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ABSTRACT
The increasing threat of antibiotic resistance underscores the urgent need for innovative strategies to combat infectious diseases, 
including the development of antivirulants. Microbial pathogens rely on their virulence factors to initiate and sustain infections. 
Antivirulants are small molecules designed to target virulence factors, thereby attenuating the virulence of infectious microbes. 
The bacterial type IV pilus (T4P), an extracellular protein filament that depends on the T4P machinery (T4PM) for its biogenesis, 
dynamics and function, is a key virulence factor in many significant bacterial pathogens. While the T4PM presents a promising 
antivirulence target, the systematic identification of inhibitors for its multiple protein constituents remains a considerable chal-
lenge. Here we report a novel high-throughput screening (HTS) approach for discovering T4P inhibitors. It uses Pseudomonas 
aeruginosa, a high-priority pathogen, in combination with its T4P-targeting phage, φKMV. Screening of a library of 2168 com-
pounds using an optimised protocol led to the identification of tuspetinib, based on its deterrence of the lysis of P. aeruginosa by 
φKMV. Our findings show that tuspetinib also inhibits two additional T4P-targeting phages, while having no effect on a phage 
that recognises lipopolysaccharides as its receptor. Additionally, tuspetinib impedes T4P-mediated motility in P. aeruginosa and 
Acinetobacter species without impacting growth or flagellar motility. This bacterium-phage pairing approach is applicable to a 
broad range of virulence factors that are required for phage infection, paving ways for the development of advanced chemother-
apeutics against antibiotic-resistant infections.

1   |   Introduction

Antimicrobial resistance (AMR) is a clear and present global 
threat to human health. It was estimated that 4.95 million and 
1.27 million deaths in 2019 worldwide were associated with and 
directly attributed to bacterial AMR, respectively (Antimicrobial 
Resistance Collaborators  2022). A recent forecast (GBD 
Antimicrobial Resistance Collaborators  2024) projected that 

39.1 million and 169 million of cumulative deaths in the next 
25 years will be associated with and attributable to antimicrobial 
resistance, respectively. It is therefore imperative to develop new 
and innovative countermeasures against microbial infections. 
Antibiotics in both clinical and environmental settings select for 
and enrich resistance in all bacteria. This leads to the inevitable 
emergence and spread of bacterial AMR in both pathogenic and 
environmental microbes with horizontal gene transfer further 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original 

work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). Microbial Biotechnology published by John Wiley & Sons Ltd.

https://doi.org/10.1111/1751-7915.70081
https://doi.org/10.1111/1751-7915.70081
mailto:
https://orcid.org/0000-0002-2044-6793
mailto:zmyang@vt.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1751-7915.70081&domain=pdf&date_stamp=2025-01-17


2 of 10 Microbial Biotechnology, 2025

exacerbating the problem. Antivirulence is a promising strategy 
to combat the AMR crisis because it targets and disarms bacte-
rial pathogens more selectively (Dickey, Cheung, and Otto 2017; 
Lau et al. 2023). Virulence factors are components or products of 
bacterial pathogens that contribute specifically to their ability to 
cause infections, but not their cell viability or general survival. 
Antivirulence therapeutics aim to inhibit or inactivate virulence 
factors, thereby attenuating or eliminating bacterial virulence. 
Antivirulants are small molecules that inhibit the function or 
production of virulence factors. Since virulence factors, in con-
trast to the targets of antibiotics, are not essential for bacterial 
viability, antivirulants are expected to have limited impacts on 
environmental and normal human microbiomes. The selectivity 
of antivirulants helps to mitigate a key driver for AMR develop-
ment and spread, offering an encouraging alternative to tradi-
tional antibiotics.

The bacterial type IV pilus (T4P) is expressed as a virulence 
factor by many pathogens (Craig, Pique, and Tainer  2004; 
Piepenbrink and Sundberg  2016) that urgently need new 
countermeasures. These include the priority Gram-negative 
pathogens Pseudomonas aeruginosa and Acinetobacter bauman-
nii (WHO 2024). The extracellular pilus filament is composed 
of the major pilin PilA and minor pilins. The T4P machinery 
(T4PM), which is responsible for T4P biogenesis, dynamics and 
function, is composed of a set of core T4P or Pil proteins that 
organise into three interconnected complexes in Gram-negative 
bacteria (Hospenthal, Costa, and Waksman 2017; Craig, Forest, 
and Maier 2019; Ellison, Whitfield, and Brun 2022). These are 
the outer membrane (OM) secretin complex, the periplasmic 
alignment complex and the cytoplasmic membrane (CM)-
associated motor complex. The OM complex contains a PilQ 
secretin multimeric channel that allows the pilus filament to 
pass through. The alignment complex includes multiple cop-
ies of PilM, PilN and PilO. The motor complex consists of the 
transmembrane protein PilC and one or more of the cytoplas-
mic ATPases PilB, PilT and PilU. PilB is the T4P assembly or 
extension motor, while PilT and PilU function as the main and 
the auxiliary disassembly or retraction motors, respectively. In 
bacterial pathogenesis, the T4P functions as an adhesin, facili-
tating bacterial attachment to biotic and abiotic surfaces (Craig, 
Pique, and Tainer  2004). The T4P also functions in twitching 
motility (Wall and Kaiser  1999; Wadhwa and Berg  2022) and 
natural competence (Dubnau and Blokesch 2019), in addition to 
its roles in bacterial pathogenesis.

