 has been shown to bind and activate C1 upon binding
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to its preferred carbohydrate structures on pathogens [24]. C1 activated by SIGN-R1 has been
shown to activate complement through the classical pathway.

Complement regulatory proteins
There are many mechanisms by which inadvertent damage to the host occurs following
complement activation. All activation in vivo can damage host cells whether that activation
occurs by immune complexes, on microorganisms, or due to the spontaneous activation of the
alternative pathway. Host cells express a variety of membrane-bound control proteins to limit
damage by both the activation process and the membrane attack complex. Damage can occur
from C3b attachment on host cells and tissues or due to “reactive lysis” by C5b-9.

In order for the host to survive a robust and hopefully lethal complement attack on pathogens,
host cells express membrane-bound complement regulators on their surfaces (DAF, MCP,
CR1, CD59, and CRIg) or express markers that attract the soluble regulators, factor H and C4
binding protein. DAF (CD55), MCP (CD46), CR1 (CD35) and CRIg all act by inactivating
complement enzymes or by inactivating C3b, the essential component of those enzymes. CRIg
molecules are membrane-attached immunoglobulin-like IgV domains that inhibit the
alternative pathway C3/C5 convertase [66]. CD59 acts differently in protecting host cells. If
all the other regulators fail to stop complement enzyme formation on host cells and C5 is
activated then the membrane attack complex is formed. CD59 limits host cell damage by
binding to C5b-8 or C5b-9 and preventing leakage or lysis of the host cell membrane [67,68].

Host cell defenses can be overwhelmed by aggressive activation such as occurs in antibody-
mediated autoimmune diseases. In myasthenia gravis nerve damage is limited or nonexistent
if the animal is complement deficient or if the complement system is inactivated [69]. Even if
antibodies are passively transferred, the new host suffers little or no pathology so long as the
complement system is inactive. Under normal conditions, however, constant immune complex
formation results in constant complement activation which eventually overwhelms host
defenses. Another situation where host defenses can be overwhelmed is when pathogens
undergoing aggressive complement attack are tightly bound to host cells by Toll-like receptors,
SIGN-R1, or by receptors (CR1, CR2, CR3, and CRIg) that bind to C4b or C3b attached to the
target during the complement activation process. Inadvertent transfer of C3b (which can initiate
alternative pathway activation) or C5b,6 to the host cell surface from the surface of the
activating pathogen must be controlled by the host cell’s defenses or the host cell will be killed.

The in vivo lifespan of normal human red cells is between 60 to 90 days, however abnormal
cells that lack complement regulatory molecules DAF and CD59 (PNH type II and III cells)
are lysed in 6-60 days [70,71] due to low level complement activation on their surface [70,
72,73]. These cells are not lysed in a shorter period of time due to cell surface protection
provided by factor H [74]. The only approved complement regulatory drug, the humanized
antibody eculizumab from Alexion, was approved for this disease and it acts by binding to C5
and preventing formation of the membrane attack complex. This disease illustrates the point
that pathology can result from either a lack of membrane control factors or from complement
activation that overwhelms those factors on host cells as a result of continuous and
indiscriminate attack. The aggressive nature of this attack is fundamental to how the alternative
pathway defends the host from potential pathogens.

Failures leading to complement attack on host cells and tissues
The three main causes of complement-mediated pathology are 1) decreased host defense
against complement activation (e.g., PNH, aHUS, and age related macular degeneration), 2)
exposure of cells or tissues that activate the host’s own complement system (e.g., ischemia/
reperfusion, burns, apoptotic/necrotic cells), and 3) massive or continuous complement
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activation that overwhelms normally adequate defenses against complement-mediated damage
(e.g., Ab-mediated autoimmunity, immune complex disease, sepsis).

As described in the preceding section, the loss of complement regulators DAF and CD59 on
host red cells leads to complement-mediated pathology in the disease PNH. A somatic mutation
in bone marrow stem cells prevents the attachment of membrane anchors on DAF and CD59
[72,73] and yields red cells and platelets lacking these protective proteins. The alternative
pathway attacks every surface in contact with blood, including red cells. Cell markers
recognized by factor H prevent uncontrolled activation [74], but membrane-bound regulators
must be present or the complement C3/C5 convertases that escape control by factor H slowly
inflict enough damage to lyse the PNH cells.

