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ABSTRACT 
 

Cancer immunotherapy research is traditionally conducted with specific pathogen-free 

(SPF) mice, which most accurately mimic the immune system of a human newborn. This makes 

translational research challenging, as this mouse model is not an accurate reflection of the adult 

patients who ultimately receive newly developed treatments. It is necessary to further develop a 

mouse model that bridges this gap and increases translatability of current cancer immunotherapy 

research.  

By cohousing specific pathogen-free mice with regular pet store (PS) mice, we have 

generated a cohoused (CoH) mouse that reflects the microbial experience of an adult human 

immune system. We investigated antigen experience, differentiation, and cytotoxicity of CD8+ T 

cell populations within the tumor microenvironment of both SPF and CoH mice by injecting 

them with B16-melanoma. We also investigated the impact of microbial experience on PD-1 

expression. Increased PD-1 expression indicates a state of T cell exhaustion and may act to 

modulate the efficacy of anti-PD-1/anti-CTLA-4 immunotherapies. This efficacy was tested with 

a novel in vitro checkpoint blockade assay. 

Here, we show that CoH mice exhibit significantly increased populations of antigen 

experienced, differentiated, and cytotoxic CD8+ T cells in blood, spleen, tumor-draining lymph 

nodes, and tumor. CD8+ T cells of CoH mice also exhibit significantly increased PD-1 

expression and slight increases in the efficacy of in vitro anti-PD-1 immunotherapy. Most 

importantly, our data show that CoH mice have superior anti-tumor immunity as evidenced by 

their significantly lower tumor weights when compared to the larger tumors of SPF mice. Taken 

together, our results show that microbial experience increases cytotoxicity of tumor-infiltrating 

CD8+ T cells and controls tumor growth. 
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SPF: specific pathogen-free mice; C57BL/6 strain with no microbial exposure 

CoH: cohoused mice; SPF mice cohoused in the same cage with PS mouse for 28 days 

PS: pet store mice; commercially purchased mice with various microbial exposures 

KLRG1: killer cell lectin-like receptor G1; marker of antigen-experience and differentiation 

GzB: Granzyme B; effector molecule of CD8+ T cells 

PD-1: programmed death receptor 1; marker of T cell exhaustion 

PD-L1: programmed death ligand 1; binds PD-1 to downregulate T cell effector function 

CTLA-4: cytotoxic T-lymphocyte-associated protein 4; downregulates T cell effector function 
when bound 
 
dLN: draining lymph node samples 

LLECs: long-lived effector cells 

IFN-γ: Interferon γ (gamma); cytokine released by CD8+ T cells upon activation 

ELISA: enzyme-linked immunosorbent assay; used to measure concentrations of IFN-γ in serum 
and supernatant samples 
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CHAPTER 1: INTRODUCTION 
 

 The immune system provides the first line of defense against cancer development. This 

defense system is comprised of a rapidly responding, non-specific, innate immune system, as 

well as a highly-specific adaptive immune system.  The cells of the adaptive immune system, 

CD8+ T cells in particular, regularly detect and kill cancerous cells. Various populations of these 

CD8+ T cells develop throughout the process of aging, largely as a result of continuous 

exposures to disease-causing organisms (called pathogens) and cancerous cells.  

 Traditional cancer immunology research is conducted with standard laboratory mice that 

are raised under specific-pathogen-free conditions, and most accurately mimic the immune 

system of a human newborn (Beura et al., 2016). In stark contrast with adults, newborns possess 

no immune memory, resulting in a slower immune response to microbial invaders. While the use 

of SPF mice provides researchers with a highly reliable and genetically predictable animal 

model, it offers a poor analogue of the diversely sensitized adult human immune system 

(Masopust et al., 2017). Therefore, cancer immunotherapy research conducted solely in SPF 

mice fails to account for a variety of modulating interactions that may occur within a microbially 

experienced host.   

 There is a need to further develop a cohoused (CoH) mouse model that more accurately 

recapitulates the human tumor microenvironment. It has already been established that cohousing 

SPF mice with pet store mice (PS) leads to the development of more antigen-experienced 

immune cells (Beura et al., 2016), and using this model could provide a better understanding of 

how prior infection and microbial exposures impact immune responses to cancer. Furthermore, if 

microbial experience shapes the development and differentiation of the T cell repertoire, then 

microbial experience may also impact the efficacy of many commonly used immunotherapies. 
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 The advent of checkpoint blockade immunotherapies marked the most significant cancer 

treatment advancement since the early 1900’s. Researchers discovered a receptor that cancer 

cells use to “shut off” the immune response of CD8+ T cells (Leach, Krummel, & Allison, 

1996). Programmed cell Death-1 (PD-1) and Cytotoxic-T-Lymphocyte Associated protein 4 

(CTLA-4) are receptors that are expressed on the surface of CD8+ T cells. Both receptors are 

capable of interacting with ligands expressed on the surface of tumor cells. Through this 

interaction, tumor cells are able to inhibit CD8+ T cell anti-tumor effector functions, allowing 

cancerous cells to survive and continue replicating. Through administration of antibodies 

designed to bind these receptors (anti-PD-1 & anti-CTLA-4), tumor cells aren’t able to interact 

with PD-1 and CTLA-4, thus eliminating the tumor cells ability to inhibit and evade the anti-

tumor immune response. These treatments effectively preserve CD8+ T cell killing of cancerous 

cells (Leach, Krummel, & Allison, 1996; Phan et al., 2003; Blank et al., 2004; Miller & Carson, 

2020). 

 In a clinical study of advanced metastatic melanoma, a 5-year overall survival rate of 

34% was observed in patients taking an anti-PD-1 immunotherapy called pembrolizumab 

(Hamid et. al, 2019). While these treatments have saved thousands of lives, the nuance of their 

mechanisms remain incompletely characterized, as evidenced by large patient populations that 

remain unresponsive to immune checkpoint therapies (Padmanee & Allison, 2015). Challenges 

regarding efficacy may be due to the variability of the tumor microenvironment from one patient 

to the next. We believe this heterogeneity may be due, in part, to individual variation in 

microbial exposure and its long-term impact on proliferation and differentiation of effector 

CD8+ T cell populations. 
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 Differences in PD-1 and CTLA-4 expression may exist between SPF and CoH mice, and 

this may result in CD8+ T cell populations with differing anti-tumor properties. Through 

treatment with anti-PD-1 and/or anti-CTLA-4, cytotoxicity may be rescued, allowing for 

characterization of the differences in anti-tumor effector function that exist between SPF and 

CoH mice. 

 

Purpose 
 

Previous research conducted in the Renkema lab showed that robust microbial experience 

may impact the proliferation of antigen experienced tumor-infiltrating CD8+ T cells in response 

to B16 melanoma. However, variation in effector function remains largely uncharacterized 

(Groeber, 2020). Here, we further examine this variation in effector function between SPF and 

CoH mice, while also exploring difference in cytotoxicity within the context of checkpoint 

blockade immunotherapy. Additionally, we investigate how microbial experience impacts 

growth and size of the tumor. 

 

Scope 
 

This work is focused on variation in tumor-infiltrating CD8+ T cell proliferation, 

activation, differentiation, cytotoxicity, and exhaustion/anergy in SPF versus CoH mice. These 

differences are analyzed by flow cytometry of ex vivo tissue samples, as well as in vitro T cell 

stimulation cultures. In vitro checkpoint blockade assays utilize anti-PD-1 and/or anti-CTLA-4 

antibodies as treatment conditions in T cell cultures. Variation in cytotoxicity in response to 

treatment is measured by concentrations of Granzyme B. 
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Assumptions 
 

Previous cohorts of mice were successfully cohoused (Groeber, 2020), so it is assumed 

that future cohorts of SPF and PS mice will be cohoused successfully by following the labs 

existing protocols. Additionally, previous cohorts of mice were injected with cultured B16 

melanoma cells and tumor growth was observed in 5-14 days. It is assumed that this can be 

replicated in future cohorts. Finally, the immune response is assumed to be different between 

SPF and CoH mice. 

 

Hypothesis 
 

We hypothesize that microbial experience increases CD8+ T cell-mediated anti-tumor 

immunity and controls tumor growth. 

 

Significance 
 
 Humans are continuously exposed to pathogens from the environment and cancerous 

cells within the body. These exposures shape the development and differentiation of T cell 

populations. The adaptive immune system of an adult human is dynamic and ever-changing, and 

modern research models should strive to recreate the same dynamism. The cohoused mouse 

model has the potential to improve translational research in cancer immunotherapy by providing 

a complementary mouse model that more accurately mimics the adult human immune system. 

Furthermore, cohoused mice can help provide an understanding of how microbial experience 

impacts immune responses to cancer and variations in immunotherapeutic efficacy. 
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CHAPTER 2: LITERATURE REVIEW 
 

The Immune System 
 
 The immune system provides the first line of defense against cancer development. This 

defense system is comprised of a rapidly responding, non-specific, innate immune system, as 

well as a highly-specific adaptive immune system.  The innate immune system includes physical 

barriers like the skin and mucous membranes, the acidic pH of stomach acid, non-specific 

phagocytes like dendritic cells and macrophage that kill and digest whole organisms, and 

antibacterial serum proteins that mediate inflammation. In addition to these pathogen-mediated 

immune mechanisms, the innate immune system also stimulates the adaptive immune response 

to pathogens and cancerous cells through inflammation. The innate immune system also 

activates the adaptive immune response, primarily by presenting digested pieces (antigen) of 

disease-causing organisms (pathogens) or cancerous cells to adaptive immune cells. This 

function is mediated by antigen-presenting cells (APC’s), like dendritic cells and macrophages, 

which present antigen on a group of surface glycoproteins called major histocompatibility 

complex (MHC). APC’s will present digested “non-self” antigen from exogenous or extracellular 

pathogens (like bacteria) on class II MHC molecules. Additionally, class I MHC molecules exist 

on all nucleated cells and present endogenous or intracellular “self” antigen, including cancer 

antigen (Marshall et al., 2018). 

 The cells of the adaptive immune system include antigen-specific T cells and B cells. 

Both cell types are able to distinguish between “self” and “non-self” antigen through the use of 

highly specific T cell receptors (TCR) and B cell receptors (BCR). BCRs are immunoglobulin G 

antibodies with heavy and light chain variable regions that undergo random recombination to 

produce 106 unique BCRs. Similarly, TCRs are composed of an extracellular α and β chain, each 
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with a variable and hypervariable region also capable of producing approximately 106 unique 

TCRs. TCR and BCR recombination allows for the generation of highly diverse and highly 

specific antigen receptors. A mechanism of central tolerance called negative selection occurs 

during T and B cell development, effectively eliminating T and B cells that possess “self” 

antigen reactive TCRs and BCRs. As such, B and T cells should not be activated by healthy cells 

presenting “self” antigen on class I MHC (Marshall et al., 2018). In the context of cancer, 

activation of CD8+ T cells through TCR stimulation by antigen-presenting MHC-I is inhibited 

by receptors expressed on cancerous cells via mechanisms discussed in a future section. 

