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Abstract

Listeria monocytogenes is a facultative intracellular pathogen responsible for the life-threatening 

disease listeriosis. The pore-forming toxin listeriolysin O (LLO) is a critical virulence factor that 

plays a major role in the L. monocytogenes intracellular lifecycle and is indispensable for 

pathogenesis. LLO is also a dominant antigen for T cells involved in sterilizing immunity and it 

was proposed that LLO acts as a T cell adjuvant. In this work, we generated a novel full-length 

LLO toxoid (LLOT) in which the cholesterol-recognition motif, a threonine-leucine pair located at 

the tip of the LLO C-terminal domain, was substituted with two glycine residues. We showed that 

LLOT lost its ability to bind cholesterol and to form pores. Importantly, LLOT retained binding to 

the surface of epithelial cells and macrophages, suggesting that it could efficiently be captured by 

antigen-presenting cells. We then determined if LLOT can be used as an antigen and adjuvant to 

protect mice from L. monocytogenes infection. Mice were immunized with LLOT alone or 

together with cholera toxin or Alum as adjuvants. We found that mice immunized with LLOT 

alone or in combination with the Th2-inducing adjuvant Alum were not protected against L. 
monocytogenes. On the other hand, mice immunized with LLOT along with the experimental 

adjuvant cholera toxin, were protected against L. monocytogenes, as evidenced by a significant 

decrease in bacterial burden in the liver and spleen three days post-infection. This immunization 

regimen elicited mixed Th1, Th2, and Th17 responses, as well as the generation of LLO-
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neutralizing antibodies. Further, we identified T cells as being required for immunization-induced 

reductions in bacterial burden, whereas B cells were dispensable in our model of non-pregnant 

young mice. Overall, this work establishes that LLOT is a promising vaccine antigen for the 

induction of protective immunity against L. monocytogenes by subunit vaccines containing Th1-

driving adjuvants.
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immunotherapy

Introduction

Listeria monocytogenes is a foodborne pathogen and the causative agent of the life-

threatening disease listeriosis. The risk and severity of listeriosis are significantly increased 

among the elderly, pregnant women, infants, and individuals with a compromised immune 

system1. Clinical manifestations of listeriosis include septicemia, meningitis, encephalitis, 

miscarriage, stillbirth, and severe infection of neonates1–6, with an associated fatality rate of 

16–25% despite treatment7. Although the food industry has rigorous standards for 

prevention and surveillance of L. monocytogenes contamination, the reported incidence of 

listeriosis has not significantly decreased since 20108. Without reductions in the incidence of 

listeriosis and its associated high fatality rate, a vaccine targeting L. monocytogenes could 

offer an effective preventative measure to reduce the risk of this deadly disease in 

susceptible populations. In particular, the aging population, representing approximately 80% 

of listeriosis patients, is constantly increasing worldwide8. In addition, a vaccine for animal 

use could protect livestock and decrease contamination of related food products9–11.

The pore-forming toxin LLO is required for host cell invasion and pathogenesis as LLO-

deficient L. monocytogenes strains are avirulent12. LLO forms pores across host cell 

membranes leading to ionic fluxes, activation of signaling pathways, and mitochondrial 

remodeling, which facilitate L. monocytogenes internalization, vacuolar escape, cell-to-cell 

spread, and intracellular proliferation13–17. In addition to its role as a virulence factor, LLO 

is a major source of CD4+ and CD8+ T cell epitopes during the adaptive immune response to 

L. monocytogenes in mice18,19. L. monocytogenes and LLO display immune stimulatory 

activities that raised considerable interest in cancer immunotherapy20–26. Indeed, native 

LLO, LLO variants that are less hemolytic, and truncated LLO variants were proposed to 

stimulate antigen-specific T cell responses directed against cancer antigens22,24,25. Live-

attenuated L. monocytogenes strains have shown promise in providing protection against 

both infections and cancer in experimental animal models27–32 and several of these vaccines 

are in clinical development22,33–36. However, there are reported dangers in utilizing L. 

monocytogenes live-attenuated strains in immunocompromised individuals37. Given that 

populations at higher risk for listeriosis and cancer patients may have weakened or altered 

immunity, a subunit vaccine would be a safer alternative. As such, subunit vaccines that 

utilize major L. monocytogenes virulence factors, including LLO, GAPDH peptides, and 

p60 have been developed38–41. Most of these vaccines induce potent T cell responses (CD4+ 
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and CD8+), which are essential for the acquisition of sterilizing immunity against L. 
monocytogenes38–41 and play critical roles in anti-cancer immunity20,24.

In this study, we generated a novel LLO toxoid (LLOT) devoid of hemolytic activity. This 

was achieved by substituting the threonine 515-leucine 516 pair, which is critically involved 

in cholesterol recognition and pore formation, with glycine residues42. We characterized the 

host cell binding and pore-forming abilities of LLOT. We then established if LLOT could act 

as a vaccine antigen and adjuvant alone or in combination with cholera toxin and Alum 

adjuvants to protect against L. monocytogenes infection using the systemic murine infection 

model of listeriosis.

Materials and Methods

Generation of LLO variants and LLO toxoid

The gene coding for six-His-tagged LLOT with the substitutions T515G and L516G was 

generated by PCR-based site-directed mutagenesis using the pET29b plasmid harboring 

wild type (WT) hly (the gene coding LLO) as a template and the Forward – 5’-gaa ata tct 

cca tct ggg gca ccg ggg gtt atc cga aat ata gta ata aag-3’ and Reverse – 5’-ctt tat tac tat att tcg 

gat aac ccc cgg tgc ccc aga tgg aga tat ttc-3’ mutagenic primers as described previously14. 

