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Abstract

Human C-reactive protein (CRP), injected intravenously into mice or produced inside mice by a
human transgene, protects mice from death following administration of lethal numbers of
Streptococcus pneumoniae. The protective effect of CRP is due to reduction in the concentration of
bacteria in the blood. The exact mechanism of CRP-dependent killing of pneumococci and the
partners of CRP in this process are yet to be defined. The current efforts to determine the mechanism
of action of CRP in mice are directed by four known in vitro functions of CRP: 1. the ability of
pneumococcal C-polysaccharide-complexed CRP to activate complement pathways, 2. the ability of
CRP to bind to Fcy receptors on phagocytic cells, 3. the ability of CRP to bind to immobilized
complement regulator protein factor H which can also be present on pneumococci, and, 4. the ability
of CRP to interact with dendritic cells. CRP-treated dendritic cells may well be as host-defensive as
CRP alone. An interesting condition for the protective function of CRP is that CRP must be given
to mice within a few hours of the administration of pneumococci. CRP does not protect mice if given
later, suggesting that CRP works prophylactically but not as a treatment for infection. However, full
knowledge of CRP may lead to the development of CRP-based treatment strategies to control
pneumococcal infection. Also, because CRP deficiency in humans has not yet been reported, it
becomes important to investigate the deficiency of the mechanism of action of CRP in CRP-positive
individuals.
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Introduction

C-reactive protein (CRP) was discovered in the serum of a patient infected with Streptococcus
pneumoniae. In 1920s, researchers in Oswald Theodore Avery's laboratory were fractionating
the materials which they had isolated from S. pneumoniae. They found that a substance present
in fraction C reacted with and precipitated a protein present in sera obtained from pneumonia
patients during acute illness. The reactive substance in fraction C was subsequently named
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pneumococcal C-polysaccharide (PnC) and the reactive protein in the patients'sera was named
CRP [1-3].

S. pneumoniae is a Gram-positive bacterium that colonizes the upper respiratory tract. It is the
most common pathogen that causes community-acquired pneumonia and is also a significant
cause of septicemia and meningitis [4-9]. Systemic pneumococcal infection raises serum CRP
level by upto 1000-fold [1-3]. The increase in the concentration of CRP in the serum is due to
increased biosynthesis of CRP in the hepatocytes in response to inflammatory cytokines
[10-12]. The serum CRP level is considered a useful marker of pneumonia [13,14]. Despite
the observations that pneumococcal infection raises serum CRP levels, that CRP appears in
the blood before the induction of a primary antibody response, and that CRP binds to PnC, it
is still unclear what in vivo CRP does to pneumococci in humans. In mouse models of
pneumococcal infection, CRP has been shown to be protective, that is, CRP decreases
bacteremia and increases survival of infected mice. Here, we review the various directions
taken to explore the mechanism of the protective function of CRP against pneumococcal
infection, the biological implications of knowing the mechanism of action of CRP, and the
limitations of using mice as an animal model to understand the functions of CRP in humans
[also see some previous CRP reviews: 15-23].

Binding of CRP to Pneumococci

CRP binds to several serotypes of S. pneumoniae including pathogenic strains, such as types
3,4, 6, 14, 19, 23 and 27, and the nonpathogenic strain R36a. CRP binds to both heat-killed
and live virulent pneumococci. Using type 3 pneumococci, it has been shown that CRP binds
to pneumococci in vitro in both human and mouse sera [24-29]. The best characterized ligand
of CRP in pneumococci is PnC which is a component of the pneumococcal cell wall. The
binding of CRP to PnC occurs through phosphocholine (PCh) residues which are present in
each repeating pentasaccharide unit of PnC [30,31]. CRP binds more avidly to pneumococcal
strains which contain PCh in both cell wall and capsular polysaccharides, such as type 27
[27,32]. CRP has lectin-like properties because it also reacts with polysaccharides that do not
contain PCh, such as depyruvylated capsular polysaccharide prepared from type 27, and it
binds to polysaccharides containing only galactose or N-acetylglucosamine [33-37]. In
addition, CRP has also been shown to bind to phosphoethanolamine-containing substances
[38-41]. The binding of CRP to PCh, PnC, phosphoethanolamine, carbohydrates or whole
pneumococci requires calcium and occurs in both calcium-containing buffers and growth
media [3,29,41-43]. These recognition functions of CRP are relevant because it is believed that
the protective function of CRP against pneumococcal infection in experimental mice begins
with the binding of CRP to pneumococci.

