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Subversion of the chemokine
world by microbial pathogens

Adrian Liston' and Shaun McColl?**

Summary

It is well known that microbial pathogens are able to
subvert the host immune system in order to increase
microbial replication and propagation. Recent research
indicates that another arm of the immune response, that
of the chemokine system, is also subject to this sabotage,
and is undermined by a range of microbial pathogens,
including viruses, bacteria, and parasites. Currently, it
is known that the chemokine system is being chal-
lenged by a number of mechanisms, and still more are
likely to be discovered with further research. Here we first
review the general mechanisms by which microbial
pathogens bypass mammalian chemokine defences.
Broadly, these can be grouped as viral chemokine inter-
acting proteins, microbial manipulation of host chemo-
kine and chemokine receptor expression, microbial
blockade of host chemokine receptor signalling, and
the largely hypothetical mechanisms of microbial en-
hancement of host anti-chemokine networks (including
digestion, antagonism, and neutralisation of host che-
mokines and chemokine receptors). We then discuss the
potential results of these interactions in terms of outcome
of infection. BioEssays 25:478-488, 2003.
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Introduction—the chemokine gene family

During evolution of the host defence strategies, microbial
pathogenicity mechanisms have been co-evolving to counter
every defence. High mutation rates and sophisticated anti-
genic shift allow direct evasion from the highly specific adap-
tive arm of the immune response.!” In addition, microbial
pathogens have been able to directly disable immune com-
ponents, including cytokine networks (for example neutralising
the anti-viral properties of interferon), antigen presentation
(for example reducing the presentation of microbial antigen on
MHC class 1), the complement cascade, and components of
cellular defence.®®

Another important constituent of the host immune system
is the chemokine network. Chemokines, or chemotactic cyto-
kines, are the largest known group of cytokines. There are
around 40 known chemokines, and 20 chemokine receptors.
Chemokines are divided into four structural families, based on
the spacing of the conserved cysteine residues. The CC and
CXC families are the largest, with the C and CX3C families
consisting of only a few members. The relationship between
chemokines and chemokine receptors is highly promiscuous,
with most receptors binding many chemokines, and most
chemokines binding several receptors (see reviews 4,5 and
Table 1).

The best-understood role of chemokines is the promotion of
leukocyte migration. All classes of leukocytes express various
chemokine receptors, and are thus capable of migrating along
a chemokine gradient. These gradients can be soluble or
fixed (via the glycosaminoglycan binding properties of many
chemokines).(6'7) However, the role of chemokines is not
limited to chemotaxis, indeed, in the case of several mem-
bers, chemotaxis may not be the major biological function.
Chemokines also function in Th-1/2 differentiation, T cell
costimulation, granulocyte activation, gene transcription,
mitogenesis, apoptosis, haematopoiesis, angiogenesis and
development.®

Chemokines, as a crucial host immune system, have not
been ignored by microbial pathogens. In fact, a strong argu-
ment for the importance of chemokines in immunity is the
extent to which pathogens have evolved mechanisms to
counter the chemokine network. The creative mechanisms
with which these pathogens penetrate our chemokine defence
involve not only direct immune evasion, but also increased
microbial replication and propagation.
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Table 1. The four chemokine subfamilies
Family Human ligand Mouse ligand Major receptors
CXC Family
ELR™ subfamily
CXCL1 GRO/MGSA- GRO/KC? CXCR2>CXCR1
CXCL2 GRO/MSGA- GRO/KC? CXCR2
CXCL3 GRO/MSGA- GRO/KC? CXCR2
CXCL5 ENA-78 LIX? CXCR2
CXCL6 GCP-2 CK-3 CXCR1, CXCR2
CXCL7 NAP-2 ? CXCR2
CXCL8 IL-8 ? CXCR1, CXCR2
ELR™ subfamily
CXCL4 PF4 PF4 ?
CXCL9 Mig Mig CXCR3
CXCL10 IP-10 IP-10 CXCR3
CXCL11 I-TAC ? CXCR3
CXCL12 SDF-1/ SDF-1 CXCR4
CXCL13 BLC/BCA-1 BLC/BCA-1 CXCR5
CXCL14 BRAK/bolekine BRAK ?
(CXCL15) ? Lungkine ?
CXCL16 Sexckine Sexckine CXCR6
CC Family
CCL1 1-309 TCA-3, P500 CCR8
CCL2 MCP-1/MCAF JE? CCR2
CCL3 MIP-1/LD78 MIP-1 CCR1, CCR5
CCL4 MIP-1 MIP-1 CCR5
CCL5 RANTES RANTES CCR1, CCR3, CCR5
(CCLs6) ? C10, MRP-1 ?
CCL7 MCP-3 MARC? CCR1, CCR2, CCR3
CCL8 MCP-2 MCP-2? CCR3
(CCL9/10) ? MRP-2, CCF18 MIP-1 ?
CCL11 Eotaxin Eotaxin CCR3
(CCL12) ? MCP-5 CCR2
CCL13 MCP-4 ? CCR2, CCR3
CCL14 HCC-1 ? CCR1
CCL15 HCC-2/Lkn-1/MIP-1 ? CCR1, CCR3
CCL16 HCC-4/LEC LCC-1 CCR1
CCL17 TARC TARC CCR4
CCL18 DC-CK1/PARC AMAC-1 ? ?
CCL19 MIP-3/ELC/exodus-3 MIP-3/ELC/exodus-3 CCR7
CCL20 MIP-3/LARC/exodus-1 MIP-3/LARC/exodus-1 CCR6
CCL21 6Ckine/SLC/exodus-2 6Ckine/SLC/exodus-2 CCR7
CCL22 MDC/STCP-1 ABCD-1 CCR4
CCL23 MPIF-1 ? CCR1
CCL24 MPIF-2/Eotaxin-2 ? CCR3
CCL25 TECK TECK CCR9
CCL26 Eotaxin-3 ? CCR3
CcCL27 CTACK/ILC ALP/CTACK/ILC/ESkine CCR10
CCL28 CCL28 CCL28 CCR10
C Family
XCL1 Lymphotactin/SCM-1/ATAC Lymphotactin XCR1
XCL2 SCM-1 ? XCR1
CX3C Family
CX3CL1 Fractalkine Neurotactin CX3CR1

