Expression and regulation of chemokines in bacterial

pneumonia

Theodore J. Standiford, Steven L. Kunkel,* Marc J. Greenberger, Lauri L. Laichalk,

and Robert M. Strieter

Departments of *Pathology and Medicine, Division of Pulmonary and Critical Care Medicine, The University of

Michigan Medical School, Ann Arbor

Abstract: Effective host defense against bacterial
invasion is characterized by the vigorous recruitment
and activation of inflammatory cells, which is de-
pendent on the coordinated expression of both pro-
and anti-inflammatory cytokines. In this review, we
present evidence indicating that both C-X-C and C-C
chemokines are integral components of antibacterial
host defense. Specifically, in vitro studies indicate
that C-X-C chemokines [interleukin-8 (IL-8) and
macrophage inflammatory protein 2 (MIP-2)] and
the C-C chemokine macrophage inflammatory pro-
tein 1 alpha (MIP-10) augment the ability of poly-
morphonuclear leukocytes (PMNs) and alveolar
macrophages, respectively, to phagocytose and kill
Escherichia coli. In addition, the intratracheal instil-
lation of Klebsiella pneumoniae in CD-1 mice results
in time-dependent production of MIP-2 and MIP-10,
and the inhibition of MIP-2 bioactivity in vivo results
in decreases in lung PMN influx, impaired bacterial
clearance, and early mortality. Finally, the anti-in-
flammatory cytokine interleukin-10 (IL-10) is also
expressed within the lung during the evolution of
Klebsiella pneunmonia, and neutralization of IL-10 in
vivo results in enhanced proinflammatory cytokine
production, bacterial clearance, and increases in
both short- and long-term survival. In conclusion,
our studies indicate that specific chemokines are
important mediators of leukocyte recruitment and/or
activation in bacterial pneumonia and that the ex-
pression of these chemokines is regulated by endo-
genously produced IL-10. J. Leukoc. Biol. 59:
24-28; 1996.
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INTRODUCTION

The lung represents one of the most complex and multi-
functional organ systems. The lung not only is involved in
the critical process of gas exchange but also is an active
and important participant in a variety of immunologic re-
sponses. Through its continuous contact with ambient air
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and enormous vascular bed, the lung is exposed to a large
and quite varied burden of foreign antigens, including in-
fectious agents. The lung utilizes a multifaceted system of
host defense, which includes mechanical, phagocytic, and
immunologic components, to rid itself of injurious sub-
stances. The initial barriers to entrance of infectious agents
into the airspace include a number of specific mechanical
defenses, such as the glottis, the cough reflex, airway se-
cretions, and an intact mucociliary system that lines the
entire surface of the large conducting airways [1]. When
defense mechanisms of the conducting airways are
breached, the phagocytic system of the terminal airspaces
becomes critical to eliminating injurious agents from the
lung. The alveolar macrophage is the primary resident
phagocytic cell of the alveolus. In the setting of a low
bacterial burden or exposure to less virulent gram-positive
organisms, the alveolar macrophage can effectively phago-
cytose and kill invading organisms [1, 2]. However, when
the bacterial burden is large or when more virulent gram-
negative organisms, such as Pseudomonas aeruginosa or
Klebsiella pneumoniae, gain assess to the lower airspaces,
the recruitment of neutrophils (PMNs) is essential for ef-
fective containment and clearance of bacteria. In addition,
specific bacterial infections, including infections with K
pneumoniae, are associated with an appreciable infux of
blood mononuclear phagocytes, although the contribution
of these cells to bacterial clearance is not known [3].

CYTOKINES INVOLVED IN ANTIBACTERIAL
HOST DEFENSE

The generation of inflammation in the setting of bacterial
challenge is a complex and dynamic process that involves
the coordinated expression of both pro- and anti-inflamma-
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tory cytokines. Several cytokine mediators, including tu-
mor necrosis factor-alpha (TNF-a), interferon-gamma, and
granulocyte colony-stimulating factor, have been shown to
play important roles in host defense against bacterial or-
ganisms [4—6]. Two closely related families of chemotactic
cytokines, the C-X-C and the C-C chemokine families,
have been increasingly recognized as important mediators
in a variety of inflammatory disease states [7]. The C-X-C
family, which includes interleukin-8 (IL-8), macrophage
inflammatory protein 2 (MIP-2), GRO, ENA-78, and NAP-
2, has predominant PMN stimulatory and chemotactic ac-
tivities, and the C-C family, which includes monocyte
chemotactic protein 1 (MCP-1), MCP-2, MCP-3, RANTES,
MIP-1q, and MIP-1, exerts predominant macrophage ac-
tivating and chemotactic effects. The roles of C-X-C or C-C
chemokines in mediating leukocyte activation and/or re-

cruitment in bacterial pneumonia have not been charac-
terized.

