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Thesis abstract 

 

Chemotherapy is the first line treatment for many cancers; however, it is rarely curative. Despite wide clinical 

use, it is unclear what distinguishes responders from non-responders and the factors that drive a robust anti-

cancer response. This has hindered the identification of predictive biomarkers that can guide clinical decision 

making as well as the development of new combination treatment strategies. Here, we characterised the tumor 

microenvironment (TME) associated with a complete response to cyclophosphamide chemotherapy; 

demonstrated that tumors can be sensitised to chemotherapy by inducing a chemo-sensitive phenotype; and 

investigated the relationship between cyclophosphamide effectiveness and T regulatory cells (Treg).  

The first aim of this project was to develop a murine model to study the TME associated with a complete 

response to chemotherapy. We optimised a bilateral tumor model using AB1-HA murine mesothelioma and 

cyclophosphamide chemotherapy. In this model, bilateral tumors on contralateral flanks respond symmetrically 

to cyclophosphamide; they both either completely regress or progress. This allows for the surgical resection 

of one tumor either pre- or post-treatment. The therapeutic fate of the excised tumor can be inferred by the 

fate of the tumor that remained in situ. This model produces reliably symmetrical responses, is unaffected by 

surgery and can discriminate samples by timepoint or response using RNA sequencing or T cell receptor 

sequencing. 

The second aim of this project was to characterise the TME associated with a complete response to 

cyclophosphamide. We achieved this by using the bilateral tumor model and sequencing tumors from complete 

responders and progressors to cyclophosphamide at timepoints before or after treatment. We found that there 

was a distinct pre-treatment TME associated with complete response. Responding tumors had an inflammatory 

and highly immune-infiltrated TME, characterized by the upregulation of CD4+ T cell associated pathways and 

enrichment of interferon (IFN) and tumor necrosis factor α (TNFα) associated genes. This gene signature was 

also present in patients with breast cancer that had a pathological complete response to cyclophosphamide 

containing regimens. 

The third aim was to test whether we can therapeutically modulate the TME to improve response to 

chemotherapy. Using the gene expression profile generated in aim 2, we identified key upstream regulators of 

this cyclophosphamide sensitive TME. IFNγ, poly(I:C) and TNFα were predicted to induce the inflammatory 

TME that was associated with a chemo-sensitive tumor. Local pre-treatment with all three agents was able to 
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sensitise both AB1-HA and CT26 colon carcinoma to cyclophosphamide. Additionally, this effect could be 

extended to an alternative chemotherapy, highlighting that this phenomenon is not cyclophosphamide specific. 

To our knowledge, this is the first example of tumor sensitization to chemotherapy by targeting the immune 

system. 

Additionally, we looked to extend the findings in aim 3 by repurposing existing drugs used in clinical settings, 

as treatment with inflammatory cytokines such as TNFα or IFNγ can be associated with severe toxicity. We 

were therefore interested if the chemotherapy sensitive gene signature could be induced by a repurposed, 

clinically available drug. All-trans retinoic acid was a top upstream regulator predicted to induce a responsive 

TME. When combined with cyclophosphamide, it significantly increased the survival of AB1-HA tumor bearing 

mice, however this phenomenon was tumor model specific.  

The final aim of this project was to decouple the effectiveness of cyclophosphamide from its effect on Treg, as 

it was widely thought to act, at least partially, through Treg depletion. To do this, we optimised a Treg depletion 

model which allowed for the anti-tumor effect of cyclophosphamide to be tested in the absence of Treg. In Treg 

depleted mice, cyclophosphamide was able to eliminate large established tumors. As Treg depletion is difficult 

in patients, we next looked at whether neutralising TNFα could have a similar effect, as signalling through 

tumor necrosis factor 2 (TNFR2) is a potent stimulator of Treg activity. Antibodies against soluble TNFα or 

TNFR2 synergised with cyclophosphamide, curing 100% of mice.  

In summary, an inflammatory, IFN/TNFα, T cell driven tumor microenvironment is associated with a complete 

response to cyclophosphamide chemotherapy in both mice and patients, highlighting that this gene signature 

could be utilised as a predictive biomarker for response. Response to chemotherapy can be increased by 

modulating the TME using drugs predicted to induce a cyclophosphamide sensitive gene expression profile. 

Lastly, the effectiveness of cyclophosphamide is independent of its Treg depleting effect. In fact, its efficacy 

can be increased by depleting Tregs or specifically neutralising TNF/TNFR2 signalling.  
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Chapter one 

 

How does cancer chemotherapy work? Towards understanding the biological 

mechanisms underlying conventional cancer chemotherapy efficacy 
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2.1 Introduction 

The discovery and development of cytotoxic chemotherapies undoubtedly changed the landscape of cancer 

treatment. The first indication that a chemotherapy, or a cytotoxic chemical, could be a potential treatment for 

cancer was an incidental observation made in individuals exposed to a biochemical weapon, mustard gas. 

Soldiers exposed to mustard gas experienced severe leukopenia and marked depletion of the bone marrow 

and lymph nodes1. This discovery was translated to one of the commonly studied cancers of that period, 

lymphoma, resulting in significant regression, albeit temporary, in patients. This stimulated the development 

and implementation of drug screening programs that tested an array of compounds in vitro for anti-cancer 

properties2. Promising compounds were moved into animal cancer models, clinical trials in patients and 

eventually formed the foundation of modern oncological treatment.  

Despite the development of new treatment modalities, including oncogene-targeted therapies such as tyrosine 

kinase inhibitors and immunotherapies such as immune checkpoint inhibitors, chemotherapy remains the first 

line treatment for many cancers. In many localized cancers, adjuvant chemotherapy, often in combination with 

surgery and radiotherapy, can provide durable, long-term survival benefits for many patients; for example in 

oesophageal cancer3 or colon cancer4. There are very few scenarios in which chemotherapy results in robust 

and durable cures for metastatic solid cancers, with testicular cancer being the most important example5–7. In 

almost all other metastatic cancers, clinical responses to systemic chemotherapy are typically partial at best, 

and only in a subset of patients (Figure 1). This variability in responsiveness to chemotherapy occurs not only 

between patients with different tumor types, but also within groups of patients with the same tumor. For 

example, in patients with oesophageal cancer treated with carboplatin/paclitaxel in combination with 

radiotherapy, 30% have a histologically confirmed complete regression of their tumor, while 20% display no 

clinical response3. Similarly, in early stage testicular cancer, adjuvant chemotherapy is curative and induces a 

robust clinical response in all but a small subset of patients7. This heterogeneity in response between patients 

with the same cancer type is not well understood. Given the frequent and sometimes severe toxicity of many 

chemotherapeutics, weighed against a beneficial response in only a subset of patients, there is an urgent need 

for predictive biomarkers. However, there has not been a robust and validated pre-treatment biomarker that 

can guide clinical decision making identified to date. 

In this perspective, we review the literature regarding the known mechanisms of action of cytotoxic 

chemotherapy agents and the determinants of response to chemotherapy from the level of individual cells up 
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to the composition of the tumor microenvironment (TME). We then summarise current work toward the 

development of dynamic biomarkers for response and propose a model for a chemotherapy sensitive TME. 
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Table 1. Clinical responses to chemotherapy in a range of cancer types. Exemplar cancers with representative responses to chemotherapy regimes. Shaded area of graphs 

indicates the period the patient received chemotherapy before treatment was stopped due to complete regression, relapse or progression. It also must be noted that chemotherapy is 

not standard of care for some mentioned cancers (i.e. melanoma) and these examples were chosen to illustrate the outcomes when a cancer is chemo-resistant. PFS, progression 

free survival. OS, overall survival.  

Response type Exemplary 
Cancer 

Chemotherapy 
regimen 

Clinical efficacy Survival Ref 

Patient has durable and complete regression or 
remission followed by relapse 

 

Testicular Cancer 
(CS1) 

Adjuvant bleomycin, 
etoposide and platinum 

97.7% of patients with complete 
response and no relapse 

99% 5-year overall 
survival 

5 

Adjuvant carboplatin 96% of patients with complete response 
and no relapse 

95% 5-year relapse free 
survival 

6 

Adjuvant carboplatin 95% of patients with complete response 
and no remission 

100% cancer specific 
survival 

7 

Hairy Cell 
leukaemia 

Pentostatin 76% complete remission (117/154) 

92% of patients in remission did not 
relapse 

- 8 

Cladribine 79% complete remission 

79% of patients in remission did not 
relapse 

54% PFS at 12 years, 
87% OS at 12 years. 

9 

Cladribine 94% complete response 

67% of patients in remission  did not 
relapse 

97% OS at 108 months 10 

Patient has initial regression however not 
sustained or stable disease 

 

 

 

Mesothelioma Pemetrexed and 
Cisplatin  

25-45% response rate 12.1 months survival 

5.7 month time to 
progression 

50% 1-year survival 
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Response Cancer Chemotherapy 
Regime 

Clinical efficacy 5 Year Survival Ref 

 

Patient has decreased rate of tumor growth or no 
change in rate of tumor growth 

 

Melanoma* Dacarbazine or 
temozolomide 

10% objective response rate. 10.7 months median OS 

22.7% 2 year survival  

17% 3 year survival 

18.1% PFS at 6 months 

 

12 

Metastatic 
melanoma 
(cerebral) 

Docetaxel and 
irinotecan 

 

No chemotherapy induced response 
(50% stable disease) 

 

62.5% 3 month survival 
rate 136 median survival 

13 

Temozolomide and 
docetaxel 

Temozolomide and 
cisplatin 

Temozolomide 

24% partial response 2 month time to 
progression 4.7 month 

survival. 

20.9% 1 year survival 

14 

Advanced 
melanoma 

Dacarbazine or 
carboplatin and 

paclitaxel 

10% overall response rate 3.7 month PFS 

13 month duration of 
response 

14.4 month OS  

55.1% 1 year survival, 
33.9% 2 year survival. 

15 
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2.2 Known mechanisms of action of cytotoxic chemotherapy  

Conventional chemotherapies are divided into several classes based on their purported mechanism of action 

(Figure 1A). They include alkylating agents and platinum analogues, which induce inter- or intra- strand DNA 

crosslinks that destabilise DNA and hence suppress cell replication; antimetabolites that inhibit the synthesis 

of DNA, RNA or their components; topoisomerase inhibitors that block the DNA unwinding enzymes to induce 

DNA damage; and microtubular poisons that act on tubulin, impeding the mitotic spindle and cell division. 

However, what is rarely acknowledged are the secondary mechanism of action of these drugs, such as effects 

on mitochondria or the production of reactive oxygen species, which contributes to their cytotoxicity 

(Figure 1B). 

 

Figure 1. Mechanisms of action of conventional chemotherapies. (A) Primary mechanisms of action. Alkylating agents 

induce DNA breaks, anti-metabolites are incorporated into DNA or RNA and interfere with DNA and RNA synthesis, 

topoisomerase (Top) inhibitors damage the Top I or Top II enzymes halting DNA replication and anti-microtubule agents 

damage microtubules and affect mitosis. (B) Secondary mechanisms of action of chemotherapies. Alkylating agents can 

bind to RNA or induce protein-DNA crosslinks, antimetabolites can inhibit enzymes crucial for DNA or RNA synthesis and 

topoisomerase inhibitors can impair mitochondria biogenesis or generate reactive oxygen species.  

2.2.1 Alkylating agents 

As their primary mechanism of action, alkylating chemotherapies induce DNA damage by transferring alkyl 

groups to DNA which generate covalent adducts that ultimately promote DNA breakage16.Alkylating agents 

can induce both single strand and double stranded DNA breaks. Single stranded DNA breaks are more likely 
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to induce apoptosis as the breaks acquire faster and cells have a lower threshold of single stranded breaks 

required for apoptosis17. Double stranded DNA breaks are not induced directly, but rather are formed when 

cells process or repair other DNA lesions or arise from two closely located single strand breaks18,19. 

This class of chemotherapeutics include cyclophosphamide, mitomycin, dacarbazine, procarbazine, 

temozolomide and streptozocin. Platinum based chemotherapies fall within this class and similarly induce cell 

death through DNA damage. Cisplatin, carboplatin and oxaliplatin act by forming, inter-,or intra-strand DNA 

crosslinks that can induce DNA damage and can interfere with DNA repair, DNA replication and DNA 

transcription20. The anthracyclines (doxorubicin and daunorubicin and their derivatives epirubicin and 

idarubicin) can also intercalate with DNA21 and can be classed as alkylating agents22.  

Alkylating agents can also induce cell death through other mechanisms aside from the addition of alkyl groups 

to DNA. Alkylating agents can affect RNA, proteins, lipids and mitochondrial DNA23 and also generate 

additional toxic products and mutagenic lesions16. Similarly, platinum chemotherapies also have a range of 

effects on other cellular molecules such as RNA, proteins and can generate DNA-protein crosslinks24.  

2.2.2 Antimetabolites 

As cancer cells are metabolically active and often rapidly proliferate, pathways and processes involved in DNA 

synthesis, RNA transcription and protein translation can be exploited therapeutically to induce cancer cell 

death. Chemotherapies classed as ‘antimetabolites’ target important metabolic pathways for DNA and RNA 

synthesis and include 5-Flurouracil (5-FU), cytarabine, gemcitabine, the 6-thiopruines (comprising of 

6-mercaptopurine and 6-thioguanine) and clofarabine. These drugs are incorporated into DNA instead of 

regular nucleotides or molecules, which leads to inhibition of DNA synthesis, premature chain termination and 

inevitably cell death16. Gemcitabine, cytarabine and fludarabine also can inhibit DNA polymerase and 

ribonucleotide reductase, effectively halting DNA replication, chain elongation and DNA repair25.  

2.2.3 Topoisomerase inhibitors 

Topoisomerases (Top) are a group of enzymes that unwind DNA to allow the binding of necessary enzymes 

that facilitate DNA replication, transcription, and DNA repair. Top inhibiting chemotherapy drugs act to block 

this enzyme, ultimately inducing DNA damage and cell death. Top I makes a single DNA break, supports 

replication fork movement during replication and relaxes DNA supercoils generated during transcription. Top II 
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unlinks intertwined daughter duplexes during DNA replication, relaxes DNA during transcription and cleaves 

both DNA strands. Campothecins (irinotecan and topotecan), anthracyclines (doxorubicin and daunorubicin 

and their derivatives epirubicin and idarubicin), mitoxantrone, dactinomycin, etoposide and teniposide bind to 

Top by intercalating DNA, creating a drug/enzyme complex. When the replication fork reaches this complex, 

the collision leads to a double stranded DNA break and cell death26. Additional mechanisms of action of Top 

inhibitors include the generation of oxygen free radicals that have additional anti-tumor effects27. Along with 

interfering with Topoisomerase 2α (Top) present in cancer cells, some topoisomerase inhibitors can target 

Top 2β, which is active in non-proliferating cells, to impair mitochondrial biogenesis and induce cell death28. 

2.2.4 Antimicrotubule Agents 

Microtubules are vital for not only cell division, but also for the transport of vesicles and organelles, intracellular 

signalling and the structure of the cell. Taxane chemotherapies target and bind to microtubules and the mitotic 

spindle, halting cell division and triggering cell cycle checkpoints to induce cell death. Paclitaxel and 

doxorubicin share similar mechanisms, binding to the interior surface of microtubules and impeding their 

movement and function29. Vinca alkaloid chemotherapies (vinblastine, vincristine and vinorelbine) act on 

tubulin and microtubules, depolymerising the microtubules and destroying mitotic spindles at high 

concentrations while blocking mitosis at lower concentration30. Microtubule inhibitors can also alter cell 

signalling and trafficking, slow cell-cycle progression, modify cell migration and invasiveness, and disrupt tumor 

vasculature31. 

2.3 Mechanisms of inherent individual cell sensitivity and resistance  

Cancer cells can exhibit different fates after drug exposure; some cells are killed while others escape cell death 

and survive32,33. Factors that contribute to the induction of apoptosis can act before DNA damage occurs (level 

of uptake of drug into the cell and the efflux of the drug out of the cell or the metabolism of drug to active 

metabolites); be associated with DNA damage (level of drug binding to target molecules, altered DNA repair 

enzymes or tolerance to DNA damage);or act after DNA damage has occurred (altered sensitivity to apoptosis, 

altered cell signalling or stochastic effects). Stochastic fluctuations in protein levels during exposure to 

chemotherapy can have binary consequences at the cellular level; affecting the fate of the cancer cell32. 
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2.3.1 Uptake and efflux of chemotherapy drugs  

While it is perhaps not surprising that cellular chemotherapy uptake varies between patients and tumor types, 

large differences in uptake are also observed in vitro between cells within the same clonal culture, resulting in 

differential therapeutic sensitivity34,35. One cellular feature that can modulate intracellular levels of 

chemotherapy are drug efflux pumps which have been implicated heavily in chemotherapy resistance36,37. 

