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MINIREVIEW

Interleukin-10 and Inhibition of Innate Immunity to Yersiniae:
Roles of Yops and LcrV (V Antigen)

Robert R. Brubaker*
Department of Microbiology and Molecular Genetics, Michigan State University, East Lansing, Michigan 48824-4320

Plague, caused by Yersinia pestis, is recognized as the most
devastating acute infectious disease experienced by human-
kind. This notoriety is based upon the high rate of mortality,
the rapid onset, and the appalling pathology associated with
both the bubonic and pneumonic forms of the infection. Until
recently, these extraordinary symptoms prompted investigators
to describe the pestilence as a frontal assault upon the host
that overwhelms innate mechanisms of defense, inevitably re-
sulting in death caused by septic shock (10, 19). It is now
established, however, that the invading organisms inhibit the
innate immune response, at least during the late stages of
infection, thereby avoiding containment within granulomas
(9). The first purpose of this review is to present two seemingly
exclusive traditions that purport to define the process whereby
yersiniae inhibit the generic inflammatory response. An at-
tempt is then made to integrate these concepts.

Of the 11 species of Yersinia (genus XI of the Enterobacte-
riaceae), those pathogenic to humans are Y. pestis and entero-
pathogenic Y. pseudotuberculosis and Y. enterocolitica. These
three organisms share an approximately 70-kb plasmid, termed
pCD in Y. pestis and pYV in the enteropathogenic species, that
encodes at least one determinant required for the downregu-
lation of inflammation (9, 75). Despite this common feature,
the diseases caused by the two enteropathogenic yersiniae are
chronic in nature and otherwise markedly distinct from plague
(e.g., Y. pseudotuberculosis usually causes a modest mesenteric
lymphadenitis in humans, and Y. enterocolitica typically pro-
motes limited gastrointestinal disease). It is therefore remark-
able that less than 20,000 years has elapsed since Y. pestis
evolved from Y. pseudotuberculosis; divergence of the latter
from Y. enterocolitica occurred about 1 million years earlier (1).
The close relationship between Y. pestis and Y. pseudotubercu-
losis provides an excellent system for defining the hereditary
events required for the evolution of acute disease. The known
significant changes largely reflect lateral acquisition by Y. pestis
of genes permitting infection by fleabite followed by dissemi-
nation through interstitial spaces and the lymphatics. In addi-
tion, the mutational loss by Y. pestis of functions required by
enteropathogenic yersiniae for invasion via the small intestine
may further contribute to the severity of plague (9, 75). Addi-
tional modifications of the Y. pestis genome that minimize

inflammation as a mediator of innate immunity will also be
addressed in this report.

INNATE IMMUNITY AND THE GENERIC
INFLAMMATORY RESPONSE

Introduction of bacteria into the mammalian host results in
prompt upregulation of major proinflammatory cytokines that
initiate innate or nonspecific processes of defense. The result-
ing inflammatory response promoted by these cytokines may
alone be sufficient to eliminate invading organisms without the
necessity of invoking explicit countermeasures. If it is not, the
consequences of the initial upregulation of proinflammatory
cytokines generally buy time for the occurrence of clonal se-
lection and the amplification of lymphocytes, which in turn
mediate specific immunity (38, 57, 104). The expression of
proinflammatory cytokines following infection is initially di-
rected by host Toll-like receptors (TLRs) that interact individ-
ually or in concert with molecules specific to microbial patho-
gens. Salient to this review are TLR-2 and TLR-4, which
recognize lipoprotein or peptidoglycan components and lipo-
polysaccharide (LPS), respectively (100, 104, 106, 108). After
interacting with their substrates, all TLRs initiate specific in-
tracellular signaling that eventually activates the transcription
factor NF-�B. LPS-induced cascades are dependent upon the
high-affinity LPS receptor CD14, known to be strongly ex-
pressed on monocytes and macrophages but not on neutro-
phils.