Mechanisms involved in the highjack of the
chemokine system

Microbial organisms have been successful in subverting the
chemokine system in a number of different ways, often using
mechanisms derived from host pathways. In general, these
mechanisms can be divided into four main groups—(a) pro-
duction of a microbial protein able to directly interact with the

chemokine system, (b) altered expression of chemokines or
receptors, (c) blockage of the signalling pathway of chemokine
receptors, or (d) sabotage of host chemokine proteins.

Microbial proteins
Viruses have been demonstrated to subvert the host im-
mune system through the production of viral proteins able
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to interact with the host's immune system.® These are
often homologs of host proteins, but several are unique to
the virus (presumably where no host gene exists that could
be easily modified).("?) In the case of proteins altering the
chemokine system, viral products have been made from
three sources—homologs of chemokines (vCk), homologs of

chemokine receptors (vCkR), and unique viral products able
to bind chemokines (vCkBP). Most viral chemokine modula-
tors are expressed by large DNA viruses, especially herpes
viruses and poxviruses;'?) although the retrovirus HIV-1 also
contains a viral chemokine homolog'" (see Table 2). In
addition, recent evidence suggests that the bacterium

Table 2. Chemokine modulators encoded by viruses

Viral protein Viral homologs Host homolog Putative function Ref
Viral chemokine-binding proteins
Poxvirus vCKBP-| M-T7 (Myxoma virus) IFN-yR C, CC, CXC chemokine inhibitor via (10
GAG binding site
S-T7 (Shope fibroma virus)
Poxvirus vCkBP-II B29R/C23L (Vaccina virus) N/A Broad spectrum CC chemokine inhibitor 78)
M-T1 (Myxoma virus)
S-T1 (Shope fibroma virus)
RPV/35kDa protein (Rabbitpox virus)
G3R/35kDa protein (Smallpox virus)
DIL/H5R (Cowpox virus)
Herpesvirus vCkBP M3 (Murine gammaherpesvirus 68) N/A C, CC, CXC, CX3C chemokine inhibitor 0)

Viral chemokine receptors

Poxvirus vCXCR
Poxvirus vCCR
Herpesvirus vCXCR

Herpesvirus vCCR-1

Herpesvirus vCCR-2

Herpesvirus vCCR-3

K2R (Swinepox virus)
Q2/3L (Capripox virus)
ORF74 (HHV-8)

ORF74/ECRF3 (Herpesvirus saimiri)

ORF74 (Murine gammaherpesvirus
68)

ORF74/E1/E6 (Equine herpesvirus 2)

US28 (huCMV)

US27 (huCMV)
5 putative homologs (sCMV-derived
stealth virus)

U12 (HHV6)
U12 (HHV7)
UL33 (huCMV)
M33 (muCMV)
U51 (HHV6)
U51 (HHV-7)
UL78 (huCMV)
M78 (muCMV)

Viral chemokines

CXCR 2 (79)
CCR ?
CXCR2 Functional CXC receptor Constitutive (17):(76):(30)

and agonist-induced signalling

CCR1 Functional CCR (CC chemokines) (19):(80)
Sequesters chemokines
Constitutively active signalling

CCR Functional CC chemokine receptor S

CCR Binds CC chemokines ©8)

Retrovirus vCCL
Poxvirus vCCL
Herpesvirus vCXCL

Herpesvirus vCCL

Tat (HIV-1)

MC148R/VMCC-1

vCXCL-1/UL146 (huCMV)

VCXCL-2/UL147 (huCMV)

3 putative VGRO-o/MGSA
(sCMV-derived stealth virus)

vIL-8 (Marek’s Disease Virus)

VvMIP-I/K6 (HHV8)

VvMIP-II/K4 (HHV8)

U83 (HHV®)
VMIP-III/BCK (HHVS)
MCK-1/m131 (muCMV)
MCK-2 (muCMV)

MCP CCR2/3 agonist an
ccCL27 Promiscuous receptor antagonist 19
CXC Potent CXCR2 agonist (s
CXC ?