 T cells circulate throughout the body via the lymphatic system and blood stream. When 

APC’s present antigen, TCR-MHC interactions induce proliferation of subsets of T-helper (Th) 

cells (CD4+ T cells) and cytotoxic T cells (CD8+ T cells). CD4+ T cells cannot directly kill 

infected cells or phagocytize pathogens, but they regulate the adaptive immune response through 

secretion of various cytokines, and are also responsible for B cell activation via class II MHC-

TCR interaction. Upon stimulation by Th cells, B cells differentiate into memory B cells and 

antibody-producing plasma cells that provide humoral immunity (Marshall et al., 2018). 

 Unlike Th cells, CD8+ T cells directly kill infected and cancerous cells. CD8+ T cells 

require three signals for activation to occur. First, the TCR of a naïve CD8+ T cell will interact 

with class I MHC molecules on an APC. The second signal is co-stimulation between CD28 on 

the T cell and CD80/86 on the APC. These first two steps are enough to stimulate proliferation of 

this antigen-specific CD8+ T cell population. In the third and final signal, stimulation by 

interleukin-2 (IL-2) is required for survival, and stimulation by interleukin-12 (IL-12) and type I 

interferons are required to confer full effector function (Mescher et al., 2006; Curtsinger et al., 

2007). “Effector function” refers to the CD8+ T cells ability to kill infected or cancerous cells. 
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Exposure to signal 3 cytokines upregulates expression of perforin and granzyme B within the 

CD8+ T cell. Perforin is a protein that forms pores in the target cell, allowing granzyme B, a 

serine protease, to enter the target cell and induce apoptosis by activating the caspase cascade 

(Andersen et al., 2006; Mescher et al., 2006; Curtsinger et al., 2007). 

 A distinguishing characteristic of the adaptive immune response is memory. After the 

initial immune response has cleared the infected or cancerous cells, most of the activated CD8+ 

T cells will die. However, a small percentage of the cells will downregulate their effector 

function, while still retaining the ability to rapidly reactivate and expand upon restimulation by 

the same pathogen. However, effector memory CD8+ T cells have been shown to circulate in the 

blood and position themselves to intercept invading pathogens. This effector memory pool of 

CD8+ T cells retains high expression of cytolytic activity after contraction of the primary 

immune response. When activated by the same pathogen a second time, these populations of 

effector memory CD8+ T cells expand earlier in the course of infection due to increased starting 

pools compared to naïve T cells of the primary immune response. The secondary immune 

response is also faster because memory T cells have a lower threshold of activation, requiring 

lower amounts of antigen and co-stimulation. Additionally, activated effector memory CD8+ T 

cells exhibit increased cytokine production and a more rapid upregulation of Granzyme B 

compared to naïve T cells. Taken together, the secondary immune response of CD8+ T cells is 

more rapid and cytotoxic (Masopust & Schenkel, 2013; DiSpirito & Shen, 2010).

 Continual exposure to environmental pathogens and cancerous cells results in the 

development of diverse populations of memory T cells and changes in overall immune function. 

In one study, researchers found that persistent viral infection with murine cytomegalovirus 

irreversibly diminished the presence of naïve CD8+ T cells (Cicin-Sain et al., 2012).  If a 



 

  18 

persistent viral infection has the ability to irreversibly reduce specific populations of T cells, then 

great variation in the memory CD8+ T cell repertoire must exist from person to person, as 

humans are frequently exposed to a wide variety of viruses and infectious pathogens. The type 

and frequency of microbial exposure may vary significantly from person to person. Since 

memory CD8+ T cell populations are shaped by these environmental stimuli, it may result in 

highly individualized immune systems. This heterogeneity has led to translational challenges 

within immunotherapeutic research. 

 

Limitations of Specific-Pathogen-Free Mice in Immunology Research 
 
 Specific pathogen-free mice have long been used in cancer and biomedical research. 

Mendelian heritability was first studied in mammals around 1902, and quickly led to the 

development of inbreeding the common house mouse (Mus musculus domesticus) as a means of 

controlling genetic expression. These methods gave rise to the C57BL/6 strain, now one of the 

most widely used strains of laboratory mice (Morse III, 2007; Sellers et al., 2012). In addition to 

the genetic stability of these mice, they are also raised and housed under “SPF conditions,” 

which include a plethora of biocontainment procedures and safeguards. They are kept in 

microisolation cages with filtered tops to prevent the introduction of pathogens, and aseptic 

technique is used when handling. Additionally, all food and equipment coming in contact with 

the mice is sterilized (Masopust et al., 2017).  

 Unlike SPF mice, wild mice must compete for food and resources. They are also 

continually exposed to environmental antigens, which means the immune response of wild mice 

contributes greatly to their fitness for survival (Abolins et al., 2017). Much like humans, wild 

mice live in genetically diverse populations, and freedom of movement allows for constant 
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microbial exposure. As such, understanding the differences in immune function and development 

amongst SPF and wild mice will be critical for any research with translational goals. 

 While the use of SPF mice provides researchers with a highly reliable and genetically 

predictable animal model, it also provides major variability in resistance and susceptibility to 

infectious disease within many inbred strains. For example, C57BL/6 mice have a unique 

resistance to murine cytomegalovirus due to expression of the Klra8 gene. Additionally, 

C57BL/6 mice have been shown to have a Th1 bias, while other commonly used mouse strains 

exhibit a Th2 bias. Segregation into Th1 and Th2 helper T cell populations is dependent on 

cytokines released by APCs during an immune response. Th1 populations are important for 

clearance of intracellular pathogens like viruses and cancers, while Th2 populations are 

important for parasitic infections. These examples of immune dysfunction have been mapped to 

specific loss of function mutations in genes that affect the immune response, and should be 

considered before selecting a mouse model (Sellers et al., 2012). Taken together, SPF mice offer 

a poor analogue of the diversely sensitized adult human immune system, while also introducing 

additional mutations that may confound results. 

 

Cohoused Mice Recapitulate the Immune System of an Adult Human 
 
 Researchers at the University of Minnesota developed a novel cohousing model to 

investigate the affect of environmental conditions on the differentiation and distribution of CD8+ 

T cells within genetically stable C57BL/6 mice (Beura et al., 2016). Commercially purchased pet 

store mice were introduced into cages of SPF mice (C57BL/6 strain) for a period of four weeks 

(Figure 1). Through cohousing, SPF mice were exposed to various murine pathogens carried by 
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the pet store mice. Weekly blood samples were taken to monitor immune cell changes within 

SPF mice.  

 

Figure 1: Methods of Cohousing Mice.  
Cohousing pet store with SPF mice induces a shift from naïve (CD44lo) to antigen-
experienced (CD44hi) CD8+ T cells in SPF mice (Huggins et al., 2019). 

 
 

Before cohousing, the Beura study revealed that antigen-experienced/memory CD8+ T 

cells were almost entirely absent in SPF mice, but were observed in feral barn mice and 

commercially purchased pet store mice. This difference suggests that the environment plays a 

role in shaping the development of these CD8+ T cell populations. Additionally, CD8+ T cells 

with a CD27loGranzyme B+ phenotype are considered cytotoxic and capable of responding to 

infection. Of the few antigen-experienced/memory CD8+ T cells observed in SPF mice, almost 

none expressed this cytotoxic phenotype.  

 After the cohousing period, CoH mice exhibited increased antigen-experienced CD8+ T 

cell populations with CD44hi phenotype, while the SPF mice (used as negative controls) 

remained naïve or antigen-inexperienced with a CD44lo phenotype. CD44 is a T cell surface 

marker that is upregulated and maintained on both effector and memory T cells in response to 
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TCR engagement or cytokine signaling (Baaten et al., 2010). CD44hi CD8+ T cells increased 

from 15% to 70% in cohoused mice. Additionally, SPF mice lacked effector-differentiated 

memory T cells that were present in feral and pet store mice (Figure 2), as indicated by decreased 

expression of KLRG1 and Granzyme B. KLRG1 is an indicator of terminal differentiation or 

senescence, and is found to be upregulated on long-lived effector cells (LLECs). Taken together, 

these results indicate that antigen-experienced CD44hi CD8+ T cell populations can be induced 

in genetically stable SPF mice through environmental exposure (Beura et al., 2016). 

 

 

Figure 2: Differentiation markers of antigen-experienced (CD44hi) and naïve 
(CD44lo) CD8+ T cells in laboratory and pet store mice.  
Naïve CD8+ T cells in laboratory and pet store mice are phenotypically identical. 
Antigen-experienced CD8+ T cells from pet store mice show increased expression of 
Granzyme B and CD27lo cells, as well as increased signals of terminal effector 
differentiation (Beura et al., 2016). 

 
 
 A metagene analysis revealed that gene expression profiles of cohoused mice more 

closely reflected that of an adult human, while SPF mice mimic the immune system of a human 

newborn (Beura et al., 2016). In stark contrast with adults, newborns have a restricted TCR 

repertoire and possess little immune memory, limiting their protection against microbial 

challenge (Rudd, 2020). Therefore, research conducted solely in SPF mice fails to account for a 

variety of modulating interactions that may occur within a microbially experienced host. 

Cohousing mice allows genetic stability to be maintained, while more accurately recapitulating 
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the adult human immune system, thus providing a necessary complement to the existing SPF 

models (Figure 3).  

 

Figure 3: Cohoused mice maintain genetic stability while more accurately 
mimicking an adult human immune system.  
Cohousing C57BL/6 mice (SPF) with commercially purchased pet store mice effectively 
generates CD8+ T cell populations that otherwise do not exist in SPF mice alone. This 
model maintains the genetic stability provided by SPF mice, while recapitulating the 
immune system of an adult human through microbial exposure (Masopust et al., 2017). 

 

Cancer Development & The Tumor Microenvironment 
 
 Cancer occurs when healthy cells begin to divide uncontrollably. Cancerous cells are 

genetically similar to healthy cells, and they initially continue expression of “self” antigen on 

class I MHC molecules. However, during neoplastic transformation, cancerous cells will begin 

expressing neoantigens called tumor-associated antigens (TAAs). TAAs are recognized by the 

immune system as “non-self” antigen, and will elicit an immune response. The immune system is 
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capable of lysing a few cancerous cells, but cancerous cells have many hallmark characteristics 

that allow them to persist. These hallmarks include avoiding immune destruction, enabling 

replicative immortality, tumor-promoting inflammation, activating invasion & metastasis, 

inducing or accessing vasculature, genome instability & mutation, resistance to cell death, 

deregulation of cell metabolism, sustained proliferative signaling, and evasion of growth 

suppressors (Hanahan, 2022; Hanahan & Weinberg, 2011). These hallmarks are all necessary for 

tumor growth and progression. 