NF-�B is normally associated with I�B in its inactive form
within the host cell cytosol, and its activation is dependent on
any one of a number of mitogen-activated protein (MAP)
kinases. The binding of TLRs to their specific targets initiates
convergent MyD88-dependent cascades resulting in the phos-
phorylation of I�B via an activated I�B kinase complex. Once
phosphorylated, I�B undergoes degradation, exposing a trans-
location site on NF-�B permitting its migration into the nu-
cleus, where it functions as a universal transcriptional activator
of genes encoding proinflammatory cytokines as well as a
plethora of allied effectors (42, 104). Following initiation by
TLRs, inflammation can be amplified by end products of the
cascade, such as interleukin 1 (IL-1). Studies first undertaken
with IL-1 demonstrated that the bound receptor associates
with an accessory protein (IL-1RacP) and the adapter protein
MyD88 prior to interaction with IL-1R-activated kinase. The
latter is a serine/threonine kinase that undergoes autophos-
phorylation before binding to TRAF6, which in turn activates
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the I�B kinase complex by associating with NF-�B-inducing
kinase. Probably all TLRs share this MyD88-dependent cas-
cade after they bind their bacterial targets (50, 58, 66, 104, 106,
109). However, downstream signaling of TLR-2 and TLR-4
(but not the remaining TLRs) by this pathway is modulated by
the adapter protein TIRAP (108). Further consideration of
alternative MyD88-independent cascades leading to NF-�B or
other MAP kinase-mediated pathways is beyond the scope of
this review.

Once expressed, the major proinflammatory cytokines initi-
ate a series of events that provide prompt protection against
infection and, if necessary, lead to specific immunity. Immedi-
ate actions include the promotion of fever accompanied by the
withdrawal of extracellular iron (IL-1 and tumor necrosis fac-
tor alpha [TNF-�]), increased endothelial-cell stickiness (IL-1
and TNF-�), mobilization and activation of professional
phagocytes (IL-8), recruitment of neutrophils from marrow
(IL-1), expression of reactive oxygen intermediates (gamma
interferon [IFN-�] and TNF-�), enhanced production of Fc
receptors (IFN-�), and initiation of granuloma formation
(IL-1, IFN-�, and TNF-�). Granulomas are packets of inflam-
matory cells (primarily monocytes and macrophages) that sur-
round infectious foci within host organs. Once formed, their
internal environment becomes anaerobic and otherwise al-
tered to prevent further microbial growth. This strategy is the
last resort of the host in stemming systemic invasion by facul-
tative intracellular parasites such as yersiniae, and it is utterly
dependent upon expression of the generic inflammatory re-
sponse. This innate mechanism of defense can take up to a
week for full development in the immunologically naïve
mouse. However, granulomas form almost immediately after
the infection of mice already capable of expressing delayed-
type hypersensitivity, thus again emphasizing the close rela-
tionship between inflammation and specific immunity (42, 51).

The generic inflammatory response is eventually abolished
by anti-inflammatory cytokines, especially IL-10. This normal
regulatory process ensures homeostasis within the host and
provides tolerance to septic shock (101, 104). The mechanisms
utilized by IL-10 to reverse inflammation are cosmopolitan in
that they include inhibiting NF-�B activation and TLR synthe-
sis (thereby preventing the expansion of proinflammatory cy-
tokine synthesis), deactivating professional phagocytes, and
inducing a macrophage-like cell that limits ongoing immune
responses while preventing further inflammation (62, 105). In-
deed, the message provided by IL-10 to the host is that tissue
damage has been controlled, the afflicted tissue is now sterile,
and healing may begin. This announcement is essential to
initiate recovery from trauma. However, as noted below, it is
entirely inappropriate for a host infected with plague bacilli.

