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ABSTRACT Pseudomonas aeruginosa causes life-threatening infections that are associ-
ated with antibiotic failure. Previously, we identified the antibiotic G2637, an analog of
arylomycin, targeting bacterial type I signal peptidase, which has moderate potency
against P. aeruginosa. We hypothesized that an antibody-antibiotic conjugate (AAC)
could increase its activity by colocalizing P. aeruginosa bacteria with high local concen-
trations of G2637 antibiotic in the intracellular environment of phagocytes. Using a
novel technology of screening for hybridomas recognizing intact bacteria, we identi-
fied monoclonal antibody 26F8, which binds to lipopolysaccharide O antigen on the
surface of P. aeruginosa bacteria. This antibody was engineered to contain 6 cysteines
and was conjugated to the G2637 antibiotic via a lysosomal cathepsin-cleavable linker,
yielding a drug-to-antibody ratio of approximately 6. The resulting AAC delivered a
high intracellular concentration of free G2637 upon phagocytosis of AAC-bound P. aer-
uginosa by macrophages, and potently cleared viable P. aeruginosa bacteria intracellu-
larly. The molar concentration of AAC-associated G2637 antibiotic that resulted in
elimination of bacteria inside macrophages was approximately 2 orders of magnitude
lower than the concentration of free G2637 required to eliminate extracellular bacteria.
This study demonstrates that an anti-P. aeruginosa AAC can locally concentrate antibi-
otic and kill P. aeruginosa inside phagocytes, providing additional therapeutic options
for antibiotics that are moderately active or have an unfavorable pharmacokinetics or
toxicity profile.

IMPORTANCE Antibiotic treatment of life-threatening P. aeruginosa infections is asso-
ciated with low clinical success, despite the availability of antibiotics that are active
in standard microbiological in vitro assays, affirming the need for new therapeutic
approaches. Antibiotics often fail in the preclinical stage due to insufficient efficacy
against P. aeruginosa. One potential strategy is to enhance the local concentration of
antibiotics with limited inherent anti-P. aeruginosa activity. This study presents proof
of concept for an antibody-antibiotic conjugate, which releases a high local antibi-
otic concentration inside macrophages upon phagocytosis, resulting in potent intra-
cellular killing of phagocytosed P. aeruginosa bacteria. This approach may provide
new therapeutic options for antibiotics that are dose limited.
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Infections caused by Gram-negative Pseudomonas aeruginosa bacteria, in particular
pulmonary and bloodstream infections, are associated with antibiotic failure and

high mortality (1–4), which is further complicated by the emerging spread of multi-
drug-resistant (MDR) P. aeruginosa (3–6). In 2017, the World Health Organization cate-
gorized MDR P. aeruginosa as a “critical threat” pathogen (7). A 2019 CDC report esti-
mated 32,600 cases of infection and 2,700 deaths in the United States per year caused
by MDR P. aeruginosa infections (8). During chronic infections, P. aeruginosa undergoes
significant morphologic and phenotypic changes, contributing to reduced efficacy of
current antibiotics. P. aeruginosa isolates from cystic fibrosis patients are highly
adapted to their local environment and even diversify within different regions of the
lung with respect to antibiotic sensitivity (9). Antibiotics that are clinically used for the
treatment of P. aeruginosa infections are often dose limited (3) and may not achieve
sufficient local concentrations at the site of infection. Identification of strategies to
increase local antibiotic concentrations may enable more effective clearance.

Antibody-drug conjugates (ADC) represent a clinically proven approach to selec-
tively deliver high concentrations of cytotoxic drugs to the local environment of tumor
cells (10, 11). Based on this technology, we previously generated an antibody-antibiotic
conjugate (AAC) molecule against the Gram-positive organism Staphylococcus aureus
(12). The anti-S. aureus AAC contains an antibody recognizing wall teichoic acid at the
surface of S. aureus, a linker that can be cleaved by lysosomal cathepsins, and a rifamy-
cin analog antibiotic (12). It was proposed that this AAC could eradicate extracellular S.
aureus bacteria through phagocytosis followed by intracellular killing, and also elimi-
nate preexisting intracellular reservoirs of bacteria. This AAC killed S. aureus intracellu-
larly in macrophages, was efficacious in a mouse infection model (12), and has been
tested in a phase I clinical trial (13). Thus, the AAC represents a potential novel thera-
peutic modality that could be used for infections that are difficult to treat with stand-
ard antibiotics.

In this study, we describe a proof of concept for an AAC molecule with potent activ-
ity against P. aeruginosa inside macrophages. The proposed mechanism of action of
the AAC includes binding to the bacterial surface via the antibody portion, phagocyto-
sis of AAC-bound bacteria, intracellular cleavage of the linker by cathepsins, and killing
of the internalized bacteria by the AAC antibiotic released inside phagocytes. To what
extent intracellular reservoirs contribute to human P. aeruginosa infections is currently
unclear. The purpose of this anti-P. aeruginosa AAC is not to eradicate preexisting intra-
cellular reservoirs, but rather to bring extracellular P. aeruginosa bacteria and the AAC
molecule into the intracellular environment of phagocytic cells, to colocalize these bac-
teria with a high local concentration of free antibiotic and enable efficient killing. We
hypothesized that this could enhance the anti-P. aeruginosa activity of an antibiotic
which has moderate anti-P. aeruginosa activity as a free molecule. We observed that,
after phagocytosis of AAC-bound P. aeruginosa bacteria, the AAC delivered a high in-
tracellular concentration of the free antibiotic in macrophages, which was associated
with efficient intracellular clearance of the P. aeruginosa bacteria. This study presents
the second example of an active antibacterial AAC, which contains a different antibody
and a different antibiotic and is directed to a different pathogen compared to the anti-
S. aureus AAC. The current data show that a modestly active antibiotic can be potenti-
ated by being concentrated in the intracellular environment of phagocytes, providing
potential therapeutic applications for the treatment of recalcitrant infections.

