
Abstract 

Listeria monocytogenes (LM) causes listeriosis, one of the leading causes of death by foodborne illness in 

the United States. Although generally self-limiting in immunocompetent people, listeriosis can cause 

meningitis or sepsis in immunocompromised people and spontaneous abortion in pregnant women. Our 

interest in interleukin 1 alpha (IL-1α), a cytokine historically associated with inflammation and alarmin 

activity, stemmed from a previous study in our lab where we observed that immune cells isolated from 

LM infected mice produced IL-1α. Currently, the role of IL-1α during infection is largely unexplored. 

Elucidating the role of IL-1α during LM infection will determine if IL-1α can potentially be used as a 

therapeutic agent and will expand our understanding of this cytokine. Enzyme-linked immunosorbent 

assay (ELISA) was used to measure IL-1α concentration produced by LM infected RAW 264.7 

macrophages and LM infected Hepa 1-6 hepatocytes. Dose response and kinetic experiments were 

performed to optimize culture conditions. Cell viability of macrophage cultures, hepatocyte cultures, and 

cocultures of macrophages and hepatocytes was measured using trypan blue to determine if the culture 

conditions severely impacted cell viability.  LM burden of infected macrophage cultures, infected 

hepatocyte cultures, and infected cocultures of macrophages and hepatocytes were quantified using 

colony forming unit counting method and compared with control. Infected cultures were treated with 

recombinant (r-) IL-1α, r-interferon gamma (r-IFN-γ), r-interleukin 1 beta (r-IL-1β), or anti-IL-1α. IL-1α 

production was significantly increased in LM infected RAW 264.7 macrophage cultures compared to 

uninfected control. The concentration of IL-1α produced by infected macrophage cultures and infected 

cocultures increased, plateaued, and then decreased at 6, 12, 18, and 24 hours post LM infection. IL-1α 

was not detected in infected hepatocyte cultures. LM burden of infected macrophage cultures, infected 

hepatocyte cultures and infected cocultures treated with r-IL-1α was reduced compared to control. Our 

data suggest that macrophages contribute significantly to IL-1α production during LM infection and r-IL-

1α may contribute to LM resistance.  
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Chapter 1 

Background 

Listeria monocytogenes  

Listeria monocytogenes (LM) is an intracellular gram-positive rod-shaped bacterium that causes 

listeriosis, a foodborne illness. Although gastro-intestinal issues of listeriosis are usually self-limiting in 

immunocompetent people, listeriosis can cause fever, meningitis, and sepsis in immunocompromised 

people and spontaneous abortion in pregnant women. In those susceptible, LM can colonize the 

gastrointestinal tract, cross the intestinal barrier, and spread systemically from the lymph nodes to other 

organs, most commonly the liver and spleen (1). LM invade non-phagocytotic cells, like hepatocytes or 

epithelial cells, through receptor mediated endocytosis, multiplies within the cell, and spreads to different 

cells as they escape the vacuole using virulence factors (2). During an immune response, macrophages 

attempt to eliminate LM by phagolysosome formation after phagocytosis. When phagocytized by 

macrophages or other phagocytic cells, LM uses its virulence factors Listeriolysin O, 1-

phosphatidlylinositol phosphodiesterase, and phospholipase C to disrupt the phagosome membrane and 

escape into the macrophage cytosol, prior to fusion with a lysosome (2). This escape mechanism allows 

LM to proliferate within macrophages.  

LM is used in research over the past few decades partly due to its ability to readily stimulate both 

the innate and adaptive immune systems, with consistent reproducibility (2). This aspect of LM has been 

the interest in cancer vaccine research, with the hopes of using LM as a potential vaccine vector (3, 4). 

Cancer immunotherapy using a pathogen vector requires an altered pathogen that triggers an immune 

response without causing disease and has the ability to secrete/express a target antigen(s) to initiate an 

antitumor CD8+ T cell response (5). LM triggers a CD8+ T cell response after escaping from the 

phagosome into the cytosol. In the cytosol, antigens secreted by LM are degraded by proteosomes and 

loaded onto major histocompatibility class-I complexes, which lead to a CD8+ T cell response (5). 
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Current research of using LM as a cancer vaccine vector has involved adjusting attenuation of LM, 

variation in tumor antigen expression, and determining optimal fusion partners (5).  

Interleukin 1 

Interleukin 1 (IL-1) consists of eleven family members that are involved in inflammation, 

nonspecific resistance to infection, and immune response to foreign antigens (6). IL-1 consists of two 

forms, IL-1α and IL-1β. Although IL-1α and IL-1β share similar structure and function as pro-

inflammatory cytokines, they are encoded by separate genes. 

Out of the two forms of IL-1, more research has been performed concerning IL-1β and its role in 

inflammation, autoimmunity, and infection. IL-1β is a pro-inflammatory cytokine. IL-1β is cleaved from 

pro-IL-1β by caspase-1 after NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) 

inflammasome formation during infection or inflammation (6). IL-1β is one of the known ligands that 

binds to interleukin 1 receptor type 1 (IL-1R1), the others being IL-1α and interleukin 1 receptor 

antagonist (IL-1Ra). In circulation, elevated levels of IL-1β can initiate sterile inflammation and have 

been observed in disease states such as arthritis, pulmonary fibrosis and cardiovascular disease (7).    

Our cytokine of interest IL-1α, is also a pro-inflammatory cytokine. Mature IL-1α is formed after 

cleavage of its precursor, pro-IL-1α. Unlike pro-IL-1β, pro-IL-1α is biologically active as an alarmin (8). 

An alarmin is a damage associated molecular pattern that is often released from dead or dying cells and as 

a result, triggers a strong inflammatory and immune response. Pro-IL-1α is constitutively produced in 

many cells, especially endothelial and epithelial cells, and its production can be increased in response to 

growth factors, proinflammatory signaling or stress-associated stimuli (14). Although pro-IL-1α resides in 

the cytosol and is not secreted, it also has a membrane bound form and can bind to IL-1R1 of other cells 

(6, 8). Pro-IL-1α is cleaved by calpain, a calcium-dependent neutral protease, in the cytosol or granzyme 

B, a serine protease, in the extracellular space to produce mature IL-1α (14). Calpain is activated by a 

spike in intracellular calcium and is not reliant on NLRP3 inflammasome formation. Granzyme B can 

cleave pro-IL-1α from either membrane bound pro-IL-1α or from pro-IL-1α released from the cytosol by 
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cells with compromised membranes. As mentioned, IL-1α can bind to IL-1R1 to intialize IL-1 signaling 

cascades. 