These drug efflux pumps, most notably p-glycoprotein, impede the transportation of chemotherapy into the 

cell. There have been numerous studies over the last few decades demonstrating that inhibition of these 

pumps improves chemotherapy uptake and sensitivity in vitro38–41 and in vivo42–44.  

2.3.2 Genetic variations  

Cancer cells may also have intrinsic mutations that render them less sensitive to chemotherapy. It is important 

to distinguish these inherent mutations that are present before treatment, from acquired mutations that the 

cells gain after treatment which provide a selective survival advantage45,46. Cancer cells can dysregulate 

components of the apoptotic pathway to enhance survival or induce drug resistance47. Mutations in TP53, a 

key tumor suppressor, have been associated with resistance to DNA damaged induced by chemotherapy48–

51. Abnormalities in another tumor suppressor commonly dysregulated in cancer, retinoblastoma protein, is 

also associated with chemotherapy response in patients with lung cancer52, breast cancer53,54, non-small cell 

lung cancer55, and colorectal cancer56 with the absence of retinoblastoma protein correlating with improved 

survival. Another avenue for a cancer to become less sensitive to chemotherapy is through intrinsic mutations 

in the components of the apoptotic pathway. Genetic variations can also occur in the proteins that some 

chemotherapies, primarily antimetabolites, target. Methotrexate binds to the enzyme DHFR to execute its anti-

tumor effect and mutations in DHFR can alter chemo-sensitivity57,58. 

2.3.3 Altered DNA damage repair pathways 

As highlighted, a key mechanism of many chemotherapies is the induction of DNA damage which leads to the 

activation of cell death pathways. Acting against DNA damage are multiple repair pathways; base excision 

repair, mismatch repair, homologous recombination and non-homologous end-joining59. Increased expression 

of nucleotide excision repair related genes has been associated with resistance to platinum-based drugs. For 
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example high expression of the excision repair cross-complementation group 1 factor is a known mechanism 

associated with cisplatin resistance in numerous cancers60. 

2.3.4 Cell cycle 

Cell cycle is intrinsically linked to chemotherapy efficacy because the primary mechanism of action of many 

drugs is to affect components crucial to cell division such as DNA replication or the formation of mitotic 

spindles. The cell cycle specificity of chemotherapies has been demonstrated in vitro. In the case of anti-mitotic 

chemotherapies, cytotoxicity is rarely induced until the cell enters mitosis, where it is most vulnerable33. In vivo 

models to assess the effects of drugs on cell cycle often utilise the Fluorescent Ubiquitination-based Cell Cycle 

Indicator (FUCCI) system, in which cells express different fluorescent proteins as they progress throughout 

the cell cycle61. In mice with orthotopic human gastric cancers, 68% of the cells were in S, G2 or M phase 

before treatment and 32% in G1 or G062. After treatment with cisplatin or paclitaxel, more than 90% were in 

G1 or G0, indicating that the cells actively undergoing proliferation (those in S,G2 or M) were selectively 

targeted by the drugs. When cancer cells were treated with Salmonella Tyhimirium AR-1 or recombinant 

methionine, trapping the cells in S/G2, they became more sensitive to subsequent chemotherapy, further 

demonstrating the cell cycle specificity of chemotherapy63. 

2.3.5. Cancer stem cells  

Cancer stem cells (CSCs) are a small population of cancer cells with the capability of self-renewal and have 

high tumorigenic and metastatic potential64. CSCs can be inherently resistant to chemotherapy due to a 

multitude of factors such as their slow proliferation rate and quiescent nature65, active anti-apoptotic 

machinery66,67, efficient DNA repair systems68,69, effective modulation of reactive oxygen species70 and their 

robust and stable expression of drug efflux pumps71. 

2.3.6 Chemotherapy induced senescence  

A wide range of chemotherapies spanning most of the classic classes have been found to induce senescence 

both in vivo and in patient samples collected after treatment72. These cells remain viable and metabolically 

active but are unable to proliferate. The induction of senescence by chemotherapy could be both beneficial 

and harmful to patient outcomes. As these cells do not divide and remain arrested in G1 or G2/M, do not 

proliferate and can remain in this dormant state for an extended period of time, the is some degree of disease 
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control73,74. However, the induction of senescence can be incomplete and is reversable, with the treatment 

resistant clones escaping cell cycle arrest and inducing disease relapse75.  

2.3.7 Stochastic differences affect chemotherapy sensitivity 

Lastly, the sensitivity of individual cancer cells to chemotherapy may differ due to stochastic differences. In vitro 

studies using genetically identical clonal cell lines, exposed to identical drug levels and corrected for cell cycle, 

found that there were significant differences in chemotherapy sensitivity between individual cells32,33,76. This 

highlights that seemingly identical cancer cells have intrinsic differences in chemo-sensitivity, even when all 

external factors can be controlled for. Cancer cells can exist in an equilibrium of pro- and anti- apoptotic 

proteins and await an additional stimulus to induce apoptosis. These cancer cells are termed ‘primed’ for 

apoptosis77,78 and are more chemo-sensitive than ‘un-primed’ cells79. The heterogeneity in the chemotherapy 

response could be attributed to variability in the expression of key proteins, where by some cells are primed 

for apoptosis and have a lower threshold of stimuli for the activation of cell death pathways due to the up- or 

down-regulation of specific pathways. For example, multiple myeloma is characterised by the overexpression 

of the anti-apoptotic proteins Bcl-2 or Mcl-1 which favors cancer cell resistance to chemotherapy80. 

The influence of stochastic differences in chemotherapy sensitivity is further demonstrated in the observation 

that there is a moderate level of cell-cell variability in protein expression in untreated cells and only 20% of this 

variability can be attributed to differences in cell cycle stage32. When the expression of proteins were measured 

before and after chemotherapy treatment, most of the expression profiles were similar between each individual 

cell after chemotherapy exposure. Interestingly, there was a small subset of proteins that displayed bimodal 

behaviour. The expression of some proteins was increased in a subset of cells or decreased in others. Two of 

these proteins showed behaviour that correlated with cell fate, indicating that the stochastic differences in 

protein expression between cells may contribute to the ability to escape chemotherapy induced cell death. 

These studies also demonstrated that the fate of individual sisters cells are independent from each other33 and 

that individual subclones exhibit heterogeneity in the response to chemotherapy33,76, further highlighting the 

role of stochastically driven heterogeneity in the chemotherapy sensitivity of cancer cells.  

2.3.8 Approaches to target cellular mechanisms of resistance to improve chemotherapy efficacy  

Since the identification of the mechanisms of inherent cellular resistance to chemotherapy, novel drugs have 

been developed to target and inhibit drivers of resistance to improve chemotherapy efficacy. However, this 
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has proven difficult with mixed results from clinical trials and the discontinuation of studies due to excessive 

toxicity (Table 2). One example is drugs that target drug efflux pumps, particularly those mediated by p-

glycoprotein. Clinical trials have also reported no significant survival benefit using combination therapy with 

drug efflux pump inhibitors and chemotherapy81–83 or slight improvement in a subset of patients84, though 

development has been hindered by the levels of toxicity associated with the dose required for a clinical benefit 

to be achieved. Similarly, some drugs targeting the WNT signalling pathway which is important in both 

conventional stem cells and CSCs85 have had to be discontinued due to toxicity, primarily in the bone marrow 

leading to increased incidence of fractures86. Lastly, drugs that inhibit or decrease the expression of the anti-

apoptotic protein Bcl-2 are well tolerated and induce substantial responses when used as a monotherapy or 

combined with dexamethasone in chronic lymphocytic leukemia or multiple myeloma87,88. However whether 

modulating Bcl-2 expression improved chemotherapy efficacy has yet to be fully elucidated.   
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Table 2. Clinical studies that combine chemotherapy with agents that target cellular mechanisms of chemo-

resistance.   

Mechanism of 
resistance 

Molecular target Drug Disease Efficacy of combination with 
chemotherapy compared to 
chemotherapy alone  

Drug efflux pumps p-glycoprotein Verapamil Non small cell 
lung cancerr 

Improved survival 84 

Small cell lung 
cancer 

No improvement in survival or 
response rate 81 

 Ovarian 
cancer 

No improvement in response rate 
and significant toxicity82 

Quinine Acute myeloid 
leukaemia 

No improvement in overall 
survival 83 

Dofequidar Breast cancer No significant improvement in 
survival or response rate 89 

DNA repair 
pathways 

Poly (ADP ribose) 
polymerase (PARP) 
inhibitors 

Rucaparbid  Ovarian 
cancer 

Improved progression free 
survival in patients who 
responded to initial treatment90 

Niraparib Ovarian 
cancer 

Improved progression free 
survival  

Anti-apoptotic 
proteins 

Bcl-2 inhibition or 
decrease in 
expression 

12-cis retinoic 
acid and IFNa 

Prostate 
cancer 

Indications of clinical activity 91 

Navitoclax Solid cancers Tolerated 92  

Inhibition of CSC 
signalling 
pathways 

Notch2/3 Tarextumab Pancreatic 
cancer 

No improvement in overall 
survival93  

WNT signalling Ipafricept Ovarian 
cancer 

Toxicity 94 

Ipafricept Pancreatic 
cancer 

Toxicity 86  

Vantictumab Breast cancer Toxicity 95 

 

  



 
35 

2.4 Proliferation and chemotherapy sensitivity- The proliferation rate hypothesis 

Before looking forward at how to improve chemotherapy treatment, it is important to look at one of the 

foundational beliefs that underpin the rationale behind chemotherapy being an effective anti-tumor stratergy. 

An underlying commonality between the classes of chemotherapeutics discussed in this review is that their 

mechanism of action primarily affects biological processes associated with cell division, either by inducing DNA 

damage, which activates cell cycle checkpoints leading to apoptosis, or by directly inhibiting mitotic 

progression. Since a key hallmark of cancer is rapid and uncontrolled cellular division, cancer cells are 

therefore thought to be more sensitive to chemotherapeutic drugs then normal tissues. This has led to the 

general acceptance within the scientific community that the cancer specificity of chemotherapy comes from 

the preferential killing of rapidly proliferating cells. Another observation that supports this assumption is that 

many patients treated with chemotherapy have side effects including hair loss, damage to the gut epithelium, 

and bone marrow toxicity, which represent some of the more rapidly dividing cells within the body. While the 

relationship between proliferation and chemotherapy sensitivity has become a key underlying assumption in 

our understanding of how chemotherapy works, it is important to not only examine the evidence that has led 

to the acceptance of this dogma, but also to consider the other cytotoxic effects of these drugs.  

2.4.1 The in vitro relationship between proliferation and sensitivity varies between cancer cell lines and 

chemotherapy drugs  

Firstly, the relationship between cell division and sensitivity is surprisingly poorly reported, with only a limited 

number of studies that directly assess proliferation or cell division rates in vitro and correlate this to chemo-

sensitivity. In a 2010 paper, Kondoh et.al analysed the correlation between doubling time and sensitivity of 

anticancer drugs against the NCI-60 panel of cancer cell lines96. They found that 37/40 of the major anticancer 

drugs (including cisplatin, paclitaxel and doxorubicin, among others) had higher efficacy towards faster dividing 

cell lines, supporting the ‘proliferation rate hypothesis’. Similarly, doxorubicin sensitivity positively correlated 

with proliferation rate in breast cancer cells cultured in vitro and when cells were serum starved, the decrease 

in proliferation was also associated with a decrease in chemosensitivity97. Studies that also modulate 

proliferation, through either pharmacological means or gene silencing, showed that a decrease in proliferation 

of a cell line can decrease sensitivity to chemotherapy96,98. Equally, however, there are cases where there is 

no apparent link between the rate of proliferation and sensitivity. In the Kondoh paper, along with the 3 drugs 

that showed no increased efficacy in fast proliferating cells, there was no correlation between cisplatin 
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sensitivity and division rate in a selection of ovarian cancer cell lines96. Similarly, in another study there was 

no indication that the proliferation rate correlated to doxorubicin sensitivity99. When proliferation rate is 

decreased artificially, in many cases the sensitivity to chemotherapy actually increased100–103. Though it must 

be acknowledged that in some cases the artificial changes to proliferation rate may have additional effects on 

the cells (decreasing protein expression trapping the cells in a specific cell cycle stage) that could regulate 

chemotherapy sensitivity. The variability in these in vitro studies and the lack of published studies thoroughly 

investigating the relationship between division rate and chemotherapy efficacy make it difficult to validate the 

common assumption that highly proliferative cells are more sensitive to these drugs in vitro.  

2.4.2 There are few studies demonstrating a direct relationship between proliferation and chemotherapy 

sensitivity in preclinical murine models  

Secondly, there is limited in vivo validation of the increased effect of chemotherapy in highly proliferating 

tumors. Many studies measure proliferation at either a fixed timepoint within the tumor or use in vitro rates of 

cell division and correlate this with in vivo response. For example, Nakasone et.al demonstrated that the in vivo 

difference in sensitivity between different tumor models their models could not be attributed to differences in 

in vitro proliferation rate104. The development of intravital fluorescent imaging, utilising the FUCCI system61 

has made it possible to assess proliferation over time within the tumor itself, overcoming the caveats of 

previous studies. Yano et.al utilised these methods to monitor the cell cycle progression in an orthotopic mode 

of liver cancer throughout chemotherapy treatment62. When tumors with most cells in S/G2/M phase (an 

actively cycling or proliferating tumor) were treated with cisplatin or paclitaxel, there was a decrease in tumor 

size with the majority of cancer cells killed. Conversely, there is little anti-tumor efficacy of these same drugs 

in a ‘slow growing tumor’, consisting mainly of cells in G0/G1. While this study did not measure proliferation 

rate directly but instead use cell stage as a surrogate, the results indicate that cells are more sensitive when 

in cell cycle stages associated with active division and increasing the proportion of cells in S/G2/M phase 

improved chemotherapy efficacy63. However, like in vitro studies, there is a lack of in vivo studies examining 

the relationship between proliferation and chemo-sensitivity. 
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2.4.3 There is little correlation between proliferation rate and clinical outcome in numerous human cancers  

Thirdly, the use of proliferation rate as a biomarker for response to chemotherapy varies greatly between 

cancers and is limited in its predictive power. The nuclear protein Ki67 is routinely used as an indicator of 

proliferation and is expressed during all phases of the cell cycle, except G0105. Due to the relative ease of 

assessing its status using IHC, there are numerous clinical studies investigating the relationship between Ki67 

positivity and chemotherapy sensitivity. While there are caveats to using the expression of proteins or genes 

as a surrogate for in situ proliferation rate, there is a striking absence of any significant and reproducible 

correlation between high expression of Ki67 and chemotherapy response rate (as measured by response rate 

and/or progression free or overall survival) in a range of cancer types (Figure 2). In breast cancer specifically, 

which is the most frequent cancer examined for Ki67 positivity due to the relative ease in sampling, similar 

variability between studies is observed. In systematic reviews of the available clinical studies, 10/20 and 17/33 

studies showed a correlation between Ki67 expression before neoadjuvant chemotherapy and overall survival/ 

progression free survival respectively106. Similarly, the relationship between Ki67 and pathological complete 

responses is highly variable107. Meta-analysis of available patient cohorts has shown that high (>10%) Ki67 

positivity is associated with decreased survival108. However, another meta-analysis reported that high Ki67 

could predict response and clinical benefit from neoadjuvant chemotherapy107. The inability to consistently 

correlate cell proliferation rate, using Ki67 as a readout, with chemotherapy response in patients highlights that 

there are more complex drivers of chemotherapy sensitivity.   
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Figure 2. There are limited clinical studies demonstrating a positive correlation between Ki67 expression and 

chemotherapy response rate. Number of studies assessing Ki67 expression using immunohistochemistry that 

demonstrated a correlation between Ki67 expression and response rate or survival. Full dataset in Supplementary 

Table 1. 
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Table 3. Mean doubling time of human cancer cells as determined in vitro.  

Cancer Type Mean Doubling Time  Range  Ref 

Breast Cancer 152 days 45-325 days 109 

280 days 105-270 days 110 

Colon Cancer 391 days 86 days – 31 months 109 

Lung Cancer 114 days 29-225 days 109 

113 days 39-269 days 110 

Prostate Cancer 219 days 33-577 days 109 

Melanoma 147 days 33 days-1.4 years 109 

Hepatocellular Carcinoma 116 days 63-203 days 31 
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2.4.4 Side effects in patients manifest in non or slow cycling cells 

Fourthly, while side effects do manifest in tissues with high proliferation rates such as the bone marrow or 

intestine, they also occur in tissues that do not actively divide. A selection of chemotherapeutic agents cause 

neurotoxicity111,112 or cardiotoxicity113. Both neurons and cardiomyocytes either do not divide or divide at a 

slower rate compared to other tissues. Additionally, only a few of these agents generate these side effects but 

still demonstrate clinical activity, indicating that the mechanisms that drive toxicity may not be the same as the 

cytotoxic mechanisms of action and instead toxic side effects are associated with a different property of these 

drugs. It also must be noted that human cancer cells are generally slow growing (Table 3), especially when 

compared to the division rate of commonly used cell lines in vitro and in vivo114, yet still are sensitive to 

chemotherapy containing regimens clinically. As standard cell culture conditions do not include growth factors, 

cytokines, immune cells or other stimuli cancer cells are exposed to in situ, it is difficult to compare the 

characteristics of in vitro cell lines to those growing orthotopically.   