LCRV AND THE PLAGUE TRADITION

Theobald Smith first stated that it is faulty strategy for a
parasite to seriously debilitate its host because this act both
jeopardizes the only natural niche available to that parasite
and inhibits its dispersal in nature (94). Diseases caused by
enteropathogenic yersiniae are contracted by fecal contamina-
tion and clearly obey this classical tenet. However, mainte-
nance of plague among rodents in nature depends upon the
ability of the organisms to promptly kill their current hosts,

thereby forcing resident fleas to disembark in search of new
victims. This lifestyle is contrary to the traditional epidemio-
logical dogma of T. Smith and is more akin to predator-prey
relationships or those established between parasitoids and
their insect larval hosts (which never survive infestation). Y.
pestis has therefore achieved its remarkable degree of virulence
as a consequence of selective pressure rewarding the lethality
associated with pronounced terminal septicemia. Terminal
septicemia occurs as a function of bacterial spillover from
visceral organs, which serve as favored niches for vegetative
growth. Fleas typically consume blood meals of about 0.1 �l
but must ingest �104 yersiniae to ensure their colonization (J.
Hinnebusch, personal communication). Accordingly, a termi-
nal concentration of �108 bacteria per ml of blood is required
to ensure that the final meal partaken by the flea vector is
infectious. In the mouse, this population reflects an observed
terminal whole-body burden of �109 yersiniae (9), which may
contain sufficient endotoxin to exceed the lethal limit. Plague
bacilli are therefore markedly distinct from the enteropatho-
genic yersiniae in that they are required to kill their host in
order to survive in nature (but not too soon, or they may fail to
board the lifeboats).

As noted above, important features accounting for acute
disease were acquired by lateral transfer during the recent
evolution of Y. pestis. These include unique �10- and �100-kb
plasmids termed pPCP and pMT, respectively (9, 75). Both of
these genetic elements mediate functions that favor infection
by fleabite versus by ingestion. That is, pPCP encodes a potent
plasminogen activator (Pla) that facilitates bacterial metasta-
sis, thereby permitting prompt access by plague bacilli to the
viscera (52, 96). This capability ensures a mouse a 50% lethal
dose of �10 bacteria via subcutaneous or intradermal injec-
tion, a value that increases by a millionfold upon the muta-
tional loss of Pla (11). Similarly high values also occur for Y.
pseudotuberculosis following injection by these peripheral
routes, but it is important to note that this species is nearly as
virulent as Y. pestis in mice following intravenous injection
(50% lethal dose, �100 bacteria). Biotype 1b strains of Y.
enterocolitica (capable of expressing and utilizing the plague
siderophore yersiniabactin) are also highly infectious in mice
via the intravenous, but not peripheral, method of injection.
The efficient filtration of the vascular system by the capillary
network and the attendant fixed-macrophage system of the
liver and spleen probably account for these route-dependent
differences in virulence (48).

pMT encodes a protein capsular antigen termed fraction 1
(Caf1) plus a multifunctional exotoxin that is lethal to Muridae
and also facilitates colonization of the flea (46). Loss mutations
that occurred during the emergence of Y. pestis from Y. pseudo-
tuberculosis include removal of the fibrillar adhesin YadA and
the cell invasin termed Inv (9, 40, 75). YadA and Inv enable the
enteropathogenic yersiniae to traverse the small intestine but
are replaced by the tissue invasin Pla in Y. pestis. The rationale
for their removal in Y. pestis is uncertain, but one possibility is
that they would otherwise serve as anchors to retard dissemi-
nation from peripheral sites infected by fleabite (9). Between
the two organisms, there are additional differences that pri-
marily reflect the loss in Y. pestis of enzymes of intermediary
metabolism (8, 9). Some of these lesions radically alter the flow
of metabolic carbon, causing obvious loss of fitness in vitro (37,
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63). Further study will be required to determine if these blocks
provide a selective advantage in vivo and, if so, the role they
play in promoting acute disease.

Early studies concerned with the interaction of plague bacilli
and professional phagocytes defined three critical tenets. First,
expression of Caf1 renders wild-type organisms resistant to
uptake by professional phagocytes (16). Second, phagocytic
cells obtained from mice infected with Y. pestis are dysfunc-
tional in that they are unable to engulf Caf1-deficient mutants
or any other bacterium that would readily be ingested follow-
ing its harvest from uninfected control mice (18). Third, plague
bacilli are largely resistant to intracellular killing even under
conditions chosen to permit their ingestion by professional
phagocytes (22, 49). These landmark observations provided
the basis for a tradition embraced by early investigators stating
that phagocytosis plays little or no role in controlling plague.
Straley and Harmon (99) subsequently verified that even avir-
ulent mutants of Y. pestis lacking pCD are intrinsically resistant
to intracellular killing by mouse peritoneal macrophages.