CRP is a homopentameric protein with a PCh-binding site located on each subunit. The crystal
structure of the CRP-PCh complex and the mutational analyses of CRP have revealed the amino
acids in CRP which connect CRP to PCh. The amino acid Glu81 in the PCh-binding
hydrophobic pocket of CRP interacts with the positively charged nitrogen atom of choline in
PCh. The amino acid Phe66 provides hydrophobic interactions with the three methyl groups
of choline in PCh. The amino acid Thr76 is critical for creating the appropriately sized pocket
to accommodate PCh. The phosphate group of PCh directly coordinates with the two calcium
ions bound to CRP. Recently, a CRP mutant, called F66A/E81A, in which both Phe66 and
Glu81 are mutated to Ala, has been engineered. The F66A/E81A CRP does not bind to
immobilized PCh, PnC or live pneumococci in vitro and has been used in the experiments
aimed at determining the functions of CRP in a mouse model of pneumococcal infection [29,
40,44-46].
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The Fate of CRP-Complexed Pneumococci

CRP-PnC complexes activate the complement system in vitro in both human and mouse sera.
The fate of CRP-complexed pneumococci in vivo is thought to depend upon the ability of the
CRP-complexed pneumococci to activate complement. The activated complement participates
in the elimination of bacteria. There are three pathways of complement activation: classical
pathway, alternative pathway, and lectin pathway [47]. The classical pathway is activated by
antigen-antibody complexes and also by pathogen-bound lectin known as SIGN-R1 which is
expressed on marginal zone macrophages within the spleen. Thus, the classical pathway can
be activated in both antibody-dependent and antibody-independent manners. The alternative
pathway is activated by the pathogens themselves. The lectin pathway is activated by mannan-
bearing pathogens after they bind to mannose-binding lectin (MBL) in the serum.

In human serum, like antigen-antibody complexes, PnC-complexed CRP binds to C1q, the first
component of the classical pathway, and activates the classical pathway of complement
[48-50]. CRP bound to heat-killed pneumococci types 3, 6 and 27, and R36a has also been
shown to activate the classical pathway [26]. The C1g-binding site on CRP and the CRP-
binding site on C1q have been reported. It is the globular region of C1q that participates in
CRP-Cl1q interaction [51-56]. The most critical amino acid in the C1g-binding site of CRP for
CRP-Clq interaction is Tyr175 [57,58]. CRP-mediated activation of the classical pathway
generates opsonins which target the CRP-bound substances for opsonophagocytosis [59,60].
In addition to activating the classical pathway, CRP can also activate the lectin pathway. It has
been shown that CRP can bind to ficolins and activate the lectin pathway of complement
[61].

In mouse serum, unlike in human serum, the activation of mouse complement by PnC-bound
human CRP is not through the classical pathway, because human CRP does not bind to mouse
C1q [58]. The pathway through which human CRP activates mouse complement is under
investigation but it could be via the lectin pathway. The activation of different complement
pathways by human CRP in human and mouse sera indicates species-specificity of CRP.
However, the complement activation is the only known species-specific difference related to
the effector functions of CRP. Nevertheless, the mouse model is not suitable for investigating
any function of CRP that may depend upon CRP-mediated activation of the classical
complement pathway in humans. The species-specific observations also provide a lesson
concerning the problem of extrapolating in vitro properties of CRP to in vivo effects. It is
important to establish the in vitro properties of CRP using mouse materials so that experiments
to determine in vivo functions of CRP can be interpreted in mice.