GRO-o ? ®2)
IL-8 Chicken mononuclear cell chemotaxis a4
MIP-1o CCR8 agonist ™
MIP-1a. CCR1/2/5 antagonist, CCR3/8 and 70

CXCR2 agonist

MIP-1o Mononuclear cell chemoattractant 74
MIP-1p ? an
cc CCR agonist (83,84)
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Mycobacterium avium also expresses a chemokine homolog
to MCP-1.(12

Viral chemokines (vCk). Viral homologs of host che-
mokines can be captured CC or CXC chemokines (such as
vMIPI/II/IIl and vIL-8 respectively). The captured genes have
been modified, and presumably allow the virus a selective
advantage. The viral homologs often have a much more
promiscuous receptor range than the original host chemo-
kine, and also may have altered receptor-activation proper-
ties.""® They are able to function in two major manners as
depicted in Fig. 1b,c. First of all, vCks can be fully functional
chemokines able to activate the host receptor in the normal
manner (Fig. 1b). In this case, the viral product directly
mimics host function, and activates host receptors that would
normally be inactive due to a lack of endogenous ligand.
Examples of this first mechanism are vIL-8 (IL-8R agonist,
Ref. 14), vCXC1 (CXCR2 agonist, Ref. 15), vMIPI (CCR8
agonist, Ref. 16), and vMIPIl (CCR3, CCR8 and CXCR2
agonist, Refs. 13,17). Secondly, vCks can be dysfunctional
homologs, capable of binding the chemokine receptor with-
out activating it, resulting in receptor antagonism (Fig. 1,
panel c). Examples of this second mechanism are MC148R
(a CC chemokine homolog able to antagonise many CC and
CXC receptors, Ref. 18), and vMIPIl (CCR1, CCR2, CCRS5,
CCR8, CXCR4, XCR1 and CCR10 antagonist, Refs. 13,18).
VMIPII is able to function in both of these manners, acting

as an agonist for some receptors and an antagonist for
others.'®

Viral chemokine receptors (vCkR). Poxviruses and
herpesviruses have captured several CC and CXC che-
mokine receptors. Expression of these viral receptor homo-
logs on infected cells can serve several purposes. Firstly,
expression of the receptor may allow the infected cell to
migrate in response to endogenous chemokines that it would
otherwise be unable to recognise (Fig. 1b). For example, the
CMV vCCR-1 US28 may allow the infected cell to migrate
along endogenous chemokine gradients of MIP-1a, MIP-1,
MCP-1 and RANTES.("® Secondly, the vCkR may act as a
decoy receptor to prevent the activity of the endogenous
chemokine. Decoy receptors can actin cisor trans. Cis decoy
receptors act by binding endogenous chemokine to prevent it
from binding cellular receptors on the surface of the infected
cell. If the vCkR is unable to signal, the infected cell is
prevented from responding to the appropriate stimuli (see
Fig. 1c). Trans decoy receptors act by binding endogenous
chemokines from the environment, internalising them via
receptor-mediated endocytosis, and destroying them. For
example, CMV vCCR-1 US28 is able to intensely sequester
RANTES and MCP-1 through continuous internalisation,
resulting in a modification of the chemokine environment.(®
Thirdly, the vCkR can have constitutive signalling activity.
Constitutively active vCkRs have been implicated in stimulat-

Figure 1. Mechanisms of dysregulation of host
leukocyte chemotaxis by vCk, vCkR and vCkBP.

Normal uninfected state: a) in the homeostatic
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situation, cellular expression of endogenous
e chemokine receptors (i) activates signal trans-

. duction (¢==) allowing chemotaxis towards ap-
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. (®). Infected host: b) expression of vCkR (m#) can
¢ o °* allow migration towards an inappropriate endo-
genous ligand (), while expression of vCk ()
can stimulate endogenous chemokine receptors

(maw) to follow viral gradients, in both cases leading
° to inappropriate migration; c) vCk (#) can also