The gene coding for six-His-tagged LLOW492A was generated using the same strategy and 

the Forward – 5’-ggt tta gct tgg gaa tgg gcg aga acg gta att gat gac cgg-3’ and Reverse – 5’-

ccg gtc atc aat tac cgt tct cgc cca ttc cca agc taa acc-3’ primers43. The gene coding for the 

six-His-tagged truncated listeriolysin O LLO (LLO D1–3) was amplified by PCR from the 

WT sequence of hly using the Forward – 5’-aac gtg cat atg gat gca tct gca ttc aat aaa G-3’ 

and Reverse – 5’-att ctc gag tgt ata agc ttt tga agt tgt-3’44 primers and cloned into pET29b 

using NdeI and XhoI restriction sites. Purification of recombinant LLO variants was 

performed as previously described14,45. Endotoxin measurements were performed using the 

Chromogenic Endotoxin Quant Kit (Pierce), and LLOT was inoculated at 200 μg/ml with 

endotoxin levels strictly below 36 EU/ml46. For analysis of LLO by SDS-PAGE, 1 μg of 

toxin was loaded, and gels were stained with Coomassie blue and imaged using a ChemiDoc 

XRS imaging system (Bio-Rad).

Circular Dichroism spectroscopy

A Jasco J-815 Circular Dichroism spectrometer was used to acquire LLO and LLOT spectra 

at 10°C with a 1 mm cuvette at a protein concentration of 0.5 mg/ml in 20 mM sodium 

phosphate buffer at pH 6. Spectra were recorded at 1 nm wavelength intervals (190 to 255 

nm). The spectra are the average of three scans.

Cholesterol Binding Assay

Spots (2 μl) of a serially diluted ethanol-cholesterol solution were deposited onto a PVDF 

membrane and air-dried. The membranes were saturated by incubation in 20 mM Tris buffer 

saline (TBS) containing 4% nonfat milk and 0.2% Tween 20 at pH 7.4. LLO and LLOT (20 

μg/ml) were incubated at 4° for 3 h in TBS with 0.2% Tween 20. After washes, rabbit anti-

LLO Abs (Abcam) were incubated for 1 h in TBS with 0.1% Tween 20, followed by washes 

and incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies in TBS 
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with 0.1% Tween 20. LLO was detected with ECL Western Blotting Detection Kit 

(Amersham). We verified by immunoblotting that the rabbit anti-LLO antibodies recognize 

LLO and LLOT with similar efficiency (data not shown).

LLO binding assays and HepG2 invasion assays

HeLa cells (1.5 × 105 /well) were grown for 24 h in 6-well plates in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum 

(HIFBS), 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen). Cells were 

incubated for 30 min in FBS-free medium +/− 5 mM methyl-β-cyclodextrin (mβCD) at 

37°C to deplete cholesterol. Cells were incubated for 10 min in FBS-free medium with LLO, 

LLOT, or LLO D1–3 at 1, 2, or 5 nM concentrations at 4°C. Cells were then washed with 

cold PBS and lysed with lysis buffer (150 mM NaCl, 20 mM Tris/HCl, 2 mM EDTA, 1% 

NP-40, and protease inhibitor cocktail (Roche)). Cell lysates were subjected to immunoblot 

analysis using anti-LLO (Rabbit polyclonal from Abcam) or anti-actin antibodies (Cell 

Signaling) and secondary antibodies conjugated to HRP (Cell Signaling). Detection was 

performed using Amersham ECL Select Reagent Kit (GE Healthcare) and a ChemiDoc XRS 

Imaging System (Bio-Rad). THP-1 cells were cultured in RPMI-1640 supplemented with 

10% HIFBS, 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen). 2 × 106 cells 

were washed with FBS-free medium and incubated with 1 nM and 5 nM LLO or LLOT for 

10 min at 4°C. THP-1 cells were washed with PBS, lysed, and subjected to immunoblot 

analysis as described above. For invasion assays, HepG2 cells were cultured in 24-well 

plates and incubated with bacteria at multiplicity of infection (MOI) 5 for 30 min in the 

presence or absence of LLO-neutralizing antibodies. Cells were washed, fixed and labeled as 

previously described to measure the percentage of bacterial internalization31. All human cell 

lines used in this study were authenticated by ATCC.

Hemolysis Assays

Human blood was drawn in heparinized tubes from healthy adult volunteers with approval of 

the Ohio State University Review Board. Erythrocytes were isolated after centrifugation of 

blood on Polymorphprep (Axis-Shield, Oslo, Norway) and were washed with Alsever’s 

solution. Erythrocytes were washed 3 times with PBS and diluted to at 4 × 107 cells/ml. 

Duplicate serial dilutions of native LLO, LLOW492A, LLOD1–3, and LLOT were made at 

4°C in a round bottom 96-well plate, and 160 μl of cold erythrocytes suspension were added 

in each well. Concentrations tested were: native LLO (100 nM – 0.1 nM), LLOW492A 

(3,000 nM – 1.5 nM), LLOT (10,000 nM – 5 nM), LLOD1–3 (6,000 nM – 3 nM). Plates 

were incubated for 30 min at 37°C, centrifuged, and the supernatants were transferred to a 

flat bottom 96-well plate for reading their absorbance at 540 nm. Erythrocytes were treated 

with 0.1% Triton X-100 (100% hemolysis) and with PBS as positive and negative controls, 

respectively. The concentration of toxin leading to 50% hemolysis (EC50) was determined 

by polynomial regression using Graph Pad Prism 7 software (GraphPad Software Inc, La 

Jolla, CA).