While the T4PM is a validated virulence factor in many patho-
gens, the discovery of its inhibitors for the development of 
antivirulence chemotherapeutics remains challenging. A sig-
nificant obstacle is the lack of assays that can be scaled up for 
the high-throughput screen (HTS) of compound libraries to 
identify T4P antagonists. As far as we are aware, there are two 
types of HTS assays that have been reported in the literature. 
One was to screen for molecules that disrupted the adhesion of 
Neisseria menengitidis to cultured human cells. This approach 
led to the discovery of P4MP4, an inhibitor of the PilB equivalent 
in Neisseria (Aubey et al. 2019; Duménil 2019), this approach, 
which is rigorous but difficult to scale up, targeted neisserial 
adhesins, only one of which is T4P. The other approach took ad-
vantage of Chloracidobacterium thermophilum PilB as a robust 
ATPase in vitro. Its use as a purified enzyme in HTS has led to 

the discovery of PilB inhibitors such as quercetin and benser-
azide that exhibited anti-T4P activity in multiple bacteria (Dye 
et al. 2021, 2022). While these PilB-based HTS assays are scal-
able and efficient, it targets only one of the many components of 
the T4PM and the inhibitors from such a screen may not be cell 
permeable. The limitations of these methods necessitate the de-
velopment of innovative means for the experimental discovery 
of T4P inhibitors.

Here, we describe a novel approach to HTSs for the discovery 
of anti-T4P compounds using P. aeruginosa and its lytic phage 
φKMV as vehicles. We first confirmed and extended the pre-
vious report that φKMV uses the T4P as its receptor (Chibeu 
et  al.  2009). An assay for a HTS based on this bacterium-
phage pair was conceptualised and developed to screen for 
compounds that protect P. aeruginosa from φKMV lysis in 
liquid culture by monitoring optical density. Using an opti-
mised protocol, tuspetinib was identified from a library of 
2168 compounds, and it was confirmed to be a T4P inhibitor 
in P. aeruginosa and Acinetobacter species. Tuspetinib was 
found to protect P. aeruginosa from φKMV and two other T4P-
targeting phages but not an LPS-targeting one. In addition, we 
demonstrate that tuspetinib inhibits T4P-mediated motility of 
P. aeruginosa and Acinetobacter species without observable ef-
fects on bacterial growth or the flagellated swimming motility 
of P. aeruginosa. This assay is powerful and scalable for dis-
covering cell-permeable inhibitors against all possible T4PM 
constituents. The approach of using a bacterium-phage pair 
to screen for inhibitors is widely applicable to other bacterial 
structures that are used as phage receptors (de Melo, Morency, 
and Moineau  2024), providing a new and exciting venue to 
facilitate the research on antivirulence chemotherapeutics 
against bacterial AMR infections.

2   |   Experimental Procedures

2.1   |   Bacterial Strains and Phages

Table S1 lists P. aeruginosa strains used in this study. They were 
propagated on LB agar plates or in LB liquid media on an or-
bital shaker at 37°C. Other bacteria used in this study include 
Acinetobacter nosocomialis M2 (Niu et  al.  2008) and its ΔpilA 
mutant (Harding et  al.  2013) as well as A. baumannii strains 
AYE (Adams et al. 2008) and AB0057 (Hamidian et al. 2017). 
They were grown on MacConkey agar at 37°C.

P. aeruginosa phages used are the T4P-targeting φKMV 
(Lavigne et  al.  2003), Luz19 (Lammens et  al.  2009) and Ab05 
(Essoh et al. 2015) as well as the LPS-targeting Luz7 (Ceyssens 
et al. 2010). Phage stocks were prepared (Budzik et al. 2004) and 
titered (Dreyer and Campbell-Renton 1933) similarly as previ-
ous described.