 Recent studies have provided insight into how the microbiome impacts tumor progression 

and immunotherapeutic efficacy. One such study in a model of colon cancer has shown that 

some bacteria (Enterococcus sp. and others) express a peptidoglycan hydrolase called SagA that 

releases mucopeptides from the bacterial wall. These mucopeptides then circulate systemically 

and activate the NOD2 pattern receptor, which has been shown to enhance T-cell responses and 

improve the efficacy of checkpoint blockade immunotherapies (Griffin et. al, 2021). Another 

study has shown that bacteria can actually be detected within solid tumors in mouse models of 

lung and pancreatic cancers (Pushalkar et. al, 2018; Jin et. al, 2019). Further investigation of 

microbial influence on tumor progression is needed in additional cancer types. 

 Melanoma constitutes approximately 5% of all skin cancers, but is responsible for more 

than 75% of skin cancer deaths. This is due, in part, to the propensity of melanoma to 

metastasize to other organ systems, most commonly the brain (Rebecca et al., 2020). Currently, 

there is no published work investigating B16 melanoma in a model utilizing microbially 

experienced cohoused mice. However, subcutaneous injection of B16 melanoma in C57BL/6 

mice is a well-established and widely used protocol within the field of cancer immunology 

(Overwijk & Restifo, 2001). Previous researchers in the Renkema lab successfully injected and 
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grew B16 melanoma tumors in cohoused mice (Groeber, 2020). That work focused on 

characterization of tumor-infiltrating CD8+ T cells, but did not investigate the impact of 

microbial experience on B16 melanoma cell phenotype and tumor-infiltrating CD8+T cell-

mediated anti-tumor cell function. 

  

CD8+ T cell Phenotypes of Interest 
 
 Cohoused mice provide an opportunity to investigate how microbial experience impacts 

different T cell subsets. CD44 is a T cell surface marker that is upregulated and maintained on 

both effector and memory T cells in response to TCR engagement or cytokine signaling (Baaten 

et al., 2010). As such, cells that express high levels of CD44 (i.e. CD44hi) were previously 

activated and involved in an immune response. These cells are considered to be antigen-

experienced and have been shown to be elevated in cohoused mice (Beura et al., 2016). Tumor-

infiltrating CD8+ T cells have also been shown to be CD44hi and elevated in cohoused mice 

(Figure 4) during previous studies conducted in the Renkema lab (Groeber, 2020). 

 

Figure 4: Tumor-infiltrating CD8+ T cells of CoH mice are more antigen 
experienced and differentiated.  
Previous research conducted in the Renkema lab showed that CoH mice exhibit increased 
proliferation of antigen experienced tumor-infiltrating CD8+ T cells in response to B16 
melanoma (Groeber, 2020).  
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 KLRG1 is an indicator of terminal differentiation or senescence, and is expressed on 

long-lived effector cells (LLECs) after contraction of the primary immune response. LLECs 

provide long-term memory for viral infections as well as cancer, but exhibit reduced proliferative 

capacity when compared to other memory populations. KLRG1hi cells are an intriguing 

therapeutic target, as their long-term protective functionality and ability to clear systemic 

infections may prove useful for CD8+ T cell vaccination development (Olson et al., 2013; 

Renkema et al., 2020).  Investigating KLRG1 expression in a cohoused B16 tumor model will 

provide insight into the impact of microbial experience on generating LLECs. 

 Granzyme B (GzB), a serine protease that mediates apoptosis in target cells, will be 

measured and used as an indicator of effector function or cytotoxicity. GzBhi CD8+ T cells are 

able to lyse infected or cancerous cells (Andersen et al., 2006; Mescher et al., 2006; Curtsinger et 

al., 2007). Without further stimulation, GzBhi CD8+ T cells remain GzBhi for a period of four 

weeks, and subsequent downregulation of GzB is indicative of a memory cell phenotype 

(Nowacki et al., 2007). Differences in cytotoxicity between SPF and CoH mice were 

inconclusive in previous work conducted in the Renkema lab (Figure 4B). Further study is 

required and will be conducted as part of this thesis. 

 

PD-1/PD-L1 Axis Affects Anti-Tumor Immunity 
 
 Programmed cell Death-1 (PD-1) is an inhibitory protein receptor that is expressed on the 

surface of CD8+ T cells. PD-1 interacts with its ligand PD-L1, which is expressed on the surface 

of T and B cells, dendritic cells, macrophages, mesenchymal stem cells, mast cells, and tumor 

cells. PD-L1 expression is highly upregulated by inflammation, and binding of PD-L1 to PD-1 in 
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the presence of TCR activation inhibits proliferation, cytokine release, and cytotoxicity of T cells 

(Riella et al., 2012).  

 During a normal CD8+ T cell response, PD-1 is upregulated as a mechanism of 

peripheral tolerance in order to prevent autoimmunity. Studies using PD-1 knockout mice have 

shown increased susceptibility to autoimmune disease. One such study showed that non-obese 

diabetic (NOD) mice with a PD-1 knockout developed accelerated spontaneous diabetes, which 

occurred in 100% of male and female mice by 10 weeks (Keir et. al, 2006; Nishimura et. al, 

2001).  

 Studies have also shown that PD-1 upregulation occurs rapidly during activation of naïve 

T cells. In vitro models have shown peak expression occurring in CD4+ T cells at 48 hours post-

stimulation with anti-CD3/anti-CD28 (Yamazaki et. al, 2002), while in vivo models of viral 

LCMV-infection have shown peak expression of PD-1 in CD8+ T cells occurring at 72 hours 

(Ahn et. al, 2018). 
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Figure 5: Three signal model of T cell exhaustion.  
Chronic antigen stimulation leads to sustained coexpression of inhibitory receptors and 
their ligands. Inhibition of T cell effector function leads to chronic inflammation, as 
APC’s and tumors secrete both proinflammatory and inhibitory cytokines. Chronic 
inflammation may also drive further T cell exhaustion (McLane et al., 2019). 

 

 The PD-1/PD-L1 interaction may function as a checkpoint to regulate immune responses, 

providing a safeguard against autoimmunity and immunopathology. This interaction allows the 

tumor cell to evade the immune response by inducing a downregulation in CD8+ T cell 

cytotoxicity. In the context of chronic antigen exposure, like cancer, continued stimulation of the 

PD-1/PD-L1 pathway leads to CD8+ T cell exhaustion and a loss of memory differentiation.  

 T cell exhaustion is characterized as the progressive loss of T cell effector function, 

sustained upregulation of multiple inhibitory receptors (ex. PD-1, CTLA-4, etc.), altered 

expression of key transcription factors, metabolic dysfunction, and a failure to acquire antigen-
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independent memory T cell responsiveness. All of these changes lead to an inability to control 

tumor growth (Wherry & Kurachi, 2015). However, Ahn et. al showed that PD-1 expression is 

rapidly upregulated during activation of naïve CD8+ T cells, so knowing the timeframe since 

primary infection occurred is critical in differentiating between exhausted T cells and recently 

activated T cells. After a period of chronic antigen stimulation, increased PD-1 and CTLA-4 

expression is indicative of T cell exhaustion, but reversal of this exhausted state is possible with 

targeted anti-PD-1 and anti-CTLA-4 immunotherapies (Robert et al., 2014; Wolchok et. al, 

2017). 

 Additionally, chronic antigen stimulation may lead to a state of chronic inflammation and 

drive further T cell exhaustion (Figure 5) (McLane et al., 2019). The resulting decrease in anti-

tumor immunity and impaired memory cell formation allows for the continued survival and 

proliferation of tumor cells. 

 

Checkpoint Blockade 
 
 The first checkpoint blockade immunotherapy targeted the CTLA-4/B7 axis, which 

inhibits T cell effector function (Leach, Krummel, & Allison, 1996). During normal T cell 

activation, TCRs recognize antigen presentation on MHC-I and require co-stimulation of CD28 

by B7 molecules expressed on cancer cells. Finally, cytokine stimulation with IL-2, IL-12, or 

type I interferons are needed for complete activation of T cell effector function. CTLA-4 is 

expressed on exhausted T cells and outcompetes CD28 for binding with B7. By interfering with 

CD28/B7 co-stimulation, CTLA-4 is able to inhibit T cell activation (Seidel et. al, 2018; Rudd et. 

al, 2009). Treatment with antibodies designed to bind CTLA-4 (anti-CTLA-4) prevents CTLA-
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4/B7 binding and allows for appropriate CD28/B7 co-stimulation, which ultimately leads to T 

cell activation and cancer cell lysis (Leach, Krummel, & Allison, 1996). 

 More recently, checkpoint blockade immunotherapies have been developed to target the 

PD-1/PD-L1 axis. Administration of antibodies designed to bind PD-1 or PD-L1(anti-PD-1 & 

anti-PD-L1) interferes with binding, allowing the CD8+ T cell to retain its proliferative capacity 

and cytotoxicity. As a result, these treatments preserve the CD8+ T cells anti-tumor immunity 

leading to lysis of cancerous cells (Phan et al., 2003; Blank et al., 2004; Miller & Carson, 2020). 

 While these treatments have been effective, the nuances of their mechanisms remain 

incompletely characterized. In a phase 1 clinical trial of advanced melanoma patients whose 

disease had progressed after at least 2 doses of ipilimumab (anti-CTLA-4), treatment with 

intravenous pembrolizumab (anti-PD-1) had an overall response rate (ORR) of only 26% (Robert 

et al., 2014). However, in trials using combined nivolumab (anti-PD-1) and ipilimumab (anti-

CTLA-4) therapy, an overall response rate of 55% was observed in treatment groups with <10% 

PD-L1 expressing tumors, compared to an ORR of 44% in the nivolumab group, and only 18% 

in the ipilimumab group (Wolchok et. al, 2017). It is worth noting that increases in ORR were 

consistent with increases in treatment-related adverse events. Discontinuation of therapy 

occurred more frequently in combination therapy than either monotherapy. The most common 

adverse events with potential immunologic causes were skin-related (rash, pruritis, etc.), while 

more severe adverse events were gastrointestinal in nature and resolved within 3-4 weeks. Only 

four deaths related to the study drugs were reported (Wolchok et. al, 2017).  

