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ABSTRACT 

 
The fecal microbiome composition has been associated with reduced efficacy of 

cancer therapy and adverse side effects in humans, and chemotherapy has been shown to 

alter the gut microbiome. The relationship between microbiota and chemotherapy 

efficacy and tolerability has not been investigated in dogs. We aimed to evaluate changes 

in fecal microbial diversity during a cycle of CHOP chemotherapy in dogs with 

lymphoma and whether these changes correlated with adverse events or treatment 

response.  

Eighteen dogs with lymphoma were prospectively enrolled, and stool samples 

were acquired weekly for 6 weeks during CHOP. Fecal samples was analyzed via 16S 

rRNA amplicon sequencing as previously described. Treatment-associated differences in 

richness, alpha and beta diversity were determined through comparison to data from 

healthy controls (n = 26) using factorial ANOVA and PERMANOVA.  

Dogs with lymphoma had decreased fecal microbial diversity when compared 

with healthy controls at baseline and throughout treatment (p= 0.0002, 0.0003, 0.0001). 

Alpha and beta diversity did not significantly change in dogs throughout a cycle of 

CHOP chemotherapy (p = 0.520 and 0.995). Samples pre-treated with antibiotics were 

significantly less diverse (alpha and beta diversity) than untreated samples (p = 0.002, 

0.0001 respectively). Dogs with lymphoma and fecal samples under the presence of 
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antibiotics had higher levels of Escherchia species in their feces compared to normal 

dogs. 

  The fecal microbiome of healthy dogs and dogs with lymphoma receiving CHOP 

is relatively stable over time, but dogs with lymphoma have reduced microbial diversity 

compared to healthy dogs before and during treatment. An increase in Proteobacteria 

abundance during treatment may be related to chemotherapy and/or antibiotic use.
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Chapter 1: INTRODUCTION 

1.1 The Microbiome and Cancer Development and Diagnosis  

The microbiome, or the resident bacterial populations associated with specific 

organ systems, has been implicated in the pathophysiology of numerous systemic 

disorders, including diabetes1, chronic kidney disease2, and cancer3, in both people and 

animals. The average human adult has approximately 3.8x1013 bacterial organisms in 

their body and these bacteria collectively have approximately 100x more genes and 

genetic material than the human genome itself4. This quantification helps explain how 

prevalent these bacteria are in our bodies under normal circumstances, and underscores 

how important they likely are in health and in disease.  

The majority of bacterial organisms in mammalian species reside primarily in the 

gastrointestinal tract, but are also present in the skin, saliva, urogential tract and even 

blood, each site with its own unique compositions5. These bacteria are symbiotic 

organisms that grow and change with their host organism as they age6, and their role in 

health and homeostasis is becoming clearer as more research is done in this field. These 

bacteria help maintain cellular homeostasis across a variety of organ systems through 

regulation of local and systemic immunity, protection against pathologic bacterial 

species, and their metabolic activity in the context of food and drug metabolism7. A large 

amount of literature now exists to support the link between cancer and the microbiome, 

and understanding this relationship can help guide future non-invasive diagnostics, 

preventive programs and treatments in patients with or at risk for cancer.  

Since a single gram of human feces has on average hundreds of billions of 

bacterial organisms comprised of 100-1000 different bacterial species and is as unique as 
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a fingerprint, accurate assessment of these populations via fecal sampling has historically 

been challenging8. Fecal culture methods provided initial characterization of these 

bacteria, but culture methods limit which bacteria can grow, and can miss large 

populations based on growth parameters. Polymerase chain reaction (PCR) provided 

more specific detection of bacterial DNA in feces, but is limited by appropriate primer 

generation and sequence characterization, and can miss rare populations in low 

quantities.  

The advent of high throughput 16s rRNA gene sequencing has dramatically 

changed the microbiome field, and this method is currently the gold standard for global 

detection of bacteria across multiple species, organ systems and sampling methods9. This 

genetic sequencing technique interrogates samples for the V1-V4 regions of bacterial 

DNA that encodes for 16s ribosomal RNA, which is then amplified for semi-quantitative 

analysis. This is a highly conserved genetic region on all bacteria with small, detectable 

changes that allows for taxonomy and accurate bacterial speciation, as well as semi-

quantitation. The majority of recent microbiome literature in humans, mice and dogs 

utilize this method, as will our study, outlined below.  

The gastrointestinal tract is the largest reservoir of bacteria in the human body, 

containing 70% of the total microbiome of an organism. Bacterial density is low in the 

upper gastrointestinal (GI) tract, for example the stomach, and this density increases as 

you travel farther down the GI tract into the colon, which represents the highest 

concentration and diversity of bacteria in the mammalian body10. These bacterial 

organisms have a myriad of effects on their host via their interaction with gastrointestinal 

mucosal epithelial cells. These bacteria are important in the maintenance of epithelial cell 
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junction integrity, nutrient absorption, drug and protein metabolism, and regulation of 

local and innate immunity7. They represent essential components of gastrointestinal 

homeostasis, and alterations to these microbial populations or deviations from normal, 

termed dysbiosis, have been associated with the initiation and development of gastric11, 

colorectal12, and hepatobiliary13 neoplasia in animal models and human clinical studies. 

The gastrointestinal microbiome specifically can be modulated with diet, lifestyle, 

antibiotics and pro-biotics, which gives clinicians multiple treatment modalities to 

explore in the future to help prevent and treat cancer in both dogs and humans14.  

The link between bacterial dysbiosis and cancer has been characterized 

previously, before 16s rRNA gene sequencing allowed us to accurately characterize 

large, diverse bacterial populations in the late 1990’s. As certain bacterial species grow 

and out-compete other organisms in their local vicinity, they can dramatically change the 

microenvironment in their immediate surrounding tissue, with potential deleterious 

effects for the host organism and tissue. Helicobacter pylori is one of the most common 

etiologic agents for infection-related cancer in humans15. This common gastric bacteria 

present in 50%  of the world’s human population can initiate neoplastic transformation in 

gastric epithelial and lymphoid tissue via induction of local, chronic inflammation related 

to persistent infection and overgrowth11. H. pylori can secrete bacterial genotoxic toxins 

that create a pro-inflammatory microenvironment around the site of infection, leading to 

ulceration, ongoing cellular proliferation, loss of epithelial cell polarity and dysregulation 

of crucial pro-survival cell signaling pathways (RAS) and tumor suppressor genes 

(p53)11. These cumulative changes from chronic infection predispose gastric epithelial 

cells to neoplastic transformation and to the development of gastric cancer.  
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The majority of recent research involving the role of the gastrointestinal 

microbiome in cancer initiation is in the setting of colorectal cancer (CRC), the 3rd 

leading cause of cancer-related death in the USA. As a regulator of gastrointestinal 

homeostasis, several mouse model and human clinical studies support a stepwise 

alteration in the composition of the gut microbiota, likely related to diet, lifestyle and 

underlying genetic mutations, in the development of CRC in humans1216. As the normal 

bacterial flora in the colon change in response to environmental and genetic factors, 

certain normally symbiotic species can proliferate and out-compete other commensal 

bacteria for resources, resulting in bacterial dysbiosis and subsequent persistent local 

inflammation. This inflammation and production of bacterial products, often associated 

with colonic polyps, can lead to neoplastic transformation of normal colonic epithelial 

cells17. This was shown elegantly in a mouse-model where biofilms produced from 

bacteria associated with experimentally induced colonic neoplasia were able to induce 

neoplastic changes in otherwise healthy mice colons when transplanted18, implying that 

bacterial infection can drive neoplastic transformation in the colon.  