2.2   |   Phage Infection in Liquid Culture

The infection of P. aeruginosa with φKMV at MOI = 10 was 
conducted with 96-well plates with a total volume of 100 μL per 
well. Here 5 × 107 cells from an overnight culture were mixed 
with 5 × 108 pfu of φKMV in LB with 10 mM CaCl2 (LB + Ca). 
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Experiments at lower MOIs were conducted using a 384-well 
plate with each well containing 25 μL of log-phase P. aeruginosa 
cells at 2 × 108 cells/mL and an equal volume of φKMV at ap-
propriate dilutions. The plate was incubated at 37°C in a Tecan 
Infinite F200 Pro Microplate reader with 250 rpm shaking 
which was paused during OD600 measurements.

2.3   |   High-Throughput Screening

Used in this study were a Selleckchem (Boston, MA, USA) and 
a MedchemExpress (Monmouth Junction, NJ, USA) librar-
ies with 273 and 2168 kinase inhibitors, respectively. Library 
screening was performed with 384-well plates at the Virginia 
Tech Center for Drug Discovery. Each well of a plate was first 
aliquoted 0.3 μL of a library compound in DMSO, followed by 
the addition of 30 μL of log-phase PAO1 cells at 2 × 108 cells/mL 
and 30 μL of φKMV at 4 × 104 pfu/mL, both in LB + Ca broth. 
OD600 was measured with a SpectraMax M5 plate reader pre- 
and post-incubation at 37°C with 400 rpm orbital shaking for 
4 h. The difference between the two OD600 readings was used 
for data analysis and the identification of potential hits. Each 
screen plate included wells with DMSO and P. aeruginosa ei-
ther without or with φKMV as positive and negative controls. 
Z′ factors were calculated from these controls as previously de-
fined (Zhang, Chung, and Oldenburg 1999). In the trial screen 
with the smaller library, the effects of the compounds on 
P. aeruginosa growth were analysed in the absence of phages, 
and the lysis process was monitored every 30 min with a plate 
with wells containing P. aeruginosa cells with and without the 
φKMV phage.

2.4   |   Validation of Tuspetinib as a T4P Inhibitor

The effect of tuspetinib on the lysis of PAO1 cells by phages was 
examined using 384-well plates as described for library screening 
except that sample wells were aliquoted 0.3 μL of tuspetinib at ap-
propriate concentrations in DMSO. Plates were incubated at 37°C 
with 250 rpm shaking in a Tecan Infinite F200 Pro Microplate 
reader with OD600 measurements at regular time intervals.

The effect of tuspetinib on the twitching motility of P. aeruginosa 
and Acinetobacter species was examined using tissue culture-
treated 6-well plates with LB media after 16 h of incubation as 
described previously (O'Hara et  al.  2024). A P. aeruginosa pilB 
mutant (Table S1) and an A. nosocomialis pilA mutant (Harding 
et al. 2013) were used as controls for normalisation for data anal-
ysis. P. aeruginosa swimming motility was analysed as described 
(Samuel Chow, Jiang, and Nassour 2011) except that the assay was 
performed with 6-well plates with 4 mL of agar media in each. 
Swimming zones were measured after 16 h of incubation at 37°C 
with a ΔfliC mutant (Table S1) as the control. ImageJ was used for 
data acquisition and analysis of twitching and swimming motility.

3   |   Results

3.1   |   Bacteriophage φKMV Requires Functional 
T4P for P. aeruginosa Infection

φKMV was shown previously to infect the P. aeruginosa wild-
type strain PAO1, but not its isogenic pilA mutant (Chibeu 
et al. 2009), suggesting that T4P is the φKMV receptor. We ini-
tially spotted serial dilutions of φKMV on the lawns of PAO1 
and a pilA mutant. Clear zones or plaques formed on the wild 
type (Figure 1A), but not on the pilA mutant (Table S1), con-
firming the requirement of pilA by φKMV infection. PilB is 
the T4P assembly ATPase and it is required for T4P biogenesis. 
Similarly to the pilA mutant, the lawn of a pilB mutant pro-
duced no plaques or clearing zones in the presence of φKMV 
(Figure 1A). Also, we analysed mutants of additional pil genes 
essential for piliation (Ellison, Whitfield, and Brun  2022). 
These included pilC, pilM, pilN, pilO and pilQ as well as pilE, 
pilY1 and pilR with the last three encoding a minor pilin, a 
pilus tip protein and a response regulator required for the 
transcription of pilA, respectively (Leighton et al. 2015). None 
of these mutants was able to form plaques upon φKMV infec-
tion. These observations collectively indicate that it is the T4P 
filament, not the mere presence of pilins or other T4PM com-
ponents, that is essential for φKMV infection. These results 
are consistent with the conclusion that T4P functions as the 
receptor for the P. aeruginosa phage φKMV.