 Checkpoint blockade therapies have a favorable safety profile, but further investigation is 

needed to improve efficacy. We believe this plateau in efficacy may be due to the variability of 

the tumor microenvironment from one patient to the next. This heterogeneity may be due, in part, 
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to variation in effector memory CD8+ T cell subsets that have developed as a result of differing 

microbial experience from patient to patient. How microbial exposure affects the efficacy of 

checkpoint blockade immunotherapies can be investigated within a cohoused mouse model.  
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CHAPTER 3: METHODS 
 
 
Mice Cohousing 
 

A cohort of 50 female C57BL/6 specific pathogen-free mice was purchased from Charles 

River Laboratories (Mattawan, MI) for Cohort 6, and 30 female C57BL/6 SPF mice were 

purchased for Cohort 5. In both cohorts, the mice were split into groups of 4-5 mice per cage. 

Four cages with 5 SPF mice each served as control groups. Experimental mice were cohoused 

with female pet store mice purchased from Chow Hound (Holland, MI). All necessary 

precautions were taken to limit microbial exposure during handling, feeding, changing of 

supplies, and during weekly bleeds.  

Mice were checked daily and fed ad libitum. Weekly cage cleaning was conducted 

according to a strict protocol to eliminate the risk of cross-contamination. SPF cages were 

always cleaned first to ensure no accidental introduction of pathogens from a previously cleaned 

CoH cage. Cages, lids, wires, and bottles were cleaned and soaked weekly with a solution of 

concentrated Clidox (1:3:1 dilution). Rescue disinfectant was also utilized to clean all housing 

supplies. 

CoH and SPF cages were kept in a satellite-vivarium separate from all other research 

animals at Grand Valley State University. All animals were used in accordance with the 

guidelines of the Institutional Animal Care and Use Committee (IACUC) at Grand Valley State 

University (Protocol Number: 19-08-A). 

 

Pathogen Testing 
 

Fecal and blood samples were collected on day 0 from PS mice and after day 30 from 

SPF and CoH mice. Samples were pooled for collection from each cage and sent to Charles 
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River Laboratories to test for specific pathogens (CR-RADS). The “pooling” method was used to 

generate a representative sample of all mice in each individual cage. 

 

Blood Collection & Analysis 
 

Mice were briefly anesthetized with isoflurane and bled retro-orbitally once per week 

during the cohousing period. Samples for flow cytometry preparation were stored in heparinized 

tubes. Red blood cells were lysed with 300 !L ACK lysis buffer (KD Medical), vortexed, and 

incubated at room temperature for 3 minutes. 1,000 !L PBS was added to dilute and deactivate 

the ACK lysis buffer, and the samples were centrifuged for 4 minutes at 4,000 RPM. For flow 

cytometry preparation, the cell pellet was incubated after staining with antibody panels 1-3 

(Table 2) and fixed with a FoxP3 Fix/Perm kit (Tonbo Biosciences). 

Blood samples intended for serum collection were stored in non-heparinized tubes, which 

allowed the blood to clot. Samples were centrifuged for 8 minutes at 8,000 RPM. 30 !L of serum 

was pipetted into Eppendorf tubes and stored at -80 °C for future analysis. 

 

B16-F10 Melanoma Cell Culture & Injection 
 

B16-F10 cells (ATCC) were cultured in RPMI 10% complete medium (RPMI + 10% 

FBS + 5,000 !g/L Streptomycin + 5,000 U/mL Penicillin + 50 !M 2-mercaptoethanol). 2.5 x 105 

B16 cells in 200 !L PBS was injected subcutaneously into the left and right shaved flanks of 

each experimental mouse. The mice were anesthetized with isoflurane to limit distress 

experienced during the procedure. In accordance with the lab IACUC protocol (19-08-A), the 

mice were euthanized by day 14, when necrosis developed, or when the tumors reached a size of 

10 mm3. 
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Tissue Collection & Processing 
 

Mice were euthanized with a lethal dose of isoflurane and secondary cervical dislocation. 

Blood was collected for flow cytometry preparation and serum collection according to the 

methods described above. Spleens, draining lymph nodes (inguinal), and B16 melanoma tumors 

were collected in 3 mL RPMI-2% FBS. Tumors were collected from the right and left flanks of 

each mouse and stored individually in pre-weighed conicals of 3 mL RPMI-2% FBS. Tumor 

weights were determined using a VWR 123P analytical balance, after which, left and right 

tumors were combined and processed into single cell suspension. Spleen samples were treated 

with 300 !L ACK lysis buffer (KD Medical), vortexed, incubated at room temperature for 1 

minute, and 1,000 !L PBS was added to dilute and deactivate the ACK lysis buffer. All samples 

were washed with FACS buffer (1x PBS + 1% FBS), resuspended in FACS buffer, and 

incubated for 20 minutes at 4 °C after appropriate antibody staining (Table 2). 

1 mL of tumor supernatant was collected and stored at -80 °C for future analysis. Tumor 

samples were resuspended in 15 mL RPMI-2% FBS and underlaid with 10 mL Ficoll-Paque 

PLUS (Cytiva). The tumor sample was then centrifuged at 800 G with no brakes for 20 minutes 

at room temperature to separate tumor-infiltrating white blood cells from tumor cells. The liquid 

layer containing white blood cells was decanted and centrifuged at 1500 RPM for 5 minutes, 

resuspended in 1 mL FACS buffer, and prepped for flow cytometry. Tumor pellets were 

resuspended in 2-5 mL FACS buffer, prepped for analysis by flow cytometry, and used for in 

vitro checkpoint blockade assays. 
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In vitro T cell Stimulation 
 

Cells from spleen and tumor samples were cultured in 24-well plates pre-coated with 20 

!g/mL anti-CD28 and 10 !g/mL anti-CD3 to stimulate T cell activation. The cells were cultured 

in RPMI 10% complete medium (RPMI + 10% FBS + 5,000 !g/L Streptomycin + 5,000 U/mL 

Penicillin + 50 !M 2-mercaptoethanol), and 10 U/mL IL-2 was added to support T cell survival. 

Cell preparations were stained on day 3 post-culture with various combinations of antibodies 

(Tonbo Biosciences, unless otherwise noted) for CD4, CD8, CD44, CD69, Granzyme B 

(Biolegend), and Live/Dead Fixable Red cell stain kit (Thermo Fisher) and analyzed by flow 

cytometry. Supernatant was collected for future ELISA analysis. 

 

Table 1: Antibody panels used for in vitro T cell stimulation 
 

Panel 1: T cell Activation Culture #1    Dilution 

CD8 PerCp-Cy5.5 Tonbo 65-1886-U025 1:400 

CD44 FITC Tonbo 35-0441-U025 1:500 

CD69 PE-Cy7 Tonbo 60-0691-U025 1:400 

Live/Dead Red PE Thermo Fisher L34971 1 uL per mL 

Panel 2: T cell Activation Culture #2    Dilution 

CD8 PerCp-Cy5.5 Tonbo 65-1886-U025 1:400 

CD69 PE-Cy7 Tonbo 60-0691-U025 1:400 

Live/Dead Red PE Thermo Fisher L34971 1 uL per mL 

Granzyme B FITC Biolegend 515403 2.5 uL per sample 
 
 

In vitro Checkpoint Blockade Assay 
 

Standard culture preparation protocols were followed as outlined above (in vitro T cell 

stimulation). Single cell suspensions of spleen and tumor samples were counted and diluted with 

additional RPMI 10% complete medium to achieve 2.0 x 106 cells per mL (spleen) and 2.4 x 105 

cells per mL (tumor). All experimental conditions (+Tumor, anti-PD-1, and anti-PD-1/anti-
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CTLA-4) received 100 !L analogous tumor cells in each well. Spleen samples received no 

analogous tumor cells. Checkpoint blockade conditions received 10 !g/mL anti-PD-1 (Tonbo 

Biosciences) or a combination treatment of 10 !g/mL anti-PD-1 (Tonbo Biosciences) & 10 

!g/mL anti-CTLA-4 (Tonbo Biosciences). Cell preparations were stained on day 3 with antibody 

panels listed in Table 1 and analyzed by flow cytometry. 

 
 
Ex vivo Flow Cytometry Analysis 
 
 Spleen, draining lymph nodes, blood, and B16 melanoma tumors were harvested and 

prepped for ex vivo flow cytometry analysis using a Beckman & Coulter CytoFlex 4-channel 

flow cytometer. Samples were resuspended in 200 !L FACS buffer (1x PBS + 2% FBS) and run 

at a speed of 1,000-5,000 events per second for ≥	2 minutes. All samples were fixed with a 

Fix/Perm FoxP3 kit (Tonbo Biosciences) and stained for intracellular enzymes like Granzyme B. 

T cells were surface stained with panels of antibodies listed in Table 1 & 2 (intracellular 

antibodies highlighted light blue). 

 

Statistical Analysis 
 

Flow cytometry data were acquired on the preinstalled CytExpert software (Beckman & 

Coulter) and analyzed using FlowJo 10.7.1 (Tree Star Inc). Graphing and statistical analysis was 

done in Prism 8 (GraphPad). Significance was determined by p-values < 0.05 using an unpaired 

Student’s t-test, Multiple t-tests, or Two-Way ANOVA with Bonferroni or Tukey’s multiple 

comparison test. 
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Table 2: Antibody panels used for ex vivo flow cytometry analysis of blood, spleen, draining 
lymph nodes, tumor, and tumor pellet analysis. 
 

Panel 1: T cell activation    Dilution 

CD4 PE Tonbo 50-0041 1:400 

CD8 PerCp-Cy5.5 Tonbo 65-1886 1:400 

CD44 FITC Tonbo 35-0441 1:500 

KLRG1 PE-Cy7 Biolegend 138415 1:400 

Panel 2: T cell and NK cell cytotoxicity     

CD8 PerCp-Cy5.5 Tonbo 65-1886 1:400 

NK1.1 PE Tonbo 50-5941 1:400 

KLRG1 PE-Cy7 Biolegend 138415 1:400 

Granzyme B FITC Biolegend 515403 2.5µL per sample 

Panel 3: T cell inhibition     

CD8 PerCp-Cy5.5 Tonbo 65-1886 1:400 

KLRG1 PE-Cy7 Tonbo 35-5893 1:400 

PD-1 (CD279) PE Tonbo 50-9985 1:400 

Granzyme B FITC Biolegend 515403 2.5µL per sample 

Panel 6: Tumor Phenotype     

CD133 PE-Cy7 Biolegend 141209 1:400 

PD-L1 PerCp-Cy5.5 Biolegend 124333 1:400 

CD45 FITC Biolegend 103107 1:400 

Ki67 PE Biolegend 151209 1:200 
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CHAPTER 4: RESULTS 
 
CoH mice contract pathogens after 30 days of cohousing with pet store mice 
 

Researchers at the University of Minnesota have shown that cohousing SPF mice with PS 

mice induces effector-differentiated memory T cell populations within genetically homogenous 

C57BL/6 mice (Beura et. al, 2016). While this type of mouse husbandry is normally conducted 

under biosafety-level 3 (BSL-3) conditions, we show here that it is possible to maintain the 

pathogen-free state of SPF mice while generating CoH mice under biosafety-level 2 (BSL-2) 

conditions.  

