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The human monoclonal antibody to serotype 8 pneumococcal capsular polysaccharide D11 [immunoglobulin
M(k)] protects wild-type and complement component 4 knockout (C4 KO) mice against lethal intratracheal
challenge with serotype 8 pneumococcus, but it does not promote polymorphonuclear leukocyte (PMN)-
mediated pneumococcal killing in vitro. In this study, we investigated the effect of D11 on the blood and lung
bacterial burdens and the serum and lung expression of inflammatory chemokines and cytokines in an
intratracheal challenge model with serotype 8 pneumococcus in C4 KO mice. Pneumococcus was not detected
in the blood of D11-treated mice, whereas control mice had high-grade bacteremia with >107 CFU. Control
mice had a >5-log increase in lung CFU and D11-treated mice manifested a nearly 3-log increase in lung CFU
compared to the original inoculum 24 h after infection. Serum and lung levels of soluble macrophage
inflammatory protein 2 (MIP-2) and interleulin-6 (IL-6) as measured by an enzyme-linked immunosorbent
assay were lower in D11-treated mice than in control mice 24 h after infection. Real-time PCR was performed
to examine lung mRNA chemokine and cytokine expression. The results showed that D11-treated mice had
significantly less gamma interferon, MIP-2, IL-12, monocyte chemoattractant protein 1/JE, and tumor necrosis
factor alpha expression than control mice 24 h after infection. Histopathology and immunohistochemical
staining of lung tissues revealed that D11-treated mice had less inflammation, fewer PMNs, and less myelo-
peroxidase staining than control mice 24 h after infection. These findings suggest that the efficacy of certain
serotype-specific antibodies against pneumococcal pneumonia could be associated with modulation of the lung
inflammatory response and a reduction in host damage.

The ability of serotype-specific antibodies to confer protec-
tion against invasive pneumococcal disease and pneumonia
was established with therapeutic antisera during the serum
therapy era (9). Subsequently, the discovery of antibiotics to-
gether with the toxicity of the antibody reagents available in
the 1940s led to the discontinuation of antibody-based therapy
for pneumococcal disease (9). However, rising antibiotic resis-
tance and an increased number of persons who are at high risk
for pneumococcal disease have led to renewed interest in ac-
tive and passive antibody-based strategies for pneumococcal
disease. The currently recommended adult pneumococcal vac-
cine prevents invasive (bacteremic) pneumococcal disease in
certain populations, but it has had unpredictable efficacy
against pneumonia (4, 23, 27, 40, 43, 64). This probably reflects
variability in the study designs and clinical endpoints and the
inability to definitively diagnose nonbacteremic pneumococcal
pneumonia. Nonetheless, the functional mediators of anti-
body-mediated protection against pneumonia have not been
defined, and it is not known whether they are the same in
bacteremic and nonbacteremic disease.

The ability of serotype-specific immunoglobulin G (IgG) to
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promote polymorphonuclear leukocyte (PMN)-mediated
pneumococcal killing in vitro is considered a surrogate for
pneumococcal vaccine-elicited immunity (2, 21, 29, 49, 50, 63).
However, the efficacy of the other antibody isotypes and the
nature of antibodies that protect against pneumonia have not
been as extensively investigated. The serotype 8-specific hu-
man monoclonal antibody (MAb) D11 (IgM) protected nor-
mal and complement component 4 knockout (C4 KO) mice
against intraperitoneal (69) and intratracheal (i.t.) challenge
with serotype 8 pneumococcus (10). Surprisingly, D11 pro-
moted little or no human PMN-mediated killing of the same
organism with or without complement, but it was found to
downregulate PMN interleukin-8 (IL-8) secretion in vitro (10).
Although macrophage-mediated phagocytosis (1la, 17) could
be responsible for bacterial killing in vivo, this observation
called into question the paradigm that antibody-mediated im-
munity requires opsonic serotype-specific IgG (29, 49) and led
us to question whether D11-mediated protection was associ-
ated with modulation of the host inflammatory response in
vivo. In this study, we sought to determine whether D11 ad-
ministration affects the pulmonary inflammatory response to
serotype 8 pneumococcus in an intratracheal model of infection.

MATERIALS AND METHODS

Antibody reagents. Human MAb D11 [IgM(k)] was previously shown to bind
to the capsular polysaccharide of serotype 8 cells, to activate both the alternative
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and classical complement pathways, and to protect mice from death due to
serotype 8 pneumococcus (10, 69). D11 was purified by affinity chromatography
with anti-human IgM-coated agarose beads (Sigma-Aldrich, St. Louis, MO). A
human myeloma IgM MADb (Calbiochem, San Diego, CA) was used as an isotype
control. The IgM did not react with serotype 8 pneumococcal capsular polysac-
charide as determined by an enzyme-linked immunosorbent assay (ELISA) and
did not bind to whole cells in ultrastructural studies (69).

