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Introduction: Toll-like receptors (TLRs) are critical components of innate immunity, recognizing microbe-derived molecules and
triggering pro-inflammatory cytokine production for pathogen clearance. However, TLR hyperactivation can cause excessive inflam-
mation, contributing to disorders such as sepsis. Thus, modulating TLR signalling is a promising therapeutic strategy. The intracellular
bacterial pathogen, Brucella, encodes TcpB, a cell-permeable anti-inflammatory protein that inhibits TLR2/4 signalling by targeting
adaptor proteins TIRAP and MyDS88. TcpB has an N-terminal phospholipid-binding motif conferring cell permeability and
a C-terminal TIR domain for TLR interference. This study explores TcpB-derived peptides and evaluates their potential for therapeutic
and research applications.

Methods: We synthesized TcpB-derived peptides and evaluated their cytotoxicity, cell permeability, and anti-inflammatory effects
using LDH assay, fluorescence microscopy, ELISA, and qRT-PCR. A chimeric peptide, TB4-BBL2, was then generated and evaluated
for cellular uptake, interaction with TLR adaptors, and functional activities. Binding of FAM-labelled TB4-BBL2 to FLAG-tagged
TIRAP/MYD88 was confirmed via co-immunoprecipitation and fluorescence analysis, while degradation of adaptors was assessed by
Western blotting. The anti-inflammatory efficacy of TB4-BBL2 was evaluated in a murine endotoxemia model by measuring serum
TNF-o and IL-6 levels using ELISA, and cytokine transcript levels in major organs using qRT-PCR. Additionally, TcpB-derived
peptides conjugated to gentamicin were analyzed for enhanced intracellular delivery, bacterial clearance, and anti-inflammatory effects
using CFU enumeration, ELISA, and qRT-PCR in both in vitro and in vivo.

Results: TB4-BBL2 peptide was efficiently internalized by macrophages via endocytosis and promoted the degradation of TIRAP and
MYD88, thereby attenuating TLR2/4-mediated pro-inflammatory cytokine production and oxidative stress. In vivo, TB4-BBL2
treatment resulted in over a 70% reduction in serum TNF-a levels, which was also reflected by decreased transcript levels in spleen
tissue. Conjugation of TcpB-derived peptides to gentamicin enhanced its cell permeability and facilitated efficient elimination of
intracellular bacteria. This was corroborated by enhanced bacterial clearance in CFU assays, showing over a 2-Log reduction in vivo
along with more than an 80% decrease in splenic TNF-a transcripts in the murine model of brucellosis.

Discussion: Our findings highlight the therapeutic potential of TcpB-derived peptides in modulating TLR-mediated inflammation and
enhancing intracellular antibiotic delivery. This dual-functional strategy offers a promising novel approach for treating inflammatory
diseases and persistent intracellular infections, warranting further investigation toward clinical applications.

Keywords: inflammation, TLR2/4, pro-inflammatory cytokines, inflammatory disorders, peptide-based drugs, Brucella, endotoxemia,

cell-permeable antibiotics

Introduction
Toll-like receptors are crucial components of innate immunity, which is the first line of defence against invaded
microorganisms. TLRs are expressed in a wide range of host cells, including macrophages, dendritic cells, B cells,
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epithelial and fibroblast cells. TLRs constitute an extracellular leucine-rich repeat (LRRs) that are involved in recogniz-
ing various pathogen-associated molecular patterns (PAMPs). TLRs harbour an intracellular domain termed the TIR
domain, which is highly conserved and interacts with the TIR domain-containing adaptor proteins upon activation. There
are four TIR domain-containing adaptor proteins such as TIRAP (TIR-domain-containing adaptor protein (TIRAP),
Myeloid differentiation primary response protein 88 (MyD88), TIR domain-containing adaptor protein inducing inter-
feron-B (TRIF) and TRIF-related adaptor molecule (TRAM) that are involved in the initiation of TLR signalling.' The
recognition of PAMPs by the TLRs triggers their activation, followed by selective recruitment of the TIR domain-
containing adaptor proteins. This initiates a signalling cascade that results in expression of various pro-inflammatory
cytokines, chemokines and anti-microbial peptides.?

Dysregulated TLR activation can produce excess pro-inflammatory cytokines, resulting in whole-body inflammation.
The aberrant activation of TLRs has been attributed to the pathogenesis of various inflammatory disorders, including
sepsis, atherosclerosis, diabetes, and arthritis.>* The dysregulated activation of TLR4/2 by PAMPs results in excess
production of pro-inflammatory cytokines, free radicals, and recruitment of other inflammatory mediators, leading to
a systemic syndrome with tissue injury, increased vascular permeability, and multi-organ failure.”® TLR4 and TLR2 play
crucial roles in the pathogenesis of inflammatory disorders like sepsis, making them promising therapeutic targets.
However, no specific drugs are currently approved for sepsis treatment. Moreover, antibacterial therapy can worsen
inflammation by releasing PAMPs that activate TLR4 and 2. While immunosuppressive agents like steroids can reduce
systemic inflammation, their long-term use leads to severe side effects and heightened susceptibility to secondary or
opportunistic infections.”

10752 ‘e Journal of Inflammation Research 2025:18



Nandi et al

Many pathogenic microorganisms encode effector proteins that subvert the TLR signalling to attenuate the production
of pro-inflammatory cytokines.® Bacterial pathogens such as Brucella, Salmonella, E. coli etc. encode effector proteins
that mimic the TIR domain of eukaryotes to interfere with the TLR signalling.”'® TcpB is a cell-permeable, TIR domain-
containing protein from the intracellular bacterial pathogen Brucella, which inhibits NF-kB activation and the production
of proinflammatory cytokines mediated by TLR2 and TLR4."''* The cell permeability of TcpB is attributed to its
cationic amino acid-rich N-terminal phosphoinositide phosphate (PIP)-binding motif. Mutation of key residues within
this motif significantly reduced the affinity of TcpB for PIPs.'* The C-terminal TIR domain of TcpB is responsible for
disrupting TLR2/4 signalling, thereby downregulating the production of pro-inflammatory cytokines. The BB-loop
region in the TIR domain of TcpB has been reported to be essential for interfering with the TLR2/4-mediated signalling
pathway.'* TcpB interacts with the TLR2/4 adaptor proteins, MyD88 and TIRAP and promotes the enhanced ubiquitina-
tion and degradation of TIRAP.'*!'%'*!5 Although TcpB does not possess inherent ubiquitin ligase activity, it has been
shown to interact with the host protein CLIP170, which facilitates the ubiquitination and subsequent degradation of
TIRAP.'® Collectively, these findings suggest that TcpB may serve as a promising candidate for the development of
peptide-based, cell-permeable therapeutics targeting TLR2/4 signalling.

Therapeutic proteins are widely used to treat human diseases but face challenges such as immunogenicity and
proteolytic instability. To overcome these limitations, peptide sequences are being explored as alternatives, gaining
significant interest in the pharmaceutical industry.'”'® Peptide drugs exhibit enhanced potency, specificity, and low
incidence of toxicity.'”*° Further, the conjugation of peptides with other drugs can improve the target selectivity and
bioavailability and facilitate the delivery of cell impermeable cytosolic cargos.?' 2* Therefore, peptide mimetics became
one of the thrust areas of drug discovery with unprecedented potential.

The unregulated use of antibiotics has led to the rapid emergence of antibiotic-resistant bacteria, significantly
impacting global health. Treating intracellular bacterial infections poses a particular challenge due to the limited cellular
availability of antibiotics at therapeutic doses.”> Given that the discovery of new antibiotics is both time-consuming and
financially demanding, alternative strategies are urgently required to combat antimicrobial resistance.”**’ A promising
approach involves modifying existing antibiotics to enhance their pharmacokinetic properties.'***

In this study we generated functional peptides from the TcpB protein of Brucella, followed by analysing their cell
permeability and anti-inflammatory properties. The chimeric peptide, TB4-BBL2 targeted TIRAP and MYD8S to disrupt
TLR2/4 signaling and significantly dampened cytokine induction in a mouse model of endotoxemia. Furthermore, we
demonstrated that conjugating gentamicin with the peptides derived from TcpB enhanced its cellular availability,
resulting in improved permeability, increased killing of intracellular bacteria, and suppression of proinflammatory
cytokines in both macrophages and mice.

Materials and Methods

Sequence Analysis
The TIR domain of TcpB was aligned with that of mouse TIRAP, using the Clustal Omega to identify the BB loop region
of TcpB. The crystal structures of TIR domains of TepB (pdb_00004c7m) and TIRAP (pdb_00002y92) were obtained

from PDB and superimposed using Chimaera software.?®%°

Designing and Synthesis of Peptides from TcpB

Various peptides were designed from the N-terminal PIP-binding and C-terminal BB-loop regions of TcpB (Table 1). The
peptides were synthesised without or with a 5-carboxyfluorescein (FAM) tag at the N-terminus from commercial sources
with >95% purity by HPLC. The lyophilized peptides were resuspended in 1X DPBS (Lonza) and stored in aliquots in
the —80 freezer for further experiments.