POTENTIAL ROLE OF CHEMOKINES IN
BACTERIAL PNEUMONIA

Several lines of evidence suggest that C-X-C and C-C
chemokines may be critically involved in host defense
against infection, particularly in response to bacterial or-
ganisms. The previously described leukocyte stimulatory
and chemotactic properties attributable to chemokines
would predict that these molecules may enhance the mi-
crobicidal functions of PMNs and macrophages [7]. In ad-
dition, a number of infectious agents, or cell wall
components of these agents, have been shown to induce the
production of C-X-C or C-C chemokines from mononuclear
phagocytes and stromal cells. Specifically, bacterial prod-
ucts including lipopolysaccharide, lipoteichoic acid, cap-
sular polysaccharides, and Mycobacterium tuberculosis
purified protein derivative stimulate the production of IL-
8, MCP-1, or MIP-1a from mononuclear phagocytes
[7-11]. Moreover, the movement of invasive bacterial spe-
cies through either epithelial or endothelial monolayers
can trigger IL-8 release from these cells [12]. Finally, the
phagocytosis of microbes, such as M. tuberculosis, can
serve as a signal for the secretion of chemokines, including
IL-8 and MCP-1 [13].

Additional indirect evidence supporting a role of
chemokines in infection stems from the observation that
chemokines, in particular IL-8, have been detected in in-
creased amounts within the sputum or bronchoalveolar lav-
age fluid (BALF) obtained from patients with acute
pulmonary infection. Rodriguez and colleagues [14] found
an increased incidence of bacterial pneumonia in trauma
patients who had IL-8 present in bronchial secretions. In
addition, antigenic IL-8 has been detected in BALF of
patients with Pneumocystis carinii pneumonia, and levels
of IL-8 were closely correlated with the clinical severity of
disease [15]. Finally, we have detected increased amounts
of IL-8 mRNA and protein levels in the sputum and bron-
choalveolar lavage fluid of patients with cystic fibrosis in

exacerbation (unpublished observations). Interleukin-8 ac-
counted for approximately 40-50% of the increased PMN
chemotactic activity found in the BALF obtained from
these patients during exacerbation of disease. In addition,
IL-8 levels were closely correlated with numbers of PMNs
in BALF and with disease activity as assessed by several
clinical parameters. Interestingly, a dramatic decline in
the expression of IL-8 mRNA from BALF cells occurred
after treatment with antibiotics with or without corticos-
teroids. Although finding increased amounts of chemoki-
nes expressed during bacterial infection does not confirm
a cause-and-effect relationship, it does support a possible
role for these chemokines as critical mediators in bacterial
infection, as well as potentially useful diagnostic and prog-
nostic indicators in these patients.

EFFECT OF CHEMOKINES ON LEUKOCYTE
PHAGOCYTIC AND BACTERICIDAL ACTIVITY
IN VITRO

Effective clearance of microbes by leukocytes (both PMNs
and mononuclear phagocytes) is dependent on initial at-
tachment, phagocytosis, and eventual intracellular killing
[16, 17]. The efficacy of phagocytosis is chiefly determined
by the presence of specific (immunoglobulin) and/or non-
specific (complement) opsonins on the surface of microbes,
as well as the expression of specific complement or immu-
noglobulin receptors on the surface of leukocytes [16]. The
effect of chemokines on leukocyte phagocytic activity has
been incompletely characterized. Hostoffer and colleagues
[18] observed that IL-8 did not alter immunoglobulin
A-mediated phagocytosis of P. aeruginosa by PMNs, al-
though IL-8 did appear to increase the cell surface expres-
sion of C3 receptor on PMNs. In contrast, studies in our
laboratory indicate that treatment of human PMNs with
either human recombinant (hr) IL-8 or murine recombi-
nant (mr) MIP-2 (the likely functional murine homologue
of IL-8) for 1 h in the presence of 10% human serum
resulted in an approximately 1.6- and 2.1-fold increase in
phagocytosis of Escherichia coli, respectively, compared
with PMNs incubated in serum alone (data not shown).
These effects could not be completely explained by
changes in leukocyte complement or immunoglobulin re-
ceptor expression, as incubation of PMNs with either IL-8
or MIP-2 resulted in only modest increases in PMN C3
receptor expression, with no significant change in Feyll or
FeylIl receptor expression.