Bacteria. Streptococcus pneumoniae serotype 8 strain ATCC 6308 (American
Type Culture Collection, Rockville, Md.) was grown in tryptic soy broth (TSB)
(Difco, Sparks, MD) to the mid-log phase at 37°C in 5% CO,, frozen in TSB in
10% glycerol, and stored at —80°C until it was used, as described previously (10).
This strain is the same strain that was used to establish D11 efficacy in intraperi-
toneal and i.t. infection models in different strains of mice (10, 69) and to
investigate its biological activity in vitro (10).

Mice. C4 KO mice were used. D11 was previously shown to protect normal
mice and this strain from death due to serotype 8 pneumococcus (10, 69). The
innate immune response to pneumococcus depends on naturally occurring IgM
and an intact classical complement pathway (7), whereas the alternative com-
plement pathway is required for the efficacy of certain specific antibodies that
mediate acquired immunity (13, 54, 69). Therefore, we used C4 KO mice, which
lack a functional classical complement pathway, to evaluate antibody-mediated
effects that are independent from innate, classical complement-dependent mech-
anisms. C4 KO mice (10, 13, 67, 69) were bred by the Institute for Animal Studies
at the Albert Einstein College of Medicine in accordance with the rules and
regulations of animal welfare at the Albert Einstein College of Medicine. Male
and female mice that were 6 to 8 weeks old were used.

Intratracheal infection model. D11 was previously shown to protect normal
and C4 KO mice against death from intraperitoneal and i.t. infection with
serotype 8 pneumococcus (10, 69). In the i.t. model, 1 ug of D11, an IgM control,
or phosphate-buffered saline (PBS) was mixed with 20 CFU of pneumococcus
and administered immediately i.t. In this model, 100% of the mice receiving 1 u.g
of D11 survived, compared to 20% of the PBS controls and none of the IgM
controls (10). The same i.t. model was used in this study. Mice were anesthetized
with sodium pentobarbital (65 mg/kg; Abbott Laboratories, North Chicago, IL)
intraperitoneally, after which a tracheal incision was made and 20 CFU of
serotype 8 pneumococcus ATCC 6308 (4 50% lethal doses) in 50 pl that had
been mixed immediately before administration with PBS, 1 pg of D11, or the
control IgM was injected i.t. Each mouse in each group was injected with the
relevant inoculum before we proceeded to the next group of mice. After injec-
tion, the incision was sutured, and the mice were observed until recovery. The
doses of D11 and IgM used were identical to those that were previously shown
to protect against i.t. challenge with the same organism in the same strain of mice
(10). Immediate replicate plating of the inocula was not possible, because the
surgical procedure performed on the mice and the recovery period did not
permit immediate plating. However, the number of CFU administered to the
mice was estimated by mixing a final amount of serotype 8 S. pneumoniae (20
CFU) with either PBS or 1 pg of control IgM or D11 in 50 pl and plating the
preparation on TSB containing 5% sheep blood (Becton Dickenson, Franklin
Lakes, NJ). The number of CFU was determined after incubation overnight at
37°Cin 5% CO,. The numbers of CFU for the PBS, IgM, and D11 mixtures were
11 £2,15 = 2,and 10 * 2 (means * standard errors of the means), respectively,
and were not significantly different (P = 0.57 and P = 0.07 for comparisons of
D11 to PBS and IgM, respectively, as determined by unpaired ¢ tests). The mice
were monitored daily to determine their clinical status and survival. Here we
report the results of three independent experiments with C4 KO mice and one
experiment with C57BL/6 X Sv129 and C4 KO mice (see below). The number of
mice used in each experiment is indicated in the figure legends.

Determinations of blood and lung bacterial burdens. Mice were bled from the
retroorbital sinus 6 and 24 h after infection. At each time, mice were killed via
cervical dislocation, and their lungs were removed aseptically, rinsed in sterile
water, and homogenized in endotoxin-free Hanks balance salt solution without
calcium, magnesium, or phenol red (Mediatech, Herndon, VA). The blood
samples and lung lysates were serially diluted in TSB and then plated onto TSB
with 5% sheep blood (Becton Dickenson) and incubated for 18 h at 37°C in the
presence of 5% CO,, and the number of CFU was determined after 18 h of
incubation.

Endotoxin avoidance precautions. To avoid endotoxin contamination, surgical
tools were washed in 70% ethanol after dissection of each mouse, and the probe
of the homogenizer was rinsed in 70% ethanol between samples. Tests per-
formed with a Limulus amebocyte lysate kit (Cambrex, Walkerville, M.D) re-
vealed that there was no endotoxin in the human MAb or any other reagent used.