Cell Culture
RAW264.7 (ATCC), HEK293T (ATCC) and immortalized Bone Marrow-Derived Macrophages from mice (iBMDM;
a gift from Petr Broz, University of Lausanne) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma)
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Table | Details of Peptides Used in the Study

Peptide Sequence Length Description

TBI GAAIGKKRADIAKK 14 Derived from N-terminus

TB2 KKRADIAKK 9 Derived from N-terminus

TB2 (ala) (mutated) AAAADIAAA 9 In TB2, Lys and Arg are replaced with Ala
TB3 GAAIGKKRADIAKKIADKAK 20 Derived from N-terminus

TB4 KKRDIKK 7 Derived from N-terminus

TBS5 KKRDKK 6 Derived from N-terminus

TB6 KKRKK 5 Derived from N-terminus

TB7 GKKRADIAKK 10 Derived from N-terminus

TAT GRKKRRQRRRPPQ 13 Positive control [25]

TAT-ala (-ve control) GRKKAAQAAAPPQ 13 Negative control [25]

TB4-BBL KKRDIKKKIFYDAYTLKVGDSLRRKID 27 TB4 with BB loop region of TcpB
TB4-BX2 KKRDIKKLQLRDATPGGAIVS 21 TB4 with BB loop of TIRAP

TBX2 GKMADWFRQTLLKKPKKRPNSPEST LQLRDATPGGAIVS 39 Positive control [25]

TB4-BBLI KKRDIKKLGAKIFYDAYTLKVGD 23 TB4 with shortened BB loop of TcpB
TB4-BBL2 KKRDIKKRDLGAKIFYDAYTLKVGDSLRR 29 TB4 with extended BB loop of TcpB
TB4-DD KKRDIKKHKVSYDEVRRFSPSLA 23 TB4 with shortened DD loop of TcpB
TIR SEDKEAFVQDLVAALRDLGAKIFYDAYTLKVGDSLRRKIDQGLANSK 47 Derived from the TIR domain of TcpB

supplemented with 10% Fetal Bovine Serum (FBS, Sigma) and 1% penicillin-streptomycin solution at 37°C in the
humidified atmosphere of 5% CO2. The iBMDMs were differentiated using m-CSF (20 ng/mL; Biolegend) or 10%
culture supernatant of L.929 cells for 48 hours and further maintained in Dulbecco’s Modified Eagle Medium supple-
mented with 10% Fetal Bovine Serum (FBS, Sigma) and 1% penicillin-streptomycin solution at 37°C.*°

Fluorescence Microscopy Analysis of Peptide-Treated Cells

RAW264.7 cells (50,000 cells) were seeded into glass bottom petri plates (Eppendorf) or 24-well plates (50,000 cells/
wells) and allowed to adhere overnight. Cells were then treated with 100 uM of FAM-labelled peptides for 2 hours.
Subsequently, the cells were washed twice with 1X DPBS and treated with 0.1% of Trypsin EDTA (Sigma) for 5 minutes
at 37°C to remove extracellular and membrane-bound peptides. Cells were then washed twice with 1X DPBS, followed
by fixing the cells with 4% paraformaldehyde in PBS for 20 minutes at room temperature. Next, the nuclei of the cells
were stained with Hoechst (Thermo Fisher Scientific) and plates were analysed using a fluorescent microscope (Carl
Zeiss) at 20 X magnification. For confocal microscopy, the fixed cells were mounted in Prolong Gold anti-fading agent
with DAPI (Thermo Fisher Scientific) and the cells were analysed using a laser confocal microscope (Leica) at 63x
magnification. A total of 15 representative fields per sample were examined to assess peptide internalization.

Flow Cytometry Analysis of Peptide-Treated Cells

RAW264.7 cells were seeded into a 12-well plate (75,000 cells/well) and allowed to adhere overnight. Next, the cells were
treated with FAM-labelled peptides for 2 hours, followed by treatment with 0.1% Trypsin-EDTA for 5 minutes at 37°C to
remove the extracellular peptides. Subsequently the cells were washed with 1X DPBS and fixed with 4% paraformaldehyde
as described before. The cells were collected and resuspended in 500 pL of ice-cold 1X PBS supplemented with 0.05%
trypan blue (Sigma), followed by quantifying the fluorescence using flow cytometry (BD Fortessa). A total of 50,000 events
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were acquired and examined per sample using BD Fortessa flow cytometer. The data were analyzed using FlowJo software
(BD Biosciences). Mean fluorescence intensity (MFI) of FAM signal was calculated to quantify peptide internalization.
Statistical significance between groups was determined using one-way ANOVA.

Peptide Internalization Assays with Inhibitors

To perform the cold inhibition, RAW264.7 cells (50,000 cells) were seeded into glass bottom petri plates and allowed to
adhere overnight. The cells were then treated with 50 uM of FAM-labelled peptides at 4°C for 2 hours, followed by
processing the cells for microscopy and flow cytometry analysis as described before. To perform chemical inhibition,
RAW264.7 cells were treated with indicated concentrations of various inhibitors such as Nocodazole (blocks microtubule
polymerization, Sigma), Wortmannin (inhibitor of phosphoinositide 3-kinase involved in transcytosis, Sigma), methy-
lated-B-cyclodextrin (MBCD, a caveolae-mediated endocytosis inhibitor by depleting cholesterol, Sigma), Cytochalasin
D (inhibits macropinocytosis, Sigma), and Chlorpromazine (inhibits clathrin-mediated endocytosis, Sigma) for 30 min-
utes at 37°C, followed by treatment with FAM-labelled peptides (50 uM) for 2 hours. The cells were then processed for
microscopy and flow cytometry analysis as described before.

Peptide Treatment and Stimulation of Macrophages with LPS

RAW264.7 or iBMDMs were seeded in 24-well plates (50,000 cells/well) and allowed to adhere overnight. Cells were
then treated with various concentrations of peptides for 1 hour, followed by stimulation of cells with Lipopolysaccharide
(LPS, 200 ng/mL, Sigma). The cells or culture supernatants were harvested at various times post-LPS stimulation,
followed by quantification of TNF-a and IL-6 levels using qRT-PCR and ELISA.

Quantification of Pro-Inflammatory Cytokines
The mRNA levels of pro-inflammatory cytokines in cells or harvested mice organs were examined by isolating the total RNA
and performing qRT-PCR. Briefly, cells or mice organs (spleen, liver, lungs, and kidneys) were harvested and homogenized
in RNAiso PLUS (Takara), followed by total RNA extraction and cDNA synthesis using the Prime Script™ RT Reagent kit
(Takara) according to the manufacturer’s instructions. Next, the qRT-PCR was performed using the primers specific for TNF-
0, IL-6, and GAPDH. The relative gene expression was determined using the comparative 2 **“* method using CFX
Maestro Software (Bio-Rad). Data were normalized with the endogenous control, GAPDH.

To quantify pro-inflammatory cytokines in the serum, blood was collected from mice by cardiac puncture, followed
by separation of the serum. The levels of TNF-a and IL-6 in serum or culture supernatants were quantified using the
DuoSet ELISA kit (R&D Systems), following the manufacturer’s protocol.

Quantification of the Secreted Lactate Dehydrogenase (LDH)

To examine cytotoxicity through quantifying the secreted LDH, immortalised BMDM cells were seeded into 24-well
plates and allowed to adhere overnight. The cells were then treated with indicated concentrations of various inhibitors or
peptides, and the supernatants were harvested at 5 hours post-treatment. The secreted LDH in the culture supernatants
was quantified using the LDH Cytotoxicity detection kit (Takara Bio) as per the manufacturer’s instructions. The clarified
supernatant obtained from cells lysed with 0.1% Triton X 100 was used as the positive control.

NF-kB Reporter Assay

RAW264.7 cells were seeded into a 12-well plate (75,000 cells/well) and allowed to adhere overnight. Cells were then
transfected with pLuc-NF-kB (1 pg/well, Stratagene) and pRL-TK (200 ng/well, Promega) using Xfect transfection reagent
(Takara Bio) according to the manufacturer’s instructions. Twenty-four hours post-transfection, cells were treated with
increasing concentrations of TB4-BBL2 peptide, followed by induction with LPS for 5 hours. Subsequently, the cells were
lysed with 1X Passive Lysis Buffer at 4°C for 30 minutes, followed by clarification of the lysate by centrifugation. Firefly
and Renilla luciferase activities were then quantified using the Dual-Luciferase Reporter Assay System (Promega),
according to the manufacturer’s instructions. Firefly luminescence was normalized to Renilla luminescence, and the data
were expressed as the fold change in NF-«xB activation between LPS-stimulated and unstimulated cells.
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Detection of Reactive Oxygen Species (ROS) and Nitric Oxide (NO) in TB4-BBL2-

Treated Mouse Macrophages

RAW264.7 cells were seeded in a 12-well plate (75,000 cells/well) in phenol red-free DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin solution and allowed to adhere overnight. The cells were treated with TB4-BBL2
for 1 hour, followed by LPS induction (200 ng/mL) for twenty-four hours. Subsequently, the culture supernatant was
collected, and the level of NO was measured using the Griess assay kit (Invitrogen) as per the manufacturer’s instruction.
To examine the level of ROS, the cells were treated with the membrane-permeable redox-sensitive probe, 2',7'-
dicholorodihydroxyfluroscein diacetate (H,DCFDA) (10 puM, Invitrogen) for 30 minutes at 37°C. Next, the cells were
washed thrice with 1X PBS and analyzed immediately for DCF formation using the multimode reader (PerkinElmer)
with excitation at 495 nm and emission at 517 nm.