RESULTS
Identification and characterization of anti-P. aeruginosa MAb 26F8. To identify

the monoclonal antibody (MAb) portion of the AAC molecule, we screened for anti-
bodies capable of binding highly abundant P. aeruginosa surface antigens. A high anti-
gen density leading to a high level of antibody binding is desirable, since the number
of AAC molecules bound to the bacterial surface can be predicted to be proportional
to the concentration of antibiotic molecules delivered intracellularly by the AAC.
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Sprague-Dawley rats were immunized by injections with live P. aeruginosa PA14 bacte-
ria, followed by sequential boosters with recombinant P. aeruginosa OprF, which is
known to be an abundant, conserved, and immunogenic P. aeruginosa outer mem-
brane protein (14) (Fig. 1A). Hybridoma cells from immunized rats were sorted based
on their capacity to bind intact fluorescent P. aeruginosa PA14 bacteria (Fig. 1A and B).
This procedure yielded 476 sorted hybridomas; 102 of these were found to produce
IgG, which were then subjected to purification. Of these purified IgG preparations, 5
showed binding to intact PA14 bacteria, as determined by flow cytometry. MAb 26F8
was selected, as it demonstrated the highest level of binding to intact PA14, repre-
sented by an approximately 3-log shift in fluorescence from background (Fig. 1C and
D, left). As controls, isotype-matched anti-S. aureus MAb 4497 (12, 15) and anti-cyto-
megalovirus glycoprotein D (gD) (12) showed no binding to intact PA14 bacteria
(Fig. 1C and D). MAb 26F8, as well as the other IgGs able to bind intact PA14 WT,
showed a similar level of binding to intact PA14 DoprF mutant bacteria (Fig. S1). This
indicated that the antigen recognized by MAb 26F8 was not OprF.

To further characterize MAb 26F8, we sought to identify the antigen by using bio-
chemical and genetic approaches. Treatment of PA14 lysates with proteinase K prior to
Western blotting did not abolish antigen recognition by MAb 26F8, suggesting that its
antigen is not proteinaceous (Fig. 1E, left and middle). Furthermore, Western blot anal-
ysis revealed that the antigen recognition by MAb 26F8 resembled a ladder pattern in-
dicative of lipopolysaccharide (LPS) with O antigen (16) (Fig. 1E, middle). LPS O antigen
of P. aeruginosa is known to display significant serotype variability (17, 18). We deter-
mined the LPS O-antigen serotypes of P. aeruginosa strains PA14 and PAO1 and
observed them to be different (O10 and O5, respectively). Consistent with this, MAb
26F8 was unable to bind to lysates of strain PAO1 by Western blotting (Fig. 1E, middle)
or intact PAO1 bacteria by flow cytometry (see Fig. S1 in the supplemental material).
To genetically confirm the possibility that MAb 26F8 recognized LPS O antigen, we
tested the reactivity of MAb 26F8 with a P. aeruginosa PA14 mutant strain lacking orfN.
The orfN gene shares 66% identity with the P. aeruginosa PAO1 wbpL gene, which is
required for LPS O-antigen assembly (19). MAb 26F8 did not bind the PA14 DorfN mu-
tant strain, while binding was rescued by complementation with a plasmid expressing
the orfN gene, as determined by flow cytometry using intact bacteria (Fig. 1D, middle
and right) and by Western blotting using lysates (Fig. 1E, right). Together, these data
support the conclusion that MAb 26F8 recognizes the LPS O antigen at the surface of
P. aeruginosa PA14 bacteria.

Generation of the anti-P. aeruginosa AAC 26F8-cBuCit-G2637. After having iden-
tified MAb 26F8 recognizing intact P. aeruginosa PA14 bacteria, we re-engineered this
MAb to contain 6 unpaired cysteines and conjugated it to a chemically synthesized
linker-antibiotic molecule, in order to generate the AAC molecule. As the linker, we
used cyclobutane-1,1-dicarboxamide citrulline (cBuCit), which is cleavable by lysoso-
mal cathepsins and which enables release of unaltered drug molecules (20, 21). As the
antibiotic, we used G2637, a close analog of the synthetic arylomycin derivative G0775,
which targets the essential type I signal peptidase LepB of Gram-negative bacteria (22).
As a free antibiotic, G2637 exhibited moderate anti-P. aeruginosa activity, as demon-
strated by a MIC of 2.0mM for wild-type (WT) PA14 in broth at pH 7 (Table S1). Free
G2637 retained potency against PA14 at pH 5 (Table S1), which is relevant for the
mechanism of action of the AAC, since the antibiotic is to be released in the acidic
environment of the phagolysosome. Given that G2637 showed only moderate activity
against P. aeruginosa as free antibiotic, we hypothesized that incorporation into an
AAC molecule could enhance its local intracellular concentration to enable efficient
killing of P. aeruginosa in the intracellular environment. Conjugation enabled the gen-
eration of the 26F8-cBuCit-G2637 AAC molecule (Fig. 2A), which exhibited an average
drug-to-antibody ratio (DAR) of approximately 6, as confirmed by liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) (Table 1).

Requirement of linker cleavage for anti-P. aeruginosa activity of AAC molecules.
Next, to investigate whether antibacterial activity of the 26F8-cBuCit-G2637 AAC
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FIG 1 Generation and characterization of MAb 26F8 recognizing LPS O antigen on P. aeruginosa bacteria. (A)
Schematic of the immunization and sorting procedure. Rats were immunized with P. aeruginosa PA14 bacteria and
boosted with OprF beta-barrel protein reconstituted in amphipols. Rat lymph nodes were harvested, and purified B
cells were fused with Sp2ab cells to generate hybridomas, which were subjected to fluorescence-activated cell sorting
(FACS) based on binding to GFP-labeled P. aeruginosa PA14. Supernatants were purified, and clones were selected
based on positive binding to whole P. aeruginosa bacteria, as determined by FACS. (B) FACS sorting profile of rat
hybridomas to select P. aeruginosa-binding antibodies. Rat hybridoma cells were incubated with fluorescent anti-rat
IgG antibodies and with P. aeruginosa PA14 bacteria expressing GFP and were sorted from the IgG1 PA141 gate

(Continued on next page)
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required cleavage and release of free G2637, we incubated P. aeruginosa PA14 WT bac-
teria with AAC molecules that had been treated with purified cathepsin B. Untreated
26F8-cBuCit-G2637 AAC did not inhibit growth of P. aeruginosa in broth (Table 1).
Cathepsin B treatment of either 26F8-cBuCit-G2637 AAC or 4497-cBuCit-G2637 AAC,
which contains the anti-S. aureus MAb 4497, resulted in growth inhibition of P. aerugi-
nosa, the MIC of AAC-released G2637 for PA14 WT in broth being similar to that of free
G2637 antibiotic (Table 1). In contrast, cathepsin B treatment of 26F8-DCit-G2637 AAC,
which contains the noncleavable DCit linker, did not lead to growth inhibition of P. aer-
uginosa (Table 1). These data demonstrated that linker cleavage is required for anti-P.
aeruginosa activity of the AAC and that the G2637 antibiotic retained its antibacterial
activity after being released from the AAC.