FIGURE 1    |    Functional T4P is required for φKMV infection. Lawns of P. aeruginosa PAO1 (WT), PW8623 (pilB), PW1728 (pilT) and PAO1 alg-
C::Tet mutant were infected by 2 μL of φKMV (A) or Luz7 (B) at indicated pfu/mL. Photographs were taken after incubation at 37°C for 12 h. Dark 
areas are clearing zones indicating successful phage infection. Three or more biological replicates were performed, each with technical quadrupli-
cates. The 10 mm scale bar on the bottom right is applicable to both panels.
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There are T4P or Pil proteins that are not required for piliation in 
P. aeruginosa. PilS is the cognate histidine sensor kinase of PilR. 
PilG, PilI, PilJ and PilK are components of a chemotaxis-like path-
way with functions in the regulation of and by T4P (Bertrand, West, 
and Engel  2010; Geiger, Wong, and O'Toole  2024). Our results 
indicated that mutants of these regulatory genes are still suscep-
tible to φKMV infection as analysed by the formation of plaques 
and clearing zones (Table  S1). PilU and PilT are T4P retraction 
ATPases in P. aeruginosa. PilT is the main and essential one while 
PilU plays an accessory role to assist the function of PilT (Adams 
et al. 2019; Chlebek et al. 2019). Although both pilT and pilU mu-
tants are hyperpiliated (Whitchurch and Mattick 1994). PilT, but 
not PilU, is absolutely required for T4P retraction (Talà et al. 2019). 
As shown in Figure 1A, on the lawn of a pilT mutant, φKMV did 
not produce plaques or any clearing. In contrast, a pilU mutant is 
still susceptible to φKMV infection in this assay (Table S1), which 
is reminiscent of PO4, another P. aeruginosa phage that infected a 
pilU mutant as well (Whitchurch and Mattick 1994). We addition-
ally examined two other T4P-targeting phages Ab05 and Luz19 for 
their infections of the collection of pil mutants (Table S1; Figure S1) 
and observed the same patterns of infection as φKMV. These 
results here demonstrate that a functionally retractable T4P, not 
its mere presence, is required for φKMV and other T4P-targeting 
phages to infect P. aeruginosa.

It was observed previously (Chibeu et  al.  2009) that while a 
pilA mutant is resistant to φKMV, it still displayed substantial 
phage absorption, albeit at a lower level than the wild type, sug-
gesting the existence of a possible co-receptor. LPS is frequently 
used as a phage receptor in many bacteria (Silva, Storms, and 
Sauvageau 2016) and we examined if LPS is required for φKMV 
infection of P. aeruginosa with an algC mutant, which is defective 
in LPS O-antigen (Coyne Jr. et al. 1994). The results demonstrated 
that φKMV (Figure 1A), as well as Ab05 and Luz19 (Table S1), gen-
erated clearing zones and plaques on the lawn of the algC mutant. 
As a control, the LPS-targeting phage Luz7 (Ceyssens et al. 2009) 
was observed to infect the WT as well as the pilB and the pilT mu-
tants, but not the algC mutant (Figure 1B). Together, these results 
indicate that φKMV, Ab05 and Luz19, while requiring functional 
T4P, do not use LPS as a receptor as does Luz7.

3.2   |   P. aeruginosa In Liquid Culture Is Susceptible 
to φKMV Infection

We examined if the phage infections observable on agar plates 
(Figure 1 and S1) could occur in liquid media. P. aeruginosa cul-
tures in 96-well plates were incubated without or with φKMV 
at a multiplicity of infection (MOI) of 10 with orbital shaking 
in a plate reader. At regular time intervals, shaking was paused 
and OD600 was measured. As shown in Figure 2A, cultures not 
infected with φKMV grew steadily as indicated by the increas-
ing OD600 readings over time. In comparison, the OD600 of those 
infected with the phage remained relatively constant for the 
first 40 min, but started to decrease thereafter. By 130 min, their 
OD600 readings reached a low basal level and stabilised. Similar 
observations were made with the LPS-targeting phage Luz7 
(Figure 2B) where the optical density of the cultures with phage 
decreased and stabilised in a similar time frame. Together, 
these results indicate that P. aeruginosa cells can be infected by 
φKMV and Luz7 in liquid culture in multiwell plates and that 
cell lysis can be monitored by optical density using plate read-
ers. The estimated length of the infection cycle from these ex-
periments is about 40 min for both phages, which is consistent 
with previous observations (Ceyssens 2009; Chibeu 2009) and 
coincides with the generation time for P. aeruginosa under our 
experiment conditions.