Immunization and T cell depletion

All animal protocols were approved by the Ohio State University Laboratory Animal Care 

and Use Committee. Seven to eight week-old WT C57BL/6 or C57BL/6-Igh-6tm1Cgn (B 
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cell-deficient, μMT−/−)47 mice, from The Jackson Laboratory (Bar Harbor, ME), were 

housed in the vivarium for one week before starting immunization. Mice were immunized 

on days 0, 7, and 14 by intraperitoneal injection of 100 μl of injectable grade PBS 

containing: PBS only (control groups), 20 μg LLOT in the presence or in the absence of 1 μg 

cholera toxin (List Biological Laboratories, Inc, Campbell, CA), or 20 μg LLOT adsorbed on 

40 μg Imject Alum (a mixture of aluminum hydroxide and magnesium hydroxide; 

ThermoFisher Scientific). LLOT was adsorbed to Alum via gentle mixing for 45 min at 4°C. 

For T cell depletions, mice were treated with 300 μg of rat anti-mouse CD4 monoclonal 

antibody (mAb) (clone GK1.5, BioXcell) plus 300 μg rat anti-mouse CD8α mAb (clone 53–

6.7, BioXcell) by intraperitoneal injection 48 h before infection. Mice received a second 

injection of 100 μg of anti-T cell antibodies 24 h post-infection (200 μg total). Control mice 

received intraperitoneal injection of rat IgG2a and IgG2b isotype controls (BioXcell) at the 

same doses. Blood was collected via submandibular cheek bleed on days 14, 21, and 28, or 

via cardiac puncture after infection and sacrifice. Serum was obtained by centrifugation of 

the clotted blood (1,500 x g for 15 min at 4°C). For monitoring T cell depletion, blood was 

collected into heparinized tubes and diluted 1:1 with PBS. Red blood cells were lysed by 

addition of 0.84% ammonium chloride buffer. After 5 min incubation on ice, the samples 

were centrifuged at 1500 rpm for 5 min at 4°C. Supernatant was discarded and samples were 

washed twice with FACS buffer before staining with the following fluorescent Abs: FITC 

anti-CD11b (clone M1/70, BioLegend), PerCP/Cy5.5 anti-CD8a (clone 53–6.7, BioLegend), 

APC anti-CD11c (clone N418, eBiosciences), Alexa Fluor 700 CD3 (clone 17A2, 

BioLegend), APC/Fire 750 CD19 (clone 6D5, BioLegend), Brilliant Violet 421 F4/80 (clone 

BM8, BioLegend), PE NK1.1 (clone PK136, BD Biosciences), PE-Cy7 CD4 (clone RM4–5, 

BioLegend). Cells were fixed with paraformaldehyde and analysis was performed using 

Attune Nxt Acoustic Focusing Cytometer (Thermo Fisher). For IgG isolation, larger 

volumes of blood were collected by cardiac puncture immediately after sacrifice of the 

animals. IgG were isolated using protein G coupled agarose beads according to the 

manufacturer’s instructions (Pierce).

Bacterial Cell Culture and Mouse Infection

WT and LLO-deficient L. monocytogenes (isogenic strains DP10403S and DP-L2161) were 

grown overnight at 37°C in brain heart infusion (BHI). For cell or mice infections, bacteria 

were diluted 1/20 in BHI and grown at 37°C until OD600 = 0.7–0.8. Bacteria were washed 

three times and diluted in injectable grade PBS (for animal infections) or in cell culture 

medium (for cell invasion). Mice were inoculated by tail vein injection with L. 
monocytogenes (2 × 104 in 100 μl injectable grade PBS) on day 28. After 72 h, mice were 

euthanized and livers, spleens, and blood were collected. Organs were homogenized in PBS. 

Homogenates were serially diluted, plated on BHI agar plates, and incubated at 37°C for 48 

h to determine the colony forming units (CFUs).

Evaluation of LLO-specific antibody titers by ELISA

Briefly, 100 μl of LLOT (5 μg/ml in PBS) were added to ELISA plates and incubated at 4°C 

overnight. Plates were washed with cold PBS and blocked for 2 h with PBS 1% BSA. Plates 

were washed, and 100 μl of PBS 1% BSA containing serial dilutions of sera were added. 

After overnight incubation at 4°C, the LLOT-specific antibodies were detected with HRP-
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conjugated anti-mouse IgG sera (1:3000 dilution) (Southern Biotech Associates Inc.). 

Alternatively, to measure IgG subclasses, biotin-conjugated rat anti-mouse IgG1, IgG2a/c, 

IgG2b, or IgG3 monoclonal Abs and HRP-conjugated streptavidin (BD Biosciences) were 

used (0.5 μg/ml). The HRP substrate ABTS (2, 2’-Azinobis [3-ethylbenzothiazoline-6-

sulfonic acid]-diammonium salt, Sigma-Aldrich) was added, and the antibody titers were 

determined based on the last dilution of samples with an absorbance of >0.1 above that of 

samples from control mice mock immunized with PBS.

Evaluation of the production of LLO-neutralizing antibodies

To test for LLO neutralization, a kinetic hemolytic assay was performed. IgG were purified 

from serum collected from immunized mice using protein G-agarose (Pierce) according to 

the manufacturer’s instructions. LLO and LLOT (5 nM in PBS) and various dilutions of 

purified serum IgG were pre-incubated on ice in a 96-well plate for 15 min before the 

addition of erythrocytes at 4 × 107 cells/ml, to test LLO activity. Triton X-100 (0.1%) and 

PBS served as positive and negative controls for hemolysis, respectively. Samples were 

transferred to a spectrophotometer at 37°C and the absorbance (700 nm) was measured at 60 

sec intervals for 30 min.