 

Potential role of IL-1α during LM infection 

Our investigation into the role of IL-1α during LM infection was prompted by observations made 

in a previous study in our lab. We observed IL-1α production by both neutrophils and monocytes in LM 

infection and that monocytes produced higher concentrations of IL-1α compared to neutrophils (9). After 

reviewing some studies regarding LM and IL-1, we found that blockade of IL-1R1 in LM infected 

resulted in increased susceptibility to infection, while IL-1β deficient mice were found to be just as 

resistant to LM compared to infected wild type mice (10, 11). These observations imply that another 

cytokine binding to IL-1R1, such as IL-1α, may provide a protective effect during LM infection.  

We speculate that IL-1α may contribute to LM resistance by initiating IL-1 signal cascade (Fig. 

1) resulting in the formation of nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), 

which in turn will drive transcription of pro-inflammatory cytokines and chemokines including anti-tumor 

necrosis factor alpha (TNF-α), interleukin 6 (IL-6) and interleukin 18 (IL-18) (15). IL-6 and TNF-α have 

been reported to have key roles in LM resistance (16, 17).  

 Although IL-1β can potentially trigger this pathway, we believe IL-1α may be responsible. LM 

triggers a spike in intracellular calcium when it is phagocytosed by macrophages, an affect attributed to 

its virulence factors Listeriolysin O, 1-phosphatidlylinositol phosphodiesterase, and phospholipase C (18). 

This spike in intracellular calcium would then activate calpain and cause cleavage of cytosolic pro-IL-1α 

and release of mature IL-1α. As this event would occur during initial contact with LM, there may not be 

NLRP3 inflammasome formation and in turn no caspase-1 active to cleave pro-IL-1β. 
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Figure 1. NFκB signaling pathway activation by IL-1α. When secreted, IL-1α binds to IL-1R1 which recruits the receptor 
chain IL1-RAcP that forms the IL1 R signaling complex (12). This complex will then recruit myeloid differentiation primary 
response gene 88 (MyD88), leading to the formation of the Myddosome complex after interacting with its death domain, TIR 
domain and interleukin 1 receptor kinase 4 (IRAK4) (12). The Myddosome complex then can facilitate IRAK4, IRAK2 and 
IRAK1 phosphorylation, leading to recruitment of tumor necrosis factor-alpha receptor associated factor 6 (TRAF6) (12). 
TRAF6 activates transforming growth protein beta-activated kinase 1 (TAK1) through ubiquitination (13). The complex formed 
by TAK1 with its TAK 1 binding proteins 1 and 2, (TAB1/2) then activates IκB kinase (IKK). Activated IKK then 
phosphorylates the IκB (IKB) subunit attached to NFκB, causing its release, and allowing NFκB to enter the nucleus and promote 

transcription of pro-inflammatory cytokines and chemokines. 
 
Interferon gamma 

Interferon gamma (IFN-γ) is a cytokine that causes direct antimicrobial and antitumor 

mechanisms, and the upregulation of antigen processing and presentation pathways in macrophages (14). 

IFN-γ stimulated macrophages become polarized towards their M1 form, which favors pro-inflammatory 

cytokine and inducible nitric oxide synthase (iNOS) production (15, 16). iNOS then leads to production 

of nitric oxide, reactive oxygen intermediates, and reactive nitrogen intermediates which are used to kill 

intracellular bacteria (15).  

IFN-γ is primarily secreted by natural killer (NK) and activated T-Cells when stimulated by 

proinflammatory cytokines including interleukin 12 (IL-12) and interleukin 18. In LM infected 

hepatocytes, IFN-γ stimulates anti-listeria activity resulting in growth inhibition of LM (17, 18). 
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Macrophages can eliminate LM but are more efficient when stimulated with IFN-γ (17). Therefore, the 

impact of IL-1α on resistance to LM infection can be compared to IFN-γ, a cytokine observed to increase 

resistance against LM infection. 

 

Hepatocytes 

One of the organs that LM targets after crossing the intestinal barrier during infection is the liver 

(2). Hepatocytes are non-immune parenchymal cells of the liver that contribute to metabolism, 

detoxification and protein synthesis  (19). Although hepatocytes are non-immune cells, they contribute to 

the immune response to pathogens by secreting bactericidal proteins, opsonins, and clotting factors, which 

activate the innate immune system (19). Hepatocytes can also respond to inflammatory cytokines, like IL-

6, by secreting acute-phase proteins, which assist in pathogen elimination (19). Hepatocytes stimulated 

with r-IFN-γ are able to cause growth inhibition of LM in vivo (18).  
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Chapter 2 

Specific aims 

Our research objective is to investigate the role of IL-1α during LM infection to fill a knowledge 

gap and aid researchers in creating therapeutic agents or using LM as a cancer vaccine vector (3). Due to 

the severity of spontaneous abortions in pregnant women and dangerous symptoms in 

immunocompromised people from listeriosis, as well as resilience of LM to changes in temperature and 

persistence in the United States, we believe prevention and eradication of LM is a fruitful endeavor (20-

22). IL-1α is produced by monocytes and neutrophils during in vivo infection with LM (9). The known 

ligands of IL-1R1 are IL-1α, IL-1β and IL-1Ra. IL-1R1 blockaded LM infected mice were observed to be 

more susceptible to infection compared to control treated mice (11). IL-1β deficient LM infected mice are 

as resistant to infection compared to control treated mice (10). Therefore, we will determine if IL-1α 

contributes to LM resistance. We will use an in vitro model to measure changes in bacterial burden of 

infected macrophages treated with recombinant IL-1α. We will also investigate the role of IL-1α in 

hepatocytes infected with LM. We hypothesize that IL-1α contributes to LM resistance and LM burden 

will be reduced in infected cultures treated with recombinant IL-1α. 

Aim 1: To determine dose and kinetics of IL-1α secretion from LM infected RAW 264.7 

macrophages and Hepa 1-6 hepatocytes 

Splenocytes and liver leukocytes isolated from LM infected mice produce IL-1α (9). To 

determine if in vitro LM infected macrophages will produce IL-1α, we chose to use a murine macrophage 

cell line, RAW 264.7. We observed in our preliminary data that in vitro LM infected RAW 264.7 

macrophages can produce IL-1α. However, it is not clear at what initial concentration of RAW 264.7 

macrophages, multiplicity of infection (MOI) or incubation time is required to promote optimal IL-1α 

secretion. 
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Hepatocytes are non-immune parenchymal cells of the liver.  Although we do not expect 

hepatocytes to produce cytokines like IL-1α, we will confirm that LM will not induce IL-1α production in 

LM infected murine Hepa 1-6 hepatocytes.   

To investigate the ideal conditions for IL-1α production, RAW 264.7 macrophages will be 

infected with LM and cultured at varying cell concentrations, MOIs and incubation times. The protocol 

will be repeated for Hepa 1-6 hepatocyte and cocultures of RAW 264.7 macrophages and Hepa 1-6 

hepatocytes.   