The effect of chemokines on leukocyte bactericidal and
fungicidal activity has been studied in somewhat more de-
tail. Interleukin-8 has been shown to enhance PMN micro-
bicidal activity against Mycobacterium fortuitum and PMN
fungistatic activity against Candida albicans [19, 20].
Similarly, we have observed that hrIL-8 and mrMIP-2 en-
hanced the ability of PMN to kill intracellular E. coli in a
dose-dependent fashion, resulting in a maximal 4- and
5.6-fold increase in killing, respectively, compared with
untreated PMNs (Table 1). Leukocyte microbicidal activ-
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TABLE 1. Leukocyte Bactericidal Activity®

Cells Treatment E. coli CFU
PMN Control 219+0.12x 10°
muMIP-2 (10 ng/ml) 4.26 £0.11 x 10°*
' huIL-8 (10 ng/ml) 5.49 £ 0.13 x 10°*
AM Control 12.6 £ 0.11 x 10?
muMIP-1a (10 ng/ml) 6.16 £ 0.11 x 10?*
muTNF (10 ng/ml) 4.571£0.14 x 10**

*Bacterial killing of phagocytosed E. coli by resting and stimulated human
PMNs or murine AMs. Resting or cytokine-stimulated PMN or AM (1 X 10°) were
incubated with 10% human serum and E. coli (1 x 107) in HBSS for 1 h; then
cell lysate CFU was determined. Values represent mean + SEM of 12 separate
experiments. *P < .0 compared with unstimulated control.

ity can occur by oxidative or nonoxidative pathways. The
mechanism of chemokine-induced PMN bacterial killing
has not yet been fully elucidated. However, nonoxidative
rather than oxidative events are more likely involved, as
C-X-C chemokines such as IL-8 and MIP-2 are more po-
tent inducers of PMN degranulation than the respiratory
burst (7, 21, 22] and IL-8-induced PMN microbicidal ac-
tivity has previously been shown to be unaffected by coin-
" cubation with antioxidants [19].

Just as C-X-C chemokines regulate PMN phagocytic and
microbicidal activities, C-C chemokines can enhance the
antimicrobial effects of mononuclear phagocytes. Nakano
and associates [23] have demonstrated that hrMCP-1
greatly augmented the phagocytosis and killing of P.
aeruginosa and Salmonella typhimurium by murine perito-
neal macrophages. Similarly, we have observed that treat-
ment of murine alveolar macrophages with mrMIP-1a
resulted in both an increase in phagocytosis (data not
shown) and an approximately twofold increase in E. coli
killing, as compared with unstimulated alveolar macro-
phages (Table 1). Collectively, these studies indicate that
members of both the C-X-C and C-C chemokine families
can significantly enhance the ability of the primary phago-
cytic cells of the lung (PMNs and alveolar macrophages) to
phagocytose and kill E. coli.

ROLE OF CHEMOKINES IN MURINE MODELS
OF BACTERIAL PNEUMONIA

The relative contribution of chemokines to effective con-
tainment and eventual clearance of infectious agents from
the lung in vivo has not previously been defined. In related
studies by others, administration of hrIL-8 to nonneu-
tropenic mice challenged with K. pneumoniae intraperi-
toneally (i.p.) was protective, whereas IL-8 treatment of
neutropenic mice administered K. pneumoniae or mice
(neutropenic and nonneutropenic) challenged with P.
aeruginosa resulted in no change in mortality or, in some
instances, increased mortality [24]. In murine models of P.
aeruginosa or S. typhimurium peritonitis, the i.p. admini-
stration of hrMCP-1 (2.5 pg/animal) resulted in complete
protection from lethality [23]. To begin to address the role
of specific chemokines in lung antibacterial host defense,
we have developed a murine model of Klebsiella pneumo-
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nia. In this model, CD-1 mice were intratracheally inocu-
lated with 103 colony-forming units (CFU) of K. pneumo-
niae, strain 43816, serotype 2 (ATTC, Rockville, MD).
This strain was used in our experiments because this or-
ganism is a heavily encapsulated species that is particu-
larly virulent in mice [25]. Histologic examination of the
lungs 48 h after the intratracheal (i.t.) inoculation with K.
pneumoniae revealed substantial accumulation of PMNs
and moderate numbers of macrophages within the lung
airspace and interstitium. Temporally correlated with the
development of pulmonary inflammation was the produc-
tion of TNF-o,, MIP-2, and MIP-1c. As shown in Figure
1, a significant time-dependent increase in the levels of
these cytokines was noted in lung homogenates after the i.t.
administration of K. pneumoniae, with maximal 13-, 14-,
and 8-fold increases in lung homogenate TNF-a,, MIP-2,
and MIP-1a levels observed, respectively, compared with
saline-treated control animals (P < .05 for all cytokines).
Immunohistochemical analysis indicated that the alveolar
macrophage was a major cellular source of these cytokines
(data not shown). However, recruited PMNs also appear to
express cell-associated TNF-a and MIP-2.