The results of more-recent experiments suggested that the
generalized yersinia-induced paralysis of professional phago-
cytes that occurs in vivo (18) is caused by the systemic down-
regulation of inflammation (Fig. 1). Mice infected with aviru-
lent pCD� cells of Y. pestis exhibited a generic inflammatory
response characterized by marked upregulation of IFN-� and
TNF-� in spleen (Fig. 1A). This phenomenon is consistent
with the occurrence of TLR-initiated and then proinflamma-
tory cytokine-initiated cascades leading to free nuclear NF-�B,
followed by eventual downregulation of IFN-� and TNF-� by
homeostatic anti-inflammatory mechanisms, including the in-
duction of IL-10. In contrast, mice infected with virulent pCD�

yersiniae failed to express any detectable IFN-�, although a
modest spike of TNF-� appeared immediately before death

(Fig. 1B). This dramatic downregulation of IFN-� and TNF-�
is the hallmark of plague. A more typical inflammatory re-
sponse (associated with 100% survival) occurred if the injected
mice were primed by concomitant administration of trace lev-
els of IFN-� and TNF-� (Fig. 1C), thereby initiating cascades
leading to free nuclear NF-�B. Finally, passive immunization
with anti-LcrV (V antigen), a secreted pCD or pYV-encoded
37.3-kDa pure monomeric protein, restored the full generic
inflammatory response, thus ensuring complete survival (Fig.
1D). These results demonstrated that LcrV directly or indi-
rectly inhibits the expression of IFN-� and TNF-� and showed
that this blockade is prevented by specific antiserum (67, 68).

LcrV was assumed to be a protective antigen (12, 15, 17, 54,
102) shortly after its discovery by T. W. Burrows in 1956 (14).
Formal proof of this notion awaited demonstration by Motin et
al. (64) of significant passive immunity mediated by antibodies
directed against at least one internal epitope located within the
LcrV moiety of a cloned staphylococcal protein A-LcrV fusion
protein (PAV). Injected PAV prevented upregulation of
IFN-� and TNF-� by LcrV-deficient mutants, providing fur-
ther evidence that this protein blocks the generic inflammatory
response (68). Additional study verified earlier findings (103)
showing that pCD� yersiniae growing in mouse liver formed
stark focal necrotic lesions that failed to attract inflammatory
cells. These foci progressively increased in size, coalesced with
similar neighboring foci, and eventually caused loss of organ
function (Fig. 2A). In contrast, similar infection with pCD�

yersiniae was characterized by the prompt formation of gran-
ulomas and the loss of bacterial viability (Fig. 2B). Mice im-
munized either passively with anti-PAV (Fig. 2C) or actively
with PAV (Fig. 2D) also contained intravenously injected
pCD� yersiniae within granulomas and thereby survived infec-
tion (68). Finally, a second-generation hexahistidine-tagged

FIG. 1. Expression of the proinflammatory cytokines IFN-� (E) and TNF-� (F) in C57BL/6 mouse spleen following intravenous challenge with
106 pCD� cells of Y. pestis KIM10 (A), 102 pCD� cells of Y. pestis KIM10 (B), 102 pCD� cells of Y. pestis KIM10 after the cells were primed with
20 �g of IFN-� and 20 ng of TNF-� (C), and 102 pCD� cells of Y. pestis KIM10 by passive immunization on postinfection day 1 with 100 �g of
polyclonal rabbit anti-LcrV (D). All untreated mice challenged with pCD� yersiniae died by postinfection day 6 (B), whereas the remainder
survived. This figure is redrawn from the work of Nakajima and Brubaker (67) and Nakajima et al. (68).
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LcrV was engineered, expressed in Escherichia coli, and puri-
fied to near homogeneity by nickel affinity chromatography in
an LPS-free and biologically active form (65). Second-genera-
tion hexahistidine-tagged LcrV immunized mice against intra-
venous challenge with 107 pCD� plague bacilli (65) and pro-
vided immediate resistance to LPS-mediated killing by
downregulating IFN-� and TNF-�. This anti-inflammatory ef-
fect was found to reflect the prompt upregulation of IL-10
(69).