Besides complement-dependent opsonophagocytosis of CRP-bound ligands, CRP has also
been shown to promote complement-independent phagocytosis of pneumococci by leukocytes.
Such phagocytosis-inducing activity of CRP was also thought to determine the fate of CRP-
complexed pneumococci in vivo. However, it remains controversial that CRP alone is capable
of promoting phagocytosis without a requirement for complement. It has been shown in one
study that CRP is capable of promoting phagocytosis of those pneumococci to which it binds,
such as the PCh-expressing pneumococci. CRP did not mediate phagocytosis of those
pathogenic strains which had no PCh in their capsule. Prior binding of CRP to pneumococci
seems to be a requirement for CRP-mediated enhancement of phagocytosis because just the
addition of CRP to whole heparinized blood had little effect on the extent of phagocytosis. In
another study, only in the presence of complement was CRP an effective opsonin for S.
pneumoniae type 27 [26,28,32,62-66]. It is important to note, however, that complement-
deficient sera have not yet been used in the phagocytosis assays. Neither mouse sera have been
used in such assays. As discussed below, in addition to the activities of PnC-bound CRP, many
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PnC-independent activities of CRP have also been implicated in determining the fate of CRP-
bound pneumococci in vivo.

CRP-Mediated Protection of Mice from Infection

CRP is an evolutionarily conserved protein; it is present in all vertebrates and some
invertebrates [67-70]. However, CRP exhibits species-specificity in being a component of the
acute phase response. In contrast to human CRP, mouse CRP is just a trace serum protein and
not an acute phase protein. Therefore, from this angle, mouse is a convenient species to be used
to investigate the in vivo functions of passively administered purified human CRP.

If an administered dose of pneumococci is not lethal in mice, then it is not lethal because mice
can protect themselves from infection against a certain number of injected bacteria by using
several components of the innate immune system. The components of innate immunity include
the recognition of PnC by naturally occurring anti-pneumococcal IgM antibodies and the
binding of capsular polysaccharide to the lectin SIGN-R1 expressed on splenic macrophages,
which then lead to the activation of the classical complement pathway to provide defense
against pneumococci. Even in the absence of specific acquired antibodies, the classical pathway
has been shown to be the most important pathway for innate immunity to pneumococci [5,9,
47,71-76]. Thus, complement plays an essential role in controlling replication of pneumococci
in the circulation.

On the other hand, if an administered dose of pneumococci is going to be a lethal dose, then
mice require CRP as an additional host-defense component. Two types of mouse models have
been used to investigate host-defense functions of CRP related to the protection of mice from
pneumococcal infection. One model involved the intravenous administration of pure human
CRP into mice. The other model was the mouse made transgenic for human CRP. In the first
model, passively administered human CRP has been shown to be protective against lethal
infection with virulent S. pneumoniae type 3 and 4 as determined by increased survival of and
decreased bacteremia in infected mice. The protective activity of CRP can be demonstrated
even in the immunodeficient xid mouse which has virtually no naturally occurring anti-
pneumococcal antibodies. The minimum amount of CRP required to protect the mice, however,
varied in different laboratories, probably reflecting differences in mouse strain and in the
virulence of various pneumococcal preparations. Mice transgenic for human CRP were also
protected from lethal pneumococcal infection and showed both decreased bacteremia and
increased survival [29,58,77-79]. There are two routes of experimental pneumococcal infection
in mice. Intranasal infection (pneumonia model) with pneumococci results in adhesion of the
bacteria to the mucosa, a process that is dependent upon PCh present in PnC. Intravenous
infection (septicemia or endotoxic shock model) is dependent upon the capsular
polysaccharide. CRP has been shown to be protective against both intravenous and intranasal
infections. However, it has not yet been elucidated whether the mechanism of action of CRP
in protection against infection depends on the route of administration of pneumococci.

CRP protects mice from infection only when injected within the range of 6 h before to 2 h after
injecting pneumococci into mice. Although protection requires the presence of CRP in the early
stages of infection, the action of CRP is slow; the number of bacteria in the blood does not
start decreasing until after CRP is cleared from the circulation. The effect of CRP is usually
measurable only after a day of infection, although in one study, a much earlier effect of CRP
on bacteremia was shown. The protective function of CRP was not observed when mice
received CRP 36 h post-infection [29,58,77-81]. These findings suggest that CRP protects mice
from being infected but does not cure mice with existing infection.
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Mechanism of Protective Function of CRP in Mice: Requirement of Partners

