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ABSTRACT
Infections caused by Acinetobacter baumannii (A. baumannii) have emerged as a global public health concern because of 
high pathogenicity of this bacterium. Monoclonal antibodies (mAbs) have a lower likelihood of promoting drug 
resistance and offer targeted treatment, thereby reducing potential adverse effects; however, the therapeutic 
potential of mAbs targeting A. baumannii has not been fully characterized. In this study, mAbs against the outer 
membrane proteins (OMPs) of A. baumannii were isolated in a high-throughput manner. The ability of Omp38- 
specific mAbs to bind to A. baumannii strains from diverse sources was confirmed via enzyme-linked immunosorbent 
assay (ELISA). Intravenous administration of the Omp38-specific mAbs significantly improved the survival rate and 
reduced the bacterial load in a mouse model of lethal A. baumannii infection. Flow cytometry and ELISA confirmed 
that immune cell infiltration and cytokine production, respectively, decreased in a mouse model of sublethal 
A. baumannii infection. In addition, analysis of the Omp38-mAb C3 binding conformation revealed the potential 
mechanism of broad-spectrum binding activity of this mAb against A. baumannii. Taken together, these findings 
indicate that mAbs against Omp38 facilitate bacterial clearance from host, minimize inflammatory mediator release 
and reduce host damage, highlighting the potential of Omp38-specific mAbs in the clinical treatment of 
A. baumannii infection.
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Introduction

Acinetobacter baumannii (A. baumannii) is an oppor-
tunistic pathogen commonly found in the environ-
ment that is capable of causing severe infections in 
human tissues, such as the lungs and bloodstream, 
particularly in immunocompromised patients in the 
intensive care unit (ICU) [1,2]. Unlike typical gram- 
negative bacteria, A. baumannii possesses robust 
adhesion capabilities, facilitating its colonization at 
infection sites and enabling biofilm formation or cellu-
lar invasion [1]. Studies have reported a mortality rate 
of 56.2% among infected patients [2], prompting the 
World Health Organization (WHO) to classify 
A. baumannii as a priority 1 critical pathogen and 

necessitating the urgent exploration of novel thera-
peutic strategies [1].

Antibiotics are considered the major treatment 
modality for A. baumannii infections [3]. However, 
A. baumannii is resistant to a wide range of anti-
biotics, including carbapenems and polymyxins, mak-
ing treatment extremely difficult [4]. A. baumannii 
vaccines are safe, have few adverse effects and do not 
easily induce drug resistance [5]. However, owing to 
several factors, such as antigen sequence variability, 
no vaccine has succeeded in phase I clinical trials 
[6,7]. In recent years, monoclonal antibody (mAb) 
therapy has emerged as a promising approach for 
treating A. baumannii infections [8–11]. mAbs possess 
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various advantages, such as increased safety and 
improved homology [12]. In addition, mAbs are less 
likely to promote drug resistance and offer targeted 
treatment, thereby reducing potential adverse effects 
[12]. Moreover, combining mAbs with antibiotics is 
a potential strategy to reduce antibiotic usage and 
mitigate the associated adverse effects [1].

Recent mAb development technologies have faced 
various challenges [13]. Hybridoma technology, for 
example, has issues such as reduced diversity due to 
competition between different hybridomas in the 
same culture [13,14]. Some non – or low-producing 
clones may exhibit a faster growth rate and outcom-
pete the highly secreting clones [13,14]. Display selec-
tion technologies, including phage display, bacterial 
display, and yeast display, generate low-affinity 
mAbs because of the random pairings of the variable 
heavy (VH) and variable light (VL) regions [15–17]. 
These limitations render traditional approaches ineffi-
cient for antibody development. Recently, novel 
methods using microfluidic technology for direct 
B-cell antibody discovery have emerged [13,18–20]. 
The Beacon platform from Berkeley Lights enables 
single-cell manipulation, culture, and phenotypic 
analysis on nanofluidic chips and selectively exports 
the target cells on the basis of specific experimental 
outcomes [21–24]. This approach better preserves 
B-cell diversity, captures high-quality cells early in 
the discovery process and prevents the loss of promis-
ing clones. Following high-throughput screening, the 
selected cells can be extracted from the microfluidic 
chips to obtain natural VH and VL pairing sequences 
encoding the original antibodies [21–24].

A. baumannii contains a range of potential drug 
targets, including porin proteins, efflux pumps, outer 
membrane vesicles (OMVs), outer membrane pro-
teins (OMPs), metal acquisition systems, secretion 
systems, phospholipases, and capsular polysaccharides 
[1,25,26]. The development of OMP-targeting mAbs 
has attracted increasing attention in recent years 
because of the distinctive roles of these proteins in 
facilitating bacterial adaptation to antibiotic – and 
host-induced stresses [9]. Vikas Kumar Goel et al. 
employed hybridoma technology to produce mAbs 
against A. baumannii iron-regulated outer membrane 
proteins (IROMPs), and the mAbs showed bacteri-
cidal and opsonizing activities against A. baumannii 
in vitro [9]. Omp38 (also known as OmpA), a promi-
nent A. baumannii OMP, regulates A. baumannii 
adhesion, invasion, and biofilm formation [1,11,27] 
and contributes to inflammatory and other host 
responses [1,28]. In addition, Omp38 is not homolo-
gous to any proteins encoded by the human genome, 
which ensures that the administration of antibodies 
that inhibit Omp38 will not unnecessarily harm the 
host [29]. Furthermore, Omp38 overproduction has 
been reported to be a risk factor for nosocomial 

pneumonia, bacteremia, and increased mortality 
rates in patients [30]. Given these factors, developing 
anti-Omp38 mAbs for use against A. baumannii infec-
tions is highly important.

In this study, mAbs targeting the OMPs of 
A. baumannii were obtained using high-throughput 
mAb isolation with the Beacon platform. We ident-
ified Omp38-specific mAbs, confirmed their binding 
to A. baumannii strains from diverse sources and 
demonstrated their encouraging therapeutic efficacy 
in lethal and sublethal infection models. In addition, 
the Omp38-mAb C3 binding conformation was pre-
dicted, suggesting the potential broad-spectrum 
capacity of mAb C3 to bind to A. baumannii.

Materials and methods

Ethics statement

All of the animal experiments were approved by the 
Animal Ethical and Experimental Committee of 
Army Medical University (Chongqing, China). Well- 
trained and skilled animal care personnel participated 
in the current study to minimize animal suffering.

Cells, animals and bacterial strains

The cells were cultured under a controlled atmosphere 
(37°C and 5% CO2). 293 T cells were cultured in high- 
glucose Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco, 11965092) supplemented with 10% 
fetal bovine serum (FBS) (Gibco, A5256701), 100 
U/mL penicillin, and 100 mg/mL streptomycin (Gibco, 
15070063). RAW264.7 cells were cultured in high-glu-
cose DMEM supplemented with 10% FBS, 100 U/mL 
penicillin, 100 µg/mL streptomycin, 2 mM L-gluta-
mine (Gibco, A2916801), and 0.1 mg/mL Normocin 
(InvivoGen, ant-nr-05). A549 cells were cultured in 
Ham’s F-12 K (Kaighn’s) medium (Gibco, 21127022) 
supplemented with 10% FBS, 100 U/mL penicillin, 
and 100 mg/mL streptomycin. ExpiCHO cells were 
cultured in MetaCell CHO-310 medium (Cellplus 
Bio, L1013). Specific pathogen-free (SPF) female 
BALB/c mice and C57BL/6 mice aged 6–8 weeks 
were purchased from the Experimental Animal Center 
of Army Medical University. All the mice were kept 
under pathogen-free conditions in the animal center 
of Army Medical University. A. baumannii strains 
ATCC 17978 and LAC-4 were kindly provided by 
Prof. Yun Shi (West China Hospital, Sichuan 
University).