Co-Immunoprecipitation Experiments

HEK293T (1 X 10° cells were transfected with FLAG-TIRAP/ MYD88/ USP8/ EV with the Turbofect reagent (Thermo
Fisher Scientific). The FLAG-tagged empty vector (EV) was used as a negative control, as it does not express any fusion
protein capable of specifically interacting with the FAM-labelled peptides, thereby providing a measure of non-specific
background fluorescence. Twenty-four hours post transfections, cells were lysed in the lysis buffer containing 20 mM Tris [pH
8.0], 150 mM NaCl, 1% Triton X100, 1 mM EDTA and 1X protease inhibitor cocktail (Pierce) at 4°C for 20 minutes. The
lysates were clarified by centrifugation at 12,000 rpm for 20 min at 4°C. Next, the lysates were incubated with 50 pM of FAM-
labelled TB4/TAT/TB4-BBL2 for 4 hours on a rotator at 4°C. Subsequently, 5 pg of anti-FLAG antibody (Sigma) was added
to the lysates and incubated overnight at 4°C on the rotator. Next, the lysates were mixed with protein G plus agarose beads
(Santa Cruz Biotechnology) and incubated for 2 hours at 4°C. Subsequently, agarose beads were washed three times with 1X
IP buffer (20 mM Tris [pHS8.0], 150 mM NacCl, 1% Triton X100) and re-suspended in 200 pL of 1X PBS. The samples were
then transferred to 96-well Optiplate (PerkinElmer) and the fluorescence intensity was measured using the multimode reader
(PerkinElmer) at an excitation of 490 nm and the emission at 520 nm.

Microscale Thermophoresis (MST) Analysis

To examine the interaction between TIRAP and TB4-BBL2 peptide using MST, we cloned and expressed murine TIRAP
in E. coli as a fusion protein with maltose-binding protein (MBP). Subsequently, the recombinant MBP-TIRAP was
purified in native condition using amylose affinity chromatography. The interaction between MBP-TIRAP and the FAM-
labelled TB4-BBL2 was then examined using MST. The constant amount (100 nM) of FAM-labeled TB4-BBL2 was
mixed with the increasing concentrations of MBP-TIRAP or MBP alone (0.0153 nM to 500 nM) in 1X DPBS (Sigma)
containing 0.05% Tween-20. Ten minutes post-incubation at room temperature, the samples were loaded into Monolith™
standard-treated capillaries (Monolith TM NT.115 hydrophilic capillaries). MBP alone was used as the negative control
(non-binder). During the experiment, the LED power of the instrument was kept at 40%, and MST power was maintained
at a medium level. The binding experiments were performed in triplicate (n = 3 independent replicates), and the binding
curve was obtained at 25°C using Monolith NT.115 instrument (NanoTemper Technologies). The Kd value was fitted
using MO. Affinity analysis was performed using Affinity Analysis software (NanoTemper Technologies) and the final
Kd value is reported as the mean + standard deviation (SD).

Detection of Protein Degradation by Immunoblotting

RAW264.7 cells were seeded in a 12-well plate (75,000 cells/well) and allowed to adhere overnight. The cells were
treated with 10 and 50 pM of TB4-BBL2 peptide and 50 pM of TIR peptide (cell-impermeable) for 5 hours.
Subsequently, the cells were washed with ice-cold 1X DPBS and treated with 0.1% Trypsin-EDTA for 5 minutes at
37°C. Cells were washed again with 1X DPBS, followed by lysing the cells in radioimmunoprecipitation assay buffer
(RIPA; 10 mM Tris HCL pH 8, ImM EDTA, 1% Triton X 100, 0.1% SDS, 40 mM NaCl) with the protease inhibitor
cocktail (Pierce). The lysate was processed for immunoblotting as described previously.*' The immunoblots were probed
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with primary antibodies against TIRAP, MYDS88, TLR2 (1:2000; Cell Signaling Technology), and TRIF (1:1000; Santa
Cruz Biotechnology), followed by incubation with an HRP-conjugated secondary antibody.

Pulse-Chase Analysis

To perform pulse-chase analysis with cycloheximide, RAW264.7 cells were treated with TB4-BBL2 for 3 hours and
washed with 1X DPBS. Next, the cells were treated with cycloheximide (1 mg/mL; Sigma), followed by harvesting the cells
at 1-, 2-, and 3-hours post-treatment. The cells were then lysed and subjected to immunoblotting, as described before.

Dosage Tolerance Experiments with the TB4-BBL2 Peptide

To determine the dosage tolerance, 15 male BALB/c mice were divided into 5 groups (3 mice/group) according to the dosages (5, 10,
20, and 40 mg/kg) of the TB4-BBL2 peptide, and PBS alone was used as the vehicle control. The mice were injected intravenously
with the indicated doses of TB4-BBL2 peptide in sterile PBS and observed for toxicity indicators until 5 days post-injection, where
the parameters were recorded every 6 hours. After 5 days, blood and organs were harvested from mice for detailed examination.
Serum was separated from blood and analysed for pro-inflammatory cytokine levels using ELISA as described before.

Induction of Endotoxemia in Mice and Analysing the Effect of TB4-BBL2 Peptide

To optimise the dosage and analyse the effect of pre-treatment with TB4-BBL2 peptide, 25 mice were randomly
distributed into 5 groups (5 mice/group) according to the dosages and controls (20, 30 and 40 mg/kg; PBS+LPS and
PBS alone). Next, the mice were injected intravenously with the indicated concentrations of TB4-BBL2 peptide.
One hour later, mice were injected intraperitoneally with E. coli LPS (25 mg/kg; Sigma). Two hours post-LPS treatment,
blood was collected from the mice through the cardiac puncture, followed by euthanizing the mice and harvesting of the
liver, spleen, kidney, and lungs. Serum was separated from the collected blood and the levels of pro-inflammatory
cytokines in the serum and organs were quantified by ELISA and qRT-PCR, respectively, as described before.

To analyse the effect of post-treatment with TB4-BBL2, 15 mice (5 mice/group) were randomly distributed into 3
groups (PBS, PBS+LPS and TB4-BBL2 peptide+LPS). Next, the mice were treated intraperitoneally with E. coli LPS
(25 mg/kg) for 1 hour, followed by administration of TB4-BBL2 peptide (30 mg/kg). The mice were sacrificed 2 hours
post-TB4-BBL2 peptide delivery, and the samples were harvested and processed as described before.

To analyse the effect of simultaneous administration of LPS and TB4-BBL2, 15 mice (5 mice/group) were randomly
distributed into 3 groups (PBS, PBS+LPS and 30 mg/kg of TB4-BBL2 peptide+LPS). The mice were administered with
LPS (25 mg/kg) intraperitoneally, followed by treatment with TB4-BBL2 peptide (30 mg/kg) intravenously. The mice
were sacrificed 3 hours post-injections, and the samples were harvested and processed as described before.

Histopathology Studies

The liver, lungs, kidneys, and spleen were harvested from peptide/LPS-treated mice and fixed with 10% neutral buffer saline
for 24 hours. The tissues were processed for dehydration, clearing, and impregnation using isopropanol gradients and xylene.
The tissues were then embedded in parafilm blocks, followed by cutting sections using a microtome (Leica microtome). The
tissue sections were stained with haematoxylin and eosin dyes (Sigma) and analysed using a light microscope (Zeiss).

Conjugation of Gentamicin with cTB4 or cTB4-BBL2

c¢TB4 or cTB4-BBL2 (peptides with cysteine at the N-terminus) were synthesized and conjugated with the broad-
spectrum antibiotic, gentamicin, using SMCC as the cross-linker, to generate gentamicin-conjugated cTB4 (cTB4-G) and
gentamicin conjugated cTB4-BBL2 (cTB4-BBL2-G). SMCC forms stable amide bonds with the gentamicin amino group
and stable thioether bonds with the N-terminal thiol group in ¢TB4 or ¢TB4-BBL2, thereby facilitating gentamicin
peptide conjugation. SMCC was dissolved in DMSO at a concentration of 25 mg/mL to prepare a stock solution. It was
then diluted to the appropriate concentrations and incubated with gentamicin in PBS, used as the conjugation buffer, at
room temperature for two hours. Subsequently, peptides were added to the solution and incubated for two more hours at
room temperature. To estimate the percentage of conjugation through free thiol group estimation, DTNB/ Ellman’s
reagent was used.
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Estimation of Free Thiol Group

Conjugated and unconjugated cTB4 were serially diluted and incubated with the Ellman’s reagent (DNTB) for 30 minutes
at room temperature in a microtiter plate. After incubation, the absorbance was measured at 412 nm. The DNTB detects
the free sulfhydryl groups (thiols) in a solution. DNTB reacts with free thiol groups (-SH) to form a mixed disulfide and
5-thio-2-nitrobenzoic acid (TNB), which can be quantified at 412 nm. Consequently, a higher absorbance value at 412 nm
indicates a greater presence of free thiol groups in unconjugated cTB4. In contrast, a lower optical density at 412 nm
suggests effective conjugation between cTB4 and the SMCC-linked Gentamicin.

Gentamicin Efficiency Assay

To assess the bactericidal efficiency of conjugated gentamicin, a gentamicin efficiency assay was performed following the
method of Gomarasca et al, (2017). Primary cultures of B. neofomae and S. typhimurium were diluted at ratios of 1:5 and
1:100, respectively, in fresh growth medium, followed by the addition of gentamicin-cTB4 conjugate (cTB4-G). As controls,
individual components of the conjugation reaction were added, such as gentamicin (50 pg/mL), DMSO (15 pL), and SMCC
(150 pg/mL). The optical density of the bacterial cultures was recorded at ODg after 4 and 16 hours of treatment to monitor
the bacterial growth. To evaluate the antibacterial properties of the conjugates in vitro, macrophages were infected with
Brucella or Salmonella and subsequently treated with either controls or conjugates at the indicated time points. Following
treatment, the macrophages were lysed, and intracellular bacterial loads were quantified by CFU assays.