Considered together, these findings suggest that cells of Y.
pestis both rely upon Pla to rapidly access the livers and spleens
of infected rodents and are indifferent to phagocytosis (but not
containment within granulomas). Due to the anti-inflamma-
tory activity of LcrV, sufficient vegetative growth of yersiniae

occurs within these privileged niches to ensure spillover into
the vascular system and infection of resident fleas, which then
depart the moribund host and perpetuate the disease in nature.
This scenario largely ignores the type III secretion engine of
pCD and therefore differs radically from models defining
chronic disease caused by enteropathogenic yersiniae. The na-
ture of the distinctions between these two traditions is consid-
ered below.

YOPS AND THE ENTEROPATHOGENIC TRADITION

Most pYV-deficient isolates of Y. enterocolitica, regardless
of biovar, are killed following uptake by macrophages. On the
other hand, at least some strains of Y. pseudotuberculosis evi-

FIG. 2. Characteristic histopathological changes in liver caused by Y. pestis KIM10 on postinfection day 3 (hematoxylin and eosin stain).
(A) Control mouse infected with pCD� yersiniae showing multiple necrotic focal lesions without an inflammatory cell response (magnification,
�140); (B) control mouse infected with pCD� yersiniae exhibiting granuloma formation (magnification, �280); (C) mouse actively immunized
with PAV and then infected with pCD� yersiniae showing protective granulomatous lesions (magnification, �140); (D) mouse passively
immunized with polyclonal rabbit anti-PAV and infected with pCD� yersiniae showing pregranulomatous lesions prompting infiltration of
inflammatory (mononuclear) cells (magnification, �70). This figure was reprinted from the work of Nakijima et al. (68).
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dently acquired pYV-independent resistance to intracellular
killing during their million years of evolution following their
divergence from Y. enterocolitica. However, not all strains of Y.
pseudotuberculosis possess innate resistance to intracellular
killing. For example, pYV� mutants of the well-studied YpIII
strain are readily killed by macrophages (J. Bliska, personal
communication). The innate sensitivity of pYV� isolates of Y.
enterocolitica and the atypical Y. pseudotuberculosis strain
YpIII persuaded investigators of enteropathogenic disease
that the ability of pYV to protect against phagocytosis is its
primary physiological function. This logical assumption led to
intensive study of pYV as an “antihost” genome (31) capable
of disabling professional phagocytes by translocation of viru-
lence effectors, termed Yersinia outer proteins (Yops), via type
III secretion.

The important features of the type III secretion process are
its requirement for intimate physical contact between the host
cell and docked bacteria, its independence from the ubiquitous
Sec system, its reliance upon chaperones or noncoding mRNA
sequences for priming, its utilization of an injectisome travers-
ing the entire gram-negative envelope, and its widespread dis-
tribution among pathogenic species. The type III system is
especially effective in subverting individual target cells but is
unable to cause systemic intoxication, as occurs with AB sub-
unit toxins released extracellularly by the type II secretion
processes. A corollary is that virulence effectors delivered by
type III secretion machines lack the receptor site domains
required by AB subunit toxins for host cell penetration and
therefore are inert if released in free form by the bacterium
(20, 23, 32, 41, 47, 55, 56).

Carriage of pCD or pYV at 37°C in the absence of Ca2�

promotes bacteriostasis in vitro due to as yet incompletely
understood lesions in bioenergetics that are especially pro-
nounced in Y. pestis. This environment, however, enables full
induction of Yops and LcrV (although the addition of Ca2�

