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Exploiting human immune repertoire
transgenic mice for protective monoclonal
antibodies against antimicrobial resistant
Acinetobacter baumannii

A list of authors and their affiliations appears at the end of the paper

The use ofmonoclonal antibodies for the control of drug resistant nosocomial
bacteria may alleviate a reliance on broad spectrum antimicrobials for treat-
ment of infection. We identify monoclonal antibodies that may prevent
infection caused by carbapenem resistant Acinetobacter baumannii. We use
human immune repertoire mice (Kymouse platform mice) as a surrogate for
human B cell interrogation to establish an unbiased strategy to probe the
antibody-accessible target landscape of clinically relevant A. baumannii. After
immunisation of the Kymouse platformmice with A. baumannii derived outer
membrane vesicles (OMV) we identify 297 antibodies and analyse 26 of these
for functional potential. These antibodies target lipooligosaccharide (OCL1),
the Oxa-23 protein, and the KL49 capsular polysaccharide.We identify a single
monoclonal antibody (mAb1416) recognising KL49 capsular polysaccharide to
demonstrate prophylactic in vivo protection against a carbapenem resistantA.
baumannii lineage associated with neonatal sepsis mortality in Asia. Our end-
to-end approach identifies functional monoclonal antibodies with prophylac-
tic potential against major lineages of drug resistant bacteria accounting for
phylogenetic diversity and clinical relevance without existing knowledge of a
specific target antigen. Such an approach might be scaled for a additional
clinically important bacterial pathogens in the post-antimicrobial era.

The sustained overreliance on antimicrobials over the last ~70 years
has created a problem; many commonly used antibacterial agents are
no longer effective against pathogenic bacteria. Consequently, anti-
microbial resistance (AMR) represents one of the greatest current
challenges in infectious diseases. The devastating impact of AMR can
be highlighted by outbreaks of multi-drug resistant (MDR) and
extensively-drug resistant (XDR) bacteria in high dependency hospital
units1,2. These outbreaks, commonly associated with bacteraemia
leading to sepsis, are reported in high- and low-income countries alike
and are dominated by bacterial organisms belonging to the ESKAPE
group of pathogens3. One of the most problematic ESKAPE pathogens

is the Gram-negative coccobacilli Acinetobacter baumannii. Infections
with A. baumannii typically occur following trauma, surgery, cathe-
terisation, and endotracheal intubation, and are associated with high
mortality and morbidity4,5. Recent decades have seen a widespread
increase in MDR/XDR phenotypes of A. baumannii1. Isolates are now
commonly resistant to β-lactams, aminoglycosides, fluoroquinolones,
and are frequently resistant to colistin, the drug of last resort6. A.
baumannii is currently the leading cause of AMR-attributable death in
Southeast Asia, east Asia, and Oceania3. Of great concern across these,
as well as global nosocomial settings are carbapenem-resistant A.
baumannii (CRAB) and infected patients have increased mortality7.
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Given the emerging importance of this bacterial pathogen, the World
Health Organisation identified A. baumannii as critical priority for the
development of new antimicrobials8.

The recent COVID-19 pandemic has highlighted the role that
monoclonal antibodies (mAbs) can play in treating/preventing infec-
tious disease and how new technologies can be deployed to identify
functional mAbs9. We considered that mAbs specifically targeting A.
baumannii lineages causing highest mortality and morbidity in hos-
pital settings could be developed for pre-exposure prophylaxis, as
stand-alone therapies or as adjuncts to current antimicrobials. One
challenge with developing antibodies targeting bacterial pathogens is
establishing the target antigen(s). This problem may be overcome
using antigen-agnostic screening approaches. The sustained use of
bacterial vaccines, where antibody represents the most robust pro-
tective correlate, suggests interrogation of the humanB cell repertoire
could result in identification of protective mAbs10. One approach is to
isolate antibodies frompeople recovering frombacterial infection, but
there is no indication that these antibodies will be protective, indeed
the person being infected in the first place may suggest a failure of
antibody mediated protection. An alternative is to use mouse models,
but the mouse repertoire does not accurately reproduce the human B
cell response. A third route is to use transgenic, human immune
repertoiremice, because of well characterised routes of immunisation
and accessibility to the target-specific B cell populations11. For A.
baumannii, mAbs targeting various surface carbohydrate antigens
have been identified as being potentially protective12, but thus far, the
full breadth of membrane protein targets that may induce protective
antibody remains underexploited13.

A reliable approach for raising novel mAbs is through immunisa-
tion, but the antigens used need to reflect the infectious bacteria, and
may lead to a bias; consequently, a broad cocktail of antigens should
maximise antibody discovery. Like other Gram-negative bacteria, A.
baumannii produce outer membrane vesicles (OMVs) in culture via
blebbing of the outer membrane. OMVs mediate bacterial protein
secretion, cell-to-cell communication and play active roles in patho-
genesis, immunomodulation, and horizontal bacterial gene
transfer14,15. Although the composition of OMVs is not entirely repre-
sentative of the cell membrane from which they derive16, OMVs gen-
erated from A. baumannii contain polymeric carbohydrate antigens
and many bacterial membrane proteins17,18. OMVs are highly immu-
nogenic, are in development as human vaccines19–21, and we have
recently demonstrated that immunisationwithOMVs can protectmice
from A. baumannii infection17. Therefore, OMVs may be exploited to
generate antibodies that target the bacterial cell membrane and pro-
tect against infection.

Here we utilised the Kymouse platform18, with additional genetic
modifications to allowexpressionof fully humanantibodies22, toprobe
the human antibody repertoire response after immunisation with
purified OMVs pooled from different clades of clinically relevant A.
baumannii. The aim was to develop a pipeline allowing mAb isolation
and characterisation that could be applied more widely to a range of
bacterial pathogens.

Results
The immunisation of Kymouse platform mice with OMVs indu-
ces robust and reproducible cross-reactive human antibodies
To identify mAbs capable of binding bacterial antigens with potential
to mediate protection, we immunised the Kymouse with OMVs iso-
lated from well characterised, phylogenetically relevant, clinical
isolates of A. baumannii. These A. baumannii were isolated from
patients with ventilator associated pneumonia (VAP) in Ho Chi Minh
City, Vietnam emerging after the clinical introduction of carbape-
nems in 200823, and belonged to the globally dominant carbapenem-
resistant A. baumannii lineage clonal complex 2 (CC2)23,24. We
selected isolates from Vietnam as Southeast Asia represents a region

where AMR-attributable death is dominated by A. baumannii. To
reflect the genetic diversity among the CC2 lineage after the emer-
gence of carbapenem resistance, we selected isolates representing
four of five sub-lineages from this collection for subsequent experi-
ments (BAL 084, BAL 191, BAL 215 and BAL 276). The diversity of the
selected clones is shown relative to that seen for the widely studied
and publicly available CC2-typed isolates25 NCTC13302 and
NCTC13424, the CC1-typed isolate ATCC-BAA-1710, and the
ATCC17978 reference (Fig. 1a).