Determinations of serum and lung cytokine levels. Serum and lung macro-
phage inflammatory protein 2 (MIP-2) and IL-6 levels were determined by and
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ELISA using samples from D11-, IgM-, and PBS-treated mice 6 and 24 h after
infection. Blood was allowed to clot for 30 min on ice, after which the serum was
separated by centrifugation for 10 min at 2,000 X g and stored at —80°C until use.
The lungs were homogenized as described above and centrifuged at 1,000 X g for
10 min, and the supernatant was removed and stored at —80°C until use. ELISA
kits (R&D Systems, Minneapolis, MN) were used according to the manufactur-
er’s protocol to determine serum and lung MIP-2 and IL-6 levels. The positive
controls were recombinant MIP-2 and IL-6 (R&D Systems), and the negative
control was wells that contained only 1% bovine serum albumin in PBS.

Quantitative real-time PCR. Quantitative real-time PCR was performed to
determine the levels of lung gamma interferon (IFN-v), IL-6, MIP-2, IL-12,
monocyte chemoattractant protein 1 (MCP-1), tumor necrosis factor alpha
(TNF-), and IL-10 mRNA expression using the Bio-Rad Laboratories iCycler
1Q real-time PCR detection system (Bio-Rad, Hercules, CA). Lungs were re-
moved from D11-, IgM-, and PBS-treated mice 6 and 24 h after infection and
placed in 6 ml of TRIzol (Invitrogen, Carlsbad, CA) for homogenization; RNA
was extracted, and 1 pg of RNA was reverse transcribed using an iScript cDNA
synthesis kit (Bio-Rad) according to the manufacturer’s instructions. The che-
mokine and cytokine primers that were used are listed in Table 1. PCR ampli-
fication was performed with IQ SYBR Green Supermix (Bio-Rad) by using 95°C
for 5 min and 45 cycles of 95°C for 15 s followed by 62°C for 45 s for all mRNAs.
A standard curve was generated by plotting threshold cycle values versus the
input mouse splenic cDNA concentrations (Ambion, Austin, TX). The concen-
trations of the experimental samples were determined by interpolating threshold
cycle values into the standard curve, and expression levels were computed by
normalizing each cytokine or chemokine concentration to the concentration of
glyceraldehyde-3-phosphate dehydrogenase in the sample. The results of four
independent experiments to determine lung chemokine and cytokine expression
were combined and analyzed statistically, and they included 10 to 12 data points
per time per treatment group.

Cytokine and chemokine expression in background strain and C4 KO mice.
C4 KO and C57BL/6 X Sv129 mice were infected i.t. with 20, 50, or 100 CFU as
described above. At 24 h postinfection, mice were sacrificed via cervical dislo-
cation, lungs were removed and homogenized in TRIzol, and RNA was extracted
for cytokine expression studies as described above.

Histopathology and immunohistochemistry. C4 KO mice treated with D11,
IgM, or PBS were killed 6 and 24 h after infection; their lungs were inflated with
4% formalin (Fisher Scientific, Fairlawn, NJ), fixed in situ for 48 h, and removed.
The tissue was embedded in paraffin (Blue Ribbon; Fisher Scientific), cut into
5-pm sections, and stained with hematoxylin and eosin (H&E) (Fisher Scien-
tific). To detect myeloperoxidase (MPO) activity, slides were rehydrated and
boiled in 10 mM sodium citrate, pH 6.0, for 20 min, blocked with 5% goat serum
for 1 h, and incubated with ready-to-use rabbit polyclonal antibody to MPO
(Labvision, Freemont, CA) for 90 min at room temperature. Slides of a human
tonsil (Labvision) were used as positive control slides, and normal rabbit IgG
(Santa Cruz Biotechnologies, Santa Cruz, CA) and no primary antibody were
used as negative controls. The slides were incubated with ready-to-use biotinyl-
ated goat antipolyvalent antibody (Labvision) for 30 min at room temperature,
incubated with streptavidin-horseradish peroxidase (Zymed, South San Fran-
cisco, CA) for 20 min at room temperature, and developed using Sigma Fast
3’-diaminobenzidine tablets (Sigma Aldrich, Minneapolis, MN) for 5 min at
room temperature. To detect lung macrophages, slides were rehydrated and
boiled in 10 mM sodium citrate, pH 6.0, for 30 min and then incubated with
primary antibody MAC-3 (BD Biosciences Pharmingen, San Diego, CA) over-
night at 4°C and a biotinylated goat anti-rat IgG for 1 h at room temperature.
The slides were developed as described above.

