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Monoclonal Antibody Requires Immunomodulation for
Efficacy Against Acinetobacter baumannii Infection
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Monoclonal antibodies (mAbs) are gaining significant momentum as novel therapeutics for infections caused by antibiotic-resistant bac-
teria. We evaluated the mechanism by which antibacterial mAb therapy protects against Acinetobacter baumannii infections. Anticapsular
mADb enhanced macrophage opsonophagocytosis and rescued mice from lethal infections by harnessing complement, macrophages, and
neutrophils; however, the degree of bacterial burden did not correlate with survival. Furthermore, mAb therapy reduced proinflammatory
(interleukin-1p [IL-1p], IL-6, tumor necrosis factor-a [TNF-a]) and anti-inflammatory (IL-10) cytokines, which correlated inversely with
survival. Although disrupting IL-10 abrogated the survival advantage conferred by the mAb, IL-10-knockout mice treated with mAb
could still survive if TNF-a production was suppressed directly (via anti-TNF-a neutralizing antibody) or indirectly (via macrophage
depletion). Thus, even for a mAb that enhances microbial clearance via opsonophagocytosis, clinical efficacy required modulation of pro-
and anti-inflammatory cytokines. These findings may inform future mAb development targeting bacteria that trigger the sepsis cascade.
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As drug-resistant pathogens continue to spread across the
globe, the antibiotics pipeline intended to combat this threat is
becoming more tenuous and less relevant [1, 2]. Experts have
called for new approaches to combat antibiotic-resistant patho-
gens [3-7]. We recently described an anticapsular mAb targeting
extremely drug-resistant Acinetobacter baumannii, which pro-
tected mice from lethal infection, even at submicrogram doses
[8]. mAb-based treatments are a promising way to improve out-
comes without driving resistance to antibiotics.

Historically, clinical efficacy of antibacterial mAbs and other
passive immunization therapies has largely been presumed to
depend on enhancing microbial clearance from the host by
driving opsonophagocytosis and activating complement [9].
Indeed, our murine mAb enhanced opsonophagocytosis ex vivo
by a human macrophage cell line and complement-mediated
killing [8]. However, experts have recently theorized that other
mechanisms of mAb efficacy may be just as important [9].
mAbs that effectively enhance clearance of bacteria have gen-
erally not been investigated previously for the potential impact
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on inflammatory modulation, recognizing only microbial clear-
ance as their mechanism of action. However, some investigators
have shown that mAbs can drive efficacy by altering the inflam-
matory milieu in the host, even if they do not affect microbial
clearance [10-13]. We sought to determine what drives the ef-
ficacy of an anti-A. baumannii mAb, whether by enhancing mi-
crobial clearance or other factors mediating efficacy.

METHODS

Strains

HUMCI is an A. baumannii clinical blood and lung isolate
(from a patient with bacteremic ventilator-associated pneu-
monia), resistant to all antibiotics except colistin, and highly
virulent in animal models [14-17].

C3HeB/Fe (wild type; strain No. 000658) mice were pur-
chased from Jackson Laboratories and depleted of innate ef-
fectors as described below for survival, bacterial burden, and
cytokine studies. Mice were between 9 and 12 weeks of age at
the time of infection and weighed approximately 30 g.

C57BL/6 (wild type; strain No. 000664) mice were pur-
chased from Jackson Laboratories. Mice were between 8 and 11
weeks of age at the time of infection. Congenic complement C3
knockout (C3-KO; strain No. 029661), interleukin-10 knockout
(IL-10-KO; strain No. 002251), and tumor necrosis factor-a
knockout (TNF-a-KO; strain No. 005540) mice were purchased
from Jackson Laboratories. Mice were between 8 and 11 weeks
of age at the time of infection and weighed approximately 30 g.
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Bacterial Inoculum Preparation

Bacteria were grown overnight and passaged to log growth in
tryptic soy broth before rinsing in phosphate-buffered saline
(PBS) prior to infection. To reduce variability between inocula,
identical aliquots of PBS-suspended subcultures were stored
frozen at —80°C, thawed for use when needed, and diluted with
PBS to the appropriate concentration, as we have previously de-
scribed [18]. During all in vivo experiments, the treatment was
administered within 1 hour after infection.