2.5 The efficacy of chemotherapy is dependent on more than just the proliferation rate of cancer  

The validity of the assumption that proliferation rate correlates with chemotherapy sensitivity has been explored 

by Chan, Komlodi-Pasztor, and Mitchison31,114,115, primarily in the context of microtubule inhibitors. These 

authors explored the evidence behind the ‘proliferation rate hypothesis’ and highlight that there is mainly 

anecdotal evidence supporting this widely held notion. Chan even goes to the extent of stating that the belief 

that chemotherapy is most effective against rapidly dividing cells is “unintentional propaganda [that] has been 

going on for so long, established as fact, and misled patients, physicians or even researchers alike”. One 

hypothesis they proposed as to why cancer cells are more sensitive to chemotherapy compared to normal 

cells is that some cancer cells are primed for apoptosis78,114. Perhaps more important is the contribution of the 

TME, particularly immune composition, to the chemotherapeutic sensitivity of cancer cells (discussed later in 

this review). While it is not suggested that this theory behind the cancer specificity of chemotherapy should be 

completely disregarded, it is important to highlight that there are limited studies that directly assess the 

relationship between proliferation and chemotherapy sensitivity and that other contributing factors are as 

important. 
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2.6 The tumor microenvironment: the driver of cancer sensitivity to chemotherapy 

 Regardless of the source for the cancer specificity of chemotherapeutics, the first impact chemotherapy drugs 

have on the anti-tumor response is by inducing cell death through their class specific mechanisms. However 

not every cancer cell is killed by chemotherapy and a heterogeneous response is often observed, even in a 

monoclonal cell cultures32,33. Evidently there are other factors, apart from the direct elimination of tumor cells, 

that contribute to a complete response after treatment. A tumor is not made up of solely cancer cells, but it is 

a complex and dynamic environment of immune cells, extracellular matrix, fibroblasts and vasculature which 

make up the tumor stroma. Therefore, whether a tumor is sensitive or resistant to chemotherapy is determined 

not just by the sensitivity of individual cancer cells to the drug, but also the interplay between the cancer cells, 

the tumor microenvironment and the chemotherapeutic agent.  

 

Figure 3. The components of the tumor microenvironment that influence chemotherapy efficacy. Tumors are not 

only comprised of tumor cells. The tumor microenvironment is a complex environment containing immune cells, fibroblasts, 

blood vessels and additional stromal compartments.  

Cancer associated fibroblasts (CAFs) are one of the key components of the tumor stroma that have been 

implicated in tumor progression and resistance to chemotherapy. CAFs are phenotypically different from other 

fibroblasts and secrete cancer-promoting factors including TGF-β, vascular endothelial growth factor, platelet-

derived growth factor and fibroblast growth factor 2116. The secretion of these factors are associated with an 
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enhancement in the invasive and metastatic ability of cancer cells117,118, stimulation of angiogenesis119,120 and 

expression of anti-apoptotic proteins121, which modify the TME to support tumor cell survival and 

chemotherapy resistance122. In vitro studies have confirmed that these soluble factors induce chemotherapy 

resistance123–125 and targeting of CAFs in vivo enhances the anti-tumor effects of chemotherapy 28,33–36. CAFs 

have also been implicated clinically, with high levels of CAFs associated with poor progression-free survival 

after chemotherapy126–128. CAFs also contribute to desmoplasia which is the formation of fibrotic tissue around 

tumor cells. This creates not only a physical barrier around the tumor, limiting the penetration of drugs, but 

also can increases interstitial pressure which compresses blood vessels, also decreasing drug availability 

within the TME 129,130. Desmoplasia is particularly prevalent in pancreatic cancer, which is typically 

chemo-resistant. 

As chemotherapy is typically administered systemically, it is essential that the drug reaches the tumor at a 

sufficient dose to directly target cancer cells and exert indirect effects on the other components of the TME. 

Therefore, tumor vasculature is not only essential for cancer growth, but also for the distribution of 

chemotherapy to the tumor cells and the stroma. Patients with a lower density of blood vessels have a poorer 

response to chemotherapy, highlighting the importance of drug delivery to the TME131,132. Tumor vasculature 

is often disorganised and characterised by the formation of new vessels and the modification of existing 

vessels within the tissue stroma which can impede the distribution of chemotherapy. Strategies to ‘normalise’ 

tumor vasculature and reverse the dysfunctional structure have proven to be effective in murine studies133–135. 

When drugs targeting tumor vasculature are combined with chemotherapy, both the chemotherapeutic dose 

reaching the tumor and subsequent anti-tumor response was more effective compared to chemotherapy 

alone133,134,136. 

2.7 The immune system is essential for chemotherapy efficacy  

Spurred on by the emergence and success of immunotherapy, the role of the immune system within the tumor 

stroma is now a key focus of research into chemotherapy efficacy. However, given the use of chemotherapy 

to induce leukodepletion in patients, chemotherapy was historically thought to be predominantly 

immunosuppressive. Therefore, one overarching question remains: how could the efficacy of chemotherapy 

be dependent on the immune system if it actively depletes and suppresses immune cells? 
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The important role of immune cells in the efficacy of chemotherapy has been highlighted in recent years, first 

demonstrated by Schwartz in 1973137 and more recently driven by the work of Nowak138,139 and Zitvogel and 

Kroemer140,141. This was demonstrated by the later in their simple yet informative experiments comparing the 

response to chemotherapy in immunodeficient (predominantly either Nu/Nu or Rag1- /- mice which lack 

functional T cells and functional T and B cells respectively) and immunocompetent mice140,142. Chemotherapy 

was significantly less effective, in most cases rarely curative, in mice lacking an intact immune system, while 

these drugs were extremely effective in the wildtype counterparts. The requirement of an immune system for 

chemotherapy to induce an effective anti-tumor response has been replicated using numerous cancer models 

and chemotherapies (Table 4). Furthermore, studies using depleting antibodies against specific immune cells 

and cytokines or the knockout of specific genes or cellular receptors have elucidated which cell types and 

pathways play an important role in the chemotherapy response (Table 5, Table 6). There has also been 

intensive interrogation into the effects of chemotherapy on immune cells (reviewed in detail143) which is outside 

the scope of this review.
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Table 4. Effect of chemotherapy in immunodeficient Nude/Rag mice compared to immunocompetent WT mice. Effect is reported as decreased (effiacy decreased in 

immunodeficient mouse), not different (efficacy the same in immunodefcient and wildtype mice) or increase (efficacy is increased in immunodeficient mouse). *spontaneously 

generated cancer model  

Chemotherapy Cell Line Effect in Nude/Rag compared to WT Ref 

Oxaliplatin EL4 Lymphoma Decreased 144 

CT26 Slight decrease 145,146 

MMTV-NeuT * No difference 147 

K14cre;CdhIflox/flox;Trp53flox/flox * No difference 147 

GOS Decreased 148 

Mitoxantrone CT26 Decreased 142,145 

MCA205 Decreased 145 

Cisplatin CT26 Decreased 146 

MMTV-NeuT  * No difference 147 

 K14cre;CdhIflox/flox;Trp53flox/flox * No difference 147 

Doxorubicin MMTV-NeuT  No difference 147 

CT26 Decreased 140 

Cyclophosphamide AB1-HA Decreased 149 

Etoposide Eu-MYC No difference 150 

Irinotecan GOS No difference 148 

Docetaxel PO3 No difference 148 

Gemcitabine TC-1 Decreased 151 

AB12 Decreased 

EJ-6-2 Decreased 

Cyclophosphamide/gemcitabine CT26 Decreased 152 

Oxaliplatin/cyclophosphamide KP NSLC Decreased 153 
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Table 5. Effect of chemotherapy in immune cell depleted mice compared to immunocompetent wildtype mice. Effect is reported as decreased (effiacy decreased in immune 

depleted mouse), not different (efficacy the same in immune depleted and wildtype mice) or increase (efficacy is increased in immune depleted mouse). *spontaneously generated 

cancer model *metastatic tumor model  

Depletion Chemotherapy Cell Line Effect on response compared to WT Ref 

CD8+ T Cells Oxaliplatin EL4 Decreased 144 

K14cre;CdhIflox/flox;Trp53flox/flox * No difference 147 

Cisplatin TC-1 Decreased 154 

C3 Decreased 154 

Doxorubicin AT3 Decreased 155 

H2N100 Decreased 155 

EO771 Decreased 155 

MCA205 Decreased 155 

MCA2 Decreased 155 

CT26 Decreased 140 

Cyclophosphamide CT26 Decreased 156 

AB1-HA Decreased 149,157 

Paclitaxel RENCA + Decreased 158 

 Oxaliplatin/cyclophosphamide KP Decreased  153 

CD4+ T Cells Cisplatin TC-1 No difference 154 

Cyclophosphamide CT26 No difference 156 

AB1-HA No difference 157 

Paclitaxel RENCA + Increased 158 

NK Cells Cisplatin TC-1 No difference 154 

Doxorubicin CT26 Decreased 140 

Cyclophosphamide CT26 No difference 156 

DC and 
Macrophages 

Cisplatin TC-1 Slight decrease 154 

B cells Doxorubicin MMTV-pyMT Decreased 159 

Doxorubicin 4T1 Slight decrease 

Cisplatin 4T1 Slight decrease 

Tregs (αCD25) Cyclophosphamide CT26 No difference 156 

Paclitaxel RENCA No difference 158 
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Table 6. Effect of chemotherapy in knock out mice compared to immunocompetent wildtype mice Effect is reported as decreased (effiacy decreased in knockout mouse), not 

different (efficacy the same in knockout and wildtype mice) or increase (efficacy is increased in knockoutt mouse). *spontaneously generated cancer model 

Knockout Depletion Chemotherapy Cell Line Effect in K/O compared to WT Ref 

IFNγ -/- IFNγ Oxaliplatin EL4 Decreased 144 

Oxaliplatin EG7 Decreased 144 

Cyclophosphamide AB1-HA Decreased 149 

Cyclophosphamide CT26 Decreased 156 

Doxorubicin E0771 Decreased 155 

IL12RB2-/- IL12 Receptor Oxaliplatin EL4 No change 144 

Tnfsr10-/- TNF Receptor Oxaliplatin EL4 No change 144 

Prf1-/- Perforin Oxaliplatin EL4 No change 144 

Pfp-/- Perforin Cyclophosphamide AB1-HA No change 149 

IFNyR1-/- IFNγ Receptor Oxaliplatin EL4 Decreased 144 

 Oxaliplatin EG7 Decreased 144 

P2RX7-/-  Oxaliplatin EL4 Decreased 144 

NLRP3-/-  Oxaliplatin EL4 Decreased 144 

CASP1-/- Caspase 1 Oxaliplatin El4 Decreased 144 

Jh-/-  B cells Doxorubicin E0771 Decreased 159 

Docetaxel E0771 Decreased 

TRAIL -/--  Cyclophosphamide AB1-HA Decreased 149 

Tlr4-/-  Cisplatin TC-1 No change 154 

CD80/CD86-/-  Cisplatin TC-1 Decreased 154 

CD70/CD80/CD86-/-  Cisplatin TC-1 Decreased 154 

IL-1B -/-  Doxorubicin AT3 Decreased 155 

 E0771 Decreased 155 

IL17A -/-  Doxorubicin AT3 Decreased 155 

 E0771 Decreased 155 

IL-23p19 -/-  Doxorubicin  No Change 155 

TCRJα18 NKT Doxorubicin MCA205 No Change 155 

   AT3 No Change 155 

TCRδ -/- Γδ T Cells Doxorubicin MCA205 Decreased 155 

   AT3 Decreased 155 

Anti IFNAR  Doxorubicin MCA205 Decreased 160 
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2.8 Tracking dynamic changes in the tumor microenvironment and the correlation of changes with 

treatment outcome 

Extensive work across diverse research fields has characterised the TME composition of each cancer type to 

better understand the underlying biology and processes that drive disease progression. This then aids in the 

development of novel treatments targeting cancer-specific pathways or identifying new treatment strategies, 

such as combination therapy, that target multiple aspects of the TME.  

Increased understanding of the role of the TME in the response to chemotherapy has led to a large body of 

work on identifying predictive biomarkers. Understanding what chemotherapy does to the various components 

of the TME helps with the selection of which cell populations, genes or proteins to assess in clinical studies for 

use as a biomarker. Ideally, a tumor or blood sample would be taken from a patient, analysed, and based on 

the presence or absence of a marker, the patient would proceed with chemotherapy or be recommended an 

alternative treatment. While there has been a significant amount of work in this field, there has been little 

progress of integrating the use of pre-treatment biomarkers into routine use within the clinic. It must be noted 

that whether a patient achieves a pathological complete response when chemotherapy is used in a 

neoadjuvant setting is a robust indicator of clinical outcome, as these patients have increased disease-free 

survival and overall survival compared to patients with residual disease at surgery161, 

One of the limitations of the most common approach to biomarker discovery is that tumor or blood samples 

are only collected at a single timepoint, usually before treatment. This only gives a ‘snapshot’ of the tumor 

microenvironment, or the systemic environment in the case of blood sample. Taking serial samples would 

allow the effects of chemotherapy to be monitored throughout therapy. Whether a patient is responding or not 

would be able to be determined earlier, allowing physicians to make a more informed decision on whether to 

continue with the current treatment or not. Moreover, it would allow a deeper understanding of the biological 

mechanisms that are responsible for an effective chemotherapy response, allowing the development of novel 

rational combination therapies. Measuring the changes within the tumor that are induced by chemotherapy is 

hindered by the inability to obtain serial tumor samples from patients throughout the course of their therapy, 

primarily due to the location of the cancer and invasive procedures required to retrieve a biopsy. Most studies 

are in patients with breast cancer due to the relative accessibility of the tumor and use of chemotherapy in a 

neoadjuvant setting.  
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2.8.1 Dynamic changes in in the local TME and correlation with response  

Due to logistical difficulties, there are few studies that have analysed serial tumor samples from patients 

undergoing chemotherapy and correlated changes within the tumor with clinical outcome. Often clinical studies 

use peripheral blood162,163 or effusions as a surrogate for the tumor microenvironment, however it is unknown 

whether these samples provide an accurate representation of the events occurring within the tumor itself164. 

Studies that do examine the changes within the TME during therapy differ in the parameters measured, often 

only measuring a selection of markers, making it difficult to compare between studies, and likely resulting in 

an incomplete representation of what happens throughout the whole TME.  

The few studies that do investigate the changes in the TME during chemotherapy and correlate these changes 

with clinical response, highlight the importance of serial measurements instead of pre- or post- treatment 

snapshots. Many studies found no difference between responders and non-responders when baseline levels 

of their chosen markers were compared (Supplementary table 2). However, when the change in expression 

from pre-treatment to post-treatment was interrogated, the differences between responders and non-

responders became apparent165–168. Molecules involved in chemotherapy resistance, for example GSTP1 (an 

enzyme associated with decreased sensitivity to cytotoxic agents including anthracyclines169) or ALDH1 (an 

enzyme involved in detoxifying aldehydes into weaker metabolites), decrease in patients that have a response 

to chemotherapy166,170. Decreased GSTP1 expression after chemotherapy, is more prominent in patients with 

breast cancer that respond to doxorubicin and cyclophosphamide chemotherapy and is associated with 

improved progression free survival170. Similarly, decreased expression of biomarkers associated with 

tumorigenesis (COX-2) or immune evasion (PD-L1) is noted throughout treatment, with the decrease more 

prominent in responders165,171.  

When changes in expression of molecules associated with apoptosis are examined, specifically BCL-2 and 

caspase 3, or the apoptotic index (percentage of apoptotic bodies in tumor cells, AI) measured, the results are 

mixed. In one study of patients with breast cancer treated with FEC (5-FU, epirubicin, cyclophosphamide), 

while increased AI was a predictor of pathological response it had no correlation with PFS or OS172. However, 

two alternative studies in breast cancer cohorts treated with ECF (epirubicin, cisplatin, 5-FU)173 or a mix of 

anthracycline based regimes174, changes in AI were not associated with response, nor overall survival. Change 
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in BCL-2 expression173,175,176 or cleaved caspase 3177 similarly was not different in responding or non-

responding patients.  