3.3   |   Development of a High-Throughput Screen 
for Inhibitors of φKMV Infection

T4P inhibitors have potentials for the development of antiviru-
lants against many bacterial pathogens. We considered utilising 
the protection of P. aeruginosa from φKMV lysis as a means to 
identify T4P inhibitors from compound libraries by HTS. To 
allow a potential T4P inhibitor to take effect, P. aeruginosa cells 
should be allowed to grow and multiply in the presence of a li-
brary compound before phage infection. One way to accomplish 
this in a HTS is to expose a log-phase bacterial culture simul-
taneously to a library compound and a phage at low MOI such 
that bacterial cells overwhelmingly outnumber phage particles 

FIGURE 2    |    Phage infection of P. aeruginosa occurs liquid culture. P. aeruginosa cultures in a 96-well plate were incubated without or with φKMV 
(A) or Luz7 (B) at an MOI of 10 in a microplate reader at 37°C with orbital shaking which was paused at regular time intervals for OD600 readings. 
Three or more biological replicates were performed, each with technical triplicates. Data presented are from one representative experiment with 
error bars indicating standard deviation.
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at the onset. While a small number of cells would be infected 
and lysed early on, most cells would not encounter a live phage 
and would be able to proliferate before encountering newly pro-
duced phages at a later time. Depending on the initial MOI and 
the burst size of the phage, many cells could continue to grow 
and divide before phage particles eventually outnumber cells, 
leading to cell lysis and the collapse of a culture as monitored 
by OD600. If a compound were protective against φKMV, the ob-
served OD600 would be higher than control wells without any 
compound. This was the guiding principle for the development 
of the HTS assay using P. aeruginosa and φKMV in this study.

Cultures of P. aeruginosa in 384-well plates were incubated 
without or with φKMV at MOIs from 2.5 × 10−1 to 2.5 × 10−4 with 
orbital shaking in a plate reader. As shown in Figure 3, OD600 of 
all cultures increased initially as was expected. Those without 
φKMV continued to increase their cell density over the course of 
the experiment. Depending on the initial MOI with φKMV, cul-
tures reached peak cell densities at different times before OD600 
started to decrease. The higher the MOI, the lower the maxi-
mum cell density and the sooner a culture collapsed. At the MOI 
of 2.5 × 10−1, OD600 increased about three folds to reach its peak 
around 95 min, at which point, it started to decline to a basal 
level about 150 min post infection. At the MOI of 2.5 × 10−4, cul-
tures reached maximum cell densities in about 155 min with 
approximately an eight-fold increase in OD600. Optical density 
decreased thereafter to stabilise at a basal level around 230 min. 
At this low initial MOI, it is reasonable to assume that a poten-
tial T4P inhibitor in a screening would have had sufficient time 
to exert its effect on the bacterial population before phages out-
number cells to collapse the bacterial culture.

3.4   |   HTS Identified Inhibitors of φKMV Infection

As described in Experimental Procedures, a trial screen of a 
Selleckchem library with 273 kinase inhibitors was conducted 

at 15 μM and 50 μM, each in duplicate plates. The Z′ factors, 
calculated from control wells without and with phages from 
the four screening plates were 0.81, 0.78, 0.74 and 0.73, respec-
tively (Figure  S2A), indicating robustness of this phage-based 
HTS assay (Zhang, Chung, and Oldenburg  1999; Murray and 
Wigglesworth 2017). In addition, the inhibition of P. aeruginosa 
by the library compounds at 50 μM were examined in duplicate 
plates and no growth inhibition was observed for most com-
pounds (Figure S2B). This trial screen, while not yielding any 
hit, showed the feasibility of HTS with P. aeruginosa and φKMV.