Preparation of the OMPs

A. baumannii ATCC 17978 was spread on Mueller 
Hinton agar solid culture media (24 g of Mueller Hin-
ton agar solid powder, 15 g of agar powder and 1000 
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mL of ultrapure water) via the trilinear method and 
incubated in an incubator at 37°C for 12 hours. Single 
colonies were transferred to 20 mL of Mueller Hinton 
agar liquid culture media (24 g of Mueller Hinton agar 
and 1000 mL of ultrapure water) and cultured over-
night at 37°C and 220 rpm for activation. The acti-
vated bacterial culture was then expanded to 1 L and 
cultured for 3 hours at 37°C and 220 rpm until the 
OD600 reached 0.8. A. baumannii was subsequently 
resuspended in 10 mL of phosphate-buffered saline 
(PBS) (pH 7.2), and the bacteria were disrupted in a 
homogenizer for 10 minutes at a pressure of 750 bar. 
After centrifugation to remove the bacterial debris 
and sediment, the mixture was centrifuged again to 
collect the supernatant, which contained bacterial 
membrane proteins, including inner membrane pro-
teins and OMPs. The membrane proteins were resus-
pended in 5 mL of 2% lauroyl sarcosine and incubated 
at 37°C for 30 minutes to dissolve the bacterial inner 
membrane proteins. The mixture was then centrifuged 
at 16,000 rpm for 1 hour to obtain the insoluble com-
ponent, which contained the OMPs. The OMPs were 
purified according to a previous study [31]. After 
washing with 2 mL of 62.5 mM Tris HCl (pH 6.8), 
the OMPs were resuspended in 2 mL of 5% SDS and 
incubated at 4°C for 10 minutes. Methanol (6 mL) 
was added, and the mixture was vigorously vortexed 
and subsequently centrifuged at 12000rpm for 10 
s. Then, 2 mL of chloroform was added, and the mix-
ture was vigorously vortexed and centrifuged again at 
12000rpm for 10 s. After the liquid phases had separ-
ated, 6 mL of ultrapure water was added, the mixture 
was vortexed vigorously and centrifuged at 12000rpm 
for 1 min, and the upper phase was discarded. Metha-
nol (6 mL) was added to the lower phase, the mixture 
was vigorously vortexed and centrifuged at 9000 rpm 
for 2 minutes, the upper phase was discarded, and 
the resulting precipitate was the OMPs.

Expression of recombinant Omp38

A recombinant Omp38 plasmid for the Omp38 
protein with 1 additional methionine in the 5’ flank 
and 6 histidine tags in the 3’ flank was constructed, 
cloned and inserted into pET30a for subsequent trans-
formation into E. coli BL21 (DE3). The overexpressed 
Omp38 formed insoluble inclusion bodies, and the 
Omp38 was purified from the inclusion bodies via 
Ni-NTA affinity chromatography under denaturing 
conditions. Nickel column-bound Omp38 was eluted 
with imidazole gradient elution and detected by 
SDS‒PAGE, which revealed the expected ∼40 kDa 
band.

Mouse immunization

OMPs (50 µg) and 50 μL of QuickAntibody Mouse3W 
(Biodragon, KX0210042) were injected into the calf 

muscles of 6–8 week-old BALB/c mice on days 0, 14, 
and 21. On the 21st day, a small amount of blood 
was collected from the tail vein for enzyme-linked 
immunosorbent assay (ELISA) determination of the 
serum OMP antibody titer. The mouse with the high-
est titer of anti-OMP antibodies was selected for 
further experiments. A final booster in normal saline 
was given intraperitoneally three days before the test 
with the Beacon system.

Isolation of single OMP-specific antibody- 
secreting cells (ASCs) via the Berkeley Lights 
Beacon system

Before the on-chip assay, biotinylated OMPs were 
coupled to streptavidin-coated assay beads (Berkeley 
Lights, 520-00053) at 4°C overnight to prepare conju-
gated beads. These beads were mixed with the fluores-
cently labeled anti-mouse secondary antibody (Alexa 
Fluor™ 568, Thermo Fisher, A-11004) at a 1:100 
dilution in a total volume of 20 µL.

The ASCs were loaded onto OptoSelect 11k chips 
and cultured at 25°C in a novel plasmablast survival 
medium (Berkeley Lights, 75002051) designed to 
increase antibody secretion while maintaining cell via-
bility [16,32]. Single-cell encapsulation was achieved 
by using OptoElectroPositioning (OEP) technology 
and optically transferring ASCs to nanoliter-sized 
chambers known as NanoPens. Thousands of ASCs 
were distributed into NanoPens across multiple 
chips via this light-based manipulation technique. 
An on-chip fluorescence-based assay was conducted 
to screen for antibodies that bind to the OMPs with 
measurements taken every 5 minutes for a total of 
20 minutes at 36°C. Cells secreting antigen-specific 
antibodies were identified in the NanoPens adjacent 
to the fluorescent beads. After antigen-specific B 
cells were transferred from the NanoPens via OEP, 
the chips were washed with culture medium (2 min-
utes per cell). Then the cells were exported into indi-
vidual wells of 96-well RT‒PCR plates containing 
lysis buffer (Qiagen, 1070498) at 25°C.

Single B-cell sequencing and plasmid 
construction

After being exported from the Beacon system, the VH 
and VL sequences of the antibodies secreted by the 
OMP-binding B cells were amplified using the com-
ponents of the Opto Plasma B Discovery cDNA Syn-
thesis Kit (Berkeley Lights, 750-02030) [16]. RNA 
was isolated and purified from a single B-cell using 
Agencourt RNAClean XP beads (Beckman Coulter, 
A63987). Then, first-strand cDNA synthesis and 
total cDNA amplification were performed following 
the manufacturer’s protocol (Berkeley Lights, 750- 
02030). The resulting total cDNA was purified using 
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Agencourt AMPure XP beads (Beckman Coulter, 
A63881) and prepared for sequencing with the Opto 
Plasma B Discovery Sanger Prep Kit (Berkeley Lights, 
750-02041). Sanger sequencing was employed to 
determine the nucleotide sequence of the amplicons. 
Analysis of the VH, VL and complementarity-deter-
mining region 3 (CDR3) sequences and the percentage 
of somatic mutations was conducted using Geneious 
Prime (version 2021.0.3) and the IMGT database 
(https://www.imgt.org/). The paired VH and VL 
sequences of the selected mAbs were codon optimized, 
synthesized by Shenggong Biotech, and subsequently 
cloned and inserted into separate mammalian 
expression vectors containing constant mouse IgG2a 
regions.

mAb expression and purification

ExpiCHO cells were cultured to a density of approxi-
mately 8 × 106 cells/mL to 1 × 107 cells/mL with a via-
bility rate greater than 98%. The vectors were 
subsequently transfected into 2 × 108 ExpiCHO cells 
in equal volumes of Electroporation Buffer Part A 
and Electroporation Buffer Part B (Celetrix, 1228), 
and the cells were incubated at 37°C in 7% CO2. On 
the first day after transfection (18–22 hours later), 
10% MetaCell CHO TransFeed (Cellplus Bio, L1008) 
and 0.7% MetaCell Tier Enhancer (Cellplus Bio, 
L1009) were added to the cell culture media. After a 
5-day incubation period, samples with viable cell den-
sities greater than 50% and cell viability rates greater 
than 60% were collected, and the supernatants were 
subjected to purification using Pierce™ centrifuge col-
umns (Thermo Scientific™, 89898). The bound mAbs 
were washed with buffer (5 times the sample volume) 
containing 100 mM Pro-Ac (pH 3.5). After washing, 
the pH of each sample was adjusted to 5.0 with 0.5 
M Arg. The samples were then added to 50 kDa 
MWCO membrane centrifugal filter units (Millipore, 
UFC905008) for concentration. The samples were 
subsequently centrifuged at 3500 × g for 3 minutes 
and then filtered through a 0.22 μm filter (Millipore, 
GSWP04700). The yield of the purified mAbs was 
determined using a BCA protein concentration deter-
mination kit (Beyotime, P0012), and the purity of the 
mAbs was confirmed via SDS‒PAGE. The mAbs were 
stored at –80°C.