The increased resistance to infection in CRP-treated mice is associated with reduction of
bacteremia and the maintenance of reduced bacteremia. The mechanisms by which CRP
reduces bacteremia remain undefined. How does CRP, directly or indirectly, act on the bacterial
surfaces to kill them? Who may be the partners of CRP in carrying out the protective role? The
current efforts to find answers to these questions are directed by the following four known in
vitro functions of CRP: 1. the ability of PnC-complexed CRP to activate complement pathways,
2. the ability of CRP to bind to Fcy receptors (FcyR) on phagocytic cells, 3. the ability of CRP
to bind to immobilized complement regulator protein factor H which can also be present on
pneumococci, and, 4. the ability of CRP to interact with dendritic cells (DC). Thus, the possible
partners of CRP in executing the protective function of CRP are complement pathways,
FcyRs, factor H and DCs, as discussed below.

Role of Complement

Employing complement component C3 knockout and cobra venom factor-treated
decomplemented mice, it has been shown that a functioning complement system is required
for full protective activity of CRP in mice against intravenous S. pneumoniae infection [72,
80-82]. Data obtained from complement C4 knockout mice indicated that the classical pathway
or lectin pathway or both contribute to CRP-mediated protection. CRP, however, was capable
of affording some degree of protection by itself. Based on the in vitro properties of CRP
mentioned earlier, it was assumed that in mice, CRP was protective through a pathway in which
CRP binds to exposed PnC on the bacterial surface; the liganded CRP activates complement
through the classical pathway and bacteremia is reduced through complement-dependent
opsonophagocytosis [58,80-82]. This assumption turned out to be incorrect because human
CRP does not bind murine C1q and therefore cannot activate the mouse classical pathway. The
characteristic of CRP to activate the classical complement pathway in human serum does not
constitute the mechanism of CRP-mediated protection of mice from infection. Because ligand-
complexed human CRP does activate mouse complement, although not through the classical
pathway, it is possible that complement may be partnering with CRP in protecting mice from
infection.

Other findings indicate that CRP-mediated protection of mice from infection may be totally
independent of the ability of CRP to activate complement. First, the F66A/E81A mutant CRP,
incapable of binding to S. pneumoniae in vitro and hence incapable of activating complement,
has been used in the protection experiments [29,58]. Surprisingly, this mutant CRP also
protected mice from infection just like the wild-type CRP did. Assuming that this mutant CRP
did not bind to bacteria in vivo, then it means that CRP-mediated decrease in bacteremia and
the resulting protection of mice do not need complement activated by CRP-complexes. Second,
considering that the half-life of injected CRP in mice is only approximately 4 hours [83], it is
evident that after a day of infection when the protective effect of CRP was measurable, CRP
may not be present in the blood, again suggesting that the activation of complement by CRP-
complexes may not be responsible for the protection of mice from infection.

As mentioned earlier, pneumococci can themselves activate complement: they activate the
alternative pathway, they activate the classical pathway through SIGN-R1, and they also
activate the classical pathway through antibodies if the antibodies are present. Pneumococci
do not need CRP to activate complement. Then why should CRP work through complement?
Why should CRP bind to pneumococci only for the purposes of activating complement? It has
been hypothesized previously that complement serves as the first line of defense and that CRP
protects mice from those bacteria that escape complement attack [29,58]. A definitive answer
to these questions on the role of the property of pathogen-bound CRP to activate complement
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in protection against pneumococcal infection in mice can be found by using a mutant CRP that
does not activate mouse complement. Such a CRP mutant is not yet available.

Role of Fcy Receptors

CRP binds to phagocytic cells, neutrophils, endothelial cells and DCs through the 1gG receptors
FcyRI (CD64) and FcyRlla (CD32) expressed on their surface, and changes the functions of
those cells [84-96]. CRP binds to both human and mouse FcyRs [97,98]. Thus, in addition to
opsonization by activated complement fragments, CRP can also mediate direct phagocytosis
of bacteria, by binding to FcyRs on phagocytic cells [21,92,96,98]. Many FcyR-mediated
functions of CRP have been reported recently [99-102]. CRP has been shown to enhance
cytokine responses to pneumococci through interactions with FcyRs [103]. However, the
binding of CRP to FcyRs has been controversial for some time [104-106]. The exact
physiological conditions in which this interaction can occur in vivo are unclear. The questions
whether CRP is on the surface of FcyR-bearing cells in vivo or not, and whether the aggregation
or modification of CRP is required for binding of CRP to FcyR-bearing cells or not, remain
unanswered.