To Examine the Effect of cTB4-BBL2-Gentamicin Conjugate in Mice Infected with

B. melitensis

To evaluate the in vivo effect of cTB4-BBL2-Gentamicin in the B. melitensis infected mice, 8-week-old female BALB/c mice
(6 mice per group) were infected intraperitoneally with B. melitensis (2x10° CFU per mouse) in 100 pL of 1X PBS. Ten days
post-infection, each infected mouse was treated intraperitoneally with one of the following: PBS, gentamicin (0.2 mg), cTB4-G
(0.2 mg gentamicin conjugated with 0.4 mg of cTB4 using 0.4 mg of SMCC), or cTB4-BBL2-G (0.2 mg gentamicin conjugated
with 0.4 mg of cTB4-BBL2 using 0.4 mg of SMCC) for 3 consecutive days. Fourteen days post-infection, blood was collected
from the mice through cardiac puncture, followed by euthanizing the mice, harvesting the organs, and CFU analysis to quantify
the splenic load of B. melitensis. Serum was isolated from blood to quantify secretedTNF-a levels by ELISA. The quantification
of mRNA levels of TNF-a and IL-6 in the spleen, liver, kidney, and lungs was carried out through qRT-PCR as previously
described.

Ethical Statement

Six to eight-week-old BALB/c mice (20-25 g) were obtained from and housed at the small animal experimentation
facility of the National Institute of Animal Biotechnology (NIAB), Hyderabad, with food and water ad libitum. The
experimental protocols were approved by the Institutional Biosafety Committee (Approval number: IBSC/Jul2020/
NIAB/GRO1) and Institutional Animal Ethics Committee (Approval number: IAEC/2019/NIAB/35/GKR). All proce-
dures were conducted in accordance with the guidelines of the Committee for Control and Supervision of Experiments on
Animals (CCSEA), Government of India, for the care and use of laboratory animals.

Statistical Analysis

The GraphPad Prism 6.0 software was used for statistical analysis of experimental data. Data are represented with the mean +
standard deviation (SD) or standard error of the mean (SEM) as mentioned in respective figure legends. For pairwise comparison,
statistical significance was determined by unpaired t-tests (two-tailed). A one-way analysis of variance (ANOVA) test was used
to analyse the statistical significance of data including more than two samples. A p-value less than 0.05 (p <0.05) was considered
statistically significant. The significance levels were indicated as follows: n.s. (not significant), p > 0.05; *: p <0.05; **: p<0.01;
% p <0.001; ****: p <0.0001. All experiments were performed independently at least three times.
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Results

Designing of Cell-Permeable and Anti-Inflammatory Peptides from TcpB Protein

TcpB protein consists of an N-terminal PIP-binding motif and a TIR domain at its C-terminus (Figure 1A). The PIP-
binding motif is rich in arginine and lysine residues, which is reported to bind to many species of PIPs.'* The association
of TcpB with the plasma membrane and its internalization by macrophages has been previously reported.'''*
Furthermore, the membrane binding property of TepB was attributed to its N-terminal fragment.'''* Considering these
facts, we sought to identify the shortest peptide, which confers the cell-permeability of TcpB. To achieve this, we
designed various peptides from the N-terminal PIP-binding motif of TcpB and synthesised the peptides with the FAM
label at their N-terminus (Table 1). The TIR domain of TcpB interferes with the TLR2/4 signalling where the BB-loop
region is essential for this activity.'* The TIR domain of TcpB shares considerable amino acid similarity to that of other
TIR domain-containing eukaryotic proteins, including the TLR2/4 adaptor protein, TIRAP. To identify the exact region
of BB-loop in the TcpB, we aligned the TIR domain sequences of TcpB and TIRAP (Figure 1B). In agreement with the
sequence similarity, the BB-loop of TcpB and TIRAP exhibited high structural superimposition (Figure 1C-E). Next, we
designed peptides from the BB-loop region of TcpB for further studies (Table 1).

A.  N-terminal TIR-domain C-terminal
1 45 53 117 142 170 250
PIP-binding BB-loop
/ region \ / \
R D
B. TcpB MSKEKQAQSKAHKAQQAISSAKSLSTQKSKMSELERATRDGAAIGKKRADIAK - - - -KIA 56
MTIRAP —--emmmemeeeeee-- MASSSSVPA------------- SSTPSKKPRDKIADWFRQALL 30
TcpB DKAKQLSSYQAKQ- FKADEQAVKK - - - - - -VAQEQKRLS - DERTKHE- - - -AFIK-QSLS 103
MTIRAP KKPKKMPISQESHLYDGSQTATQDGLSPSSCSSPPSHSSPESRSSPSSCSSGMSPTSPPT 90
TIR-domain BB loop
TcpB SMRTTASATMEAEEEYDFFISHASEDKEAFVQDLVAALRDL - -GAKIFYDAYTLKVGDSL 161
MTIRAP HVDSSSSSSGRWSKDYDVCVCHSEEDLEAA-QELVSYLEGSQASLRCFLQLRDAAPGGAI 149
TIR-domain
TcpB RRKIDQGLANSKFGIVVLSEHFFSKQWPARELDGLTAMEIGGQTRILPIWH- - -KVSYDE 218
MTIRAP VSELCQALSRSHCRALLITPGFLRDPWCKYQMLQALTEAPASEGCTIPLLSGLSRAAYPP 209
TcpB VRRFSPSLADKVALNTSLKSVEE-IAKELHSLI 250
241

MTIRAP ELRFMYYVDGRG-KDGGFYQVKEAVIHYLETLS

Figure | BB loop in the TIR domain of TcpB and TIRAP share multiple conserved residues. (A) A schematic illustration of domain structure of TcpB protein. TcpB harbours
an N-terminal PIP-binding motif and C-terminal TIR domain with the BB-loop. (B) Pair-wise sequence alignment showing the conserved amino acid residues among the TIR
domain of TcpB and TIRAP (mouse). (C and D) Ribbon diagram showing the BB-loop region of TcpB (blue) and TIRAP (yellow) in the TIR domain. (E) Structural
superimposition of TIR domain of TcpB and TIRAP showing the alignment of the BB-loop.
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Peptide from the PIP-Binding Motif of TcpB is Cell Permeable and Internalized

Through Cholesterol-Dependent Endocytosis

We synthesized peptides from the PIP-binding motif of TcpB with FAM label to examine their internalization using
fluorescent microscopy and flow cytometry. RAW264.7 mouse macrophage cell lines were treated with 100 pM of FAM-
labelled peptides, followed by fixing the cells and analysing them using laser confocal microscopy and flow cytometry.
The peptide derived from the TAT protein of HIV and its mutant version, where lysine and arginine residues were
mutated to Alanine (TATala), were used as the positive and negative controls, respectively.*> The confocal microscopy
analyses showed the accumulation of TcpB-derived peptides, designated here as TB1, TB2, TB3, and TB4, in the
macrophages as efficiently as the positive control, TAT peptide (Figure 2A). The truncated versions of the TB4 peptide
viz. TBS, TB6, and TB7 peptides showed diminished cell permeability compared to TB4 (Figure 2A and B).
Subsequently, we performed a flow cytometry analysis of peptide-treated macrophages that also showed the internaliza-
tion of TB4 as effective as TAT peptide (Figure 2B). Further, we observed that the replacement of lysine residues with
alanine in the cell-permeable peptide affected its uptake as the mutant version of the TB2 (TB2ala) peptide failed to
accumulate in the treated macrophages (Figure 2A). Based on the peptide internalization studies, the TB4 peptide with 7
amino acids was the shortest peptide derived from TcpB, displaying efficient cell permeability. Subsequently, we
analysed the permeability of TB4 in various cell types. TB4 was efficiently internalised by N9 microglial cells and
human monocyte-derived macrophages (THP1) (Appendix Figure S1A). We did not observe internalization of the TB4

peptide by the human embryonic kidney cell line, HEK293 (Appendix Figure S1A).

Next, we sought to examine the mechanism by which macrophages internalise the TB4 peptide. The accumulation of
TB4 was affected when the peptide uptake assay was performed at 4°C, indicating that internalization of TB4 peptide
occurs through ATP-dependent endocytosis and not through passive translocation (Figure 2C). To examine the mechan-
ism of internalization, we treated cells with various compounds that inhibit cellular uptake of macromolecules through
endocytosis. The cytotoxicity of the compounds was examined to determine the treatment dose of inhibitors (Appendix
Figure S1B). Treatment of cells with wortmannin (inhibitor of phosphoinositide 3-kinase mediated transcytosis),
cytochalasin D (inhibits micropinocytosis), chlorpromazine (inhibits clathrin-mediated endocytosis) did not impact the
uptake of TB4 (Figure 2C). In contrast, treatment of cells with nocodazole (blocks microtubule polymerization) and
methylated-B-cyclodextrin (inhibits caveolac-mediated endocytosis through cholesterol depletion) affected the uptake of
TB4 peptide by macrophages (Figure 2C and D). To corroborate these findings, we treated cells with increasing
concentrations of methylated-p-cyclodextrin or nocodazole, followed by analysing the uptake of the TB4 peptide. We
observed a dose-dependent inhibition of TB4 internalization by the compound-treated macrophages (Figure 2E and F).
Collectively, our experimental data indicate that the cells internalize TB4 peptide through active endocytosis that requires
cholesterol-rich lipid rafts.