Change in Ki67 expression has been the most clinically studied biomarker, particularly in breast cancer 

cohorts. As previously highlighted, the relationship between pre-treatment Ki67 and clinical response to 

chemotherapy is highly variable. This is also observed in studies that examine the change in expression from 

before treatment to after treatment. In serial biopsies collected from people with mesothelioma177, rectal 

carcinoma175,178 and in six breast cancer studies165,173,174,176,179,180 neither pre-treatment Ki67 expression, nor 

the change in Ki67 expression correlated with response or PFS or OS. In contrast, a similar number of studies, 

all in breast cancer, demonstrated that a decrease in Ki67 expression was more prominent in pathological 

responders167,172,181, was associated with enhanced survival181–183 and decrease incidence of recurrence or 

metastasis168,184. 

The primary limitation of these studies is that they only assessed a small number of markers or cell populations, 

using immunohistochemistry or flow cytometry. This makes it difficult to capture the complexity of the TME. 

The increasing accessibility of performing large scale biomarker studies using bulk RNAseq, single cell 

RNAseq and TCRseq provides an avenue for a deeper characterisation of the TME. In the immune checkpoint 

field, there are an increasing array of studies that monitor the transcriptomic changes185 or evolution of the 

TCR repertoire186 over the course of treatment and more recently in patients treated with chemo-

immunotherapy187.  

2.9 The hallmarks of chemotherapy-sensitive tumor microenvironment 

The lack of comprehensive clinical studies, particularly studies that track changes in the TME over time, make 

it difficult to create a detailed model of what happens within a tumor after chemotherapy and whether these 

changes correlate with response. However, current data at least allows us to construct a model for a 

pre-treatment chemotherapy sensitive tumor, particularly the contribution of the immune system to chemo-

sensitivity (Figure 4).  

What is well established is the absolute necessity for CD8+ T cells in the anti-cancer immune response. Studies 

utilising a multitude of chemotherapies and cancer cell lines have demonstrated that the depletion of CD8+ T 

cells completely abrogates the efficacy of most tested chemotherapies (Table 4). Similarly, effector molecules 
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such as IFNγ appear crucial. Experiments where IFNγ is neutralised using monoclonal antibodies or knock-out 

mice models show that the absence of signalling decreases chemotherapy efficacy in vivo. Largescale 

transcriptomic studies have further highlighted the importance of T cells and effector cytokines in 

chemotherapy efficacy. The idea of an immunostimulatory ‘hot’ TME has been popularized in the context of 

immunotherapy and this phenotype has been associated with improved response to immune checkpoint 

therapy188–190. ‘Hot’ tumors are highly immune infiltrated, have enrichment of pathways associated with 

inflammation and increased expression of IFN and TNF related genes. However, while there are some papers 

that show that a ‘hot’ TME correlates with response to chemotherapy, these are limited in both the cancer 

types examined, limited to breast cancer191,192 and fibrosarcoma160. Whether this is a broad observation in 

cancer with a range of chemotherapies has yet to be thoroughly examined.  

 

Figure 4. Characteristics of a chemotherapy sensitive TME. An inflammatory, immune infiltrated ’hot’ tumor is 

associated with response to classical chemotherapies. These tumors are characterised by the infiltration of immune cells, 

particularly increased CD8+ T cells. release of inflammatory mediators such as IFNs and TNFα and decreased levels of 

immunosuppressive cells. Additionally, tumor vasculature can have both positive and negative effects on chemotherapy 

response while CAFs are primarily associated with chemotherapy resistance.  
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There are some early indications that suggest an inflammatory, immune infiltrated TME is associated with 

chemotherapy sensitivity. Complete responders to chemotherapy have increased immune infiltration 192–195, 

particularly increased levels of CD8+ T cells191,194,196, compared to non-responders. Transcriptomic studies 

comparing chemotherapy responders and non-responders clustered patients based on their gene expression 

profile197, and demonstrated that chemotherapy sensitive tumors had an TME associated with an inflammatory 

signature, while non-responders had pro-tumorigenic or immunosuppressive TMEs. Lastly, genes and 

transcription factors in the IFN family are commonly upregulated in complete responders160,191 to 

chemotherapy. The presence of immunosuppressive cells like regulatory T cells (Treg) or myeloid suppressor 

cells (MDSC) are associated with a decreased response to chemotherapy, due to the promotion of an 

immunosuppressive and ‘cold’ TME’198–202. The contribution of other immune cells to chemotherapy sensitivity 

is less well characterized and may vary depending on drug or tumor model (Table 4) and further studies are 

required to fully elucidate their role in chemotherapy-driven anti-tumor immunity. As highlighted previously, 

tumor vasculature is an important driver of chemotherapy efficacy and therapeutic normalization of the TME 

has been shown to increase chemotherapy delivery to the tumor and increase overall treatment effectiveness 

133–135. However, it must also be appreciated that normalising the TME could also be pro-tumorigenic, restoring 

the delivery of nutrients and promoting tumor growth. Lastly tumors with less CAFs are associated with an 

increased response to chemotherapy126–128. Similar to immunosuppressive immune cells, an abundance of 

CAFs can skew the tumor towards a ‘cold’ pro-tumorigenic phenotype associated with resistance to 

chemotherapy. 

2.10 Summary and key outstanding questions 

While chemotherapy has been a historical mainstay of cancer treatment, initially as a monotherapy and now 

as part of combination regimens with immunotherapy, surgery or radiotherapy, our understanding of what 

drives a successful chemotherapeutic response is limited. Additionally, although immunotherapy is now in 

common use, chemotherapy is still an important therapeutic modality that can be combined with 

immunotherapy to improve response or as second- or third-line treatments if a patient fails to respond to first 

line immunotherapy.  

The ideal TME for a robust chemotherapy-driven, anti-tumor immune response has yet to be fully elucidated, 

though recent findings in the context of immune checkpoint therapy are beginning to be applied to 

chemotherapy field. Concepts such as immunologically ‘hot’ and ‘cold’ tumors have been explored with respect 
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to how they contribute to the response to immunotherapy188–190 and are now being investigated and validated 

in regard to chemotherapy efficacy191,197,203. An added complexity is the range of chemotherapeutics in clinical 

use spanning different classes with vastly different mechanisms of action and immune effects; an aspect which 

has yet to be full examined. Another interesting question is what is inherent to the tumor that drives the 

formation of a chemotherapy sensitive or resistant TME? Host genetics, exposure to bacterial or viral agents, 

inherent TCR repertoire and environmental factors may play a role in this.  

The mechanisms that induce the induction of an immune response post chemotherapy must also be 

acknowledged. Many chemotherapies induce immunogenic cell death and the release of damage-associated 

molecular patterns which include ATP, calreticulin and HMGB1. This then leads to enhanced antigen 

presentation, phagocytosis and the release of pro-inflammatory cytokines, augmenting the anti-tumor immune 

response204,205. Viral mimicry also effects the tumor microenvironment and involves the induction of an anti-viral 

immune response, of both the innate and adaptive immune system, particularly the induction of interferons206. 

Instead of being induced by exogenous viral infection, the immune response is triggered by endogenous stimuli 

such as cytosolic RNA or DNA. The importance of viral mimicry in the chemotherapy induced immune response 

is still being studied, but it has been shown to be important in the radiotherapy induced immune response207,208.  

Uncovering what drives chemotherapy efficacy opens the doors to the development of predictive biomarkers 

and novel combination treatment strategies. While immune checkpoint therapy has shown promise in a 

multitude of cancer types, like chemotherapy, it is not effective in all patients. Having a predictive biomarker 

for a robust response to chemotherapy or immunotherapy, in the same way that we do for many tyrosine 

kinase inhibitors, would significantly improve the potential of clinical decision making, allowing patients to 

stratified based on their likelihood of a beneficial response to either treatment. 

An additional question is whether the TME can be modulated and transformed from chemotherapy resistant 

to chemotherapy sensitive. Pre-treating a tumor to induce a sensitive phenotype has improved the response 

to immunotherapy in preclinical models209,210. The dependence of chemotherapy efficacy on the immune 

system and early indications of synergy between chemotherapy and immune checkpoint therapy211–213 

highlights the opportunity to alter the tumor immune milieu to improve the anti-tumor immune response 

generated by chemotherapeutics.  
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2.12 Supplementary tables  

Supplementary Table 1. Studies examining the relationship between Ki67 expression before chemotherapy treatment with response and survival. RTX, radiotherapy. pCR 

pathological complete response. OS, overall survival. PFS, progression free survival, RFS, relapse free survival. 5-FU, 5-flurouracil 

Cancer Treatment Response Rate Survival Ref 

Neuroendocrine carcinoma 
(GI) 

Platinum based combinations  Lower response rate when 
Ki67<55% (15%) compared to 
Ki67>55% (42%) 

Ki67<55% improved OS 214 

Neuroendocrine carcinoma 
(Pancreatic) 

Platinum/etoposide,  
Streptozocin/5-FU 
Streptozocin/5-FU/ platinum 

Trend towards lower response rate 
when Ki67<35% compared  

NA 215 

Streptozocin/5-FU No correlation  Lower OS when Ki67>15%  216 

Platinum based combinations NA Ki67>55% poorer survival   217 

Streptozocin/5-FU or doxorubicin No correlation Ki67>10% poorer PFS and OS 218 

Neuroendocrine 
Carcinoma (various) 

Platinum based combinations NA No correlation. 219 

Cisplatin/etoposide 
Carboplatin/etoposide 

NA Ki67<55% improved OS and PFS 220 

Platinum based combinations No correlation  No correlation  221 

Cisplatin/5-FU/streptozocin No correlation  No correlation  222 

Neuroendocrine 
Carcinoma 
(Extrapulmonary) 

Platinum based combinations No correlation No correlation  223 

SCLC Platinum based combinations No correlation No correlation 223 

Cisplatin/etoposide/RTX 
Carboplatin/etoposide/RTX 

Higher Ki67 (>79%) improved rate 
of pCR 

No correlation 224 

Platinum based combinations NA  225 
 

Non Small Cell Lung 
Cancer 

Platinum based combinations No correlation  NA 226 

Cisplatin based chemotherapy NA No correlation 227 

Docetaxel/gemcitabine/paclitaxel with or 
without cisplatin/carboplatin.  

NA No correlation 228 

Platinum based combinations No correlation 
 

No correlation 229 

Cisplatin based chemotherapy NA No correlation 230 

Cisplatin based chemotherapy No correlation No correlation 231 

Cisplatin based chemotherapy No correlation Positive Ki67 poorer PFS and OS  232 

Pancreatic Cancer 81% received chemotherapy NA No correlation.  233 

Gemcitabine NA Higher Ki67 (>13%) poorer PFS and OS 234 

Gemcitabine/cisplatin No correlation NA 235 
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Cancer Treatment Response Rate Survival Ref 

Mesothelioma (MPeriM) Cisplatin/doxorubicin NA Poor prognosis when Ki67 high (>25%)  236 

Cisplatin/doxorubicin 
Cisplatin/mitomycin C  

NA 
 

Improved OS with low Ki67 (<9%)  237 

Cisplatin/doxorubicin 
Cisplatin/mitomycin C  

NA Improved OS and PFS with low Ki67 (<10%) 238 

Colon Cancer 5-FU NA No correlation 239 

5-FU alone or in combinations NA No correlation 240 

5-FU based (neoadjuvant) NA Ki67>40% improved RFS and 241 

Rectal Cancer 5-FU Based (neoadjuvant) NA No correlation  241 

CRT (did not specify regime) No correlation NA 242 

Uracil/tegafur/RTX No correlation No correlation 243 

Oxaliplatin/capecitabine/RTX Higher Ki67 improved tumor 
response grade 

No correlation  244 

5-FU/RTX No correlation No correlation 245 

5-FU/RTX Low Ki67 associated with high 
tumor response  

NA 246 

5-FU/RTX No correlation No correlation 247 

5-FU+RTX 
5-FU/RTX/oxaliplatin 

Higher Ki67 improved response 
rate 

No correlation 248 

5-FU/camptothecin-11/RTX No correlation NA 249 

5-FU/RTX No correlation NA 250 

5-FU/RTX No correlation NA 251 

5-FU/RTX Higher Ki67 improved response 
rate 

NA 251 

Head and Neck Cancer Cisplatin/5-FU followed by Cisplatin/RTX No correlation No correlation 252 

Platinum/5-FU/cetuximab NA No correlation 253 

5-FU/mitomycin-C/RTX No correlation No correlation 254 

5-FU/IFNα 
5-FU/methotrexate 
Carboplatin/4-epaidriamycin/tenoposide 

No correlation No correlation 255 

Doxetaxel/5-FU/cisplatin No correlation No correlation 256 

Cisplatin/5-FU/RTX Higher Ki67 in patients with a pCR Higher Ki67 (>50%) improved survival  257 

Nab-paclitaxel/cisplatin/5-FU/certuximab 
Docetaxel/cisplatin/5-FU ±cetuximab 

No correlation  No correlation 258 

Oxaliplatin/S-1 Higher Ki67 in patients that 
responded 

NA 259 

5-FU/cisplatin/docetaxel/RTX 
Cisplatin/docetaxel/RTX 
Docetaxel/RTX 

NA No correlation 260 

5-FU/cisplatin/RTX No correlation Ki67+ had poorer OS.  261 

5-FU/cisplatin/RTX No correlation NA 262 
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Supplementary Table 2. Clinical studies investigating the change in the TME (tumor biopsies) before and after chemotherapy treatment. Analysis of studies that monitor the 

expression/presence of markers or cell types before and after chemotherapy treatment and correlate the change in expression over the course of treatment with clinical outcome. AI, 

apoptotic index. DFS, disease free survival. NAC, neoadjuvant chemotherapy. OS, overall survival. pCR, pathological complete response. PD, progressive disease. PFS, progression 

free survival. PR, partial response. RFS, relapse free survival. SD, stable disease. 

Study Marker Pre-treatment expression and 
correlation with response 

Change in expression 
(pre to post chemotherapy) 

Correlation of change in expression with clinical 
response? 

Breast Cancer 

Eralp et.al 170 GSTP1 - Decreased Decrease correlated with response 
Decrease associated with PFS, not OS 

TOP2a - No change No correlation 

Survivin - No change No correlation 

Chuah et.al 165 COX-2 No correlation OS/PFS Decreased Decrease more prominent in responders 
COX-2 negative pre- and post- treatment better PFS 
COX-2 positive throughout poorer PFS 

EGFR No correlation No change No correlation 

ErbB2 Higher expression correlated with 
worse PFS 

No change No correlation 

Ki67 No correlation No change No correlation 

p53 No correlation No change No correlation 

Burcombe et.al 172 Ki67 - Decreased in 70% Responders lower Ki67 and greater reduction from baseline 

A) - Increased in 50% and same in 45%  Increased AI is a predictor pathological response, no 
correlation clinical response or PFS/OS 

Hӧglander et.al 263 Genomic 
aberrations 
(Instability) 

Higher in good responders compared 
to intermediate or non responders 

Decreased Levels dropped in good responders while modest or no drop 
in non responders.  

Alamgeer et.al 166 ALDH1 No correlation with OS Increased in patients with no pCR ALDH1+ tumor at baseline or midpoint had poorer response 
rate. If negative at baseline and midpoint better outcome.  
ALDH1– tumor after treatment better OS 

Nishimura et.al 181 Ki67 Higher Ki67 in pCR Decreased from 44% to 16.5% after 
NAC 

Patients who had pCR have lower Ki67 after chemotherapy 
when compared to PR, SD and PD. Patients with lower Ki67 
after chemotherapy has better DFS 

Chen et.al 182 Ki67 Higher in pCR but did not correlate to 
RFS or OS 

Decreased after NAC from median 
30% to 20% (p<0.001). Decrease 
predominantly in RF groups 

Patients with Ki67 decrease >12.5% had better RFS. Ki67 
expression change and histological grade significant in multi-
variate analysis for RFS.  

Von Minckwitz et.al 
264 

Ki67  Both decreased and increased 
dependent on response 

Low post-treatment Ki67 has more favourable outcome 
regardless of pre-treatment levels. Post-treatment Ki67 more 
informative then pre-treatment or change  

Bottini et.al 167 Ki67 No correlation  Decreased Ki67 reduction greater in those with a clinical response then 
PR,SD.  
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Cabrera-Galeana 
et.al 183 

Ki67 NA 57% had decreased Ki67.  Patients with a decrease in Ki67 has longer DFS, 3 year 
DFS, OS. Difference in Ki67 significant determinant of 
survival using multivariate analysis.  

Tokuda et.al 168 Ki67 No correlation in pre-treatment KI67 
with development of metastasis 

 Mean Ki67 level higher after CTX higher in patients with 
metastasis. Lower Ki67 expression in the post-CTX sample 
compared to pre-CTX in patients with no metstasis.  