Statistical analysis. The numbers of CFU in blood samples and lung lysates
and the levels of chemokine and cytokine expression in D11-, IgM-, and PBS-
treated mice obtained by ELISA and real-time PCR, respectively, were com-
pared by performing unpaired ¢ tests after Grubbs’ test was used to detect
outliers. Correlations between bacteremia and real-time PCR-determined cyto-
kine expression were examined by using Spearman’s correlation test. All statis-
tical analyses were performed using Prism (v.4.02 for Windows; GraphPad Soft-
ware, San Diego, CA). A P value of <0.05 was used for statistical significance.

RESULTS

Comparison of cytokine profiles of C57BL/6 X Sv129 and
C4 KO mice. C4 KO and C57BL/6 X Sv129 mice had similar
levels of bacteremia (Fig. 1A), and the levels of lung chemo-
kine and cytokine mRNA expression (Fig. 1B to H) did not
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TABLE 1. Sequences of the primers used for quantitative real-time PCR

Gene Direction” Primer (5" — 3’) Pro?t;;t) size Fm&ll\i()),? on Reference
IFN-y For CCTGCGGCCTAGCTCTGA 81 100 67a
Rev CAGCCAGAAACAGCCATGAG 100
IL-6 For ACAACCACGGCCTTCCCTACTT 129 100 3la
Rev CACGATTTCACAACCACGGCCTTCCCTACTT 100
MIP-2 For ATCCAGAGCTTGAGTGTGACGC 90 100 3la
Rev AAGGCAAACTTTTTGACCGCC 100
IL-12 For AGCAGTAGCAGTTCCCCTGA 88 200 50a
Rev AGTCCCTTTGGTCCAGTGTG 200
MCP-1/JE For CCACTCACCTGCTGCTACTCAT 76 100 3la
Rev TGGTGATCCTCTTGTAGCTCTCC 300
IL-10 For CTTGCACTACCAAAGCCACA 86 100 50a
Rev TAAGAGCAGGCAGCATAGCA 100
TNF-a For GTGTGGGTGAGGAGCACGTA 198 100 1
Rev TCATCCTGCTCTTCTTTCTCGAAT 100
GAPDH* For CATCGCCTTCCGTGTTCCTA 54 100 http://medgen31.rug.ac
.be/primerdatabase
Rev GCGGCACGTCAGATCCA 100

“ For, forward; Rev, reverse.
® Final concentration of primer in 25 pl (final volume).
¢ GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

differ for the inocula studied (data not shown). Hence, the
values for chemokine and cytokine expression in mice that
received 20 and 100 CFU were combined. The levels of lung
expression of IL-6 (Fig. 1C), MIP-2 (Fig. 1D), and MCP-1/JE
mRNAs (Fig. 1F) were statistically similar for C4 KO and
C57BL/6 X Sv129 mice; C4 KO mice exhibited significantly
more IFN-y (Fig. 1B) expression than C57BL/6 X Sv129 mice
and more expression of IL-10 (Fig. 1H), but this difference was
not significant. C57BL/6 X Sv129 mice exhibited more IL-12
(Fig. 1E) and TNF-a (Fig. 1G) expression than C4 KO mice,
but the differences were not statistically significant.
Pneumococcal burdens in C4 KO mice. i.t. infection with 10
and 20 CFU of the serotype 8 strain used resulted in the death
of 80% of C4 KO and C57BL/6 X Sv129 mice by 48 and 72 h
after infection; infection with 5 CFU resulted in the death of
50% of the mice (data not shown). The number of CFU in
blood samples from D11-treated mice was below the limit of
detection (200 CFU) 6 and 24 h after infection. The levels of
bacteremia were significantly higher in PBS- and IgM-treated
mice than in D11-treated mice 24 h after infection (P = 0.001
and P < 0.0001, respectively). PBS- and IgM-treated mice had
significantly higher levels of bacteremia at 24 after infection
than at 6 h after infection (P = 0.002 and P < 0.0001) (Fig.
2A). The number of lung CFU in D11-treated mice was similar
to the number in control mice at 6 h after infection but was
significantly less than the number in PBS- and IgM-treated
mice at 24 h after infection (P = 0.01 and P = 0.0002, respec-
tively) (Fig. 2B). Control mice manifested a significant increase
in the lung CFU burden at 24 h compared to the burden at 6 h
after infection (P = 0.001 for PBS-tread mice and P < 0.0001
for IgM-treated mice) (Fig. 2B). The higher number of CFU in
D11-treated mice at 24 h was not statistically significant. The

numbers of lung CFU in D11-treated mice were also deter-
mined at later times after infection. There were 4 X 10°, 1 X
10%, and 6 X 10? CFU at 48, 72, and 96 h after infection,
respectively (n = 3). The statistical comparisons were per-
formed with unpaired ¢ tests.