Hypothesis:  - LM will induce IL-1α production in LM infected RAW 264.7 macrophage cultures and  

            cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes.  

         - LM will not induce IL-1α production in LM infected Hepa 1-6 hepatocyte cultures.  

 

Aim 2: To determine the role of IL-1α during LM infection of RAW 264.7 macrophages and Hepa 

1-6 hepatocytes 

 To determine if IL-1α has a protective role during LM infection, we will measure changes in LM 

burden in LM infected RAW 264.7 macrophage cultures, LM infected Hepa 1-6 hepatocyte cultures, and 

LM infected cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes treated with r-IL-1α. In 

addition to r-IL-1α, we will treat our cultures with r-IFN-γ, r-IL-1β, or anti-IL-1α. Macrophages and 

hepatocytes express IL-1R1, which binds to IL-1β and our cytokine of interest, IL-1α (23, 24). IFN-γ 

increases macrophage ability to eliminate LM and is bacteriostatic in LM infected hepatocytes (17, 18). 

Anti-IL-1α will neutralize our cytokine of interest, IL-1α. Our working hypothesis is that IL-1α 

contributes to LM resistance and r-IL-1a will reduce LM burden.   

 

 

Hypothesis: - LM burden will decrease in LM infected RAW 264.7 macrophage cultures and infected 

                         Hepa 1-6 hepatocyte cultures treated with r-IL-1α or r-IFN-γ 
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                       - LM burden will increase in LM infected RAW 264.7 macrophage cultures and infected 

                         Hepa 1-6 hepatocyte cultures treated with anti-IL-1α 

                       - LM burden will not change in LM infected RAW 264.7 macrophage cultures and 

infected 

                         Hepa 1-6 hepatocyte cultures treated with r-IL-1β 

 

Significance  

Although listeriosis tends to have mild or manageable symptoms in immunocompetent people, 

the infection can overcome immunocompromised individuals and cause spontaneous abortion in pregnant 

women (1). Listeriosis is a leading cause of foodborne death in the United States, due to the ability of LM 

to resist cold temperatures and persist in food processing plant conditions that would normally kill other 

pathogens (1, 21, 22). The role of IL-1α in bacterial infection has not been fully explored; emphasis has 

been put on other cytokines like IL-1β, IL-6 and TNF-α. Through our experiments, we will determine if r-

IL-1α reduces LM burden in infected macrophage and infected hepatocyte cultures. Exploring the IL-1α 

role outside its known pro-inflammatory or alarmin function has the potential to not only use IL-1α as a 

therapeutic agent against LM but also develop a better understanding of other pathologies where IL-1α is 

present (8). LM has also been researched as a potential cancer vaccine vector (25, 26). Therefore, it is 

important to fully understand the environment, activity, and roles of surrounding chemical messengers 

when creating a potential cancer vaccine vector, and we believe our research can contribute to this 

knowledge gap.  

 

Innovation 

While there is plenty of research investigating and reviewing IL-1α as a pro-inflammatory 

cytokine and alarmin, its role in infection is largely unexplored. Neutrophils and monocytes were 
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observed to produce IL-1α during LM infection in vivo (9). Our research will determine the role of IL-1α 

in LM infection by using a reductive approach. By using an in vitro experimental model with specific cell 

lines and culture conditions, we believe we can attribute changes in bacterial burden to r-IL-1α. Cell line 

cells are identical, which should produce more consistent results and reduce variability in cell activity 

compared to cells harvested from in vivo samples. We will contribute to the knowledge gap involving the 

role of IL-1α role in bacterial infection and set the groundwork for future IL-1α studies.  

 

Methods 

Bacteria 

Wild-type LM 10403S 1 was plated on brain heart infusion (BHI) agar plates (B11500-500.0, 

Research Products International), incubated at 37oC for 24 hours, then moved to 25oC incubation. LM 

cultures were replated every week.  

 

Cell lines 

Murine RAW 264.7 macrophages were provided by Serena Dossou and Dr. Rafal Fudala. RAW 

264.7 macrophages (TIB-71, ATCC) were cultured in T75 flasks in Dulbecco’s Modified Eagle Medium 

(31053-028, Gibco), fortified with 10% fetal bovine serum (FB12999102, Fisherbrand), 1% 200mM L-

glutamine (100x) (25030-081, Gibco), 1% MEM vitamin solution (100x) (1120-052, Gibco), 1% HEPES 

(1M) buffer solution (15630-080, Gibco), and 1% Penicillin/Streptomycin (10,000 U/mL) (15140-122, 

Gibco). The media described above will be referred to as fortified DMEM+Pen/Strep or fortified DMEM 

in the following procedures.  Once the cells grew to 70-80% confluency, they were split using 2.5% 

trypsin (10x) (15090-046, Gibco). Cultures were incubated in a 5% CO2
 incubator at 37oC.  

  Murine Hepa 1-6 hepatocytes (CRL-1830, ATCC) were grown and maintained the same as the 

RAW 264.7 macrophages. 
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Treatment agents 

The treatment agents used were murine r-IL-1α (RP0905M-025, Kingfisher Biotech INC.), 

murine r-IL-1β (575104, BioLegend), murine r-IFN-γ (575304, BioLegend), and murine anti-IL-1α 

(Mabg-mil1a, InvivoGen). The agents were prepared according to manufacturer instructions. The volume 

of agent required for treatment was determined using the equation:  

 

Volume of agent (µL) = 
(����� ������ �� �������)�(������� ������������� �� �����)

(������������� �� �����)
  

 

 The agents were diluted using sterile double deionized water.  

 

Determining LM concentration using colony forming unit counting method 

To determine the concentration of LM, samples were serially diluted, streaked on BHI plates, and 

incubated at 37oC overnight. The colonies were quantified after incubation. LM concentration was 

calculated using the equation:  

 

Estimated concentration of LM culture (CFU/mL) = 
(������ �� �������� �������)�(�������� ������)

(������ �� ������ ������)
 

 

 

 

LM culture preparation for cell infection  

To prepare LM culture for the infection protocol, 3-5 colonies of wild-type LM were placed in 3 

mL BHI broth (1.10493.0500, EMD Millipore) and incubated at 25oC overnight. After incubation, the 

estimated concentration of LM in the prepared culture is 1.8x109 colony forming units (CFU) per mL.  
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The volume of LM culture required for infection was calculated using the equation:  

 

LM volume (µL) = 
(������� �� ���)

(��������� ������������� �� �� ������� )
 

 