SPF mice were purchased from Charles River Laboratories (Mattawan, MI) and arrived 

with a day 0 pathogen screening. To confirm transfer of pathogens from PS mice to CoH mice, 

blood and stool samples were taken from PS mice on day 0 and additional samples were taken 

from SPF and CoH mice on day 30 of cohousing. Samples were pooled by cage to provide a 

more complete understanding of the pathogens present within each group. Reports from Charles 

River Research Animal Diagnostic Services (CR-RADS) confirm that PS mice are infecting CoH 

mice with many common murine pathogens by day 30 of cohousing (Table 3). The most 

commonly transferred pathogens are viruses such as Theiler's murine encephalomyelitis virus 

(GDVII), mouse norovirus (MNV), mouse adenovirus 1 & 2 (MAV), and mouse parvovirus 3 

(MPV-3). Additionally, our data show that various species of pinworm and the bacterium 

Mycoplasma pulmonis have also successfully transferred from PS to CoH mice. These findings 

remain consistent with the pathogen screening conducted by Beura et al. 
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Table 3: Cohousing SPF with PS mice generates microbially experienced CoH mice by d30. 
 

 
 
 

Between days 7 and 14 of cohousing with PS mice, CoH mice appeared visibly ill as 

evidenced by a lack of appetite, decreased grooming habits, and lethargy. These symptoms 

typically resolve between days 21 and 28 during contraction of the primary immune response. 
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Beura et. al observed a 22% mortality rate in the first 8 weeks of cohousing. Our mortality rates 

in cohort 5 and 6 were 28% and 10%, respectively. 

The cohousing model was implemented in the Renkema lab at Grand Valley State 

University in 2019. Since that time, six cohorts of 25-50 mice each have been successfully 

cohoused. Through the use of a BSL-2 satellite vivarium and strict hygiene protocols, we show 

here that it is possible to generate CoH mice with levels of microbial exposure consistent with 

the data reported by Beura et al. 

 
CoH mice are more antigen-experienced and differentiated after cohousing period 
 

Both SPF and CoH mice were bled weekly during the cohousing period in order to 

investigate the impact of microbial exposure on antigen experience and differentiation of CD8+ 

T cell populations. Weekly bleeds were conducted with 4-5 mice from both SPF and CoH groups 

on day 7, 14, 21, and 28. Blood samples were stained with antibody panels 1-3 (Table 2) and 

analyzed via flow cytometry. FlowJo software was used to determine the percentage of 

CD44hiKLRG1hi CD8+ T cells in SPF and CoH mice. This phenotype was used as an indicator 

of antigen experience (CD44) and differentiation (KLRG1). A consistent gating strategy was 

applied to all weekly bleed data (Figure 6).  

By day 14 of cohousing in both cohort 6, CoH mice had a significantly higher percentage 

of CD44hiKLRG1hi CD8+ T cells compared to SPF mice (Figure 7B). This phenotype of CD8+ T 

cells increases in CoH mice until approximately day 21 of cohousing where the frequency begins 

to plateau, presumably during the contraction phase of immunity. The observed plateau in this 

CD8+ T cell population is reported to persist for approximately 70 days (Beura et. al, 2016). 
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Figure 6: CD44hiKLRG1hi CD8+ gating strategy for weekly bleeds and harvest 
samples of dLN, spleen, and tumor. 
FlowJo was used to gate populations of CD44hiKLRG1hi CD8+ T cells in CoH and SPF 
mice during weekly bleeds and on blood samples from harvests. (A) Single cells were 
obtained on side-scatter area (SSC-A) by side-scatter height (SSC-H). (B) White blood 
cells (WBCs) were gated on forward-scatter area (FSC-A) by side-scatter area (SSC-A). 
(C) CD8+ T cells were differentiated based on high expression of CD8 and low 
expression of CD4. (D) Gates for high expression of both CD44 and KLRG1 were drawn 
to differentiate CD44hiKLRG1hi populations of CD8+ T cells. Gating strategy was 
identical for all timepoints during cohousing and for all harvest blood samples. Mouse 
CoH 6-2 from d28 weekly bleed in Cohort 6 is used as an example above. 
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The near absence of CD44hiKLRG1hi CD8+ T cells in SPF mice during the entire period 

of cohousing is a significant and critical indication that the SPF mice have remained pathogen-

free. These results are consistent with previous cohorts conducted in the Renkema lab (Groeber, 

2020), and provides confirmation that the impact of microbial experience can be reliably 

elucidated in further experiments using these SPF mice as controls. 

 

 

 

 

 
Figure 7: CoH mice have significantly increased CD44hiKLRG1hi CD8+ T cell 
populations after 28 days of cohousing. 
Weekly bleeds were conducted with 5-6 mice from both SPF and CoH populations. By 
day 21, cohoused mice had developed significantly increased CD44hiKLRG1hi CD8+ T 
cell populations in Cohort 5 (A) and significant increases were observed by day 14 in 
Cohort 6 (B), indicating increased antigen-experience and differentiation. SPF mice 
exhibited little to no CD44hiKLRG1hi CD8+ T cell populations, confirming their 
pathogen-free state. Data points represent the mean of N = 5 mice in Cohort 5 and N = 6 
mice in Cohort 6 for both SPF and CoH groups. Two-way ANOVA with Bonferroni was 
used to determine statistical significance. 
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CD8+ T cells from Blood, Spleen, dLN, and Tumor in CoH mice are more antigen-
experienced and differentiated after B16-melanoma 
 

All SPF and CoH mice received subcutaneous injections of B16 melanoma cells in both 

the right and left shaved flanks on day 30 of cohousing. Tumor formation was visible and 

palpable in all mice when euthanized on day 10 post-injection. Blood, spleen, draining lymph 

nodes, and tumors were harvested from every mouse. All tissues were stained with antibody 

panels 1-3 (Table 2) and prepped for analysis by flow cytometry. Ex vivo tissue samples were 

gated with the same strategy utilized for weekly bleeds (Figure 6). 

Blood samples of CoH mice exhibited increased percentage of CD44hiKLRG1hi CD8+ T 

cells compared to SPF mice (Figure 8A). This result is consistent with the data presented for 

weekly bleeds in Figure 7. However, an overall increase of approximately 10% in the frequency 

of CD44hiKLRG1hi CD8+ T cells in CoH mice is observed when comparing d28 of cohousing 

(pre-melanoma injection) to d10 post-melanoma injection.  

Spleen samples of CoH mice also show significantly increased percentage of 

CD44hiKLRG1hi CD8+ T cells compared to SPF mice (Figure 8B), and at levels comparable to 

blood samples (Figure 8A). The tumor-draining lymph nodes of CoH mice also show 

significantly increased percentage of CD44hiKLRG1hi CD8+ T cells compared to SPF mice 

(Figure 8C), however, overall frequency of this population in dLNs is quite low compared to all 

other tissue types.  

CoH mice had an increased percentage of CD44hiKLRG1hi tumor-infiltrating CD8+ T 

cells compared to SPF mice (Figure 8D). CD44hiKLRG1hi CD8+ T cell populations observed 

after 30 days of cohousing are considered LLECs. LLECs are long lived effector cells that 

exhibit increased KLRG1 expression after contraction. This population of LLECs was nearly 

absent in the blood, spleen, and dLN of SPF mice. However, nearly 70% of tumor-infiltrating 
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CD8+ T cells in SPF mice are also CD44hiKLRG1hi, suggesting a key role for LLECs in the 

intratumoral immune response to melanoma. These results are consistent with previous findings 

from the Renkema lab (Groeber, 2020), and were repeated two times throughout cohorts 5 and 6. 

 

 
 

Figure 8: CoH mice have significantly increased CD44hiKLRG1hi CD8+ T cells in 
blood, spleen, dLN, and tumor after B16 melanoma injection. 
CoH mice exhibited significantly increased percentages of antigen-experienced and 
differentiated CD8+ T cells in blood (A), spleen (B), dLN (C), and tumor (D) at d10 
post-injection. Data are shown for Harvest 2 of Cohort 6 with N = 7 SPF mice and N = 6 
CoH mice. Results repeated 2 times. Statistical significance was determined by unpaired 
t-test. 
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CoH mice are more cytotoxic in ex vivo blood, dLN, spleen, and tumor after cohousing and 
B16-melanoma injection 
 

We have shown that CoH mice are more antigen-experienced and differentiated after 28 

days of cohousing, and have also shown that CD44hiKLRG1hi CD8+ T cell populations in CoH 

mice increase further by day 10 post-melanoma injection. To better understand differences in 

effector function between SPF and CoH mice, we stained weekly blood and ex vivo tissue 

samples for the intracellular enzyme Granzyme B (Table 2, Panel 2). FlowJo software was used 

to determine the percentage of GzBhi CD8+ T cells in SPF and CoH mice. A consistent gating 

strategy was applied to all weekly bleed and ex vivo tissue data (Figure 9).  

CoH mice undergo significant increases in GzBhi CD8+ T cell populations throughout the 

cohousing period, while the presence of this same effector population remains nearly absent in 

SPF mice. The proportion of GzBhi CD8+ T cells peaks around 40% by day 14 of cohousing 

(Figure 10). Consistent with the observed contraction of CD44hiKLRG1hi CD8+ T cells (Figure 

7), we see a similar trend by day 21 in GzBhi CD8+ T cells of CoH mice (Figure 10). Both 

observations are consistent with normal contraction of the immune response. 

Blood, spleen, dLN, and tumor tissues were all harvested 10 days post-melanoma 

injection for ex vivo analysis. GzBhi CD8+ T cell populations were significantly higher in CoH 

mice in all tissue types (Figure 11). The proportion of GzBhi tumor-infiltrating CD8+ T cells in 

CoH mice was nearly twofold greater than the proportion observed in SPF mice (Figure 11D). 