Generation of a Chimeric Peptide with Cell Permeability and Anti-Inflammatory

Properties

The TIR domain and intact BB loop are required for the anti-inflammatory property of TcpB.** To verify this, we
overexpressed the TIR domain of TepB in macrophages, followed by analyzing its efficiency in suppressing LPS-induced
pro-inflammatory cytokines. RAW264.7 cells were transfected with the TIR domain of TcpB, followed by treatment of
cells with LPS. We observed suppression of LPS-induced production of pro-inflammatory cytokines, TNF-a, and IL-6 in
the macrophages transfected with the TIR domain of TepB (Figure 3A and B). Next, we designed peptides from the BB-
loop region of TcpB, designated as BBL, and fused them with the cell-permeable peptide TB4 at the N-terminus (TB4-
BBL). The TB4-BBL peptide carried the entire BB loop region of TcpB (Table 1). We also generated TB4-BBL1, which
carried a shorter BB-loop, and TB4-BBL2 with an extended BB-loop region (Appendix Figure S2A). We synthesized two
control peptides viz. TBX2, the cell-permeable anti-inflammatory peptide from TIRAP and TB4-BX2 where the anti-

inflammatory peptide from TIRAP has been fused with the TB4 peptide.*” Next, we analysed the cell permeability of
TcpB and TIRAP-derived peptides and all the peptides were efficiently internalized by the macrophages (Appendix
Figure S2B). To examine, whether the peptides induce any cytotoxicity, iBMDMs were treated with cell-permeable
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Figure 2 Generation of cell permeable peptides from the PIP-binding motif of TcpB (A) Uptake of TcpB derived peptides by macrophages. RAW264.7 cells were treated
with FAM-labelled peptides from the PIP-binding motif of TcpB for 2 hours, followed by processing the cells for fluorescent microscopy. The green fluorescence inside the
cells shows the internalised peptides and the nuclei stained with DAPI (blue). The cells were imaged using a laser confocal microscope at 63%. Scale bar, 50 um. Image
represents |10 different fields captured from cells treated with peptide. (B) Quantification of internalized peptides in RAW264.7 cells by flow cytometry. Fifty-thousand cells
per sample were analyzed for quantification of the fluorescence signal. (C) Internalization of TB4 peptide in the presence of cellular uptake inhibitors. RAW264.7 cells were
treated with various inhibitors, followed by treatment with FAM-TB4 peptide. The cells were treated with FAM-TB4 peptide at 4°C for 2 hours for cold inhibition. The
fluorescent signal from the internalized FAM-TB4 peptide was quantified by flow cytometry where 50,000 cells per sample were analysed for quantification. (D) Fluorescent
microscopy images of RAW264.7 cells treated with FAM-TB4 in the presence of Nocodazole, MBCD, or cold temperature treatment. The cells were imaged using
a fluorescence microscope at 63%. Scale bar, 50 pm. Image represents 15 different fields captured from cells treated with inhibitors and TB4. (E and F) Flow cytometry
analysis of RAW264.7 cells treated with increasing concentrations of MBCD (E) and Nocodazole (F), followed by treatment with FAM-TB4 peptide. The data are presented
as the mean + SEM from at least two independent experiments (n.s, P > 0.05;*, P< 0.05; ** P< 0.01; ***, P < 0.001; *** P < 0.0001).
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peptides and analysed the release of LDH in the culture supernatants. None of the peptides induced any cytotoxicity in
the treated macrophages (Figure 3C). Next, we examined the efficiency of TcpB and TIRAP-derived peptides to suppress
the LPS-induced production of pro-inflammatory cytokines in macrophages. The peptide-treated macrophages were
induced with LPS, followed by analysing the production of TNF-a and IL-6 by qRT-PCR and ELISA. We found that
TB4-BBL peptides could suppress the induction of pro-inflammatory cytokines as efficiently as the control peptides
(Figure 3D, Appendix Figure S2C-E). Since the TB4-BBL2 peptide was identified as the shortest peptide exhibiting
maximum efficacy in suppressing pro-inflammatory cytokines secretion, along with minimal cytotoxicity and efficient

cell-permeability, this peptide was selected for further experiments.
Macrophages treated with increasing concentrations of TB4-BBL2 showed a dose-dependent suppression of TNF-a
and IL-6, confirming its anti-inflammatory property (Figure 3E-H, Appendix Figure S2F and G). To evaluate the efficacy

of TB4-BBL2 in modulating TLR-driven inflammatory responses, RAW264.7 cells were pre-treated with increasing
concentrations of TB4-BBL2, followed by stimulation with TLR ligands- Pam3CSK4 (TLR2 agonist), ODN (TLR9
agonist), and Poly I:C (TLR3 agonist). The levels of TNF-a in the supernatant were quantified by ELISA. TB4-BBL2
treatment resulted in a dose-dependent suppression of TNF-a production induced by TLR2/9 agonists (Figure 3I). Next,
we examined the efficacy of TB4-BBL2 to suppress LPS-induced NF-kB activation, which drives the expression of pro-
inflammatory cytokines in macrophages. RAW264.7 cells were transfected with the luciferase reporter plasmids,
followed by treatment with various concentrations of TB4-BBL2 peptide. The luciferase activity, driven by NF-kB
activation, was quantified after stimulating the cells with LPS. The TB4-BBL2 peptide could efficiently suppress the
activation of NF-kB in a dose-dependent manner (Figure 3J).
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Figure 3 Generation of cell permeable, anti-inflammatory peptide from TcpB. (A and B) The TIR domain of TcpB suppresses LPS-induced pro-inflammatory cytokines in
macrophages. RAW264.7 cells were transfected with eukaryotic expression plasmid harboring the TIR domain of TcpB, followed by inducing the cells with LPS. The levels of
secreted TNF-a (A) and IL-6 (B) were quantified by ELISA. (C) LDH assay to determine the cytotoxicity of TcpB or TIRAP-derived peptides. Immortalised BMDM cells were
treated with 100 M of indicated peptides for 5 hours, followed by quantifying the LDH released into the culture supernatants. (D) The chimeric peptides from TcpB or TIRAP
suppress LPS-induced production of TNF-o. RAW?264.7 cells were treated with the indicated peptides, followed by the induction of pro-inflammatory cytokines by LPS. The levels
of TNF-a. in the LPS-induced cells were quantified by ELISA. (E) ELISA showing the levels of LPS-induced TNF- a.in RAW?264.7 cells treated with increasing concentrations of TB4-
BBL2. (F) qPCR data showing the LPS-induced TNF- o levels in RAW?264.7 cells treated with increasing concentrations of TB4-BBL2. (G&H) ELISA (G) and g-RT-PCR (H) data
showing the levels of LPS-induced IL-6 in RAW?264.7 cells treated with increasing concentrations of TB4-BBL2. (I) TB4-BBL2 suppresses TLR2/4/9-mediated production of TNF-a.
RAW?264.7 cells were treated with increasing concentrations of TB4-BBL2, followed by the induction of pro-inflammatory cytokines by various TLR ligands; Pam3-CSK-TLR2,
ODN-TLR9, Poly I:C-TLR3. The levels of TNF-a in the supernatant were quantified by ELISA. (J) Attenuation of LPS-induced NF-kB activation by TB4-BBL2 peptide in
macrophages. RAW264.7 cells were transfected with luciferase reporter plasmids and treated with increasing concentrations of TB4-BBL2 peptide. Twenty-four hours post-
transfection, cells were induced with LPS, followed by quantification of luciferase activity. The data are represented as relative luminescence units of NF-kB activation in the
uninduced vs LPS-induced cells. (K) Efficacy of TB4-BBL2 peptide to attenuate TNF-0, which is induced prior, after, or simultaneous treatment with LPS. RAW264.7 cells were first
treated with TB4-BBL2 peptide, followed by LPS induction or first induced with LPS, followed by peptide treatment or treated with peptide and LPS together. The levels of secreted
TNF-a in the culture supernatants were quantified by ELISA. (L) TB4-BBL2 peptide attenuates LPS-induced production of NO in macrophages. RAW264.7 cells were treated with
increasing concentrations of TB4-BBL2, followed by induction with LPS and quantification of NO levels by Griess assay. (M) Attenuation of LPS-induced ROS by TB4-BBL2 peptide.
RAW?264.7 cells were treated with increasing concentrations of TB4-BBL2 peptide, followed by inducing cells with LPS. Subsequently, the cells were treated with H2DCFDA for
30 minutes, and the formation of DCF was measured using a multi-mode reader with excitation at 492 nm and emission at 517 nm. The data are presented as the mean + SEM from
at least three independent experiments (n.s, P > 0.05;*, P< 0.05; **, P< 0.01; *** P < 0.001; *** P < 0.0001).

Abbreviations: EV, Empty vector; CA, Cell alone.

Next, we analysed the TB4-BBL2-mediated suppression of pro-inflammatory cytokines in macrophages upon pre- or
post-LPS treatment. The TB4-BBL2-treated macrophages were induced with LPS, or LPS-induced macrophages were
treated with TB4-BBL2. The TB4-BBL2 peptide could efficiently suppress the production of TNF-a in both conditions
(Figure 3K). Simultaneous treatment of macrophages with LPS and TB4-BBL2 showed decreased efficiency compared to
the conditions mentioned above (Figure 3K). In addition to pro-inflammatory cytokines, LPS induces the production of
reactive oxygen species (ROS) and nitric oxide (NO) in endotoxemia. Therefore, we sought to examine the levels of
LPS-induced ROS and NO in TB4-BBL2-treated macrophages. RAW264.7 cells were stimulated with LPS, followed by
treating the cells with the TB4-BBL2 peptide and quantifying ROS and NO. The TB4-BBL2 peptide could efficiently
suppress the LPS-induced generation of ROS and NO in the macrophages (Figure 3L and M). Our experimental data
suggest that macrophages uptake the TB4-BBL2, and the internalized peptide could efficiently suppress LPS-induced
activation of NF-kB, production of pro-inflammatory cytokines, ROS, and NO.
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TB4-BBL2 Targets TIRAP and MYD88 to Negatively Regulate LPS Signalling

