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Requirement of MIP-1« for an Inflammatory
Response to Viral Infection

Donald N. Cook,* Melinda A. Beck, Thomas M. Coffman,
Suzanne L. Kirby, John F. Sheridan, lan B. Pragnell,
Oliver Smithies

Macrophage inflammatory protein-1a (MIP-1a) is a chemokine that has pro-inflammatory
and stem cell inhibitory activities in vitro. Its biologic role in vivo was examined in mice
in which the gene encoding MIP-1a had been disrupted. Homozygous MIP-1a mutant
(—/—) mice were resistant to Coxsackievirus-induced myocarditis seen in infected wild-
type (+/+) mice. Influenza virus—infected —/— mice had reduced pneumonitis and de-
layed clearance of the virus compared with infected +/+ mice. The —/— mice had no overt
hematopoietic abnormalities. These results demonstrate that MIP-1a is an important
mediator of virus-induced inflammation in vivo.

The recruitment of leukocytes to sites of
infection is crucial to the inflammatory
clearance of pathogens. Various molecules
may control leukocyte trafficking in vivo,
including the chemokines, a family of low
molecular weight proteins that induce leu-
kocyte chemotaxis in vitro (1). MIP-1a is a
member of the B chemokine subfamily,
which also includes MIP-18 and RANTES.
MIP-1a induces chemotaxis of monocytes,
CD8* T cells (2), CD4™ T cells, and B cells
in vitro (3). However, the importance of
MIP-1a in vivo has been unclear, because
many of its activities are shared by other B

D. N. Cook and O. Smithies, Department of Pathology,
University of North Carolina, Chapel Hill, NC
27599-7525, USA.

M. A. Beck, Department of Pediatrics, University of North
Carolina, Chapel Hill, NC 27599-8180, USA.

T. M. Coffman, Department of Internal Medicine, Durham
Veterans Affairs Medical Center, Durham, NC 27710,
USA.

S. L. Kirby, Department of Medicine, University of North
Carolina, Chapel Hill, NC 27599-7035, USA.

J. F. Sheridan, Departments of Oral Biology and Medical
Microbiology and Immunology, Ohio State Health Sci-
ences Center, Columbus, OH 43210-1239, USA.

I. B. Pragnell, CRC Beatson Laboratories, Bearsden,
Glasgow, G61 1BD, UK.

*To whom correspondence should be addressed.

SCIENCE

chemokines, including an ability to bind to
the same receptor (4). To determine its
function in vivo, we used homologous re-
combination in mouse strain 129 —derived
embryonic stem (ES) cells to generate a
deletion in the MIP-1a gene. The deletion
included 300 nucleotides (nt) of DNA up-
stream of the mRNA start site, as well as
the first exon and half of the second exon of
the MIP-1a gene (Fig. 1). Injection of these
cells into C57BL/6] blastocysts produced
nine chimeras, five of which transmitted
the mutant MIP-1a allele to the offspring.
Matings between F, heterozygotes (+/—)
yielded offspring of the MIP-1a genotypes
+/+, +/—, and —/— in Mendelian propor-
tions. The —/— mice had no gross abnor-
malities in development or in the histology
of any major organ.

To examine MIP-la expression in —/—
mice, we isolated bone marrow macro-
phages, stimulated them with 1929 cell-
conditioned media (5), and prepared RNA.
Northern (RNA) blot analysis with a MIP-
la complementary DNA (cDNA) probe
revealed abundant MIP-la. mRNA (780
nt) in +/+ mice, less mRNA in +/— mice,
and essentially no mRNA in the —/— mice
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(Fig. 1E). Because the deletion includes
almost half of the MIP-la coding region,
any mRNAs transcribed from the mutant
MIP-1a locus are unlikely to encode a func-
tional protein.

MIP-1a inhibits the proliferation of ear-
ly hematopoietic progenitor cells in vitro
(6). Therefore, we compared the peripheral
blood and bone marrow of +/+ mice to
that of —/— mice to determine whether the
mutation had affected hematopoiesis. No
significant differences between the two
genotypes were observed in peripheral
blood (hematocrits, total white blood cell
counts, and differential counts) or in bone
marrow [total nucleated cells per femur and
early hematopoietic progenitor cell number
(7)] (two-tailed t test). Analysis of cell pop-
ulations in lymph nodes and spleens re-
vealed that both T and B cell numbers in
the —/— mice were indistinguishable from
those of +/+ mice. Thus, the —/— mice
lack any overt hematopoietic abnormalities.