Chronic infection is not the only way that bacteria can induce neoplastic changes 

in the GI tract. Butyrate is a short-chain fatty acid produced from dietary fiber solely by 

colonic bacteria, and is the principal energy source for colonic epithelial cells. Different 

bacterial species have differential abilities to produce butyrate, and dysbiosis from diet 

and lifestyle can select for overgrowth of poor butyrate producer’s, as well as a reduction 

in butyrate-producing bacteria. This reduction in normal butyrate production has been 

shown to predispose humans to colorectal adenomas and carcinomas19. High fiber diets 

show a dose-responsive protective effect against development of CRC20,21 and even 
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survival after treatment in humans, and decreased butyrate production likely plays a role 

in these observations via its role in maintaining normal colonic epithelial health.  

Besides its role as an energy source, butyrate is also capable of accumulating in 

neoplastic and pre-neoplastic cells and acting as a histone deacetylase inhibitor (HDACi), 

and butyrate has been shown to induce tumor cell apoptosis in vitro and in vivo22 . For 

normal or increased gene transcription, it is important for cells to acetylate their histones, 

which exposes normal nuclear DNA to transcription machinery. Treatment with HDACi 

can result in tumor suppressor gene expression or modulate existing proliferation 

pathways cancer cells rely on, both of which result in apoptosis and cell death23. These 

findings highlight that not only can colonic bacteria induce neoplastic transformation via 

induction of inflammation, but also through their production of metabolic products and 

nutrients for colonic tissue.  

 Fecal dysbiosis has been shown to be a relevant, non-invasive biomarker for 

CRC diagnosis and screening, which has serious implications on patient survival given 

that early detection and treatment is associated with improved survival times for patients 

with CRC24. Numerous studies have shown that while patients with CRC have similar 

overall fecal microbiomes, there are sets of significantly enriched or absent bacterial taxa 

that can accurately differentiate CRC from normal populations via fecal sampling25. A 

recent meta-analysis revealed a specificity and sensitivity of 70-80% when using fecal F. 

nucleatum detection alone as a marker for CRC in human patients26, and highlights its 

value in cancer screening, especially when combined with other diagnostic tests including 

fecal occult blood test, and colonoscopy.  
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These dysbiotic colonic microbial profiles are distinct from adjacent normal 

colonic mucosal populations16, and are thought to contribute to polyp and neoplastic 

transformation via their secretion of local pro-inflammatory toxins, alteration of cell 

signaling pathways, and/or inhibition of local anti-tumor immunity. For example, 

Fusobacterium nucleatum and Bacteroides fragilis, both commensal gastrointestinal 

flora, can directly invade colonic epithelial cells and mediate changes in β-catenin and 

Wnt signaling26,16. This can lead to inappropriate cellular proliferation and pre-neoplastic 

transformation. 

In children with acute lymphoid leukemia (ALL), microbiome analysis was able 

to accurately distinguish them from their unaffected siblings before and during treatment 

with chemotherapy27. Affected children had reduced overall diversity compared to their 

unaffected siblings. Taken together, it is clear that disruption of the normal fecal 

microbiome can lead to or be a biomarker for initiation of CRC and possibly other 

neoplasia and that specific bacterial taxa can promote CRC development and progression. 

The liver, pancreas and biliary tract are all exposed to gastrointestinal flora via 

their intimate involvement with the portal vein. Numerous experimental and clinical 

studies suggest an association between microbial dysbiosis and the development of 

hepatobiliary neoplasia in humans13,28. Helicobacter species have been isolated from 

hepatocellular carcinoma samples with no bacteria detected in normal hepatic tissue28,29, 

and the majority of chronic Salomnella typhi carriers have persistent infection in their 

gallbladders associated with cholelith formation29, which is thought to be a major 

predisposing factor for developing biliary neoplasia. This predisposition to biliary 

neoplastic transformation is thought in part to biofilm formation and secretion of 
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genotoxic products, as well as activation of the MAPK and AKT intracellular signaling 

pathways, which is important in mucosal repair and regeneration, but can also lead to 

cellular transformation. In addition, intestinal dysbiosis can result in increased local and 

systemic levels of lipopolysaccharide, which can stimulate the innate immune system30 

via its interaction with toll-like receptors (TLRs). As chronic inflammation leads to 

abnormal cellular function and mucosal integrity is impacted, this may also allow for 

more bacterial translocation across the gastrointestinal epithelial cells, which may also be 

involved in stimulating the innate immune system globally.  

Oral inflammation and periodontal disease, or increased oral bacterial load, have 

been associated with pancreatic cancer development in multiple human epidemiologic 

studies31,32, and detection of Fusobacterium species within pancreatic tumor samples is 

associated with decreased overall survival33. Postulated mechanisms for this observed 

relationship again involve bacterial translocation across damaged mucosal membranes 

and colonization of tumor tissue through its abnormal blood supply. These studies 

provide ample evidence of cross-talk between resident GI microbiota and hepatobiliary 

cancer, and highlight the relationship between the microbiome and cancer development, 

prognosis and treatment.  

The role of microbiome dysbiosis as a driver of neoplastic transformation is less 

clear in other tumor types, but compelling nonetheless. Fecal microbiota were less 

diverse and compositionally different in postmenopausal women with breast cancer when 

compared to those without breast cancer34,35. These women with breast cancer also had 

higher levels of circulating estrogen in their blood, a known driver of breast cancer in 

humans and dogs. An organism’s gastrointestinal flora has previously been shown to 
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modulate systemic estrogen production36. These findings offer a potential mechanistic 

hypothesis for how the GI microbiome may affect breast cancer development in humans 

via their effects on estrogen production, and hint at a role in lifestyle and dietary 

modification for prevention and treatment of breast cancer.  

In conclusion, modulation of the GI microbiome has been implicated in the 

development of numerous tumors in mice and humans, and further characterization of 

this relationship may help improve cancer screening and treatment in the future.  

 

1.2 The Microbiome and Cancer Treatment  

Systemic chemotherapy, radiation therapy and immunotherapy are essential parts 

of multi-modal approach for treating neoplasia in humans and dogs. Depending on the 

tumor type and chemotherapy protocol, chemotherapy-induced gastrointestinal toxicity 

(CIGT) in the form of diarrhea, mucositis, vomiting and nausea can affect up to 50% of 

patients undergoing therapy37, and these expected side effects can have significant 

implications for patient outcomes. Besides its obvious effects on quality of life, CIGT can 

result in dose reductions, delays and treatment-related hospitalization, which have been 

shown to negatively affect survival in treated patients across multiple tumor types38,39.  

The tolerability of a specific protocol in a specific patient is therefore vitally important to 

maximize good treatment outcomes.  

The gut microbiome is an important modulator of barrier function and epithelial 

cell homeostasis throughout the entire GI tract, and alterations to these populations has 

been strongly implicated in the pathogenesis of CIGT40. Inflammation and mucositis are 

the most common histologic lesion associated with CIGT, and gut bacteria can also 
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modulate tight junctions between epithelial cells via secretion of bacterial toxins. 