In Vitro Complement Susceptibility Assay

To evaluate complement susceptibility, A. baumannii was
inoculated into 12-well tissue culture plate with Hank’s buf-
fered salt solution (HBSS) with or without human serum
(Innovative Research), either complement active or heat
inactivated at 56°C for 30 minutes. Twenty micrograms of
isotype control (placebo) or humanized C8 mAb were added.
The plate was then incubated for 1 hour at 37°C and bacte-
rial density was subsequently quantified by serially diluting
cultures.

Ex Vivo Macrophage Opsonophagocytosis Assay

To evaluate opsonophagocytosis, we used ex vivo macrophages
differentiated from human peripheral blood mononuclear cells
(PBMC). We have shown that this quantifies phagocytosis/up-
take of bacteria as opposed to surface binding [19]. Fresh human
whole blood was combined with sodium heparin in a Vacutainer
Mononuclear Cell Preparation Tube (Becton Dickinson). PBMC
were isolated according to the manufacturer’s protocol, adhered
to glass cover slips, and rinsed with PBS supplemented with 2%
heat-inactivated fetal bovine serum. PBMC were then differen-
tiated to macrophages with fresh 1.5 mL/well ImmunoCult-SF
Macrophage Medium (STEMCELL) supplemented with 50 ug/
mL recombinant human macrophage colony-stimulating factor
and 50 ng/mL recombinant human interferon-y (STEMCELL).
A. baumannii was added to the wells in the presence of HBSS
and serum (either complement active or not), with isotype con-
trol or C8 mAb. For staining, macrophages were washed 3 times
with HBSS, fixed with 100% methanol, and Hema-3 stained
according to the manufacturer’s protocol (Thermo Fisher
Scientific).

Infection Model
Bacteria were administered intravenously (IV) via the tail vein,
as we have previously described for A. baumannii [14-16, 20].
We have previously reported that A. baumannii does not ex-
travasate from the endovascular compartment to invade tissues
during bacteremia, contrary to numerous other pathogens we
have studied [21, 22]. Thus, analysis of bacterial burden focused
on the blood.

The mAb used to treat mice was previously found to mediate
substantial protection against A. baumannii infection in mice
[8]. We previously published on bacterial burden, cytokine

output, and survival of nondepleted, intact mice infected with
A. baumannii HUMCI and treated with PBS [17, 21, 23] or an
isotype control antibody [8], finding that none of these param-
eters were affected by the isotype control antibody. In addition
to this extensive prior work, we also include a repeat valida-
tion experiment with an IgG isotype control (Thermo Fisher
Scientific, catalog No. MAB002), allowing for substitution of
PBS in vivo as the placebo.

In Vivo Depletion Studies

For complement depletion, we injected 100 pL of cobra venom
factor (CVF; Complement Technology) intraperitoneally (IP)
at 150 pg/mL to achieve a dose of 0.5 ug CVF per gram 2 days
prior to infection [17]. To deplete macrophages, we injected
IP 300 pL of 5 mg/mL liposomal clodronate (LC; Foundation
Clodronate Liposomes) to achieve 50 pug LC per gram mouse
mass (eg, a 30-g mouse received 300 pL or 1.5 mg LC) 2 days
prior to infection. We confirmed macrophage depletion in vivo
by flow cytometry [17].

Finally, for neutrophil depletion, we administered cyclophos-
phamide (Baxter) IP at 230 mg/kg. With use of cyclophospha-
mide, neutrophils are fully depleted 24-48 hours postinjection
and return to normal levels 1 week postinjection [17]. While
cyclophosphamide also causes minor short-term depletion of
monocytes from the blood, it does not deplete long-lived, tissue-
resident macrophages [24]. Cyclophosphamide was chosen for
neutrophil depletion because it has been previously shown that
the alternative (antibody-mediated neutrophil depletion) relies
on functional macrophages to be present [25]. Thus, the use of
antibodies to deplete neutrophils would have precluded double-
and triple-depletion studies, which were essential to defining
the mAb’s mechanism of protection.