OMVs were generated and extracted from the four selected
isolates; the integrity of the individual OMV preparations were con-
firmed by negative staining with 1% uranyl actetate followed by
transmission electron microscopy (TEM) and exhibitedmembranous
vesicular particles ranging in size from 20 to 100nm (Supplementary
Fig. 1a). The OMVs were comprised of protein antigens with a range
of molecular weights as indicated by SDS-PAGE (Supplementary
Fig. 1b). To generate human polyclonal antibody responses, Kymouse
platform mice (n = 5) were immunised with 1 µg of a pooled OMV
cocktail and boosted with the same immunogen 35 days later. Mice
were sacrificed 7 days after the boost (day 42) and the serum was
analysed for total IgG against the pooled OMVs by ELISA. There was
comparable reactivity to all four OMVs contained in the OMV cocktail
among individual mice. Antibody endpoint titres, measured as dilu-
tion of serum required to show antibody binding signal equivalent to
naïve serum from non-immunised Kymouse platform mice, were
~104, indicating robust polyclonal responses directed to OMVs
(Fig. 1b). Comparable titres were observed against purified OMVs
from A. baumannii isolates not represented in the OMV cocktail used
for immunisation (Fig. 1c), signifying that the polyclonal response
incorporated cross-reactive antibodies. The prime-boost OMV regi-
men induced robust IgG1, IgG2, IgG3, and IgG4 subclass responses, as
well as IgM (Fig. 1d). Therefore, immunising Kymouse with an
OMV cocktail induced a human antibody response with evidence of
cross reactivity to several phylogenetically defined A. baumannii
isolates.

Labelled OMVs can be used to isolate antigen specific B cells for
characterisation
To identify B cells expressing A. baumannii specific B cell antigen
receptors (BCRs), we labelled OMV with FM4-64 lipophilic dye as a
bait to sort single B cells from OMV-immunised Kymouse. Using the
sorting and gating strategy shown in Supplementary Fig. 2, we iso-
lated 2087 single CD19+/B220+ B cells with capacity to bind at least
one of the four OMVs used for immunisation. Analysis of the IgH/L
sequences from isolated B cells identified 951/2,087 (45.5%) suc-
cessful heavy and light chain paired reads, indicating an intact B cell
receptor (BCR); with 530/2087 (25.4%) identified as IgG. Analysis
using IntelliSellect™ software (Kymab’s proprietary software plat-
form to perform sequence clustering) clustered 372/2087 (17.8%) of
the sequenced BCRs, based on variable heavy and light (VH/VL)
sequence relation. These clusters suggested convergent targeting of
antibody germline gene and evolution between the different immu-
nised mice, as evidenced by clusters containing related sequences
from more than one mouse (where multiple colours are seen in a
cluster, Fig. 2a). BCR sequences were derived frommultiple germline
IGHV and IGHJ combinations, indicating broad engagement of Ig
germline genes (Fig. 2b).

Wedown-selected heavy and light chainpairs (IgH/L) to produce a
collection of antibodies for further analysis. To increase stringency, we
selected paired VH and VL sequences that were unique in amino acid
sequence, with evidence of affinity maturation (≥2 amino acid muta-
tions from germline across VH/VL). 291 VH/VL paired sequences were
selected for DNA synthesis, construction on a human IgG1 scaffold and
transfection into HEK 293 cells for small-scale (100–500 µg/ml) mAb
expression.We added a further sixmAbs to this selection derived from
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VH/VL sequences from bone marrow plasma cells from equivalently
immunised Kymouse (n = 5) that could not be sorted by cell surface
specific IgG, but instead were sorted based on the plasma cell marker
CD138. We included these in the screen as we considered they may
exhibit target-agnostic functional activity.

Isolated antibodies fromhumanisedmice canbindAbaumannii-
derived OMVs and trigger complement
179 of the 297 selected mAbs bound to the immunising OMVs at a
detectable concentration above background (Fig. 2c). We also

assessed the ability of the mAbs to bind to whole, unfixed pooled
bacteria from which the immunising OMVs were derived. 136/297 of
the mAbs bound intact bacteria and OMVs (Fig. 2c). Having selected
antibodies that bound bacterial cells, we next assessed their func-
tionality. C3b protein deposition on the bacterial membrane is a sur-
rogate for initiationof the complement cascade, inferring the ability of
the mAb to induce complement mediated bacterial killing26. We used
flow cytometry to detect C3b deposition on the surface of FM4-64
stained OMVs. We identified 76 mAbs that demonstrated C3b
deposition above the background (Fig. 2d).

Fig. 1 | Polyclonal reactivity of Kymouse platformmouse serum raised against
OMVs generated from phylogenetically selected A. baumannii. a Phylogenetic
relationship between BAL 084, BAL 191, BAL 215 and BAL 276 and the publicly
available CC2, CC1-typed and reference isolates available from culture collections
(ATCC and NCTC). The phylogeny was built using whole genome sequence data
from the calling of 57844 single nucleotide polymorphisms from 2879 core genes
using RAxML (Randomised Axelerated Maximum Likelihood- v8.12.8) using a
general time reversible (GTR) model of nucleotide substitution (ASC-GTRGAMMA)
and a “Lewis” method of ascertainment bias correction. One hundred bootstrap
pseudo-replicate analysis was applied to measure the robustness of the ML phy-
logeny. The numbers on the tree branches indicate the bootstrap support values
while the scale bar reveals the number of nucleotide substitutions per site. The

coloured circles at the node tips represent the different capsule types (KLs).
b Relative antibody titre measured by indirect ELISA of sera from Kymouse plat-
formmice (n = 5; n defined as serumanalysed froma singlemouse) immunisedwith
pooled OMVs generated from native, genetically unmodified Acinetobacter bau-
mannii clinical isolates (nOMV) versus sera from 5 non-immunised Kymouse plat-
form mice. c Relative antibody titre similarly measured by indirect ELISA against
separate nOMVs generated from phylogenetically related individual isolates not
contained in the pool used for immunisation. d Relative titres of human IgG1-4 and
IgM subclasses represented in Kymouse platform mouse sera (n = 5; n defined as
serum analysed from a single mouse) versus sera from 5 non-immunised Kymouse
platformmice against pooled nOMVs used for immunisation. Data for (b, c, d) are
presented as mean values ± SEM.
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Isolated monoclonal antibodies can bind diverse CC2-typed A.
baumannii isolates
Having observed that the isolated mAbs could effectively bind to
bacterial cells, we sought to investigate whether the mAbs could bind
to a diverse collection of CC2 A. baumannii. We measured mAb bind-
ing across a collection of A. baumannii isolated in ICUs in Vietnam
between 2003 and 2018, that reflected the diversity of circulating CC2
isolates23,27,28. The collection encompassed 11 distinct capsule antigen
types (KL2, 3, 6, 10, 30, 31, 32, 40, 49, 52 and 58) and a single lipooli-
gosaccharide antigen type (OCL1). Visualising mAb binding at single
cell resolution, we defined single bacteria using DAPI and measured
surfacemAb binding using Alexa Fluor 647 intensity (Fig. 3a–c) using a
high-content imaging (HCI) system8. Of the 35mAbs tested, we iden-
tified six that bound almost all CC2 isolates in the collection (≥98%),
onemAb that bound themajority of isolates (72%), and two with some
degree of cross-specificity (30% and 15% respectively) (Fig. 3d). Seven
of these antibodies utilised the IGHV2-5 IGHJ4 germline gene combi-
nation, one utilised IGHV3-9 IGHJ6 and one utilised IGHV3-9 IGHJ4. We

also identified a group of 18mAbs that bound to bacteria producing
KL49 typed capsule antigen. These 18mAbs utilised either the IGHV3-
23 IGHJ2 (n = 8) or the IGHV3-23 IGHJ4 germline gene combinations
(n = 10) (Supplementary Fig 3).