Disruption of normal gastrointestinal flora has been associated with intestinal crypt 

apoptosis, villous atrophy, and increased intestinal permeability in both neoplastic and 

non-neoplastic gastrointestinal disease40. This pathology can lead to disruption of the 

normal gastrointestinal mucosa, bacterial translocation, modification of local immunity 

and even sepsis. Systemic chemotherapy itself has been shown to result in often profound 

gastrointestinal dysbiosis41,42 and intestinal domination43, where a single taxon or 

bacterial group represents greater than 30% of the total intestinal bacterial load. It is 

likely that the combined effects of pre-treatment dysbiosis, antibiotic prophylaxis and 

chemotherapy-induced dysbiosis all play important roles in how patients tolerate 

systemic chemotherapy.  

Besides modulation of CIGT, fecal dysbiosis have been associated with risk of 

sepsis, a significant side effect of systemic chemotherapy and immunotherapy. In human 

adult patients with non-Hodgkin lymphoma undergoing allogeneic hematopoietic stem 

cell transplantation (HSC), fecal sampling before intense multi-agent chemotherapy 

treatment could accurately predict patients at high-risk for blood stream infections44 

(BSI) and graft-vs-host disease (GVD), which can be fatal in this setting. Similar findings 

were also made in a recent study of children undergoing induction chemotherapy for 

acute lymphoblastic leukemia (ALL). As in the previously mentioned study, patients who 

started with less overall microbial diversity or lost microbial diversity from treatment 

were significantly more likely to contract a BSI, hinting at the role commensal bacteria 

may play in mitigating this important side effect of systemic anti-neoplastic therapy. 

These clinical studies point to using pre-treatment fecal sampling to predict BSI and 
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CIGT in patients undergoing multi-agent chemotherapy, which may have implications on 

protocol selection, dose intensity and overall response to therapy.  

Individual differences between patient’s gut microbiomes have been shown to be 

important contributors to systemic immune responses in autoimmune disease and 

immune-mediated disease via their influence on global cytokine production45,46, intestinal 

permeability46 and overall immune function47. When considering the effect of the 

microbiome on cancer therapy, mouse models have previously shown that the anti-tumor 

effects of cyclophosphamide, a commonly used chemotherapy agent, are at least partially 

mediated the gut microbiota48. This study showed that implanted tumors from germ-free 

mice or mice that received systemic antibiotics before treatment were resistant to the 

effects of cyclophosphamide chemotherapy. In a similar study17, it was demonstrated that 

the pretreatment with antibiotics made transplanted sarcomas resistant to the effects of 

carboplatin and cisplatin, chemotherapy agents commonly used in human medical 

oncology for solid tumors. In both studies, it appears that gastrointestinal bacteria 

partially mediate patient response to chemotherapy via their induction of the innate 

immune system. Proposed pathways include bacterial stimulation and priming of 

intestinal antigen presenting cells and induction of specific antitumor Th17 cells3.  

Recent evidence also suggests that specific microbial species, such as 

Fusobacterium nucleatum, can mediate local response to chemotherapy protocols 

commonly used when treating CRC patients after or in place of surgery49. It is believed 

that intra-tumoral infection with F. nucleatum can induce local chemoresistance via 

induction of autophagy in CRC cells, which is protective against chemotherapy-induced 

apoptosis. These studies provide a mechanistic hypothesis and evidence for how the gut 
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microbiome can affect a patient’s response to systemic chemotherapy, with significant 

implications for overall survival based on changes to a patient’s microbiome. 

In addition to in vitro and in vivo mouse models, human clinical studies have 

helped reinforce the link between antibiotic therapy, subsequent alteration to the GI 

microbiome, and response to chemotherapy and immunotherapy. The use of antibiotics 

before or during chemotherapy treatment has been shown to reduce the efficacy of 

multiple chemotherapeutic agents, including 5-FU50, cyclophosphamide48, platinum 

agents17, and checkpoint inhibitors51, which has important ramifications for treatment 

results. Pre-treatment modulation of the GI microbiome and judicious antibiotic usage 

may help our patients better tolerate therapy, which hopefully may lead to improved 

outcomes across species.  

Immunotherapy with checkpoint inhibitors, including CTLA-4 and PD-1 

inhibitors, are recent additions to the armament of medical oncologists, and have shown 

impressive responses in people with tumors non-responsive to traditional cytotoxic 

chemotherapy52. These agents favor antitumor T-cell proliferation and stimulation of the 

immune system partially via depletion of Regulatory T (TReg) cells, which can inhibit 

normal immune function. Initial observations in mouse models revealed that anti CTLA-4 

therapy was not effective in orthotopic cancer mouse models that were germ-free or had 

received pre-treatment antibiotics53. Treatment with antibiotics before or during systemic 

chemotherapy or immunotherapy has also been reported to affect survival times of human 

patients with hepatocellular carcinoma54, esophageal cancer55, and chronic lymphocytic 

leukemia56 (CLL). A large body of evidence now supports that modulation of the 

gastrointestinal microbiome with antibiotics can have significant negative effects on 
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human patients receiving chemotherapy or immunotherapy, with significant implications 

for patient management in the future.  

Given the previously mentioned studies, non-invasive modulation of the 

microbiome with diet and probiotics offers an exciting opportunity to potentially improve 

patient welfare and cancer treatment tolerability. A systematic review by the 

Multinational Association of Supportive Care in Cancer (MASCC) group with associated 

treatment guidelines suggests that using Lactobacillus-based probiotics in patients 

receiving chemotherapy or radiation therapy reduces diarrhea incidence and severity 

across tumor types57. Several recent clinical trials outlined below have also revealed a 

benefit to patients receiving probiotics for preventing and reducing CIGT and diarrhea 

after chemotherapy and gastrointestinal surgery. For example, severe oral mucositis from 

chemoradiation was reduced in patients with head and neck cancer receiving oral 

probiotics58, and probiotic therapy reduced the prevalence of CIGT in children 

undergoing induction chemotherapy for acute lymphocytic leukemia (ALL)59. Several 

studies have also shown oral probiotic therapy to reduce the incidence of diarrhea and 

ileus in patients receiving pelvic irradiation60 and after colonic surgery for neoplasia61. 

This large volume of research now supports further investigation and larger, controlled 

clinical trials regarding the use of probiotics to treat or prevent CIGT, surgery and 

radiation-induced mucositis in humans, and possibly other species.  

The gut microbiome also can affect chemotherapy tolerability through its effect 

on drug metabolism62. Many therapies given orally and systemically are modified either 

directly (reduction, demethylation and deamination) or indirectly (competition for host 

enzymes, effects on enterohepatic recycling) by gastrointestinal flora, and may explain 
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interpersonal differences in toxicity profiles and treatment responses between otherwise 

genetically similar patients63. Chemotherapy can also alter metabolic pathways in the 

bacteria themselves, and can result in metabolite production that favors intestinal 

inflammation64, as well as decreased or increased systemic clearance of chemotherapeutic 

agents based on different microbial populations. Understanding how the gut microbiome 

modulates chemotherapy metabolism, CIGT and systemic immune responses will be an 

important part of optimizing personalized treatments for patients undergoing systemic 

therapy and provide possible therapeutic opportunities for clinicians. 

 

1.3 The Microbiome in Veterinary Medicine 

The canine model for spontaneously occurring cancer offers researchers and clinicians a 

unique opportunity for studying how the microbiome impacts cancer development, 

treatment and prognosis65. Cancer in dogs and humans have similar clinical presentations 

and pathophysiology, and as a species, dogs have large amounts of medical surveillance 

and preventative health care that increase the animal model’s translational utility66. 