C3a and C5a Enzyme-Linked Immunosorbent Assay

To detect the soluble active complement components C3a and
C5a in the serum of infected mice, we performed an enzyme-
linked immunosorbent assay (ELISA), as described [26, 27].
Standards were set up by adding 100 uL/well recombinant
mouse complement component C3a (R&D; catalog No. 8085-
C3-025) or C5a (R&D, catalog No. 2150-C5) protein at 128 pg/
mL and serially diluting 2-fold to 2 pg/mL for a range of values.

F(ab’), Fragments

F(ab”), fragments were generated with the enzyme ficin using a
kit (Thermo Fisher Scientific; catalog No. 44980) and confirmed
to bind to the capsular polysaccharide surface of A. baumannii
by flow cytometry.

Statistical Analysis

Given the nonparametric nature of the data, bacterial burden
and cytokines are presented as medians with interquartile
ranges. Survival was compared by the nonparametric log-rank
test with o = .05. Cytokine concentrations and survival were
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compared by the Spearman rank-order correlation coefficient
(p) with a =.05.

Study Approval

All animal experiments were approved by the Institutional
Committee on the Use and Care of Animals (IACUC) at
the Keck School of Medicine at the University of Southern
California, following the National Institutes of Health guide-
lines for animal housing and care (IACUC protocols 20208 and
20750).

RESULTS

Humanized mAb Mediates Opsonophagocytosis and Complement Activity
To evaluate the relevance of our lead mAb to human immu-
notherapy, we first assessed how it impacted the activity of
human innate effectors (complement and macrophages)
against bacteria. Human serum did not inhibit the growth of
the A. baumannii strain HUMCI, a carbapenem-resistant, ex-
tremely drug-resistant clinical isolate known to be resistant to
complement [14-17], regardless of whether complement was
active or heat inactivated (Figure 1A). Addition of mAb re-
stricted bacterial expansion but did not reduce bacterial density,
with or without complement-active serum (Figure 1A).

However, the mAb opsonized bacteria for significantly en-
hanced phagocytosis by human macrophages derived from
freshly obtained PBMC, in a manner synergistically enhanced
by human complement-active serum (Figure 1B and 1C).

Contribution of Innate Effectors to Survival in the Setting of mAb Therapy
We next selectively depleting wild-type C3HeB/Fe mice of their
innate immune effectors: complement, macrophages, and/or
neutrophils. We then infected the mice IV with A. baumannii
and treated them with the anti-A. baumannii mAb or placebo.
The vast majority of mice died without mAb therapy, regard-
less of whether their immune system was intact or depleted
of one or more innate effectors (Supplementary Figure 1). In
the absence of mAb therapy, complement-depleted mice died
significantly faster than macrophage- or neutrophil-depleted
mice (black circles in Figure 2A-2D). However, mAb therapy
rescued all singly depleted mice from death (white circles in
Figure 2A-2D).

All doubly depleted control mice succumbed to infection. In
contrast, those treated with mAb significantly improved sur-
vival across all 3 groups (Figure 2E-2G). Notably, doubly de-
pleted mice treated with mAb survived much better when only
neutrophils remained (87% survival) compared to mice with
only complement (47% survival) or macrophages (40% sur-
vival) remaining (Figure 2G versus Figure 2E and 2F). Mice de-
pleted of all 3 effectors died regardless of whether they received
mAb therapy, highlighting mAb reliance on innate effectors for
efficacy (Figure 2H). Enzymatic cleavage of the Fc region elim-
inated the mAD’s efficacy, as demonstrated by intact mice unable

to survive A. baumannii infection when treated with the re-
sultant F(ab’), fragments (Figure 2I). Finally, the lower limit of
protection was found to be above 0.1 ug mAb/mouse with 1 ug
mAb/mouse providing full protection versus mice treated with
isotype control antibody (Figure 2J) and 0.5 pg mAb/mouse
providing some protection (70% survival) [8].