Isolated mAb targeted both protein and non-protein antigens
To identify the targets of the broadly-reactive mAbs, we constructed a
phage expression library incorporating genomic DNA from A. bau-
mannii BAL 084 and BAL 276 as selected representative strains of the
immunising panel and used expression cloning to detect mAb-
recognised proteins9,10. Using this library (Supplementary Fig 4a), we
identified twomAbs (mAb 1348 andmAb 1349) that bound plaques on
bacterial plates made by phage expressing DNA fromOxa-23, a class D
β-lactamase conferring resistance to carbapenems29. ThesemAbs were
confirmed to bind a ~ 30 kDa band corresponding to the molecular
weight of Oxa-23 on Western blotting of SDS-PAGE resolved bacterial
lysates from Oxa-23 encoding A. baumannii (BAL 084, BAL 191, BAL
215, BAL 276 and NCTC13424), but not a bacterial lysate of ATCC17978

Fig. 2 | Antibody sequence repertoire analysis fromOMV-immunised Kymouse
platform mice. a A sunspot plot showing antibody sequence clustering, where
spot colour indicates the individual mouse immunised with pooled OMVs from
which the antibody sequence originated (n = 4). Individual mice (indicated by
nominative code identifier in the index) are represented by colour-matched code
in the index. b Sunspot plot showing antibody sequence clustering based on an
individual germline IGHV and IGHJ combination utilised. Germline IGHV and IGHJ

combination utilised are represented by colour-matched code in the index. c Plot
of signal from indirect human IgG1 ELISAs against the OMV cocktail (x-axis)
versus unfixed pooled bacteria from which the immunising OMVs were derived
(y-axis). d Deposition of the C3b protein on OMVs as a surrogate for primary
initiation of the complement cascade (x-axis) versus indirect human IgG1 ELISAs
against unfixed pooled bacteria from which the immunising OMVs were derived
(y-axis).

Article https://doi.org/10.1038/s41467-024-52357-8

Nature Communications |         (2024) 15:7979 4

www.nature.com/naturecommunications


lacking a class D β-lactamase or a bacterial lysate of NCTC13302
expressing class D β-lactamase Oxa-2511 (Supplementary Fig 4b).

The remainder of the mAbs from this broadly reactive group
failed to bind phage after repeated screens. However, sixmAbs bound
to ~10 kDa target from bacterial lysates after Western blotting (Sup-
plementary Fig 4c). Because lipooligosaccharide (LOS) from Acineto-
bacter runs as a single band on SDS-PAGE at ~10 kDa30, we
hypothesised that these mAbs were binding LOS. Non-proteinaceous
carbohydrate extracts containing both capsule and LOS were gener-
ated from multiple Acinetobacter isolates, resolved by SDS-PAGE
(Supplementary Fig 5a) and subjected to immunoblotting with indivi-
dualmAbs. All sixmAbs bound a 10 kDa band, correspondingwith LOS
isolated from OCL1 type strains but showed no binding to an OCL2
variant (ATCC 17978) (Supplementary Fig 5b), indicating that these
mAbs bound to LOS of OCL1 type. We additionally analysed non-
proteinaceous carbohydrate extracts with the panel of 18 mAbs spe-
cifically binding isolates genotyped as producing KL49 capsule. We
found that all individual mAbs in this panel bound a high molecular

weight band corresponding with organisms elaborating the KL49
capsular polysaccharide; notably, no binding was observed for non-
KL49 isolates (Supplementary Fig 5c). Furthermore, thesemAbsbound
this high molecular band in similarly tested whole cell lysates of gen-
otypic KL49 isolates (n = 6); an isotype control showed no reactivity
(Supplementary Fig 6a). Therefore, we concluded that these 18 mAbs
specifically targeted the KL49 capsular antigen.

OCL-1, Oxa-23 and capsule targeting antibodies bind live bac-
teria and trigger complement
As high content imaging was performed on formalin-fixed bacteria, we
sought to confirm binding of mAbs targeting OCL-1, Oxa-23 and KL49
on live bacteria by indirect ELISA. We compared binding of this panel
of mAbs to the bacterial isolates used to generate OMVs for immuni-
sation, the publicly available CC2 typed isolate NCTC13424, the CC1
isolate ATCC-BAA-1710, and the ATCC17978 reference (Fig. 4a). The
OCL-1 bindingmAbs (1042, 1403, 1407, 1408 and 1413) typically bound
across isolates producingOCL-1 but not ATCC-17978producingOCL-2.

Fig. 3 | Analysis of mAb binding by HCI to a curated collection of CC92 A.
baumannii strains isolated in Vietnam between 2003 and 2018. Individual
bacteriawere stained and segmented usingDAPIwhich stains intracellular bacterial
DNA (a), antibodybindingwasmeasured by the indirect signal frombinding human
IgG1 mAb using an Alexa Fluor 647 labelled secondary anti-human IgG1 (b) overlay

of both signals (c). d Bacterial surface mAb binding at 1μg/ml across the entire
phylogenetically characterised CC92 collection. Binding was defined as positive
where the Alexa Fluor 647 mean intensity per well was >500 relative fluorescent
units (RFU).
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mAb 1349 bound Oxa-23 producing isolates but not ATCC-17978,
which does not express class D β-lactamases. All KL49 specific mAbs
bound BAL 191 which produced KL49-typed capsule antigen but not
ATCC17978 (KL3), ATCC BAA1710 (KL1), NCTC13424 (KL13), or BAL
084, and BAL 215 (both KL58).

We additionally addressed whether binding of mAb to live bac-
teria could functionally trigger activation of the human complement
pathway on the bacterial surface. Wemeasured C3b deposition on the
bacterial surface after incubation of live BAL 276 in the presence of
human serum and 1μg/ml or 100 pg/ml mAb using an indirect ELISA.

We observed elevated C3b deposition when BAL 276 was incubated
with either mAb 1042 or mAb 1349 at both 1 μg/ml or 100pg/ml for
both mAbs individually (Fig. 4b). These data indicate that mAb 1042
and mAb 1349, which bind OCL1 and bacterial membrane-associated
Oxa-23 respectively, can trigger the human complement system and
have the potential to orchestrate functional immunological responses
against A. baumannii in vivo.