Though much of the pioneering microbiome research is done in mouse models of disease, 

the fact that cancer occurs naturally in dogs offers many advantages over the mouse 

model. Some of these advantages include normal immune systems, similar treatment 

protocols, increased genetic homology between dog and man, similar dermal and fecal 

microbiomes6768, and similar lifestyles and environments. In the setting of cancer 

research, mice cannot vomit and dogs can, which has implications for assessing 

gastrointestinal disease in the context of chemotherapy and clinical signs associated with 

their cancer.  
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 The canine fecal microbiome has been characterized in normal dogs69 in the 

context of gastrointestinal disease70,71, and even systemic neoplasia72. Normal dog and 

human fecal microbiota typically consists of the following phyla: Firmicutes, 

Fusobacteria, Bacteroidetes, Proteobacteria, and Actinobacteria.  Clostridium organisms 

are consistently the most abundant taxa described in both species71. The phyla Firmicutes 

are especially important for butyrate production, which is essential for colonic epithelial 

cell health and homeostasis, and has implications for dysbiosis affecting diarrhea and 

normal colonic health. The impact of diet and lifestyle is important when discussing 

changes to gastrointestinal flora, and besides similar overall compositions, the canine 

fecal microbiome has been shown to change in the same ways as humans in regards to 

diet challenge and antibiotic administrations7374,75, again providing clinical relevance for 

the canine model. Breed-specific microbiome profiles have been reported in dogs76, and 

imply the possibility of breed-specific disease pathophysiology and treatments if more 

data corroborates these findings.  

 The fecal microbiome in dogs has been shown to be different in healthy dogs 

compared to dogs with acute diarrhea70, parvovirus infection77, and chronic 

enteropathies78,79. Fecal dysbiosis and decreased microbial diversity are associated with 

acute and chronic diarrhea, and changes to butyrate-producing bacterial populations have 

been implicated in disease pathogenesis. Some studies have revealed conflicting 

results71,80. These studies all show reductions in diversity, dysbiosis and significant 

changes to the canine gastrointestinal microbiome in the setting of both neoplastic and 

inflammatory gastrointestinal disease. What is unclear at this time is if their underlying 

pathophysiology causes bacterial dysbiosis, or if bacterial dysbiosis precedes and  
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 In the setting of veterinary oncology, the fecal microbiome has been characterized 

both in dogs with GI lymphoma78 and multi-centric lymphoma72 and cats with GI small-

cell lymphoma81. These studies revealed significant differences in the composition of the 

fecal microbiome patients with lymphoma compared to normal dogs and cats, and they 

revealed microbial patterns of dysbiosis similar to human and animal patients with 

chronic inflammatory enteropathies. A common theme of these small studies is the 

presence of significant bacterial dysbiosis or bacterial invasion of normal tissue at the 

time of diagnosis of cancer, although, as stated previously, it is unclear if these changes 

are drivers of neoplastic transformation or simply sequelae to the underlying disease 

pathology.  

Besides changes to the overall fecal microbiome, bacterial colonization of actual 

neoplastic tissue has been implicated in the development of CRC. Bacterial colonization 

of colorectal carcinomas in dogs has been shown to be different from normal colonic 

mucosa in healthy dogs just like in humans82, although changes in bacterial populations 

between neoplastic and adjacent non-tumor tissue were not significantly different, as was 

found in human studies. Cats with large-cell alimentary lymphoma have been shown to 

have more mucosa-invasive bacteria on histopathology as well as increased intravascular 

bacteria and serosal colonization when compared to healthy cats, cats with non-neoplastic 

enteropathies, and even cats with small-cell alimentary lymphoma81.  

predisposes these patients to subsequent disease.  

 Clinical studies supporting the use of treatment interventions to correct fecal 

dysbiosis and gastrointestinal signs are limited in veterinary medicine, but encouraging. 

Probiotics are live microorganisms given orally, and may help establish or re-establish a 
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healthy gastrointestinal microbial community. The veterinary literature characterizing the 

benefit of probiotics in the setting of acute diarrhea and chronic gastrointestinal disease is 

conflicting, just as in human literature. Reductions in duration and severity diarrhea have 

been documented in controlled trials involving probiotics83,84, but not all studies have 

shown a benefit in the setting of acute diarrhea85.  Given its lack of adverse effects and 

ease of administration, probiotics are a reasonable choice for dogs experiencing 

uncomplicated acute and chronic diarrhea, even in the setting of neoplastic disease.   

Finally, a recent prospective placebo-controlled study investigated the use of 

probiotics in dogs receiving multi-agent chemotherapy for multi-centric lymphoma86. 

Though not statistically significant, no dogs receiving probiotic (n=5) experienced 

diarrhea, while 4 out of 5 dogs receiving placebo experienced diarrhea while receiving 

chemotherapy. This study also found an increase in Streptococcus and E.coli levels in 

dogs receiving probiotics and chemotherapy, although some patients in this treatment 

population received broad-spectrum antibiotics, which has been shown to perturb the 

fecal microbiome and can result in overgrowth of E. coli87, possibly related to increased 

intestinal oxygen content from disruption of mucosal tight junction integrity. These 

studies highlight the need for larger, prospective veterinary trials to better characterize 

the fecal microbiome in dogs with cancer, in order to create a foundation for investigating 

treatment interventions across species.  

 Another exciting intersection of microbiology and medicine is in the setting of 

fecal transplants. Fecal microbiota transplants (FMT) takes species-appropriate stool 

samples from healthy patients without gastrointestinal disease, and administer them to 

sick patients with clinical gastrointestinal disease. The goal of FMT is to restore eubiosis, 
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or a “normal”, healthy microbiome88. Fecal samples can be given orally, via nasogastric 

tube, deposited via colonoscopy, or given as an enema. While primarily used in the 

setting of resistant clostridium difficile infection in humans, several veterinary studies 

have shown a benefit to patients receiving FMT in a variety of settings, including 

parvovirus infection89, chronic inflammatory bowel disease90, and acute diarrhea91. 

Though the role of FMT in cancer and chemotherapy-induced gastrointestinal disease is 

in its infancy and currently being investigated, possible benefits from therapy aimed at 

restoring normal fecal bacteria include colorectal cancer prevention, pre-treatment FMT 

to optimize immunotherapy agents like PD-1 inhibitors, and to prevent graft-vs-host 

disease in allogenic stem cell transplant92. 

The canine cutaneous microbiome has also been well studied, specifically in the 

context of atopic dermatitis and allergic skin disease, and dysbiosis of both intestinal and 

cutaneous microbiomes has been implicated as a pathologic lesion leading to or 

exacerbating disease93,94. Other bacterial populations associated with organ systems have 

been described in dogs, including the oral95, nasal96, vaginal97 and urinary98 microbiome, 

though their relationship with cancer development and treatment remains unexplored. 

Previous literature has shown that dog ownership significantly increased shared skin 

microbiota in cohabitating adults68, again pointing to the role of environmental exposure 

on the various microbiota, and lending utility to this animal model for studying the 

intersection of cancer and the microbiome from a translational aspect.  