ELISA

First, 0.4 μg/well recombinant Omp38 or 1 × 107 col-
ony forming units (CFUs)/well A. baumannii was 
added to 96-well ELISA plates (LABSELECT, 31111) 
for incubation overnight at 4°C. The plates were 
washed three times with PBS-Tween 20 (0.05%) 
(Sigma‒Aldrich, P3563), blocked with 2% FBS 
(Gibco, A5669701) in PBS for 1 hour, and washed 

three more times. Different dilutions of the recombi-
nant mAbs or isotype control mAbs were then 
added for incubation at 37°C for 1 hour. After three 
washes, the plates were incubated with HRP-conju-
gated goat anti-mouse IgG (H + L) (AB Clonal, 
AS003) at 37°C for 1 hour. The substrate TMB (Beyo-
time, P0209) was then added, and the mixture was 
allowed to react in the dark for color development. 
The reaction was stopped by the addition of 1 N 
hydrochloric acid, and the absorbance was measured 
at 450 nm. The EC50 was determined by fitting a non-
linear regression model (four parameters).

Serum from infected mice was collected and stored 
at –80°C until cytokine analysis. The levels of cyto-
kines, including interleukin-6 (IL-6), interleukin-10 
(IL-10) and tumor necrosis factor alpha (TNF-α), 
were measured using ELISA kits (Dakewe, 1210603, 
1211003 and 1217203) according to the manufac-
turer’s instructions. Finally, the absorbance was 
measured at 450 nm using a microplate reader 
(Thermo Fisher, USA) [33].

A. baumannii adherence assay

The A. baumannii adherence assay was conducted 
according to the protocol outlined in previous studies 
[11,34]. A549 cells were seeded at a density of 2.0 × 105 

cells/well (∼100% confluence) in a 24-well plate. 
A. baumannii ATCC 17978 was cultured overnight 
in 10 mL of Luria – Bertani (LB) medium at 37°C 
with moderate shaking at 175 rpm. The bacterial sus-
pensions were washed with PBS and adjusted to 
approximately 1.0 × 109 CFU/mL. After the A549 
cells adhered to the wall, the complete Ham’s F-12 K 
(Kaighn’s) medium was replaced with culture medium 
containing inactivated FBS (56°C for 30 minutes) for 
preincubation at 37°C for 30 minutes to eliminate 
the influence of complement. The cells were sub-
sequently infected with live A. baumannii strain 
ATCC 17978 at a multiplicity of infection (MOI) of 
1:100. Then, the mAb or isotype control was added. 
Infected cells were incubated at 37°C with 5% CO2 
for 90 minutes. To quantify the adherent bacteria, 
external nonadherent bacteria were removed by wash-
ing the cells four times with PBS followed by disrup-
tion by the addition of 100 μL of Triton X-100 (1% 
in PBS) per well [11]. The number of adherent bacteria 
was then verified via the serial dilution method.

A. baumannii internalization assay

The A. baumannii internalization assay was conducted 
according to the protocol outlined in a previous study 
[11]. A549 cells were seeded at a density of 2.0 × 105 

cells/well (approximately 100% confluence) in 
24-well tissue culture plates. After the A549 cells 
adhered to the wall, the complete Ham’s F-12 K 
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(Kaighn’s) medium was replaced with culture medium 
containing inactivated FBS (56°C for 30 minutes) for 
preincubation at 37°C for 30 minutes to eliminate 
the influence of complement. The cells were sub-
sequently infected with the live A. baumannii strain 
ATCC 17978 at an MOI of 1:100. Then, the mAb or 
isotype control was added. Gentamicin (100 μg/mL) 
was added to the culture medium to eliminate extra-
cellular bacteria. After 2 hours of incubation, the cul-
ture medium was replaced with new medium 
containing 10 μg/mL gentamicin. The cells were incu-
bated for an additional 22 hours before being lysed 
with 100 µL of Triton X-100 (1% in PBS) per well 
[11]. The number of bacteria was determined via the 
serial dilution method. The intracellular proliferation 
rate (Ipro) was calculated as the ratio of the number 
of viable intracellular bacteria present at 24 hours to 
that present at 2 hours postinfection [35–37].

Biofilm inhibition assay

A biofilm inhibition assay was conducted according 
to the protocol outlined in a previous study [11]. 
A. baumannii ATCC 17978 was cultured overnight 
in 10 mL of LB medium at 37°C with moderate 
shaking at 175 rpm. The bacterial suspensions 
were washed with PBS and adjusted to approxi-
mately 1.0 × 107 CFU/mL. A total of 180 μL of bac-
terial mixture and 20 μL of mAb were added to each 
well of a 96-well polystyrene plate. The edges of the 
96-well plate were sealed with film, and the plate was 
incubated for 26 hours at 37°C. The formed biofilm 
was then fixed by treatment with 120 μL of metha-
nol for 20 minutes. The bacterial mixture was care-
fully extracted, and the 96-well plate was washed 
twice with deionized water and air dried for 4 
hours. Then, 150 μL of 0.1% crystal violet was 
added, and the samples were stained for 30 minutes. 
After removing the crystal violet solution, the 
samples were thoroughly washed with physiological 
saline until the solution was colorless and then air 
dried overnight. Subsequently, 120 μL of 95% etha-
nol was added, and the samples were incubated for 
30 minutes at room temperature (RT) to loosen 
the biofilm. Finally, the absorbance at 600 nm was 
measured using a microplate reader.

Opsonophagocysis Assay

Opsonophagocysis Assay was conducted according to 
the protocol outlined in previous studies [38,39]. 
A. baumannii LAC-4 was cultured overnight in LB 
medium at 37°C. RAW 264.7 cells were cultured at 
37°C in 5% CO2 to a density of 3 × 105/mL in a 
96-well plate. The RAW 264.7 cells were then activated 
by 10 hours of exposure to the TLR2 agonist palmi-
toyl-2-cysteine-serine-lysine-4 (Pam2CSK4) (100 ng/ 

mL) [40]. The complete medium was replaced with 
culture medium containing inactivated FBS (56°C 
for 30 minutes) to eliminate the influence of comp-
lement. Subsequently, the RAW 264.7 cells were coin-
cubated with A. baumannii LAC-4 at different MOIs 
(1:3, 1:30, 1:300, and 1:3000). Then, the mAb or iso-
type control was added to the 96-well plate. After 5 
hours of incubation with gentle shaking, the presence 
of bacteria in the supernatant was verified via the serial 
dilution method.

Mouse models

C57BL/6 mice were anesthetized via intraperitoneal 
injection of pentobarbital sodium at a dose of 50 
mg/kg. The mice were subsequently challenged with 
either 1.4 × 107 (lethal dose) or 1 × 106 (sublethal 
dose) CFU of LAC-4 in 20 μL of PBS through nonin-
vasive intratracheal inoculation as previously 
described [41,42] and then immediately treated intra-
venously with mAbs. The LAC-4 dose was verified via 
the serial dilution method. To monitor the survival 
rate of the mice with lethal A. baumannii infection, 
8 mice in each group were euthanized by cervical dis-
location at 72 hours postinfection. To determine the 
toxicity of mAb C3, 5 mice in each group were eutha-
nized by cervical dislocation 72 hours after C3 injec-
tion. To investigate the bacterial load and pathology 
of lethal A. baumannii infection, 5 mice in each 
group were euthanized by cervical dislocation at 24 
hours postinfection. To evaluate the bacterial load, 
pathology, immune cell infiltration and cytokine pro-
duction resulting from sublethal A. baumannii infec-
tion, 5 mice in each group were euthanized by 
cervical dislocation at 24 hours postinfection.