To further investigate function of a capsule targeting antibody,we
assayed binding and uptake of bacteria via opsonophagocytosis with
mAb 1416. As visualised by immunogold labelling of ultrathin sections

Fig. 4 | Functional binding of mAbs targeting LOS (OCL-1), Oxa-23 and KL49
typed capsule on live A. baumannii. a Analysis of mAb binding to live bacterial
cells by indirect ELISA. Heat map indicates background corrected signal as relative
fluorescent units (RSU) from an indirect ELISA evaluating mAb binding against live
bacteria at 1μg/ml. Signal intensity expressed as the mean of independent assay
replicates (n = 3). b Ability of selected mAbs at 1μg/ml and 100pg/ml concentra-
tions to trigger C3b deposition when binding live BAL 276 bacteria asmeasured by
indirect ELISA targeting C3b. Relative intensity of fluorescent signal shows mean,
and SEM (n = 4; n is a single biological replicate for each bacterial isolate analysed in
a single experiment). Statistical analysis was performed using Dunnett’s one-way
ANOVA to compare multiple groups with p shown as a numerical value when

p ≤0.05. c Transmission electron microscopy of ultrathin sections of KL49 pro-
ducing strainCM10420 and (d) KL-3 producing strain ATCC1798, labelledwithmAb
1416 and gold-conjugated anti-human IgG. Labelling via mAb binding to KL49 was
observed for CM10420 in (c), but not for ATCC17978. e Uptake of strain CM10420
byTHP-1 cells and the alternativeKL49expressing strainBAL 186, in thepresenceor
absence of mAb 1416 as measured by High Content Imaging (n = 6; n is a single
biological replicate for each bacterial isolate analysed in a single experiment). In
both cases percentage THP-1 cells per well analysed containing bacteria increased
in the presence of mAb 1416. Bar represents median with interquartile range. Sta-
tistical analysis wasperformed using anordinary one-wayANOVAwith p shownas a
numerical value when p ≤0.05.
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prepared for transmission electron microscopy, mAb 1416 bound the
KL49-producing CM10420 (Fig. 4c) but not the KL3 producing
ATCC17978 (Fig. 4d). The mAb 1416 mediated the increased uptake of
CM10420 into THP-1 cells (Fig. 4e). These results were replicated with
the alternative KL49 expressing strain BAL 186 while increased bac-
terial uptake by THP-1 cells was not observed in any of the same con-
ditions for ATCC17978. Taken together, these data demonstrate that
binding of mAb 1416 to KL49-typed capsule results in enhanced
opsonophagocytic uptake by phagocytic cells.

Assessment of target engagement for prophylactic protection
in vivo
We tested selected mAbs for in vivo efficacy in a pre-exposure pro-
phylaxis intranasal mouse challenge model using BAL 191. This

challenge model permitted the evaluation of effects of administering
mAbs via intravenous (IV) or intranasal (IN) routes on bacterial burden
in the upper and lower respiratory tract as well as systemic spread of
bacteria to the spleen in mice 24 h after infection. Compared with
untreated mice or mice treated with an isotype control mAb, we did
not observe any reduction in BAL 191 bacterial burden in the lungs
(Fig. 5a) or nasal wash (Fig. 5b) of mice treated with 10mg/kg mAb
1042 targeting OCL1 or mAb 1349 targeting Oxa-23 delivered IV. There
was a significant reduction in bacteria recovered from the spleen
(Fig. 5c). The administration of an IV dose of mAb 1416 of 10mg/kg
reduced bacterial burden in the lung compared to untreated mice
(Fig. 5d) but not in the nasal wash (Fig. 5e). There was a significant
reduction in the spleen compared to untreated ormAb isotype control
mice (Fig. 5f). Intranasal administration of 10mg/kgmAb 1416mice did

Fig. 5 | Ability of mAbs to protect in vivo against A. baumannii BAL 191. Adult
BALB/cmicewere intravenously dosedwith 10mg/kgof 1042, 1349, isotype control
mAb or left untreated on day -1 and day 0, challenged on day 0 with 5 × 107 CFU A.
baumannii isolate BAL 191 and culled 24 h later. Bacterial loads at 24h in lungs (a),
nasal wash (b) and spleen (c) were enumerated to evaluate protection. In a sub-
sequent study, mice intravenously or intranasally dosed with 10mg/kg of 1416 or
isotype control were similarly evaluated for protection using the KL49 isolate BAL

191. Bacterial loads at 24 h in lungs and spleen of intravenously dosed (d, e, f) and
intranasally dosed mice (g, h, i) were evaluated. Statistical analysis was performed
using a Mann–Whitney test with p shown as a numerical value when p ≤0.05. The
data presented in (a–c) are a single study (n = 5; n defined as an individual mouse);
the data presented in (d–f) represent 2 experiments combined (n = 5 per study,
n = 10 total); (g–i) represent a single n = 5 study. Bar representsmean value for each
data set.
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not reduce bacterial burden in the lungs compared to untreated mice
or isotype control mice, although we acknowledge that low numbers
of mice in the latter two groups limits interpretation of this study
(Fig. 5g). But it reduced it in the nasal wash (Fig. 5h) and provided
complete protection from bacterial dissemination to the spleen after
challenge (Fig. 5i).

Targeting KL49-typed A. baumannii for pre-exposure prophy-
laxis by passive immunisation
A. baumannii within our study panel included isolates recovered from
neonates diagnosed with probable or culture-confirmed sepsis in
Vietnam between January 2017 and June 201827. Most of these isolates
(n = 16) were typed as KL49 by WGS. Critically, these neonatal sepsis-
associated A. baumannii were found to be ancestrally related to the
KL49-producing BAL 191 used to generate the OMV for the primary
mouse immunisations (Fig. 6a). To test the potential of mAb 1416 to
protect against contemporaneous KL49-typed isolates, we selected an

individual isolate associated with a case of neonatal sepsis (CM10420)
and tested whether mAb 1416 given prophylactically could protect
mice after intranasal challenge with CM10420. Mice were prophy-
lactically treatedwith 10, 5 or 1mg/kg ofmAb 1416 and challenged 24 h
later with A. baumannii CM10420 (Fig. 6b). We observed a dose
response, with the A. baumannii CFU/lung decreasing with higher
doses of mAb 1416 with a significant reduction in bacterial load in the
lungs of mice 24 h post challenge for mice given 10mg/kg 1416 com-
pared to mice administered 10mg/kg of an isotype control mAb
(Fig. 6b). These data confirm that a mAb raised to OMVs generated
from a KL49-typed isolate inducing VAP in adults exhibited prophy-
lactic activity against an KL49-typed isolate causing neonatal sepsis
isolated approximately a decade later.