In conclusion, man’s best friend offers a spontaneously-occurring, natural model 

of cancer to help researchers and clinicians understand the intersection of the microbiome 

and cancer for the benefit of both species.  
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1.4 Lymphoma and Chemotherapy in Dogs 

Lymphoma is a complex neoplastic process involving clonal expansion of most 

commonly immature lymphocytes, though there are up to 2 distinct histologic subtypes 

characterized. The most common subtype of non-Hodgkin’s lymphoma in dogs and 

humans is diffuse large B-cell lymphoma, a cancer of B-cell lymphoblasts. Not only do 

these tumors share cytologic and histologic features together, they also have a similar 

disease onset, progression, and response to treatment99. Increased incidence of certain 

histologic subtypes in specific breeds gives researchers clues to understanding the genetic 

make-up underlying each specific form of lymphoma100.  These findings make the 

companion animal model for spontaneously occurring cancer an ideal research model to 

investigate molecular mechanisms of disease as well as novel treatments.  

Given that hematopoietic cancers like lymphoma are commonly rapidly dividing, 

they are often sensitive to cytotoxic chemotherapy. The most common multi-agent 

chemotherapy protocols for both humans and dogs with lymphoblastic lymphoma are 

CHOP-based101,102, which involves combinations of the following drugs: 

cyclophosphamide, doxorubicin, vincristine and the steroid prednisone. These drugs are 

given orally and intravenously on a weekly basis for up to 4 monthly cycles, with the 

hopes of inducing a durable, complete remission in treated patients. Bone marrow 

suppression is the most common dose-limiting toxicity in both dogs and humans during 

treatment, although GI signs are common102.  

Though the protocols are similar in agents used and dosing schedule, the doses of 

individual drugs are significantly reduced for both cyclophosphamide and vincristine 

when veterinary patients are treated.  This results in generally well-tolerated 
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chemotherapy for companion animals with the majority of patients (>80%) treated with 

CHOP-based chemotherapy having only mild, self-limiting gastrointestinal signs as their 

major clinical signs during treatment103. Though bone marrow suppression in the form of 

neutropenia is common during treatment, most canine patients do not experience related 

clinical signs.  Up to 10% of veterinary patients treated with chemotherapy may get sick 

enough during treatment to require hospitalization, and episodes of severe, prolonged 

neutropenia can predispose patients to opportunistic blood stream infections (BSI’s), 

which are serious and require immediate medical intervention. 

The reduced dose intensity in veterinary patients results in similar initial 

responses for humans and dogs with lymphoblastic lymphoma treated with CHOP 

chemotherapy, but reduced duration of remission and control of disease. The majority of 

human patients with B-cell lymphoblastic lymphoma are cured when CHOP 

chemotherapy is combined with Rituximab immunotherapy104. In dogs with B-cell 

lymphoblastic lymphoma treated with CHOP-based chemotherapy, the median survival 

time ranges from 12-18 months. Most patients respond to their chemotherapy  (>80%) 

just like in humans, but long-term control of the disease with chemotherapy alone is 

extremely uncommon in veterinary medicine.  
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Chapter 2: MATERIALS AND METHODS 

2.1 Study Design and Methodology 

 The current study was performed prospectively at the University of Missouri 

Veterinary Healthy Center (VHC), a referral and primary care veterinary hospital located 

in Columbia, MO, USA. All treated dogs (n=18) contributing samples to the current 

study presented to the VHC for clinical signs related to large-cell lymphoma between 

August 2018- August 2020. Inclusion criteria included a cytologic or histopathologic 

diagnosis of intermediate to large-cell lymphoma and intent to treat with a standardized 

CHOP chemotherapy protocol. Exclusion criteria for the study population included 

presence of vomiting or diarrhea at treatment initiation, documented gastrointestinal 

lymphoma involvement, and any antibiotic use within the previous 2 weeks. Patients in 

the study had a fecal sample collected at the time of treatment initiation, and fecal 

samples were subsequently taken weekly throughout the first cycle of CHOP 

chemotherapy.  

Patients were followed longitudinally through their first cycle of CHOP for a total 

of 6 time points (Baseline, Week 2, Week 3, Week 4, Week 5, and Week 6). These 

weekly time-points were designated based on the weekly CHOP chemotherapy cycle. 

Briefly, baseline samples were collected before vincristine (1-A) chemotherapy 

administration, week 2 was collected before cyclophosphamide (1-B) administration, 

week 3 before vincristine (1-C), week 4 before doxorubicin (1-D), week 5 samples were 

collected 1 week after doxorubicin (1-D) administration, and week 6 samples were 

collected before vincristine (2-A).  
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Samples were also collected if there was a treatment delay due to neutropenia or 

clinical signs. If treatment was delayed, delayed samples were placed into their respective 

categories as stated above, based on their location in the CHOP cycle. Owner 

questionnaires were completed at study onset and for each fecal collection for both 

treated and control populations. Questionnaires included information on diet, appetite, 

current medications, vomiting, diarrhea, antibiotic usage, recent anesthesia, and travel 

history.  

Fecal samples were contemporaneously collected from healthy dogs (n=26) on 

Day 0, Day 4, Day 7 and Day 21 for a relevant control population. These dogs were 

owned by VHC staff and students, were apparently healthy, had no GI signs for >2 

weeks, did not develop GI signs during the study period, and were not receiving 

antibiotics.  

 

2.2 Sample Collection 

Initial fecal samples were collected in all dogs with a glove and sterile lubricant via rectal 

examination, and at each appointment for the first cycle of CHOP and for 1 week after. 

Samples were stored at -80◦ C until DNA extraction and analysis. For normal dogs and 

treated dogs who were not seen at the VHC at specific time points, fecal sample 

collection kits were sent home with owners to collect naturally voided samples. This most 

commonly occurred on Week 2 (cyclophosphamide) and Week 5 (CBC only week) when 

pet owners were most likely to visit their referring veterinarian instead of return to the 

specialty clinic. These kits included owner questionnaires, pre-labeled Eppendorf tubes, 

gloves, cotton tip applicators, and instructions for collection and storage. Samples 
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collected at home were stored at -20◦ C freezers at each dog’s home, and returned to the 

VHC on ice at the next chemotherapy visit. Samples were subsequently transferred to -

80◦C until final analysis. This study was approved by the University of Missouri IACUC 

(protocol #9599). Written informed consent was obtained from all owners of enrolled 

dogs.  

 

2.3 DNA Extraction and Analysis 

DNA was extracted from all fecal samples and processed as described previously105. 

Briefly, frozen fecal samples were thawed and DNA was extracted using the QIAamp 

PowerFecal DNA Kit and purified with the DNeasy kit following manufacturer’s 

instructions. The bead-beating step was performed on a tissue homogenizer for 10 

minutes. Yields were determined via fluorometry (Qubit 2.0, Life Technologies, 

Carlsbad, CA), and DNA samples were stored at -20◦C until PCR and sequencing.  

Library construction and sequencing was performed at the University of Missouri 

DNA Core facility, as previously described106. Briefly, 16s rRNA amplicons were 

generated via amplification of the V4 region of the 16s rRNA gene using single-indexed 

universal primers (U515F/806R) flanked by Illumina standard adapter sequences. 

Following amplification, products were pooled for sequencing using the Illumina MiSeq 

platform and V2 chemistry with 2x250 bp paired end reads.  

Assembly, annotation and binning of DNA sequences were performed at the 

University of Missouri Informatics Research Core facility as previously described106. 

Metrics of richness and α-diversity were determined based on a rarefied dataset 

subsampled to a uniform read count of 16,205 reads per sample using 
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beta_diversity_through_plots.py, available at 

http://qiime.org/scripts/beta_diversity_through_plots.html  

 

2.4 Statistical Analysis 

For microbiota analysis, samples with less than 10,000 reads were excluded from the data 

set, which did not result in exclusion of any treated or control dogs for this study. Bar 

graphs and principal component analyses of data were generated by using Excel 

(Microsoft, Redmond, VA) and visually inspected for descriptive analysis of consistency 

between animals (bar graphs) or clustering of animals within groups (principal 

component analysis).  