In light of evidence for a role of MIP-1a
in autoimmune disease (8), we tested the
response of the —/— mice to Coxsackie-
virus B3 (CVB3). CVB3 infection of hu-
mans is a major cause of myocarditis in
young adults, and in neonates it is frequent-
ly lethal. CVB3 also induces myocarditis in
various strains of mice, and the pathophys-
iology closely resembles that of humans;
macrophages and neutrophils accumulate in
the heart around day 5 postinfection (p.i.)
and are gradually replaced by a T cell infil-
trate by day 10 p.i. Substantial evidence
suggests that the cardiac lesions result from
an autoimmune mechanism mediated pri-
marily by cytotoxic T lymphocytes, al-
though direct viral-mediated cytopathology
may also occur (9).

To determine the role of MIP-la in
CVB3-induced myocarditis, we killed mice
at various times after infection and analyzed
histologic sections of heart by light micros-
copy (10). Cardiac lesions were first ob-
served in +/+ mice at day 6 p.i.; at days 10,
15, and 21 p.i., the majority of +/+ mice
had moderate to severe myocarditis (Fig. 2).
The lesions were characterized by a mono-
nuclear cell infiltrate and evidence of cy-
tolysis. In contrast, none of the —/— mice
had myocarditis or evidence of cytolysis at
any time.

To test whether some unidentified, nat-
ural, strain-specific differences between 129
and C57BL/6] mice at or near the B che-
mokine locus may account for the observed
difference in inflammation between the two
groups, we interbred +/+ mice having 129-
derived DNA at the B chemokine locus
(129+/129+) and infected them with
CVB3 (11). Three of five infected 129+/
129+ mice developed myocarditis, whereas
none of an additional five —/— mice had
inflammation. This result demonstrates
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that any natural, strain-specific differences
between 129 and C57BL/6] mice are not
the cause of the difference in myocarditis
between —/— and +/+ mice. The differ-
ence must therefore be a direct conse-
quence of the MIP-1a mutation.

We tested splenocytes for reactivity in
vitro (10) to determine whether the absence
of myocarditis in CVB3-infected (—/—)
mice was related to a general defect in T cell

function. Incorporation of [PH]thymidine in
splenocytes from MIP-la —/— mice was
indistinguishable from that of +/+ controls
in response to either conconavalin A [—/—,
6.7 £2.2 X 10* cpm; +/+, 7.8 £ 1 X 10*
cpm] or inactivated CVB3 virus [—/—, 28 *
3 X 10° cpm; +/+, 29 = 3 X 10 cpm]. The
CVB3-neutralizing antibody titer [deter-
mined by testing serum dilutions for virus
neutralizing activity (10)] in the —/— mice
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Fig. 1. Gene targeting. (A) The MIP-1a locus.

Restriction enzyme sites are Sph | (S), Pst | (P),

Pvu Il (Pv), Hinc Il (H), and Nco | (N). Sizes are in

kilobases. Exons are solid black rectangles, and

the arrow indicates the direction of transcription.