Discussion
Here, we present an end-to-endprocesswhich identifiedmAbs binding
across the A. baumannii CC2 diversity, a lineage which is largely

Fig. 6 | Ability of mAbs to protect mice against neonatal sepsis causing strains
of A. baumannii. a Temporal phylogenetic characterisation of carbapenem-
resistant A. baumannii strains isolates from Vietnamese healthcare settings
between 2003 and 2018. Phylogeny was built using whole genome sequence data
from the calling of single nucleotide polymorphisms from core genes using RAxML
(Randomised Axelerated Maximum Likelihood). b Adult C57BL6 mice were intra-
venously dosed with 10, 5 or 1mg/kg of 1416 and 10mg/kg isotype control mAb on
day -1 and day 0, challenged on day 0 with 5 × 107 CFU A. baumannii isolate
CM10420. Bacterial loads at 24 h in lungs were enumerated as CFU/gram of lung

tissue (CFU/g) to evaluate protection. Statistical analysis was performed using a
Mann–Whitney test with p shown as a numerical value when p ≤0.05. The data
presented are from a single study (n = 5; n defined as an individual mouse).
cSunspot plot showing antibody sequenceclustering for different bacterial antigen
targets. Colour of symbol in index indicates target bound by individual mAb.
Symbol shape in index indicates individual mouse from which corresponding VH/
VL sequencepairwasderived (indicatedbynominative code identifier in the index).
ThemAb 1416 is indicated in a large cluster (indicated by enclosed regionwith blue
Asterix).
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representative of globally circulating A. baumannii. We demonstrated
that thesemAbshavedownstreamprophylacticpotential. Notably, our
approach was target agnostic and contributes to the understanding of
the human B-cell epitope landscape that is accessible to antibody on
the surface of A. baumannii. We down selected variousmAbs based on
their ability to bind the intact bacterial membrane and trigger C3b
deposition. A proportion of the studied mAbs bound to targets
accessible on CC2 A. baumannii as well as a phylogenetically related
group of isolates expressing the KL49 capsular antigen. A combination
of a humanised mouse platform, clinically relevant isolates of bacteria
and in vitro followedby in vivo screening enabled us to identify several
new human antibodies against CC2 A. baumannii; this approach could
be routinely exploited for other bacterial pathogens.

We identified mAbs that could bind Oxa-23, the major A. bau-
mannii carbapenemase enzyme, and OCL-1, both of which are highly
conserved across the CC2 A. baumannii lineage. Oxa-23 is therefore a
targetable and accessible antigen located in the bacterial membrane.
NDM-1, a metallo-β-lactamase, which correspondingly confers resis-
tance against carbapenems, is anchored to the bacterial membrane by
lipidation, conferring extended enzymatic activity via packaging in
OMVs31,32. We speculate that Oxa-23 demonstrates enhanced enzy-
matic activity via an analogous mechanism and may be further
accessible when exposed to carbapenems, highlighting a hypothetical
synergistic interaction between an antimicrobial and amAb that could
be useful from a therapeutic standpoint. The identification of OCL-1 as
an exposed surface antigen was unsurprising as CC2 A. baumannii
generally synthesise this LOS subtype33. The thirdmajormAb targetwe
identified was the capsular target KL49. KL49 and two additional
capsular subtypes, K2 and K58, were highly represented in the isolates
used to generate our combined OMV immunogen. Notably, we only
identified mAbs binding KL49, which may reflect our VH/VL sequen-
cing approach, increased antigenicity of KL49 in comparison to other
capsular subtypes, or a proportionally increased relative abundance of
KL49 on OMVs produced by BAL 191. In the mAb binding experiments
using live bacteria, mAbs targeting OCL1 and Oxa-23 produced
reduced binding signals in comparison to the non-KL49 isolates, sug-
gesting potential masking of other surface antigens. Recent studies
have shown that acapsular A. baumannii are highly susceptible to
serum or antimicrobial killing34,35. Similarly, specific A. baumannii K-
subtypes, such as KL49, may act as a barrier preventing bactericidal
activity of mAbs binding cell membrane-proximal targets such as LOS
and Oxa-23.

Using an established mouse model for A. baumannii lung
infection17 we found that pre-exposure prophylactic protection was
not afforded by mAbs directed against the two cross-reactive targets,
LOS and Oxa-23. Further studies could investigate different routes of
infection to investigate the breadth of protection. Wider interrogation
of the human B cell repertoire directed against these two targets using
this approach may result in identification of additional mAbs that are
capable of protection in vivo. We were able to demonstrate that mAb
1416 directed against KL49 had a dose dependent effect on reducing
the number of bacteria in the lung post challenge when used in a pre-
exposure prophylactic setting. Furthermore, and pertinent for the
development of such antibodies against relevant pandemic anti-
microbial resistant lineages, we were able to show pre-exposure pro-
phylactic protection against two distinct clinical KL49 organisms
isolated a decade apart in different ICUs in the same city. This suggests
the epitope targeted mAb 1416 on KL49 has not varied in this time-
frame due to immune pressure. Despite this, A. baumannii causing
nosocomial infections produce many distinct capsule subtypes likely
necessitating a cocktail of capsule-targeting mAbs to obtain sufficient
strain coverage for successful therapeutic use. Several mAbs targeting
capsular polysaccharides of A. baumannii have been developed
including a bi-specific format and combinations of these showbroader
binding across A. bamannii isolates and show in vivo protection36,37.

Production of KL49-typed capsule has been linked to individual clones
of A. baumannii defined by sequence type (ST) with increased viru-
lence in humans. An emerging endemic clone typed as ST457 asso-
ciated with increased mortality identified in Southern China as well as
LAC-4, typed as ST10, an outbreak strain from the USA, both produce
KL49 capsule38,39. Therefore, mAbs targeting KL49 may have utility in
outbreak scenarios or be added to cocktails of mAbs or bi-specific
antibodies aiming for broad strain coverage.

The ultimate utility of the approachwepresent lies in the ability to
generate functional antibodies from the humanBcell repertoire across
phylogenetically characterised diversity against clinically relevant A.
baumannii at a single timepoint. Our approach is reinforced by the
identification of a protective human mAb directed against the KL49
capsule, widely present on emerging A. baumannii clones in hospital
settings, most notably in China and Southeast Asia, where the burden
of disease is the greatest. Future work should expand the screening
process beyond preclinical studies into small scale clinical testing to
inform down selection for manufacture; combining this work with
human challenge studies may accelerate clinical development.
Expansion of this approach should combine genomic surveillance and
organism characterisation with the identification ofmAbs for bacterial
pandemic preparedness aswe rapidly enter the post-antimicrobial era.

Methods
All research performed complies with ethical regulations, receiving
institutional approval for all study protocols. Ethical approval for the
study contributing Acinetobacter isolates and metadata was provided
by the Oxford Tropical Research Ethics Committee (OxTREC 35–16)
and the Ethics Committee of Children’s Hospital 1 (CH1) (73/GCN/
BVND1). Written informed consent from a parent or guardian was a
prerequisite for enrolment into the study. The study was registered
with the International Standard Randomised Controlled Trial Number
ISRCTN69124914. All research involving Kymouse platform mice was
carried out under United Kingdom Home Office License 70/8718 with
all procedures receiving approval of the Wellcome Trust Sanger
Institute Animal Welfare and Ethical Review Body. Mouse studies car-
ried out at Imperial college were performed in accordance with the
United Kingdom’s Home Office guidelines under animal study proto-
col number P4EE85DED. All work was approved by the Animal Welfare
and Ethical Review board at Imperial College London and followed
NC3Rs guidelines. Mouse studies carried out at the University of
Cambridge were performed under project licence P653704A5 with
university approval by a local Animal Welfare and Ethical Review
Board (AWERB).