Archer et.al 174 Ki67 Higher proliferation correlated with 
increased clinical response 

 No correlation 

AI No correlation Increased No correlation 

Ellis et.al 173 Ki67 No correlation Decreased or unchanged No correlation 

AI No correlation Decreased or unchanged No correlation 

BCL-2 No correlation Increased (negative->positive) No correlation  

Billgren et.al 184 Ki67   Decrease of proliferating fraction of cells >25% in patients 
with no recurrence. Higher RFS and OS.  

Lee et.al 180 Ki67 No correlation Median decreased No correlation with clinical or pathological response.  

Colleoni et.al 179 Ki67 Higher Ki67 in pCR - No correlation  

Faneyte et.al 176 BCL-2 No correlation No difference No correlation  

Ki67 Higher level correlated with response. 
Not correlated with DFS or OS 

Decreased No correlation 

P53 Positively correlated with response. 
Not correlated with DFS or OS 

No difference No correlation 

Non Small Cell Lung Cancer 

Sheng et.al 171 PD-L1 - Decreased on tumor cells Decrease on tumor cells correlated with good response 
Switching from PD-L1 positive to negative had better DFS.  

Mesothelioma 

Bitanihirwe et.al 177 PTEN No correlation Decreased after chemotherapy Reduction in expression from pre-post chemotherapy has 
shorter OS but not PFS 

Phospho-
S6 

Lower expression, increased PFS Decreased after chemotherapy No correlation  

Phosphor-
mTOR 

No correlation Decreased after chemotherapy Increased expression pre- post chemotherapy shorter OS but 
not PFS 

Cleaved 
Caspase 3 
(AI) 

No correlation Increased after chemotherapy No correlation  

Ki67 Lower expression, increased PFS Decreased after chemotherapy Lower expression after chemotherapy, increased PFS and 
OS. No correlation in reduction/changes of expression.  

Rectal Carcinoma 

Havelund et. al 175  *  HIF-1a No correlation Decreased  No Correlation 

GLUT-1 No correlation Increased early, then returned to 
baseline 

No correlation 

Bcl-2 No correlation Decreased No correlation 

Ki-67 No correlation Decreased No correlation 
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Debucquoy et. al * 
178 

COX-2 No correlation Increased after chemotherapy No correlation 

Ki-67 No correlation Decreased after chemotherapy No correlation 

Study Marker Pre-treatment expression and 
correlation with response 

Change in expression  
(pre to post chemotherapy) 

Correlation of change in expression with clinical response 

Breast Cancer 

Eralp et.al 170 GSTP1 - Decreased Decrease corelates with response 
Decrease associated with PFS, not OS 

TOP2a - No change No correlation 

Survivin - No change No correlation 

Chuah et.al 165 COX-2 No correlation OS/PFS Decreased Decrease more prominent in responders 
COX-2 negative pre- and post- treatment better PFS 
COX-2 positive throughout poorer PFS 

EGFR No correlation No change No correlation 

ErbB2 Higher expression correlated with 
worse PFS 

No change No correlation 

Ki67 No correlation No change No correlation 

p53 No correlation No change No correlation 

Burcombe et.al 172 Ki67 - Decreased in 70% Responders lower Ki67 and greater reduction from baseline 

Apoptotic 
Index (AI) 

- Increased in 50% and same in 45%  Increased AI predictor pathological response, no correlation 
clinical response or PFS/OS 

Hӧglander et.al 263 Genomic 
aberrations 
(Instability) 

Higher GII in good responders 
compared to intermediate or non 
responders 

Decreased GII dropped in good responders while modest or no drop in 
non responders.  

Alamgeer et.al 166 ALDH1 No correlation with OS Increased in patients with no pCR ALDH1+ tumor at baseline or midpoint had poorer response 
rate. If negative at baseline and midpoint better outcome.  
ALDH1– tumor after treatment better OS 

Nishimura et.al 181 Ki67 Higher Ki67 in pCR Decreased from 44% to 16.5% after 
NAC 

Patients who had pCR have lower Ki67 after chemotherapy 
when compared to PR, SD and PD. Patients with lower Ki67 
after chemotherapy has better DFS 

Chen et.al 182 Ki67 Higher in pCR but did not correlate to 
RFS or OS 

Decreased after NAC from median 
30% to 20% (p<0.001). Decrease 
predominantly in RF groups 

Patients with Ki67 decrease >12.5% had better RFS but not 
BCSS. Ki67 expression change and histological grade 
significant in multi-variate analysis for RFS.  

Von Minckwitz et.al 
264 

KI67  Both decreased and increased 
dependent on response 

Low post-treatment Ki67 has more favourable outcome 
regardless of pre-treatment levels (ie. Change not important). 
Post-treatment ki67 more informative then pre-treatment or 
change  

Bottini et.al 167 Ki67 No correlation  Decreased Ki67 reduction greater with a clinical response then NR.  

Cabrera-Galeana 
et.al 183 

Ki67 NA 57% had decreased Ki67.  Patients with a decrease in Ki67 has longer DFS, 3 year 
DFS, OS. Difference in Ki67 significant determinant of HR 
using multivariate analysis.  

Tokuda et.al 168 Ki67 No correlation in pre-treatment KI67 
with development of Mets 

 Mean Ki67 level higher after CTX higher in patients with 
Mets. Lower Ki67 expression in the post-CTX sample 
compared to pre-CTX in patients with no Mets.  
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Archer et.al 174 Ki67 Higher proliferation correlated with 
increased clinical response 

 No correlation 

AI No correlation Increased No correlation 

Ellis et.al 173 Ki67 No correlation Decreased or unchanged No correlation 

AI No correlation Decreased or unchanged No correlation 

BCL-2 No correlation Increased (negative->positive) No correlation  

Billgren et.al 184 Ki67   Decrease of proliferating fraction of cells >25% in patients 
with no recurrence. Higher RFS and OS.  

Lee et.al 180 Ki67 No correlation Median decreased No correlation with clinical or pathological response.  

Colleoni et.al 179 Ki67 Higher Ki67 in pCR - No correlation  

Faneyte et.al 176 BCL-2 NO correlation No difference No correlation  

Ki67 Higher level correlated with response 
(only one independently). Not 
correlated with DFS or OS 

Decreased No correlation 

P53 Positively correlated with response. 
Not correlated with DFS or OS 

No difference No correlation 

Non Small Cell Lung Cancer 

Sheng et.al 171 PD-L1 - Decreased on tumor cells Decrease on tumor cells correlated with good response 
Switching from PD-L1 positive to negative had better DFS, 
converse also true.  

Mesothelioma 

Bitanihirwe et.al 177 PTEN No correlation Decreased after chemotherapy Reduction in expression from pre-post chemotherapy has 
shorter OS but not PFS 

Phospho-
S6 

Lower expression, increased PFS Decreased after chemotherapy No correlation  

Phosphor-
mTOR 

No correlation Decreased after chemotherapy Increased expression pre- post chemotherapy shorter OS but 
not PFS 

Cleaved 
Caspase 3 
(AI) 

No correlation Increased after chemotherapy No correlation  

Ki67 (PI) Lower expression, increased PFS Decreased after chemotherapy Lower expression after chemotherapy, increased PFS and 
OS. No correlation in reduction/changes of expression.  

Rectal Carcinoma 

Havelund et. al 175  *  HIF-1a No correlation Decreased  No Correlation 

GLUT-1 No correlation Increased early, then returned to 
baseline 

No correlation 

Bcl-2 No correlation Decreased No correlation 

Ki-67 No correlation Decreased No correlation 

Debucquoy et. al * 
178 

COX-2 No correlation Increased after chemotherapy No correlation 

Ki-67 No correlation Decreased after chemotherapy No correlation 
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Chapter two 

 

The features of a tumor microenvironment that dictate response to 

chemotherapy are revealed using a bilateral tumor model  
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Overview of chapter  

This chapter is presented as a publication to be submitted after the publication of the data in Chapter 3.  

Authors: Caitlin M Tilsed, Nicola Principe, Vanessa S. Fear, Catherine Forbes, Wee Loong Chin, 

Rachael M. Zemek, Joel Kidman, Jonathan Chee, Anna K. Nowak, Scott A. Fisher, Richard A. Lake, 

W. Joost Lesterhuis 

 

Chapter two describes the development of a bilateral tumor model to characterise the differences in the 

tumor microenvironment between responders and non-responders to cyclophosphamide 

chemotherapy. Two tumors inoculated bilaterally respond symmetrically to treatment; either both 

tumors completely respond or both tumors progress. This observation allows for the resection of one 

tumor either before or after treatment, which can then be analysed. In this study RNA sequencing and 

T cell receptor sequencing was performed. The excised tumor’s therapeutic fate can be inferred by the 

response of the tumor that remained in situ. These data can be used to generate a gene expression 

signature or T cell receptor repertoire associated with response to cyclophosphamide and utilised as 

either a predictive biomarker or used to identify pathways that can be targeted to improve treatment 

efficacy. 
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2.1 Abstract 

The development of robust predictive biomarkers for a response to chemotherapy has been limited, 

principally because the intrinsic heterogeneity of clinical studies generate noisy data. As murine cancer 

models are limited in the genetic diversity of both the host and tumor cells, they are ideal for 

characterising the tumor microenvironment (TME) associated with a robust response to chemotherapy. 

We developed and optimised a bilateral tumor model to study the TME associated with complete 

response to cyclophosphamide (CY). In this model, mice are inoculated with tumor cells on both flanks. 

One tumor is surgically resected either before or after CY, while the contralateral tumor remains in situ 

to provide a readout of the response. The model utilised AB1-HA murine mesothelioma, which is 

sensitive to CY, with a dose of 200 mg/kg curative in 30% of mice. Importantly, the response to 

treatment is symmetrical with a tumor inoculated on the left flank responding identically to a tumor on 

the right flank. Both tumors progress or completely regress after CY, with the rate of symmetry 

unaffected by sham surgery performed near the tumor site. Resected tumors were analysed from 

different timepoints using RNA sequencing and T cell receptor sequencing. The data was used to 

generate a gene expression signature associated with response to CY. This signature could form the 

basis of a predictive biomarker for response to treatment and could be used to identify pathways that 

might be therapeutically targeted to improve CY efficacy. 

2.2 Introduction 

Chemotherapy remains the first-line treatment for many cancers, but despite decades of clinical use, 

response rates vary widely and there is no robust biomarker to predict response. Some cancers such 

as testicular cancer are highly chemo-sensitive with response rates above 90%1. Others, such as 

mesothelioma, are chemo-resistant, having response rates of less than 50%, with patients rarely 

experiencing complete tumor regression2. The identification of a robust and clinically applicable 

predictive biomarker for chemotherapy response has been hindered by numerous factors, one of which 

is the amount of ‘noise’ in patient datasets: patient cohorts contain an inherent variability in germline 

and tumor genetics, environmental influences, intra- and inter-tumoral heterogeneity and a range of 

clinical characteristics and diseases stages3,4. Furthermore, there are logistical difficulties in clinical 

studies; rarely do all patients receive identical treatment (including concomitant medications), complete 

the full course of therapy or have serial samples collected at consistent timepoints. Serial collection of 
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multiple tumor biopsies is also difficult in patient studies, and for some tumor locations it is not feasible 

at all. Many trials instead use other samples such as peripheral blood or effusions for analysis, which 

may not be truly representative of the tumor microenvironment5,6. The clinical studies that have 

compared the composition of the tumor microenvironment (TME) between responders and non-

responders to chemotherapy are largely in breast cancer patients due to the relative accessibility of 

tumor tissue, the frequent availability of a pre-treatment biopsy followed by a surgical specimen after 

neoadjuvant chemotherapy, and the ability to recruit large patient cohorts. 

The use of mouse cancer models to examine chemotherapy effectiveness is well established and has 

furthered our understanding of how these drugs work. They have also identified the necessity of the 

immune system in treatment efficacy with the discovery of immunogenic cell death as a bridge between 

the cytotoxic properties of chemotherapies and their immunomodulatory effects7,8. A key advantage of 

inbred murine models is the ability to limit genetic diversity. However, current mouse models are limited 

in their ability to interrogate these differences and correlate findings with therapeutic outcomes. This is 

primarily due to the studies that examine treatment effectiveness having endpoints of either complete 

regression or tumor outgrowth. Once a tumor has responded there is little or no biological tissue left to 

sample and analyse, so in these models, while the therapeutic outcome is known, the composition of 

the TME cannot be determined9–11. Conversely, other studies collect tissues at predefined timepoints; 

tumors are removed and analysed either before or after treatment and compared to vehicle treated 

controls12–14. While the composition of the TME is known, the therapeutic outcome cannot be 

determined, as the experiment is ended before a response outcome is determined. Other studies have 

characterised the differences in the TME between responders and non-responders to chemotherapy by 

comparing chemo-sensitive models with chemo-resistant models15,16, though they do not allow 

comparison between mice bearing the same tumor cell line.  

Therefore, to be able to correlate the characteristics of the TME with treatment response, the ideal 

model would allow tumors to be sampled and analysed while also remaining in situ, so treatment 

outcome can be determined. This methodology would also allow for the sampling of tumors prior to 

treatment, which can be translated to a predictive biomarker for clinical use. Other groups have 

developed protocols for fine needle aspiration (FNA)17–19 in subcutaneous tumor models to collect 

samples while a tumor remains in situ. However, these approaches are limited in the quantity of sample 
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collected, they may introduce sampling errors in heterogeneous tumors and this technique has not yet 

been applied in the context of chemotherapy. To address these limitations, we developed a bilateral 

tumor model that we have previously optimised and validated in the context of immune checkpoint 

blockade20,21. 

Here, we describe the development of the bilateral tumor model in the context of chemotherapy 

treatment and we describe the required optimisation steps, as to facilitate reproduction efforts and we 

hope it will allow researchers to expand the model to other chemotherapies. We found that 

cyclophosphamide (CY) is effective at delaying tumor growth and increasing survival in a range of 

cancer cell lines and is curative in a small subset of cancer models. The response to CY is symmetrical 

in AB1-HA murine mesothelioma, with tumors on opposite flanks responding identically and this 

symmetry is unaffected by surgery near the tumor site. Lastly, RNA and T cell receptor (TCR) 

sequencing analysis demonstrated that samples can be separated by time and complete responders 

can be distinguished by their pre-treatment gene expression profile, which we validated using tumor 

gene expression data from breast cancer patients treated with cyclophosphamide-based chemotherapy 

(Chapter three). Thus, the bilateral tumor model is a powerful tool that can be used to investigate the 

difference between responders and non-responders to chemotherapy and may be useful for the 

identification of biomarkers of response to further understand the mechanism of action of these 

treatments. 

2.3 Results 

2.3.1 The bilateral tumor model as a method to characterise the difference between treatment 

responders and non-responders 

The bilateral tumor model was developed to interrogate the differences between responders and non-

responders to therapy, initially in immune checkpoint blockade20,21 and extended to CY chemotherapy 

in this study. This model utilises genetically identical mice bearing monoclonal tumors that respond 

dichotomously to treatment, thereby providing an environment where genetic differences are not a key 

determinant of response. Mice are subcutaneously inoculated with tumor cells on both the right and left 

hind flank. One tumor is surgically resected, either before or after chemotherapy, while the other tumor 

remains in situ and used to assess treatment response, allowing us to infer the ‘fate’ of the excised 
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tumor as either a ‘complete responder’ or ‘progressor’ for further analysis. Here, we performed RNA 

and TCR sequencing on tumors from responders and non-responders to CY at time-points both before 

and after treatment (Figure 1).  

 

Figure 1. Experimental design for the bilateral tumor model. Mice are inoculated on both flanks and at desired 

timepoints, one tumor is surgically removed. The other tumor remains in situ as an indicator of the fate of the 

resected tumor; either cured (complete responder) or an initial period of tumor regression followed by tumor 

outgrowth (progressor).   
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2.3.2 Cyclophosphamide monotherapy can cure AB1-HA murine mesothelioma 

The response to chemotherapy differs greatly between cancer models and the choice of chemotherapy 

given. Therefore, the first step in optimising the model was to screen the sensitivity of our AB1-HA 

murine mesothelioma cell line against a range of chemotherapy drugs. For this to be a useful 

experimental model to investigate the biology underlying the response to chemotherapy, it was 

important to achieve complete tumor regression in some mice. Mice were inoculated with AB1-HA and 

treated with chemotherapy up to the maximum tolerated dose22. Interestingly, only cyclophosphamide 

(CY, Fig2A) was curative in AB1-HA. While gemcitabine (Fig2B, FigS1A) significantly improved survival 

and delayed tumor growth (p<0.0001 and p=0.0015 respectively) it was not curative. Etoposide 

(FigS1C) significantly delayed tumor growth from day 12 onwards (p<0.0001) but provided no additional 

survival benefit (Fig 2C). Cisplatin, doxorubicin and vinorelbine all had no effect on tumor growth, nor 

survival (Fig2D-F, FigS1D-F).  