Histopathology

Formalin-fixed and paraffin-embedded (FFPE) tissues 
were sectioned into 5 mm thick slices and stained with 
hematoxylin and eosin (H&E) following the manufac-
turer’s instructions (Solarbio, G1120). Images were 
acquired using a bright field microscope (Nikon 
TE2000). A previously described scoring system asses-
sing (a) neutrophil infiltration, (b) edema, (c) disor-
ganization of the lung parenchyma and (d) 
hemorrhage was used to determine the degree of 
acute lung injury (ALI) in a double-blinded manner 
[43,44]. Higher scores indicate more severe lung 
abnormalities, as follows: 0 = normal, 1 = light, 2 =  
moderate, 3 = severe, and 4 = very severe. The scores 
from each of the four categories were combined to 
provide a total lung injury score (maximum score, 
16) [43,44]. Kidney and liver toxicity severity were 
also scored as follows: 0 = no abnormalities; 1 = renal 
tubulointerstitial lesions/liver lobular destruction/ 
inflammatory cell infiltration/liver lobular necrosis 
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area <5%; 2 = 5%−25%; 3 = 25%−75%; and 4 = >75% 
[45]. Three randomly selected fields of each sample 
were scored, and the average score was calculated.

Cell viability determination using the cell 
counting kit-8 (CCK-8) assay

The impact of the mAb on cell viability was determined 
by the CCK-8 assay. A549 cells, RAW264.7 cells and 
293 T cells were seeded into 96-well plates in 100 µL 
of complete medium and cultured at 37°C with 5% 
CO2. After the cells adhered to the wall, the mAb was 
added to the culture medium. At the end of each exper-
iment, 10 µL of CCK-8 reagent (Beyotime, C0038) was 
added to each well, and the cells were cultured for an 
additional 1 hour at 37°C. Then, the optical density at 
450 nm was measured using a microplate reader 
(Thermo Fisher, USA). Cell viability was determined 
using the following formula: Cell viability (%) = [A 
(dosing) – A (blank)]/[A (0 dosing) – A (blank)] ×  
100%, where A (dosing) is the absorbance of the well 
containing cells, CCK-8 reagent, and the mAb; A 
(blank) is the absorbance of the wells containing culture 
media and CCK-8 solution but no cells; and A (0 dosin-
g)is the absorbance of the wells containing cells and 
CCK-8 reagent but no mAb.

Flow cytometry

The lungs of the animals were cut into small pieces 
and digested in a standard test tube with 5 mL of 
digestion buffer (0.5 mg/mL collagenase and 20 mg/ 
mL DNase diluted in RPMI medium) for 45 minutes. 
The cell suspension was then passed through a 70 μm 
pore size cell strainer, and the remaining cells were 
lysed with ACK buffer (Invitrogen, A1049201). After 
digestion, the cells were blocked with mouse BD FC 
Block (BD Pharmingen, 553141) and then stained 
with fluorescently labeled mAbs as follows: CD4- 
fluorescein isothiocyanate (FITC) (clone GK1.5); 
CD45-PerCP-Cyanine 5.5 (clone HI30); F4/80-phy-
coerythrin (PE)-Cyanine 7 (clone BM8); LY6G-allo-
phycocyanin (APC) (clone 1A8-Ly6 g); L/D APC- 
CY7 (LIVE/DEAD™ Fixable Near-IR Dead Cell 
Stain Kit, Invitrogen); and CD8-AmCyan (clone 
SK1). The cells were stained with antibodies (1:200) 
at 4°C for 30 minutes. Data were acquired with a BD 
FACSCanto II cell analyzer and analyzed with FlowJo 
software (Tree Star, Ashland, OR).

Flow cytometry was conducted following the 
instructions of the Annexin V Apoptosis Detection 
Kit (Invitrogen, 88-8006-72) to determine the impact 
of the mAb on apoptosis. A549 cells, RAW264.7 cells 
and 293 T cells were seeded into 24-well plates in 
1 mL of complete medium and cultured at 37°C 
with 5% CO2. After treatment with 50 µg/mL mAb 
C3 for 5 hours, the cells were gently digested with 

trypsin and washed once with PBS and once with 
1× binding buffer. The cells were resuspended in 1× 
binding buffer at a density of 1−5 × 106/mL, and 
5 µL of fluorochrome-conjugated Annexin V was 
added to 100 µL of cell suspension. After incubation 
for 10‒15 minutes at RT, the cells were washed with 
1× binding buffer and resuspended in 200 µL of 
1× binding buffer. 7-Amino-actinomycin (7-AAD; 
5 µL) viability staining solution (Invitrogen, 00- 
6993-50) was added, and the samples were analyzed 
by flow cytometry.

Identification of the sequence types (STs) of 
A. baumannii strains

Multilocus sequence typing (MLST) was performed 
using the scheme developed by Laure Diancourt and 
colleagues (Pasteur scheme) to determine the STs of 
the A. baumannii strains [46]. Pasteur scheme’s 
specific loci included 60-kDa chaperonin (cpn60), 
elongation factor EF-G (fusA), citrate synthase 
(gltA), CTP synthase (pyrG), homologous recombina-
tion factor (recA), 50S ribosomal protein L2 (rplB), 
and RNA polymerase subunit B (rpoB) [47,48]. the 
Fast-All (FASTA) sequences of 9 clinical 
A. baumannii strains were retrieved from the next- 
generation sequencing data and uploaded in batch 
sequence query mode to the A. baumannii MLST 
Database (http://pubmlst.org/abaumannii/) to gener-
ate allelic profiles at each of the 7 loci. The STs of 9 
clinical A. baumannii strains were then determined 
using the Pasteur scheme.

Statistical analysis

GraphPad Prism 8.0 was used for statistical analysis. 
Parametric comparisons between two or more groups 
were performed using Student’s t test or one-way 
analysis of variance (ANOVA) and Tukey’s multiple 
comparisons test, respectively. Nonparametric com-
parisons between more than two groups were per-
formed using the nonparametric Kruskal‒Wallis test 
and Dunn’s post hoc test. Survival rates among groups 
were determined by the log-rank (Mantel‒Cox) test. 
The data are presented as the means ± standard errors 
of the means (SEMs). A significance threshold of 
P < 0.05 was applied.

Results

A. baumannii OMPs can induce the production 
of high titers of specific polyclonal IgG 
antibodies

OMPs from A. baumannii were successfully isolated, 
and SDS‒PAGE revealed a single predominant band 
corresponding to the OMPs at approximately 38 
kDa, which is consistent with previous studies [49] 
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(Figure 1(A)). Compared with that in the nonimmu-
nized group, the OMP-specific polyclonal IgG antibody 
titer after three OMP immunizations was greater in the 
OMP-immunized group (Figure 1(B,C)).

High-throughput analysis of the single B-cell 
secretion of OMP-specific mAbs

Biotinylated OMPs (black) and streptavidin-conju-
gated assay beads (gray) were loaded into the channel 
above the NanoPens. Single B-cells secreted antibodies 
(purple and Y-shaped) into the NanoPens, and the 
antibodies that bound to the OMPs were detected 
via fluorescent anti-mouse IgG secondary antibodies 
(green with red asterisks) (Figure 2(A)). Thus, the 
reactive antibodies that diffused out of a pen were 
observed as a bloom of fluorescence (Figure 2(B)). 
Three days after the final booster, plasma cells from 
bone marrow, lymph nodes, and spleen were collected 
from immunized mice. The plasma cells were enriched 
and loaded into the Berkeley Lights Beacon optofluidic 
instrument in supportive medium for cell survival. 
High-throughput single-cell analysis confirmed the 
successful loading of 10,661 cells into individual 
NanoPens on the device chip (Figure S1A). In 
addition, IgG beads were loaded into individual Nano-
Pens on the chip to quantify the number of antibody- 

secreting plasma cells (Figure 2(B), right panel). 
Among the 10,661 cells loaded into NanoPens, 47 
were identified as producing OMP-specific antibodies 
(Figure S1A and Figure 2(B), left panel). Then, PCR 
was performed to amplify both light and heavy chain 
sequences of the 47 single cells derived from the 
Beacon platform (Figure S1B). Despite encountering 
challenges with cDNA amplification of the VH or 
VL genes in exported cells, we ultimately obtained 
information for the genes encoding both the VH and 
VL regions from 24 candidates (Figure S1B).