Automated cell count and cell viability determination 

This protocol applies for RAW 264.7 macrophage cultures, Hepa 1-6 hepatocyte cultures, and 

cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes. Cultures for cell count were washed 

with 10 mL of cold 1x phosphate buffered saline (PBS). Adherent cells were detached by adding 500 µL 

of 2.5% trypsin and incubating in the 5% CO2 incubator at 37oC for 5-10 minutes. After incubation, the 

flask was tapped around the sides with the palm of the hand to loosen cells and observed under the 

inverted microscope to ensure full detachment. After detachment, 10 mL of DMEM+Pen/Strep was used 

to halt trypsin activity. The cell suspension was transferred and centrifuged at 200 xg for 10 minutes. The 

supernatant was discarded to remove residual trypsin. The pellet was fully resuspended using 10 mL of 

DMEM+Pen/Strep. A 1:1 dilution of cell suspension and 0.4% trypan blue (15250-061, Gibco) sample 

was prepared for automated cell count. The automated cell count was performed with DeNovix Celldrop 

analyzer using the trypan blue diluted cell suspension, according to manufacturer instructions. The total 

cell count/mL, live cell count/mL and dead cell count/mL were recorded. Cell viability was calculated by 

taking the ratio of alive cell count/mL divided by total cell count/mL.  

For automated cell count on the cultures in the 12 well plates, the wash steps were the same 

except the volume to wash the wells with was reduced to 1 mL of fortified DMEM or 1x PBS. For the 

detachment steps, 200 µL of trypsin was used. 1 ml of 1x PBS was used after trypsinization to fully mix 

the detached cells into solution. The remaining steps of automated cell count using a trypan blue diluted 

cell suspension were the same as above. 
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Preparing cultures for IL-1α measurement or LM burden protocol 

The protocol applies to both RAW 264.7 macrophage and Hepa 1-6 hepatocyte cultures. 250,000 

cells per well with 1 ml of fortified DMEM, were seeded in 12 well plates. The number of cells seeded 

was determined using the automated cell counter protocol. Culture plates were incubated in a 5% CO2 

incubator at 37oC for 24 hours. Approximately 500,000 cells/well are present when the cultures reach at 

100% confluency (27). 500,000 CFU of LM per well is added to preassigned wells to infect cultures at a 

multiplicity of infection (MOI) of 1. Cultures were incubated in a 5% CO2 incubator at 37oC.  

For the cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes, the only alteration was 

that 125,000 RAW 264.7 macrophages and 125,000 Hepa 1-6 hepatocytes were prepared in each culture 

well. The rest of the protocol was followed as stated above.  

 

Measuring IL-1α concentration of infected cultures  

Following the preparing cultures for IL-1α measurement or LM burden protocol, culture 

supernatants were harvested at 6, 12, 18, and 24 hours. The remaining adherent cells were detached, and 

automated cell count was performed to assess cell viability. The supernatants were frozen at -20oC for at 

least 24 hours. After thawing supernatants at 25oC, IL-1α concentration was measured using enzyme-

linked Immunosorbent Assay (ELISA) (433404, BioLegend), according to manufacturer instructions.  
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Figure 2. Visual representation of measuring IL-1α concentration. A. RAW 264.7 macrophage or Hepa 1-6 hepatocyte 
cultures were infected with LM at MOI 1. B. Cultures were incubated at 37oC in a 5.0% CO2 incubator. C. After incubation, the 
supernatants were harvested at 6, 12, 18, and 24 hours after infection and frozen at -20oC. The adherent cells were detached by 
trypsinization and quantified by automated cell count via DeNovix CellDrop analyzer. D. The frozen supernatants were thawed at 
25oC and ELISA (BioLegend) was performed, according to manufacturer instructions, to measure IL-1α concentration. 
 

Measuring LM burden of infected cultures 

Following the “preparing cultures for IL-1α measurement for LM burden protocol”, preassigned 

infected and uninfected wells were treated with either r-IL-1α, r-IFN-γ, r-IL-1β, or anti-IL-1α. Treatment 

dose was 400 pg/mL. Volume required for each treatment was calculated using the equation from the 

treatment agent section. LM burden consisted of both intracellular and extracellular LM. Supernatants of 

infected cultures were harvested in 1.5 mL microcentrifuge tubes and centrifuged at 12,000 RPM for 5 

minutes. The supernatant was discarded and the extracellular LM pellet was reserved. The remaining 

adherent cells were detached, and automated cell count protocol was performed to determine cell 

viability. The cell suspension was then lysed using 1 mL of double deionized water to release intracellular 

LM. The lysed samples were added to their respective extracellular LM pellet tube and vortexed to create 

LM burden samples containing both intracellular and extracellular LM. The samples were serially diluted 

A 

B 

C 

D 
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to 1:106 and 100 µL was plated on BHI agar plates in duplicate. The BHI agar plates were incubated for 

24 hours at 37oC, and LM burden was quantified using colony forming unit protocol.    

 
 
 

Figure 3. Visual representation of measuring LM burden. A. RAW 264.7 macrophage or Hepa 1-6 hepatocytes cultures were 
infected with LM at MOI 1. The dose of treatment agent (r-IL-1α, r-IFN-γ, r-IL-1β, or anti-IL-1α) used was 400 pg/mL. B. 
Cultures were incubated at 37oC in a 5.0% CO2 incubator. C. Supernatant containing extracellular LM was reserved. The 
adherent cells were detached by trypsinization and quantified by automated cell count via DeNovix CellDrop analyzer D. LM 
burden samples were created by combining extracellular LM with intracellular LM. Intracellular LM was obtained by lysing cells 
with double deionized water. Following serial dilutions, LM burden samples were quantified using CFU counting protocol.  

 

Data and Statistical analysis 

GraphPad Prism 9 was used to analyze data, generate graphs, and perform statistical analysis. 

Two-way analysis of variance (ANOVA) was performed to measure changes in IL-1α concentrations, cell 

viability, or LM burden in response to incubation time and MOI. For post-hoc analysis, Šídák correction 

was performed. Our alpha was set to .05 and statistical significance was denoted as *p < 0.05, **p < 0.01, 

***p < 0.001, and ****p < 0.0001. 

A 

B 

C 

D 
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Results 

In order to determine the impact r-IL-1α has on LM burden of infected cultures, we needed to 

first develop a protocol that would promote optimal IL-1α production in LM infected cultures and 

maintain cell viability in uninfected cultures. We determined the culture protocol using RAW 264.7 

macrophages and repeated the conditions for Hepa 1-6 hepatocyte cultures and cocultures of RAW 264.7 

macrophages and Hepa 1-6 hepatocytes. Our focus was to maintain RAW 264.7 macrophage viability as 

we expected these cells to produce IL-1α during LM infection, unlike Hepa 1-6 hepatocytes. By repeating 

the culture protocol for Hepa 1-6 hepatocytes and cocultures of RAW 264.7 macrophages and Hepa 1-6 

hepatocytes, we determined if we needed to adjust the parameters of our protocol. Once the culture 

conditions were established, the LM burden of the infected cultures following this protocol served as our 

baseline LM burden. The baseline LM burden values were compared to the LM burden values from our 

treated LM infected culture groups.  