A MedChemExpresss library of 2168 kinase inhibitors was 
screened at 50 μM in duplicate plates as above. The resulting Z′ 
factors for the screening plates were close or above 0.7, compara-
ble with the trial screen. As shown in Figure 4, two compounds, 
tuspetinib and doxorubicin, showed 71% and 88% protection 
of P. aeruginosa from φKMV lysis, respectively. Doxorubicin 
is a DNA-intercalating agent (Zhang et  al.  2019) and an 
anthracycline-type chemotherapeutic drug for cancer treatment 
with severe cytotoxicity (Neefjes et al. 2024). This class of mole-
cules such as acridine are known to have general antiphage activ-
ities (Hong and Kreuzer 2000) and antibiotic (Wainwright 2001; 
Tenconi and Rigali 2018). As such, doxorubicin was not pursued 
as a T4P inhibitor. The remainder of this study focused on tuspe-
tinib, also known as HM43239, which is an inhibitor of the FMS-
like tyrosine kinase 3 (FLT3) with potentials for the treatment of 
acute myeloid leukaemia (AML) (Daver et al. 2019, 2021; Wang 
et al. 2024). It is orally available and has shown favourable phar-
macology and toxicology profiles (Sonowal et al. 2024). Interim 
results from a phase I/II clinical trial demonstrated tuspetinib 
to have promising clinical responses against relapsed AML in 
monotherapy and in combination with other chemotherapeutic 
agents (Daver et al. 2022, 2023, 2024).

3.5   |   Tuspetinib Is Specific Against 
T4P-Targeting Phages

Tuspetinib was first examined for its effect on P. aeruginosa 
growth dynamics at different concentrations. As shown in 
Figure S3, no change in P. aeruginosa growth rate or yield was 

FIGURE 3    |    φKMV infections at low MOI allows bacterial prolifer-
ation for multiple generations. P. aeruginosa PAO1 cultures in 384-well 
plates were incubated without or with φKMV at indicated MOIs. Plates 
were incubated at 37°C with orbital shaking with OD600 readings at reg-
ular time intervals. Three biological replicates were performed, each 
with technical quintuplicates. Data presented are from one representa-
tive experiment with error bars indicating standard deviation. Data for 
infections at three other MOIs are omitted for clarity.

FIGURE 4    |    HTS identified tuspetinib and doxorubicin. The 
MedChemExpress library of 2168 kinase inhibitor was screened at 
50 μM as described in the main text. Each dot represents the average 
of two replicates. Error bars are omitted for clarity. Green and red dots 
indicate tuspetinib and doxorubicin, respectively.
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observed at up to 200 μM of tuspetinib, four times of that in the 
HTS (Figure  4). Next, the dose response of φKMV infection 
to tuspetinib was examined in liquid cultures with continu-
ous monitoring (Figure S4). At 25 μM, tuspetinib delayed the 
lysis of the P. aeruginosa culture for ~40 min in comparison 
with the solvent control. At 50 μM and 100 μM, it protected the 
P. aeruginosa culture for up to 250 min (Figures 5A and S4A). 
In addition, tuspetinib was observed to protect P. aeruginosa 
from the other two T4P-targeting phages Luz19 and Ab05 for 
up to 250 min (Figure 5C,D). In contrast, tuspetinib failed to 
protect P. aeruginosa from the LPS-targeting phage Luz7 in a 
similar assay (Figures 5B and S4B). Together, these results in-
dicate that tuspetinib impairs the infection of P. aeruginosa by 
T4P-targeting but not LPS-targeting phages without affecting 
bacterial growth. These observations suggest that our novel 
HTS assay based on a bacterium-phage pair successfully iden-
tified tuspetinib as a likely anti-T4P compound effective in 
P. aeruginosa.

3.6   |   Tuspetinib Inhibits T4P-Mediated Twitching 
Motility in Multiple Bacteria

Besides its function as a phage receptor, T4P is a motility 
apparatus that powers bacterial twitching in P. aeruginosa 
and other bacteria. The effect of tuspetinib on P. aeruginosa 
twitching was examined with the twitching areas measured 

in the presence of tuspetinib at different concentrations. As 
shown in Figure 6A, P. aeruginosa twitching displayed a clear 
dose-dependent response to tuspetinib. At concentrations 
below or equal to 6.25 μM, tuspetinib showed no obvious 
effect on P. aeruginosa twitching. At 12.5 μM and above, it 
increasingly inhibited P. aeruginosa twitching with increas-
ing concentrations. Its half maximal inhibitory concentra-
tion (IC50) of P. aeruginosa twitching was determined to be 
19.4 ± 1.9 μM. Besides twitching, P. aeruginosa possesses flag-
ellated swimming motility which can be analysed with media 
containing low concentrations of agar (Samuel Chow, Jiang, 
and Nassour 2011). We quantified P. aeruginosa swimming in 
the presence of tuspetinib. As shown in Figure  S5, there is 
no statistical difference in P. aeruginosa swimming between 
the absence and presence of tuspetinib at the various concen-
trations. These results demonstrate that tuspetinib is a spe-
cific inhibitor of T4P functions in P. aeruginosa without any 
observable effect on swimming motility (Figure S5) or P. aeru-
ginosa growth (Figure S3).