Using the IMGT database, we conducted a comple-
mentarity-determining region (CDR) analysis and 
identified antibodies, such as B1, F4, H3, F1, F3, D4, 
D6, and A6, with highly similar sequences in the 
CDRs of both VH and VL (Figure 2(C) and Figure 
S1C). Considering the similarity in the VH and VL 
CDRs among the different mAbs, 9 antibodies with 
different VH and VL CDRs were selected for further 
analysis, including F4, A2, B4, C3, G1, G4, H4, G3, 
and E6 (Figure 2(C)). We subsequently analyzed the 
variable region identities and germline characteristics 
of the VH and VL for these antibodies. The VHs of F4, 
A2, B4, and C3 belong to the VH1-18 family, whereas 
their light chains belong to the VK14-126 family 
(Figure 2(C)). In contrast, the VHs of G1 and E6 
belong to the VH1-18-26 and VH5-9-4 families, 

Figure 1. A specific IgG response is efficiently induced in mice via the use of purified OMPs. (A) SDS-PAGE confirmed the presence 
of OMPs isolated from A. baumannii. (B) Schematic of BALB/c mouse immunization. The first dose of OMPs mixed with 50 μL of 
QuickAntibody Mouse3W for BALB/c mouse immunization was injected into the calf muscles of the leg, followed by two more 
doses on days 14 and 21. ELlSA confirmed the presence of anti-OMP antibodies after the third injection. Each mouse received 
a final booster of OMPs intraperitoneally three days prior to Beacon system testing. (C) The titer of OMP-specific polyclonal 
IgG antibodies at serial dilutions of 1:300, 1:900 and 1:2700 in the serum obtained from immunized mice was assessed via 
ELISA. The values represent the means of triplicate technical replicate experiments, with SEMs indicated in the graph, and the 
significant differences in OMP-specific antibody levels compared with those in the non-immunized group are shown. ***, 
P < 0.001; ****, P < 0.0001; unpaired Student’s t test.
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Figure 2. Acquisition of mAbs secreted by single OMP-reactive B cells. (A) Schematic of OMP-specific mAb detection. Left: Bio-
tinylated OMPs (black) with streptavidin conjugated to polystyrene beads (gray). Antibodies (purple, Y-shaped) secreted by single 
B cells were loaded into a single NanoPen, and OMP-specific antibodies were detected with a fluorescent anti-mouse IgG second-
ary antibody (green with red asterisk). Right: Schematic of the antigen-specific reactivities of antibodies secreted by a single B-cell 
in the pen and the fluorescent beads in the channel. (B) An 11k chip loaded with OMP-conjugated beads (left panel) or IgG beads 
(right panel), with a magnified view of a section to highlight the binding between the antibodies and beads over pens with OMP- 
reactive B cells or IgG-reactive B cells. (C) Germline, CDR1, CDR2, and CDR3 nucleotide sequences and variable region identities of 
the heavy or light chains of the recombinant mAbs were analyzed using the IMGT database. Strep-bead: streptavidin-conjugated 
assay beads.
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respectively, and their VLs belong to the VK1-117 and 
VK19-93 families, respectively (Figure 2(C)). The VH 
of antibody G4 is from the VH5-9-4 family, while its 
VL is from the VK12-41 family (Figure 2(C)). The 
VHs of H4 and G3 belong to the VH1-42-1 family, 
whereas their VLs belong to the VK9-124 family 
(Figure 2(C)). Moreover, except the G3 VH 
(89.93%), the VHs presented more than 90% identity 
in their variable regions with respect to their respect-
ive germline genes (Figure 2(C)). Finally, we expressed 
and purified mAbs containing the IgG2a constant 
region (IgG2a mAbs) and the variable region of the 
above selected antibodies in CHO cells (Figure S2).

Binding activity of Omp38-specific mAbs to the 
LAC-4 A. baumannii strain

As one of the major or most studied A. baumannii 
OMPs, Omp38 has been reported to play an important 
role in bacterial adherence to and invasion of host cells 
[1,11,27]. Recombinant Omp38 was expressed and pur-
ified for further investigation of the specificity of the 
above mAbs (Figure 3(A)). ELISAs confirmed the 
high binding affinity of the mAbs, including F4, G1, 
B4, G4, C3, and A2, to Omp38 (Figure 3(B)). However, 
H4, G3, and E6 did not bind to Omp38, indicating their 
likelihood of binding to other OMPs (Figure 3(B)). 
Next, the binding activities of the mAbs with the highly 
virulent A. baumannii strain LAC-4 (ST10 subtype) 
was examined [47]. All of the above Omp38-specific 
mAbs showed affinity for LAC-4, with EC50 values ran-
ging from 1.08 μg/mL to 37.39 μg/mL (Figure 3(C)).

Binding activity of Omp38-specific mAbs to 
clinical A. baumannii strains

Then, we collected 9 clinical A. baumannii strains and 
identified their STs to investigate the abilities of the 
mAbs to bind to strains other than LAC-4. Notably, 
strains 3, 4, 5, 7, and 9 belonged to ST2, whereas 
strains 1, 2, 6, and 8 were identified as belonging to 
ST193, ST205, ST63, and ST584, respectively (Figure 4
(A)). ELISA demonstrated that mAbs F4, A2, C3, G1, 
G4, and B4 demonstrated binding to the 9 clinical 
A. baumannii strains (Figure 4(B)).

Omp38-specific mAbs confer protection against 
lethal A. baumannii infection in mice

To assess the protective efficacy of the mAbs against 
infection by the highly virulent A. baumannii strain 
LAC-4 in mice, animals were intratracheally inocu-
lated with a lethal dose of LAC-4 and promptly treated 
with Omp38-specific mAbs. Then, the survival rate 
was monitored for 72 hours postinfection (Figure 5
(A)). Notably, four out of the six candidate mAbs 
(F4, A2, C3, and G4) protected against LAC-4 

infection, with 50% protection in 4 out of 8 mice, 
75% protection in 6 out of 8 mice, and 62.5% protec-
tion in 5 out of 8 mice (Figure 5(B)). In recent years, 
antibody cocktail therapy has emerged as a more effec-
tive treatment option than single antibody therapy 
because of its advantages, such as an increase in the 
diversity and complexity of the antibodies [50]. Nota-
bly, a two-antibody cocktail (C3 + G4) at a final dosage 
of 15 mg/kg per mouse, that is, 7.5 mg/kg per anti-
body, conferred 100% protection to 8 mice. The 
three-antibody cocktails C3 + G4 + A2 and C3 + G4  
+ F4 at a final dosage of 15 mg/kg (5 mg/kg per anti-
body) conferred 87.5% protection in 6 out of 8 mice 
and 75% protection in 6 out of 8 mice. However, the 
survival curve of the mice treated with the four-anti-
body cocktail (C3 + G4 + A2 + F4) at a final dosage 
of 15 mg/kg (3.75 mg/kg per antibody) did not signifi-
cantly differ from that of the mice treated with the iso-
type control (Figure 5(C)). Since A. baumannii causes 
systemic bloodstream infections [8], we investigated 
the bacterial load in the blood, lungs and kidneys, as 
well as pathological damage to the mouse organs 
(Figure 5(D)). At 24 hours postinfection, the mice 
treated with C3 presented 24-fold, 30-fold, 38-fold 
and 206-fold reductions in bacterial load in the 
blood, liver, kidney and lung, respectively (Figure 5
(E)). To assess the impact of mAb C3 on mitigating 
pathological injury, the lungs, livers and kidneys 
were collected, and H&E staining revealed lower 
lung injury, liver severity and kidney severity scores 
in the C3-treated group than in the isotype control 
group (Figure 5(F)).