Anti-P. aeruginosa AAC delivers a high intracellular concentration of free
antibiotic. Since an important component of the proposed mechanism of action of AAC
involved the intracellular accumulation of released antibiotic, we measured the intracel-
lular concentration of free G2637 antibiotic that could be delivered by AAC cleavage
inside macrophages. P. aeruginosa PA14 WT bacteria were incubated with 26F8-cBuCit-
G2637 AAC and added to RAW264.7 macrophages, followed by removal of extracellular
bacteria and quantification of levels of free G2637 antibiotic in macrophage lysates by
mass spectrometry. A significant amount of free G2637 was detected in the macrophage
lysates immediately after phagocytosis, which further increased during prolonged incu-
bation (Fig. 2B). These data indicate that cleavage of the AAC linker had rapidly started
during phagocytosis of bacteria and continued thereafter. No extracellular free G2637
antibiotic was detectable in the cell supernatant (Fig. 2B), indicating that intracellular
free G2637 remained well retained inside the macrophages and did not diffuse out of
the cells. In addition, no intracellular free G2637 antibiotic was detected when the non-
cleavable AAC 26F8-DCit-G2637 (Fig. 2B) was used, confirming the requirement of linker
cleavage for the intracellular release of free antibiotic.

To estimate intracellular molar concentrations of G2637 in macrophages, we then con-
verted the lysate values, which were expressed in picomoles per well (Fig. 2B), by using
estimated cell volumes. These calculations revealed that the 26F8-cBuCit-G2637 AAC deliv-
ered an estimated intracellular concentration of free G2637 antibiotic of 5.86 1.2mM
(mean6 standard deviation [SD]) in macrophages immediately after 30min of phagocyto-
sis, which subsequently increased to 11.66 2.3mM and 16.06 1.6mM during 1 h and 2 h
of incubation postphagocytosis, respectively. Since 100 nM extracellular AAC had been
added at the start of the experiment, which given its DAR of 6 corresponded to a concen-
tration of G2637 antibiotic of 600nM, these data indicated that the AAC had locally
increased the concentration of G2637 by approximately 26-fold within the intracellular
environment. The estimated AAC-released intracellular free G2637 concentrations were
well above the MIC of G2637 for P. aeruginosa PA14 WT (Table S1). Together, these data
demonstrated that the 26F8-cBuCit-G2637 AAC molecule delivered and maintained a high
concentration of free antibiotic inside macrophages upon intracellular cleavage.

FIG 1 Legend (Continued)
(yellow; upper right quadrant). (C) Intact P. aeruginosa PA14 WT bacteria were incubated with MAbs and fluorescently
labeled anti-human secondary antibodies, followed by determination of the mean fluorescence intensity (MFI; arbitrary
units) by flow cytometry. Rat MAb 26F8, engineered with human Fc (red circles), showed dose-dependent, high-
intensity binding to P. aeruginosa. Binding was hardly detectable for isotype-matched anti-S. aureus MAb 4497 (black
squares) or for MAb against cytomegalovirus gD (anti-gD; blue triangles). (D) MAb 26F8 demonstrated high-intensity
binding to intact P. aeruginosa PA14 WT bacteria (left). MAb 26F8 did not show binding to PA14 DorfN bacteria, which
lack LPS O antigen (middle). Binding of MAb 26F8 to PA14 DorfN was restored by complementation with pUCP19-orfN
(porfN) plasmid (right). Binding of MAb 26F8 to PA14 WT was represented by a shift in fluorescence of approximately
3 log compared to background fluorescence without antibody. Antibody binding was assessed by flow cytometry and
was expressed as MFI. Red, MAb 26F8; blue, MAb anti-gD; gray, no MAb; MAbs were incubated at 10 nM. (E) (Left)
Whole-cell lysates of P. aeruginosa PA14 WT or PAO1 WT were treated with or without proteinase K (PK), separated on
SDS-PAGE gels, and stained with Coomassie. (Middle) Lysates of P. aeruginosa strains PA14 WT and PAO1 WT, treated
with or without PK, were immunoblotted with MAb 26F8 (top) or, as a protein loading control, with MAb anti-RNA
polymerase-a (Rpo) (bottom). (Right) Lysates of P. aeruginosa PA14 WT (lane 1), DorfN (lane 2), DorfN plus empty
pUCP19 plasmid (lane 3), or DorfN plus pUCP19-orfN (lane 4) were immunoblotted with MAb 26F8 (top) or, as a
loading control, with anti-Rpo MAb (bottom). MW, molecular weight marker.
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26F8-cBuCit-G2637 AAC mediates potent intracellular killing of P. aeruginosa
in macrophages.We next determined whether the high intracellular levels of G2637 anti-
biotic after release from 26F8-cBuCit-G2637 AAC would enable intracellular killing of P. aeru-
ginosa. To test this, P. aeruginosa bacteria were incubated with 26F8-cBuCit-G2637 AAC and
added to macrophages to induce phagocytosis. Extracellular bacteria were removed, and
viable CFU were enumerated 6 h postphagocytosis. The 26F8-cBuCit-G2637 AAC molecule
induced dose-dependent intracellular killing of P. aeruginosa PA14 WT (Fig. 3A). During the
6 h of incubation, the numbers of CFU were reduced by approximately 2 to 3 log, com-
pared with the initial CFU numbers recovered immediately after phagocytosis (Fig. S3).

No loss in intracellular CFU was observed when the noncleavable AAC 26F8-DCit-
G2637 was used (Fig. 3A), confirming that linker cleavage is essential for activity.
Furthermore, no killing was detected when unopsonized PA14 WT bacteria or free

FIG 2 Composition of the AAC molecule and delivery of high AAC-released intracellular
concentrations of free G2637 antibiotic into macrophages. (A) Schematic of the 26F8-cBuCit-G2637
AAC molecule, composed of MAb 26F8 (gray), which recognizes the LPS O antigen of P. aeruginosa
PA14, cathepsin-cleavable cBuCit linker (green), and the arylomycin analog antibiotic G2637 (purple),
with a drug-to-antibody ratio of 6. The arrow indicates the cathepsin cleavage site. (B) Determination
of the amount of free AAC-released antibiotic G2637 in cell lysates or supernatants after phagocytosis
of AAC-preincubated P. aeruginosa PA14 WT by LC-MS/MS analysis. When PA14 WT bacteria were
incubated with 26F8-cBuCit-G2637, free G2637 was detected in lysates immediately after 30min of
phagocytosis by macrophages and removal of extracellular bacteria (0 h); this value increased during
2 h of subsequent incubation following phagocytosis, suggesting continued intracellular cleavage of
the linker. Free G2637 was hardly detectable in the extracellular cell supernatant, indicating
prolonged intracellular retention of the free AAC-released antibiotic. The AAC 26F8-DCit-G2637, which
contains the noncleavable DCit linker, did not release detectable intracellular G2637. Value are
averages 6 SD for technical triplicates; asterisks indicate significant differences (P, 0.01) from values
for 26F8-DCit-G2637.
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MAb 26F8 were used (Fig. 3A), demonstrating that the complete AAC molecule is
required for intracellular killing.