Serum and lung expression of soluble MIP-2 and IL-6. D11-
treated mice had lower levels of serum MIP-2 and IL-6 than
IgM-treated controls (P < 0.001) and PBS-treated controls (P
< 0.02) at 24 h after infection (Fig. 3A and B). The MIP-2
serum level was higher (P > 0.06) and the IL-6 serum level was
lower (P < 0.05) for IgM-treated mice than for PBS-treated
mice at 6 h after infection. The MIP-2 and IL-6 serum levels
were significantly increased at 24 h after infection compared to
the levels at 6 h after infection in IgM-treated mice (P < 0.01)
and PBS-treated mice (P < 0.01) (Fig. 3A and B). D11-treated
mice had lower lung MIP-2 levels than IgM-treated mice (P <
0.03) and PBS-treated control mice (P < 0.01). Significant
increases in lung MIP-2 and IL-6 levels were observed in PBS-
treated mice (P < 0.01 and P < 0.02, respectively) and IgM-
treated mice (P < 0.004 and P < 0.04, respectively) at 24 h
after infection compared to the levels at 6 h after infection
(Fig. 3C and D). The statistical comparisons were performed
with unpaired ¢ tests.

Lung expression of chemokine and cytokine mRNAs. The
results of the real-time PCR analysis of lung chemokine and
cytokine RNA expression are shown in Fig. 4. The expression
of IFN-vy (Fig. 4A), MIP-2 (Fig. 4C), and MCP-1/JE (Fig. 4E)
compared to IgM-treated mice, the expression of IL-12 (Fig.
4D) and MIP-2 (Fig. 4C) compared to PBS-treated mice, and
the expression of TNF-a (Fig. 4F) compared to IgM- and
PBS-treated controls were significantly higher in D11-treated
mice 24 h after infection (P < 0.05) (Fig. 4). IgM-treated mice
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FIG. 1. Bacteremia and cytokine and chemokine expression in
background strain and C4 KO mice: cytokine lung expression and
number of CFU of type 8 pneumococcus in whole blood of C4 KO
(open bars) and C57BL/6 X Sv129 (solid bars) mice infected i.t. with
either 20 or 100 CFU of serotype 8 pneumococcus. (A) Bacteremia.
(B) IFN-y. (C) IL-6. (D) MIP-2. (E) IL-12. (F) MCP-1/JE. (G) TNF-c.
(H) IL-10. The bars indicate the means, and the errors bars indicate
the standard errors of the means. An asterisk indicates that the P value
is 0.02, as determined by an unpaired ¢ test (n = 3). GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase.

also exhibited more IFN-y expression than PBS-treated mice
24 h after infection, (P = 0.04), and IgM- and PBS-treated
mice had significantly higher levels of IFN-y (P < 0.04) (Fig.
4A), IL-6 (P < 0.02) (Fig. 4B), MCP-1/JE (P < 0.005) (Fig.
4E), TNF-a (P < 0.04) (Fig. 4F) 24 h than 6 h after infection.
D11-treated mice did not manifest an increase in any chemo-
kine or cytokine at 24 h compared to 6 h after infection;
however, a significant decrease in MIP-2 expression was ob-
served at 24 h after infection compared to that at 6 h postin-
fection, (P = 0.03) (Fig. 4C). No differences in expression of
IL-10 (Fig. 4G) were observed for any of the groups either 6 or
24 h after infection. Expression of IL-6, MIP-2, MCP-1/JE, and
IL-10 was positively correlated with the magnitude of bactere-
mia in IgM-treated mice (data not shown). Correlations be-
tween cytokine expression and bacteremia were not found for
the other groups in this study. The statistical comparisons were
performed with unpaired ¢ tests.

Histology and immunohistochemistry. Hematoxylin- and
eosin-stained lung sections from D11-treated mice contained
more PMNs and myeloperoxidase-stained sections revealed
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FIG. 2. Bacteremia and lung CFU in C4 KO mice infected i.t. with
serotype 8 pneumococcus: CFU in blood (A) and lungs (B) obtained
from C4 KO mice inoculated with serotype 8 pneumococcus and PBS
(open bars), 1 pg of IgM (solid bars), or 1 pg of D11 (cross-hatched
bars) at 6 and 24 h after infection. An asterisk indicates that the P
value is <0.05 for a comparison of control mice at 24 h to D11-treated
mice, as determined by an unpaired ¢ test; a plus sign indicates that the
P value is < 0.05 for a comparison of the numbers of CFU at 6 h and
24 h after infection, as determined by an unpaired ¢ test (n = 12 to 15
mice per time).