These results underscore the functional importance and re-
dundancy of innate effectors for surviving A. baumannii bacte-
remia, highlight the importance of the Fc region, and implicate
neutrophils as the most potent innate effector in the presence
of mAb.

Contribution of Innate Effectors to Bacterial Clearance in the Setting of
mAb Therapy

Having established the impact of innate effectors on survival,
we next sought to determine the contribution of each effector
toward bacterial clearance at 2 hours (Figure 3A and 3B) and
9 hours (Figure 3C and 3D) postinfection in placebo- and
mAb-treated mice. Bacterial burden in placebo-treated mice
decreased with complement depletion, increased with mac-
rophage depletion, and was unaltered by neutrophil depletion
(Figure 3E).

mAb therapy dramatically reduced bacterial burden across
all groups compared to placebo treatment, including mice de-
pleted of all 3 effectors (Figure 3B and 3D). However, mAb
therapy only reduced bacterial burden if the Fc was present,
as F(ab’), fragments did not mediate bacterial reduction
(Figure 3F).

By 9 hours postinfection, bacterial burden in the setting of
mAb therapy remained unaltered by neutrophil depletion,
but increased with macrophage and complement depletion—
similar to placebo-treated mice (Figure 3C). In contrast, both
groups of mAb-treated, doubly depleted mice lacking neutro-
phils experienced 100-fold increases of bacterial densities in
their blood compared to nondepleted intact mice by 9 hours
postinfection (Figure 3C). But doubly depleted mice retaining
neutrophils did not experience such increased bacterial burden
(Figure 3C). Thus, despite neutrophils being the single most
important innate effector to drive mAb clinical efficacy with
survival as the end point (Figure 2E-2G), neutrophils appeared
expendable for mAb-mediated reduction in bacterial density of
singly depleted mice. These results indicate complex functional
redundancy and suggest an alternative mechanism driving effi-
cacy aside from simply opsonizing for enhanced phagocytosis.

The possibility of an alternative mechanism for mAb effi-
cacy was further reinforced by the discordance between bac-
terial density and survival of infected mice. Specifically, despite
the fact that all dual- and triple-depleted groups treated with
mAb had 300- to 70 000-fold lower bacterial densities com-
pared to placebo-treated controls by 9 hours postinfection,
all but the doubly depleted group retaining neutrophils had
very high mortality (Figure 2E-2H). Thus, neutrophils were
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Figure 1. mAb mediates opsonophagocytosis and activates complement. A, The complement-resistant Acinetobacter baumannii strain HUMC1 was best able to grow in
the presence of human serum (complement active or heat inactivated) but was hindered from growing with the addition of mAb to serum. B, Human macrophages were con-
siderably better at taking up bacteria in the presence of mAb, in a manner enhanced by complement. C, Micrographs of human macrophages with internalized A. baumannii
representative of the group’s median. The magnification is 1000x oil-immersion. A and B, Plots show medians and interquartile ranges. Abbreviations: CA, complement active;
CFU, colony-forming unit; HI, heat inactivated; mAb, monoclonal antibody.
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Figure 2. Depleting innate effectors altered mAb efficacy in mice infected with Acinetobacter baumannii. Mice (n = 10-24 per group) were depleted of 0, 1, 2, or 3 innate
effectors, infected IV with 2x10” CFU A. baumanniiHUMC1, and treated with placebo or 5 ug mAb. Without mAb therapy (placebo-treated mice), single depletion of macro-
phages (C) or neutrophils (D) resulted in survival similar to intact mice (A). However, single depletion of complement (B), double depletions (£-G), and triple depletion (H) led
to 100% fatality after A. baumanniiinfection in the absence of mAb therapy. mAb therapy resulted in complete protection of intact (4) and singly depleted (B-D) mice, as well
as substantial protection of mice doubly depleted of complement and macrophages (G). mAb-treated mice double-depleted of neutrophils and macrophages (£) or neutrophils
and complement (A had significantly better survival than mAb-treated mice depleted of all 3 innate effectors (H). /, Mice (n = 5 per group) were infected IV with 2x107 CFU
A. baumannii HUMC1 and treated with placebo, 1 ug mAb, or 1 ug Flab’),. J, Mice (n =5 per group) were infected IV with 2x10 CFU A. baumanniiHUMC1, and treated with
5 ug isotype control antibody, 1 g mAb, or 0.1 ug mAb. Data presented in Figure 2, Figure 3, and Figure 5 were collected from the same set of mice; * P< .05 compared to
placebo-treated intact, macrophage-depleted, and neutrophil-depleted mice; ** P< .05 compared to mAb-treated mice depleted of neutrophils and complement, neutrophils
and macrophages, or all 3 innate effectors; TP< .05 compared to mAb-treated triple-depleted mice; P 05 compared to placebo- and F(ab’)z—treated mice: *P< .05 com-
pared to placebo-treated mice; **P< .05 compared to isotype control-treated mice. Abbreviations: CFU, colony-forming unit; IV, intravenously; mAb, monoclonal antibody.
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key to mAb-mediated mouse survival, as mAb efficacy was
lost in neutrophil-depleted mice even though the mAb still re-
duced bacterial density in the blood of those mice. Bacterial
burden therefore did not correlate with survival, and mice suc-
cumbed to the infection despite the mAb effectively reducing
bacterial burden.