 

Establishing culture protocol for optimal IL-1α production of LM infected RAW 264.7 

macrophages 

To determine culture protocol conditions, incubation time intervals, MOI, and cell density were 

adjusted. IL-1α concentration of LM infected RAW 264.7 macrophage cultures with cell densities 

5,000,000 cells/mL, 1,000,000 cells/mL, and 500,000 cells/mL were compared (not shown). We observed 

inconsistent IL-1α concentrations over time in the cultures with initial cell densities of 5,000,000 cells/mL 

and 1,000,000 cells/mL. We observed a start, increase, and decrease in IL-1α concentration produced by 

LM infected cultures with initial density of 500,000 RAW 264.7 macrophages/mL over time (Fig. 4). 

This culture sample was infected at MOI of 1 and significant IL-1α concentration was observed at 12, 18, 

and 24 hours, suggesting that an MOI of 1 was sufficient at triggering IL-1α production by LM infected 

RAW 264.7 macrophages (Fig. 4).  
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To determine if IL-1α increased in response to increased doses of LM, IL-1α concentration was 

compared in cultures with initial density of 500,000 RAW 264.7 macrophages/mL infected at MOI 1 and 

10 (Fig. 5). The culture protocol was extended to 30 hours to determine if IL-1α concentration would 

continue to decrease over time. We observed that an MOI of 1 was sufficient to induce IL-1α production 

by LM infected RAW 264.7 macrophages. A tenfold increase in MOI was used as a comparison as we 

believed that was a large enough increase to observe potential differences in IL-1α produced by infected 

RAW 264.7 macrophages. Significant difference in IL-1α concentration was observed between MOI 1 

and MOI 10 samples at 6 hours after infection and IL-1α was produced earlier in cultures infected at MOI 

10 compared to MOI 1 (Fig. 5). IL-1α concentration in both MOI 1 and MOI 10 samples continued to 

decrease from 18 hours to 30 hours. We decided to use MOI of 1 for our culture protocol, as there was not 

a significant increase in IL-1α concentration after using a higher MOI and there was a greater shift in IL-

1α concentration values over time in the cultures at MOI 1 compared to cultures at MOI 10. We believe 

the increased differences in IL-1α concentration over time observed at cultures infected at MOI 1 would 

lead to more discernable differences in LM burden after treatment, compared to the IL-1α concentrations 

produced by the cultures at MOI 10.      

 The cell viability of cultures with initial density of 500,000 RAW 264.7 macrophages/mL 

infected at MOI 1 and MOI 10 were compared with uninfected cultures (Fig. 6). The culture protocol was 

extended to 30 hours to determine if cell viability was affected over time. Significant reductions in cell 

viability between infected samples and control were observed at 12 to 30 hours at MOI 1 and 6 to 30 

hours at MOI 10 (Fig. 6). No significant differences in cell viability between MOI 1 or MOI 10 infected 

cultures were observed. Cell viability of uninfected control was maintained over experiment timeline, 

which suggested that the media and culture conditions are sufficient and that reduction in cell viability is 

due to LM killing cells. The cell viability data suggest that cell viability is reduced at 6 to 12 hours at 

higher MOI and similar at 18 to 30 hours regardless of MOI. The cell viability results support our 

decision to use an MOI of 1 since we are interested in IL-1α produced by living cells and we can conserve 

a larger population of cells from 6 to 12 hours at MOI 1 compared to MOI 10.  
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 We observed reduction in both IL-1α concentration in RAW 264.7 macrophage cultures infected 

at MOI 1 and MOI 10 from 24 to 30 hours (Fig. 5). However, the reduction observed in IL-1α 

concentration was not statistically significant from 24 to 30 hours and continued to follow the decreasing 

trend observed at 18 hours. The cell viability of these cultures did not significantly change from 24 to 30 

hours (Fig. 6). Therefore, we determined that our protocol would be sufficient to finish at 24 hours.  

 

Summary of culture protocol for LM infected RAW 264.7 macrophages 

To summarize the culture protocol, RAW 264.7 macrophage cultures were and cultivated to reach 

a cell density of 500,000 RAW 264.7 macrophages/mL. The cultures will be infected at a MOI of 1. 

These cultures have been observed to produce IL-1α from 12 to 24 hours after LM infection and to not 

produce detectable levels of IL-1α in the absence of LM. The time points of interest are 6, 12, 18, and 24 

hours after infection.      

 

 

 

 

Figure 4. IL-1α production in infected RAW 264.7 macrophage cultures compared to control. Data are shown as means ± 
SD and are compiled from two independent experiments. Samples were performed in duplicate. Two-way ANOVA was 
performed using GraphPad Prism 9. *p < 0.05, **p < 0.01. 
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Figure 5. IL-1α produced by RAW 264.7 macrophage cultures infected at MOI 1 and MOI 10. Data are shown as means ± 
SD and are compiled from two independent experiments. Samples were prepared in duplicate. Two-way ANOVA was performed 
using GraphPad Prism 9. *p < 0.05. 
 

 

 

 

 

 

Figure 6. RAW 264.7 macrophage viability from uninfected and infected cultures at MOI 1 and MOI 10. Data are shown 
as means ± SD and are compiled from four independent experiments. Samples were run in duplicate. Two-way ANOVA was 
performed using GraphPad Prism9.  **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Culture protocol for LM infected RAW 264.7 macrophage cultures is sufficient for LM infected 

Hepa 1-6 hepatocyte cultures and LM infected cocultures of RAW 264.7 macrophages and Hepa 1-

6 hepatocytes  

The liver is a target organ for LM infection and to simulate a liver environment, we prepared 

Hepa 1-6 hepatocyte cultures and cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes. 

Although the culture protocol has been established for LM infected RAW 264.7 macrophages, we will 

determine if the conditions are sufficient for IL-1α production and cell viability in LM infected Hepa 1-6 

hepatocyte cultures and LM infected cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes. 

We want to prevent any potential issues in the cocultures by first testing the protocol conditions with LM 

infected Hepa 1-6 hepatocyte cultures.  