Since the TB4-BBL2 peptide interferes with LPS signalling, we wished to examine its mechanism of action. TcpB has
been reported to interact with TLR2/4 adaptor proteins, TIRAP, and MYD88.'%!> TcpB-mediated ubiquitination and
degradation of TIRAP have also been reported'*'* Therefore, we examined whether the TB4-BBL2 peptide interacts
with TIRAP or MYDS88 by co-immunoprecipitation. FLAG-EV was used as an experimental negative control because it

does not produce any functional protein that could interact with the peptides, thus serving as a baseline for background
fluorescence. We used an unrelated host protein, USP8, and TB4 or TAT peptide as controls to ensure the specificity of
TB4-BBL2 interaction. HEK293T cells over-expressing FLAG-EV/TIRAP/MYDS88/USP8 were lysed, followed by
incubating the lysates with FAM-labelled TB4-BBL2/TB4/TAT peptide. Subsequently, FLAG-TIRAP/MYDS88/USPS§
was immunoprecipitated using the anti-FLAG antibody, and co-immunoprecipitation of FAM-labeled peptide was
detected by measuring the fluorescence. We observed enhanced fluorescence in the co-immunoprecipitate of TIRAP or
MYD88 with TB4-BBL2 peptide compared to the controls (Figure 4A). Minimal fluorescence levels were detected in the
co-immunoprecipitation of TIRAP/MYDS88 with TB4 and TAT peptide, indicating the specificity of TIRAP and MYD88
interaction with the TB4-BBL2 peptide. Additionally, minimal fluorescence was observed in the co-immunoprecipitation
assays involving FLAG-EV or FLAG-USP8 with TB4-BBL2, further highlighting the strong and specific interaction
between the TB4-BBL2 peptide and TIRAP/MYDS8S8. To reconfirm the interaction further, we examined the binding
affinity between FAM-TB4-BBL2 and purified recombinant MBP-TIRAP protein or MBP alone using a microscale
thermophoresis assay. A Kd value of 99.6 nM + 64.0 nM was observed between FAM-TB4-BBL2 and MBP-TIRAP
compared to the MBP alone, indicating a positive interaction (Figure 4B). Collectively, our experimental data suggest
that TB4-BBL2 specifically interacts with the TLR2/4 adaptor proteins TIRAP and MYDS8.

Given that TB4-BBL2 interacts with TIRAP and MYDS8S8, we sought to examine whether TB4-BBL2 induces the
degradation of its binding partners. RAW264.7 cells were treated with TB4-BBL2 peptide, followed by analysing the
endogenous levels of TIRAP and MYD88. We observed an enhanced degradation of endogenous TIRAP and MYD88 with
TB4-BBL2 treatment (Figure 4C and D). We also treated macrophages with the TIR peptide alone, which is impermeable to
the cells. The TIR peptide did not induce degradation of TIRAP or MYDS8, suggesting that cell penetration of the peptide is
essential for promoting their degradation (Figure 4C). To further validate these findings, the cells were treated with increasing
concentrations of TB4-BBL2 and the levels of TIRAP, and MYD88 were assessed. A similar assay was performed for TLR2
and another adaptor protein TRIF to evaluate the specificity of TB4-BBL2. We observed a concentration-dependent reduction
in TIRAP and MYDSS levels with TB4-BBL2 treatment, while TLR2 and TRIF levels remained unchanged (Figure 4D).
These results suggest that TB4-BBL2 specifically targets the degradation of the adaptor proteins TIRAP and MYD88, which
explains our previous observation that TB4-BBL2 treatment did not affect TLR3-TRIF-induced TNF-a production.

Next, we performed a pulse-chase analysis where RAW264.7 cells were treated with TB4-BBL2 in the presence or
absence of cycloheximide that can inhibit the synthesis of fresh proteins. The treated cells were harvested at various time
points, followed by immunoblotting to detect the endogenous levels of TIRAP/MYDS88/TRIF/TLR2. The cycloheximide-
treated cells showed enhanced degradation of TIRAP and MYDS88 by TB4-BBL2 compared to untreated cells (Figure 4E
and F). The levels of TRIF and TLR2 remained unchanged in both cycloheximide-treated and untreated cells in the
presence of TB4-BBL2 (Figure 4E and F). Taken together, our experimental data shows that TB4-BBL2 peptide
specifically interacts with and degrades TIRAP and MYDSS to suppress the LPS-induced TLR4 signalling.

TB4-BBL2 Peptide Attenuates LPS-Induced Endotoxemia in Mice

Given that TB4-BBL2 attenuates LPS-induced production of pro-inflammatory cytokines, ROS, and NO in macrophages,
we sought to examine its protection in LPS-induced endotoxemia in mice. First, we analysed any potential toxicity
induced by TB4-BBL2 and its dosage tolerance in mice. BALB/c mice were treated with different concentrations of TB4-
BBL2, followed by assessing various parameters for indication of toxicity. The peptide-treated mice showed no signs of
toxicity except with the highest concentration (40 mg/kg) of TB4-BBL2 peptide, where the treated mice showed a slight
splenomegaly (Figure 5SA—C, Appendix Figure S3A-B).

Next, we examined the effect of TB4-BBL2 on LPS-induced production of pro-inflammatory cytokines in mice.
BALB/c mice were treated with increasing concentrations of TB4-BBL2, followed by inducing endotoxemia by
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Figure 4 TB4-BBL2 interacts with TIRAP/MYD88 and induces their proteasomal degradation. (A) Lysates of HEK293T cells overexpressing Flag-TIRAP/MYD88/USP8/empty
vector (EV) were incubated with FAM-labelled TAT/TB4/TB4-BBL2 as indicated in the figure, followed by immunoprecipitation of Flag-tagged proteins. Immunoprecipitation of
TIRAP or MYDB88 from the lysate incubated with FAM-TB4-BBL2 showed significantly higher fluorescence intensity, indicating co-immunoprecipitation of FAM-TB4-BBL2 due to its
interaction with TIRAP or MYD88. (B) MSTanalysis to confirm the interaction between TIRAP and TB4-BBL2. The purified MBP-TIRAP was titrated over a concentration range of
500 nM to 0.0l nM while maintaining a constant concentration of 100 nM for the FAM-TB4-BBL2. The resulting thermophoresis data showed a dissociation constant (Kd) of 99.6+
64.0 nM for MBP-TIRAP and TB4-BBL2 interaction (mean + SD, n = 3 biological independent experiments). (C) TB4-BBL2 promotes the degradation of TIRAP and MYD88.
RAW?264.7 cells were treated with indicated concentrations of TB4-BBL2 or TIR peptide (Table I). Five hours post-treatment, cells were harvested, followed by immunoblotting
and detection of endogenous TIRAP and MYD88. The right side of the panel shows the densitometry of TIRAP and MYD88 bands. (D) TB4-BBL2 does not alter the levels of TRIF
and TLR2. RAW264.7 cells were treated with indicated concentrations of TB4-BBL2. Five hours post-treatment, cells were harvested, followed by immunoblotting and detection of
endogenous proteins, TIRAP, MYD88, TRIF and TLR2. The right side of the panel shows the densitometry of TIRAP and MYD88 bands. (E and F) Pulse-chase analysis using
cycloheximide. RAW264.7 cells were treated with TB4-BBL2 for three hours, followed by treatment with cycloheximide. Subsequently, the cells were harvested at the indicated
time points and subjected to immunoblotting. The levels of endogenous TIRAP, MYD88, TRIF and TLR2 were detected in TB4-BBL2 treated cells with increasing time points in the
presence or absence of cycloheximide. The right side of the panels shows the densitometry of the TIRAP, MYD88, TRIF and TLR2 bands. Beta actin served as a loading control for all
the immunoblots. The immunoblots are representative of three independent experiments. The data are presented as the mean + SEM from at least three independent experiments
(n.s, P> 0.05; *** P < 0.001; ¥ P < 0.0001).

Abbreviation: CHX, cycloheximide.
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Figure 5 TB4-BBL2 suppresses production of LPS-induced pro-inflammatory cytokines in mice. (A) Pictographic representation of study design to analyze the toxicity of
TB4-BBL2 peptide in mice. (B and C) Mice were treated with indicated concentrations of TB4-BBL2 peptide, and the toxicity parameters were evaluated for 5 days, followed
by sacrifice of mice and necropsy. The spleen weight of peptide-treated mice was determined (B), and TNF-a level in the serum (C) was quantified using ELISA. (D)
Pictographic representation of the experimental design for evaluating the efficacy of TB4-BBL2 peptide in the mice model of endotoxemia. (E-N) TB4-BBL2 peptide
attenuates LPS-induced production of pro-inflammatory cytokines in mice. Mice were treated with indicated doses of TB4-BBL2 peptide for | hour, followed by
administration of LPS. Mice were sacrificed 2 hours post-LPS treatment, and the levels of TNF-a (E) and IL-6 (F) in the serum were quantified by ELISA and mRNA
expression levels of TNF-o and IL-6 in the spleen (G and H), lungs (I and J), liver, (K and L) and kidney (M and N) were estimated by q-RT-PCR. The data are presented as
the mean * SEM of 3 mice per group (n.s, P > 0.05; *, P< 0.05; ** P< 0.01; ** P < 0.001; **** P < 0.0001).

administering LPS (Figure 5D). We found a dose-dependent suppression of pro-inflammatory cytokines in the TB4-
BBL2 treated mice in the serum, lungs, spleen, liver, and kidneys (Figure SE-N). Since 30 mg/kg of TB4-BBL2 peptide
showed optimal protection, we selected this concentration for further experiments.

Next, we analysed the efficacy of TB4-BBL2 peptide in pre- or -simultaneous induction of endotoxemia by LPS
treatment (Figure 6A). Mice treated with LPS, followed by administration of TB4-BBL2 resulted in efficient suppression
of pro-inflammatory cytokines (Figure 6B—K). Simultaneous treatment of mice with LPS and TB4-BBL2 peptide also
showed protection but not to the extent of the experimental conditions described above (Figure 6B-K).