No intracellular clearance was seen when the AAC was unable to bind to the bacte-
ria, i.e., when PA14 WT was incubated with 4497-cBuCit-G2637 AAC, which contains
the anti-S. aureus MAb 4497 (Fig. 3A), or when PA14 DorfN mutant bacteria were incu-
bated with 26F8-cBuCit-G2637 AAC (Fig. 3B) prior to phagocytosis. The numbers of
PA14 WT bacteria associated with macrophages immediately after phagocytosis did
not significantly differ for these controls, i.e., free MAb, 26F8-DCit-G2637, and 4497-
cBuCit-G2637, or for the PA14 DorfN mutant (Fig. S3). Therefore, the absence of intra-
cellular killing for these controls could not be explained by differences in efficiency of
phagocytosis. In addition, we observed that preincubation of P. aeruginosa PA14 WT
with free MAb 26F8 or AAC did not enhance the number of macrophage-associated
bacteria, compared to unopsonized bacteria (Fig. S3). Thus, the role of this MAb in AAC
activity is likely not related to promoting phagocytosis, but rather to binding the bac-
terial surface and colocalizing the bacteria with the cleavable linker-antibiotic in the in-
tracellular environment.

The molar concentration of AAC-associated G2637 antibiotic (i.e., input concentra-
tion in the intracellular killing assay) that resulted in complete killing of PA14 WT in
macrophages was approximately 2 orders of magnitude lower than the concentration
of free G2637 antibiotic required to kill extracellular PA14 WT (Fig. 3C). This indicates
that the AAC was more potent than extracellular free antibiotic on a molar basis. In
addition, this supports the hypothesis that the AAC would enhance the activity of a
moderately active antibiotic by enhancing the local concentration inside macrophages.
While the intracellular concentration of AAC-released G2637 antibiotic had reached
high levels (approximately 16mM at 2 h after phagocytosis, as noted above), which
were close to the concentration of free antibiotic able to fully kill extracellular PA14
(Fig. 3C), it cannot be excluded that macrophage antibacterial mechanisms also con-
tributed to the efficient intracellular killing.

Cumulatively, the current data demonstrate that the 26F8-cBuCit-G2637 AAC deliv-
ers a high intracellular concentration of free antibiotic, enabling efficient intracellular
killing of P. aeruginosa, and that AAC binding to the bacteria and linker cleavage are
essential for its mechanism of action.

DISCUSSION

The data presented in this study demonstrate that the anti-P. aeruginosa AAC 26F8-
cBuCit-G2637 delivers a high intracellular concentration of the arylomycin analog
G2637 upon phagocytosis, resulting in potent clearance of P. aeruginosa in macro-
phages. This AAC molecule was significantly more potent than extracellular free antibi-
otic on a molar basis. The proposed mechanism of action was supported by the follow-
ing observations. First, binding of the 26F8-cBuCit-G2637 AAC to P. aeruginosa bacteria
was required for activity. Second, cleavage of the linker was required for AAC activity.

TABLE 1 AAC, DAR, and requirement of linker cleavage for anti-P. aeruginosa activity

Molecule Description DARa

G2637 MIC (mM) for P.
aeruginosa PA14 WT at
cathepsin B concn (nM)b

0 500
G2637 Free antibiotic NA 2.76 1.2 3.36 1.2
26F8-cBuCit-G2637 Cleavable AAC with anti-P. aeruginosaMAb 26F8 5.7 .16 4.06 0.0
26F8-DCit-G2637 Noncleavable AAC with anti-P. aeruginosaMAb 26F8 5.7 .16 .16
4497-cBuCit-G2637 Cleavable AAC with anti-S. aureusMAb 4497 6.0 .16 4.06 0.0
aFor each AAC molecule, the DAR was determined by LC-MS/MS analysis (Fig. S2). NA, not applicable.
bFree G2637 antibiotic and AAC molecules were incubated with medium containing no cathepsin B (0 nM) or 500 nM purified cathepsin B for 1 h at 37°C. The activity of the
cleavage products against P. aeruginosa PA14 WT was determined in a standard MIC assay and is expressed as concentration of G2637 antibiotic payload; data are averages
6 SD for biological triplicates.
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Third, high intracellular concentrations of active G2637 antibiotic were released upon
AAC cleavage, exceeding the MIC of free antibiotic for P. aeruginosa.

In generating the proof-of-concept 26F8-cBuCit-G2637 AAC molecule, we also
devised an efficient method of screening for antibodies that recognize bacterial surface-
exposed antigens. Binding to a highly expressed antigen was expected to be a critical
feature of an effective AAC, since the number of intracellularly delivered antibiotic mole-
cules would be proportional to the number of AAC molecules bound per bacterial cell.

FIG 3 26F8-cBuCit-G2637 AAC induces potent intracellular killing of P. aeruginosa in macrophages.
To determine anti-P. aeruginosa potency of AAC, P. aeruginosa bacteria were preincubated with AAC
(1, 10, or 100 nM) or with free MAb (100 nM) and added to macrophages to induce phagocytosis.
After addition of gentamicin to remove extracellular bacteria, macrophages were subsequently
incubated for an additional 6 h at 37°C to enable bacterial killing, followed by macrophage lysis and
CFU enumeration. (A) The 26F8-cBuCit-G2637 AAC (solid red bars) induced potent and dose-
dependent intracellular killing of P. aeruginosa PA14 WT bacteria. In contrast, the viability of
intracellular P. aeruginosa was hardly affected when bacteria were left unopsonized (empty bar) or
preincubated with noncleavable 26F8-DCit-G2637 DAR6 AAC (hatched bars) or 4497-cBuCit-G2637
DAR6, which contains anti-S. aureus MAb 4497 (solid blue bars), or with free anti-P. aeruginosa MAb
26F8 (cross-hatched red bar) or free MAb 4497 (cross-hatched blue bar). (B) The 26F8-cBuCit-G2637
AAC promoted intracellular killing of P. aeruginosa PA14 WT (solid red bar) but not of the P.
aeruginosa PA14 DorfN mutant (solid blue bar), which lacks the LPS O-antigen required for binding of
MAb 26F8 (Fig. 1D and E). (A and B) Data are averages and SD for biological triplicates; asterisks
indicate statistical significance (P, 0.05) compared to the CFU value of each condition immediately
after phagocytosis (values are plotted in Fig. S3). (C) PA14 WT bacteria were preincubated with 26F8-
cBuCit-G2637 AAC, followed by determination of killing 6 h postphagocytosis as for panel A (red
triangles), or were incubated with free G2637 antibiotic for 6 h in the same medium without
macrophages (black circles); viability of bacteria is expressed as CFU per well. 26F8-cBuCit-G2637-
associated G2637 antibiotic required a molar concentration to kill P. aeruginosa PA14 WT
approximately 2 orders of magnitude lower than that of free extracellular antibiotic G2637. The
dashed line indicates input bacterial concentration at the start of the assay before the 6 h of
incubation, which was in the same range for both conditions (approximately 2� 104 to 5� 104/ml).
Value are averages 6 SD for biological triplicates; asterisks indicate significant differences (P, 0.01)
compared to free G2637 for each concentration.