To ensure the observed response was not cell line or strain-specific, we assessed the CY sensitivity for 

other cancer cell lines in vivo. CY treatment led to a significant increase in survival (Fig3A-F) and delay 

in tumor growth in all cell lines (FigS2A-F). CY was curative in CT26 colon carcinoma and WEHI164 

sarcoma in BALB/c mice and AE17 mesothelioma and eµ-MYC B cell lymphoma in C57BL/6 mice. Of 

the cell lines with the potential to be cured by CY, AE17 and eµ-MYC were poor candidates for the 

bilateral model due to the relatively low cure rate (20% in each cell line). As the growth and response 

of AB1-HA and CT26 to CY was consistent and had a complete response rate between 40-60%, we 

progressed to characterising the symmetry of response in these models.   
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Figure 2. Survival of AB1-HA tumor bearing mice treated with MTD chemotherapy. Mice were treated when 

tumor size was between 20-30 mm2 and euthanised when tumor size exceeded 100 mm2. . Mice received (a) 

cyclophosphamide, (b) gemcitabine, (c) etoposide, (d) cisplatin, (e) doxorubicin, or (f) vinorelbine. Survival analysis 

was completed using the log-rank test. *p<0.05 **p<0.01 ***p<0.001 

 

Figure 3 Survival of tumor bearing mice treated with 200-270 mg/kg cyclophosphamide. BALB/c (a-c) or 

C57BL/6 (d-f) mice were inoculated with (a) CT26, (b) WEHI164, (c) 4T1, (d) AE17, (e) eµ-MYC or (f) Lewis Lung 

Carcinoma (LLC). Chemotherapy was dosed when tumors were between 25-30 mm2 and mice were eithanised 

when tumor size exceeded 100 mm2 (CT26, AE17 and LLC) or 150 mm2 (WEHI164, 4T1 and eµ-MYC). Survival 

analysis was completed using the log rank test. *p<0.05 **p<0.01 ***p<0.001, ****p<0.0001 
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2.3.3 Cyclophosphamide at a dose of 200 mg/kg provides reliably symmetrical responses in AB1-HA 

For the bilateral tumor model to be useful, tumor growth and treatment response outcomes need to be 

consistent. Firstly, the response to chemotherapy must be symmetrical; if a tumor on the right flank is 

cured, then the contralateral flank must also be cured. Conversely, if one tumor does not respond, the 

opposite flank should also progress after treatment. Secondly, to ensure an equal balance of complete 

responders and progressors within each experiment, and to limit the required number of mice, we 

required a response rate close to 50%. 

We assessed the symmetry of response in mice inoculated bilaterally with AB1-HA or CT26 and treated 

with CY at the previously established MTD of 270 mg/kg22, as well as lower dosages of 200 mg/kg or 

150 mg/kg of CY (Fig4A). Mice were categorised as complete responders (both flanks cured), 

progressors (both flanks eventually progress) or asymmetrical responders (one flank cured and the 

other progressed). The symmetry of response was consistent between all three doses of CY in mice 

inoculated with AB1-HA, with 70-80% of mice responding symmetrically (Fig4B and Table 1). The 

response rate was dose-dependent as indicated by the highest dose curing 70% of mice and the two 

lower doses curing 31% and 32% respectively.  

Though symmetry was maintained in CT26 inoculated mice treated with high dose CY, relative to mice 

bearing AB1-HA, tumor growth rates after treatment varied greatly, both between mice and between 

tumors on the same mouse (Fig 4C). We therefore proceeded to further optimise only AB1-HA for the 

bilateral tumor model with the lower dose of 200 mg/kg which displayed more consistent tumor growth.  

While the majority of mice (80%) displayed a symmetrical response to treatment, a small subset (20%) 

had an asymmetrical response. To avoid including mice with asymmetric responses to CY in 

subsequent analysis, we investigated factors associated with asymmetry in our mice. We found that on 

the day of treatment, mice that were asymmetrical responders had a size difference greater then 5 mm2 

between the tumors on each flank, (Fig 5A) while mice with tumors that responded symmetrically were 

closer in size (p=0.0299). In addition, mice that had a symmetrical relapse did so in a very tight window 

of time, between 30-35 days after CY, while asymmetrical non-responders tended to relapse either 

earlier or later (Fig 5B, p=0.0146). We therefore applied the following criteria before samples were 

analysed using RNAseq; for each mouse, contralateral tumors were not allowed to differ more than 5 
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mm2 in size on the day of treatment and non-responding mice were only included if the indicator tumor 

relapsed between day 30 and 35. These criteria were applied in all future experiments that required 

samples to be collected in order to limit the inclusion of asymmetrical responders in the analysis. 

 

Figure 4. Symmetry of tumor growth and response of mice treated with cyclophosphamide. (a) Experimental 

design. Mice were inoculated with tumors bilaterally and treated with cyclophosphamide when the tumors reached 

25-30 mm2; day 10 for AB1-HA or day 7 for CT26. (b) Tumor growth curves of the left (LHF) and right (RHF) of 

mice inoculated with AB1-HA. Mice were classified as a complete responder (both tumors cured, blue circle), an 

assymetrical responder (one tumor cured the other not, orange triangle) or a progressor (both tumors not cured, 

red square). (c) Tumor growth curves of the LHF and RHF of mice inoculated with CT26 and treated with CY. Lines 

are colored per individual mouse. 
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Figure 5. Symmetrical responders and asymmetrical responders differ in tumor size and days to relapse. 

(a) Difference in the tumor size between the right flank and left flank tumors on an individual mouse. (b) Days to 

relapse (when the tumor first exceeds 25 mm2 after treatment) of symmetrical and asymmetrical mice. Significance 

determined by Mann-Whitney U test *p<0.05. \ 

 

Table 1. Rate of symmetry and complete response to cyclophosphamide chemotherapy at indicated doses. 

Response rate is calculated from only those mice that had a symmetrical response. 

Cell Line Dose (mg/kg) Symmetry rate Symmetric complete 
response rate 

AB1-HA 270 70% (7/10) 71% (5/7) 

200 81% (26/32) 31% (8/26) 

150 79% (19/24) 32% (6/19) 

CT26 270 80% (8/10) 62.5% (5/8) 

150 66% (6/9) 0% (0/6) 

 

2.3.4 Cyclophosphamide treatment shortly after surgery induced significant toxicity  

Chemotherapy is known to induce thrombocytopenia. Since the bilateral model requires surgery in the 

context of chemotherapy, and low platelets can be an additional risk factor for surgery23, we performed 

pilot studies to determine the tolerability of these procedures in tumor bearing mice. We measured 

peripheral blood platelet count at two timepoints post CY. CY induced a decrease in platelet count three 

days after treatment (Fig6A, p=0.0142). This depletion was transient and was considered manageable 

with our experimental design as levels remained well above 50x103/ml and returned to normal by day 7 

(p=0.9366).  

In previous studies investigating chemotherapy and surgery in murine models, the combination of both 

procedures was largely well tolerated although complications causing death in a small subset of mice 
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during or shortly after treatment were reported24,25. We also observed significant weight loss (an 

indicator of toxicity), in mice that had tumor resection surgery followed by chemotherapy 6 hours later 

(Figure 6B). Mice experienced dramatic weight loss with some mice having to be euthanised as they 

reached the humane endpoint of more than 20% loss of body weight within a few days of CY. 

Interestingly, this effect was independent of whether surgery was performed (Fig. 6B). Control mice that 

received isoflurane anaesthesia and buprenorphine pain relief, but no surgery, also exhibited toxicity 

greater than mice receiving CY only. The toxicity could be negated by increasing the time between 

surgery and CY. When surgery was performed 24 hours prior to CY, weight loss was comparable to 

CY-only control mice (Fig. 6B).  

2.3.5 Response symmetry is maintained when sham surgery is performed before or after CY  

It is well known that surgical resection can induce the release of chemokines, cytokines and growth 

factors that can have both pro-tumorigenic and anti-tumorigenic effects26,27. Therefore, we next 

assessed whether performing surgery affected the symmetry of response or response rate. Mice were 

inoculated bilaterally with AB1-HA and sham surgery was performed either before or after CY. Sham 

surgery did not affect the symmetry of response when performed either one day prior to (day-1), or 

seven days after CY (day+7), with a symmetry rate of 80% and 100% respectively (Fig6. Table 2), which 

was similar to the symmetry that we observed in the absence of surgery (Fig 4. Table 1). Interestingly, 

while there was no decrease in CY response rate when sham surgery was performed at day 1, the 

number of complete responders was halved when surgery was performed at day +7 (Table 2), 

suggesting an immune inhibitory effect of the surgery, as has been reported by others previously28.  
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Figure 6. The response to CY is symmetrical in the context of sham surgery. (a) Platelet levels of mice treated 

with 200 mg/kg cyclophosphamide chemotherapy (n=3). (b) Change in weight of mice treated CY and surgery 

associated anaesthesia (inhaled isoflurane and s.c buprenorphine). (c-d) Mice were inoculated with AB1-HA on 

both the left hand flank (LHF) and right hand flank (RHF) and treated with 200 mg/kg cyclophosphamide 

chemotherapy i.p (dotted line). Sham surgery (dashed line) was performed one day prior to chemotherapy (c) or 

seven days post chemotherapy (d) and tumor growth monitored. Mice were classified as a complete responder 

(both tumors cured, blue circle), an asymetrical responder (one tumor cured the other not, orange triangle) or a 

progressor (both tumors not cured, red square). Significance determined by the Mann-Whitney U test, *p<0.05 

**p<0.01 

 

Table 2. Rate of symmetry and complete response to 200 mg/kg cyclophosphamide when sham surgery 

was performed at day -1 or day +7. Response rate calculated only from mice that had a symmetrical response.  

Surgery time point Symmetry 
Symmetric complete response 

rate  

Day -1 79.1% (19/24) 31.5% (6/19) 

Day +7 100% (20/20) 15% (3/20) 
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2.3.6 The bilateral tumor model is a useful tool to identify differences in gene expression and the TCR 

repertoire between timepoints and response 

The bilateral tumor model was designed to characterise the differences in the tumor microenvironment 

between treatment responders and non-responders in a highly controlled experimental system. After 

optimisation of the model for CY chemotherapy, we collected samples from complete responders and 

progressors at three timepoints and performed RNA sequencing to characterise the tumor 

microenvironment and TCR sequencing to assess T cell specificity. Here, we assessed if unsupervised 

hierarchical clustering could group the samples based on timepoint and distinguish our complete 

responders from progressors.  

Using principal component analysis, each timepoint clustered together with a distinct gene expression 

signature for each group and at day-1 there was some separation between complete responders and 

progressors (Fig. 7A). Samples were also grouped by timepoint based on the detected total 

complementarity-determining regions (CDR3s) and unique CDR3s as determined by TCR sequencing 

(Fig. 7B). As the day -1 samples appeared to separate by response in the principal component analysis, 

we used unsupervised hierarchical clustering on the top 5% variable genes to examine the differences 

in gene expression between the two groups, which showed a distinct gene expression signature 

between complete responders and progressors (Fig. 7C). These data demonstrate that there are small 

but significant differences within the TME between responders and non-responders to chemotherapy. 
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Figure 7. The gene expression profile and TCR repertoire can discriminate samples based on timepoint 

and response. (a) Principal component analysis using VST transformed counts. (b) Unique CDR3 and total CDR3 

sequences of tumors before or after treatment. (c) Unsupervised hierarchical clustering of complete responders 

and progressors on the top 5% variable genes. Counts per million were log-normalised and Z scaled for 

visualisation as a heatmap. 

2.4 Discussion 

Chemotherapy efficacy varies both between cancer types and within patient cohorts. There have been 

many studies to identify biomarkers for response to chemotherapy29,30, with little success in translating 

findings into the clinic. Inter-patient heterogeneity, variability in treatment regimes, diverse patient 

characteristics and sampling limitations reduce the ability to identify potential signals or signatures of 

response. Preclinical mouse models eliminate genetic heterogeneity and are a valuable resource that 

allows for the influence of other factors on response to be investigated, such as the composition of the 

tumor microenvironment or immune repertoire. We developed and optimised a bilateral tumor model 

using the AB1-HA murine mesothelioma cell line treated with CY chemotherapy to compare the tumor 

microenvironment between complete responders and progressors to treatment.  
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A key feature of the model is the symmetrical response to treatment. This symmetrical response is seen 

in both CY and ICT21,31,32 and highlights the systemic nature of anti-tumor immunity. CY is an 

immunogenic chemotherapy that increases the levels of inflammatory cytokines, depletes 

immunosuppressive T regulatory cells in the periphery and enhances cross presentation in the lymph 

node33,34. The generation of systemic anti-tumor immunity can be assessed by characterising the TCR 

repertoire both in the periphery and within the tumor microenvironment. The promotion of an 

inflammatory environment and the release of tumor antigens after cell death can lead to changes in the 

diversity and clonality of the TCR repertoire as tumor specific T cells are generated or expanded in 

these favourable conditions. While there is evidence that ICT can remodel both the blood and the tumor 

TCR repertoire in vivo in both pre-clinical and clinical studies35, there are limited studies in patients 

receiving chemotherapy and none in mouse models to date. Interestingly, it has been shown that there 

is little overlap or sharing of clones between PBMCs and TILs36 and the level of sharing did not increase 

after chemotherapy37,38, indicating that it may not be the specificity of T cells but rather their phenotype 

that drives systemic anti-tumor responses. The environment a tumor is located in dramatically shapes 

the composition of the TME, particularly the immune compartment39–41. In the bilateral tumor model, 

each tumor is exposed to the same environmental conditions and hence develop similar TMEs. Our lab 

has validated this, demonstrating concordance in the immune composition of tumors on contralateral 

flanks20. This is further confirmed by differing responses to ICT and CY when monoclonal cell lines are 

inoculated in different locations and the decrease in chemo-sensitivity of metastasis compared to the 

primary subcutaneous tumor 42–45.  

Previous in vivo studies seeking to generate a predictive biomarker for chemotherapy response by 

characterising differences between responders and non-responders to chemotherapy have used 

several approaches. The first is to compare chemotherapy response and/or TME of chemo-sensitive 

and chemo-resistant models15,16. Although this can be useful to identify key genetic or tumor cell intrinsic 

factors that influence chemotherapy sensitivity, it does not allow the dissection of aspects of the TME 

that shape response. Secondly, peripheral blood samples are used. However, there is little overlap 

between the phenotype of T cells6 and the TCR repertoire35 found in blood or tumor; an indication that 

sampling one may not provide results that can inform the state of the other. Lastly, FNAs are used to 

directly sample the TME in murine models, but this method results in only a small number of cells being 

collected, significantly decreasing the depth and breadth of analyses that can be performed. The 
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bilateral model addresses these limitations. As there is no genetic heterogeneity due to the use of inbred 

mice and monoclonal tumor cells, the influence of genetic factors or differences in the intrinsic sensitivity 

of cancer cells to treatment is eliminated. The entire TME is directly sampled and analysed, as opposed 

to using peripheral blood to infer what may be happening in the tumor, nor is it affected by sampling 

bias. We optimized the model for CY, using AB1-HA mesothelioma, and we validated the results in 

CT26 and using 5-FU (Chapter 3). Other groups will be able to replicate the model with different cell 

lines and chemotherapies, using the protocol as we described.  

The key assumption underlying the bilateral model is that a tumor on one flank can be analysed and 

used as a representation of the contralateral tumor. This assumption is based on two primary 

observations. First the response to both cyclophosphamide and immune checkpoint blockade20,21 is 

symmetrical, indicating that there is a level of similarity in the TMEs between each tumor as they share 

identical responses. Secondly, our group has previously shown that there is concordance in the immune 

composition of contralateral tumors20 which reassures us that the resected tumor is a faithful analogue 

of the remaining tumor. A limitation to the model is that we cannot sample the same individual over time 

and track treatment-induced changes over time, which is of particular relevance in the context of 

TCRseq as the T cell repertoire is largely not encoded in the germline, and therefore different between 

individual mice. In addition, although bilateral models work well with subcutaneous tumors, it remains 

to be seen whether they will also work with orthotopic tumors, which will also be significantly more 

technically challenging. 

Notwithstanding these limitations, we consider that bilateral models provide a valuable tool to unravel 

TME-associated factors driving the response to chemotherapy. Further analysis into the immune cell 

composition, TCR repertoire and transcriptome will identify key pathways or cell types associated with 

response and the development of predictive biomarkers to inform potential strategies to improve the 

response to chemotherapy.  

2.5 Methods 

2.5.1 Mice 

Male and female BALB/c and C57BL/6J mice were obtained from the Animal Resources Centre 

(Murdoch, Western Australia) and housed under specific pathogen free conditions in the Harry Perkins 
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Bioresources Facility (Nedlands, Western Australia). Mice were between 8 and 10 weeks of age. All 

experiments were conducted according to the Harry Perkins Institute for Medical Research Animal 

Ethics Committee (AE029, AE099 and AE153) and the code of conduct of the National Health and 

Medical Research Council of Australia.  