Analysis of LLOT-specific T helper cell cytokines responses

Spleens (2 spleens per experimental condition for control and LLOT and 3 spleens per 

experimental condition for all other groups) were aseptically removed from mice 38 days 

after initial immunization and homogenized by pressing through a cell strainer. Red blood 

cells were lysed by incubation in 0.84% ammonium chloride, and, following a series of 

washes in RPMI 1640, spleen cells were suspended in RPMI 1640 supplemented with 2 mM 

L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 100 U/ml penicillin, 100 μg/ml 

streptomycin, and 10% fetal calf serum. 100 μl splenocytes (5 × 106 cells/ml) were added to 

each well (3 wells per spleen) of a 96-well micro-titer plate and cultured either alone, or in 

the presence of 5 μg/ml LLOT, for 5 days at 37 °C and 5% CO2. Cells were stimulated with 

PMA and Ionomycin (BDPharmangen) and incubated for 1 h at 37 °C. Cytokine secretion 

was blocked by adding the protein transport inhibitor Golgistop (BD-Pharmangen), and cells 

were incubated at 37 °C for 5 h. Cells were then collected and washed twice with FACS 

buffer (PBS, 2% BSA, 0.01% NaN3). For identifying T-cells, cells were labeled with Alexa 

Fluor 700 anti-CD3 (clone 17A2) and Alexa Fluor 750 anti-CD4 (clone GK1.5) monoclonal 

antibodies (Biolegend) for 30 min at 4°C, then washed twice with FACS buffer (BD-

Pharmagen). For intracellular cytokine staining, cells were incubated with Fixation-

Permeabilization Buffer (BD-Pharmagen) for 20 min at 4°C and washed twice with the 

permeabilization buffer (BD-Pharmangen). Cells were then labeled with cytokine-specific 

antibodies [Alexa Fluor 488-IFNγ (clone XMG1.2), PerCP Cy5.5-TNFα (clone MP6-

XT22), PE-IL-5 (clone TRFK5), Alexa Fluor 647-IL-21 (clone IC594R, R &D System), 

PECy7 IL-10 (clone JES5–16E3), Brilliant Violet 650 IL-17 (clone TC11–18H10.1), 

Brilliant Violet 605 IL-4 (clone 11B11)] for 30 min at 4°C. Cells were washed twice with 

the permeabilization buffer and then twice with the FACS buffer. Cells were suspended in 

FACS buffer and analyzed with an Attune NxT flow cytometer (Thermo Fisher Scientific). 

Data were analyzed by triple gating (CD3+CD4+Cytokines+). Statistical analyses were 
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performed by one-way ANOVA using Graph Pad Prism7, and significant differences were 

considered at p ≤ 0.05 (*).

Results

Generation of a full-length non-hemolytic listeriolysin O toxoid (LLOT)

LLO belongs to the cholesterol-dependent cytolysins (CDCs) family of bacterial toxins, 

which form 30 to 50 nm diameter homo-oligomeric pores in cholesterol-rich membranes48. 

CDC binding to cholesterol is indispensable for pore formation, and the cholesterol 

recognition motif was identified as a conserved threonine-leucine pair located in their C-

terminal membrane binding domain (Domain 4)42. We generated a full-length LLO toxoid, 

referred to as LLOT, by substitution of the cholesterol-binding threonine-leucine pair with 

glycine residues (T515G/L516G)42. We compared the properties of LLOT to those of native 

LLO, a truncated LLO variant devoid of domain 4 (LLO D1–3), and a LLO variant with the 

amino acid substitution W492A in domain 4 that was previously reported as an attenuated 

LLO variant (LLO W492A)43. Recombinant 6-his-LLO, -LLOT, -LLO D1–3, and -LLO 

W492A were characterized by SDS-PAGE (Fig. 1A) and by circular dichroism (Fig. 1B) to 

compare LLO and LLOT secondary and tertiary structures49. The spectra for LLOT and 

LLO were similar, indicating that the toxoid is properly folded (Fig. 1B). A dot blot assay 

confirmed that, unlike LLO, LLOT was unable to bind cholesterol, as expected (Fig. 1C). 

We also tested if LLOT could bind host cell membranes, since most CDCs such as PFO, 

PLY, and SLO are thought to lose binding to host cell membranes in the absence of the 

cholesterol-recognition motif42. Unlike these other CDCs, LLOT retained binding to HeLa 

(human epithelial cell line) and THP-1 (human monocyte cell line) cells, though not to the 

same extent as native LLO. A concentration of 2 nM LLOT provided equivalent binding to 

HeLa cells as 1 nM LLO and 5 nM LLOT were necessary to achieve similar binding to 

THP-1 cells as 1 nM LLO (Figs. 2A & 2D). Importantly, LLO D1–3 did not bind host cells, 

confirming that only domain 4 mediates binding to host cells (Fig. 2C). LLO and LLOT 

binding to cholesterol-depleted cells was reduced, but not abrogated (Fig. 2B). Together, 

these results indicate that cholesterol is not the only host cell ligand for LLO. Furthermore, 

the fact that LLOT binding to cholesterol-depleted cells is reduced, also strongly suggest that 

cholesterol indirectly affects toxin binding to host cells, for example, by affecting the 

biophysical properties of the membrane and/or access of LLO to other membrane ligands. 