causes their downregulation with concomitant vegetative
growth). This phenomenon, termed the low-calcium response,
has received intensive study resulting in considerable under-
standing of its regulation and mechanics. Especially helpful in
this context was the analysis of “Ca2�-blind” mutants that
remain growth restricted and express Yops and LcrV at 37°C in
the presence of Ca2�. Also invaluable were “Ca2�-indepen-
dent” mutants, especially those with mutations in lcrV, capable
of vegetative growth without Yop production at 37°C in Ca2�-
deficient medium (9, 75). Landmark findings in defining type
III secretions in yersiniae were the discovery of a pCD/pYV-
encoded transcriptional activator termed LcrF (VirF in Y. en-
terocolitica) for linked structural genes (53) and the demon-
stration that temperature dependency reflects the melting of
the DNA encoding lcrF and virF (81). The significance of the
LCR phenotype was further clarified by the important discov-
ery that its growth with host cells in tissue culture media (nec-
essarily) containing Ca2� permitted both the upregulation of
LcrF/VirF-activated genes and the subsequent translocation of
Yops (79, 82). These events and the subsequent progress in
defining the pYV-encoded type III secretion engine and viru-
lence effectors noted directly below have been exhaustively
reviewed (25–33). Evidence favoring the posttranscriptional
regulation of Yop expression via 5	 untranslated mRNA has
recently appeared (21).

Six established virulence effectors termed YopE, YopT,
YopO (YpkA in Y. pseudotuberculosis and Y. pestis), YopH,
YopM, and YopP (YopJ in Y. pseudotuberculosis and Y. pestis)
are secreted via this system. YopE, -T, -O, and -H function
primarily by disrupting the host cell actin cytoskeleton and the
attendant scaffolding, although YopH, like YopP/YopJ, pos-
sesses anti-inflammatory activity; the function of YopM re-
mains uncertain. YopH is a potent phosphotyrosine phospha-
tase (6, 44, 112) that dephosphorylates macrophage protein
p130cas, thereby disrupting the focal adhesions involved in
phagocytosis (4, 45, 77). This activity also dephosphorylates the
protein scaffolding in macrophages (45), an event possibly ac-
counting for the ability of YopH to block the oxidative burst of
macrophages (5) and inhibit calcium signaling in neutrophils
(2). The discovery that YopH can downregulate the costimu-
latory molecule B7.2 and thereby modulate a wide variety of T-
and B-cell-mediated responses bears directly on inflammation
(110) and possibly accounts for its ability to repress monocyte
chemotactic protein 1 (87). YopJ/YopP downregulates multi-
ple inflammatory modulators, including proinflammatory cyto-
kines, intercellular adhesin molecule 1, and E selectin (7, 35,
72, 73, 90). This inhibition essentially involves blocking MAP
kinase signaling, thereby maintaining NF-�B in inactive form
(70, 71, 111), an event found to modulate at least 37 macro-
phage genes (88). A major consequence of this interaction is
macrophage-specific apoptosis (60, 61, 83) occurring through
classical Bid proteolysis, cytochrome c release, and caspase
cleavage (34).

Based on this information, YopJ/YopP and YopH (rather
than LcrV) were logically assigned primary roles in inhibiting
the innate immune processes initially described with Y. pestis
(67, 68). This assessment, however, failed to explain the dra-
matic role observed for anti-LcrV in restoring the generic
inflammatory response (67, 68) and protecting against lethality
(64, 65, 68). One alternative to the concept that anti-LcrV
directly prevents anti-inflammatory activity was the possibility
that LcrV instead facilitates secretion of Yops and that anti-
LcrV blocks this process (by preventing translocation of anti-
inflammatory YopH and YopJ/YopP). The precedent for this
prospect was the finding that LcrV is encoded on pCD or pYV
within an lcrGVH-yopBD operon (3, 76, 80), where YopB and
YopD serve as integral components of the translocation ma-
chinery (24, 27–29, 32). Mutational analysis of this operon
failed to clarify the issue because nonpolar loss of lcrV results
in a Ca2�-independent phenotype where all LcrF/VirF-acti-
vated genes are constitutively repressed (3, 80). Nevertheless,
LcrV was assigned roles as either an antibody-sensitive struc-
tural component of the injectisome (78) or a tool required for
its maturation (86). Furthermore, an LcrV homolog termed
PcrV was discovered in nosocomial isolates of Pseudomonas
aeruginosa. PcrV facilitated type III translocation of exoen-
zyme S but lacked detectable anti-inflammatory activity, which
further suggested that LcrV functions solely as a mediator of
Yop translocation (89, 107). Although anti-PcrV protected
against infection with Pseudomonas by blocking type III secre-
tions (89), results of similar experiments with yersiniae remain
controversial in that translocation of YopE by yersiniae was
blocked by anti-LcrV in one study (78) but not in another (39).