Bacterial isolates
A. baumannii ATCC17978 and ATCC-BAA-1710 were purchased from
the American Typed Culture Collection, USA. A. baumannii
NCTC13302 and NCTC13424 were purchased from the National Col-
lection of Typed Cultures, United Kingdom. Clinical A. baumannii
isolates BAL 84, BAL 173, BAL 186, BAL 191, BAL 208, BAL 215, BAL 276,
BAL242, BAL 339BAL361 andBAL377were cultured fromICUpatients
in HoChiMinh City, Vietnam. CM10420was isolated from the bloodof
a neonate with sepsis at Children’s hospital 1 in Ho Chi Minh City,
Vietnam. All bacterial isolates were cultured in Lysogeny broth (LB) at
37 °C before use.

Generation and characterisation of outer membrane vesicles
200ml of LB was inoculated with a single colony of A. baumannii and
cultured overnight at 37 °C with shaking at 200 rpm. Supernatants
were harvested by centrifugation at 3200 rpm for 30min at 4 °C.
Supernatants containing OMVs were filtered under vacuum through a
0.45μm membrane. Filtered supernatants were then centrifuged at
100,000× g in a Beckmann Optima L-100 ultracentrifuge for 2 h at
4 °C. OMV pellets were resuspended in 100μl sterile Phosphate-
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buffered saline (PBS) and checked for sterility by plating an aliquot on
non-selective LB-agar. OMV preparations were analysed for integrity
by scanning electron microscopy and analysed for protein content
using the Pierce BCA Protein Assay (Thermo Fisher Scientific, US).
OMVs were analysed for lipid content by adding a 10 μl aliquot to a
solution of FM4-64 (2.2μg/ml in PBS; ThermoFisher Scientific, US) and
measuring fluorescence at Ex/Em 520 nm/700nm with an Envision
Plate Reader (Perkin Elmer, US).

Mouse immunisations
The genetic background of Kymouse platform mice is a randomised
mixture of 129S7 and C57BL/6J strains. All mice were housed on a 12-h
light/dark cycle at 20–24 °C with 55%± 10% humidity. 6–12-week-old
Male and female Kymouse platform mice were immunised via intra-
peritoneal route with 1μg of pooled OMVs generated from A. bau-
mannii BAL 084, BAL 191, BAL 215 and BAL 276 (0.25μg of each OMV)
in PBS and boosted with the same dose via intraperitoneal route
5 weeks later.

Indirect ELISA of live bacterial isolates and outer membrane
vesicles
For analysis of live bacterial isolates, 100μl bacteria in PBS (OD600nm
of 1.0) was added to wells of a black 96 well sterile microplate (Greiner
Bio-One) and incubated at room temperature overnight. Supernatants
were removed and wells were blocked with 100μl PBS containing 1%
Bovine serum albumin (BSA). Blocking buffer was removed fromwells,
50μl of PBS containing 1 or 0.1μg/mlmonoclonal antibody was added
to each well and plates were incubated at room temperature for 1 h.
Plates were centrifuged at 900 × g for 2min at 4 °C, supernatants were
removed, and wells were washed with 100μl PBS. 100μl of PBS con-
taining Europium-labelled anti-human IgG (1:500, DELFIA, Perkin
Elmer, US) was added to each well and plates were incubated at room
temperature for 1 h. Plate wells were washed twice with 100μl PBS and
50μl of enhancement solution (DELFIA, Perkin Elmer, US) was added
to each well and optically clear plate seals (StarLab, UK) were added to
plates. Fluorescence intensity at Ex/Em 320nm/620nm was then
measured using an Envision Plate Reader (Perkin Elmer, US).

Isolation of specific OMV-binding B cells
Spleen and inguinal lymph nodes from immunised Kymouse platform
mice were processed to single cell suspensions. Cells were centrifuged
at 400 × g for 10min at 4 °C and resuspended in FACS buffer (PBS, 1%
FBS, 1mM EDTA, 25mMHEPES). Cells were stained for B220 (BUV395,
BD Biosciences, Cat-563793, RA3-6b2, lot-7177756, 1/200), CD19
(BUV395, BD Horizon, Cat-563557, Clone-1D3, lot-8206694, 1/200),
IgM (BV605, Biolegend, Cat-314526, Clone-MHM88, Lot-B268198, 1/
100), IgG (BV421, BD Horizon, Cat-562581, Clone-X40, Lot-9079965, 1/
40), mouse lambda (PE, Southern Biotech, Cat-1175-09L, Clone-JC5-1,
Lot-G1714-VL87C, 1/200) and for CD8a (BV510, Biolegend, Cat-100752,
Clone-53-6.7, Lot-B284151 1/500), CD4 (BV510, Biolegend, Cat-100449,
Clone-GK1.5, Lot-B248587, 1/500), Ly-6G (BV510, Biolegend, Cat-
127633, Clone RB6-8C5, Lot-B307304, 1/500), F4/80 (BV510, Biole-
gend, Cat-123135, Clone-BM8, Lot-B25669, 1/500) and CD11c (BV510,
BD Biosciences, Cat-562949, Clone-HL3, Lot-8011606, 1/500). Cells
were also stainedwith pooledOMVs generated fromA. baumanniiBAL
084, BAL 191, BAL 215 and BAL 276 stained with FM4-64. Cells were
then subjected to FACS using a BD FACS Aria Fusion flow cytometer
(Beckton Dickinson, US) with individual B220+ CD19+ IgG+ OMV-
FM464+ cells transferred to individual wells of 96-well plates.

Bioinformatic selection of IgH/IgL chain pairs andmAb isolation
The variable heavy (VH) and variable light (VL) sequences of Ig genes
were amplified by RT-PCR and Ilumina sequencing libraries were
generated for sequencing using an Ilumina MiSeq. IgH/IgL pairs were
selected from sequencing data by clustering analysis using

Intellisellect™ software and selected VH and VL sequences were syn-
thesised by Twist Biosciences (San Francisco, USA). Synthesised VH/VL
gene fragments were cloned into a vector allowing incorporation in a
human IgG1 backbone and expressed in HEK293 cells (Expi293™,
Gibco, Thermo Fisher Scientific, US. Validation carried out by manu-
facturer) with culture supernatants collected and IgG1quantified using
an Octet RH16 (Sartorius, Germany). Antibodies that bound pooled
OMVs, pooled live bacterial cells and triggered complement activation
were re-expressed in CHO-3E7 cells (National Research Council,
Canada NRC file 11992. Validation carried out by supplier) and purified
using columns containing MabSelect SuRe LX resin (GE Healthcare,
US) to allow use for subsequent assays.