It has been shown that FcyR does not play a role in CRP-mediated protection of mice from
pneumococcal infection. CRP decreases bacteremia in FcyR-deficient mice also and protects
these mice against pneumococcal infection [19,72]. Another approach to determine the role of
CRP-FcyR interaction in the protection of mice from pneumococcal infection is to use a CRP
mutant incapable of binding to FcyRs. Using FcyRl, it has been shown that the region on the
CRP molecule that binds C1q also provides the contact amino acids for FcyRs. These amino
acids in CRP are Thrl73, Asn186, Lys114, and Leul76. The binding sites on CRP for FcyR
and for C1q are discrete but overlapping [107]. A CRP mutant incapable of binding to mouse
FcyR has not yet been used in mouse studies.

Role of Factor H

Factor H is a regulator of the alternative pathway of complement. It protects host cells from
complement attack by inhibiting the activation of the alternative pathway on host cells and on
those pathogenic surfaces which are capable of binding to factor H [108]. CRP binds to factor
H in vitro when either one is in the immobilized phase [59,109-114]. This interaction neither
requires nor is inhibited by calcium. It has been suggested that CRP first binds to targets such
as S. pneumoniae and subsequently limits excessive alternative pathway activation by
recruiting factor H [115-117]. CRP has also been shown to modulate lectin pathway-dependent
cytolysis by recruiting factor H [59,118,119],

The binding of CRP to factor H may contribute to the protective action of CRP in mice against
pneumococcal infection. Initially, factor H binds to a protein called Hic (factor H-binding
inhibitor of complement) present on the pneumococcal cell wall leading to inhibition of
activation of the alternative pathway on the pneumococcal cell surface [120]. Thus,
pneumococci use factor H to evade self-activated complement-mediated killing. Since factor
H also binds CRP and since both CRP and Hic can bind to factor H simultaneously, it is possible
that CRP may prevent bacteria from escaping attack by the alternative complement pathway.
CRP can hind to factor H-coated pneumococci, cover the factor H-Hic complex formed on
bacteria and therefore eliminate the repressive effect of factor H on activation of the alternative
pathway. Alternatively, CRP could bind to factor H-coated pneumococci, and then the complex
formed by CRP, factor H, and Hic could activate the lectin pathway of complement and trigger
killing of the pneumococci. A factor H-binding site on CRP has been located which is different
from the C1g-binding site [59,112]. Based on this information, we are generating a CRP mutant
incapable of binding to factor H to examine the role of factor H in CRP-dependent protection
of mice with pneumococcal infection.
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It has been shown recently that the CRP mutant, F66A/E81A, which does not bind PnC or live
virulent S. pneumoniae in vitro, also reduces bacteremia and protects mice against infection,
indicating that the binding of CRP to pneumococci is not required for the protective effects of
CRP [29,58]. However, it cannot yet be ruled out that mutant CRP may bind to pneumococci
in vivo. The mutant CRP may bind to pneumococci indirectly through an intermediate (not
directly through PnC) such as factor H in the mouse circulation and then protect mice from
infection by the mechanism mentioned above. The ability of CRP to bind pneumococci through
PnC may be important for preventing colonization of bacteria in the intranasal infection model.
CRP has been shown to block the attachment of PCh-expressing bacteria to platelet-activating
factor (PAF) receptors on human pharyngeal epithelial cells [7,121,122]. The PCh-binding
ability of CRP was also found to be necessary for protection of mice from PAF challenge
[123].

CRP was not found to be protective against pneumococcal infection in mice deficient in
complement factor B, a component of the alternative pathway, indicating that the CRP-
mediated protection in vivo requires the participation of the alternative pathway also [19].
Alternatively, the finding that CRP was not protective in factor B knockout mice also suggests
that the pneumococci which are otherwise killed by the alternative pathway were not killed by
CRP. This interpretation, in turn, supports the notion that CRP acts on only a certain variant
or specific population of bacteria in vivo. Indeed, it has been shown that pneumococci undergo
spontaneous phase variation between a transparent and an opaque colony phenotype; the latter
being more virulent in a murine model of sepsis [124].