The inherited form of aHUS is associated with mutations in the C-terminus of factor H (Figure
2) that affect the ability of factor H to recognize host markers [75]. Reduced control of the
alternative pathway leads to damage to many tissues, but damage to the kidney is the most
rapid and destructive probably due to exposure of the glomerular basement membrane and
subsequent aggressive complement attack on this exposed surface, which lacks membrane-
bound complement regulatory proteins and relies mainly on factor H for its protection [76]. It
has become clear that mutations in other alternative pathway components (factor I, factor B,
C3 and CD46/MCP) can also lead to aHUS or can exacerbate or moderate effects of mutations
in factor H [77].

Age-related macular degeneration appears to be another example of a disease caused by
decreased host defense, although the exact mechanism has yet to be described in molecular
detail. ARMD is strongly linked to a single amino acid variant in the seventh domain of factor
H (Figure 2) [12,14,15,78]. The effects of mutations in factor H are exacerbated or moderated
by mutations in other complement proteins that either intensify complement attacks, slow
complement activation, or alter other control proteins. Thus, the genetic complexity of ARMD
is much greater than initially thought, but the loss of function and gain of function variants
found in multiple complement proteins [79,80] correlating with this disease seem to have
straightforward consequences for the progression of this disease. Variants that have been
shown to accelerate alternative pathway activation exacerbate pathology while those that
moderate activation suppress pathology [81,82].

Another mechanism of failed discrimination is activation of host complement on host tissues
exposed due to damage or other pathological events. Altered cell surfaces appear during
ischemia and necrosis of cellular tissues. These abnormal surfaces activate one or more of the
complement pathways [83–85]. This activation may play a necessary role in clearing damaged
tissue after ischemia, following burns or after normal apoptosis. This suggests a reason for
evolution to have preserved this function, but damage to bystander normal tissues also occurs
[41,86]. In the case of ischemia/reperfusion a significant amount of tissue loss can be prevented
by inactivating complement prior to reperfusion [83–85]. This implies that while there is a role
for complement in clearing damaged tissue, complement may sometimes be overly aggressive
in this process causing loss of tissue that could otherwise recover from the event. Damage to
the epithelial layer in the kidney exposes the glomerular basement membrane which has limited
ability to protect itself from complement activation. Membranoproliferative
glomerulonephritis (MPGN) Type II is accompanied by massive complement activation via
the alternative pathway and this can lead to complete organ failure [76]. It is not clear that any
positive role is being played by complement activation, suggesting that this is truly a lapse in
host discrimination by complement.

The destructive capacity of complement can overwhelm any cellular defenses if activation is
rapid or persistent. Most antibody-mediated autoimmune diseases lead to activation of the
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classical pathway on targets identified by the autoantibodies. Cells with normal levels of the
regulatory proteins DAF, MCP, and CD59 defend themselves against immediate lysis, but the
attack persists as long as more antigen is expressed, more antibody is available, and
complement levels remain sufficient to maintain the attack. Examples of antibody-mediated
diseases include myasthenia gravis and rheumatoid arthritis (RA) [87,88]. In RA there appears
to be a strong dependence on the alternative pathway. Mice deficient in factor B are resistant
to induction of pathology either by immunization with collagen II or by passive transfer of
antibodies [89]. Similarly, specific inhibition of the alternative pathway by soluble CRIg not
only prevented disease induction, but blocked progression of established rheumatoid arthritis
in a mouse model [90].

Bystander lysis (reactive lysis) occurs if a host cell is bound to or is even close to a pathogen
or immune complex where the surface is releasing activated complement proteins [86,91–
93]. Damage occurs if the C5b,6 complex produced by C5 convertases on the activator diffuse
to the host cell surface and insert into the cell membrane after combining with C7. The inserted
C5b-7 binds C8 and C9 spontaneously causing damage to the host cell. Host CD59 binds to
these complexes on a 1-to-1 basis preventing membrane damage, but if the number of C5b-9
exceeds the amount of CD59 in the host cell then apoptosis and cell death may result.

Failures of pathogen recognition
This volume contains a number of reviews that describe in detail the mechanisms by which
pathogens evade or utilize activation of complement (see reviews by A. Blom and S. Ram, J.
Ngampasutadol, et al., P.F. Zipfel, et al., M.A. Oliver, et al., P. Avirutnan, et. al., M. Hostetter,
J.A. Welsch and S. Ram, E. Kugelberg, et al., S. Meri, et al., M. Pizza, and S. Meri, et al.). The
three general strategies for causing complement failure are: defensive, offensive and
invisibility. Defensive approaches involve binding host control factors or expressing
complement regulating factors on the surface of the pathogen. Offensive strategies involve
disabling complement components or products or utilizing them to aid invasion. A cloak of
invisibility may be provided by both offensive and defensive strategies or it may be achieved
by using complement to gain access to the intracellular space and disappear.