Evaluating the change in bacterial density from 2 to 9 hours
postinfection among placebo- and mAb-treated groups further
uncouples bacterial burden from survival (Figure 3E). Despite
static blood bacterial density over the 2 time points (Figure 3E),
80%-90% of placebo-treated intact and neutrophil-depleted
mice died (Figure 2A and 2D). However, placebo-treated mice
depleted of macrophages sustained >80-fold increases in bacte-
rial burden over that period (Figure 3E) while experiencing the
same mortality (Figure 2C). In fact, by 9 hours postinfection
all placebo-treated mice depleted of macrophages had bacte-
rial burdens 30- to 150-fold greater than intact mice (Figure
3C), highlighting the role macrophages play in restraining the
growth of bacteria in the absence of mAb therapy, even though
depleting macrophages did not result in worse survival than
intact mice.

Collectively, these results indicate that bacterial density cor-
relates poorly with survival, even though it correlates strongly

with the presence of macrophages in placebo-treated mice and
neutrophils in mAb-treated mice.

Factor C3 Is Required for Complement to Mediate Protection in the Setting
of mAb Therapy

We found that C5a was undetectable in serum from mice
of all groups, but C3a serum concentrations in mice treated
with mAb were double those in the serum of placebo-
treated mice (Figure 4A). Knocking out C3 abrogated mAb
efficacy in mice, demonstrating that complement required
component C3 for efficacy (Figure 4B). Bacterial burden
in mAb-treated C3-KO mice was similar to wild-type mice
at 2 hours postinfection (Figure 4C). However, by 5 hours
postinfection the C3-KO bacterial burden increased by
2.7-log,, compared to wild-type mice (Figure 4C). The ca-
nonical proinflammatory (IL-1p, IL-6, and TNF-a) and an-
ti-inflammatory (IL-10) cytokines were similarly elevated
from baseline in wild-type and C3-KO mice at 2 hours
postinfection. However, again by 5 hours postinfection
C3-KO mice experienced cytokine storm with 2.5-6.6 times
as much inflammatory cytokine output compared to wild-
type mice (Figure 4D).
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Figure 3. Mice depleted of innate effectors and treated with mAb C8 were able to maintain or reduce bacterial burden between 2 and 9 hours postinfection; however, some
still succumbed to the infection. Mice were depleted of 0, 1, 2, or 3 innate effectors, infected IV with 2x10’ CFU Acinetobacter baumannii HUMC1, and treated with placebo
or 5 ug mAb (same set of mice as in Figure 2 and Figure 5). Mice were evaluated for bacterial burden in the blood at 2 hours postinfection (4) and 9 hours postinfection (C).
Change in bacterial density with mAb treatment at 2 hours postinfection (B) and 9 hours postinfection (D). £, Change in bacterial burden over time, subtracting log-transformed
bacterial densities in mice at 2 hours postinfection from levels in mice at 9 hours postinfection. n = 4-9 mice per group; multiple experiments combined. Gray shading indi-
cates mouse groups that achieved >80% survival as shown in Figure 1. £, Mice were infected IV with 2x10” CFU A. baumannii HUMC1 and treated with placebo, 1 1Lg mAD,
or 1 ug Fab’),. P<.05 compared to placebo- and F(ab’)-treated mice. All plots show medians and interquartile ranges. Abbreviations: CFU, colony-forming unit; IV, intrave-

nously; mAb, monoclonal antibody.