The in vitro and in vivo safety of mAb C3 was sub-
sequently confirmed. Flow cytometry analysis revealed 
that C3 did not influence the percentage of late apopto-
tic (Annexin V+7-AAD+) cells or early apoptotic 
(Annexin V+7-AAD-) cells (Figure S3A). A CCK-8 
assay demonstrated that mAb C3 did not influence 
the viability of various cells (293 T cells, RAW264.7 
cells or A549 cells) after treatment with 50 μg/mL for 
different durations (Figure S3B, left) or treatment 
with different concentrations of C3 for 5 hours (Figure 
S3B, right). For toxicity analysis, the mice were treated 
with 15 mg/kg C3 or the same volume of PBS. At 72 
hours postinjection, serum was collected to detect 
serum biochemical indicators, including total 
protein (TP), albumin (ALB), alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), total choles-
terol (TC), alkaline phosphatase (ALP), albumin/globu-
lin (A/G), direct bilirubin (TBIL), urea (UREA), serum 
creatinine (SCR), glucose (GLU), creatine kinase (CK) 
and triglyceride (TG) levels. In addition, the liver, kid-
ney, intestine, lung, spine, brain, spleen and heart were 
collected to detect pathological changes. The results 
revealed that after treatment with C3, there were no 
changes in the biochemical indicators or pathological 
damage to the organs (Figure S3C and Figure S3D).
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Figure 3. Binding capacity of mAbs to Omp38 and LAC-4. (A) SDS-PAGE confirmed the expression of recombinant Omp38. To 
facilitate purification by affinity chromatography, 1 additional methionine and 6 histidine tags were added to the recombinant 
Omp38, resulting in an Omp38 that is 972.05 Da larger than the native state. (B) ELISA assessment of the reactivities of the 
mAbs to Omp38. (C) Binding capacity of mAbs to A. baumannii strain LAC-4. Curves were fitted using 4-parameter nonlinear 
regression. The means ± SEMs are shown, with n = 3 technical replicates for (B) and (C).
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Omp38-specific mAbs provide protection 
against sublethal A. baumannii infection in 
mice

The effectiveness of the mAbs was also evaluated in an 
aspiration pneumonia model, which closely mimics the 
typical clinical manifestations of A. baumannii infec-
tion and is another clinically relevant in vivo model 
(Figure 6(A)). Importantly, at 24 hours postinfection, 
the 5 mice treated with C3 or G4 presented 2885-fold 
or 857-fold reductions in the lung bacterial load of 
LAC-4, respectively, compared with that in the mice 
treated with the isotype control mAb, whereas treat-
ment with F4 or A2 resulted in an approximately 
100-fold reduction (Figure 6(B)). An increase in the 
severity of inflammation with leukocyte infiltration 
and a cytokine burst were observed after 
A. baumannii infection [41,51]. Then, to assess the 
potential anti-inflammatory effects of the Omp38- 
specific mAbs, their impact on intrapulmonary cyto-
kine concentrations was investigated. Treatment with 
Omp38-specific mAbs led to a significant reduction 
in the levels of proinflammatory cytokines (IL-6 and 
TNF-α) and the anti-inflammatory cytokine IL-10, 
which correlated with reduced bacterial loads (Figure 
6(C)). Flow cytometry analysis further revealed reduced 
infiltration of immune cells, including total leukocytes 
(CD45+ cells), neutrophils (CD45+ Ly6G+ cells), mono-
nuclear macrophages/monocytes (CD45+ F4/80+ cells), 
and CD4+ T cells (CD45+ CD4+ cells), into the lungs of 

the mAb-treated mice (Figure 6(D) and Figure S4). To 
assess the potential of using the mAbs to mitigate lung 
pathology, lungs were collected 24 hours postinfection 
for H&E staining. The results showed that Omp38- 
specific mAbs reduced inflammatory cell infiltration 
and alveolar wall thickening, ultimately mitigating 
damage to the lung tissue structure (Figure 6(E)). 
Lung injury was scored 24 hours postinfection, and 
mice treated with Omp38-specific mAbs presented 
lower scores than did the mice treated with the isotype 
controls (Figure 6(E)), suggesting that Omp38-specific 
mAbs reduce damage to the lung tissue structure.

Protective mechanism of Omp38-mAb C3 
against A. baumannii infection

Epithelial cells constitute the first line of defense for 
immune protection in the host. A. baumannii biofilms 
promote the adherence and colonization of the bacteria 
on the surface of respiratory epithelial cells, resulting in 
intracellular proliferation and the death of host cells 
[11,52]. Since Omp38 has been reported to play impor-
tant roles in adherence, intracellular proliferation, and 
biofilm formation [11,52,53], we explored the impact 
of C3 on the pathobiology of A. baumannii. Compared 
with the isotype control, C3 inhibited the biofilm for-
mation, adherence and intracellular proliferation of 
A. baumannii (Figure 7(A–C)).

Antibody-dependent cellular phagocytosis (ADCP) 
is an immunological mechanism of elimination 

Figure 4. Binding capacity of mAbs to clinical A. baumannii strains. (A) Identification of the STs of 9 clinical strains. (B) Binding 
activity of F4, A2, C3, G1, B4, and G4 to clinical A. baumannii strains. The means ± SEMs are shown, with n = 3 technical replicates.
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Figure 5. mAbs significantly increased the survival rate after lethal infection caused by the highly virulent A. baumannii LAC-4 
strain. (A) Schematic of Omp38-specific mAb treatment of model mice with lethal LAC-4 infection. Eight mice were noninvasively 
intratracheally inoculated with a lethal dose (1.4 × 107 CFU) of LAC-4 and immediately treated with 15 mg/kg mAbs (F4, A2, C3, or 
G4), the isotype control mAb or a mixture of mAbs. Survival status was monitored for 72 hours after infection. (B) Kaplan-Meier 
survival curve of infected mice treated with a single mAb versus isotype controls (n = 8 in each group, biological replicates). (C) 
Kaplan-Meier survival curve of infected mice treated with a mixture of mAbs versus isotype controls (n = 8 in each group, biologi-
cal replicates). (D) Schematic of mAb C3 treatment of model mice with lethal LAC-4 bloodstream infection. Five mice were non-
invasively intratracheally inoculated with a lethal dose (1.4 × 107 CFU) of LAC-4 and immediately treated with 15 mg/kg mAb C3 or 
isotype control. Blood, liver, kidney and lung samples were collected 24 hours after infection, and H&E staining and pathological 
scoring were subsequently conducted. (E) The bacterial load was quantified via the serial dilution method. The results are pre-
sented as log10 CFU per gram (n = 5 in each group, biological replicates). (F) Representative H&E staining images of the lung, 
liver and kidney 24 hours postinfection (n = 5 in each group, biological replicates). The lung injury, liver severity and kidney sever-
ity scores were assessed in a double-blinded manner (n = 5 in each group, biological replicates). Survival curves were compared 
via the log-rank (Mantel-Cox) test. Isotype data were the same among the different panels. Comparisons of bacterial loads 
between the groups were carried out via unpaired Student’s t test. Comparisons of pathological scores between the groups 
were carried out via the Kruskal-Wallis nonparametric test and Dunn’s post hoc test. The means ± SEMs are shown. *, P < 0.05; 
**, P < 0.01; ****, P < 0.0001. Blank refers to healthy mice that were not infected. h: hours.
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whereby infected cells are targeted by mAbs to pro-
mote their clearance from the body by phagocytic 
immune cells such as macrophages [54]. A previous 
study revealed that macrophages play an important 
role in early host defense against A. baumannii infec-
tion through efficient phagocytosis and killing of 
A. baumannii [55]. Therefore, we investigated the 
role of C3 in ADCP. Macrophage uptake of the hyper-
virulent A. baumannii strain LAC-4 increased in the 
presence of mAb C3 at MOIs of 3 and 30 but did 
not differ at MOIs 300 and 3000 (Figure 7(D)). 
These results confirmed the role of C3 in antibacterial 
sterilization via the induction of ADCP.