Tuspetinib was examined to determine if it is effective as 
an anti-T4P compound beyond P. aeruginosa. Acinetobacter 
nosocomialis is a member of the Acinetobacter calcoaceticus-
Acinetobacter baumannii (ACB) complex (Nemec et  al.  2011), 
and the A. nosocomialis M2 strain has been used extensively for 
the studies of T4P-dependent twitching motility in this species 
(Ronish et al. 2019; Vo et al. 2023; O'Hara et al. 2024). As shown 

FIGURE 5    |    Tuspetinib protects P. aeruginosa from phages. PAO1 cultures in 384-well plates were infected by phages φKMV (A), Luz7 (B), Luz19 
(C) or Ab05 (D) at an MOI of 2.5 × 10−4 in the presence (red triangles) or the absence (blue circles) of 50 μM tuspetinib. Plates were incubated at 37°C 
with orbital shaking with OD600 readings at regular time intervals. Three biological replicates were performed, each with at least technical tripli-
cates. Data presented are from one representative experiment with standard deviations indicated by shading. Data for controls without phage are not 
included for clarity. See Figure S4 for additional results.
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in Figure 6B, the twitching motility of A. nosocomialis is simi-
larly inhibited by tuspetinib in a dose-dependent manner as that 
of P. aeruginosa (Figure 6A). The calculated IC50 of tuspetinib 
for this inhibition is 14.8 ± 0.9 μM. Like the observations with 
P. aeruginosa (Figure S3), tuspetinib displayed no inhibition of 
A. nosocomialis growth (Figure S6). Additionally, we examined 
the twitching of two clinical isolates of A. baumannii strains, 
AYE and AB0057 (Adams et al. 2008; Hamidian et al. 2017), for 
their response to tuspetinib. As shown in Figure S7, the twitch-
ing motility of these two strains is similarly inhibited by tus-
petinib in a concentration-dependent manner. The inhibition 
of twitching motility in P. aeruginosa and Acinetobacter species 
demonstrates that tuspetinib targets a conserved T4P compo-
nent in these bacteria with promises for the development of a 
broad-spectrum antivirulant against T4P as a virulence factor.

4   |   Discussion

Here we described the development and implementation of a 
novel approach for discovering T4P antagonists using P. aerugi-
nosa and a T4P-targeting phage. For high-throughput screening, 
log-phase P. aeruginosa cells were mixed with φKMV at a low 
MOI in liquid growth media in multiwell plates such that bacte-
ria cells outnumber phages by a ratio of 5000 to 1 at the onset of 
the experiment. From here on, it is a race between the phage and 
the bacterium in the increase of their numbers. Assuming a burst 
size of 100 pfu for φKMV (Lin et al. 2010; Sharma et al. 2021) 
and a synchronisation of φKMV infection cycle (Figure 2) with 
the doubling of P. aeruginosa, phage particles would surpass 
bacterial cells after two generations (Figure 3). After that, the 
demise of the bacterial culture will lead to drastic decreases in 
cell number which can be monitored by optical density. We rea-
soned that the time for two doublings of a culture would permit 
a T4P antagonist ample opportunity to influence the piliation 
levels of the surviving and proliferating cells, allowing the iden-
tification of a T4P inhibitor by its ability to protect cells against 
φKMV. The identification of hits from our screen validated the 
framework for the use of bacterium-phage pairs for HTS as was 
envisioned (Figure 4).