2.5.2 Cell Lines and inoculation 

AB1-HA, AE17, CT26, WEHI164 and 4T1 were maintained in RPMI 1640 supplemented with 20 mM 

HEPES 0.05 mM 2-mercaptoethanol, 100 U/ml benzylpenicillin, 50 µg/ml gentamycin and 10% NCS. 

AB1-HA was additionally cultured with G418 to maintain expression of HA. Lewis lung carcinoma was 

maintained in DMEM (Gibco) supplemented as described above. Eµ-MYC was maintained in IMDM 

(Gibco) and supplemented as above. Eµ-MYC was obtained from the Walter and Eliza Hall Institute for 

Medical Research and other cell lines obtained from Cell Bank Australia. 

Cells were grown to a confluence of 80% and passaged a minimum of three times prior to inoculation. 

Cells were collected using trypsinisation and 5x105 cells were inoculated subcutaneously in 100 µl PBS. 

A viability of at least 90% was confirmed using trypan blue exclusion. Tumor growth was monitored 

using callipers and size in mm2 was calculated from perpendicular length and width measurements 

using the formula tumor area (mm2) = length (mm) x width (mm). Mice were euthanised when tumor 

size exceeded 100-150 mm2. 

2.5.3 Chemotherapy dosing  

The following chemotherapies were used in this study; cyclophosphamide (indicated doses), 

gemcitabine (400 mg/kg), etoposide (75 mg/kg), cisplatin (6 mg/kg), doxorubicin (7.5 mg/kg) and 

vinorelbine (10 mg/kg). All were obtained from the Sir Charles Gardiner Hospital pharmacy (Perth, 

Australia). Chemotherapy drugs were prepared under sterile conditions and diluted in 0.9% sodium 

chloride. Drugs were administered intraperitoneally (i.p) at a maximum volume of 100 µl per 10 g weight 

of mouse.  

2.5.4 Surgery  

Complete tumor resection or sham surgery was completed as previously described20. In short, prior to 

surgery mice were administered 0.1 mg/kg of buprenorphine s.c. Mice were anesthetised using 
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isoflurane. For complete tumor resection, the whole tumor was removed and for sham surgery, a similar 

size incision was made close to the tumor site. Surgical incisions were closed using wound clips which 

were removed 7 days after the procedure. Mice received an additional two doses of buprenorphine 8 

hours and 24 hours after surgery. 

2.5.4 Platelets 

Blood was collected from mice by a tail vein bleed and placed with 12 µl heparin. To assess the number 

of platelets, 20 μl of blood was run on the Hemavet HV950FS blood analyser (Drew Scientific).  

2.5.5 RNA extraction, sequencing and analysis.  

After surgical resection, any remaining additional non-tumor tissue was removed and tumor samples 

were stored in RNAlater at 4⁰C for 24 hours. The supernatant was removed and samples stored at -

80⁰C. Frozen tumors were homogenized in TRIzol using the TissueRupture. RNA was extracted using 

chloroform and purified using the RNeasy MinElute columns. RNA concentration   was measured using 

the Nanodrop (Thermofisher).Sample quantity and quality was performed using the Agilent 2100 

Bioanalyzer.. Library preparation and sequencing (Novaseq6000 20 million reads, 100 bp single end) 

was performed by the Australian Genome Research Facility.  

Data was aligned using Kalisto46. For principal component analysis (PCA) data was transformed using 

the variance-stabilizing transformation from the DEseq2 package. For unsupervised hierarchical 

clustering, the top 5% most variable genes (as assessed by standard deviation) were selected, with 

counts  log2CPM transformed and z score normalized.  

2.5.6 TCR sequencing  

TCRβ libraries were prepared using an optimized protocol from R. Holt and colleagues47 and as 

previously described5. Briefly, stored RNA was transcribed into cDNA using 5’Rapid Amplification of 

cDNA Ends (5’RACE) technology and a TCRβ specific primer. Unique molecular identifiers (UMI) were 

added to each cDNA molecule to correct for PCR amplification bias. The TCRβ locus was amplified, 

and sequencing adaptors and barcodes were added by nested PCRs. Sequencing was performed using 

the Illumina MiSeq platform (1 million reads, 300 bp paired end). MIGEC48 and MIXCR49 pipelines were 

used to aggregate UMIs and align CDR3 sequences to the IMGT/V-QUEST reference genome77). A 
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unique CDR3 amino acid sequence is referred to as a TCRβ clone. Clones were excluded from analysis 

if they were less than 8 or greater than 20 amino acids in length, or if they included a frameshift or stop 

codon.  
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2.7 Supplementary figures  

 

Supplementary figure 1. Average tumor growth curves of AB1-HA tumor bearing mice treated with MTD 

chemotherapy. Mice were inoculated with AB1-HA and treated the indicated chemotherapy when tumors were 

20-30 mm2 (dotted line). Tumor growth is shown as mean ± SEM. Significance was determine using a mixed model 

ANOVA. ***p<0.001 

 

Supplementary figure 2. Survival of tumor bearing mice treated with cyclophosphamide. Mice inoculated 

with indicated cell lines were treated with cyclophosphamide when tumor size was between 20-30 mm2(dotted 

line).  Tumor growth is shown as mean ± SEM. Significance was determine using a mixed model ANOVA. 

***p<0.001  
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Chapter three 

 

An inflammatory, TNFα/IFNγ-driven CD4+ T cell tumor microenvironment 

sensitizes tumors to chemotherapy 
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Overview of chapter 

This chapter is presented as a publication to be submitted with additional data.  

Authors: Caitlin M Tilsed, Nicola Principe, Joel Kidman, Wee Loong Chin, Rachel M. Zemek, Jonathan 

Chee, Rasa Islam, Vanessa S. Fear, Catherine Forbes, Wayne J Aston, Maud Jansen, Abha Chopra, 

Timo Lassmann, Anna K. Nowak, Scott A. Fisher, Richard A. Lake, W. Joost Lesterhuis. 

 

In chapter three we characterised the tumor microenvironment associated with a complete response to 

cyclophosphamide chemotherapy. Utilizing the bilateral tumor model (chapter two), we performed RNA 

sequencing and TCR sequencing on tumors from complete responders and progressors to 

cyclophosphamide, either before or after treatment. Before treatment, complete responders had an 

inflammatory and highly immune cell infiltrated tumor microenvironment with the enrichment of 

CD4+ T helper associated genes. This signature was also upregulated in breast cancer patients that 

experiences a complete pathological response to cyclophosphamide containing chemotherapy 

regimens. IFNγ, poly(I:C) and TNFα were predicted upstream regulators of this cyclophosphamide 

sensitive gene signature. Local pre-treatment with IFNγ, poly(I:C) and TNFα was able to sensitize 

tumors to not only cyclophosphamide, but also to 5-Flurouracil chemotherapy. These data demonstrate 

that an inflammatory ‘hot’ tumor microenvironment is associated with a complete response to 

cyclophosphamide and local targeted immunotherapy can induce this phenotype and convert non-

responding tumors into responders. Additionally, this gene expression signature can be used as a 

predictive biomarker to help guide clinical decision making.  
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3.1 Abstract  

Chemotherapy is the first line treatment for many cancers. However, clinical responses are diverse, 

both between cancer types and within patient cohorts. Despite wide clinical use, it is unclear what 

distinguishes responders from non-responders, and unlike other cancer therapies, there are no 

predictive biomarkers that can guide clinical decision making. Here, we investigated the characteristics 

of a chemotherapy responsive tumor microenvironment (TME) by utilizing a bilateral tumor model. We 

performed RNA sequencing on tumors before and after cyclophosphamide (CY) and compared the 

gene expression profile of complete responders with progressors. Prior to treatment, tumors that 

responded had an inflammatory and highly immune-infiltrated TME, characterized by significantly 

upregulated CD4+ T cell associated pathways and enriched for IFN and TNFα associated genes. This 

chemotherapy sensitive phenotype was also present in patients with breast cancer who responded to 

CY-based chemotherapy. We were able to sensitize previously unresponsive tumors to chemotherapy 

by local pre-treatment with IFNγ, poly(I:C) and TNFα, significantly increasing cure rates. These findings 

indicate that an inflammatory pre-treatment gene expression signature is a predictive biomarker for 

response to chemotherapy. Furthermore, inducing this phenotype before treatment by targeted 

immunotherapy can turn previously unresponsive tumors into responders, providing an avenue for 

increasing chemotherapy efficacy.  

3.2 Introduction 

Despite progress in immunotherapy and oncogene-targeted therapies, chemotherapy remains a key 

treatment for many cancers, both in the metastatic and the adjuvant setting. The clinical response to 

cancer chemotherapy is highly diverse. Some specific cancers, such as metastatic good-prognosis 

testicular cancer, display complete response rates of around 90%1. However, in most metastatic 

cancers, the effect is more modest, with objective overall response rates of around 50% for colorectal 

cancer2, 40% for mesothelioma3 and 30% for triple negative breast cancer4. Furthermore, durable 

complete responses are rarely observed in these cancers and clinical response patterns can vary 

widely, ranging from intrinsic resistance, disease stabilization or partial response, through to complete 

and enduring tumor regression. Despite the routine use of chemotherapies for many decades, it is not 

fully known what drives this varied outcome following chemotherapy. Consequently, there are no robust 
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predictive biomarkers that can be used to determine patient response, and there are no therapies 

available that can sensitize tumors to chemotherapy.  

Although high-dimensional molecular data are available from large cohorts of patients treated with 

chemotherapy, it is difficult to obtain a clear signal from these studies due to variability in germline and 

tumor genetics, disease stage, tumor biology, previous therapies administered and environmental 

factors. In addition, serial sampling of tumors surrounding the administration of chemotherapy is highly 

challenging and often not feasible in clinical studies. Due to these limitations, small yet meaningful 

differences between responders and non-responders may go undetected. Moreover, because the 

underlying mechanisms that drive a curative chemotherapy response are incompletely understood, few 

therapeutic strategies are explored to turn non-responders in to responders.  

Mouse models can help with tackling these issues. For several chemotherapies, mouse studies have 

identified immunological mechanisms that underlie the therapeutic response. For example, the 

alkylating chemotherapy cyclophosphamide has been shown to induce immunogenic cell death5; 

deplete T regulatory cells (Treg)6–10; decrease the secretion of immunosuppressive cytokines11; activate 

dendritic cells and enhance antigen presentation5,9,12; induce inflammatory cytokines such as type I and 

type II interferons (IFNs)5,10,11,13–17; and increase immune cell infiltration8,9,12,18. Indeed, 

chemotherapeutics have been shown to sensitize tumors to subsequent immune checkpoint therapy19. 

However, it is unclear whether the converse sensitization strategy could be achieved; therapeutically 

engaging the immune system to increase the response to chemotherapy. 

Here, we made use of the fact that the response to chemotherapy can be highly variable within mouse 

models, even when using tumors derived from clonal cell lines implanted in inbred mice. This allowed 

us to investigate biological mechanisms operational in the tumor that underlie the response to 

chemotherapy, while excluding germline and tumor genetics and environmental factors. Using RNA 

sequencing, T cell receptor (TCR) sequencing and flow cytometry we found that an inflammatory, IFN, 

tumor necrosis factor alpha (TNFα) and CD4+ T cell driven pre-treatment gene expression signature 

was associated with response to cyclophosphamide in both mouse models and patient samples. 

Moreover, we could induce this chemo-sensitive tumor microenvironment by pre-treating tumors with 

targeted immunotherapy, which resulted in improved response rates to chemotherapy.  
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3.3 Results 

3.3.1 Monoclonal tumors grown in inbred mice respond dichotomously to cyclophosphamide 

chemotherapy 

Differences in the tumor response to chemotherapy between patients could be due to a range of causes, 

including genetic variation in either germline or cancer cells, differences in the microbiome, 

environmental factors, or intra-tumor heterogeneity20,21. We noticed a marked heterogeneity in 

responsiveness to cyclophosphamide chemotherapy in inbred mice bearing syngeneic tumors derived 

from the mesothelioma cell line AB1-HA (Figure 1A). Some mice experienced complete tumor 

regression (complete responders, CR), while others displayed rapid tumor progression after an initial 

period of partial tumor regression (progressors, PR). In these mice, variation in host and tumor genetics 

was limited; they were age and gender matched, received the same treatment and were kept in a 

controlled environment, yet they responded differently. We reasoned that this controlled model of 

response and non-response in a highly homogenous background would allow us to define the 

characteristics of the tumor microenvironment that are necessary for curative chemotherapy.  

The dichotomous outcome following therapy was reminiscent of similar results in the context of immune 

checkpoint blockade, for which we developed bilateral tumor models22–24. In these models, mice are 

inoculated with tumor cells bilaterally, giving rise to symmetric tumor growth and response to therapy. 

One tumor is surgically resected and analyzed prior to treatment, while the other tumor remains in situ, 

with its therapeutic outcome allowing us to infer the outcome of the removed tumor. This allows detailed 

investigation of whole tumors, while knowing their therapeutic ‘fate’. To determine whether a bilateral 

model could be used in the context of chemotherapy, we first tested whether the response was 

symmetrical. BALB/c mice were inoculated on both flanks with syngeneic AB1-HA mesothelioma cells 

and treated systemically with cyclophosphamide once tumors were established. We observed that the 

response to cyclophosphamide was reliably symmetrical and dichotomous (Figure 1B). 

Responsiveness was independent of tumor size at start of treatment (Figure 1C). To investigate the 

cellular and molecular events in the tumor microenvironment associated with response, we then 

surgically removed tumors at three different timepoints either before or after cyclophosphamide 

treatment and performed bulk RNA sequencing on tumors from responding and non-responding mice 

(Figure 1D). 
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Figure 1. The response to cyclophosphamide is dichotomous in genetically inbred mice carrying cell line-

derived tumors. (A) Representative growth curves showing the response to cyclophosphamide of mice with AB1-

HA tumors, with complete responders (CR, blue), progressors (PR, red) and intermediate responders (INT, 

orange). (B) Tumor growth curves mice with bilateral flank AB1-HA tumors treated with cyclophosphamide on day 

10 (dotted line). Lines are colored per individual mouse (n=15). (C) Tumor size on day of treatment (day 10, mean± 

SD) between CR (n=10) and PR (n=14). (D) Experimental design. Significance determined by the Mann-Whitney 

U test, *p<0.05 **p<0.01 
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3.3.2 Cyclophosphamide induces inflammation and the infiltration of activated CD8+ T cells  

We first characterized the effects of cyclophosphamide on the tumor microenvironment over time, 

independent of response. We collected tumors before treatment (Day -1), early after treatment (Day 

+3) or late after treatment (Day +7) and performed RNA sequencing, flow cytometry and TCR 

sequencing.. The tumors collected at day +3 were significantly larger than the day -1 samples ( 

Supplemental figure 1) p=0.02), however there were no significant differences in size between the day 

-1 and day +7 samples (p=0.57) or between day +3 and day +7 (p=0.07). Principle component analysis 

of sequenced tumors showed that tumors from each timepoint separated clearly in overall gene 

expression profile (Figure 2A), with similar results obtained when unsupervised hierarchical clustering 

was performed (Figure 2B). We then queried which biological pathways were up- and downregulated 

by treatment. To do this, we used Gene Set Enrichment Analysis (GSEA) with the curated ‘Hallmark’ 

gene sets25 and InnateDB26 pathway overrepresentation analysis. As expected, gene sets associated 

with apoptosis and cell death were enriched early after cyclophosphamide (Figure 2C, Supplemental 

Figure 2A-B). Immune and inflammatory pathways, particularly those associated with IFN and TNFα 

signaling, were upregulated seven days post treatment (Figure 2D). Similar results were also seen 

utilizing the gene ontology, REACTOME and KEGG databases with upregulation of inflammatory and 

immune related pathways (Figure 2E, Supplemental Figure 2C) and downregulation of cell cycle 

associated genes late after cyclophosphamide treatment (Supplemental Figure 2D).  