The Role of Modulating Inflammation in mAb Efficacy

The disconnect between survival (Figure 2) and bacterial den-
sity (Figure 3) across multiple groups of mice strongly suggested
that mADb therapy improves survival by a mechanism other than
exclusively reducing bacterial burden. We had previously found
a similar result in diabetic mice where survival was driven more
by changes to inflammatory cytokines than bacterial burden
[23]. We therefore investigated the impact of mAb therapy on
cytokine output.

In placebo-treated mice, IL-1p and IL-6 levels were unal-
tered by effector depletion at 2 hours postinfection (Figure
5). In contrast, groups that were depleted of macrophages
experienced significantly elevated IL-10 levels without mAb
therapy, whereas neutrophil-depleted mice had lower IL-10
levels (Figure 5). In the presence of mAb therapy, neutrophil-
depleted mice also had reduced levels of IL-10 compared to
other groups with neutrophils intact. mAb therapy markedly
reduced IL-10 across all groups compared to placebo-treated
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Figure 4.  mAb modulates inflammation through complement C3 to improve survival during Acinetobacter baumannii bacteremia. A, Mice (n = 5-8 mice per group) were
depleted of macrophages and neutrophils, infected IV with 210’ CFU A. baumannii HUMC1, and treated with placebo or 5 g mAb. ELISA of complement C3a shows that
mice were able to convert more C3 to C3a when treated with mAb compared to placebo (same mice as in Figure 2E and 2H). B-D, Wild-type and C3-KO mice (n =5 per group)
were depleted of macrophages and neutrophils, infected IV with 110’ CFU A. baumannii HUMC1, and treated with 5 ug mAb. B, Knocking out C3 considerably diminished
mAb-mediated protection from A. baumanniiinfection. Blood was harvested at 2 and 9 hours postinfection and plasma cytokine levels were determined by multiplex Luminex
assay. C, Bacterial burden in mAb-treated mice was similar among the 2 groups at 2 hours postinfection but by 5 hours postinfection CFU/mL blood had increased only in the
C3-KO mice. D, Likewise, pro- and anti-inflammatory cytokines were similar among the 2 groups at 2 hours postinfection but again by 5 hours postinfection cytokines had
increased only in the C3-KO mice. A, C, and D, Plots show medians and interquartile ranges. Abbreviations: CFU, colony-forming unit; ELISA, enzyme-linked immunosorbent
assay; IL, interleukin; IV, intravenously; KO, knock out; mAb, monoclonal antibody; Macs, macrophages; Neuts, neutrophils.
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Figure 5. mAb therapy ameliorates pro- and anti-inflammatory cytokine concentrations in blood during Acinetobacter baumannii bacteremia. Mice were depleted of 0, 1,
2, or 3 innate effectors, infected IV with 2x10” CFU A. baumannii HUMC1, and treated with placebo or 5 ug mAb (same set of mice as in Figure 2 and Figure 3). Blood was
harvested at 2 (left) or 9 hours (right) and plasma cytokine levels were determined by multiplex Luminex assay. n = 4-9 mice per group; multiple experiments combined. Gray
shading indicates mouse groups that achieved >80% survival, as shown in Figure 2. All plots show medians and interquartile ranges. Abbreviations: CFU, colony-forming unit;
IL, interleukin; IV, intravenously; mAb, monoclonal antibody; TNF-a., tumor necrosis factor-ct.
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mice, except for triple-depleted mice at 9 hours postinfection,
which had higher levels than their placebo-treated counter-
parts (Figure 5). Furthermore, all groups with >40% survival
had lower IL-10 levels by 9 hours postinfection compared to
groups with <40% survival.