Finally, the hemolytic activity of LLOT was markedly decreased by 3,000-fold and 60-fold 

compared with native LLO and LLO W492A, respectively. As expected, LLOT hemolytic 

activity was nearly as low as the truncated LLO D1–3 variant, which is unable to bind host 

cells (Fig. 3). These results confirm the indispensable role of the threonine 515-leucine 516 

pair in LLO binding to cholesterol and pore formation. In conclusion, LLOT is a full-length 

LLO variant that retains its antigenic peptides, folds properly, and binds host cells, including 

antigen-presenting cells, which are critical features for efficient capture and presentation by 

antigen-presenting cells.
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Immunization with LLOT plus cholera toxin, but not Alum, protects mice against L. 
monocytogenes

Sterilizing immunity against L. monocytogenes requires CD4+ and CD8+ T cells29,50. In 

addition, passive transfer of monoclonal LLO-neutralizing antibodies efficiently protected 

naïve mice against sub-lethal and lethal doses of L. monocytogenes51. This led us to 

hypothesize that a vaccine that elicits the production of LLO-neutralizing antibodies and T 

cell immunity could offer extensive protection against L. monocytogenes. We determined if 

LLOT administered alone, or together with the experimental adjuvant cholera toxin (CT), 

could promote immunization of mice against L. monocytogenes. Cholera toxin was used for 

its broad effects on T and B cell stimulation52. Mice were treated with PBS, LLOT, CT, or 

LLOT + CT via intraperitoneal injections at weekly intervals for 3 weeks. At day 28, mice 

were challenged with 2 × 104 L. monocytogenes by tail vein injection. Bacterial burden was 

measured in the spleen and liver three days post-infection. As shown in Figure 4, mice 

immunized with LLOT plus CT displayed significant reductions in bacteria in the spleen and 

liver when compared to the groups that received LLOT alone, CT alone, or PBS.

To examine the possibility that production of anti-LLO neutralizing antibodies could play a 

role in the protection of mice, as was observed with the injection of a monoclonal anti-LLO 

neutralizing antibody51, we also tested the efficacy of the Alum adjuvant. Alum is a widely 

used vaccine adjuvant that predominantly induces strong Th2-mediated antibody responses 

to antigens53. However, mice immunized with LLOT plus Alum were not protected against 

L. monocytogenes (Fig. 5). We used male and female mice throughout these studies and did 

not observe any sex-specific response to vaccination.

Immunization with LLOT plus cholera toxin, but not Alum, leads to significant production 
of LLO-neutralizing antibodies and diverse antibody isotype response

To address the difference in the ability of CT and Alum adjuvants to elicit protective 

immunity, we next measured the anti-LLOT IgG titers in the various groups of animals. 

Mice immunized with LLOT alone or together with adjuvants produced anti-LLOT IgG1, 

IgG2a, IgG2b, and IgG3 (Fig. 6). Notably, CT significantly enhanced the production of all 

measured isotypes of LLOT-specific antibodies compared to LLOT alone, whereas Alum 

only significantly increased the production of IgG1. Indeed, LLOT alone or LLOT + Alum 

led to similar levels of anti-LLO IgG2a, IgG2b, and IgG3. Mice immunized with LLOT + 

CT produced more IgG1 than IgG2a, a profile previously seen when CT was administered 

with inert antigens such as ovalbumin54. Finally, IgGs purified from mice treated with LLOT 

+ CT efficiently neutralized LLO activity, which was not observed with IgGs purified from 

mice treated with LLOT + Alum (Fig. 7). Together, these data show that, unlike Alum, CT 

induced efficient production of anti-LLO IgG2a/b and IgG3 isotypes and neutralizing anti-

LLO antibodies. To determine if these anti-LLO antibodies could reduce bacterial burden in 

naïve mice, we performed adoptive transfer of 100 μl serum collected from LLOT + CT 

immunized mice, and from non-immunized control mice, into naïve mice by intraperitoneal 

injection and subsequently infected these mice with L. monocytogenes. However, serum 

transfer had no observable effect on infection (data not shown). Our concern with this 

experimental approach was that transfer of a small volume of serum could lead to 
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unconvincing results if high antibody titers were necessary for protection. This prompted us 

to assess the effect of immunization in B-cell deficient mice as an alternative approach.

Immunization with LLOT plus cholera toxin protects mice lacking mature B cells against L. 
monocytogenes

To establish if the production of anti-LLO neutralizing antibodies elicited by LLOT + CT 

had a significant role in protection against L. monocytogenes, we repeated the immunization 

procedure using mice that lack mature B cells (μMT−/−) in comparison to wild type mice. 

We observed that, regardless of treatment, μMT−/− mice were more resistant to infection 

compared to WT mice, as previously reported in the literature55,56. As expected, we did not 

detect LLO-specific IgGs in immunized μMT−/− mice (data not shown). Despite the lack of 

LLO-specific antibody production in μMT−/− mice, LLOT + CT still induced significant 

protection against L. monocytogenes (Fig. 8). These data show that the antibody response is 

dispensable for the vaccine-acquired protection against L. monocytogenes. However, the 

intrinsic increased resistance of μMT−/− mice to L. monocytogenes infection reflects that 

innate and/or T cell immunity differ in this model, making data interpretation complex.

Immunization with LLOT plus cholera toxin elicits a pronounced increase in Th1 responses

To compare the T cell responses elicited by the protective (LLOT + CT) and non-protective 

(LLOT + Alum) vaccines, splenocytes were isolated from the different immunization groups 

and exposed to LLOT for 5 days and stimulated with PMA and ionomycin. Splenocytes 

were then co-labeled with fluorescent anti-CD3 and anti-CD4 antibodies. After 

permeabilization, cells were labeled with fluorescent anti-cytokine antibodies. This labeling 

strategy allowed us to establish the profiles of the T helper responses based on cytokine 

production by CD3/CD4 double positive cells. Th2 cells release IL-5, IL-4, and IL-10 that 

support the production of antibodies. The main cytokines produced by Tfh cells (IL-21) and 

Th17 cells (IL-17A) also facilitate antibody production and affinity maturation. We found 

that immunization with LLOT plus either Alum or, CT led to similar increases in Th2, Tfh, 

and Th17 associated cytokines when compared to the conditions LLOT, PBS, and the 

adjuvants alone. Th1 responses, characterized by the production of IFN-γ, promote cell-

mediated immunity, including cytotoxic CD8+ T cells and the activation of macrophages, 

both of which are important for protection against L. monocytogenes50. Taken together, 

these results indicate that the protective immunization with LLO + CT leads to the most 

pronounced increase in Th1-type IFN-γ responses when compared to all other conditions 

(Fig. 9A).