L] act as receptor antagonists for endogenous
receptors (), while vCkR (&) can act as decoy
receptors (without signal transduction), and
vCkBP (=) can prevent binding of endogenous
ligands (=) to their endogenous receptor (&), in
all cases reducing migration towards the endo-
genous ligand.
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ing angiogenesis,?>2") oncogenesis®*2® and cellular acti-
vation.®® CMV vCCR-1 US28 gives constitutive activation of
Ga/11, resulting in phospholipase C and NF-«B activation. ?%
KSHV vCCR-2 ORF-74 is constitutively active through the
phosphoinositide—inositoltrisphosphate—protein kinase C
pathway, giving oncogenic transformation and inducing the
secretion of vascular endothelial growth factor for angiogen-
esis.®52%) The constitutive activity of this vCkR is influenced
by the binding of endogenous chemokines (inhibited by IP-
103" or SDF-14,?? stimulated by IL-8 or GRO-a, Ref. 20).
The function of many of the putative vCkRs is still unknown,
but may follow one or more of these mechanisms.

Viral chemokine-binding proteins (vCkBP). There
are several examples of viral cytokine-binding proteins
produced by the viral capture of host receptor genes and
modification into a soluble form. With single-pass transmem-
brane receptors, modification requires only the truncation of
the transmembrane domain in order to produce a soluble
receptor (this is often used by the host as a post-translational
modification to reverse the function of a receptor, such as with
the TNFo receptor).®® However, since chemokine receptors
are seven-pass serpentine transmembrane structures, they
are not easily modified to create a soluble form of receptor.
Therefore, viral chemokine-binding proteins (vCkBP) are not
homologs of host chemokine receptors; rather they are
unique viral products with no host homolog (examples include
poxvirus VCkBP-Il or herpesvirus vCkBP).?® Another
example is the poxvirus vVCKBP-I protein, which is a modified
soluble homolog of the host IFNy receptor, that binds various
chemokines as well as IFNy.('?

There are two mechanisms by which vCkBPs may function.
The first is simple neutralisation of the bound chemokine (see
Fig. 1c). Poxvirus vCkBP-Il and herpesvirus vCkBP bind
chemokines in such a manner as to prevent the function of the
chemokine—either by preventing binding to the receptor, or
by preventing activation of the receptor.?®=3" The second
mechanism is displayed by poxvirus vCkBP-l. Poxvirus
vCkBP-I is able to bind a wide range of chemokines through
binding the conserved glycosaminoglycan (GAG) binding
domain." By binding the chemokines in such a manner,
it prevents them from binding the extracellular matrix, and
therefore prevents the formation of a stable chemokine
gradient!'®29_ Poxvirus vCkBP-I is also able to function in
the first manner by direct neutralisation.'®

Altering expression of chemokines

or chemokine receptors

Another way in which microbes are capable of subverting the
chemokine network is through the promotion or suppression of
host chemokine or chemokine receptor expression. This is a
common technique employed by microorganisms in escaping
various host immune responses (such as the downregulation

of MHC class | genes in virally infected cells, Ref. 3). Altering
the expression level of chemokines or receptors can be
achieved through the manipulation of transcription factors.
For example, intracellular infection with CMV®? or EBV
(via LMP1, Ref. 33), or contact with soluble factors from
Helicobacter pylori,*¥ Bordetella pertussis®® or Clostridium
difficile (via Toxin A, Ref. 36,37) results in the activation of
transcription factors NF-xB and AP-1. This results in the
upregulation of IL-8.®

Since altering transcription factors may have an effect on
multiple genes, it is often difficult to determine which of the
products are modified to microbial advantage and which are
simply altered in a ‘bystander’ fashion. In addition, it can be
difficult to tease apart expression altered by the microbe, from
expression altered by the host cell as an anti-microbial re-
sponse. In some cases, both factors may even be comple-
mentary. However, in at least one of the examples above, CMV
induction of IL-8, itis clear that the upregulation of chemokines
can be important for microbial pathogenesis. With CMV
infection, IL-8 has been shown to have a number of critical
functions during infection (detailed later in the review),
emphasised by the viral production of vCXCL1, which acts
as a CXCR2 agonist with similar potency to IL-8. Another
confirmed role for chemokine transcriptional modification is
the downregulation of RANTES by HHV6-infected cells.®
Infection with HHV6 results in the production of vCCR-3
(US51). As well as being able to sequester RANTES and other
CC chemokines, US51 activation downregulates the tran-
scription of RANTES.®® |t has been postulated that this two-
pronged reduction of RANTES has a role inimmune evasion or
in the recruitment of permissive cells.

Blocking chemokine receptor

signalling pathways

Another mechanism by which microbial organisms can reduce
the host chemotactic response is to prevent the signalling that
occurs when a chemokine binds its receptor. In order for the
chemokine to have an effect, binding must be transmitted from
the receptor to the cell via the activation of G-protein signalling
pathways. The bacteria Bordetella pertussis is able to prevent
this signalling through the virulence factor Pertussis Toxin
(PT). PT is an ADP ribosyltransferase able to block signalling
from the G-protein coupled to 7-transmembrane receptors.®®
PT has many effects on the host, and it is therefore difficult to
determine which are important for pathogenicity; however, the
inhibitory effect of PT on chemokine signalling may be crucial
for the success of this pathogen.