Role of Dendritic Cells

CRP binds to DCs [96,125-127]. As a result, CRP may alter differentiation, maturation, and
functions of DCs such as the DC-induced activities of T cells. CRP-treated DCs have been
found to have different functions than that of untreated DCs. It is not known, however, whether
CRP is internalized by DCs as it has been reported for monocytic cells and endothelial cells.
Upon binding to monocytic and endothelial cells, CRP is internalized and, in case of monocytic
cells, it is also degraded [128,129]. It has recently been shown that CRP enhances uptake and
presentation of pneumococcal antigens through FcyRs on DCs and stimulates protective
adaptive immunity [96]. As reviewed previously, much evidence also indicates that CRP
provides a link between innate and adaptive immunity and can modulate the functioning of the
immune system [29,58,130-138]. For example, upon induction of CRP in mice transgenic for
human CRP, T cells have been found that recognize CRP epitopes on thymic and splenic
antigen-presenting cells (APC) [135]. It has also been shown that the depletion of Treg cells
in MRL-Ipr mice abrogates the protective effect of CRP on autoimmune nephritis indicating
that CRP might interact with Treg cells which are known to influence the functions of DCs
[136].

A new concept that has emerged recently is that CRP may contribute to the protection of mice
from infection by acting directly on the effector cells of the immune system [29]. This concept
is based on the findings that the protective effect of CRP in mice is a slow process [29], that a
single early injection of CRP into mice is sufficient to protect mice from infection [80], that
the complement pathways may not be acting with CRP as discussed above, and that the effect
of CRP is measurable at a time when there is little CRP in the circulation. The spleen is known
to be involved in the clearance of bacteria and is the possible site for the opsonic functions of
CRP in vivo [47,80,139]. Thus, it has been proposed that APCs in the spleen take up CRP and
present it in processed form on their surfaces. The APC exposing CRP peptides may recognize
pathogenic bacterial polysaccharides (not necessarily only PCh) and act as a pattern-
recognition protein for pathogen-associated molecular patterns and enhance cell-mediated
cytotoxicity to reduce bacteremia, as described previously for toll-like receptors [140].
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Adoptive transfer experiments using CRP-treated DCs need to be performed to investigate
their effect in protecting mice against pneumococcal infection.

Conclusions and Future Plans

In addition to protecting mice from pneumococcal infection, CRP has also been shown to
protect mice from infection with Salmonella typhimurium, a pathogen to which CRP binds in
the presence of serum [60,141]. CRP also binds to Haemophilus influenzae and Neisseriae
spp. [142,143]. More mouse protection experiments need to be performed to determine the
range of pathogens against which CRP is protective. CRP has been shown to be an anti-
atherosclerosis agent and it appears that CRP is also a general anti-microbial agent [144].

The mechanism of the protective function of CRP in mouse models of pneumococcal infection
is not known. Originally, the complement-activating and the phagocytosis-stimulating
properties of ligand-bound CRP were thought to determine the fate of CRP-complexed
pneumococci in vivo. Recent data also suggest the participation of factor H-binding and DC-
binding properties of CRP in mediating the in vivo host-defense functions of CRP. The
generation of CRP mutants for use as investigative tools to explore the mechanism of action
of CRP in mice is in progress in our laboratory. We seek a CRP mutant that does not activate
mouse complement, a mutant that does not bind factor H, and a mutant that does not bind
FcyRs. The knowledge of CRP mechanisms of action may lead us to develop CRP-based
vaccination strategies to prevent, or even to treat, pneumococcal infection in humans.

Humans deficient in the ability to synthesize CRP have not been reported nor have mutations
in the gene that would alter the amino acid sequence of the protein. CRP is present in everybody.
However, it is not necessary that CRP functions similarly in every individual. Once the
mechanism of action of CRP and the partners of CRP are known, then it would be important
to focus on investigating the presence of the partners required for the actions of CRP in CRP-
positive individuals and confirm that the CRP-dependent mechanisms operate equally in each
individual.
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CRP

C-reactive protein
DC

Dendritic cell
FcyR

Fcy receptor
MBL

Mannose-binding lectin
PCh

Phosphocholine
PnC

Pneumococcal C-polysaccharide

S. pneumoniae
Streptococcus pneumoniae
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