This result was repeated 3 times in ex vivo tissue samples. 
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Figure 9: GzBhi CD8+ gating strategy for weekly bleeds and harvest samples. 
FlowJo was used to gate populations of GzBhi CD8+ T cells in CoH and SPF mice from 
weekly bleeds and tissues from harvest. (A) Single cells were obtained on side-scatter 
area (SSC-A) by side-scatter height (SSC-H). (B) White blood cells (WBCs) were gated 
on forward-scatter area (FSC-A) by side-scatter area (SSC-A). (C) Distinct populations 
of CD8+ T cells were differentiated based on high expression of CD8 against side-scatter 
area (SSC-A). (D) Gates for GzBhi CD8+ T cell populations were drawn on GzB by side-
scatter area (SSC-A). Gating strategy was identical for all timepoints during cohousing 
and for all tissue harvests. Blood sample from mouse CoH 6-1 in Harvest 2 of Cohort 6 is 
shown above. 
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Previous results reported from the Renkema lab indicated that GzB expression was 

elevated in CD8+ T cell populations of CoH mice in blood and spleen samples after a 30-day 

cohousing period (Groeber, 2020). Here, we are able to confirm those results in blood samples 

after 28 days of cohousing (Figure 10). We did not harvest any mice on day 28, so post-

cohousing GzB expression in the spleen was not an observable endpoint. We did, however, build 

upon Groeber’s findings by showing increased GzB expression in CD8+ T cells of CoH mice in 

blood, spleen, dLN, and tumor samples after challenge with B16 melanoma (Figure 11). 

 
 

  
 

Figure 10: Granzyme B expression is significantly higher in CD8+ T cells of CoH 
mice throughout 28 days of cohousing. 
CD8+ T cells of CoH mice exhibited significantly increased GzBhi populations 
throughout the 28-day cohousing period. Data points represent the mean of N = 6 mice 
for both SPF and CoH groups. Two-way ANOVA with Bonferroni was used to determine 
statistical significance. Results were repeated 2 times. 
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Figure 11: CoH mice have significantly increased GzBhi CD8+ T cells in blood, 
spleen, dLN, and tumor after B16 melanoma injection. 
CoH mice exhibited significantly increased percentages of Granzyme B expressing CD8+ 
T cells in blood (A), spleen (B), dLN (C), and tumor (D) at d10 post-injection. Data are 
shown for Harvest 2 of Cohort 6 with N = 7 SPF mice and N = 6 CoH mice. Results 
repeated 3 times. Statistical significance was determined by unpaired t-test with all p-
values < 0.01 
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Tumor-infiltrating CD8+ T cells of CoH mice are more cytotoxic than SPF mice after in 
vitro stimulation 
 

Here, we confirm our ex vivo findings of increased GzB expression in tumor-infiltrating 

CD8+ T cells of CoH mice by conducting an in vitro stimulation. Conducting in vitro assays 

provides greater control of environmental conditions and allows for a more accurate 

characterization of SPF and CoH CD8+ T cells. To stimulate T cell activation, 24-well plates 

were coated with anti-CD28 and anti-CD3 antibodies and incubated overnight. IL-2 was added to 

provide signal 3 for full T cell activation. Density gradient centrifugation was used to purify the 

tumor-infiltrating white blood cells from the melanoma tumor cells before initiation of cell 

culture. After 3 days of incubation, 1 mL of supernatant was collected from each well and stored 

for future ELISA analysis. Culture samples were stained with antibody panels 1-2 (Table 1) and 

flow cytometry analysis was conducted.  FlowJo software was used to determine the percentage 

of GzBhi CD8+ T cells in SPF and CoH mice 3 days after in vitro stimulation. A consistent 

gating strategy was applied to all in vitro stimulation data (Figure 12).  

CoH mice exhibit an increased proportion of GzBhi CD8+ T cells 3 days after in vitro 

stimulation (Figure 13). This result was repeated 2 times, and suggests that CoH mice possess 

tumor-infiltrating CD8+ T cell populations that are capable of a more cytotoxic immune 

response upon in vitro stimulation. 
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Figure 12: Gating strategy for in vitro cell cultures of GzBhi tumor-infiltrating CD8+ 
T cells. 
FlowJo was used to gate populations of tumor-infiltrating GzBhi CD8+ T cells in CoH and 
SPF mice from cell cultures. (A) White blood cells (WBCs) were gated on forward-
scatter area (FSC-A) by side-scatter area (SSC-A). (B) Live cells were gated by 
histogram of Live/Dead fluorescence intensity. (C) Distinct populations of CD8+ T cells 
were differentiated based on high expression of CD8 against side-scatter area (SSC-A). 
(D) Gates for GzBhi CD8+ T cell populations were drawn on GzB by side-scatter area 
(SSC-A). Gating strategy was identical for all cell cultures. Sample from Harvest 1 of 
Cohort 6 is shown above. 
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Figure 13: Tumor-infiltrating CD8+ T cells of CoH mice have increased Granzyme 
B expression on day 3 after in vitro stimulation. 
Tumor-infiltrating CD8+ T cells were stimulated with anti-CD28, anti-CD3, and IL-2. 
Cultures were analyzed on day 3 post-stimulation. CoH mice exhibit significantly higher 
proportions of GzBhi CD8+ T cells after stimulation. (A) Data shown for Cohort 6, 
Harvest 1; N = 3 mice per group. (B) Data shown for Cohort 5, Harvest 2; N = 3 mice per 
group. Statistical significance determined by unpaired t-test with p-values < 0.05 

 

CoH mice have significantly smaller tumors by weight than SPF mice 
 

B16 melanoma was injected into the shaved right and left flanks of all mice and tumors 

were harvested 10 days later. Right and left tumors were stored in individual conicals and 

immediately weighed. SPF tumors were visibly larger than CoH tumors, and evidence of 

increased angiogenesis was apparent to the naked eye (Figure 22, Appendix). 

We observed that SPF mice have significantly larger tumors by weight when compared to 

CoH mice (Figure 14). These results were repeated in both Cohort 5 and Cohort 6. Further 

investigation is needed to determine if this difference in tumor weight is time-dependent after 

injection of B16 melanoma. Here, we show data for 10 days post-injection, but investigating 

growth at timepoints beyond 10 days would provide insight into the durability and longevity of 
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this anti-tumor growth response in CoH mice. Future experiments will be able to determine 

whether or not microbial exposure improves long-term tumor control. 

 

 
 

Figure 14: CoH mice have significantly smaller tumors by weight. 
Subcutaneous tumors were harvested from left and right flanks of SPF and CoH mice on 
day 10 post-injection. Right and left tumors from each mouse were collected into separate 
pre-weighed 15 mL conicals of 3 mL RPMI-2% FBS and final weights were determined 
with a VWR 123P analytical balance. (A) Cohort 5 data is comprised of N = 36 SPF 
tumors and N = 25 CoH tumors. (B) Cohort 6 data is comprised of N = 28 SPF tumors 
and N = 24 CoH tumors. Results were repeated 2 times, as shown in this figure. 
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Tumor-infiltrating CD8+ T cells of CoH mice have higher PD-1 expression than SPF mice 
 

CD8+ T cells of CoH mice are more antigen experienced, differentiated, and cytotoxic 

compared to SPF mice. These features of the CoH T cell repertoire may impact B16 melanoma 

tumor growth. To further investigate the mechanism by which CoH mice control tumor growth, 

we analyzed PD-1 expression by flow cytometry. PD-1 is an inhibitory receptor expressed on 

CD8+ T cells that can be activated by PD-L1-expressing melanoma cells. This PD-1/PD-L1 

signaling inhibits CD8+ T cell effector functions, allowing melanoma cells to evade the CD8+ T 

cell-mediated immune response. Tissue samples were stained with antibody panel 3 (Table 1) 

and flow cytometry analysis was conducted. FlowJo software was used to determine the 

percentage of PD-1hi CD8+ T cells in ex vivo tissue samples of both SPF and CoH mice (Figure 

15). 

PD-1 expression was assayed throughout the cohousing period. Upon initiation of 

cohousing, PD-1 expression is significantly upregulated in CoH mice by day 7 (Figure 16). 

Expression increases slightly by d14, and rapid downregulation occurs by d28, which results in 

nearly equivalent expression of PD-1 in SPF and CoH mice. This d28 observation is consistent 

with the results reported by Beura et al. Our timeline of PD-1 expression during cohousing is 

also consistent with the current understanding of PD-1 kinetics.  

During a normal CD8+ T cell response, PD-1 is upregulated as a mechanism of 

peripheral tolerance in order to prevent autoimmunity. As previously stated, in vivo and in vitro 

studies have shown that PD-1 upregulation occurs rapidly during activation of naïve T cells 

(Yamazaki et. al, 2002; Ahn et. al, 2018). In the context of ex vivo blood samples, we also 

observe a rapid upregulated of PD-1 that peaks, on average, by day 14 in CoH mice during the 

cohousing period. PD-1 expression downregulates to baseline (similar to SPF mice) by day 21. 
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The downregulation of PD-1 between day 14 and day 21 differs from our observations of 

Granzyme B (Figure 10) downregulation and contraction of LLECs (Figure 7). PD-1 

downregulation occurs approximately one week prior to downregulation of Granzyme B and 

contraction of LLECs during cohousing.  
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Figure 15: PD-1hi CD8+ gating strategy for weekly bleeds and harvest samples. 
FlowJo was used to gate populations of PD-1hi CD8+ T cells in CoH and SPF mice from 
weekly bleeds and tissues from harvest. (A) Single cells were obtained on side-scatter 
height (SSC-H) by side-scatter area (SSC-A). (B) White blood cells (WBCs) were gated 
on forward-scatter area (FSC-A) by side-scatter area (SSC-A). (C) Distinct populations 
of CD8+ T cells were differentiated based on high expression of CD8 against side-scatter 
area (SSC-A). (D) Gates for PD-1hi CD8+ T cell populations were drawn on PD-1 by 
side-scatter area (SSC-A). Gating strategy was identical for all timepoints during 
cohousing and for all tissue harvests. Blood sample from mouse CoH 6-1 in Harvest 2 of 
Cohort 6 is shown above. 
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PD-1 expression was also assayed in the blood, spleen, dLN, and tumor at day 10 post-

melanoma injection. We observed no difference in PD-1 expression between SPF and CoH mice 

in blood samples, though both groups experienced a twofold overall increase in PD-1hi CD8+ T 

cell populations when compared to day 28 of cohousing (Figure 17A compared to Figure 16). 

This level of PD-1 expression in the blood on day 10 post-injection is similar to the level of 

expression observed in CoH mice between days 7 and 14 of cohousing (Figure 16). 