Another example of blocking CkR signalling may be that of
Influenza A nucleoprotein. Influenza A nucleoprotein contains
a region of homology to a host protein able to prevent neutro-
phil activation, and the purified nucleoprotein is able to inhibit
neutrophil chemotaxis (including towards IL-8) and activa-
tion.*%#" Currently the molecular mechanism is uncertain,
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but the nucleoprotein may work by binding CR3 and altering
Ca?* homeostasis, therefore preventing optimal signalling
from CXCR1/2 in response to IL-8.4")

Manipulation of host products

A final mechanism by which microbes may alter the host
chemokine system is through exploitation of host anti-
chemokine programs (Fig. 2). As yet, this proposed mechan-
ism is hypothetical, but as host mechanisms are already in
place, it would be surprising if microbes have not evolved
the ability to take advantage of these systems. In particular it
would be expected that various bacteria and parasites would
function in such a manner, as they do not appear to have the
range of vCk, vCKR and vCkBPs found in viruses (which are
more capable of capturing host genes for modification).

Generation of soluble glycosaminoglycans
(GAG). The first host anti-inflammatory mechanism that
may be exploited by bacteria and parasites is the neutralisa-
tion of chemokines through stimulating the production of
soluble GAG in the host. As previously mentioned, many
chemokines contain a GAG-binding domain, which allows the
formation of stable chemokine gradients in the extracellular
matrix.®®” However, soluble GAG still retains chemokine
binding, without being fixed to form a stable gradient. Soluble
GAG components such as heparin, heparan sulfate, chon-
droitin sulfate and dermatan sulphate are able to form
complexes with a wide range of chemokines, preventing the
formation of a stable gradient and modulating receptor
binding.“2® This rather non-specific binding of chemokines
has been shown to have an anti-inflammatory effect.“?) After
infection, macrophages and fibroblasts activate matrix
metallo-proteases (MMPs) and thus allow the enzymatic
degradation and de novo synthesis of the extracellular matrix

(ECM).“*¥ Products generated during this degradation
include soluble components of GAG, which may be one of
the mechanisms involved in host downregulation of the
inflammatory response.

In effect, this mechanism has been mimicked by
poxviruses, with the production of the vCkBP T7, which is
able to bind chemokines through a GAG-binding domain.('®
However, bacteria do not appear to produce any CkBPs and,
rather than mimic the effect of soluble GAG, they may instead
directly use host soluble GAG components to dampen
immunity. Several species of bacteria, and all multicellular
eukaryotic parasites, express matrix-remodelling enzymes
that are able to cleave the GAG—protein linkage site, creating
soluble GAG components.“®) For example, Flavobacterium
heparinum, Proteus vulgaris and Arthrobacter aurescens
produce several Heparinases and Chondroitinases.“®~47) It
is unknown as yet whether the soluble GAG produced in
these reactions is capable of disrupting the chemokine
network.

To modify the chemokine network in such a way, it is not
necessary for the bacteria to produce enzymes that directly
release soluble GAG, as the host remodelling enzymes are
present in a latent state. Instead, a microbial product could
indirectly generate soluble GAG through the triggering of the
host protease cascade. For example, Staphylococcus aureus
expresses a plasminogen receptor that is able to bind and
activate host plasmin, triggering the proMMP-1 to be degraded
into active MMP-1,%8 and Treponema lecithinolyticumis able
to activate host MMP-2.¢49)

Alternatively, a microbe could upregulate host MMPs or
downregulate host TIMPs (MMP inhibitors) to achieve the
same effect. There are several examples of bacteria specifi-
cally altering the expression of host MMPs (Microbacterium
tuberculosis-infected monocytes express MMP-9, Ref. 50)

ECM
it i Figure 2. Microbial induction of host anti-chemokine
" chemokine mechanisms. Microbial infections can result in the
{ﬁf T antagonism direct production of degradative enzymes, or the acti-
e 46 vation of host degradative enzymes, which can act on
o the host extracellular matrix, or on endogenous chemo-
iy \‘ kines. Disruption of the ECM destroys fixed chemokine
4 disruption of X )

Fifsibiek N fixed gradient gradients, and soluble glycosaminoglycans can non-
\? scbdon of Ebipniod specifically bind host chemokines, preventing the host
\ i O chemokines binding to intact ECM in addition to inhi-
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and broad-based inflammatory factors such as TNF-a, IL-1
and LPS are all able to alter the expression patterns of both
MMPs and TIMPs.®"

Despite these examples, no studies have yet been con-
ducted to identify the microbial-induced production of soluble
GAG components capable of chemokine neutralisation.
Furthermore, any detected soluble GAG production could
simply be a by-product, as microbial-induced ECM degrada-
tion has its own role in pathogenesis. However, if ECM
degradation were shown to be partially carried out in order to
produce soluble GAG, the resulting neutralisation of chemo-
kines would represent subversion of the host anti-inflamma-
tory program.