Hepa 1-6 hepatocyte cultures were prepared following the conditions outlined in “summary of 

culture protocol for LM infected RAW 264.7 macrophages”. No IL-1α was detected in uninfected and 

LM infected Hepa 1-6 hepatocyte cultures (data not shown). We did not expect IL-1α to be produced by 

Hepa 1-6 hepatocytes, in either uninfected or infected cultures, since hepatocytes are non-immune cells 

that are not reported to produce cytokines. Although cell viability was slightly reduced in uninfected 

cultures at 12 hours the reduction was not significant and overall, cell viability of uninfected Hepa 1-6 

hepatocyte cultures was maintained over the experiment timeline (Fig.7). Cell viability was reduced in 

infected hepatocyte cultures at 12 and 24 hours. The culture protocol for LM infected RAW 264.7 

macrophages was deemed to be sufficient for LM infected Hepa 1-6 hepatocyte cultures due to a 

combination of maintaining cell viability in uninfected cultures over time and not observing a similar 

decrease in viability in uninfected cultures at intervals where viability of infected culture was decreased.  

Cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocyte cultures were prepared 

following the conditions outlined in “summary of culture protocol for LM infected RAW 264.7 

macrophages”. IL-1α was detected from 12 to 24 in the LM infected cocultures of RAW 264.7 

macrophages and Hepa 1-6 hepatocytes, as expected since the cocultures contain RAW 264.7 

macrophages which we previously observed produced IL-1α during LM infection (Fig. 8). Cell viability 
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of the uninfected cocultures was maintained over time and the cell viability of LM infected cocultures 

was significantly reduced compared to the uninfected cultures from 12 to 24 hours (Fig. 9). The culture 

protocol for LM infected RAW 264.7 macrophages was deemed sufficient for LM infected cocultures of 

RAW 264.7 macrophages and Hepa 1-6 hepatocytes due to a similar pattern of IL-1α production by the 

infected cocultures compared to infected RAW 264.7 macrophage cultures, while maintaining cell 

viability of the uninfected cocultures.  

 

 

 

 

 

 

Figure 7. Hepa 1-6 hepatocyte cell viability from uninfected and infected cultures at MOI 1. Data are shown as means ± SD 
and are compiled from two independent experiments. Samples were performed in duplicate. Two-way ANOVA was performed 
using GraphPad Prism 9.  
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Figure 8. IL-1α production by infected cocultures of RAW 264.7 macrophage and Hepa 1-6 hepatocytes compared to 
control. Data are shown as means ± SD and are compiled from two independent experiments. Samples were performed in 
duplicate. Two-way ANOVA was performed using GraphPad Prism 9. ****p < 0.0001. 
 

 

 

 

Figure 9. Cell viability of uninfected and infected at MOI 1 cocultures of RAW 264.7 macrophages and Hepa 1-6 
hepatocytes. Data are shown as means ± SD and are compiled from two independent experiments. Samples were run in 
duplicate. Two-way ANOVA was performed using GraphPad Prism9. ***p < 0.001, ****p < 0.0001. 
 

Treatment dose used for LM burden studies 

 With the culture protocol conditions established, we are prepared to determine if LM burden of 

infected cultures is reduced after treatment. The greatest concentration of IL-1α produced by RAW 264.7 

macrophages infected at MOI 1 was ~40 pg/mL at 18 hours (Fig. 4). We decided to use a tenfold dose of 
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the greatest concentration of IL-1α as our treatment dose, 400 pg/mL, since our goal is to determine if r-

IL-1α has any impact on LM burden and a tenfold increase felt sufficient as a baseline dose.  

 We applied the dose of 400 pg/mL to the other treatment agents, r-IFN-γ, r-IL-1β, and anti-IL-1α. 

Variability in our experiment will be reduced by keeping the dose the same across the treatment groups. 

Although the dose may not be sufficient to elicit an effect by these treatment agents, we are using r-IFN- 

γ, r- IL-1β, and anti-IL-1α as comparators for r-IL-1α in affecting LM burden.  

  

Relative change in LM burden in treated LM infected RAW 264.7 macrophage cultures, LM 

infected Hepa 1-6 hepatocyte cultures, and cocultures of RAW 264.7 macrophages and Hepa 1-6 

hepatocytes compared to untreated control 

We observed no significant increase or decrease in LM burden across all our LM infected RAW 

264.7 macrophage cultures, LM infected Hepa 1-6 hepatocyte cultures, and LM infected cocultures of 

RAW 264.7 macrophage and Hepa 1-6 hepatocyte cultures treated with r-IL-1α, r-IFN-γ, r-IL-1β, or anti-

IL-1α compared to untreated control cultures (Fig. 10). However, there are trends in LM burden within 

each treatment group. To determine the trend of LM burden, the relative change in LM burden in infected 

treatment groups compared to control was calculated. Relative change was calculated using the formula:  

Relative change % =  (
���

�
)*100%  

Where T is the LM burden of the treatment group and C is the LM burden of the control group. The LM 

burden within a specific treatment group was compared to the untreated control of that experiment, and 

the results were graphed in Figures 11-13. 

The relative change in LM burden of LM infected RAW 264.7 macrophage cultures, LM infected 

Hepa 1-6 hepatocyte cultures, and LM infected cocultures of RAW 264.7 macrophages and Hepa 1-6 

hepatocytes decreased over time in the r-IFN-γ treated group compared to untreated control (Fig. 11-13). 

R-IFN-γ was used as our positive control as IFN-γ stimulates M1 macrophage activation, which improves 

intracellular pathogen killing capability of macrophages (14, 15). IFN-γ is bacteriostatic in LM infected 
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hepatocytes (18). Therefore, LM burden was expected to decrease in r-IFN-γ treated LM infected 

macrophage, LM infected hepatocyte, and LM infected cocultures of macrophages and hepatocytes.  

The relative change in LM burden of LM infected RAW 264.7 macrophage cultures, LM infected 

Hepa 1-6 hepatocyte cultures, and LM infected cocultures of RAW 264.7 macrophages and Hepa 1-6 

hepatocytes decreased over time in the r-IL-1α treated group compared to untreated control (Fig. 11-13). 

The results are in line with our hypothesis, that LM burden will be reduced in LM infected cultures 

treated with LM.  

The relative change in LM burden of LM infected RAW 264.7 macrophage cultures increased 

over time in the anti-IL-1α treated group compared to untreated control (Fig. 11). The results indirectly 

support our hypothesis, as our cytokine of interest, IL-1α, is neutralized we observe an increase in LM 

burden compared to control. In the LM infected Hepa 1-6 hepatocytes treated with anti-IL-1α, there was 

increased LM burden at 6 and 18 hours compared to control (Fig. 12). These results were not expected, as 

we observed no detectable level of IL-1α in uninfected and LM infected Hepa 1-6 hepatocyte cultures.  