(B) The targeting construct. The neomycin resis-
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tance gene (neo) is flanked by 9-kb and 0.9-kb MIP-1a DNA fragments. The plasmid was linearized with
Kpn | (K) before it was electroporated into the ES cell line BK4 [a subclone of E14TG2A (718)]. The X's
denote homologous recombination, and Hsv tk is the herpes simplex virus thymidine kinase gene. (C)
Structure of the targeted locus. The sizes of the expected fragments are shown in kilobases. Arrowheads
represent the neo primer (5'-TAAAGCGCATGCTCCAGACT-3’) and the MIP-1a primer (5'-GAAGTG-
GAGAAGTCTACTCCA-3’) used for polymerase chain reaction amplification (79). Probe A was used for
Southern (DNA) blots and probe B for Northern (RNA) blots. (D) Southern blots of DNA from BK4 cells
(lane 1) and from six independently targeted cell lines (lanes 2 through 7) confirm the targeting event. The
sizes of the DNA fragments are indicated in kilobases. (E) Analysis of MIP-1a mRNA expression. RNA was
isolated from macrophage cultures of +/+ (lanes 1 and 2), +/— (lanes 3 and 4), and —/— (lanes 5 and 6)
mice as in (5). RNA blots were hybridized with MIP-1a cDNA, then rehybridized with oligonucleotides
corresponding to 18S and 285 ribosomal RNAs to verify equal loading.
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Fig. 2. Coxsackievirus-induced inflam-
mation. Mice were injected (20) intra-
peretoneally with 10° plaque-forming
units of CVB3/20. Hearts were re-
moved from +/+ mice (A and B) and
from —/— mice (C and D) at day 10 p.i.
Sections from anatomically similar por-
tions of the left ventricle were prepared
as in (10) and graded for inflammation
(76). Original magnification: X63 (A and
C); X200 (B and D). (E) Time course of
CVB3 infection. Solid squares repre-
sent individual +/+ mice; open circles
represent —/— mice.

VOL. 269 -«

15 SEPTEMBER 1995

(1/311 = 83) did not differ from +/+ mice
(1/407 = 118). These data indicate that
antigen processing, T cell activation, and B
cell differentiation are normal in the —/—
animals, and the data suggest that the ab-
sence of myocarditis in the MIP-la —/—
mice is likely because of an inability to

~ recruit or retain mononuclear cells in the

infected heart. These results may have im-
plications for therapeutic intervention in
myocarditis for which no effective treatment
is currently available.

We determined how the absence of in-
flammatory cell infiltrate in the —/— mice
affected viral titers at day 10 p.i. The geo-
metric mean of viral titers in —/— mice
[3.43 = 0.8 tissue culture infectious dose
(TCIDs,) per gram of tissue] (10) was in-
distinguishable from that of +/+ controls
(3.01 * 0.9 TCIDsy). This result is consis-
tent with the observation that mice deplet-
ed of T cells have reduced myocarditis but
do not have increased viral titers (12). To-
gether, these data suggest that CVB3-medi-
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Fig. 3. Influenza virus-induced inflammation.
Histologic sections of lung from influenza A/
Puerto Rico/8/34 virus-infected mice at day 7 p.i.
Lungs were formalin-fixed, paraffin-imbedded,
and cut sections were stained with hematoxyiin
and eosin. Inflammation was graded on a scale of
0+ to 4+ (16). A representative section of grade 3
is shown from a +/+ mouse (A), and of grade 1
from a —/— mouse (B). (C) Analysis of inflamma-
tion. The percentage of animals assigned to each
grade is shown for both genotypes. (D) Clearance
of influenza virus. Viral titers in lung homogenates
were determined for +/+ mice (open squares) and
—/— mice (solid triangles) by TCIDg, on canine
kidney cells. Bars represent standard error.



ated cardiac damage in normal mice is not
the result of viral-mediated cytolysis, but
rather is from the actions of recruited in-
flammatory cells. The data are also consis-
tent with, but do not prove, a requirement
of MIP-la in an autoimmune-mediated
model of CVB3-induced myocarditis. In
this regard, it is noteworthy that antibodies
to MIP-1la reduce the severity of experi-
mental autoimmune encephalomyelitis (8),
and that the murine MIP-1la gene maps to
a region of chromosome 11 that includes
the Idd4 insulin-dependent diabetes locus
(13).

We infected —/— mice with influenza
virus to examine the inflammatory response
to a pathogen of different tissue tropism.
This model was chosen because pulmonary
alveolar macrophages are a rich source of
MIP-1a (14), suggesting that it may be
involved in pulmonary inflammation. Influ-
enza-infected mice were killed at day 6 or 7
p.i., when pathology is maximum (15). The
lungs of most of the +/+ animals were
inflamed and edematous; those of the —/—
mice were less severely affected. Histologic
sections of lung were graded for inflamma-
tion between 0+ and 4+ (16), on the basis
of the extent of mononuclear cell infiltra-
tion and tissue damage (Fig. 3). The +/+
mice had significantly more inflammation
than —/— mice (P = 0.012 by the Wil-
coxon rank order test). These data demon-
strate that MIP-1la contributes to influenza
virus—induced pneumonitis.