Digestion of host chemokines. The second of these
host anti-chemokine programs is the digestion of functional
chemokines. Chemokine digestion by host proteases (in-
cluding serine proteases and MMPs) has been shown to
enhance chemokine activity (e.g. MMP-9 activates IL-8 by
amino-terminal clipping, Ref. 44), destroy chemokine func-
tion (e.g. MMP-2 cleaves SDF-10/p at aa 4-5, inactivating it,
Ref. 52) or to turn chemokines into receptor antagonists.®®
Recently, it has been shown that host MMP-2 is able to
produce an N-terminal truncation of native MCP-3 by partial
digestion into 5-76 MCP-3.°® The resulting product retains
receptor-binding activity, but sustains the loss of ability to
activate receptors, therefore acting as a receptor antagonist
rather than agonist for CCR1/2/3.®® Other chemokines may
also be converted to receptor antagonists, as synthetical-
ly produced N-terminal chemokine truncations of MIP-3q,
MCP-1, MIP-3B3, RANTES and SDF all act as receptor anta-
gonists (Refs. 54,55 and unpublished data). Active digestion
of chemokines by host MMPs could therefore represent
an anti-inflammatory program, which both destroys the
chemokine gradient, and produces chemokine receptor
antagonists.

As bacteria and parasites produce many proteolytic
enzymes, future investigation may find products that contain
the same specificity of degradation, and are therefore able
to enhance the chemotactic ability of chemokines, destroy
chemokine gradients or produce receptor antagonists. One
example comes from the hookworm Necator americanus,
which secretes a metalloprotease capable of inactivating
eotaxin.®® Alternatively, rather than directly encoding the
specific protease, microbes may work by invoking the relevant
host protease.“*? For example, by triggering neutrophil
degranulation, CMV indirectly releases MMP-9, which acti-
vates IL-8, to enhance neutrophil recruitment.®”) Alternatively,
HIV induces the expression of MMP-2, which inactivates SDF
(which is normally able to inhibit HIV infection).®®® Other
examples of bacterial and parasitic expression or activation of
host MMPs were listed in the section above. As yet there is little
evidence that chemokine degradation and antagonist produc-

tion are involved in the pathogenesis of microbial organisms,
rather than being a side effect of MMP activity induced for
an alternative role, yet this may be an effective mechanism
by which a range of microbes regulate host inflammatory
responses.

Induction of anti-chemokine antibodies. A third
potential host anti-inflammatory response that microbes may
take advantage of is the transient production of anti-
chemokine antibodies. A transient anti-self reaction towards
pro-inflammatory chemokines has been observed during
severe inflammation,®® although as yet it is not known
whether the production of neutralising antibodies is strong
enough to contribute to the downregulation of inflammation. If
microbes were able to stimulate or enhance this host anti-
inflammatory mechanism, they could indirectly inhibit che-
mokine function. This result could be achieved in a number of
ways. Firstly, anti-self anti-chemokine antibody production
could be non-specifically enhanced, such as through the
production of super-antigens,©®®6") triggering a strong
inflammatory environment,®? or through the destruction of
tolerogenic cells®3%% (mechanisms occurring during infec-
tion by several important pathogens). Secondly, anti-self
antibody production against chemokines could be specifi-
cally enhanced. It is possible that the vCks produced have
enough homology to host chemokines that any antibody
response against the viral products is cross-reactive to the
host chemokine. This pathway is particularly feasible as it
could allow the circumvention of T cell tolerance towards host
chemokines, by using helper Ty-2 cells specific for unique
viral epitopes in the vCk to stimulate B cells specific for
homologous epitopes. Theoretically, a vCk receptor antago-
nist could therefore directly antagonise the receptor, while
simultaneously indirectly causing the neutralisation of the
ligand via production of anti-ligand antibodies. While all of
these mechanisms are theoretically feasible, no studies have
yet examined the relevance of anti-chemokine antibody
production as a pathogenic mechanism.

The logic behind the madness

Various microorganisms have exploited the chemokine sys-
tem for several different purposes, using the mechanisms
outlined above. Most obviously, exploitation is able to allow
immune evasion, and therefore prolonged persistence in the
host. Additionally, chemokine subversion has been used to
directly enhance microbial replication and spread. Both of
the objectives have been achieved through manipulating the
properties of chemokines as chemotactic agents, and as
messengers with a wide variety of alternative roles.