The HTS reported here with P. aeruginosa and φKMV over-
comes a few limitations of previous approaches. Firstly, any hit 
identified by our screen is likely functional with the bacterium 
because it protects the whole cell from phage lysis. An inhibitor 
targeting a component of the motor or the periplasmic alignment 
complex is CM and/or OM permeable as was the case for P4MP4 
(Aubey et  al.  2019). Alternatively, a T4P antagonist identified 
with this screen may target the functions of the T4P filament 
(Poole et al. 2020) or its OM channel which presumably opens 
and closes during T4P assembly and disassembly (Hospenthal, 
Costa, and Waksman  2017; Craig, Forest, and Maier  2019; 
Ellison, Whitfield, and Brun 2022). This is in comparison with 
the HTS using purified proteins for the identification of PilB 
inhibitors (Dye et al. 2021, 2022), which may lead to inhibitors 
that are nonfunctional with intact cells. Secondly, this newly 
developed HTS assay identifies hits by optical density, which 
can be conveniently measured by a plate reader. It is similar in 
simplicity to the enzyme-based colorimetric or the fluorescence-
based substrate binding assays with PilB (Dye et al. 2021, 2022). 
As such, it is cost effective and convenient to scale up for larger 
compound libraries. The microscope-based HTS measuring 
bacterial adhesion to cell cultures is more complex (Aubey 
et al. 2019). The procedures include, among other steps, prepara-
tion of primary endothelial cell culture, treatments with library 
compounds before and during bacterial adhesion, differential 
staining and fluorescent microscopic imaging with dual filter 
sets, followed by image analysis. While this protocol may cap-
ture the infection process the best in vitro, its complexity makes 
it challenging with larger compound libraries. Thirdly, our cur-
rent screen, by virtue of antagonising the biogenesis or function 
of T4P as a phage receptor, is more specific to T4P instead of 
other molecules or proteins that function as adhesins (Aubey 
et al. 2019). Yet, unlike the PilB-based screen with one specific 
target, this bacterium-phage approach may identify inhibitors 
against any protein of the T4PM. The advantages of the current 
approach promise to accelerate the identification of T4P antago-
nists for the development of antivirulants against bacterial T4P.

An anticipated limitation of the current approach is the in-
terference from compounds with antiphage activities such 

FIGURE 6    |    Tuspetinib inhibits twitching motility in multiple pathogens. Twitching motility of P. aeruginosa PAO1 (A) and A. nosocomialis M2 
(B) was examined and analysed as described in Experimental Procedures in the presence of tuspetinib at different concentrations. Twitching area is 
expressed as percentages (%) of the control without tuspetinib. Data presented here are averages from three biological experiments (represented by a 
different shape and colour) each performed in triplicate. Errors are omitted for clarity. IC50 was calculated using GraphPad Prism.

 17517915, 2025, 1, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1751-7915.70081 by V
irginia Polytechnic Institute A

nd State U
niversity, W

iley O
nline Library on [02/05/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



8 of 10 Microbial Biotechnology, 2025

as doxorubicin (Figure  4), which, like its related chemicals, 
may target mammalian, bacterial and phage topoisomerases 
(Kreuzer  1998). Other targets of interfering compounds in-
clude the diverse bacterial antiphage systems (Georjon and 
Bernheim 2023) because a potentiator of such systems may pro-
tect bacteria from phage lysis. Exclusion of such potentiators 
can be achieved by a counter screen using a phage that does 
not require T4P for infection. One candidate in this case can be 
the LPS-targeting phage Luz7 (Figures 2B and 5B). While not 
included in the current study, a counter screen with Luz7 will 
help to mitigate this limitation with larger compound librar-
ies. Intriguingly, LPS is an endotoxin for many gram-negative 
bacterial pathogens. As such, Luz7, similarly as φKMV, may be 
used to screen for inhibitors of LPS biosynthesis and functions. 
Virulence factors including flagella, outer membrane porins and 
secretion systems are used as phage receptors (Silva, Storms, 
and Sauvageau 2016; Stone et al. 2019; de Melo, Morency, and 
Moineau  2024). The approach of using bacterium-phage pairs 
for the discovery of antivirulence compounds may be extended 
to these prominent virulence factors and their corresponding 
phages.

Multiple experiments demonstrated the specificity of tus-
petinib as a genuine inhibitor of bacterial T4P and its func-
tions. Tuspetinib is effective in protecting P. aeruginosa 
from lysis not only by φKMV, the phage used for the initial 
library screening, but also by two other T4P-targeting phages 
Luz19 and Ab05 (Figure  5). In addition, tuspetinib inhibits 
T4P-mediated twitching motility of P. aeruginosa as well as 
A. nosocomialis with IC50 of 19.4 μM and 14.8 μM, respectively 
(Figure  6). It also inhibited the twitching motility of A. bau-
mannii (Figure  S7), the top organism on the list of priority 
pathogens because of their antibiotic resistance (WHO 2024). 
In contrast, tuspetinib did not protect P. aeruginosa from lysis 
by the LPS-targeting phage Luz7 (Figure 5), and it inhibits nei-
ther P. aeruginosa flagellated swimming motility (Figure  S5) 
nor bacterial growth (Figure  S3). These results indicate that 
tuspetinib is a specific T4P inhibitor without antibiotic activity 
or non-specific inhibitory effects on bacterial motility. While 
the specific protein target of tuspetinib and its mode of action 
as a T4P inhibitor is yet to be established, its effectiveness in 
multiple pathogens shows promises for the development of 
broad-spectrum antivirulants against a conserved component 
of the T4P machinery.
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