C3b deposition assays
A flow cytometry-based assay to measure C3b deposition was devel-
oped based on a modified form of a previously published method40.
For bead coating, AbC™ negative capture beads (Invitrogen, Thermo
Fisher Scientific, US) were added dropwise into 120μl of pooled
FM464-stainedOMVs in PBS (100μg/ml)with themixture incubated at
room temperature for 10min. HEK293 cell supernatants containing
100μg/ml IgG1 construct, or human IgG1 isotype control (Sigma
Aldrich, US) were added to 96-well plates and 20μl of FM464-stained
OMVbeadswere added to eachwell. Plates were incubated at 37 °C for
3 h. 100μl of guinea pig complement protein (Cedarlane, Canada)
diluted in gelatine veronal buffer (Boston Bioproducts, US) were
added to wells of a V-bottomed plate. The beads were transferred to
the V-bottomplate and incubated at 37 °C for 15min andwashed three
times in PBS containing 1% BSA. C3b deposition on beads was then
measured by adding 50μl of FITC-labelled anti-Guinea pig comple-
ment C3 (Cat-855385, MP Biomedicals, US) diluted 1:100 in PBS con-
taining 1% BSA, incubating at room temperature for 15min, washing
beads twice and finally resuspending in 150μl, and measuring bead
FITC signal by flow cytometry using an Attune Cytometer (Thermo
Fisher Scientific, US).

For ELISA based C3b deposition on live bacterial cells, bacterial
cells were coated on 96-well plates as described above. Plates were
centrifuged and resuspended in 70μl RPMI supplemented with 10%
heat-inactivated foetal bovine serum (Thermo Fisher Scientific, US).
Individual monoclonal antibodies were added to wells at a final con-
centration of 1 or 0.1μg/ml and incubated at room temperature for
45min. 20μl normal human complement serum (Pel-Freeze) was
added to each well and plates were incubated at 37 °C for 15min with
shaking (500 rpm). Bacteria were washed with ice-cold PBS, resus-
pended in 50μl PE-conjugated anti-human C3 (Cat-CL7636PE, Cedar-
lane, Canada), diluted 1:1000 in PBS and incubated in the dark at 4 °C
for 30min. Bacteria were washed with ice-cold PBS and fluorescence
intensity was measured at Ex/Em 496 nm/576 nm using a Varioskan
LUX microplate reader (Thermo Fisher Scientific, US).

High-content antibody binding assays and Opera Phenix image
analysis
A collection of CC2-typed carbapenem-resistant A. baumannii clinical
isolates cultured fromVAP andneonatal sepsis ICUpatients inmultiple
Vietnamese hospitals23,27,28 was compiled by the Cambridge Institute of
Therapeutic Immunology and Infectious Diseases as representative of
bacterial diversity. Ethical approval for the studies contributing Aci-
netobacter isolates andmetadata was provided by theOxford Tropical
Research Ethics Committee (OxTREC 35–16) and the EthicsCommittee
of Children’s Hospital 1 (CH1) (73/GCN/ BVND1). Written informed
consent from a patient or parent or guardian of a minor was a pre-
requisite for enrolment into all studies where bacterial isolates were
collected. For high-content screening of antibody binding and imaging
analysis41 bacteria were added to CellCarrier Ultra 96 plates (Perkin
Elmer. US) and left to adhere at 37 °C for 2 h. The supernatant was
removed and adhered bacteria were fixed with 4% paraformaldehyde,
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then washed with PBS. Antibodies were diluted to 1μg/ml in PBS+ 1%
BSA and added to the plate for 1 h at room temperature, after which it
was replaced by 2μg/ml Alexa Fluor 647 Goat Anti-Human IgG
(Thermo Fisher Scientific, US) plus 2μg/ml DAPI (Thermo Fisher Sci-
entific, US) in PBS + 1% BSA for 30min in the dark. The plate was
washed oncewith PBS, then imaged on anOpera Phenix (Perkin Elmer,
US) using the Alexa Flour 647 and DAPI channels and the 63x water
immersion objective. Image analysis was carried out using the Perkin
Elmer Harmony version 4.8. Individual bacteria were segmented using
the DAPI staining, and the Alexa Fluor 647 intensity was measured for
each bacterial cell. An Alexa Fluor 647 average intensity per well of
>500 relative fluorescent units (RFU) was set as a positive binding
threshold based on background and negative controls.

Opsonophagocytic assay and Opera Phenix image analysis
THP-1 cells (ATCC TIB-202™. Validation carried out by supplier) were
cultured in RPMI 1640 medium (Gibco) supplemented with 10% heat
inactivated foetal bovine serum (Gibco, Thermo Fisher Scientific, US).
Cells were seeded on PhenoPlate 96-well plates (Perkin Elmer) at
2.5 × 105/ml, incubated at 37 °C for 48 h and stimulated for 24h 10 ng/
mL phorbol-12-myristate-13 acetate (PMA). Bacteria in PBS (OD600nm
of 1.0) was diluted 1/200 in RPMI 1640medium (Gibco) supplemented
with 10% heat inactivated foetal bovine serum (Gibco, Thermo Fisher
Scientific, US), 0, 2 or 5μg/ml mAb 1416 added and incubated at 37 °C
with shaking at 200 rpm for 1 h. Media in 96-well plates containing
PMA-activated THP-1 cells was then replaced with a mixture of 100μl
of bacteria in media. 96-well plates were then incubated at 37 °C with
5% CO2 for 1 h. Cells were then washed with PBS, fixed with PBS con-
taining 4% paraformaldehyde, washed again and permeabilised with
PBS containing 0.1% Triton X-100 for 10min. After washing, cells were
blocked with 10% BSA and cell surface capsule of all internalised bac-
teria was detected with 2μg/ml mAb 1416 followed by 2μg/ml
Alexa464-conjugated goat anti-human IgG (Thermo Fisher Scientific,
US) in 1% BSA in the dark for 1 h. Cells were then washed and stained
with 20μg/ml DAPI (Sigma Aldrich, US) and 2μg/ml CellMask Orange
(Invitrogen, Thermo Fisher Scientific, US). Plates were imaged on an
Opera Phenix (Perkin Elmer,US) using a 40xobjective from threefields
per well with four z-stacks. THP-1 cells were segmented using DAPI and
CellMask Orange, and cells containing internalised bacteria were then
enumerated using anOpera Phenix using the Alexa Fluor 647 andDAPI
channels and the 40x objective from three fields per well with four
z-stacks. Image analysis was carried out using the Perkin Elmer Har-
mony version 4.8.

Transmission electron microscopy
Samples were prepared by loading single bacterial colonies cultured
on agar plates into planchettes. Planchettes were filled with
1-hexadecene and rapidly frozen using a BALTEC HPM010 high-
pressure freezer. Samples were then freeze-substituted with acetone
solution containing 0.1% tannic acid and 0.5% glutaraldehyde for 7 h.
Samples were then treated in acetone containing 1% osmium tetr-
oxide for 72 h, rinsed at room temperature and embedded in Low-
icryl HM20 resin for ultrathin sectioning. Ultrathin sections were
mounted on formvar-coated grids and labelled with mAb 1416
(20 μg/ml) for 1 h and Goat Anti-Human IgG H&L (12 nm Gold) sec-
ondary antibody (Abcam, UK) for 30min. Ultrathin sections were
then contrasted with uranyl acetate and lead citrate prior to imaging
using a 120 kV FEI Spirit Biotwin TEM, equipped with a Tietz F4.16
CCD digital camera.