In conclusion, the enteropathogenic tradition states that
cells of Y. pseudotuberculosis and Y. enterocolitica rely upon
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pYV to avoid killing by phagocytosis. Anti-inflammatory activ-
ity is largely accomplished by YopH and YopJ/YopP rather
than LcrV, which functions as a regulator or mediator of type
III secretions. Accommodation of this model with the plague
tradition can be accomplished by evaluating the differences
between acute and infectious disease. That is, cells of the
enteropathogenic species remain localized at the small intes-
tine and adjacent lymphatic tissue and seldom breach the bar-
riers protecting visceral organs. Indeed, doing so would risk
initiating acute (lethal) disease, thereby jeopardizing further
dissemination of these cells in natural environments. Some
discrepancies between the plague and enteropathogenic tradi-
tions are summarized in Table 1. One take-home lesson to be
gained by comparing these features is the recognition that
attempts to define enteropathogenic disease in terms of the
plague tradition is presumptuous; another is that the reciprocal
is naïve. Nevertheless, evaluation of the two models in the light
of new or additional information provides a basis for reconcil-
iation.

INTEGRATION OF TRADITIONS

Initial skepticism regarding the discovery of IL-10 upregu-
lation by LcrV (69) is understandable because this mechanism
of virulence was largely without precedent, ligand fusion pro-
tein technology was in its infancy, LcrV is extremely unstable,
and the phenomenon resembled LPS tolerance. IL-10 upregu-
lation by LcrV has now been verified with histidine-tagged
LcrV from Y. enterocolitica by Sing et al. (91), who further
showed that IL-10 knockout mice both express the generic
inflammatory response and exhibit marked resistance to infec-
tion. Related studies demonstrated that this induction is de-
pendent upon the CD14 receptor and reflects the physical
binding of TLR-2, thereby subverting the cascade to free
NF-�B (92). These reports also emphasized that the PcrV of
Pseudomonas lacks a sequence associated with the anti-inflam-
matory activity of LcrV and further noted that mice deficient in
TLR-2 were less sensitive to infection than normal controls
(92). Further study will be necessary to determine the precise
mechanism of IL-10 upregulation. Nevertheless, these studies
have legitimized LcrV as a potent anti-inflammatory agent and
major determinant of virulence.

The conclusion that YopH and YopJ/YopP minimize in-
flammation is not, of course, discredited by the studies of Sing
et al. (91, 92) verifying that LcrV performs the same function.
As noted by those authors, the two anti-inflammatory Yops
likely serve as short-distance weapons in the trenches, whereas
LcrV may function as a long-range missile capable of systemic
immunosuppression. Two additional pieces of information re-
lating to acute disease bear directly on this possibility. First, it
was established upon its discovery that YopJ is not essential for
the virulence of Y. pestis (97); YopJ-deficient mutants retain
the ability to block the generic inflammatory response in a
manner identical to that shown in Fig. 1B for wild-type
yersiniae (R. R. Brubaker, unpublished observations). Another
difference between the two activities is that YopJ/YopP func-
tions by preventing the activation of MAP kinases (thereby
preventing the activation of NF-�B), whereas LcrV, by upregu-
lating IL-10, ensures the inactivation of preformed NF-�B.
Collectively, these observations suggest that LcrV replaces
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YopJ in downregulating inflammation during the rapid and
lethal course of plague (where peripheral inflammation and
macrophage apoptosis are moot).