Kajihara et al. ®

May/June 2021 Volume 12 Issue 3 e00202-21 mbio.asm.org 8

https://mbio.asm.org


Although no OprF-specific antibodies able to bind whole WT P. aeruginosa PA14
bacteria were identified, the identification of MAb 26F8, which binds to the highly
expressed LPS O antigen, validates this screening strategy. The lack of identified anti-
OprF antibodies may be related to differences between recombinant and native OprF
protein or to reduced accessibility of OprF on bacterial cells to antibodies. Indeed, pre-
vious studies using mutant Escherichia coli strains with truncated LPS O antigen indi-
cated that LPS O antigen excludes, at least partially, binding of antibodies to outer
membrane proteins such as porins, LptD, and BamA and that antibodies able to access
these proteins in WT bacteria are rare (23–25). Therefore, to successfully find anti-OprF
antibodies with WT binding capacity, a larger number of hybridomas would likely need
to be screened. In addition to the above-mentioned surface antigen density, other criti-
cal features supporting the AAC activity are the retained anti-P. aeruginosa potency of
free antibiotic G2637 at low pH, reflecting the phagolysosomal environment, and the
prolonged intracellular retention of AAC-released G2637 inside macrophages.

Building upon our previously described anti-S. aureus AAC (12), the current study
indicates that the AAC platform may be applied to other bacterial pathogens. The
26F8-cBuCit-G2637 DAR6 AAC showed potent anti-P. aeruginosa activity, despite the
fact that the G2637 antibiotic had only modest anti-P. aeruginosa activity as free antibi-
otic, i.e., in a single-digit micromolar range. In comparison, the rifamycin analog antibi-
otic, which was used in the previously described anti-S. aureus DAR2 AAC, exhibited
antibacterial activity as free drug in the single-digit nanomolar range (12). Thus, the
current format of anti-bacterial AAC may be applicable to a broader spectrum of antibi-
otics that do not need intrinsic nanomolar activity as free drug. In this context, it is
noteworthy that for antitumor ADC molecules to be active, the choice of cytotoxic pay-
loads is more restricted, i.e., requiring activity in the picomolar range (11). Our data
support the hypothesis that antibiotics with only modest antibacterial activity can be
significantly potentiated by incorporation into an AAC molecule.

To further develop an anti-P. aeruginosa AAC as a clinical candidate, a MAb with
broader reactivity to predominant clinical P. aeruginosa isolates would be required,
given that the LPS O antigen, which is recognized by MAb 26F8, displays significant
serotype variability (20). Additional flow cytometry counterscreens could be incorpo-
rated using bacterial cells expressing different LPS O-antigen serotypes or O-antigen-
deficient PA14, in order to identify broadly reactive clinical candidate antibodies. In
addition, future experiments will be needed to test whether anti-P. aeruginosa AAC
molecules are efficacious in animal models of infection. Using a previously reported
mouse model of acute P. aeruginosa pneumonia (26), our initial in vivo experiments did
not show therapeutic efficacy of systemically administered 26F8-cBuCit-G2637 AAC
against PA14. We speculate that this may be explained by several possibilities, such as
reduced antigen expression or insufficient AAC exposure at the site of infection in the
lung. Also, we cannot exclude the possibility that in this mouse model, phagocytosis at
the site of infection was relatively inefficient, and that including a MAb with stronger
opsonic activity in the AAC molecule could potentially promote in vivo efficacy.

The limited clinical success of antibiotic treatment of P. aeruginosa infections, lead-
ing to high mortality rates, can be related to a number of factors, including intrinsic or
acquired antibiotic resistance, formation of biofilms, bacterial genetic adaptability, and
weakened host immunity (27). Raising antibiotic concentrations at the site of infection
could potentially address some of these problems; however, since systemic antibiotics
are often dose limited due to adverse effects, alternative strategies are needed. The
AAC molecule presented here is specifically designed to colocalize P. aeruginosa with
high antibiotic concentrations in the intracellular environment of phagocytic cells, pro-
viding additional therapeutic options for moderately active antibiotics. Further under-
standing of the behavior of the anti-P. aeruginosa AAC at the site of infection in the
host environment will be needed to enable optimization for in vivo use.

In conclusion, this proof-of-concept study suggests that the AAC strategy has the
potential to enhance clearance of P. aeruginosa infections, compared to what can be
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achieved by antibiotic alone, by inducing high intracellular antibiotic concentrations
and intracellular bacterial elimination. The AAC strategy could have therapeutic applic-
ability to antibiotics with limited clinical utility due to moderate antibacterial activity or
unfavorable pharmacokinetic or systemic toxicity profiles.

MATERIALS ANDMETHODS
Bacterial strains. P. aeruginosa strain PA14 was cultured at 37°C in Luria-Bertani broth (LB), Mueller-

Hinton broth (MHB), or on Mueller-Hinton agar (MHA) plates. Strains, plasmids, primers, DNA sequences,
and antibodies are specified in Table S2.

Allelic replacement strains were constructed by using an unmarked, non-polar deletion strategy (28,
29). To delete the LPS O antigen in P. aeruginosa PA14, flanking regions of orfN were amplified using
gene-specific primer sets. The PCR products were cloned into the sucrose-based suicide vector pEX100T
(ATCC, Manassas, VA) using the Gibson Assembly cloning kit (New England BioLabs, Ipswich, MA). The
plasmid was verified by sequence analysis (ELIM Biopharmaceuticals, Hayward, CA) and transferred into
the P. aeruginosa PA14 DR2 pyocin mutant strain by conjugation via E. coli S17. The P. aeruginosa PA14
DR2 pyocin strain was used to enable efficient knockout of the orfN gene (30). Single recombination
mutants were selected on LB agar containing 100mg/ml carbenicillin and 25mg/ml Irgasan. Double-
recombination mutants were selected on LB plates without NaCl, containing 10% sucrose, and con-
firmed by PCR and sequence analysis. To complement P. aeruginosa PA14 DorfN with the orfN gene, orfN
was amplified from P. aeruginosa PA14 genomic DNA and cloned into the pUCP19 plasmid (ATCC) using
the In-Fusion HD EcoDry cloning kit (TaKaRa Bio, Mountain View, CA). The resultant plasmid was verified
by sequence analysis (ELIM Biopharmaceuticals, Hayward, CA).

To delete the oprF gene in PA14, the flanking regions of oprF were cloned into the sucrose-based sui-
cide vector pEX100T (ATCC, Manassas, VA) using the In-Fusion HD EcoDry cloning kit (TaKaRa Bio). The
plasmid was transferred into PA14 WT by conjugation via E. coli S17, and recombination steps were car-
ried out as described above for the PA14 DorfNmutant.