Differences in α-diversity and β-diversity between control and treatment sample 

communities were determined using one-way permutational multivariate analysis of 

variance (PERMANOVA), implemented in Past 4.02107. Differences were then visualized 

and tested for significance (control vs treatment) via principal coordinate analysis 

(PCoA) and one-way PERMANOVA, respectively. In both analyses (i.e., PCoA and 

PERMANOVA), comparisons were performed using unweighted (i.e Jaccard) similarity 

indexes. In all cases, significance was established as p < 0.05 or lower. α-diversity was 

analyzed using Shannon evenness indices generated in Past 4.02. Differences in α-

diversity were first tested for normality, followed by testing for group differences using 

Mann-Whitney Rank Sum Test on ranks due to the lack of normality, and one-way 

ANOVA. Equal variance was tested, and data sets that displayed equal variance had a 

two-tailed t-test performed for group comparison, while Welch’s t-test was used when 

equal variance was not found.  
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Heat maps, Random Forest graphs with variable importance and two-sample T-

tests comparisons with Wilcoxon rank-sum tests were all generated and analyzed using 

MetaboAnalyst 5.0 as previously described108.  
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Chapter 3: RESULTS 

3.1 Longitudinal Healthy Control Data 

 Fecal samples were collected from 26 apparently healthy dogs at 4 time points 

(Day 0, Day 4, Day 7 and Day 21) over a 3-week period for a relevant control population. 

A total of 104 samples were collected for this control population. All dogs were on a 

commercial diet, were clinically healthy, were not receiving antibiotics, and had not had 

any episodes of vomiting or diarrhea for >2 weeks. No significant difference in α-

diversity (Figure 1) or β-diversity (Figure 2) was detected across the study period in the 

control population. No dogs developed GI signs or clinical illness during the study 

period.  

Rectal swabs were performed at the same time as sterile fecal sample collection 

on Day 0, and analyzed separately. Unfortunately, rectal swabs reliably yielded poorer 

coverage than fecal samples and captured a different microbial diversity. Data from rectal 

swabs was not used in any data analysis. These findings taken together show that the 

fecal microbiome is relatively stable in healthy dogs on commercial dog food diets over 3 

weeks.  

 

3.2 Treatment Population  

Fecal samples were collected from 18 dogs with intermediate to large-cell 

lymphoma throughout and after their first cycle of CHOP chemotherapy. A total of 102 

fecal samples were collected for this treatment population. All dogs had a cytologic or 

histologic diagnosis of intermediate to large-cell lymphoma, were treated with a CHOP-



 26  

based chemotherapy protocol, were on a commercial diet, were not receiving antibiotics, 

and had not had any episodes of vomiting or diarrhea for >1 week before presentation.  

The majority of the treatment population consisted of mixed breed dogs (n=10), 

with Labrador Retrievers (n=2), Beagles (n=2), Golden Retrievers (n=1), Standard 

Poodles (n=1), Australian Shepherd (n=1) and Boxers (n=1) comprising the rest of the 

population. All dogs were diagnosed via cytology, except for 1 dog who had lymph node 

extirpation and histopathologic assessment as part of their initial diagnostics. The 

majority of dogs had B-cell lymphoma (n=12), while 1 dog had T-cell lymphoma, 1 dog 

had concurrent T-zone lymphoma and large B-cell lymphoma, and immunophenotype 

was unknown in 4 dogs. The majority of dogs were substage A (n=14), with 4 dogs 

presenting as substage B, most commonly due to decreased appetite and lethargy. The 

majority of dogs (n=11) had abdominal ultrasound as part of their initial diagnostics, and 

none of these dogs had obvious evidence of GI involvement on ultrasound. The 

remaining 7 dogs without abdominal ultrasound were presumed to have no GI 

involvement based on lack of vomiting, diarrhea or weight loss at presentation.  

No significant difference in α-diversity (Figure 3) or β-diversity (Figure 4) was 

detected between time points in dogs receiving CHOP chemotherapy when all time points 

were analyzed together. When fecal samples were compared between normal dogs and 

dogs with lymphoma receiving chemotherapy, a significant difference in beta-diversity 

was detected at baseline (Figure 5), week 2 (Figure 6) and week 4 (Figure 7). A 

significant difference in α-diversity was not detected at baseline (Figure 8), but was 

observed on Week 2 (Figure 9) and Week 4 (Figure 10). No significant difference in β-

diversity was detected when comparing baseline samples in dogs who achieved a 
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complete response at the end of their first cycle of CHOP, compared to those that did not 

(p=0.399, data not shown). There was no significant difference in β-diversity between 

baseline samples from dogs that were substage a or b at diagnosis (p=0.245, data not 

shown) or dogs that achieved a complete response (CR) at Week 6 (p=0.399, data not 

shown).  

Six dogs developed abnormal stool a total of 8 times during their chemotherapy 

treatment. Only 1 dog had a sample collected during an actual diarrhea event, and the rest 

of the samples were collected after owners reported diarrhea or soft stool at home during 

the interval between chemotherapy administrations. There was not a significant 

difference in β-diversity when comparing normal stool samples to samples in which 

owners reported abnormal stool in the interval between chemotherapy administrations 

(p=0.206, data not shown). There was not a significant difference in beta-diversity when 

comparing baseline samples from dogs that developed abnormal stool compared to 

baseline samples in dogs that did not develop abnormal stool (p=0.153, data not shown). 

The grades of diarrhea experienced by our cohort include Grade I (n=5), Grade II (n=1) 

and Grade III (n=1).  

A total of 7 fecal samples in 7 dogs were collected while dogs were experiencing 

neutropenia from their previous dose of chemotherapy. These neutropenic events were 

graded as Grade I (n=5), Grade III (n=1), and Grade IV (n=1). All neutropenic episodes 

were asymptomatic, and dogs were prescribed oral prophylactic antibiotics if the 

neutropenia grade was Grade III or higher. No significant difference in β-diversity was 

detected in samples collected from neutropenic dogs, compared to those from dogs with a 

normal white blood cell count (p=0.97, data not shown).  
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A total of 19 fecal samples in 11 dogs were under the influence of antibiotics.  

Antibiotics used in this study included amoxicillin, amoxicillin-clavulanic acid, 

cephalexin, enrofloxacin and metronidazole. Reasons for antibiotic use include urinary 

tract infection, surgical site infection, suspect diskospondylitis, prophylaxis during 

neutropenic episodes, and suspected chemotherapy-related gastrointestinal disease 

(CIGD). A significant difference in both α-diversity (Figure 11) and β-diversity (Figure 

12) was detected in samples under the influences of antibiotics, compared to those that 

were not.  