more myeloperoxidase than sections from IgM-treated mice at
6 h after infection (Fig. S5A to D). In contrast, at 24 h after
infection, more PMNs and more myeloperoxidase staining
were observed in sections from IgM-treated mice than in sec-
tions from D11-treated mice (Fig. 5E to H). The sections from
PBS-treated mice resembled those from IgM-treated mice
(data not shown). MAC-3 staining did not reveal a difference
in the number of macrophages between the control mice and
the D11-treated mice (data not shown).
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FIG. 3. Serum and lung soluble MIP-2 and IL-6 levels in C4 KO
mice infected i.t. with serotype 8 pneumococcus: serum MIP-2 and
IL-6 (A and B) and lung MIP-2 and IL-6 (C and D) protein levels as
determined by ELISA in PBS-treated mice (open bars), IgM-treated
mice (solid bars), and D11-treated mice (cross-hatched bars) at 6 and
24 h after infection. The bars indicate the means of three independent
experiments, and the error bars indicate the standard errors of the
means. An asterisk indicates that the P value is <0.05 for a comparison
of the control mice to D11-treated mice at 24 h after infection, as
determined by an unpaired ¢ test; a plus sign indicates that the P value
is <0.05 for a comparison of the levels at 6 h and 24 h after infection,
as determined by an unpaired ¢ test (n = 12 to 15 mice per time).
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FIG. 4. Lung mRNA chemokine and cytokine expression in C4 KO
mice infected i.t. with serotype 8 pneumococcus: lung mRNA chemo-
kine and cytokine expression as determined by real-time PCR for mice
inoculated i.t. with serotype 8 pneumococcus and PBS-treated mice
(open bars), IgM-treated mice (solid bars), or D11-treated mice (cross-
hatched bars) at 6 and 24 h after infection. (A) IFN-y. (B) IL-6.
(C) MIP-2. (D) IL-12. (E) MCP-1/JE. (F) TNF-a. (G) IL-10. The bars
indicate the means of four independent experiments, and the error
bars indicate the standard errors of the means. The y axis shows the
mRNA concentrations of the mediators normalized to the concentra-
tion of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). An as-
terisk indicates that the P value is <0.05 for a comparison of control
and D11-treated mice at 24 h after infection, as determined by an
unpaired ¢ test; a plus sign indicates that the P value is <0.05 for a
comparison of the mRNA levels at 6 h and 24 h after infection, as
determined by an unpaired ¢ test (n = 10 to 12 mice per time).

DISCUSSION

The results of the experiments in this study showed that
untreated or IgM-treated C4 KO mice develop high levels of
bacteremia and lung bacterial burdens 24 h after i.t. infection
with serotype 8 pneumococcus. In contrast, mice that received
the protective human IgM MAb D11 did not develop detect-
able bacteremia and had lower lung burdens than the controls.
Compared to control mice, D11-treated mice had lower levels
of soluble serum and lung MIP-2 and IL-6, markedly less lung
TNF-a, IFN-y, IL-12, MIP-2, and MCP-1/JE mRNA expres-
sion, and fewer PMNs in lung tissues 24 h after infection.
These findings revealed an association between antibody-
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mediated protection and modulation of the host inflammatory
response to pneumococcal pneumonia that has not been de-
scribed previously.

D11-treated mice in this study manifested an increase in
lung CFU compared to the initial inoculum 24 h after infec-
tion, which was observed up to 96 h after infection. Similar
findings were reported for surviving antibody-treated mice in a
high-inoculum intranasal model of serotype 8 pneumonia (53).
The mechanism by which lung CFU were reduced in the set-
ting of D11 treatment in this study or in surviving mice with
natural resistance (15) is uncertain. D11 did not promote kill-
ing of serotype 8 organisms by PMNs in vitro (10), although
macrophages can promote killing (1a, 17) and additional op-
sonins and/or cytokines could affect the antibody opsonic po-
tential in vivo (28). The reduction in lung CFU in D11-treated
mice in our model or in surviving mice in other models (15, 53)
could reflect growth inhibition and/or persistence without kill-
ing, as described previously for other gram-positive microbes
(24, 57), but further studies are needed to identify the mech-
anism(s) which governs the CFU reduction in the setting of
antibody therapy. Nonetheless, the fact that antibody-treated
mice had persistent lung pneumococcal burdens without bac-
teremia establishes that sterilizing immunity is not required for
antibody-mediated protection. In light of clinical evidence that
vaccine-elicited immunity is more effective against invasive
pneumococcal disease (bacteremia) than against pneumonia
(16, 19, 22, 27, 56), our data suggest that protection against
bacteremia and clearance from the lung could be mediated by
distinct mechanisms.