Second, the type III secretion machine of Y. pestis is clearly
distinct from those of the enteropathogenic species. For exam-
ple, the efficiency of Yop translocation in Y. pseudotuberculosis
and Y. enterocolitica is dependent upon close bacterium-host
cell contact mediated by YadA, Inv, and Ail (40, 43, 84). As
already noted, these surface structures are either absent or
obscured by Caf1 in Y. pestis. Another difference in secretion is
that plague bacilli fail to express Yops in vitro in a Ca2�-
deficient environment found to promote excellent expression
by enteropathogenic species (98). This difference is due to the
presence of Pla in Y. pestis, which catalyzes the prompt post-
translational degradation of Yops but does not destroy LcrV
(59, 85, 95). This finding does not mean that Yops are redun-
dant in plague bacilli; indeed, mutational loss of any such
effector other than YopJ causes significant loss of virulence (9,
75, 97). It is nevertheless highly significant that Pla does not
degrade LcrV, which is produced abundantly and, unlike Yops,
released extracellularly in low-calcium environments. (13, 54,
98). Also unlike Yops, LcrV accumulates copiously within the
tissues of experimental animals suffering from plague (93).

The following events may account for the terminal vegeta-
tive phase of plague in rodents. Although Yops are degraded
by Y. pestis in vitro, these proteins undoubtedly undergo nor-
mal delivery following docking to host cells. The bulk of the
vegetative growth observed during the course of plague occurs
within nonvascularized focal lesions composed of cytoplasm
released from lysed host cells of the visceral organs (Fig. 2A).
This nutrient-rich fluid lacks significant Ca2� and can thus
support the synthesis of both Yops and LcrV. Yops synthesized
by unattached plague bacilli in these lesions cannot be deliv-
ered and thus undergo Pla-mediated degradation (and thus not
accumulate and diffuse in inert form as potential mediators of
inflammation). However, Yops synthesized by docked yer-
siniae undergo translocation, thus ensuring continued necrosis
and enlargement of the lesions. LcrV released by both docked
and free bacilli within these necrotic lesions provide an essen-
tial anti-inflammatory umbrella blocking the infiltration of in-
flammatory cells and the subsequent formation of protective
granulomas.

A corollary of this model is that the enteropathogenic
yersiniae do not breach barriers protecting visceral organs
since this act results in lethal disease (an epidemiological dead
end for these species). The cells of Y. pseudotuberculosis and
biotype 1b Y. enterocolitica are highly infectious upon artificial
introduction into mouse liver and spleen by intravenous injec-
tion and thereafter cause lethal diseases similar to plague. It is
not yet clear if the normal reluctance of enteropathogenic
yersiniae to invade the viscera following ingestion merely re-
flects the absence of Pla or if active steps are taken to avoid the
invasion of the liver and spleen (perhaps by permitting the
occurrence of a modest degree of inflammation). Indeed, even
Y. pestis generates initial inflammation, as judged from bubo
formation during the course of human plague.

Further work will be required to decide many of these issues.
Especially important will be the resolution of the innate pCD-
independent mechanism of resistance to intracellular killing
exhibited by Y. pestis and typical isolates of Y. pseudotubercu-

losis. Elucidation of the precise mechanism whereby LcrV up-
regulates IL-10 is of equal importance, as is characterization of
its mechanism of secretion and its role in acute versus chronic
disease. An explanation of how cells of Y. pestis adhere to host
cells during the translocation of Yops may also be required for
a full understanding of plague versus enteropathogenic infec-
tion. Full recognition of how far the anti-inflammatory activi-
ties of YopH, YopJ/YopP, and LcrV extend is also critical.
Regardless of the mechanism involved, it is now evident that
inactivation of NK-�B accounts for the absence of proinflam-
matory cytokines during the course of acute disease. This le-
sion has many other consequences; it also represses chemo-
kines (e.g., IL-8, MIP-1�, MCP1, Rantes, and eotaxin), host
adhesins (e.g., ICAM, VCAM, and E selectin), acute-phase
proteins, and even the inducible stress effectors INOS and
COX-2 (42). Full resolution of the mode of action of LcrV will
better define the nature of events required for the expression
of acute infectious disease. Additional study may also facilitate
the development of novel therapeutic procedures and im-
proved management of noninfectious inflammatory processes.
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3. Bergman, T., S. Håkansson, Å. Forsberg, L. Norlander, A. Macellaro, A.
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