Effective immunization with LLOT plus cholera toxin is mediated by T cells

In order to confirm the role of T cells in the anti-L. monocytogenes protection of mice 

immunized with LLOT + CT, we depleted T cells after immunization by administering a 

cocktail of CD8- and CD4-cell-depleting antibodies, or control isotypes, 48 h before and 24 

h after infection. Analysis of circulating leukocytes confirmed the efficacy of T cell 

depletion, whereas B cells, natural killer cells, and dendritic cells remained unaffected 

(supplemental Fig. 1). When isotype control antibodies were administered to mice 

immunized with LLOT + CT, we observed significant decreases in bacterial burden 72 h 

post-infection, as expected (Fig. 10). Importantly, T cell depletion post-immunization 
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abrogated protection in the LLOT + CT group, demonstrating that T cells are required for 

effective immunization (Fig. 10).

Discussion

We report the generation of a full-length LLO toxoid (LLOT) in which the Thr-Leu 

cholesterol recognition motif in domain 4 was substituted with two glycine residues (T515G/

L516G). Using LLOT and the adjuvant cholera toxin, we created a novel experimental 

vaccine that protects against infection by L. monocytogenes. This vaccine elicits CD4+ Th1 

cells that produce IFN-γ and LLO-neutralizing antibodies. However, in this model, 

protective immunity involved T cells whereas, B cells were dispensable. The advantages of 

developing a LLOT-based subunit vaccine include safety and the fact that LLOT binds 

antigen-presenting cells and contains all antigenic epitopes, while LLO toxicity is abrogated.

The Threonine-Leucine motif located in domain 4 is conserved among the cholesterol-

dependent cytolysin (CDC) family members and is essential for perfringolysin O (PFO), 

streptolysin O (SLO), pneumolysin (PLY), and intermedilysin (ILY) binding to 

cholesterol42,57. As expected, the present work shows that this motif is also required for 

LLO binding to cholesterol (Fig. 1). Most CDCs, including PFO, PLY, and SLO, bind host 

cells in a cholesterol-dependent fashion, i.e. they are unable to bind cholesterol-depleted 

cells, or to bind cells in the absence of the cholesterol recognition motif42,57. However, for a 

few CDCs such as ILY, host cell binding involves a protein surface receptor even though 

pore formation is cholesterol-dependent58,59. Importantly, LLOT is still able to bind host 

cells in the absence of cholesterol recognition motif and despite cholesterol depletion (Fig. 

2). This suggests the existence of additional host receptor(s) for LLO, the nature of which 

remain(s) to be determined. As expected, LLOT displays drastically reduced hemolytic 

activity, which is as low as a truncated LLO variant lacking the membrane-binding domain 

(Fig. 3). Of note, the LLO attenuated variant LLO W492A is only 50-fold less hemolytic 

than native LLO, whereas LLOT is 3,000-fold less hemolytic than native LLO. The loss of 

toxicity, the maintenance of LLO membrane binding, and the preserved presence of T cell 

epitopes make LLOT an excellent candidate for anti-L. monocytogenes subunit vaccine 

development. In support of this strategy, vaccines against several other pathogens that 

produce CDCs have used detoxified variants of their respective CDCs60–64.

LLO and its derivatives display immunogenic and adjuvant properties24. When used as an 

adjuvant with a dengue virus antigen, a LLO variant (mutations in the consensus 

undecapeptide sequence, which is critical for formation of the LLO pore) increased dengue 

virus envelope protein-specific IgG1 and IgG2a65. This particular LLO variant was also 

effective as an adjuvant for tumor immunotherapy in mice26. It will be of interest to establish 

if LLOT, which is unable to form pores, also retains such adjuvant properties in these 

models. Here, we show that LLOT elicits the production of LLO-specific IgG1, IgG2a/b, 

IgG3 and IL-5 producing Th cells. However, LLOT alone failed to elicit protective T-cell 

immunity in mice challenged with L. monocytogenes and splenocytes isolated from mice 

immunized with LLOT alone failed to produce IFNγ when re-exposed to LLO in vitro. 

Therefore, in the present immunization and infection model, LLOT was not acting as an 

adjuvant sufficient for stimulation of protective T cell immunity.
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Key players that mediate sterilizing immune responses to L. monocytogenes include CD4+ 

Th1 cells producing IFN-γ, which activate macrophages and CD8+ cytotoxic T cell 

responses29,50,66,67. Studies by Edelson et al. using the murine infection model suggested 

that, unlike the robust T cell responses, B cell responses and the production of antibodies 

were limited in response to L. monocytogenes infection51. However, the adoptive transfer of 

a monoclonal LLO-neutralizing antibody, but not of anti-LLO non-neutralizing antibodies, 

protected naïve mice against sub-lethal and lethal doses of L. monocytogenes51. This 

protection was not attributed to bacterial opsonization by anti-LLO antibodies, because 

injection of similar amounts of non-neutralizing anti-LLO antibodies that could opsonize the 

bacterium had no effect. Rather, the protective effect was attributed to LLO neutralization 

within the phagosome of cells that have internalized L. monocytogenes68. LLO neutralizing 

antibodies also likely abrogate the extracellular activities of LLO, such as the induction of 

bacterial internalization into hepatocytes (Supplemental Figure 2). These observations led to 

the hypothesis that, if naturally induced, LLO neutralizing antibodies would protect against 