D11-treated mice had lower levels of soluble serum MIP-2
and IL-6 and lung MIP-2 than control mice at 24 h after
infection. In other models, the cytokine response in mice that
survived intranasal infection with another serotype was asso-
ciated with an early increase in IL-6, MIP-2, and PMN levels in
lung tissue that declined, whereas dying mice had high levels of
IL-6 and MIP-2 and increased numbers of PMNs in lung tissue
at 24 h after infection (5, 15). IL-6 is a sepsis-associated cyto-
kine (61), and MIP-2 is a cytokine that mediates inflammation
and PMN recruitment in murine pneumococcal pneumonia
(20, 47, 48). We found that lung sections from D11-treated
mice had more PMNs and myeloperoxidase staining than con-
trol mice 6 h after infection, but this picture was reversed 24 h
after infection, when sections from control mice had markedly
more inflammation, PMNs, and myeloperoxidase staining.
These findings paralleled a trend among the D11-treated mice
toward higher levels of lung MIP-2 and MCP-1 mRNA expres-
sion at 6 h after infection than at 24 h after infection. Since
MIP-2 is a PMN chemoattractant and MCP-1 recruits T cells
and macrophages (5, 20, 32), we hypothesize that D11 admin-
istration could induce the kind of earlier cellular response that
has been shown to be protective against pneumococcal pneu-
monia (15, 18, 41). This hypothesis is under investigation in our
laboratory. Interestingly, there was also a trend toward lower
serum IL-6 levels in control IgM-treated mice. This observa-
tion cannot be explained with the available knowledge; how-
ever, nonspecific antibodies can downregulate the expression
of certain inflammatory mediators (37, 55). Perhaps a similar
phenomenon could explain the failure to produce the early
IL-6 response (15) that has been associated with protection in
naive mice. There is ample evidence that enhancement of the



FIG. 5. Histopathological appearance of C4 KO mice infected i.t. with type 8 pneumococcus: fixed tissue sections obtained 6 and 24 h after
infection and stained with H&E and anti-myeloperoxidase antibody. (A) IgM, 6 h, H&E. (B) IgM, 6 h, MPO. (C) D11, 6 h, H&E. (D) D11, 6 h,
MPO. (E) IgM, 24 h, H&E. (F) IgM, 24 h, MPO. (G) D11, 24 h, H&E. (H) D11, 24 h, MPO. Magnification, X40. The images are representative
of two sections per time.
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cellular immune response to a variety of pathogens is an im-
portant mechanism of antibody immunity, including the re-
sponse to encapsulated pathogens (reviewed in reference 11).

The most intriguing finding in this study was that mice that
received D11 had lower levels of lung TNF-«, IFN-y, IL-12,
MIP-2, and MCP-1/JE mRNA expression than control mice.
The ability of the 1-pg dose of D11 used in this study to protect
C4 KO mice against death was established previously in the
same model (10) and reconfirmed in this study (data not
shown). Since the antibody and pneumococcus were coadmin-
istered in this model, we considered the possibility that our
results reflected a reduction in the inoculum that D11-treated
mice received. Several factors make this unlikely. First, plating
studies showed there were similar numbers of CFU in D11-,
IgM-, and PBS-containing mixtures. Second, the experimental
groups had similar numbers of lung CFU at 6 h after infection.
Third, a 10-CFU inoculum (50% of the inoculum used) had
the same lethality as a 20-CFU inoculum. Nonetheless, our
results could reflect immune complex formation or agglutina-
tion in vivo, as described for protective IgMs to fungi (11, 25,
58). Although many mouse models of infectious diseases, in-
cluding the one used in this study, have nonphysiologic fea-
tures (12), mixed inocula were used to establish the efficacy
and dose of therapeutic antisera in the serum therapy era (12)
and MAD efficacy in a model of pulmonary tuberculosis (60).
The use of C4 KO mice in this study allowed us to focus on
acquired immune responses, since innate immunity to pneu-
mococcal pneumonia depends on an intact classical comple-
ment pathway (7). Hence, the effect of D11 in this model could
recapitulate the response of an immune and/or naturally resis-
tant host who acquires pneumococcal pneumonia by aspira-
tion, the most common route of infection.