To evaluate the protective effects of the TB4-BBL2 peptide in endotoxemia, tissue sections from the spleen, lungs, liver, and
kidney of control or LPS-treated mice, either untreated or treated with TB4-BBL2, were examined using H&E staining.
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Figure 6 The effect of TB4-BBL2 after LPS treatment or simultaneous treatment of mice with TB4-BBL2 and LPS. (A) Pictographic representation of the experimental
design. (B—K) The levels of TNF-a and IL-6 in the serum (B and C), spleen (D and E), lungs (F and G), liver (H and 1), and kidneys (J and K) of mice in two experimental
conditions such as TB4-BBL2 treatment after LPS administration or simultaneous delivery of TB4-BBL2 and LPS. The data are presented as the mean * SEM of 5 mice per
group (n.s, P > 0.05; *, P< 0.05; *¥, P< 0.01; **¥ P < 0.001; ¥ P < 0.0001).

Endotoxemia induced by LPS administration resulted in significant tissue injury, characterized by extensive inflammatory cell
infiltration and the presence of necrotic foci. These pathological features were markedly reduced in the TB4-BBL2-treated group,
highlighting its potential to mitigate tissue damage associated with endotoxemia (Appendix Figure S3C and D). Taken together,

our experimental data indicate that TB4-BBL2 can efficiently suppress the production of pro-inflammatory cytokines in the mice
model of endotoxemia without showing any signs of toxicity.

Conjugation of Gentamicin with TcpB-Derived Peptide Enhances Its Intracellular Availability
The antibiotic, gentamicin, displays a wide spectrum of bactericidal activity against several Gram-negative bacteria.
However, it is semi-permeable to cells, limiting its application for treating infections caused by intracellular bacterial
pathogens. In this study, we analyzed whether the conjugation of gentamicin with TcpB-derived peptides can improve its
cell permeability. Gentamicin was conjugated to the added cysteine residue of TB4 using the cross-linker SMCC, and the
efficiency of the conjugation process was evaluated using Ellman’s reagent, which detects free thiol groups of
unconjugated peptides in the reaction mixture (Figure 7A). We observed an increasing concentration gradient of free
thiol groups in unconjugated cTB4, whereas the negligible detection of thiol groups in ¢cTB4-G indicated an efficient
conjugation of ¢cTB4 with gentamicin through SMCC (Figure 7B). Next, we evaluated the antimicrobial properties of
c¢TB4-conjugated gentamicin against B. neotomae and S. typhimurium. We did not observe any difference in antibacterial
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properties between gentamicin alone and gentamicin-TB4 conjugate, suggesting that TB4 conjugation did not impair the
activity of gentamicin (Figure 7C, Appendix Figure 4A). No significant growth inhibition was observed when the

bacterial cultures were treated with DMSO or SMCC alone. We further analyzed the concentration of gentamicin-cTB4
required for optimal antibacterial activity by performing a gentamicin titration assay. Macrophages were infected with the
highly infectious intracellular bacterial pathogen, B. melitensis and subsequently treated with various concentrations of
gentamicin-TB4 conjugate or gentamicin alone. We found that 50 pg/mL of ¢cTB4-G exhibited the maximum antibacter-
ial potency as compared to gentamicin alone at both 12- and 24 hours post-treatment (Figure 7D). Furthermore, we
observed a significant reduction of Salmonella/B. melitensis load in the infected macrophages with increasing treatment
time (Figure 7E, Appendix Figure S4B-D).

Treatment of B. melitensis-Infected Mice with cTB4-BBL2-Gentamicin Results in

Enhanced Bacterial Clearance and Suppression of Inflammatory Cytokines

TB4-BBL2 peptide from TcpB protein exhibits excellent cell permeability and anti-inflammatory properties. Therefore,
we conjugated gentamicin with ¢TB4-BBL2 to generate a hybrid drug (cTB4-BBL2-G) with cell permeability and
antibacterial and anti-inflammatory properties. To evaluate its efficacy, we treated Brucella-infected macrophages with
cTB4-BBL2-G, followed by enumerating the CFU and quantifying the levels of TNF-a. We observed enhanced
elimination of intracellular B. melitensis (Figure 8A and B) as well as suppression of TNF-a in the infected macrophages
treated with cTB4-BBL2-G (Figure 8C).

Next, we examined the antibacterial and anti-inflammatory efficacy of cTB4-BBL2-Gentamicin in the mice model of
brucellosis. Ten days after infection with B. melitensis, BALB/c mice were treated with ¢TB4-BBL2-gentamicin or
control treatments, including PBS, gentamicin alone, or cTB4-Gentamicin, for three consecutive days. On day 14 post-
infection, the mice were sacrificed, and the bacterial load in the spleen was quantified by CFU enumeration (Figure 8D).
We observed a significant reduction in B. melitensis load in the spleens of mice treated with c-TB4-Gentamicin or ¢cTB4-
BBL2-Gentamicin compared to those treated with gentamicin alone (Figure 8E). Further, we analysed the levels of TNF-
a in the serum of mice in all experimental groups. Mice treated with cTB4-BBL2-Gentamicin exhibited significantly
lower serum TNF-a levels compared to the other treatment groups (Figure 8F). Additionally, spleen, lungs, liver, and
kidneys from each treatment group were examined for the expression of pro-inflammatory cytokine genes. In all analyzed
organs, the cTB4-BBL2-Gentamicin treatment group showed a marked reduction in the expression levels of both TNF-a
and IL-6 compared to the other groups (Figure 8G-J).

Discussion

Toll-like receptors play an indispensable role in the innate immunity of mammals by recognizing invaded microbial
pathogens and inducing various protective immune responses, including adaptive immunity.>**> There are twelve
reported TLRs in mice, and ten in humans localized both on the cell surface and intracellular endolysosomal compart-
ments of various cell types such as monocytes, macrophages, dendritic cells, neutrophils, B cells, T cells, and
fibroblasts.*®*” The activation of TLRs by PAMPs leads to the recruitment of the TIR domain-containing adaptor
proteins, and this molecular assembly activates various downstream proteins. The TLR signalling results in the
production of pro-inflammatory cytokines, chemokines and many anti-microbial compounds such as nitrogen and oxygen
free radicals and anti-microbial peptides. Even though TLRs play an essential role in defence against invaded microbial
pathogens, their aberrant activation results in the pathogenesis of various inflammatory and infectious diseases.
Therefore, the overactivation of TLR signalling is prevented by expressing multiple negative regulators of TLRs such
as IRAK-M, SOCSI1, Triad3A, and Toll-interacting protein.384“ Some of these intracellular regulators are inherently
present to regulate TLR activation at a physiological level, while others are upregulated through TLR signalling during
infections.** Since TLR triggers anti-microbial responses, many pathogenic microorganisms encode virulence factors that
negatively regulate the TLR signalling. Many bacterial pathogens harbour proteases, acetyltransferases, kinases, deubi-
quitinases, or TIR-domain-containing proteins to subvert the TLR signalling.® The food-borne pathogen Salmonella
enteritidis secretes the TIR domain-containing protein, TIpA, to inhibit the TLR/IL1 induced NF-kB activation.*’
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Figure 8 Conjugating gentamicin with cTB4-BBL2 enhances cell permeability and imparts anti-inflammatory properties. (A and B) Macrophages were infected with
B. melitensis for 12 hours (A) or 24 hours (B), followed by treatment with cTB4-BBL2-Gentamicin. The CFU was enumerated 12 or 24 hours post-treatment. (C) Treatment
of B. melitensis infected macrophages with cTB4-BBL2-Gentamicin for 48 hours, followed by collection of supernatant and quantification of TNF-o by ELISA. (D) Schematic
diagram showing the methodology used for examining the effect of cTB4-BBL2-Gentamicin treatment in B. melitensis infected mice. (E) Scatter plot showing the splenic load
of B. melitensis in the mice treated with cTB4-BBL2-Gentamicin or indicated controls. (F) The levels of TNF-a in the serum of mice treated with TB4-BBL2-Gentamicin or
indicated controls. (G—J) mRNA expression levels of TNF-a and IL-6 in the spleen (G), lungs (H), liver (I) and kidney (J) of cTB4-BBL2-Gentamicin treated mice or indicated
controls by q-RT-PCR. The data are presented as the mean * SEM of 6 mice per group (n.s, P > 0.05;*, P< 0.05; **, P< 0.01; ***, P < 0.001, **** P < 0.0001).