Analysis of the Omp38-mAb C3 binding 
conformation to explore the potential 
mechanism of the broad-spectrum binding 
activity of mAb C3

We chose mAb C3 for analysis of the antigen – anti-
body binding conformation because of its superior 
in vivo efficacy and ability to bind A. baumannii 
strains from diverse sources. Using AlphaFold 3 and 
GeoBiologics, the binding between mAb C3 and the 
A. baumannii reference strain from NCBI GenBank 
(ATG88079.1) was predicted, which suggested that 
C3 might bind the extracellular domain of Omp38 
(Figure 8(A)). In addition, 3 loop structures in this 

domain were identified (Figure 8(A,B)). The residues 
in the 3 loops of the various A. baumannii strains, 
including the reference strain, LAC-4, and the above 
9 clinical strains, were subsequently extracted and 
aligned. Notably, some A. baumannii strains, such as 
strains 2 and 6, presented identical loop structures; 
thus, subsequent analyses of these strains were con-
ducted together (Figure 8(C)). The 11 strains were 
ultimately divided into 5 groups, from which 5 bind-
ing conformations were identified on the basis of 
homology modeling. To explore whether the changes 
in the loops influence the binding affinity of C3, 10 
ns of molecular dynamics simulations were performed 
for each complex, and CHARMM tools in Discovery 
Studio 2.5 were used to calculate the binding energy 
between C3 and different strains of A. baumannii. 
Notably, C3 exhibited similar interaction energies 
for the 11 strains from diverse sources (Figure 8(D)), 
which was consistent with the ELISA results (Figure 
4(B)), indicating the broad-spectrum binding activity 
of C3.

The 5 binding conformations were further analyzed 
by structural alignment with a focus on the inter-
actions between the 3 loop regions of the 
A. baumannii strains mentioned above and the CDR 
of C3. Since hydrogen bonds are, in most cases, critical 
for high-specificity and high-affinity antigen‒antibody 
interactions [56,57], we used the reference strain as an 

Figure 5. Continued
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example and highlighted the crucial hydrogen bonds 
involved in the interactions between the CDRs of the 
light and heavy chains and loop regions on the basis 
of their 3D spatial structure (Figure 8(A)). After con-
formational overlap and alignment of the 5 binding 
conformations, we found that each loop contained 
several key residues whose side chains contributed to 
the formation of hydrogen bonds between the antigen 
and the mAb (Figure 8(E)). Several key residues were 

highly conserved in the 5 binding conformations, 
including N23 and E35 in loop 1, D68 in loop 2, and 
D116 in loop 3 (Figure 8(E)). Although the other 
key residues varied among the different strains, they 
still participate in crucial hydrogen bonds for antibody 
binding. For example, when T122 in loop 3 was 
mutated to Y122, hydrogen bonds could still form 
between the hydroxyl group and the corresponding 
residue of the antibody (Figure 8(E)). This conserved 

Figure 6. mAbs decreased the bacterial load, inflammatory response and degree of lung injury upon sublethal infection with the 
LAC-4 strain. (A) Schematic of Omp38-specific mAb treatment of model mice with sublethal LAC-4 infection. The mice were non-
invasively inoculated intratracheally with a sublethal dose (1.0 × 106 CFU) of LAC-4 and then treated intravenously with F4, A2, C3, 
G4 or an isotype control mAb. (B) The bacterial load was quantified by the serial dilution method. The results are presented as 
log10 CFU per gram of lung (n = 5 in each group, biological replicates). (C) ELISA results showing the changes in the levels of 
cytokines in the lungs of the isotype control and infected mice (n = 5 in each group, biological replicates). (D) Flow cytometry 
analyses showing the percentages of total leukocytes, neutrophils, macrophages/monocytes, and CD4+ T cells (n = 5 in each 
group, biological replicates). (E) Representative H&E-stained sections of lung tissues 24 hours postinfection and the lung injury 
scores (n = 5 in each group, biological replicates). Comparisons between the isotype control and Omp38-specific mAb-treated 
groups were carried out via one-way ANOVA and Tukey’s multiple comparisons test. Comparisons of the lung injury scores 
between the groups were carried out via the Kruskal-Wallis nonparametric test and Dunn’s post hoc test. The means ± SEMs 
are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Blank refers to healthy mice that were not infected. h: hours.
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binding modality may explain the broad-spectrum 
binding activity of C3.

Discussion

In this study, we obtained several mAbs targeting the 
OMPs of A. baumannii using a high-throughput 
approach based on the Beacon platform. After 
Omp38-specific mAbs were identified, their binding 
activities with A. baumannii strains from diverse 
sources and their therapeutic efficacy in lethal and 
sublethal LAC-4 infection models were confirmed. 
Finally, we explored the potential mechanism by 
which C3 exhibits broad-spectrum binding.

Quality control was included during mAb pro-
duction. Mouse immunization was performed in strict 
accordance with the instructions of the QuickAnti-
body Mouse3W (Biodragon, KX0210042), and the 
production of mAbs from immunized mice was 
confirmed via ELISA (Figure 1(C)). Before the Beacon 
on-chip assay, biotin detection was performed for 
quality control of the biotinylated OMPs, and the 

results revealed that the OMPs were successfully 
labeled with biotin (Figure S5A). After the biotinylated 
OMPs were coupled to streptavidin-coated assay 
beads at 4°C overnight according to the Validation 
of Biotinylated Soluble Antigen Beads Protocol 
(MAN-000034), immunofluorescence was detected 
for quality control of the conjugated beads, and the 
results confirmed that the biotinylated OMPs were 
conjugated to the streptavidin-coated assay beads 
(Figure S5B). During the on-chip assay, the IgG 
beads were loaded into individual NanoPens on the 
chip to quantify the number of antibody-secreting 
plasma cells (Figure 2(B), right panel). Both OMP- 
reactive and IgG-reactive B cells were exported for 
further study to avoid false-positive results. Amplifica-
tion of the VH and VL genes from the isolated cells 
was conducted in a strict ribonuclease (RNase)-free 
environment. For quality control of mAb expression 
and purification, ExpiCHO cells with a viable cell den-
sity greater than 50% and a cell viability rate greater 
than 60% were collected on the fifth day after mAb 
expression vector transfection. After purification, the 