L. monocytogenes. Here, cholera toxin was used as an experimental adjuvant that elicits 

balanced and robust T- and B- cell immune responses52. When administered in combination 

with LLOT, the vaccination protocol significantly protected mice against L. monocytogenes 
(Fig. 4), induced Th1 responses (Fig. 9), and significantly increased the production of LLO-

specific IgG1, IgG2a/b, and IgG3 isotypes when compared to LLOT alone54 (Fig. 6), with 

IgG2a isotype class switching known to be driven by IFN-γ69. These antibodies neutralized 

LLO activity (Fig. 7). To tease apart the role of LLO-neutralizing antibodies from the role of 

Th1 cells, we also used Alum, an adjuvant known to elicit robust antibody production 

without concurrently inducing strong Th1 T cell responses53. However, inoculation of Alum 

and LLOT did not reduce infectious burden (Fig. 5) and our results were not conclusive 

because Alum was less efficient than cholera toxin in eliciting LLO-specific antibodies, 

including the IgG2a, IgG2b, and IgG3 isotypes, and LLO neutralizing Abs (Figs. 6, 7)70,71. 

We then used mice lacking mature B cells (μMT−/−). As previously reported, μMT−/− mice 

were more resistant to L. monocytogenes infection in comparison to WT55,72, which was 

attributed to decreased macrophage anti-listerial responses involving the stimulation of 

IL-10 producing B cells55. Similar observations were reported with SCID mice infected with 

L. monocytogenes73. Importantly, immunization of μMT−/− with LLOT + CT was still 

protective (Fig. 9), indicating that LLO-neutralizing antibodies are dispensable for 

protection against L. monocytogenes in our experimental conditions. Finally, T cell 

depletion experiments confirmed that T cell responses were responsible for the observed 

acquired protection against L. monocytogenes, and the major distinction of the LLOT + CT 

and LLOT + Alum immunizations was the significant increase in IFN-γ+ CD4+ T cells, 

indicating a Th1 dominated response. This is in agreement with the critical role of IFN-γ in 

the activation of CD8+ T cells and macrophages for the clearance of L. monocytogenes74.

A future developmental stage of a listeriosis vaccine using LLOT should include a potent 

adjuvant safer than cholera toxin. Cholera toxin has been extensively used as model adjuvant 

in vaccine studies in mice for many decades. Its mechanism of action (i.e., stimulation of 

cAMP after binding ganglioside receptors and subsequent innate responses) are well 

understood and thus, this adjuvant provides a solid basis for future studies. However, 

injection of high doses of cholera toxin can induce edema, but this was not the case in our 
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studies where only low doses of cholera toxin were injected75–77. Although we did not 

observe a significant role for LLO-neutralizing antibodies in young mice infected with L. 
monocytogenes, future studies should test the role of Th1 T cell responses and LLO 

neutralizing antibodies, in combination and individually, in protective immunity in aging and 

pregnant murine models, corresponding to the populations that are the most susceptible to 

listeriosis. In particular, IgGs are transported across the placental barrier in humans78,79 and 

the placental yolk sac in mice80. It is a possibility that in the context of pregnancy, with the 

altered T cell responses in the placenta, the antibodies may have a beneficial role in 

protection of the mother and/or the offspring via transplacental transfer of antibodies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LLOT does not bind to cholesterol.
(A) Recombinant LLO, LLOT, LLO W492A, and LLO D1–3 (1 μg) were subjected to SDS-

PAGE and stained with Coomassie blue. (B) Representative CD spectra of LLO and LLOT 

(0.5 mg/ml). (C) LLO and LLOT were incubated on a PVDF membrane pre-coated with a 

serial dilution of an ethanol-cholesterol solution. Pre-coated membranes were then incubated 

with LLO or LLOT, and binding to cholesterol was visualized by immunoblot analysis using 

anti-LLO antibodies.
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Figure 2. LLOT binds to host cells.
Control HeLa cells (A), and HeLa cells pre-treated with 5 mM methly-β-cyclodextrin 

(mβCD) (B), were incubated 10 min at 4°C with LLO or LLOT. (C) HeLa cells pre-treated, 

or not, with 5 mM mβCD were incubated 10 min at 4°C with LLO D1–3. (D) THP-1 cells 

were incubated 10 min at 4°C with LLO or LLOT. (A, B, C, D) After incubation at 4°C, 

cells were washed and lysed at 4°C, and cell lysates were analyzed by immunoblotting using 

anti-LLO and anti-actin primary antibodies. Representative immunoblots were selected from 

at least 3 independent experiments.
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Figure 3: LLOT is non-hemolytic.
Hemolytic activity of LLO, LLO W492A, LLOT, and LLO D1–3 was measured from three 

independent experiments, each performed in duplicate, as EC50, i.e. the toxin/toxoid 

concentration required to cause 50% hemolysis. Average EC50 is shown above each column. 