 

  
 

Figure 16: PD-1 is rapidly upregulated in CD8+ T cells of CoH mice during early 
cohousing, but expression is near equivalent in SPF and CoH mice by d28. 
Initial microbial exposure leads to rapid upregulation of PD-1 on CD8+ T cells of CoH 
mice. Downregulation occurs by day 28, where blood samples show no significant 
difference in PD-1 expression on CD8+ T cells of SPF and CoH mice from Cohort 6. 
Data points represent the mean of N = 6 mice per group. Two-way ANOVA with 
Bonferroni was used to determine statistical significance. Results were repeated 2 times. 
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Figure 17: CoH mice have significantly increased PD-1hi CD8+ T cells in Spleen, 
dLN, and Tumor. 
(A) No difference in PD-1 expression was observed in ex vivo blood samples. However, 
CoH mice exhibited significantly increased percentages of PD-1hi CD8+ T cells in the 
spleen (B), dLN (C), and tumor (D) at d10 post-injection. Data are shown for Harvest 2 
of Cohort 6 with N = 7 SPF mice and N = 6 CoH mice. Results repeated 2 times in 
tumor, and 3 times in all other tissues. Statistical significance was determined by 
unpaired t-test with all p-values < 0.05 
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Spleen, dLN, and tumor-infiltrating CD8+ T cells of CoH mice exhibited increased 

expression of PD-1. These results were repeated 3 times in blood, spleen, and dLN, while tumor 

results were repeated 2 times. A third repeat of tumor showed PD-1 elevation in CoH mice, but 

the result was not significant. Additionally, we also found that PD-1hi CD8+ T cell populations in 

CoH mice have significantly increased gross mean fluorescence intensity (gMFI). Increased 

gMFI can indicate more abundant expression of the target protein (PD-1), suggesting that PD-1hi 

cells in CoH mice express increased PD-1 per cell. Our results show that not only do CoH mice 

have more CD8+ T cells expressing PD-1 (Figure 17), but those PD-1-expressing cells have 

significantly more PD-1 on their surface than PD-1hi CD8+ T cells of SPF mice (Figure 24, 

Appendix). 

 
 
B16-melanoma tumor cells have increased PD-L1 expression in SPF mice 
 

Tumor tissue samples were reduced to single cell suspension and white blood cells were 

separated from the melanoma tumor cells by density gradient centrifugation. Tumor cells were 

stained with antibody panel 6 (Table 1) and flow cytometry analysis was conducted. CD45 was 

used to differentiate between immune cells and non-immune cells. CD45 is a surface antigen 

expressed on all nucleated hematopoietic cells (Thomas & Lefrançois, 1988). By selecting for 

CD45- cells, we were able to rule out any PD-L1 expressing immune cells. FlowJo software was 

used to determine the percentage of PD-L1hi tumor cells in ex vivo tissue samples from both SPF 

and CoH mice (Figure 18). 

Tumor cells of SPF mice had significantly increased PD-L1 expression compared to 

tumor cells of CoH mice (Figure 19). Taken together with the increased PD-1 expression in 
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tumor-infiltrating CD8+ T cells of CoH mice (Figure 17), it appears that microbial experience 

may play a role in shaping the tumor microenvironment to downregulate PD-L1 expression. 

 
 

Figure 18: PD-L1hi tumor cell gating strategy for harvest tumor samples. 
FlowJo was used to gate populations of PD-L1hi tumor cells in CoH and SPF mice from 
weekly bleeds and tissues from harvest. (A) Single cells were obtained on side-scatter 
area (SSC-A) by side-scatter height (SSC-H). (B) Tumor cells were gated on forward-
scatter area (FSC-A) by side-scatter area (SSC-A) through exclusion of white blood cell 
region. (C) Distinct CD45- populations were gated on CD45 by side-scatter area (SSC-
A). (D) Gates for PD-L1hi tumor cell populations were drawn on PD-L1 by side-scatter 
area (SSC-A). Gating strategy was identical for all tissue harvests. Tumor pellet from 
mouse CoH 6-2 in Harvest 2 of Cohort 6 is shown above. 
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This assay was only conducted during cohort 6, as a response to the increased PD-1 

expression in CoH mice coupled with their decreased tumor weights. Future experiments in the 

Renkema lab should aim to characterize how a microbially experienced immune system shapes 

development of the B16 melanoma tumor microenvironment. Beyond melanoma tumor cells, it 

would be helpful to explore PD-L1 expression on tumor-infiltrating cells of the innate immune 

system. 

 
 

 
 

Figure 19: SPF mice have significantly increased PD-L1hi melanoma cells. 
Tumor cells of SPF mice show increased PD-L1 expression in samples of tumor pellet. 
(A) Data from Harvest 1 of Cohort 6 showing N = 7 SPF mice and N = 6 CoH mice. (B) 
Data from Harvest 2 of Cohort 6 showing N = 7 SPF mice and N = 6 CoH mice. Results 
were repeated 2 times. 
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Treatment with anti-PD-1 during in vitro stimulation may increase cytotoxicity of CD8+ T 
cells in CoH mice 
 

We have shown that, compared to SPF mice, tumor-infiltrating CD8+ T cells of CoH 

mice are more cytotoxic, have increased PD-1 expression, and are found in tumors with lower 

PD-L1 expression. To further investigate how PD-1/PD-L1 interactions within the tumor 

microenvironment impact CD8+ T cell cytotoxicity, we conducted an in vitro checkpoint 

blockade assay.  

Tumor-infiltrating CD8+ T cells from both SPF and CoH mice were cultured and 

stimulated with anti-CD3, anti-CD28, and supported with IL-2. Analogous tumor cells were 

added to each experimental well (not added to control wells). These conditions were designed to 

recreate the tumor microenvironment in vitro. Anti-PD-1 and/or anti-CTLA-4 antibodies were 

added to the experimental wells and incubated for 3 days. 1 mL of supernatant was collected 

from each well and frozen for future analysis. Remaining cell suspensions were stained with 

antibody panels 1-2 (Table 1) and flow cytometry analysis was conducted.  FlowJo software was 

used to determine the percentage of GzBhi CD8+ T cells in SPF and CoH mice 3 days after in 

vitro stimulation. A consistent gating strategy was applied to all in vitro stimulation data (Figure 

12). 

Consistent with our results reported in Figure 13, we show that CoH mice exhibit an 

increased proportion of GzBhi CD8+ T cells 3 days after in vitro stimulation under control 

conditions (Figure 20). In the presence of analogous tumor cells (+Tumor), it appears that overall 

cytotoxicity is diminished in both SPF and CoH mice compared to control, presumably due to 

the addition of PD-L1 expressing tumor cells. CoH mice retain higher proportions of cytotoxic 

CD8+ T cells after addition of analogous B16 melanoma tumor cells, though the difference is not 

significant. When anti-PD-1 treatment is added, we observe a very slight increase in GzBhi CD8+ 
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T cells in CoH mice compared to the +Tumor condition. The same result is observed for anti-

PD-1/anti-CTLA-4 combination therapy. Conversely, SPF mice show a slight decrease in GzBhi 

CD8+ T cells after anti-PD-1 and anti-PD-1/anti-CTLA-4 treatment compared to the +Tumor 

condition.  

 

Figure 20: Treatment with anti-PD-1 marginally increases GzBhi CD8+ T cell 
populations in CoH mice after in vitro stimulation. 
Tumor-infiltrating CD8+ T cells of CoH mice have significantly higher expression of 
Granzyme B after in vitro stimulation. Addition of analogous tumor cells results in an 
overall decrease in GzBhi CD8+ T cell populations, while addition of anti-PD-1 or 
combination anti-PD-1/anti-CTLA-4 therapy resulted in marginal increases in GzBhi 
CD8+ T cell populations in CoH mice. All groups represent N = 3 mice. Statistical 
significance was determined by individual unpaired t test per condition and Two-way 
ANOVA with Tukey’s returned no significance. Results have not been repeated. 
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CHAPTER 5: DISCUSSION 
 

To our knowledge, we are the only lab conducting cancer research in a cohoused mouse 

model. For reasons presented in this thesis, the use of cohoused mice in immunology research 

complements studies typically conducted with SPF mice. Not only do our results showcase the 

value of microbial experience in bolstering anti-tumor immunity, but they also highlight the 

potential deficiencies of research conducted solely in SPF mice. Here, we have used multiple 

modalities to show that microbial experience improves the anti-tumor immune response of CoH 

mice compared to SPF mice.  

CoH mice were generated by cohousing SPF mice with PS mice for 28 days. Transfer of 

common murine pathogens was confirmed by Charles River Research Animal Diagnostic 

Services (CR-RADS). Throughout the cohousing period, we observed increasing populations of 

CD44hiKLRG1hi CD8+ T cells in CoH mice, while these populations remained nearly absent in 

SPF mice. This phenotype indicated upregulation of CD44 in response to antigen exposure, as 

well as upregulation of KLRG1, which indicates differentiation of long-lived effector cells 

(LLECs). These CD8+ T cell populations display characteristics of both long-term memory 

pools as well as short-term effectors (Renkema et. al, 2020), and our results suggest that 

microbial exposures act to increase the presence LLECs in CoH mice after 28 days of cohousing. 

While this population of LLECs is typically quite small, they have been shown to display 

robust cytotoxicity (Renkema et. al, 2020). As such, CD44hiKLRG1hi remains a phenotype of 

interest due to its potential application in CD8+ T cell-mediated cancer vaccination strategies. 

Our results are consistent with data collected from previous cohorts in the Renkema lab 

(Groeber, 2020). 
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We then investigated the role of CD44hiKLRG1hi CD8+ T cells in response to B16 

melanoma challenge. At day 10 post-melanoma injection, we saw that CoH mice further 

increased expression of CD44hiKLRG1hi CD8+ T cells in the blood compared to day 28 of 

cohousing. This indicates the potential for further expansion of this antigen-experienced, 

differentiated, LLEC phenotype when challenged by B16 melanoma. This increase in 

CD44hiKLRG1hi CD8+ T cell populations was also observed in tissue samples from the spleen, 

dLN, and tumor of CoH mice. Notably, this phenotype is largely absent in the blood, spleen, and 

dLN of SPF mice, though its presence in the tumor is significant.  

Previous studies have shown that LLECs (CD44hiKLRG1hi phenotype) are found in 

decreasing proportions in the blood, spleen, and dLN, respectively (Olson et. al, 2013). Our 

results confirm the findings of Olson et al, while adding that LLECs are capable of infiltrating 

the tumor microenvironment. In fact, our results indicate that the CD44hiKLRG1hi phenotype 

comprises the majority of tumor-infiltrating CD8+ T cells in both SPF and CoH mice, though 

this proportion is significantly higher in CoH mice. Further investigation is needed to better 

characterize this tumor preference of LLECs in SPF mice. 