Heat maps were generated to help visualize specific bacterial species contributing 

to compositional changes in dogs with multicentric lymphoma compared to control dogs 

(Figure 13). Using an FDR cut-off of 0.001, 30 amplicon sequence variants (ASV’s), or 

presumed bacterial species, were found at significantly different levels in control dogs 

over time compared to dogs with lymphoma receiving chemotherapy (Figure 14, Figure 

15). When only baseline samples were compared between control dogs and dogs with 

lymphoma, a heat map was generated (Figure 16), and 5 bacterial species were found at 

significantly different levels (Figure 17, Figure 18). When abnormal stool samples were 

collected and compared to apparently normal fecal samples, a heat map was generated 

(Figure 19), and 8 species of bacteria were found to be significantly different between 

these populations (Figure 20, Figure 21) 

For fecal samples under the influence of antibiotics, bacterial species contributing 

to changes in β-diversity were visualized with a heat map (Figure 22). Twenty-one 

bacterial species were found at significantly different levels in treated dogs receiving  

antibiotics compared to treated dogs without antibiotics. (Figure 23, Figure 24). The 
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bacterial species associated with antibiotic usage and lymphoma at diagnosis are listed 

(Figure 25). An increase in Escherichia and other Proteobacteria organisms in dogs 

receiving broad-spectrum antibiotics were observed. 
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Chapter 4: DISCUSSION 

To our knowledge, this is the first study investigating the fecal microbiome in 

dogs with cancer receiving chemotherapy with 16s rRNA amplicon sequencing. The 

overall composition of the fecal microbiome of dogs with multi-centric lymphoma treated 

with CHOP chemotherapy was significantly different than clinically normal dogs before 

and during treatment. This is consistent with previous literature showing altered fecal 

microbiomes in dogs with multi-centric lymphoma at diagnosis72,86 and during 

treatment86. Within our treatment population, a statistically significant difference was not 

detected in α-diversity or β-diversity over time.  

When comparing our control group to our treatment population over time, 

significant differences in β-diversity, or overall bacterial composition, were observed in 

at baseline, 1 week after the first dose of chemotherapy, and before the first dose of 

doxorubicin (Week 4). α-diversity, or sample richness, was not significantly different at 

baseline in the treatment population compared to our control population, but significant 

reductions in richness did occur at Week 1 and Week 4 in our treatment population when 

comparing to control dogs over similar times.  

While some individual dogs had visually striking changes to their fecal microbial 

composition at the phylum level during treatment some had minimal changes (Figure 

25), and when all treated dogs were analyzed, these changes in diversity were not 

statistically significant. Previous literature has shown significant variation in GI bacterial 

composition between individual dogs and even within dogs themselves over time109 

which can confound comparisons to control populations, and human studies have shown 

chemotherapy related changes to the fecal microbiome. The lack of statistical 
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significance in diversity over time in our population may be related toa number of factors 

including variable diets, breeds, reduction in dose intensity compared to human 

chemotherapy protocols, subclinical undetected gastrointestinal disease, or a small study 

population. It is also possible that our sampling schedule resulted in failure to detect 

changes when they occur. In veterinary medicine, it is still unclear when changes in 

diversity occurs, how quickly they resolve, and if the timing varies by chemotherapy 

drugs or dose.  

The direct effect of chemotherapy on the fecal microbiome is a controversial 

topic. Numerous studies have shown significant changes to specific gastrointestinal 

bacterial populations and diversity in human cancer patients receiving chemotherapy41, 

but just like the effect of antibiotics, these changes are variable, and likely confounded by 

diet, environmental factors and treatment protocol. Importantly, aggressive prophylactic 

antibiotic use before and during chemotherapy treatment is common in these human 

studies, which makes interpretation of bacterial changes more challenging. Adding to the 

confusion, a single fecal sample can generate tens of thousands of amplicons and data 

points, and there are a wide variety of analytic methods to characterize the data, which 

makes comparing conclusions from multiple different studies challenging.  

While the GI microbiome has been strongly correlated with chemotherapy-

induced gastrointestinal disease (CIGD), the effect is currently thought to be mediated by 

direct cytotoxicity activity to intestinal mucosal epithelial cells, loss of mucosal integrity 

and homeostasis, and subsequent microbial dysbiosis41. These changes to the GI 

microbiota have been clearly shown to alter the intestinal microenvironment and 

stimulate the innate immune system via Toll-like-receptors, which in part leads to the 
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pro-inflammatory signals that define CIGD110. This means that the true effect on the 

microbiome from chemotherapy may be more related to its direct effects on the intestinal 

epithelial barrier, and less so direct action against the bacteria.  

Antibiotic usage had a significant effect on the diversity and composition of 

bacteria in the feces of our treatment population, which is consistent with previous 

literature73,74,87. Fecal samples collected under the influence of antibiotics had a 

significant expansion of Escherichia species, and reductions in numerous anaerobic 

bacteria which has been documented previously in dogs87. Interestingly, dogs with 

lymphoma had higher levels of Escherichia in their feces before treatment with cytotoxic 

chemotherapy, which means the changes to the Escherichia found in our study may not 

just be related to antibiotic therapy and may represent underlying mucosal health. 

Antibiotics have clearly been shown to have a rapid, profound and often durable 

effects on the fecal microbiome in dogs, mice and humans87,111 most commonly in the 

form of reduced alpha-diversity, and is commonly agent dependent112. Previous human 

literature has shown bacterial recolonization within 1 week of antibiotic therapy, but 

others have shown persistent dysbiosis for up to 4 years113. Veterinary studies have 

shown similar effects to the GI microbiome in dogs receiving antibiotics. There are 

variable reported time-courses to resolution of metronidazole-associated dysbiosis and 

amoxicillin-clavulanic acid73,87, with most studies showing persistent compositional 

changes for up to 3 weeks after therapy74,114. This means that some of the significant 

changes observed in the study between control and treatment populations, especially later 

in the protocol, could be due to antibiotic usage as opposed to cytotoxic chemotherapy 

and lymphoma.  
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It is possible that specific chemotherapy agents, for example doxorubicin, an anti-

cancer antibiotic, have their own independent effects on the fecal microbiome and 

epithelial cell homeostasis. Larger studies controlling for diet, antibiotic usage, and 

treatment protocol are needed to help characterize those changes. Fecal collection 

schedule may also impact our findings, as some chemotherapy-associated fecal dysbiosis 

is not detectable by sequencing methods until 1 week after chemotherapy administration 

or greater, and the weekly chemotherapy protocol used in our study may have resulted in 

overlapping chemotherapy-specific dysbiosis profiles that were not detectable from a 

total sample count perspective. For example, significant intestinal dysbiosis was not seen 

in mice after cyclophosphamide therapy within the first 48 hours, but was observed 1 

week after chemotherapy administration48.  

The use of antibiotics for neutropenic episodes and diarrhea during chemotherapy 

administration in veterinary medicine is common, clinician-dependent, and guided by 

little peer-reviewed literature. While undoubtedly antibiotic usage is important when 

managing veterinary and human clinical patients receiving chemotherapy, antibiotic 

usage may reduce the efficacy of some chemotherapy agents while also contributing to 

gastrointestinal signs by favoring growth of specific pathologic bacterial species. Perhaps 

most importantly, their ability to reduce the severity and duration of CIGT is unknown, 

with recent literature showing a modest benefit to metronidazole85,115 and no benefit to 

amoxicillin-clavulanic acid administration87 in the setting of acute diarrhea. 

Neutropenia and changes to fecal character were not associated with significant 

changes to bacterial composition in our study, though certain bacterial species did have 

significant changes in patients experiencing abnormal stools, consistent with previous 



 34  

studies showing significant alterations to the fecal microbiome of dogs experiencing 

acute diarrhea70,71. Since only 8 samples were collected from dogs experiencing abnormal 

stool in the week between chemotherapy administrations, and the majority of dogs only 

exhibited 1-3 episodes of soft stool, it is possible this is a type I error due to low numbers. 