LPS O-antigen serotypes of P. aeruginosa PA14 and PAO1 were determined by using the P. aerugi-
nosa antiserum serotyping kit (Denka Seiken, Tokyo, Japan).

To generate green fluorescent protein (GFP)-expressing P. aeruginosa PA14, enhanced GFP (EGFP)
(DASHERgfp; DNA2.0) was cloned into the broad-host-range vector pBHR1 (MoBiTec) under the control
of the chloramphenicol promoter, using the In-Fusion HD EcoDry cloning kit (TaKaRa Bio). The kanamy-
cin resistance gene was replaced with the gene conferring gentamicin resistance for efficient selection
of P. aeruginosa. After transformation of P. aeruginosa PA14 WT with pBHR1-GFP by electroporation,
GFP-expressing PA14 colonies were cultured in LB containing 30mg/ml gentamicin, and GFP expression
was confirmed by flow cytometry.

Experiments to determine MICs were performed according to the standard protocol from the
Clinical and Laboratory Standards Institute.

Protein expression and purification. Sequences were obtained from Uniprot.org. DNA encoding
the signal sequence of Escherichia coli OmpA (residues M1 to A21), followed by an N-terminal His8 tag,
and the beta-barrel domain of P. aeruginosa OprF (residues Q25 to F184) was synthesized and subcloned
into a modified version of the pET52b expression vector under the control of the T7 lac promoter.

BL21(DE3) competent cells (New England Biolabs) were transformed with the expression plasmid
according to the manufacturer’s instructions. A single colony was inoculated into 50ml LB medium con-
taining 50mg/ml carbenicillin and grown overnight at 37°C with shaking at 200 rpm. The next day, the
culture was diluted 1:100 into two 2-liter portions of TB autoinduction medium with trace metals and
50mg/ml carbenicillin in a 2.5-liter Ultra Yield flask (Thomson Instrument Company, Oceanside, CA) and
grown at 17°C for 48 h, as previously described (31). Cells were harvested by centrifugation at 8,000 rpm
for 20min, and the pellet was resuspended in 300ml of lysis buffer (50mM Tris-HCl [pH 8.0], 200mM
NaCl, EDTA-free cOmplete protease inhibitor [Roche], 10mg/liter DNase I [Sigma-Aldrich, St. Louis, MO],
200mg/liter lysozyme [Sigma-Aldrich]). Cells were lysed with four passes over a microfluidizer, and 12 g
of beta-octyl glucoside (Anatrace, Maumee, OH) was added to the lysate, followed by rotation at 4°C for
4 h to solubilize the membrane fraction. Lysates were clarified by centrifugation at 40,000 rpm for
30min at 4°C, filtered through a 0.22-mm filter, and loaded onto a 3-ml nickel-nitrilotriacetic acid (Ni-
NTA) (Cytiva) column using an AKTA Pure system (Cytiva, Marlborough, MA). The column was washed
with 30 column volumes of buffer A (50mM Tris-HCl [pH 8.0], 200mM NaCl, 1.5% [wt/vol] beta-octyl glu-
coside, 10mM imidazole), and protein was eluted with buffer B (50mM Tris-HCl [pH 8.0], 200mM NaCl,
1.5% beta-octyl glucoside, 400mM imidazole) into a sample loop and directly injected over a HiLoad 16/
600 Superdex 75 prep-grade column (Cytiva) with 50mM Tris-HCl (pH 8.0), 200mM NaCl, 1.5% beta-octyl
glucoside as the mobile phase.

Fractions were analyzed by SDS-PAGE and pooled, and OprF at 1.2mg/ml was reconstituted in
5mg/ml amphipol A8-35 (Anatrace) with incubation at 4°C overnight. The next day, detergent was
removed by incubation with Bio-Beads (Bio-Rad, Hercules, CA) at 4°C for 2 h, according to the manufac-
turer’s instructions. Excess amphipol was removed by purification over a HiLoad 16/600 Superdex 75
prep-grade column (Cytiva) with 50mM Tris-HCl (pH 8.0), 200mM NaCl as the mobile phase.

Generation of antibodies. To generate anti-P. aeruginosa hybridoma antibodies, Sprague-Dawley
rats (Charles River, Hollister, CA) were immunized three times by two intradermal injections of 107 CFU
of live P. aeruginosa PA14 at 2-week intervals, followed by two subcutaneous (s.c.) and intraperitoneal
(i.p.) injections, each with 25mg of OprF beta-barrel protein in amphipols, with a 2-week interval.
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Preliminary studies demonstrated that two doses of PA14 of 107 CFU resulted in significant serum reac-
tivity against whole P. aeruginosa bacteria (Fig. S4). Multiple lymph nodes were harvested 3 days after
the last immunization. IgM-negative B cells were purified using magnetic separation (Miltenyi Biotec,
San Diego, CA) and fused with Sp2ab mouse myeloma cells (Abeome, Athens, GA) using electrofusion
(Harvard Apparatus, Holliston, MA). Fused cells were cultured at 37°C and 7% CO2 in Clonacell-HY me-
dium C (Stemcell Technologies, Vancouver, BC, Canada). Next day, the cells were centrifuged, resus-
pended in Clonacell-HY medium E (Stemcell Technologies) supplemented with hypoxanthine-aminop-
terin-thymidine (HAT) (Sigma-Aldrich), and cultured in 12-well plates at 37°C and 7% CO2. Four days
later, single hybridoma cells showing reactivity with both anti-rat IgG-allophycocyanin (APC) (Jackson
ImmunoResearch, West Grove, PA) and intact P. aeruginosa PA14-GFP organisms were sorted using a
FACSAria III sorter (BD, Franklin Lakes, NJ) and collected in 96-well plates containing medium E (Stemcell
Technologies). Seven days later, supernatants were tested for IgG expression by enzyme-linked immuno-
sorbent assay (ELISA) using anti-rat IgG; IgG-containing supernatants were tested for reactivity with
intact P. aeruginosa PA14 organisms by flow cytometry. Cell lines demonstrating binding to P. aerugi-
nosa PA14 organisms were expanded, and supernatants were harvested and purified using protein G
Sepharose GammaBind Plus (GE Healthcare, Pittsburgh, PA). Hybridoma MAb 26F8 was selected based
on its high-intensity binding to P. aeruginosa PA14.