Immune evasion through modifying chemotaxis
The most obvious way in which microbes can take advantage
of the chemokine system is to prevent chemotaxis of host
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leukocytes to allow immune evasion. This can be an achieved
either through preventing the inflammatory influx, or through
biasing the influx to a less effective composition.

Prevention of the inflammatory influx is the most direct
approach, requiring only non-specific neutralisation of a wide
variety of chemokines. The host uses such a method to quell
excessive inflammation by preventing the influx of inflamma-
tory leukocytes, using the red blood cell antigen DARC, which
is able to bind a range of chemokines, but does not give
activation of the receptor. DARC '~ mice show this is indeed
a viable mechanism, with excessive inflammation observed
in response to LPS.®® This approach is exemplified by the
Molluscum contagiosum virus (MCV) vCk MC148R. This vCk
is able to act as a receptor antagonist for many CC and CXC
receptors.('® As such itis able to potently inhibit chemotaxis of
neutrophils, macrophages and lymphocytes. This property
may account for the conspicuous absence of inflamma-
tory cells in MCV lesions, and the delayed or absent inflam-
matory response.('®'® However, no viral mechanism is
completely non-discriminating, as MC148R is not able to
antagonise CCR10 or CXCR6.('® The other example of a
broad-based chemokine neutralisation, poxvirus vCkBP-II, is
able to neutralise a wide variety of chemokines, but has very
complex binding dynamics, so that the neutralisation is de-
pendent on the mixture of constituents.®® Thus, while relying
on general immuno-suppression, broad-based antagonism/
neutralisation may be simultaneously working to a certain
extent in the same fashion as the specific antagonists—by
biasing the immune response towards a non-threatening
response.

Discrete cellular populations of leukocytes are often able to
recruit leukocytes of a similar immunological predisposition,
while reducing the influx of cells with immunologically opposed
properties. In addition to biasing the cellular population, this
results in a bias in the local environment (such as through a
shift in cytokine expression), which often makes the initial
composition of the inflammatory influx critical to, and defining
of, the subsequent immune response. The phenomenon is
best understood with the paradigm of self-promoting Ty-1 or
Tw-2 responses,® =% but is likely to also occur with other
cellular populations, at both finer and broader levels.

Therefore, microbes can distort the immunological envir-
onment of the infection site with a relatively minor shift in the
initial influx, which results in the predominance of an ineffective
immunological response over the ‘normal’ effective response.
This result can be accomplished in two main ways by altering
chemotaxis. Firstly, by reducing the influx of the effective
response to allow the ineffective response to dominate, and
secondly by increasing the influx of the ineffective response so
that it overwhelms the effective response. A key example is
KSHV. The most effective host response against KSHV
infection is T-1 biased immunity.('” The expression of vMIPII
by KSHV-infected cells creates a bias towards a Ty-2 immune

response, thereby promoting immune evasion.”’® vMIPII
achieves this function using both methods outlined above.
Firstly, vMIPII is a competitive antagonist for CCR1, CCR2,
CCR5, CXCR3 and CXCR4.("® Secondly, vMIPII is a potent
agonist for CCR3 and CCR8, and a weak agonist of
CXCR2."¥ |n addition, KSHV vCk vMIP! is a selective agonist
for CCR8." This combination results in the inhibition of Ty-1
cellularinflux (mediated by CCR1, CCR5 and CXCRS3), and the
enhancement of an eosinophilic,"® monocytic”® and  Ty-2
cellular influx’® (which respond to CCR3 and CCR8). The
created bias is self-propagating, as activated Ty-2
cells activate and recruit Ty-2-biased cells, while simulta-
neously inhibiting the activation and recruitment of Ty-1-
biased cells.®

Another example is the hookworm Necator americanus,
which is normally cleared by an effective Ty-2 / eosinophilic
response. In order to reduce the influx of eosinophils, baso-
phils, mast cells and Ty-2 cells via eotaxin acting on CCRS3,
N. americanus secretes a metalloprotease that degrades
eotaxin. This response is able to reduce the effective Ty-2/
eosinophilic response, resulting in maintenance of the parasite
in the host.®®

Immune evasion through alternative

chemokine properties

The role of chemokines in immunity is not solely based on
chemotaxis, and several chemokines have been implicated
to have immune-stimulatory and immune-deviating pro-
perties and roles in apoptosis.® Therefore, modification of
the chemokine system could bias the immune response
towards the ineffective response by distorting the activation
status of disparate cell populations. Examples of this
mechanism include KSHV vCks vMIPI and vMIPII, which as
previously stated act as agonists for CCR8.77? As well as
promoting an influx of Ty-2 cells, CCR8 activation has been
shown to inhibit apoptosis of Ty-2 cells and increase their
activation status, further biasing the existing cell infiltrate to a
Tu-2 phenotype.””? A contrasting example may occur with
vCks that can activate CCR5, which have been shown to
enhance apoptosis of lymphocytes."® Various microbes can
induce IL-8 (or produce vIL-8 homologs), which has been
shown to reduce the anti-viral activity of IFNa, also aiding
immune evasion.”®