The time at which inflammatory mediators are produced
governs whether they are detrimental or beneficial (34, 41).
Compared to control treatments, D11 administration was as-
sociated with a large (10-fold or more) decrease in lung MIP-2,
MCP-1, and TNF-a mRNA expression 24 h after infection. In
studies with other pneumococcal serotypes, resistance to ex-
perimental pneumonia was associated with increased produc-
tion of soluble IFN-y, IL-12, IL-6, and TNF-a soon after in-
fection (15, 34, 46, 62, 68). In our study, lung expression of
IFN-y, IL-6, MIP-2, IL-12, and TNF-a mRNA was similar in
D11-treated and control mice 6 h after infection. However, by
24 h after infection, the expression was markedly higher in
controls but unchanged in D11-treated mice. This is consistent
with reports from other groups which showed that secreted
levels of MIP-2, IL-6, and MCP-1 were higher and increased
with time in mice that succumbed with pneumococcal pneu-
monia than in mice that survived (15, 48, 65). We did not
examine secreted IFN-vy, IL-12, MCP-1, or TNF-a levels, but
we did find parallel increases in soluble and lung mRNA ex-
pression of MIP-2 and IL-6 at 6 and 24 h, which revealed a
relationship between mRNA expression and secretion of these
key mediators of the inflammatory response to pneumococcus.
At present, the mechanism by which D11 administration re-
sults in modulation of the cytokine response is unknown. The
increased bacterial burden and cytokine expression in control
mice could reflect the activity of pneumolysin, which enhanced
pneumococcal growth (51) and stimulated MIP-2 and IL-6
release (26, 39, 47) in other models. Currently, there is no
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information on the role of pneumolysin in the pathogenesis of
serotype 8 pulmonary infections. Similarly, the effect of sero-
type-specific antibodies on pneumolysin activity is unknown.
However, the ability of specific and nonspecific antibodies to
mediate anti-inflammatory effects is well documented (re-
viewed in reference 11). Along these lines, intravenous immu-
noglobulin protected against death and limited bacteremia
without inducing pneumococcal clearance from the lungs of
serotype 8-infected mice (53), but inflammatory profiles were
not examined.

There is increasing evidence that cellular immune mecha-
nisms induce resistance to pneumococcal disease and promote
pneumococcal clearance (15, 20, 30, 39) through a TH1-type
cellular response (3, 33). We found that the levels of expres-
sion of IL-12 and IFN-y were similar in controls and D11-
treated mice 6 h after infection. Based on available studies (52,
68), examination of earlier times might have revealed earlier
production of these TH1-type cytokines in D11-treated mice.
The TH1-type response to one pneumococcal serotype was
shown to be initiated by the early production of IL-12, which
induced IFN-y-mediated production of MIP-2 and TNF-«, and
was associated with prolonged survival (68). Our data showed
that lung mRNA expression of MCP-1 was numerically, but
not statistically, higher in D11-treated mice than in control
mice 6 h after infection. Upregulation of MCP-1, which is a
monocyte chemoattractant, has been associated with macro-
phage recruitment in response to pneumococcal infection (20,
35, 44, 45). Although macrophages were not observed in lung
sections from D11-treated mice obtained 24 h after infection,
macrophage recruitment could occur later (36). Hence, exam-
ination of tissue from later times may have been necessary to
identify macrophage recruitment, if it occurs in this model. We
did not observe a change in lung IL-10 mRNA expression in
any of the groups in this study. However, it may be necessary
to examine earlier times to identify antibody-mediated modu-
lation of IL-10, since IL-10 secretion increased 3 h after infec-
tion in other pneumococcal pneumonia models (38, 41).

The inflammatory response is a hallmark of clinical and
experimental pneumococcal pneumonia (5, 8, 31, 42). The data
presented here establish that administration of a serotype-
specific, nonopsonic IgM was associated with modulation of
the lung chemokine, cytokine, and lung inflammatory re-
sponses to Lt. infection with serotype 8 pneumococcus. These
findings extend the in vitro observation that D11 downregu-
lated IL-8 secretion by human PMNs (10). Control of IL-6 and
TNF-a release in immunized mice challenged with another
pneumococcal serotype was attributed to the murine inhibitory
(FcgammaRIIb) Fc receptor (14). IgMs have also been shown
to mediate anti-inflammatory effects (6, 10; reviewed in refer-
ence 11), but we could not assess the influence of isotype on
our results, because a serotype-specific IgG was not available.
The mechanism for D11-dependent downregulation of lung
cytokine and chemokine mRNA expression is now under in-
vestigation in our laboratory. We wonder if D11 coating of the
pneumococcal capsule could subvert the ability of pneumococ-
cal virulence factors to trigger an inflammatory response by
inhibiting or altering their usual receptor interactions (39, 48),
as described for antibodies to other encapsulated pathogens
(59, 66). To our knowledge, our findings are the first demon-
stration that antibody-mediated immunity is associated with
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modulation of the inflammatory response to pneumococcal
pneumonia. This suggests that there are mechanisms of anti-
body immunity to pneumococcal pneumonia which depend on
protection against pulmonary damage and disease without pre-
venting infection. Validation of this hypothesis could explain
the discordance between currently available pneumococcal vac-
cine efficacy against bacteremic disease and pneumonia, pro-
vide new approaches to vaccine design, and unravel the role of
antibody in enhancing cellular immunity to the pneumococcus.
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