The DNA sequence of rat hybridoma 26F8 was determined by 59 RACE (rapid amplification of cDNA
ends) (SMARTscribe; TaKaRa Bio USA, Mountain View, CA) using purified total RNA (Qiagen,
Germantown, MD) and gene-specific rat constant-region oligonucleotide primers. The cDNA encoding
the 26F8 rat heavy- and light-chain sequences were amplified by PCR (TaKaRa Bio USA). DNA sequences
of the antibody variable heavy chain and light chain were determined by Sanger sequencing. To create
a rat/human 26F8 chimeric antibody, a second PCR amplification was performed with oligonucleotide
adapters that were designed to enable ligation of the variable heavy-chain region and the variable light-
chain region with mammalian cell expression vectors encoding a human heavy-chain IgG1 constant
region and a human light-chain kappa constant region, respectively. An additional variant of the 26F8
chimeric antibody was made with the cysteine substitutions Leu174Cys and Tyr373Cys in the constant-
region heavy chain and the substitution Lys149Cys in the constant light chain to produce THIOMABsTM

(i.e., antibodies containing engineered reactive cysteine residues), enabling conjugation of multiple
linker-antibiotic molecules per antibody molecule (see below). All substitutions were inserted using
Kunkel mutagenesis (32). The substitutions were verified by DNA sequencing.

Generation of the human MAb 4497 recognizing the b-GlcNAc epitope of Staphylococcus aureus
wall teichoic acid was described previously (12, 15). MAb 4497 was engineered with cysteines to pro-
duce THIOMABsTM following a procedure similar to that for MAb 26F8.

Flow cytometry analysis of antibody binding to whole P. aeruginosa bacteria. P. aeruginosa
PA14 bacteria were grown to log phase in LB, washed, and resuspended at approximately 3.0� 108

cells/ml of Hanks’ balanced salt solution supplemented with 10mM HEPES and 0.1% bovine serum albu-
min (BSA), pH 7 (HB). Primary antibodies were added at various concentrations and incubated for 1 h at
room temperature (RT). Bacteria were washed and incubated with Alexa Fluor 647-conjugated donkey
anti-human IgG (heavy plus light chain [H1L]) F(ab9)2 fragments for 1 h at RT. Bacteria were washed and
fixed in phosphate-buffered saline (PBS) containing 2% paraformaldehyde at 4°C overnight, followed by
flow cytometry analysis using FACSymphony and FACSDiva software (Becton, Dickinson, Franklin Lakes,
NJ). Mean fluorescence intensity (MFI) was used as a measure for the level of antibody binding to whole
P. aeruginosa bacteria.

Western blot analysis of antibody binding to P. aeruginosa lysates. P. aeruginosa bacteria were
grown to log phase (with an optical density at 600 nm [OD600] of approximately 0.5) in LB, and 1ml of
culture was pelleted and resuspended in 0.1ml of Laemmli sample buffer (Bio-Rad) with 4% beta-mer-
captoethanol (Bio-Rad) and boiled for 10min. The resulting lysates were loaded (2.5 to 5 ml per lane)
and run on a 4-to-12% bis-Tris NuPAGE gel (Thermo Fisher Scientific, Waltham, MA) with 1� morpholi-
neethanesulfonic acid (MES)/SDS running buffer (Thermo Fisher). In some instances, proteinase K (2.5-
mg/ml final concentration; New England Biolabs) was added to the lysates and incubated for 1 h at 60°C
prior to loading onto the gel. Proteins were transferred to nitrocellulose membranes (Thermo Fisher),
which were incubated for 1 h at RT in blocking buffer (5% nonfat milk in 0.05% Tween 20, 50mM Tris-
HCl, 150mM NaCl; pH 7.5), washed, and incubated for 1 h at RT with MAb 26F8 (1mg/ml) or with mouse
MAb 4RA2 anti-RNA polymerase-a (0.5mg/ml; BioLegend, San Diego, CA), as a loading control, in block-
ing buffer. Next, blots were incubated for 1 h at RT with horseradish peroxidase-conjugated donkey
anti-human IgG (H1L) or anti-mouse IgG (H1L) Affinipure F(ab9)2 fragment (Jackson ImmunoResearch)
in blocking buffer and developed using ECL Prime Western blotting detection reagent (GE Healthcare).

Conjugation of antibodies to linker-antibiotic molecules to generate AAC molecules. Construction
and production of the THIOMABsTM were done as reported previously (33). The synthesis of the linker-
antibiotic molecule cBuCit-G2637, consisting of the cleavable cBuCit linker (20) and the P. aeruginosa
PA14-active arylomycin analog G2637 (Table S1) targeting the Gram-negative signal peptidase LepB
(22), is described in the supplemental methods (Text S1). The THIOMABsTM 26F8 and 4497 were conju-
gated to linker-antibiotic cBuCit-G2637 (schematic in Fig. 2A) as described previously (33). Briefly, the
antibodies were reduced in the presence of a 100-fold molar excess of dithiothreitol (DTT) (Calbiochem,
Billerica, MA) overnight. The reducing agent and the cysteine and glutathione blocks were removed
using HiTrap SP-HP column (GE Healthcare). The antibodies were reoxidized in the presence of a 15-fold
molar excess of dehydroascorbic acid (dhAA) (MP Biomedical) for 2.5 h. The formation of interchain di-
sulfide bonds was monitored by LC/MS. An 8- or 18-fold molar excess of linker drug over protein was
incubated in the presence of 15% dimethylformamide (DMF) with the activated THIOMABsTM for 3 or 18
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h. The antibody-antibiotic conjugates were purified using Zeba desalting columns to remove excess
linker drug. If aggregation of more than 5% was observed by analytical size exclusion chromatography
(SEC), the conjugates were further purified using a Hi Load Superdex 200 pg 16/600 column (GE
Healthcare) with 20mM histidine-acetate, 150mM NaCl (pH 5.5) with 15% isopropanol (IPA) as running
buffer. The number of conjugated linker-antibiotic molecules per THIOMABTM was quantified by LC/MS
analysis. Purity was also assessed by size exclusion chromatography.

To determine the drug-to-antibody ratio (DAR) of the AAC molecule, LC-MS/MS analysis was per-
formed on a 6530 Accurate-Mass quadrupole time-of-flight (Q-TOF) LC-MS/MS (Agilent Technologies).
Samples were chromatographed on a PLRP-S column (1,000 Å, 8mm, 50mm by 2.1mm; Agilent
Technologies) heated to 80°C. A linear gradient from 30 to 60% B in 4.3 min (solvent A, 0.05% trifluoro-
acetic acid [TFA] in water; solvent B, 0.04% TFA in acetonitrile) was used, and the eluent was directly ion-
ized using the electrospray source. Data were collected and deconvoluted using the Agilent Mass
Hunter qualitative analysis software. Before LC-MS/MS analysis, a sample of antibody-drug conjugate
was treated with 15mM DTT (pH 8.0) for 30min at 37°C to produce the heavy- and light-chain portions
for ease of analysis. The DAR was calculated using the abundance of the ions present in LC-MS/MS
deconvoluted results (Fig. S2 and Table 1). The peaks were identified using LC-MS/MS.