To determine the biologic relevance of MIP-2 to PMN
influx in Klebsiella pneumonia, animals were passively im-
munized with either rabbit preimmune serum or rabbit
anti-murine MIP-2 antibody i.p. 2 h prior to the i.t. admini-
stration of K. pneumoniae (or saline control); then lungs
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Fig. 1. Time-dependent production of MIP-2 and MIP-1a: protein in lung
homogenates after the i.t. administration of saline or K. pneumoniae (10°
CFU). *P < .05 compared with 48 h control. Experimental n = 5 per
group.



were removed 48 h later and assayed for myeloperoxidase
(MPO) activity as a measure of PMN influx. Lung MPO
activity in anti-MIP-2-treated animals inoculated with
Klebsiella was decreased by 60% at 48 h, compared with
animals receiving preimmune serum (P < .05, data not
shown). In addition, treatment with anti-MIP-2 antibodies
resulted in a 5.8- and 4.4-fold increase in viable K. pneu-
moniae in the lungs at 24 and 48 h postinoculation, re-
spectively, compared with animals receiving preimmune
serum (Table 2). Furthermore, inhibition of MIP-2 bioac-
tivity in vivo resulted in early dissemination of K. pneumo-
niae to both blood and liver (Table 2). Finally, as
compared with animals receiving preimmune serum, pas-
sive immunization with anti-MIP-2 serum resulted in a
40-50% increase in early (24—48 h) but not late (>72 h)
mortality (data not shown). These studies indicate that
MIP-2 is an important mediator of PMN influx and effec-
tive bacterial clearance in murine Klebsiella pneumonia.
The contribution of MIP-1a to lung antibacterial host de-
fense in Klebsiella pneumonia is the focus of ongoing stud-
ies.

ROLE OF IL-10 IN ACUTE BACTERIAL
PNEUMONIA

The generation of inflammation is critical to effective
clearance of microbial agents. However, the control of lung
inflammatory responses is equally important to preventing
excessive leukocyte-mediated tissue injury. Interleukin-10
(IL-10) is a cytokine that was initially identified as an
important mediator of TH2-driven immune responses [26].
This cytokine has been shown to exert anti-inflammatory
properties, in part by down-regulating the expression of
TNF, IL-1, and members of both the C-X-C and C-C
chemokine families [27, 28]. We have shown that endo-
genously produced IL-10 plays an important role in damp-
ing the overzealous production of cytokines in
endotoxemia, as the passive immunization of mice with
anti-IL-10 followed by challenge with sublethal doses of
lipopolysaccharide (100 pg) i.p. results in a marked in-
crease in the magnitude of TNF-at and MIP-2 expression,
enhanced lung injury, and substantial increases in mortal-
ity [29]. Furthermore, administration of IL-10 to mice has

TABLE 2. K. pneumoniae CFU in Plasma and Liver 24 h After

Inoculation®
Site Treatment K. niae CFU
Plasma Preimmune 1.17 £ 0.21 x 10
Anti-MIP-2 2.82 + 0.45 x 10!
Liver Preimmune 3.4710.35 x 10}
Anti-MIP-2 11.2+£0.18 x 10'*
Lung Preimmune 1.74 £0.10 x 10°
Anti-MIP-2 10.1 £ 0.40 x 10°*

*Effect of anti-MIP-2 serum on K. pneumoniae CFU in plasma, liver, and lung
at 24 h after inoculation. Animals were pretreated with either 0.5 ml of rabbit
anti-MIP-2 antibody or rabbit preimmune serum i.p. 2 h prior to i.t. inoculation.