It is clear that challenge with B16 melanoma elicits an immune response from both SPF 

and CoH mice, but CoH mice possess greater populations of antigen experienced, differentiated 

CD8+ T cells. Further experiments were conducted to determine the cytotoxicity of these 

populations and their role in anti-tumor immunity. 

Microbial experience induces more antigen experienced and differentiated CD8+ T cell 

populations in CoH mice, which led us to further investigate their cytotoxic capacity. We 

measured cytotoxicity by expression of Granzyme B throughout cohousing and at 10 days post-

melanoma injection. We observed significantly increased GzBhi CD8+ T cell populations in CoH 
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mice by day 14 of cohousing, followed by a period of GzB downregulation that is consistent 

with the contraction phase of immunity. These results confirmed previous findings from the 

Renkema lab showing that GzB expression peaks early in the cohousing period, and is 

downregulated over time. However, our results differed slightly from those previously reported, 

as GzB expression peaked on day 14 in our cohorts, while prior cohorts showed GzB expression 

peaking by day 7 (Groeber, 2020). This difference is likely caused by variations in pathogen 

transfer from PS to CoH mice.  

Additionally, our trend of GzB expression over time coincided with our observations of 

CD44hiKLRG1hi expression over time, suggesting that these may be the same T cell populations. 

To better understand this relationship, GzBhiKLRG1hi CD8+ T cells were observed over time, 

and we found that this phenotype was almost identical in proportion and trend to the GzBhi 

CD8+ T cell populations (Figure 23, Appendix). This result is noteworthy as it again indicates an 

LLEC phenotype in its retention of KLRG1 expression after contraction (Renkema et. al, 2020). 

An upgrade to our flow cytometer’s license would permit us to stain with more antibodies per 

panel. This would make it possible to more accurately and efficiently investigate the presence of 

LLEC phenotypes such as CD44hiKLRG1hiGzBhi CD8+ T cells. For now, these comparisons 

provide some evidence that our CD44hiKLRG1hi populations and GzBhi populations are one and 

the same. 

GzB expression remained elevated in CoH mice at 10 days post-melanoma injection. 

This trend was observed in ex vivo tissue samples of blood, spleen, dLN, and tumor. The 

proportion of GzBhi tumor-infiltrating CD8+ T cells in CoH mice was nearly twofold greater 

than the proportion observed in SPF mice. These findings were again confirmed in cell culture 
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after in vitro stimulation, showing that GzBhi tumor-infiltrating CD8+ T cells of CoH mice are 

inherently more cytotoxic than cells from SPF mice.  

Taken together, these results indicate that previous microbial exposure may prime CD8+ 

T cells to mount a more robust cytotoxic intratumoral immune response. Further experiments 

should be conducted to examine the anti-tumor potential of CD8+ T cells adoptively transferred 

from CoH mice.  

To this point, we have established that CD8+ T cells of CoH mice are more antigen-

experienced, differentiated, and cytotoxic after 28 days of cohousing, as well as 10 days post-

melanoma injection. These findings have all been confirmed and repeated 2-3 times, and 

differences in cytotoxicity have been shown in vitro as well. We then investigated whether or not 

this increase in cytotoxicity would translate to increased control of tumor growth in CoH mice. 

Previous studies have shown the importance of the microbiome in controlling tumor 

growth. One study reconstituted the gut microbiome of SPF mice through oral gavage of 

ileocecal material from wild mice. They showed that colorectal tumor growth was better 

controlled in SPF mice with a reconstituted gut microbiome compared to standard SPF mice 

(Rosshart et. al, 2017). Another study showed that cancer treatments were more effective at 

controlling tumor growth in mice with a healthy gut microbiota (Iida et. al, 2013). Our results are 

consistent with these findings. In two cohorts of mice, we’ve shown that mice with microbial 

experience (CoH) have significantly smaller tumors than mice with no microbial experience 

(SPF). These results suggest that microbial experience may provide protection against tumor 

growth.  

An attempt was made to compare the rate of tumor growth in SPF and CoH mice. We 

tried to gather tumor area data by collecting daily tumor measurements with a digital caliper. 
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Unfortunately, these measurements were inconsistent and difficult to collect due to nature of B16 

melanoma tumor growth. The tumors remain quite small until approximately day 7 or 8 post-

injection, at which point, their size drastically increases. To collect these measurements in future 

cohorts, the timepoint for harvest may need to be extended beyond day 10 post-injection. This 

change would serve two purposes. First, it would allow us to take more accurate measurements 

of late-stage tumor growth, as the tumors would be larger. Secondly, it would help us determine 

the longevity of the tumor growth-control observed in CoH mice. 

PD-1 is relevant biomarker in the context of anti-tumor immunity, largely due to its 

inhibitory function on effector CD8+ T cells. The significant differences in tumor weight 

observed between SPF and CoH mice suggested the possibility that CD8+ T cells of CoH mice 

have decreased expression of PD-1. If so, decreased PD-1 expression may function to preserve 

anti-tumor immunity by allowing CD8+ T cells to retain their effector function and ability to lyse 

cancerous cells, thus resulting in decreased tumor burden. My hypothesis was quickly proven 

wrong when analyzing ex vivo tissue data from day 10 post-melanoma injection. CoH mice have 

significantly increased PD-1 expression in the spleen, dLN, and tumor. However, there is 

effectively no difference in PD-1 expression in the blood. Furthermore, gMFI analysis indicated 

that PD-1-expressing cells of CoH mice have significantly more PD-1 on their surface than PD-

1hi CD8+ T cells of SPF mice. 

During a normal activated CD8+ T cell response, PD-1 is upregulated as a mechanism of 

peripheral tolerance in order to prevent autoimmunity. We have shown that microbial exposure 

leads to increased activation of CD8+ T cells and increased upregulation of PD-1 in CD8+ T 

cells of CoH mice during cohousing. Downregulation of PD-1 precedes downregulation of GzB 

and LLEC contraction by approximately 7 days during cohousing. Future experiments should try 
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to determine if the observed populations of LLECs and PD-1hi CD8+ T cells are one and the 

same.  

We’ve shown that CD8+ T cells of CoH mice are more antigen experienced, 

differentiated, cytotoxic, and they control tumor growth better than SPF mice. However, they 

also exhibit increased expression of PD-1, which could increase susceptibility to effector 

function inhibition by PD-L1 expressing melanoma cells. After observing preliminary data from 

cohort 5, we decided to investigate differences in PD-L1 expression within the tumor 

microenvironment. 

Tumor cells of SPF mice had significantly increased PD-L1 expression compared to 

tumor cells of CoH mice. This result suggests that microbial experience may play a role in 

shaping the tumor microenvironment to downregulate PD-L1 expression. Future experiments 

should be done to characterize PD-L1 expression in the tumor microenvironment of CoH and 

SPF mice. It has been shown that IFN-% is one of the most potent inducers of PD-L1 expression 

(Zhang & Wang, 2019). Supernatant from tumor sample cell cultures was collected and stored 

for future ELISA analysis. Results of those assays may provide insight into why PD-L1 

expression is elevated in SPF mice.  

To further examine how PD-1/PD-L1 interactions are impacted by microbial experience, 

we developed a novel in vitro checkpoint blockade assay. Tumor samples were processed into 

single cell suspension and white blood cells were purified by density gradient centrifugation. 

Tumor-infiltrating white blood cells were stimulated in culture with anti-CD3/anti-CD28 and IL-

2. Analogous tumor cells were added to the culture, as well as anti-PD-1 and/or anti-CTLA-4 for 

the experimental conditions. 
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CoH mice exhibit an increased proportion of GzBhi CD8+ T cells under control 

conditions, and overall cytotoxicity is diminished in the +Tumor condition for both SPF and 

CoH mice compared to control. This result seemed reasonable considering the addition of PD-L1 

expressing tumor cells. The remaining comparisons in this assay yielded no significant results, 

but provided trends that may inform future experiments. We see that CoH mice retain higher 

proportions of cytotoxic CD8+ T cells after challenge with B16 melanoma tumor cells, and when 

anti-PD-1 treatment is added, we observe a very slight increase in GzBhi CD8+ T cells compared 

to the +Tumor condition. The same result is observed for anti-PD-1/anti-CTLA-4 combination 

therapy. However, SPF mice show a slight decrease in GzBhi CD8+ T cells after anti-PD-1 and 

anti-PD-1/anti-CTLA-4 treatment compared to the +Tumor condition.  

While the control group provided the only significant result between SPF and CoH mice, 

the trends observed in the treatment groups justify further investigation. Our in vitro checkpoint 

blockade assay is novel, and the protocol will undoubtedly require further fine-tuning. Future in 

vitro checkpoint blockade experiments in the Renkema lab should aim to increase tumor-

infiltrating CD8+ T cell counts through additional density gradient centrifugation or increased 

“mini-pooling” of samples from multiple mice. Additional experimentation to determine 

effective doses of anti-PD-1 and/or anti-CTLA-4 would also be beneficial. 

It is possible that SPF mice remain refractory to anti-PD-1 therapy due to their decreased 

PD-1 expressing CD8+ T cells and increased PD-L1 expression on melanoma tumor cells within 

the SPF tumor microenvironment. Conversely, CoH mice may be more responsive to anti-PD-1 

therapy due to microbial exposure that resulted in increased PD-1 expressing CD8+ T cell 

populations and decreased PD-L1 expression in the CoH tumor microenvironment. 
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This thesis shows that CoH mice exhibit significantly increased populations of antigen 

experienced, differentiated, and cytotoxic CD8+ T cells in blood, spleen, tumor-draining lymph 

nodes, and tumor. CD8+ T cells of CoH mice also exhibit significantly increased PD-1 

expression and slight increases in the efficacy of in vitro anti-PD-1 immunotherapy. Most 

importantly, our data show that CoH mice have superior anti-tumor immunity as evidenced by 

their significantly lower tumor weights when compared to the larger tumors of SPF mice. Taken 

together, our results show that microbial experience increases cytotoxicity of tumor-infiltrating 

CD8+ T cells and controls tumor growth. 
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APPENDICES: TABLES AND FIGURES 
 

 
Figure 21: Experimental design for producing cohoused mice. 
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Figure 22: Comparison of SPF vs. CoH tumor sizes and blood supply. 
While these images lack an appropriate measurement for scale, they do provide a good 
visual example of the tumor-associated angiogenesis consistently observed in SPF mice. 
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Figure 23: GzBhiKLRG1hi CD8+ T cells are elevated in CoH mice during cohousing 
period of 28 days, and are nearly identical in proportion and trend to GzBhi CD8+ T 
cells. 
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Figure 24: PD-1hi CD8+ T cell populations in CoH mice have significantly increased 
gross mean fluorescence intensity (gMFI) compared to SPF mice. 
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