Similarly, the uropathogenic E. coli CFT073 secretes the TIR domain protein, TepC to block the MYD88-dependent
signalling cascade.®** The intracellular bacterial pathogen, Brucella encodes the TIR domain-containing protein, TcpB
that interferes with TLR2/4 signalling.'®'>!'*

Dysregulated inflammatory pathways, including TLR signalling, result in many disorders ranging from acute
conditions such as multi-organ failure to chronic conditions, including diabetes and cardiovascular diseases.*> TLR4 is
activated by the PAMPS such as LPS and endogenous damage-associated molecular pattern viz. High Mobility Group
Box Protein 1, Hyaluronan and HSP70.***7 The variety of ligands for TLR4, encompassing both pathogen-related and
endogenous substances, implies a potential association of this receptor with numerous disorders, including pathogen-
associated diseases. The aberrant activation of TLR4 has been implicated in the onset of septicaemia and cardiovascular
disorders.*> Therefore, TLR4 inhibitors represent promising therapeutic approaches to suppress the production of pro-
inflammatory cytokines and other inflammatory mediators. The strategies to block the TLR include neutralizing TLR
ligands, blocking the binding of ligands to TLRs or inhibitors that interfere with TLR signalling pathways.*® Many drugs
are in the pipeline targeting TLR signaling pathways for infectious diseases caused by pathogens such as hepatitis C,

Hepatitis B, anthrax, and influenza.*
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The microbial proteins that subvert the TLR4 signalling can serve as promising drugs for dampening inflammatory
responses. Even though recombinant protein-based therapeutics have been proven effective in treating various clinical
indications, they have many drawbacks, including physiochemical instability, immunogenicity, and suboptimal circula-
tion half-life.>® In recent decades, peptides have emerged as a unique class of therapeutic agents with intrinsic properties
and favourable pharmacodynamic profiles. Peptide-based drugs offer many advantages over protein-based therapeutics
because of their high specificity, low toxicity, high diversity, and reduced immunogenicity.’’ Furthermore, lower
production cost and ease of production on a large scale using chemical synthesis make peptide-based therapeutics as
attractive biopharmaceuticals over small molecule counterparts. From 2016 to 2022, there were 22 FDA-approved
peptide-based drugs for a spectrum of diseases, such as hyperglycemia and lupus nephritis.’* Further, several hundreds
of peptide-based therapeutics are currently being evaluated in clinical or pre-clinical trials.>® Hence, therapeutic peptides
are promising candidates for developing novel interventions to treat inflammatory disorders.

In this study, we designed and synthesized several peptides from the TcpB protein of Brucella, followed by the detailed
characterization of these peptides. TcpB is a cell-permeable protein, and this property has been attributed to its PIP binding motif
at the N-terminus. Therefore, we designed many peptides from the PIP-binding motif of TcpB and identified the shortest peptide,
TB4, that retains the cell-permeable property of TcpB. Furthermore, the TB4 peptide demonstrated excellent cell permeability
across various macrophage types. Such intracellular translocation of proteins or peptides typically occurs via diverse mechan-
isms, including endocytosis.>* The endocytosis through caveolae, which contain lipid rafts rich in cholesterol and phospholipids,
mediates the internalization of various ligands, such as cholera toxin B and albumin.>* The pharmacological inhibitor of this
pathway, MBCD, which depletes cholesterol from lipid rafts, affected the internalization of the TB4 peptide. This implies that
TB4 is endocytosed through cholesterol-rich microdomains of the plasma membrane. The arginine and lysine residues in TB4 are
essential for internalization as their replacement with alanine affected the cell permeability of TB4. The mutations of basic amino
acids to alanine in the PIP-binding motif of TcpB have been reported to affect its property to bind to the phospholipids.''
Therefore, it can be assumed that the TB4 peptide binds to the phospholipids in the lipid raft to facilitate its internalization
through endocytosis. The microtubule polymerization inhibitor, nocodazole, also affected the internalization of the TB4 peptide,
suggesting the requirement of intact microtubule for endocytosis of TB4 as reported for uptake of other macromolecules.”>~® The
reduced uptake of TB4 at 4 °C indicates that its internalization does not occur through direct translocation, but instead involves
active uptake mechanisms specific to phagocytic cells. The cold inhibition of TB4 internalization further indicates the
requirement of ATP, which is in agreement with the fact that endocytosis is an energy-dependent process.””®

The TIR domain is essential for TcpB to interfere with the TIRAP/MYDS8 signaling. Overexpression of TIR domain
in macrophages suppressed the LPS-induced production of pro-inflammatory cytokines. Previous studies have shown that
the intact BB-loop of TepB is required to inhibit TLR4 signalling.'* This encouraged us to design peptides from the BB-
loop region of TcpB to identify a peptide that mimics the TLR suppression property of TcpB. Since the peptides derived
from the TIR domain have no cell permeability, we conjugated them with the TB4 peptide. We evaluated the efficacy of
various chimeric peptides and identified the shortest peptide, TB4-BBL2 that exhibited interference with the TIRAP/
MYDSS signalling. The TB4-BBL2 peptide could efficiently suppress the NF-«kB activation as well as LPS/Pam3-CSK
and ODN-induced production of pro-inflammatory cytokines, ROS, and NO in macrophages. The cross-talk between NF-
kB, TNF-o, and free radicals is known to play a crucial role in regulating inflammation.>”

TcpB has been reported to target the adaptor proteins of TLR4 viz. TIRAP and MYDS88 to interfere with the TLR4
signalling. Therefore, we examined whether the TB4-BBL2 peptide mimics this property of TcpB. The co-immunopre-
cipitation of TB4-BBL2 with TIRAP and MYDS88 suggests that the peptide binds to these adaptor proteins. To confirm
the experimental data further, we used the MST technique to analyze the potential interaction between FAM-labelled
TB4-BBL2 and recombinant MBP-TIRAP protein. The MST is a biophysical technique to quantitatively assess the
interaction between biomolecules.®”®' The change in fluorescence intensity served as an indicator of the binding event
occurring due to the establishment of a thermal gradient induced by infrared light. These variations in fluorescence,
resulting from thermophoresis shifts induced by ligand binding, were employed to calculate equilibrium binding
constants.®” °* The MST analysis showed a Kd value of 99.6 + 64.0 nM between FAM-TB4-BBL2 and MBP-TIRAP
compared to MBP alone. This indicates a positive interaction between FAM-TB4-BBL2 and MBP-TIRAP. The lower Kd
value between the target TB4-BBL2 and ligand MBP-TIRAP indicates a positive interaction. TcpB has been reported to
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induce enhanced ubiquitination and degradation of TIRAP to deplete this adaptor protein to enable the negative
regulation of TLR4 signalling.'* Interestingly, we found that the TB4-BBL2 peptide also promotes the targeted
degradation of TIRAP and MYD&8S8. However, further studies are needed to elucidate the precise mechanism by which
TB4-BBL2 facilitates the degradation of these TLR adaptor proteins.

Toxicity is a major limiting factor that compromises the use of proteins or peptide-based therapeutics. TB4-BBL2 did
not induce any toxicity in the cells, as demonstrated by the negligible release of LDH by the peptide-treated cells.
Further, we analysed the toxicity and dosage levels of TB4-BBL2 in mice. The mice tolerated peptide concentrations up
to 40 mg/kg, with only slight splenomegaly observed at this higher dose of TB4-BBL2. Therefore, a dose of 30 mg/kg
was selected to evaluate the efficacy of the TB4-BBL2 peptide in the mouse model of endotoxemia. LPS treatment in
mice induces endotoxemia, characterized by elevated levels of pro-inflammatory cytokines and organ injury. We
evaluated the effect of TB4-BBL2 under three conditions such as peptide treatment followed by LPS administration,
simultaneous delivery of peptide and LPS and peptide treatment after LPS administration. Administration of the peptide,
either prior to or following LPS challenge, significantly attenuated pro-inflammatory cytokine production in mice. The
significant suppression of pro-inflammatory cytokines by TB4-BBL2 following endotoxemia induction highlights its
therapeutic potential for disorders caused by aberrant activation of TLR4. Importantly, the demonstrated in vivo efficacy
of TB4-BBL2 peptide underscores its translational potential, especially in acute inflammatory conditions such as sepsis
and endotoxemia, where timely modulation of TLR4 signalling is critical. The protective effect of TB4-BBL2, even after
inflammation has begun, emphasizes its translational potential as a prophylactic and post-exposure agent.

Treating intracellular infection remains particularly challenging due to the poor cell permeability of conventional antimicro-
bial agents.>> Although some antimicrobials exhibit limited cell permeability, their higher doses and prolonged treatment can lead
to severe side effects. Furthermore, the rapid emergence of antimicrobial resistance has significantly narrowed the range of
effective antibiotics. As novel antibiotic discovery is costly and often yields limited success, improving the properties of existing
antibiotics represents a practical and promising strategy.®> The intracellular niche shields pathogens, such as Brucella,
Mycobacterium, and Salmonella from antimicrobial agents, contributing to their chronic persistence and frequent reinfections.
To address the challenge of antibiotic delivery to intracellular pathogens, we explored modifying the aminoglycoside antibiotic
gentamicin, which is known for its broad-spectrum activity but limited cellular uptake. Conjugation of gentamicin with the TepB-
derived peptide, TB4, enhanced its cellular uptake without compromising its antibacterial properties. Gentamicin alone exhibited
limited efficacy against intracellular bacterial pathogens, however, its conjugation with the TB4 peptide significantly enhanced its
ability to eliminate intracellular Brucella and Salmonella. In addition to reducing the intracellular burden of B. melitensis within
macrophages, the hybrid drug TB4-BBL2-Gentamicin effectively attenuated the secretion of pro-inflammatory cytokines by the
infected macrophages. Furthermore, this hybrid drug demonstrated in vivo efficacy in a murine model of brucellosis by
significantly reducing the splenic burden of B. melitensis and suppressing the expression of pro-inflammatory cytokines in
serum and various organs. These findings suggest that conjugating existing antibiotics with TcpB-derived peptides represents
a promising strategy to overcome the poor membrane permeability, thereby restoring the efficacy of antibiotics compromised
against intracellular pathogens. The desirable properties of TB4, including its small size, ease of synthesis, solubility, and efficient
internalization via endocytosis, highlight its potential for wide applications in drug delivery. Moreover, anti-inflammatory
peptides derived from TepB can confer additional properties to antibiotics, beyond improving cell permeability and antimicrobial
activity, thereby further enhancing the therapeutic efficacy of this strategy. In summary, our experimental data suggest that
peptides derived from the TcpB protein possess significant translational potential for addressing a range of inflammatory disorders
and for improving the pharmacokinetic properties of various therapeutic agents.
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