*P < .05 compared with animals receiving preimmune serum.

TABLE 3. K pneumoniae CFU in Plasma and Lung®

Site Treatment K. p iae CFU
Plasma Preimmune 245 £ 0.32 x 10°

Anti-IL-10 1.82 £ 0.43 x 10°**
Lung Preimmune 15.5 £ 0.18 x 107
Anti-IL-10 4.76 £ 0.18 x 107*

°Effect of anti-IL-10 serum on K. pneumoniae CFU in plasma and lung 48 h
after inoculation. Animals were pretreated with either 0.5 ml of rabbit anti-IL-10
antibody or rabbit preimmune serum i.p. 2 h prior to i.t. inoculation.

**P < .01, *P < .05 compared with animals receiving preimmune serum.

been shown by others to markedly attenuate endotoxin-in-
duced lethality [30]. However, IL-10-mediated suppres-
sion of activating and chemotactic cytokines may be
detrimental to the host in the setting of infectious pneumo-
nia, where a vigorous inflammatory response is essential
for effective microbial clearance. In support of this prem-
ise, IL-10 inhibits macrophage antimicrobial activity in
vitro [31]. In addition, the exaggerated expression of IL-10
in patients with leprosy has been associated with persistent
and chronic infection [32], and the inhibition of IL-10
bioactivity in vivo promotes effective clearance of Myco-
bacterium avium-intracellulare in mice [33].

To test the hypothesis that IL-10 may have detrimental
effects on lung antibacterial host defense, we first assessed
the effect of mrIL-10 on PMN phagocytic activity. Treat-
ment of PMNs with IL-10 resulted in a 33% reduction of
phagocytosis of E. coli and a maximal 3.9-fold decrease in
killing of intracellular E. coli, as compared with unstimu-
lated PMNs (data not shown). We next assessed the contri-
bution of IL-10 to effective bacterial clearance of K.
pneumoniae in vivo. Interestingly, inoculation of animals
with K. pneumoniae resulted in time-dependent production
of both IL-10 mRNA and protein, with maximal expression
occurring at 48 h after inoculation (data not shown). To
further define the biologic role of endogenously produced
IL-10 in Klebsiella pneumonia, animals were pretreated
with rabbit anti-murine IL-10 serum 2 h prior to inocula-
tion with K. pneumoniae. Treatment with anti-IL-10 anti-
bodies resulted in 3.6-, 3.0-, and 1.8-fold increases in
TNF-o, MIP-2, and MIP-1a protein levels in lung homo-

100 -
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Fig. 2. Effect of anti-IL-10 serum on survival in Klebsiella pneumonia.
CD-1 mice were passively immunized with 0.5 ml of rabbit preimmune
or rabbit anti-murine IL-10 serum 2 h prior to inoculation with K.

pneumoniae (10° CFU).
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genates at 48 h, as compared with animals receiving pre-
immune serum. Furthermore, passive immunization with
anti-IL-10 antibodies resulted in an 3.3-fold reduction in
lung K. pneumoniae CFU and a greater than 100-fold de-
crease in numbers of K. pneumoniae cultured from blood
at 48 h (Table 3). Survival of anti-IL-10-treated animals
inoculated with K. pneumoniae was 40% at 5 days, with
20% of animals surviving past 14 days, whereas no ani-
mals in the control group survived to 5 days (Fig. 2).

In summary, our studies indicate that (1) the chemoki-
nes MIP-2 and MIP-1a stimulate PMN and AM phagocytic
and bactericidal activity in vitro, respectively; (2) MIP-2
and MIP-1a are produced during the evolution of
Klebsiella pneumonia; (3) the inhibition of MIP-2 bioactiv-
ity in vivo results in decreased PMN influx and bacterial
clearance, and increased early but not late mortality; and
(4) the inhibition of IL-10 bioactivity in animals with
Klebsiella pneumonia results in increased expression of
TNF-o, MIP-2, and MIP-10,, enhanced bacterial clear-
ance, and prolonged survival. We conclude that specific
chemokines are important mediators of leukocyte recruit-
ment and/or activation in bacterial pneumonia and that the
expression of these chemokines is regulated by endo-
genously produced IL-10. Immunologic manipulation of
pro- and/or anti-inflammatory cytokine expression may
serve as an important adjuvant therapy in the treatment of
immunocompromised and immunocompetent patients with
severe bacterial pneumonia.
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