P values were calculated using a two-tailed Student’s t-test (* = P, <0.05; ** = P <0.01; *** 

= P <0.001).
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Figure 4. Immunization with LLOT plus cholera toxin protects mice against infection by L. 
monocytogenes.
Mice were immunized at weekly intervals, for 3 consecutive weeks, by intraperitoneal 

injection of PBS (negative control), cholera toxin adjuvant (CT, 1 μg), LLOT (20 μg), or 

LLOT (20 μg) plus cholera toxin (1 μg) (LLOT + CT). On day 28, mice were intravenously 

inoculated with 2 × 104 L. monocytogenes and sacrificed after 72 h to collect organs and 

enumerate bacterial colony forming units (CFUs) in the liver (A) and spleen (B). Results are 

expressed as CFUs/organ and medians are presented. Data are from 3 independent 

experiments with 5 females per condition in experiment 1, 5 females per condition in 

experiment 2, and 4 males and 4 females per condition in experiment 3. Statistical 

significance was calculated using a two-sided Mann-Whitney test, ** P < 0.01.
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Figure 5. Immunization with LLOT plus Alum does not protect mice against infection by L. 
monocytogenes.
Mice were immunized at weekly intervals, for 3 consecutive weeks, by intraperitoneal 

injection of PBS (negative control), LLOT (20 μg), Alum (40 μg), or LLOT (20 μg) plus 

Alum (40 μg). At day 28, mice were intravenously inoculated with 2 × 104 L. 
monocytogenes and sacrificed after 72 h to collect organs and enumerate bacterial colony 

forming units (CFUs) in the liver (A) and spleen (B). Data are from one experiment, 

including 4 males plus 4 females for each experimental condition. Results are expressed as 

CFUs per organ and medians are presented. Statistical analysis was made using a two-sided 

Mann-Whitney test, N.S. = Not statistically significant.
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Figure 6. LLOT-specific IgG production in mice immunized with LLOT and adjuvants.
The titers of LLOT-specific IgG, IgG1 and IgG2a, IgG2b, and IgG3 were determined by 

ELISA in serially diluted (1:2) sera from mice immunized with LLOT, LLOT+CT (cholera 

toxin), or LLOT + Alum. LLO-specific IgGs in sera from mice inoculated with adjuvants 

alone were similar to naïve mice (data not shown). Antibody titers were determined as the 

last dilution of sera with an absorbance > 0.1 above that of control sera from naïve mice. 

Antibody titers are expressed as Log2 values for each mouse with the mean presented. 

Statistical significance was calculated using a one-way ANOVA, * P < 0.05, ** P < 0.01. N 

= titers from 8 mice for each group.
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Figure 7. Immunization with LLOT plus cholera toxin generates LLO-neutralizing antibodies.
IgGs (15 μg/ml) were purified from pooled sera isolated from 8 mice per immunized group: 

PBS, LLOT + CT adjuvant, or LLOT + Alum adjuvant, and tested for their ability to 

neutralize 5 nM LLO mixed with human erythrocytes. Erythrocyte lysis of was measured at 

OD700 at 60 sec intervals for 30 min. As hemolysis negative and positive controls, 

erythrocytes were incubated with PBS or Triton X-100, respectively. Data are representative 

of 4 independent experiments.

Phelps et al. Page 23

Vaccine. Author manuscript; available in PMC 2021 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Immunization with LLOT plus cholera toxin is protective in μMT−/− mice that lack 
mature B cells.
WT and μMT−/− mice (4 males and 4 females per experimental condition, with the exception 

of the LLOT condition that included 4 females and 3 males, were immunized at weekly 

intervals for 3 consecutive weeks by intraperitoneal injection of PBS (negative control), 

LLOT (20 μg), LLOT (20 μg) plus CT adjuvant (1 μg), or LLOT (20 μg) plus Alum adjuvant 

(40 μg). At day 28, mice were intravenously inoculated with 2 × 104 L. monocytogenes and 

sacrificed after 72 h to enumerate bacterial colony forming units (CFUs) in the liver (A) and 

spleen (B). Results are expressed as CFUs per organ and medians are presented. Statistical 

significance was calculated using a two-sided Mann-Whitney test, * P <0.05, ** P < 0.01.
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Figure 9. Analysis of T cell responses in the different immunized groups.
Splenocytes from the different immunized groups were isolated at day 38 after initial 

immunization and cultured 5 days in the presence of 5 μg/ml LLOT. Cultured splenocytes 

were then stimulated with PMA and ionomycin for 1 h and subsequently treated with 

Golgistop for 5 h. Splenocytes were then labeled with fluorescently tagged antibodies 

against CD3, CD4, IFN-γ, IL-5, IL-4, IL-10, IL-17a, and IL-21 and analyzed by flow 

cytometry. The frequencies of LLOT-specific Th1 (CD3+CD4+IFN-γ+) (A); Th2 

(CD3+CD4+IL-5+, CD3+CD4+IL-4+, and CD3+CD4+IL-10+) (B and C); Th17 

(CD3+CD4+IL-17A+) (D); and Tfh (CD3+CD4+IL-21+) (E) were expressed as the average 

percentage of positive cells for indicated cytokines ± standard deviation among the 

CD3/CD4 double positive cells. Statistical differences were determined by one-way ANOVA 

and significant differences were considered at: * p ≤ 0.05 and # p ≤ 0.005.
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Figure 10. T cells are required for the protective immunity of the LLOT+CT immunization 
group.
Mice were immunized at weekly intervals for 3 consecutive weeks by intraperitoneal 

injection of PBS (negative control), or LLOT (20 μg) plus CT (1 μg). Mice received 300 μg 

of CD4 plus CD8 depleting antibodies or 300 μg of corresponding isotype controls on day 

26 via intraperitoneal injection (600 μg total). On day 28, mice were intravenously 

inoculated with 2 × 104 L. monocytogenes. Mice were given a second 100 μg dose of 

depleting antibodies or isotype control antibodies 24 h post-infection (200 μg total). Mice 

were sacrificed after 72 h of infection to collect organs and enumerate bacterial colony 

forming units (CFUs) in the liver (A) and spleen (B). Data are from 1 experiment with 4 

males and 2 females per experimental condition. Results are expressed as CFUs per organ 

and medians are presented. Statistical significance was calculated using a two-sided Mann-

Whitney test, N.S. = Not statistically significant, * P < 0.05 and ** P < 0.01.
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