In addition, relying on owner reporting of fecal character likely introduced bias or error. 

Clinicians were not able to characterize and grade diarrhea events which may have 

resulted in inappropriate classification.  

In conclusion, the overall composition of the fecal microbiome was not found 

change significantly over time in dogs with multi-centric lymphoma receiving CHOP 

chemotherapy. Fecal microbial populations in dogs with lymphoma are significantly 

different from healthy controls before and during treatment. Individual dogs experienced 

dominance of specific taxa, commonly Escherichia.  These shifts in diversity were 

commonly associated with antibiotic use, but were also present in dogs with lymphoma 

before treatment. Antibiotics also had a significant, predictable reduction in bacterial 

diversity. Future studies are needed to better characterize the role of the fecal microbiome 

in treatment of lymphoma and to investigate intervention strategies including probiotics, 

fecal transplant, diet and lifestyle. 
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APPENDIX 
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Figure 1. Shannon alpha diversity indices for normal 
dogs (n=26) over time. No significant difference was 
detected across all samples (p=0.173).  
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Figure 2. Principal coordinate analysis plots using Jaccard 
similarities of feces of normal dogs (n=26) on Day 0, Day 4, 
Day 7, and Day 21. No significant change in β-diversity was 
detected over time (p=1). 
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Figure 3. Shannon alpha diversity indices for dogs 
receiving CHOP chemotherapy (n=18). No significant 
difference was detected across all samples (p=0.520).  
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One-way PERMANOVA 

Figure 5. Principal coordinate analysis plots using 
Jaccard similarities of feces of normal dogs (n=26, red) 
and dogs receiving CHOP chemotherapy at Day 0 
(n=18, blue).  
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Figure 6. Principal coordinate analysis using Jaccard 
similarities of feces of normal dogs (n=26, red) and dogs 
receiving CHOP chemotherapy at Week 2 (n=14, blue). 

p = 0.0003, F = 3.391 
One-way PERMANOVA 



 41  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                         PC1 – 18.2% variation 

   
   

   
   

   
   

  P
C

2 
– 

9.
3%

 v
ar

ia
tio

n 

Figure 7. Principal coordinate analysis using Jaccard 
Similarities of feces of normal dogs (n=26, red) and dogs 
receiving CHOP chemotherapy at Week 4 (n=24, blue). 

p = 0.0001, F = 5.838 
One-way PERMANOVA 
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Figure 8. Shannon alpha diversity index for 
fecal samples from control dogs (n=26) and 
dogs receiving CHOP chemotherapy (n=18) at 
baseline. No significant difference was detected 
between groups (p=0.359).  
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Figure 9. Shannon alpha diversity indices for 
fecal samples at week 2 from control dogs 
(n=26) and dogs receiving CHOP chemotherapy 
(n=14). A significant difference was detected 
between groups (p=0.002).   
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Figure 10. Shannon alpha diversity indices for 
fecal samples at week 4 from control dogs(n=26) 
and dogs receiving CHOP chemotherapy 
(n=24). A significant difference was detected 
between groups (p=0.044).  
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Figure 11. Shannon alpha diversity index for fecal 
samples under the influence of antibiotics (n=19) 
compared to those without (n=79). A significant 
difference was detected between these groups 
(p=0.002).  
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Figure 12. Principal coordinate analysis plots based on 
Jaccard similarities of feces in dogs receiving CHOP 
chemotherapy, with antibiotics (n=19, blue) and without 
(n=79, red).  

p = 0.0001, F = 5.391 
One-way PERMANOVA 
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Figure 13. Heatmap showing the top 50 contributing to 
fecal microbiome compositional changes in dogs with 
lymphoma receiving CHOP chemotherapy (blue) compared 
to control dogs (red).  
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Figure 14. Parametric Wilcoxon Rank-Sum test 
for ASVs associated with differences in fecal 
microbial composition of control dogs compared 
to dogs with lymphoma receiving CHOP 
chemotherapy over time. Adjusted p-value (FDR) 
= 0.001. 

Control vs Treatment  
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Figure 15: Bacterial species found at significantly different relative 
abundances when comparing all fecal samples from control dogs 
to all samples from dogs with lymphoma receiving CHOP 
chemotherapy (p=0.001) 
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Figure 16. Heatmap showing the top 50 
ASVs contributing to compositional changes 
in baseline fecal samples comparing dogs 
with lymphoma (blue) to control dogs (red).  
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Figure 17. Parametric Wilcoxon Rank-Sum test 
for ASVs associated with differences in fecal 
microbial composition of control dogs compared 
to dogs with lymphoma receiving CHOP 
chemotherapy over time. Adjusted p-value (FDR) 
= 0.05. 
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Figure 18: Bacterial species found at significantly 
different relative abundances when comparing 
baseline fecal samples from control dogs to dogs 
with lymphoma (p=0.05) 
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Figure 19. Heatmap showing the top 50 ASVs 
contributing to microbial compositional 
differences between normal stool samples 
compared to abnormal stool samples in dogs 
with lymphoma treated with CHOP 
chemotherapy.   
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Figure 20. Parametric Wilcoxon Rank-Sum test for 
ASVs associated with abnormal stool in dogs with 
lymphoma receiving CHOP chemotherapy. 
Adjusted p-value (FDR) = 0.05. 

Abnormal Vs Normal Stool  
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Figure 21: Bacterial species found at significantly 
different relative abundances when comparing 
abnormal stool samples to normal samples in dogs 
with lymphoma treated with CHOP chemotherapy 
(p=0.05) 
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Figure 22. Heatmap showing top 50 ASVs contributing to 
differences in microbial composition in fecal samples from 
dogs with lymphoma receiving CHOP chemotherapy under 
the influence of antibiotics (n=19), with those without (n=79). 
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Figure 23. Parametric Wilcoxon Rank-Sum test 
for ASVs associated with antibiotic usage in dogs 
with lymphoma receiving CHOP chemotherapy. 
Adjusted p-value (FDR) = 0.005. 

Antibiotics  
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Figure 24: Bacterial species found at significantly different 
relative abundances when comparing samples under the 
influence of antibiotics compared to those without in dogs with 
lymphoma treated with CHOP chemotherapy (p=0.005) 
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Figure 25: Histograms visualizing changes over time to fecal 
microbial composition at the phylum level in two dogs with 
lymphoma treated with CHOP chemotherapy 
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ASV Number Phylum  Organism  
ASV 001 Protebacteria  E. Shigella 
ASV 003 Firmicutes Uncultured peptoclostridium 
ASV 004 Firmicutes Megomonas 
ASV 006 Bacteroidetes Bacteroides 
ASV 011 Bacteroidetes Prevotella  
ASV 017 Bacteroidetes Bacteroides plebeius   
ASV 024 Bacteroidetes Bacteroides coprocola  
ASV 028 Firmicutes  Enterococcus  
ASV 031 Bacteroidetes Uncultured organism 
ASV 036 Firmicutes Clostridial species 
ASV 049 Proteobacteria  Enterobacteriaceae 

ASV 051 Firmicutes  
[Ruminococcus] gauvreauii 
group 

ASV 056 Epsilonbacteraeota Helicobacter bilis 
ASV 064 Firmicutes Uncultured clostridial species 

ASV 068 Firmicutes 
Uncultured fournierella 
species 

ASV 071 Firmicutes  Uncultured ruminococcaceae  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 26: Amplicon sequence variant (ASV) with associated 
phylum and species name 
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