The results for TNF-a were opposite to those of IL-10 with re-
spect to effector disruption at 2 hours postinfection. Specifically,
TNF-a levels were lowest in mice depleted of macrophages
and highest in neutrophil-depleted mice, with mAb therapy
decreasing TNF-a only in the absence of macrophages (Figure
5). Thus, macrophages appeared to be the predominant source of
TNE-a, while neutrophils were the predominant source of IL-10.

Finally, similar to IL-10 at 9 hours postinfection, all groups of
mice experiencing >40% survival had lower TNF-a levels than
all groups of mice sustaining <40% survival. Thus, lower TNF-a
levels also appeared to correlate with better survival.

Furthermore, the antagonistic cytokines IL-10 and TNF-a
were strongly inversely correlated with survival (Figure 6A),
leading us to hypothesize that mAb-mediated protection was
dependent on them. Mice in this model of bacteremia are
known to die of sepsis [17, 20], so we hypothesized that mAb-
mediated induction of proinflammatory TNF-a from macro-
phages leads to a hyperinflammatory state, which is neutralized
by mAb-induced IL-10 from neutrophils.
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mAb Efficacy in Cytokine-Disrupted Mice

To test this hypothesis, we assessed survival in cytokine
knockout mice. We first compared survival of wild-type
C57BL/6 and congenic TNF-a-KO mice infected IV with

A. baumannii and treated with placebo or mAb. As expected,
there was no survival difference among genotypes. Knocking
out proinflammatory TNF-a did not alter the survival of mice
treated with mAb, demonstrating that TNF-a is not required
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Figure 7. mAb-induced IL-10 works to counteract TNF-c. produced by macrophages. A, IL-10-KO mice infected intravenously with 1x108 CFU Acinetobacter baumannii
HUMC1 and treated with 20 g mAb were able to survive if they were depleted of macrophages or treated with an anti-TNF-a antibody (n = 5 mice per group intact and
6 mice per group macrophage depleted); *P< .05 compared to intact IL-10-KO mice. Blood was harvested at 7 hours postinfection to quantify bacterial burden in the blood
and obtain plasma cytokine levels by multiplex Luminex assay. B, Bacterial burden was no different between IL-10-KO mice with an intact immune system and with macro-
phages depleted; however, all intact mice died and nearly all macrophage-depleted mice survived (n =5 mice per group). C, Cytokines showed that IL-10-KO mice depleted
of macrophages had near-baseline levels of TNF-o. and relatively low levels of proinflammatory IL-13 and IL-6 compared to intact IL-10-KO mice (n =5 mice per group). Band
C, Plots show medians and interquartile range. Abbreviations: CFU, colony-forming unit; IL, interleukin; KO, knockout; mAb, monoclonal antibody; Mac, macrophage depleted
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for mAb efficacy (Figure 6B). TNF-a merely correlated with In contrast, disruption of IL-10 completely abrogated mAb-
survival as sicker mice expressed more TNF-a, while healthier mediated efficacy (Figure 6C). Treatment with mAb com-
mice expressed less. pletely protected wild-type mice as before but was ineffective
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at rescuing IL-10-KO mice, with mAb- and placebo-treated
IL-10-KO mice succumbing to the infection simultaneously
(Figure 6C). Thus, IL-10 is required for mAb-mediated efficacy
during bacteremia.