Aiding microbial propagation through chemotaxis
An alternative reason why microbes alter the chemotaxis of
host cells through exploiting the chemokine system is to aid in
propagation. By using the chemokine system to actively recruit
permissive cells, the microbe ensures a larger host reservoir
to allow enhanced replication. Alternatively, the chemokine
system can be used to allow the dissemination of infected cells
to regions where other permissive cells are located, resulting in
systemic spread from the local site of infection.
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There are many examples of microbes using these mech-
anisms. Examples of recruitment include the use of the HIV
protein Tat (with homology to CC chemokines) that recruits
permissive macrophages and monocytes by activation of
CCR2 and CCR3,"" the expression of the HHV6 vCk U83 to
recruit permissive lymphocytes,’® and the expression of
vIL-8 by MDV-infected cells to recruit permissive mononuclear
cells."

A good example of both recruitment and dissemination is
that of CMV. CMV infection upregulates IL-8"® and GROq,"®
and leads to production of VCXCL1 (viral homolog of IL-8 ('9).
These molecules enhance the recruitment of neutrophils via
CXCR1/2. As neutrophils are permissive for CMV replication,
the recruited cells are infected."® The CMV-infected cells
then upregulate CXCR1,”® and express the vCkRs US28,
US27 and UL33.("® CXCR1 upregulation allows the infected
cells to migrate towards endogenous IL-8,"® and US28 may
allow chemotaxis towards various endogenous CC chemo-
kines('® (the roles of US27 and UL33 are still unknown). This
aids in the dissemination of infected cells to other sites con-
taining neutrophils.’® In addition, direct contact between
infected neutrophils and endothelial cells during the transen-
dothelial migration (driven by chemokines) results in the
infection of endothelial cells.””)

Another example is that of B. pertussis. B. pertussis causes
the upregulation of IL-8, GRO«, GROf, GROy, MCP-1 and
MIP-1a in a human cell line, which may be responsible for the
recruitment of neutrophils and macrophages observed during
infection.®® Recruited cells are induced to upregulate CD11b/
CD18 (CR3), which is the receptor for filamentous hemagglu-
tinin, allowing B. pertussis to remain bound to the cell to
prevent clearance and flushing from the respiratory tract.®®
Pertussis toxin (PT) may aid in this process by inactivating
G-protein-coupled receptors (including chemokine receptors),
preventing the cells from leaving the infection site, although it
must be stressed that a precise role for PT during infection is
unclear.®®

Aiding microbial propagation via alternative
chemokine roles
Microbial propagation can also be enhanced by taking ad-
vantage of non-chemotactic properties of chemokines, such
as angiogenesis. Several vCks (such as vMIPII, Refs. 13,17)
and vCkRs (the herpesvirus vVCXCR, KSHV ORF-74, Ref. 21)
are able to promote angiogenesis, which is able to aid dis-
semination of the virus and enhance tumour growth (important
for the formation of KSHV lesions). Herpesvirus vCXCR
(KSHV ORF-74) is also directly implicated in oncogenic trans-
formation,®® as the constitutive signalling activity (enhanced
by the binding of endogenous ligands) of this vCkR aids
proliferation of the host cell.®%

CMV also takes advantage of non-chemotactic chemokine
properties. As stated above, CMV induces IL-8 expression

to enhance neutrophil chemotaxis to the site of infection.
While this is a chemotactic use of viral chemokine induction,
the produced IL-8 also serves to directly stimulate CMV
replication.("®

Another interesting example is that of HIV. HIV uses CXCR4
as a coreceptor for entry into cells. It has previously been
shown that SDF-1 is able to inhibit HIV entry into cells
by occupying CXCR4 and causing internalisation (receptor
desensitisation). A possible counter to this host defen-
sive action is the HIV-dependent enhanced expression of
MMP-2,58) which is able to inactivate SDF-1,®? and therefore
prevent its anti-HIV function.

Conclusions

Chemokines make up an important defence mechanism in
the immune response, as well as functioning as extracellular
messengers for a number of immune and non-immune roles.
The importance of chemokines to the host immune system is
becoming increasingly emphasised by the level of exploitation
by pathogens. Pathogens have independently evolved a
myriad of ways to reduce the effectiveness of the chemokine
system. Indeed, it is likely that many mechanisms that are not
yet known to be exploited by microbial pathogens are simply
awaiting discovery with further advances in research. Micro-
bial pathogens appear to not only inactivate the chemokine
network, but also to use the host system to their advantage.
With further research into the roles of chemokines in infection,
and into the ways in which microbes sabotage the host system,
we may also learn to successfully manipulate the chemokine
system, to aid in the war against contagion.
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