 

LM burden is reduced in LM infected RAW 264.7 macrophage cultures treated with r-IL-1β but 

not in LM infected Hepa 1-6 hepatocyte cultures treated with r-IL-1β 

The relative change in LM burden of LM infected RAW 264.7 macrophage cultures decreased 

over time in the r-IL-1β treated group compared to untreated control (Fig. 11). Although mice deficient in 

IL-1β are as resistant to LM infection compared to wild type mice, our result suggests that LM burden is 

reduced if IL-1β is available (10). In the LM infected Hepa 1-6 hepatocytes treated with r-IL-1β, little to 

no increase in LM burden was observed (Fig. 12). The data suggest that Hepa 1-6 hepatocytes either do 

not respond to r-IL-1β or do not possess the genes necessary to promote LM resistance from IL-1β 

signaling pathway.   
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Figure 10. LM burden of treated infected RAW 264.7 cultures, treated infected Hepa 1-6 cultures, and treated infected 
cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes compared to untreated infected control. Data are shown 
as means ± SD and are compiled from one to ten independent experiments. Samples were run in duplicate. Two-way ANOVA 
was performed using GraphPad Prism9. 
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Figure 11. Relative change in LM burden in infected RAW 264.7 macrophage cultures. The colorimetric scale indicates that 
an increase in LM burden in the treated group compared to control is blue, a decrease orange, and similar to no change between 
the groups is black. Data are compiled from eight independent experiments. Samples were prepared in duplicate. Exact relative 
change values are in Appendix Table 1.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12. Relative change in LM burden in infected Hepa 1-6 hepatocyte cultures. The colorimetric scale indicates that an 
increase in LM burden in the treated group compared to control is blue, a decrease orange, and similar to no change between the 
groups is black. Data are compiled from eight independent experiments. Samples were prepared in duplicate. Exact relative 
change values are in Appendix Table 2.  
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Figure 13. Relative change in LM burden in infected cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes. 
The colorimetric scale indicates that an increase in LM burden in the treated group compared to control is blue, a decrease 
orange, and similar to no change between the groups is black. Data are compiled from two independent experiments. Samples 
were prepared in duplicate. Exact relative change values are in Appendix Table 3. 
 

Discussion 

In this in vitro study, changes in LM burden were measured in LM infected macrophage, LM 

infected hepatocyte cultures, and LM infected cocultures of macrophages and hepatocytes treated with r-

IL-1α. Prior to determining the change in LM burden of infected cultures treated with r-IL-1α, a culture 

protocol needed to be established to promote optimal IL-1α production by LM infected RAW 264.7 

macrophages. The protocol was refined and applied to LM infected Hepa 1-6 hepatocyte cultures and LM 

infected cocultures of RAW 264.7 macrophages and Hepa 1-6 hepatocytes. Following the culture 

protocol for each infected culture group, the change in LM burden was compared between cultures treated 

with r-IL-1α, r-IFN-γ, r-IL-1β, and anti-IL-1α.  

 

IL-1α production occurs earlier at higher MOI by LM infected RAW 264.7 macrophages 

During the protocol refinement process, we were interested in the impact varying levels of MOI 

had on IL-1α production by LM infected RAW 264.7 macrophages. We had expected that the IL-1α 

produced in RAW 264.7 macrophage cultures at higher MOI would result in a similar timeline in IL-1α 

production of a lower MOI at 12, 18, and 24 hours, with a larger concentration of IL-1α at each timepoint. 
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However, we observed that the concentration of IL-1α appears to shift to the left as MOI is increased, 

which suggests an earlier production of IL-1α instead of a strict increase in IL-1α production (Fig. 5). The 

increase in MOI may result in more LM to be phagocytosed, increasing the likelihood for LM to escape 

the phagosome using virulence factors and spiking intracellular calcium. The increase in intracellular 

calcium could activate calpain to cleave pro-IL-1α and lead to earlier secretion of mature IL-1α. 

 

LM burden is decreased over time in LM infected cultures treated with r-IFN-γ 

LM burden was reduced over time in infected macrophage cultures, infected hepatocyte cultures, 

and infected cocultures of macrophages and hepatocytes treated with r-IFN-γ. We expected a decrease in 

LM burden in r-IFN-γ treated samples since IFN-γ promotes intracellular pathogen killing capability of 

macrophages and is bacteriostatic in LM infected hepatocytes (28). An interesting observation was how 

the relative changes in LM burden in cultures treated with r-IL-1α were similar to the LM burden changes 

in samples treated with r-IFN-γ. R-IL-1α may potentially contribute to LM resistance by stimulating M1 

macrophage activation or triggering a pathway that M1 macrophages use to kill intracellular bacteria. 

 

LM burden is decreased over time in LM infected cultures treated with r-IL-1α 

We observed a decrease in LM burden over time in infected macrophage cultures, infected 

hepatocyte cultures, and infected cocultures of macrophages and hepatocytes treated with r-IL-1α. LM 

resistance may be increased due to IL-1 signaling cascade leading to the eventual activation of NFκB and 

upregulation of cytokines, like IL-6 or TNF-α, that promote resistance to LM (16, 17). The dose of 400 

pg/mL may not be enough to elicit a significant reduction in LM burden of MOI 1 infected cultures. 

Future studies will involve adjusting r-IL-1α dose to determine if LM burden can be significant reduced 

and measuring the effect of key cytokines, like IL-6 and TNF-α, after treatment with r-IL-1α.   

 Hepatocytes are not reported to produce cytokines, however the decrease in LM burden in LM 

infected Hepa 1-6 hepatocyte cultures treated with r-IL-1α suggests that IL-1α increases LM resistance in 

non-immune hepatocytes. IFN-γ is bacteriostatic to LM in infected hepatocytes and the relative change in 
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LM burden was similar in LM infected Hepa 1-6 hepatocyte cultures treated with r-IL-1α and r-IFN-γ. It 

may be possible that in addition to IL-1 signaling to eventual NFκB activation to promote specific 

cytokine and chemokine products, IL-1α may be bacteriostatic to LM in infected hepatocytes.  

 

LM burden is increased in cultures treated with anti-IL-1α 

For IL-1α to initiate the IL-1 signal cascade, it needs to bind to IL-1R1. Anti-IL-1α will neutralize 

IL-1α and prevent it from binding to IL-1R1. We expected LM burden to increase in cultures treated with 

anti-IL-1α due to the neutralization of IL-1α. The LM burden was relatively increased in the infected 

macrophage cultures treated with anti-IL-1α. The opposite effect in LM burden between the treated 

macrophage cultures with r-IL-1α and anti-IL-1α gives us more confidence that IL-1α has a role in LM 

resistance.  Specifically, that IL-1α has a protective role during LM infection and contributes to LM 

resistance.  

 

LM burden is reduced in RAW 264.7 macrophage cultures treated with r-IL-1β 

LM infected IL-1β deficient mice are as resistant to LM as LM infected wild type mice (10). We 

hypothesized that there would be no change in LM burden between treatment and control groups with r-

IL-1β. However, LM burden was reduced in r-IL-1β treated infected macrophage cultures over time. 