Figure 7. mAb C3 inhibited bacterial adhesion, intracellular proliferation, and biofilm formation and induced antibacterial ster-
ilization. (A) Adherence of A. baumannii ATCC 17978 in the presence of the mAb C3 or the isotype control. A549 cells were infected 
with A. baumannii at an MOI of 1:100, and the mAb C3 or isotype control was added to the cell culture at the same time. The 
degree of bacterial adherence to A549 cells was quantified via the serial dilution method after the removal of external nonadher-
ent bacteria. (B) Intracellular proliferation of A. baumannii ATCC 17978 in the presence of the mAb C3 or the isotype control. A549 
cells were infected with A. baumannii at an MOI of 1:100, and the mAb C3 or isotype control was added to the cell culture at the 
same time. The intracellular proliferation rate (Ipro) was determined by calculating the number of viable intracellular bacteria 
present at 24 hours to those present at 4 hours postinfection. (C) Biofilm formation by ATCC 17978 in the presence of the 
mAb C3 or the isotype control. A total of 1.0 × 107 CFU/mL A. baumannii and mAb or isotype control were coincubated for 26 
hours at 37°C. The formed biofilm was then fixed with methanol for 20 minutes and stained with 0.1% crystal violet for 30 minutes. 
After washing with physiological saline, 95% ethanol was added to loosen the biofilm. Finally, the absorbance was measured at 
600 nm via a microplate reader. (D) Opsonophagocytosis assay of C3 and the isotype control at different MOIs. A. baumannii strain 
LAC-4 was incubated with palmitoyl-2-cysteine-serine-lysine-4 (Pam2CSK4)-stimulated RAW264.7 cells at different MOIs (1:3, 1:30, 
1:300, and 1:3000), and mAb C3 or an isotype control was added to the cell culture at the same time. After 5 hours of incubation 
with gentle shaking, the bacteria in the supernatant were verified via the serial dilution method. Each assay was performed in 
triplicate, and all the data are presented as the means ± SEMs from three independent experiments. Comparisons of bacterial 
loads between the groups were carried out via unpaired Student’s t test. ns: not significant; *, P < 0.05; **, P < 0.01; ***, 
P < 0.001; ****, P < 0.0001.
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Figure 8. Predicted interaction between mAb C3 and A. baumannii. (A) Predicted binding between mAb C3 and the A. baumannii 
reference strain modeled by AlphaFold 3 and GeoBiologics. *, The side chain participates in hydrogen bonds; #, a group on the 
main protein chain participates in hydrogen bond formation. (B) The three loop regions of the Omp38 extracellular domain pre-
dicted by Discovery Studio 2.5. Loop 1, loop 2 and loop 3 are shown in blue, yellow, and pink, respectively. (C) Alignment of the 
loop region sequences from different strains on the basis of 3D structure by Discovery Studio 2.5 (Accelrys Software, Inc.). The key 
amino acids involved in antigen-antibody binding are labeled in red. (D) The binding energy between C3 and different strains of 
A. baumannii was calculated using CHARMM with the tools implemented in Discovery Studio 2.5 (Accelrys Software, Inc.). (E) 
Identification of the key residues in the 5 binding conformations by Discovery Studio 2.5 (Accelrys Software, Inc.). The key residues 
are shown in red. Group 1: reference strain, strain 3, strain 4, strain 5, strain 7, and strain 9. Group 2: LAC-4. Group 3: strain 1. Group 
4: strain 2 and train 6. Group 5: strain 8.
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yield of the mAbs was determined by a BCA protein 
concentration determination kit (Beyotime, P0012), 
and the purity of the mAbs was validated via SDS‒ 
PAGE (Figure S2). We also confirmed that the effect 
of the mAbs was stable. In this study, mAb C3 showed 
the best protective effect in both lethal and sublethal 
A. baumannii infection models, as well as high bind-
ing affinity for Omp38. In addition, we constructed a 
lethal A. baumannii infection model and confirmed 
the strong protective effect of C3. These results indi-
cated that the effects of the mAbs were stable.

A. baumannii has emerged as a global concern 
because of its high virulence and pathogenicity; how-
ever, addressing antimicrobial resistance through the 
use of mAbs against this pathogen has become a com-
mon strategy. Recent studies have targeted Omp38 for 
developing antibodies against A. baumannii infection, 
although some limitations remain. Omid Yeganeh 
et al. utilized a peptide derived from A. baumannii 
Omp38 conjugated to keyhole limpet hemocyanin 
(KLH) for mouse immunization, resulting in IgG1 
mAbs produced by hybridoma [39,58]. Although 
they validated the effects of the mAb in vitro, they 
did not explore its protective efficacy in animal 
models. In our study, both in vitro and in vivo exper-
iments were conducted to confirm that Omp38- 
specific mAbs protected against lethal and sublethal 
A. baumannii infections. Research has demonstrated 
that mouse IgG1 binds only to the FcγRIIB and 
FcγRIII receptors [59], whereas mouse IgG2a mAbs 
can bind to the FcγRI, FcγRIIB, FcγRIII, and FcγRIV 
receptors [59]. Furthermore, mouse FcγRI and 
FcγRIV are expressed predominantly on monocytes 
and macrophages and exhibit high affinity interactions 
with IgG2a mAbs [59], which are crucial in 
A. baumannii infection. Thus, Omid Yeganeh et al. 
reported that IgG1 mAbs may result in unpredictable 
therapeutic effects in vivo. To validate our hypothesis, 
paired VH and VL sequences of selected mAbs, 
including F4, A2, C3, and G4, were codon optimized, 
synthesized by Shenggong Biotech, and cloned and 
inserted into separate mammalian expression vectors 
containing constant mouse IgG1 regions (Figure 

S6A). We constructed a model of lethal LAC-4 infec-
tion under the same conditions as those used for the 
IgG2a-treated mice and treated the mice with 15 
mg/kg IgG1 mAbs (Figure S6B). Notably, 3 out of 
the 4 candidate mAbs (F4, C3, and G4) delayed 
mouse death, whereas A2 did not have a protective 
effect against LAC-4 infection. Interestingly, a two- 
antibody cocktail (C3 + G4) at a final dosage of 15 
mg/kg per mouse (7.5 mg/kg per antibody), resulted 
in a 16.7% survival rate (1 out of 6 mice) (Figure 
S6C). These results explained why IgG2a mAbs were 
chosen for our study. Hamideh Barati et al. generated 
immune serum through subcutaneous Omp38 immu-
nization in mice, demonstrating the safety and efficacy 
of the antiserum in terms of bacterial killing, biofilm 
inhibition, and suppression of bacterial adhesion and 
intracellular proliferation [11]. However, their 
research developed mAbs, whereas our research ident-
ified mAbs targeting Omp38 in a high-throughput 
manner and validated their protective effects in vitro 
and in vivo.

The mechanisms of mAb-mediated protection 
against A. baumannii infection are not fully under-
stood. Omp38-specific mAbs may activate Fcγ recep-
tors on innate immune cells to trigger antibody 
effector functions other than ADCP, such as anti-
body-dependent cell-mediated cytotoxicity (ADCC), 
which refers infected cells coated with Omp38-specific 
mAbs being killed by effector cells of the immune sys-
tem, such as NK cells [60]. In addition, Omp38- 
specific mAbs may also activate the complement cas-
cade pathway to exert complement-dependent cyto-
toxicity (CDC) [61]. After the mAbs bound Omp38, 
the interaction between the crystallizable fragment 
(Fc) of the antibody and the first subcomponent of 
the C1 complement complex (C1q) activates the clas-
sical complement pathway, and the formation of the 
membrane attack complex (MAC) leads to the lysis 
of A. baumannii-infected cells [61].

While the Berkeley Lights Beacon platform offered 
significant advantages for rapid antibody isolation in 
this study, addressing its biological and technological 
limitations is essential. The platform’s nanochip can 

Figure 8. Continued.
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accommodate only 11,000 cells, which represents only 
a fraction of the total plasma cells isolated. The limited 
nanochip capacity restricts the throughput of single- 
cell analysis and reduces the probability of isolating 
antigen-specific B cells with very low frequency. 
Using nanochips accommodating more cells may 
solve this problem. Cell viability also plays an impor-
tant role in the on-chip assay. The stability of RNA in 
plasma cells with low viability was reduced, which led 
to decreased VH and VL gene amplification efficiency. 
Therefore, shortening the time of the on-chip assays 
or developing more efficient culture media may solve 
these technical problems.

It has been reported that Omp38 is highly conserved 
in different A. baumannii strains [38], and our bioinfor-
matic analysis results indicated the conservation of 
antibody binding epitopes among different strains, 
suggesting the broad effects of these mAbs. The pre-
dicted conformational epitopes of the mAbs in this 
study need further validation through more exper-
iments, such as high-resolution cryo-EM analysis [50].

Conclusion

In conclusion, our study successfully identified 9 
mAbs targeting OMPs in a high-throughput manner, 
6 of which were Omp38-targeted mAbs that potently 
and broadly bound to 10 A. baumannii strains, and 
4 of which could protect mice from infection. These 
findings provide new perspectives for the treatment 
of A. baumannii infection.

Future perspectives

With the development of genetic engineering technol-
ogy, the humanization of mouse monoclonal anti-
bodies has become an important approach to treat 
clinical diseases [62]. Transplanting the CDR region 
of nonhuman antibodies onto the framework region 
of human antibodies is a common method for prepar-
ing humanized antibodies [63,64]. Owing to the invol-
vement of mouse hypervariable regions in the human 
antibody framework, 95% of these hybrid mAbs are 
human, with low immunogenicity and high affinity 
[62,65]. Future work will focus on their humanization, 
assessing their toxicity, generating a stably transfected 
master cell-bank clone, and establishing good manu-
facturing practice (GMP) production.
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