To better understand why mAb therapy requires IL-10 for ef-
ficacy, we evaluated bacterial burden and cytokines at 7 hours
postinfection. IL-10-KO mice had bacterial densities at or
below the level of treatment-matched wild-type mice (Figure
6D), again underscoring the dissociation between bacterial
burden and survival. Cytokines again clearly distinguished be-
tween the group that survived and the groups that succumbed
to the infection (Figure 6E). Specifically, the proinflammatory
cytokines IL-1f, IL-6, and TNF-a were elevated in placebo-
treated mice and mAb-treated IL-10-KO mice, which did not
survive (Figure 6E).

mAb Protects by Counteracting TNF-o. from Macrophages
After demonstrating that IL-10 was required for mAb efficacy
(Figure 6C), that high levels of TNF-a inversely correlated with
survival (Figure 6A), and that the presence of macrophages was
associated with worse mortality, we hypothesized that the mAb
acted by inducing IL-10 from neutrophils to counteract TNF-a
and rescue the host. To test this, we infected 3 groups of IL-10-
KO mice and treated them with mAb: intact mice, a group de-
pleted of macrophages, and another intact group treated with
anti-TNF-a antibody. As before, IL-10-KO mice treated with
mAb were unable to survive, but those with their macrophages
depleted or which were treated with anti-TNF-a antibody were
able to clear the infection (Figure 7A). Despite this dichotomy
in survival, intact IL-10-KO mice and those depleted of macro-
phages suffered the same bacterial burden (Figure 7B), reinfor-
cing the incongruity between bacterial burden and survival.
With respect to cytokines, depleting macrophages from
IL-10-KO mice resulted in near-baseline levels of TNF-a and
marked reductions in proinflammatory IL-1p and IL-6 (Figure
7C). Thus, diminishing TNF-a levels by either using an anti-
TNF-a antibody or depleting macrophages confers protection
on treated mice, even in the absence of neutrophil-produced
IL-10.

DISCUSSION

Approaches to combating antibiotic-resistant bacteria by mAb
therapy have predominantly focused on evaluating efficacy via
opsonophagocytosis. While the current mAb enhances phago-
cytosis by both murine and human macrophages, and mediates
reduction of bacterial burden in vivo, we made the surprising
observation that mice depleted of innate effectors died in spite
of mAb-mediated reduction of bacterial burden. Reducing bac-
terial burden was insufficient for the antibacterial mAb to me-
diate clinical efficacy, as measured by survival. Mice receiving
mADb therapy uniformly experienced marked reductions in bac-
terial density—between 2.5- and 5.5-log -fold—regardless of

whether mice were depleted of 0, 1, 2, or even 3 of their innate
effectors. Despite this reduction in bacterial burden, groups de-
pleted of neutrophils still experienced significant mortality, re-
vealing an important mechanism by which the mAb mediates
protection beyond simply reducing bacterial burden.

Rather, mAb-mediated modulation of inflammatory cyto-
kines was necessary for protection. Subsequent experiments
with knockout mice confirmed the importance of IL-10 (and
not TNF-a) in mAb-mediated protection from infection. mAb-
treated IL-10-KO mice died from infection, despite the bac-
terial burden being similarly reduced compared to wild-type
controls. However, IL-10-KO mice depleted of their TNF-a-
inducing macrophages or treated with an anti-TNF-a antibody
were able to survive. Thus, production of TNF-a from macro-
phages in mAb-treated mice was antiprotective and counter-
acted by the protective effects of neutrophil-derived IL-10.
Again, despite similar bacterial burden, macrophage-depleted
and intact IL-10-KO mice experienced opposite survival out-
comes and died of septic shock, as their cytokine profiles show.

In summary, the efficacy of antibacterial mAb therapy during
A. baumannii bacteremia depended more on normalizing the
inflammatory response to infection than on reducing bacte-
rial burden, in line with the damage response framework of
Casadevall and Pirofksi [4, 28]. Our data demonstrate that mAb
therapy for one of the most antibiotic resistant gram-negative
bacilli encountered in clinical medicine validates the damage
response framework [9].

It is unclear how generalizable this mechanism of protec-
tion is for other mAbs against other pathogens. However,
mAbs are often not evaluated with in vivo models of al-
tered immunoregulatory phenotypes and establishment of
opsonophagocytic reduction of bacterial density may have
heretofore been presumed adequate evidence of that mech-
anism of protection. Thus, caution should be warranted in pre-
suming mechanism of protection due to bacterial clearance,
unless other immune mechanisms are also evaluated. These re-
sults may inform or alter scientific and bioengineering preclin-
ical and clinical approaches to developing new mAb therapies
for bacterial infections.
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