Influenza virus is generally cleared from
the lungs of immunocompetent mice by 6
to 10 days p.i. by a T cell-dependent
mechanism (17). To determine whether
MIP-1a affects influenza virus clearance,
we measured viral titers at various times
after infection and calculated the geomet-
ric mean for each genotype (Fig. 3D).
Viral titers were higher in —/— animals
compared with +/+ controls at day 3 p.i.
(P = 0.14 by the two-tailed t test) and
significantly so at days 6 and 7 p.i. (P =
0.02). Part of this difference may be ac-
counted for by the increased weight of the
+/+ lungs, but this weight difference was
at most twofold, whereas the difference in
viral titers was 100- to 1000-fold. By day
21 p.i., no virus was detected in either
group of mice. This delay in T cell-depen-
dent viral clearance in the —/— mice sug-
gests that MIP-la may be required for
efficient recruitment of immunocompe-
tent T cells to sites of viral infection,
which is consistent with the ability of the
chemokine to induce chemotaxis of T
cells in vitro (2, 3).

Our experiments provide genetic evi-
dence for the requirement of a 8 chemokine
in inflammation and demonstrate that oth-
er chemokines do not functionally substi-
tute for MIP-1a. The relative importance of

MIP-1a in an inflammatory response may
depend on the pathogen or tissue involved,
possibly because of the expression of other
molecules with compensatory activity. Nev-
ertheless, the role of MIP-1a in diseases as
different as myocarditis and pneumonitis
suggests that this chemokine may also me-
diate inflammation in response to a variety
of other stimuli.
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A Mechanism for the Specific Immunogenicity of
Heat Shock Protein-Chaperoned Peptides

Ryuichiro Suto and Pramod K. Srivastava*

Endogenously synthesized antigenic determinants are generally presented on major
histocompatibility complex (MHC) class | molecules, whereas exogenous determinants
are presented by MHC class |l molecules. Here, it is shown that exogenous antigens
chaperoned by a heat shock protein can be channeled into the endogenous pathway,
presented by MHC class | molecules, and recognized by CD8* T lymphocytes. This
pathway is functional only in a subset of macrophages among the cell types tested. These
observations provide a basis for the tumor-specific and virus-specific immunogenicity of
cognate heat shock protein preparations and offer a mechanism for the classical phe-

nomenon of cross-priming.

Heat shock proteins (HSPs) isolated from
cancer cells or virus-infected cells elicit pro-
tective immunity or cytotoxic T lympho-
cytes (CTLs) to the cognate tumor or viral
antigen (1-3). In contrast, HSPs isolated
from normal tissues do not elicit such immu-
nity (2, 3). Because the HSP genes do not
show tumor-associated DNA polymorphism,
it has been suggested that HSPs derived from
cancers or virus-infected cells are not immu-
nogenic per se but rather chaperone tumor-
or virus-specific antigenic peptides generated
during antigen processing, and that it is the
peptides and not the HSPs that are immu-
nogenic (4). This suggestion was upheld by
the sequencing of a number of HSP-associ-
ated peptides (5) and by the observation that
HSPs stripped of associated peptides lose
their immunogenicity (3).
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One of the unresolved questions in this
area has been the mechanism whereby
HSP-peptide complexes elicit specific im-
munity. Immunogenicity of HSP prepara-
tions is exquisitely dependent on the pres-
ence of functional phagocytic cells in the
host; the depletion of such cells rendered
the host incapable of being immunized by
HSP preparations (6). This observation led
to the suggestion that HSPs are taken up by
the macrophage and are re-presented by the
MHC class [ molecules of the macrophage,
which finally stimulate the appropriate T
cells (7). Thus, a mechanism of indirect
presentation of HSP-chaperoned peptides
was invoked. The observations reported
here support this mechanism.

We have investigated whether HSP-
chaperoned peptides could be re-presented
by phagocytic cells in a vesicular stomatitis
virus (VSV) model. The HSP gp96 was iso-
lated to apparent homogeneity (8) from EL4
cells transfected with the gene encoding the
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