In vitro intracellular P. aeruginosa killing assay. The murine macrophage RAW 264.7 cell line
(ATCC TIB71; ATCC, Manassas, VA) was cultured in Dulbecco’s modified Eagle medium (DMEM) with
10mM HEPES and 10% fetal calf serum (GIBCO, Waltham, MA). To obtain a confluent cell layer, 3� 105

cells/well were seeded in 24-well tissue culture plates (Corning, Corning, NY) and incubated overnight at
37°C in a humidified tissue culture incubator with 5% CO2. P. aeruginosa PA14 bacteria were cultured in
Mueller-Hinton broth (MHB) to exponential phase (OD600 of approximately 0.5) and adjusted to 8.0� 106

CFU/ml in HB. Bacteria were incubated for 15min at RT with various concentrations of AAC or unconju-
gated antibodies in HB and then chilled on ice for 15min. RAW 264.7 cells were washed with serum-free
DMEM and chilled on ice for 15min. To induce phagocytosis, the AAC-preincubated P. aeruginosa bacte-
ria (;1.0� 106 CFU per well, resulting in a multiplicity of infection of approximately 1) were added to
the RAW 264.7 cells, followed by slow centrifugation at 200� g for 5min at 4°C to accelerate sedimenta-
tion of the bacteria and incubation for 30min at 37°C. Next, the culture supernatants were replaced by
DMEM complete medium, containing 100mg/ml of gentamicin (Gibco, Waltham, MA) to remove extrac-
ellular bacteria, followed by incubation for 6 h at 37°C to induce intracellular bacterial killing. The macro-
phages were washed twice with serum-free DMEM and lysed by incubation for 5min at RT in HB supple-
mented with 0.1% Triton X-100 (Pierce, Waltham, MA). To enable quantification of viable bacterial CFU,
lysates were serially diluted in PBS and cultured on Mueller-Hinton agar plates. To assess intracellular kill-
ing, CFU values from macrophage lysates that were prepared after 6 h of postphagocytosis incubation
were compared with lysates prepared immediately after 30min of phagocytosis.

The viability of the RAW 264.7 macrophages was analyzed using the CellTiter-Glo assay (Promega,
Madison, WI). It has been reported that P. aeruginosa has the ability to lyse mammalian cells using the
type 3 secretion apparatus (34). We observed a reduction in viability of unopsonized P. aeruginosa PA14-
infected RAW 264.7 macrophages when the bacteria were precultured in LB broth, but not when precul-
tured in MHB (Fig. S5A). The extent of phagocytosis of unopsonized P. aeruginosa PA14 WT bacteria by
macrophages was similar when the bacteria were precultured in MHB or in LB (Fig. S5B). No loss in mac-
rophage viability was observed when MHB-grown P. aeruginosa PA14 bacteria were preopsonized with
AAC or free MAb prior to phagocytosis (Fig. S5C and D).

Determination of efficiency of AAC linker cleavage. To determine the efficiency of AAC linker
cleavage, 26mM AAC was incubated with 500 nM purified cathepsin B (from bovine spleen; Calbiochem)
in cathepsin cleavage buffer (20mM sodium acetate, 1mM EDTA, 5mM L-cysteine; pH 5.0) for 1 h at 37°
C. The reaction was stopped by addition of 9 volumes of MHB. After culture for 1 day at 37°C, the anti-
bacterial activity of the cleavage product, as a measure of cleavage efficiency, was analyzed by deter-
mining the MIC, in accordance with the guidelines of the Clinical and Laboratory Standards Institute.

Determination of intracellular concentration of AAC-released free antibiotic using LC-MS/MS.
P. aeruginosa PA14 bacteria were grown to an OD600 of approximately 0.4, washed with PBS, and fixed in
2% paraformaldehyde in PBS. RAW 264.7 macrophages were incubated with fixed P. aeruginosa PA14 bac-
teria, which were preincubated with 100 nM AAC in HB, as described above for the intracellular killing
assay. Cell extracts were prepared by incubation in 75% acetonitrile (ACN) for 1 h, followed by lyophiliza-
tion by evaporation under N2 (TurboVap; Biotage, Charlotte, NC), reconstitution in 100 ml of 50% ACN and
0.1% formic acid (FA), and filtration using a 0.45mm glass fiber filter plate (Phenomenex, Torrance, CA).

The G2637 antibiotic was separated from cell extracts on an Acquity UPLC (Waters Corporation,
Milford, MA) under gradient elution using a Phenomenex Kinetex XB C18 column (100 Å, 50 by 2.1mm [in-
ternal diameter], 2.6-mm particle size). The column was maintained at room temperature. The mobile
phase was water containing 0.1% FA (A) and acetonitrile containing 0.1% FA (B) at a flow rate of 0.4ml/
min. G2637 was eluted with a gradient of 2% to 90% B over 2min, followed by 2min decreasing to 2% B
to re-equilibrate the column. The injection volume was 10 ml. The Triple Quad 6500 mass spectrometer
(Ab Sciex, Framingham, MA) was operated in a positive-ion multiple-reaction-monitoring (MRM) mode.
The G2637 antibiotic precursor (Q1) ion monitored was 452.9 m/z with declustering potential at 110 V,
and the product (Q3) ion monitored was 267.2 m/z with collision energy at 40eV. Two other product ions
were also monitored as qualifiers, 398.4 m/z and 309.23 m/z with collision energy at 23eV and 39eV,
respectively. The MS/MS settings were as follows: ion spray voltage, 5,500 V; curtain gas, 40 lb/in2; nebu-
lizer gas (GS1), 35 lb/in2; GS2, 50 lb/in2; temperature, 600°C; and dwell time, 100ms. Linear calibration
curves were obtained for a 0.5 to 64nM concentration range by spiking G2637 into cell and supernatant
fractions (lacking P. aeruginosa and AAC) that were treated similarly to experimental samples.
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Concentrations of G2637 antibiotic were calculated with MultiQuant software (Ab Sciex) and expressed in
picomoles per well (CW). For 26F8-cBuCit-G2637 AAC, concentrations in cell lysates were converted to esti-
mated intracellular molar concentration of free G2637 antibiotic in macrophages (CM), based on a cell
number of 3� 105 per well and an average cell radius of approximately 6mm as determined by micros-
copy. The latter corresponds to an average spheric/cylindric volume of 0.55� 10212 liter/cell and a total
macrophage volume of 1.65� 1027 (i.e., [3� 105]� [0.55� 10212]) liter per well, resulting in a conversion
from CW (picomoles per well) to CM (micromolar units) as follows: CM = 106 � [CW/(1.65� 1027)].

Statistical analysis. The data were analyzed by unpaired t test to assess statistical differences.
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