Therefore, IL-1β may not be required for LM resistance but when present contributes to LM resistance.  

In infected hepatocyte cultures, there was little to no change in LM burden between r-IL-1β 

treated cultures and control. LM burden was reduced in infected hepatocyte cultures treated with r-IL-1α. 

Which suggests that Hepa 1-6 hepatocytes express IL-1R1 that binds to IL-1α or IL-1β to initialize IL-1 

signaling cascade. However, the lack of decrease in LM burden in r-IL-1β treated infected hepatocyte 

cultures suggests that Hepa 1-6 hepatocytes may not have the genes required for transcription of 

cytokines, chemokines, or other protein used to increase LM resistance.   
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Estimated treatment effect time 

 LM burden in treated macrophage cultures was elevated in all treatment groups at 6 hours 

compared to control. LM burden was reduced in infected cultures treated with r-IFN-γ and r-IL-1β 

starting at 12 hours. LM burden reduced in infected cultures treated with r-IL-1α staring at 18 hours. This 

suggests that RAW 264.7 macrophages respond to r-IFN-γ and r-IL-1β between 6-12 hours and r-IL-1α 

between 12-18 hours after treatment. The earlier change in LM burden in response to r-IL-1β compared to 

r-IL1α may suggest that the signaling pathways initialized by IL-1B are more robust for LM resistance.  

 The LM burden in treated hepatocyte cultures were found to be similar to control at 6 hours, 

except for the sample treated with anti-IL-1α. Differences in LM burden in treated hepatocyte cultures 

occurred at 12 hours, suggesting that hepatocytes respond to treatment between 6-12 hours. LM burden 

was reduced in r-IL-1α treated LM infected Hepa 1-6 hepatocyte cultures at 12 hours, compared to 18 

hours in r-IL-1α treated LM infected RAW 264.7 macrophage cultures. This may indicate that 

hepatocytes respond to r-IL-1α more rapidly than macrophages. Future studies can further refine and 

estimate the time it takes for r-IL-1α to impact LM burden, allowing for adjustments in incubation time 

intervals.   

 

Limitations and Future Directions 

We recognize that the presence or absence of statically significant data does not indicate 

biological relevance. However, the absence of significant data in our LM burden data may be due to not 

performing enough experiments and reaching an appropriate power for statistical testing. Therefore, we 

will repeat our experiment protocol and obtain more data to determine if LM burden is significantly 

reduced in cultures treated with r-IL-1α.   

Macrophages and hepatocytes are reported to express IL-1 receptor (24, 29). However, we are 

currently assuming that the cell lines we used also express IL-1 receptor. Future studies can be done to 

confirm the presence of IL-1R1 on RAW 264.7 macrophages and Hepa 1-6 hepatocytes and ensure that 
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our cell lines are able to respond to r-IL-1α. Receptor blockade studies against IL-1R1 can follow. These 

studies will determine if IL-1 signaling contributes to LM resistance.  

Currently we are assuming that the change in LM burden in infected cultures treated with r-IL-1α 

correlates to mature IL-1α. However, pro-IL-1α is biologically active and may potentially contribute to 

LM resistance. Future studies can utilize Western blotting to measure pro-IL-1α and mature IL-1α in both 

intracellular and extracellular space in uninfected cultures and LM infected cultures. A significant 

increase in pro-IL-1α concentration compared to mature IL-1α may warrant further investigation into pro-

IL-1α during LM infection.  

The in vitro design we used allows us to manipulate specific conditions and control for variables 

present in in vivo models. However, our results are limited to the cell lines and recombinant agents we 

use. In future studies, we will expand our cell lines to include additional murine and human cell lines. 

Assuming our results are consistent across cell line types, we will move on to an in vivo mouse model, 

comparing the prognosis of listeriosis in mice treated with r-IL-1α and in IL-1α depleted mice to control. 

Future in vivo studies can also involve the use of conditional knockouts of IL-1α production by immune 

cells, or IL-1R1 expressed on specific cells, like macrophages or hepatocytes.    

A future direction for determining the role of IL-1α during LM infection will be looking into the 

immune cell recruitment capability of IL-1α initiated signaling. In sterile inflammation, IL-1 signaling 

triggered by IL-1α is observed to increase neutrophil recruitment, whereas IL-1 signaling triggered by IL-

1β leads to increased macrophage recruitment and retention (30). In a previous study we observed IL-1α 

produced by immune cells of LM infected mice (9). Neutrophils were observed to eliminate LM better 

than macrophages (9). Therefore, IL-1α may be produced in LM infection to promote neutrophil 

recruitment, as they are better at eliminating LM compared to monocytes. Future studies can investigate 

the level of neutrophil recruitment in IL-1α neutralized LM infected mice.   
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Conclusions  

In conclusion, LM infection of RAW 264.7 macrophages induces significant production of IL-1α. 

Hepa 1-6 hepatocytes do not produce IL-1α during LM infection. LM burden is reduced in infected 

macrophage cultures, infected hepatocyte cultures, and infected cocultures of macrophages and 

hepatocytes treated with r-IL-1α compared to control, which suggests that IL-1α contributes to LM 

resistance.  
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Appendix 

Table 1. Relative change values of LM burden in treated LM infected RAW 264.7 macrophage cultures 
compared to control. 

  

Treatment 6 (hr) 12 (hr) 18 (hr) 24 (hr) 
r-IFN-γ 23.85 % -12.08 % -10.32 % -14.25 % 
r-IL-1α 42.64 % 6.93 % -10.02 % -3.31 % 

Anti-IL-1α 17.65 % -1.99 % 25.78 % 32.40 % 
r-IL-1β 26.32 % -2.21 % -3.55 % -2.13 % 

 

Table 2. Relative change values of LM burden in treated LM infected Hepa 1-6 hepatocyte cultures 
compared to control.  

Treatment 6 (hr) 12 (hr) 18 (hr) 24 (hr) 
r-IFN-γ 0.00 % -36.69 % -28.22 % -45.90 % 
r-IL-1α 26.92 % -21.72 % 2.41 % -51.82 % 

Anti-IL-1α 125 % 0.61 % 19.55 % 0.41 % 
r-IL-1β 9.38 % -8.01 % 4.10 % 7.74 % 

 

Table 3. Relative change values of LM burden in treated LM infected cocultures of RAW 264.7 
macrophages and Hepa 1-6 hepatocytes compared to control. 

Treatment 6 (hr) 12 (hr) 18 (hr) 24 (hr) 
r-IFN-γ 54.55 % 10.20 % -51.17 % -39.20 % 
r-IL-1α 63.64 % 14.29 % -15.65 % -25.46 % 

 