Construction of A. baumannii whole genome expression
libraries
Bacteriophage Lambda ZAPII libraries (Agilent Technologies, US)
containing random 1–2 kbp DNA fragments of BAL 084 and BAL 276A.
baumannii genomes were constructed and screened by expression

cloning according to manufacturer’s instructions and as previously
described42,43. Nitrocellulosemembrane lifts from plated library phage
plaques were probedwith individualmonoclonal antibodies at 1μg/ml
and bound antibody detected using alkaline phosphatase conjugated
Anti-Human IgG1 Hinge (SouthernBiotech, US) diluted 1:2500 in PBS-
Tween20: PBS supplemented with 0.1% (v/v) Tween 20 (Sigma Aldrich,
US). After washing three times with PBS-Tween20, membranes were
developed using Western Blue Stabilised Substrate for Alkaline Phos-
phatase (Promega, UK).

Immunoblotting of bacterial whole cell lysates
100μl of overnight bacterial cultures normalised to an OD600nm of
1.0 were centrifuged at 900× g for 1min and bacterial pellets were
resuspended in 20μl of Pierce™ MagicMark™ XP reducing sample
buffer (Thermo Fisher Scientific, US). Samples were boiled at 95 °C for
5min and cooled on ice. Samples were loaded onto a Mini-PROTEAN
TGX gel (Bio-Rad Laboratories, US) alongside Precision Plus Protein
Dual Colour Standards (Bio-Rad Laboratories, US). Gels were then
resolved at 100 V for 45min. Protein from resolved gels was blotted
onto nitrocellulose membranes using a Trans-Blot Turbo Mini Nitro-
cellulose Transfer Pack (Bio-Rad Laboratories, US). Nitrocellulose
membraneswereblocked for 1 h at room temperature in PBS-Tween20
containing 5% (w/v) non-fat dried milk powder. Membranes were
incubated in PBS-Tween20, 5% (w/v) non-fat dried milk containing
1μg/ml monoclonal antibody for 1 h at room temperature, washed
with PBS-Tween20 anddeveloped by incubationwith 1:2000goat anti-
human IgG conjugated to HRP (Invitrogen, Thermo Fisher Scientific,
US) for 1 h at room temperature, followed by incubation in ECL prime
western blotting reagent for 5min in the dark. Blots were visualised
and imaged using a ChemiDoc Imaging System (Bio-Rad
Laboratories, US).

Generation of bacterial non-proteinaceous carbohydrate
extracts
Bacterial pellets from 1ml of normalised overnight bacterial culture
were resuspended in 200μl Tris-HCl (pH 8) containing 2% (w/v) SDS
and boiled for 5min. 800μl Tris-HCl (pH 8) containing 300 U/ml
Benzonase nuclease (Millipore) was added and incubated at 37 °C for
1 h. Proteinase K (Qiagen) was then added to a final concentration of
500μg/ml and incubated at 55 °C for 4 h. Samples were run on a Mini-
PROTEAN TGX gel alongside Precision Plus Protein Dual Colour Stan-
dards. Gels were washed 3 times with distilled water and removal of
protein was confirmed by Imperial protein stain (Thermo Fisher Sci-
entific, US). Capsule polysaccharide was visualised by staining gels
with Alcian Blue solution (Sigma-Aldrich, US) diluted 1:7 in 3% acetic
acid for 1 h and washed in distilled water overnight. To detect lipo-
oligosaccharide (LOS), gels were fixed with 50% methanol, 5% acetic
acid for 30min and treated using a Pro-Q Emerald 300 Lipopoly-
saccharide Gel Stain kit according to manufacturer’s instructions.
Stained gels were visualised and imaged using a ChemiDoc Imaging
System (Bio-Rad Laboratories, US). Resolved carbohydrate extracts
were blotted onto nitrocellulose membranes and probed for mono-
clonal antibody binding as described above.

Murine challenge studies
Murine challenge studies carried out at Imperial college used 6–12-
week-old male and female BALB/c mice. Murine challenge studies
carried out at the University of Cambridge used 6–12-week-old male
and female C57BL6 mice. All mice were housed on a 12-h light/dark
cycle at 20–24 °C with 55%± 10% humidity. Mice were intravenously
injected with either 1, 5 or 10mg/kg of monoclonal antibodies 1042,
1349 or 1416 on day −1 and day 0 before being challenged intranasally
with BAL 191 or CM10420 on day 0. For intranasal administration of
monoclonal antibody, mice were given 10mg/kg 1416 intranasally on
day −1 and day 0 prior to intranasal challenge with BAL 191 on day 0.
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Overnight cultures of BAL 191 or CM10420 were diluted 1:100 in
20ml LB and grown at 37 °C with shaking at 200 rpm to an OD600 of
0.7. Bacterial pellets from these cultures were washed in PBS and
resuspended in PBS to generate an inoculum of 5 × 108 CFU/ml. Mice
were anaesthetised via inhalation of vaporised isoflurane and chal-
lenged intranasally with 100 µl of this inoculum. Mice were culled 24 h
later via intraperitoneal injection with pentobarbital and nasal lavage
fluid, lung and spleen homogenate were then serially diluted 1:10 and
plated on to HiCrome Acinetobacter agar plates with MDR supple-
ment. Plates were incubated at 37 °C overnight and individual colonies
were enumerated to determine the bacterial load as CFU/ml for
each organ.

Statistical analyses were performed using Graph Pad Prism V9.3.1.
The Shapiro-Wilk test for normality was performed to determine
normal distribution before performing unpaired t tests or
Mann–Whitney tests to determine significant differences between the
1042, 1349 or 1416 monoclonal-treated mice and antibody isotype
control-treated mice.

Statistics and reproducibility
For all in vitro studies aminimum sample size of n = 4was employed in
all cases. Individual experiments were repeated three times to assess
reproducibility and an individual representative experiment was pre-
sented. Statistically significant differencebetweenmultiple groupswas
determined using Dunnett’s one-way ANOVA. Comparison of indivi-
dual groups for statistically significant differences was performed
using a Mann–Whitney test. For all in vivo mouse studies, study size
was defined in each institutional animal according to power calcula-
tions for delivery of a conclusive outcome (n = 5). For mouse studies,
the Shapiro-Wilk test for normality was performed to determine nor-
mal distribution before performing unpaired t tests or Mann–Whitney
tests to determine significant differences between individual groups.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All VH/VL sequence data generated in this study are provided in the
file: Sourcedata_Manuscript Figs under Figs. 2a and b. All VH/VL paired
sequences used to synthesize monoclonal antibodies and using the
same unique identifiers in the manuscript are available via the pub-
lished patent filing WO2023094628A1. Source data are provided with
this paper.
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