Conclusions
Each pathway of complement activation utilizes specific discriminatory molecules to
distinguish host from target. Each pathway utilizes different markers on host or targets making
for robust pathogen recognition. Surprisingly, little is known about the specificities of many
discriminatory molecules and, similarly, little is known about the target molecules. C3b-tagged
antigens feed into the adaptive immune system and it seems, therefore, to be of value to
understand how C3b selects antigenic sites for enhanced processing. The identification of
markers recognized by complement components on host cells and pathogens, as well as the
mechanisms used by the pathogens to protect themselves from complement, will greatly
contribute to the development of therapies and vaccines for human diseases.
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Figure 1.
Complement activation occurs through one or more of three distinct pathways. The primary
targets of each pathway (i.e., the molecular structures that activate that pathway) are different.
Each pathway employs a unique set of discriminatory molecules. Some, such as factor H of
the alternative pathway, recognize markers on host cells to prevent activation on the host, but
allow activation on most other surfaces. Other discriminatory molecules recognize target
molecules using pattern recognition mechanisms (properdin, MBL, ficolins, C1q and SIGN-
R1) capable of interacting with target surface molecules. Discriminatory specificity developed
in the adaptive immune system and expressed in the form of antibodies is utilized by the
classical pathway to identify targets for activation of this pathway. All activation pathways
lead to C3b attachment to the target and the specificity of the thioester reactive site influences
the rate and extent of the activation process. Finally, targets of complement activation undergo
numerous processes all directed either at killing or at developing lasting immunity.
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Figure 2.
Host/target discriminatory sites on factor H. While the N-terminal four domains express all of
the complement regulatory functions of factor H, this activity is controlled by other polyanion
and C3b binding sites localized to domains 7, 12–13 and 19–20, as indicated. Interactions
between these sites and host cell surface polyanion markers increases the effectiveness of the
complement regulating domains 1–4 thus preventing inappropriate complement activation on
host cells and tissues. Microorganisms lacking molecules recognized by factor H cannot control
activation of the alternative complement pathway on their surface.
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Figure 3.
The specificity of the reactive thioester site of C3 for carbohydrates can determine the rate and
extent of complement activation. Different strains of yeast (Cryptococcus neoformans) capable
of attaching different numbers of xylose residues per unit of surface polysaccharide exhibit
different rates and extents of complement activation [49]. The serotypes attach one (52D), two
(271A), three (182B) or four (191C) xylose terminal residues to surface oligosaccharides
during growth. The figure shows deposition of radiolabeled C3b on the organisms during
activation of the alternative pathway revealing a 2-fold difference in rate of activation and a
4-fold difference in the level of opsonization by C3b. Figure from [49] with permission.
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Table 1
Discriminatory molecules of complement and their targets

Pathways Discriminatory Molecules Targets

Alternative Pathway Factor H Host cell surface polyanions (Specific structures undefined)

Properdin Pattern recognition markers in pathogens GAGs?, DND?,
Sugars? Sulfated glycoconjugates

C3b Cell surface carbohydrates (specificity well characterized)

Lectin Pathway MBL Mannose-rich polysaccharides, hexoses, glucose, GlcNAc,
fucose, etc.

L-ficolin Pattern of acetyl groups, C-reactive protein, lipoteicoic acid

H-ficolin Pattern of acetyl groups

M-ficolin Pattern of acetyl groups, CRP, sialic acid

Classical pathway C1q Antigen-antibody complexes, (Specificity of the Ab defines
target), PAMPS, CRP,

Clq & SIGN-R1 Largely undefined – pattern of mannose/fucose

Clq & Pentraxins (CRP, etc.) Phosphocholine, chromatin histones,
pattern of anionic surface
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Table 2
Specificity of C3b Attachment

Compound Relative Reactivity*

Water 1

Inositol 56

Fucose 179

Glucose 336

Galactose 360

Serine 366

NAc-Glucosamine 462

Mannose 491

Xylose 674

Threonice 1,575

Tyrosine 17,273

*
The reactive thioester of activated C3 (nascent C3b) covalently reacts with hydoxyl groups in the compounds listed above. Relative reactivcities were

calculated from the IC50 concentrations. Note that amino acids exhibited similar reactivities after incorporation into peptides.

Vaccine. Author manuscript; available in PMC 2009 December 30.