As it was evident that cyclophosphamide induced an inflammatory response and upregulated immune-

related pathways, we were interested in treatment-induced changes in the immune cell composition of 

tumors. We used two RNAseq deconvolution algorithms, ESTIMATE27 and CIBERSORTx28, to infer the 

absolute proportion of immune cells within the sample and the relative proportion of individual immune 

cell populations within the total leukocyte fraction. We found that cyclophosphamide induced the 

infiltration of immune cells at Day +3 (p<0.001) with a four-fold increase by Day +7 (p<0.001) as 

determined by CIBERSORTx (Figure 2F). These results were mirrored in the ESTIMATE data, with a 

significant decrease in tumor purity (Figure 2G. Day -1 v Day +3 p<0.001, Day +3 v Day +7 p<0.001, 

Day -1 v Day +7 p<0.001) and an accompanying increase in immune score over time (Figure 2H Day -

1 v Day +3 p=0.0153, Day +3 v Day +7 p<0.001, Day -1 v Day +7 p<0.001). We then further dissected 

the specific immune cell populations before and after cyclophosphamide treatment and validated the 
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RNAseq data using flow cytometry (Supplemental Figure 3). We found that cyclophosphamide induces 

a striking infiltration of activated and proliferating CD8+ T cells, predominantly at the later timepoints 

(Figure 2I-L). Cyclophosphamide also increased the total number of tumor-infiltrating macrophages 

(Figure 2M-N) and transiently Treg (Figure 2O-P), the later a finding consistent with previous studies6,29. 

To determine if the increase infiltration of activated and proliferating T cells after CY treatment coincided 

with the clonal expansion of antigen specific T cells, we assessed the tumor infiltrating T cell repertoire 

using TCR sequencing. Consistent with the net increase in T cells, there was a significant increase in 

total detected TCRβ clones at Day +7 compared to Day -1 and Day +3 (Figure 2Q, p=0.0279 and 

p=0.0002). However, there was no change in the number of unique clones found at any timepoint 

(Figure. 2R). TCRβ diversity, as characterized by a decrease in Shannon’s index30 and an increase in 

Simpson’s index31, decreased over time implying the presence of oligoclonal, expanded TCRβ 

clonotypes (Figure 2S-T). Together, these data show that cyclophosphamide treatment results in a 

striking influx of CD8+ T cells with an activated and clonally proliferative phenotype.  
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Figure 2. Cyclophosphamide induces a strong inflammatory tumor microenvironment, driven by the 

transient depletion of Tregs and infiltration of activated CD8+ T cells (A) Principle component analysis of 

cyclophosphamide treated tumors one day prior to (Day-1, orange, n=13 per group), three days post (Day+3, green, 

n=5) or seven days post (Day+7, purple, n=5) cyclophosphamide treatment.  (B) Unsupervised hierarchical 

clustering of cyclophosphamide treated tumors pre and post treatment, based on the top 5% variable genes. Counts 

per million were Log2 transformed and Z scaled. (C and D) Significantly enriched (FDR<0.25) GSEA Hallmark 

gene sets in cyclophosphamide treated AB1-HA. A positive normalized enrichment score (NES) indicates the gene 

set is enriched at Day+3 compared to Day-1 (C) or enriched at Day+7 compared to Day +3 (D). (E) Upregulated 

pathways in tumors 7 days post treatment, corrected for multiple comparisons using Bonferroni -Hochberg method. 

(F) Absolute fraction of immune cell proportions as determined by CIBERSORTx. (G and H) Immune score (G) 

and tumor purity (H) of treated and untreated AB1-HA tumors, as determined using ESTIMATE. (I-P) Proportion of 

immune cells of total live cells or CD45+ leukocytes as determined by flow cytometry (n=8). (Q) Number of CDR3 

sequences detected by TCRseq in tumors before and after cyclophosphamide. (R) Number of unique clones, or 

CDR3 sequences. (S and T) Diversity of the TCR repertoire in tumors before and after cyclophosphamide (n=5). 

Diversity was calculated using Shannon’s index (S) or Simpson’s index (T). Data shown as mean ± SD. Mann-

Whitney U test corrected for multiple comparisons was performed on CIBERSORTx, ESTIMATE, flow cytometry 

and TCRseq data. *p<0.05, **p<0.01, ***p<0.001.  
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3.3.3 An inflammatory CD4+ T cell-driven IFN/TNFα gene expression signature dictates response to 

cyclophosphamide in mice 

Having determined that cyclophosphamide induced inflammation and T cell activation, we assessed 

whether there was a difference in gene expression between complete responders and progressors, 

before or after treatment. There was no difference in mean tumor size of both the resected and 

remaining tumor between complete responders and progressors (Supplemental Figure 1). Differential 

gene expression analysis identified 317 differentially expressed genes between complete responders 

and progressors prior to treatment (Figure 3A, Supplemental Table 1-2), with principle component 

analysis showing a small separation of samples based on their overall gene expression profiles (Figure 

3B). Surprisingly, despite the large difference in clinical phenotype, there were only 5 and 9 differentially 

expressed genes between CR and PR at Day+3 and Day+7, respectively (Supplemental Figure 4). 

There were also no pathways or gene sets upregulated nor downregulated in complete responders 

compared to progressors after cyclophosphamide treatment. This suggests that the major determinants 

of response are already present in the pre-treatment tumor microenvironment. For this reason, we 

focused on further characterizing this pre-treatment tumor microenvironment associated with response. 

We characterized the underlying associated pathways using GSEA. Gene sets associated with 

inflammation, type I and type II IFNs and TNFα were significantly enriched in the tumors of complete 

responders (Figure 3D). In progressors, only three gene sets where significantly enriched, two of which 

were associated with DNA replication (E2F targets and G2M checkpoint). 

As immune related gene sets were enriched in our complete responders, we questioned whether a 

difference in immune cell infiltration contributed to the differential response. Again, we used the two 

RNAseq cellular deconvolution algorithms, ESTIMATE and CIBERSORTx, to infer the absolute 

proportion of immune cells within the sample, as well as the proportion of individual immune cell 

populations within the total leukocyte fraction; but this time made use of the additional granularity in the 

data of the responder/non-responder phenotypes. We found that, prior to treatment, tumors of complete 

responders had significantly lower tumor purity (Figure 3E, p=0.0073) and conversely a higher immune 

score (Figure 3F, p=0.0109) when compared to tumors from progressors. However, while there were 

significantly more tumor-infiltrating leukocytes in complete responders, there were no differences in the 
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relative proportions of the individual lymphoid and myeloid cell populations as determined by 

CIBERSORTx (Figure 3G).  

Since these analyses indicated an increase in overall infiltrating leukocyte number without specific 

enrichment of one cell type over another, we used InnateDB pathway overrepresentation as well as 

canonical pathway analysis using Ingenuity32 to assess whether differences in the activation or 

differentiation states of the tumor-infiltrating leukocytes could be associated with response. We found 

that processes associated with T cell biology were significantly upregulated in cyclophosphamide 

responsive tumors, particularly CD4+ T helper differentiation and activation (Figure 3H-I and 

Supplemental Figure 5A). In contrast, progressing tumors displayed enrichment of pathways associated 

with cell cycle and DNA replication (Supplemental Figure 5B).  

To test whether the presence of T cells is required for tumors to respond to cyclophosphamide, we 

depleted CD4+ T cells or CD8+ T cells from AB1-HA mesothelioma or CT26 colorectal cancer-bearing 

mice and treated them with cyclophosphamide, with depletion of B cells as a control. Peripheral blood 

samples were collected and depletion was confirmed using flow cytometry (Supplemental Figure 6). In 

both AB1-HA (Figure 3K) and CT26 (Figure 3L), the depletion of CD4+ T cells completely abrogated the 

curative effects of cyclophosphamide chemotherapy and significantly decreased survival (AB1-HA 

p<0.0001, CT26 p=0.015). As reported before33–35 the depletion of CD8+ T cells also abolished the 

response (AB1-HA p=0.0046, CT26 p=0.0027), while B cell depletion had no effect (p=0.8985, 

Supplemental Figure 6D). These results demonstrate that a CD4+ T cell-driven inflammatory tumor 

microenvironment is required for cyclophosphamide to be curative.  

As we had established that CD4+ and CD8+ are both necessary for cyclophosphamide efficacy, we were 

interested whether there was a difference in the TCRβ repertoire between complete responders and 

progressors in these clonal mouse tumors. Using TCR sequencing, we found no significant differences 

in the total or unique number of TCRβ clones or in receptor diversity between mice with CR or PR, 

either before (Figure 3M-P) or after treatment (Supplemental Figure 7) suggesting that distribution of 

TCRβ clonotypes is similar regardless of response. These data indicate that the phenotype of T cells, 

rather than their repertoire diversity, is more important for an anti-tumor response in the context of 

cyclophosphamide chemotherapy. Together, our results show that an inflammatory tumor 
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microenvironment characterized by activation of CD4+ T cells and IFN/TNFα signaling underlies the 

response to cyclophosphamide chemotherapy. 

Figure 3. An inflammatory, CD4+ T cell associated, pre-treatment gene expression signature is associated 

with a complete response to cyclophosphamide. Full legend on following page 



 
109 

(A). Volcano plot showing the differentially expressed genes (FDR<0.1) upregulated (blue) or downregulated (red) 

in complete responders (CR) compared to progressors (PR). (B) PCA of CR and PR tumors, VST transformed 

(n=13 per group). (C) Unsupervised hierarchical clustering of responsive and non-responsive tumors, based on the 

317 differentially expressed genes between the two groups. Counts per million have been Log2 transformed and 

Z scaled. (D) Significantly enriched (FDR<0.25) GSEA Hallmark gene sets in cyclophosphamide-treated AB1-HA-

bearing mice, a positive normalized enrichment score (NES) indicates gene set is enriched in CR. EMT, epithelial 

mesenchymal transition. (E and F) Tumor purity and immune score of CR and PR tumors as determined by 

ESTIMATE. (G) Relative leukocyte fraction of immune cell populations as determined by CIBERSORTx. (H) 

Over represented gene ontology terms in CR, corrected for multiple comparisons using Bonferroni -Hochberg 

method. (I) Canonical pathways upregulated in CR. (J) GSEA plot of BIOCARTA Th1Th2 gene set. Positive NES 

indicates enrichment in CR. (K and L) Survival plots of mice bearing AB1-HA (K) or CT26 (L) depleted of CD4+ or 

CD8+ T cells and treated with cyclophosphamide (n=10 for AB1-HA and n=5 for CT26, log-rank test). (M) Number 

of CDR3 sequences detected in CR and PR (n=5 for TCRseq data). (N) Number of unique clones, or CDR3 

sequences. (O-P) Diversity of the TCR repertoire in tumors before and after cyclophosphamide. Diversity was 

calculated using Shannon’s index (O) or Simpson’s index (P). Significance determined using the Mann-Whitney U 

test corrected for multiple comparisons using the using Bonferroni -Hochberg method or Mantel Cox long-rank test. 

*p<0.05, **p<0.01, ***p<0.001. 
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3.3.4 The CD4+/IFN/TNFα gene expression signature predicts response to cyclophosphamide-based 

chemotherapy in multiple clinical trials in patients with breast cancer  

Next, we aimed to determine whether the T cell-driven inflammatory profile we identified in mouse 

models, is also associated with response in patients. We focused on publicly accessible tumor gene 

expression data from women with breast cancer treated with cyclophosphamide-containing 

chemotherapy regimens (in combination with 5-FU and an anthracycline, Supplemental Table 3). To 

avoid contamination with a taxane-associated signature, we separated the studies into two groups 

based on whether the patients received a taxane in addition their cyclophosphamide-based 

chemotherapy regime or not. Within each group patients were classified as pathological complete 

responders (pCR) or having residual disease (RD) based on the accompanying clinical data. In studies 

where survival data is not available pCR can be as a surrogate metric, as breast cancer patients who 

achieve a pCR after neoadjuvant chemotherapy have increased disease-free survival and overall 

survival then those who do not36,Differential gene expression analysis identified 1912 differentially 

expressed genes between pCR and RD in cyclophosphamide-based chemotherapy-treated patients 

(Figure 4A). We first used ESTIMATE and CIBSERSORT37 to infer the relative and absolute immune 

cell proportions from the microarray expression data. Similar to the data in mice, patients in the 

cyclophosphamide-based group who attained a pCR had a significantly lower tumor purity score and 

higher immune score compared to those with RD (Figure 4B p=0.001 and Figure 4C p=0.0085 

respectively), validating the results from our murine models. This correlation between tumor purity and 

response was no longer seen in patients who had a taxane added (Supplemental Figure 8B-C, 

p=0.175). Similar to our mouse models, there was no difference in the proportion of any lymphocyte 

population as a fraction of all leukocytes between patients achieving a pCR or those with RD, apart 

from a slight increase in the proportion of dendritic cells in RD compared to pCR in the 

cyclophosphamide-based group (p=0.04, Figure 4D, Supplemental Figure 8D). GSEA identified gene 

sets enriched in pCR that were associated with inflammation and associated inflammatory cytokines, 

in particular IFNα and IFNγ (Figure 4E, Supplemental Figure 8E). This was confirmed with pathway 

enrichment analysis using the REACTOME, KEGG and Gene Ontology databases (Figure 4E, 

Supplemental Figure 9). As we noticed a significant overlap in the biological pathways enriched in the 

mouse model and the patient datasets, we applied the response-associated genes (n= 168) from our 

mouse dataset as an input gene set in GSEA (CY responders) and found it was indeed significantly 
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enriched in patients with achieving a pCR (Figure 4E, Supplemental Figure 8E). These data in breast 

cancer patients validate the gene expression signature associated with response in mice and 

demonstrate the therapeutic importance of an inflammatory tumor microenvironment in 

cyclophosphamide sensitivity, irrespective of cancer type and beyond monotherapy treatment.  

 

Figure 4. An inflammatory gene expression signature is associated with complete pathological response 

to neoadjuvant cyclophosphamide-based chemotherapy in breast cancer patients. (A) Unsupervised 

hierarchical clustering of breast cancer patients with a pathological complete response (pCR, n=34) or with residual 

disease (RD, n=138) to cyclophosphamide-containing chemotherapy. Samples were clustered based on the top 

200 differentially expressed genes between the two groups. Expression values were mas5 normalized and z 

scaled. (B and C) ESTIMATE calculated tumor purity (B) and immune score (C) of pCR and RD patients. (D) 

Relative leukocyte fractions of the two treatment groups as determined by CIBSERSORT. (E) Significantly enriched 

gene sets (FDR<0.25) in breast cancer patients receiving cyclophosphamide-based chemotherapy. Gene sets 

were obtained from the GSEA Hallmark dataset and the cyclophosphamide associated response genes from 

sensitive AB1-HA tumors (‘CY responders’). (F)  Over represented pathways in CR from the REACTOME database. 

Significance determined by the Mann-Whitney U test *p<0.05, **p<0.01, ***p<0.001.  
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3.3.5 Rational pre-treatment increases immune infiltration and sensitizes murine tumors to 

cyclophosphamide chemotherapy 

We hypothesized that pharmacologically inducing the response-associated inflammatory phenotype 

would sensitize non-responsive tumors to subsequent chemotherapy treatment. We performed 

upstream regulator analysis (URA) to identify druggable targets that were predicted to induce the gene 

signature associated with cyclophosphamide responsive tumors in a murine model. Consistent with our 

previous analyses, the inflammatory cytokines IFNγ, IFNα and TNFα were among the top positive 

regulators of response (Figure 5A), as well as their pharmacological inducers lipopolysaccharide (LPS) 

and poly(I:C). Based on these data, we selected three clinically relevant drugs to trial as a pre-treatment 

strategy: recombinant cytokines IFNγ and TNFα along with the toll like receptor 3 agonist poly(I:C), 

which induces type I IFNs38. These pre-treatment drugs were administered intratumorally on three 

consecutive days and followed by cyclophosphamide chemotherapy (Figure 5B). We tested the effects 

of these drugs on the immune composition of the tumor microenvironment. Pre-treatment of AB1-HA 

tumors with IFNy, poly(I:C) and TNFα increased the infiltration of total immune cells (Figure 5C 

p=0.009), primarily increasing the proportion of CD8+ T cells (Figure 5D, p=0.0109) and CD4+ T helper 

cells (Figure 5E, p=0.004). Interestingly, pre-treatment significantly decreased the number of 

intratumoral Treg (Figure 5G, p=0.0015). Most importantly, the combination of these three agents 

improved the efficacy of cyclophosphamide in both AB1-HA and CT26 in an experimental context where 

chemotherapy alone is rarely curative (Figure 5H and Figure 5I). Pre-treatment significantly improved 

both response rate (from 0% to 55% in AB1-HA and from 40% to 90% in CT26) and overall survival 

(AB1-HA p=0.0272 and CT26 p=0.0197). While the triple combination pre-treatment did decrease tumor 

size during the duration of treatment (Supplemental Figure 10A-B), this effect was lost once treatment 

concluded. Pre-treatment with any of these drugs as single or dual agents was insufficient to sensitize 

tumors to cyclophosphamide (Supplemental Figure 10). 

Given that we have established that an inflammatory TME is required for cyclophosphamide to be 

curative and that inducing inflammation can increase the response rate to cyclophosphamide, we 

hypothesized that pre-treating mice with anti-inflammatory corticosteroid dexamethasone would 

decrease inflammation and reduce cyclophosphamide efficacy. Indeed, we observed that mice pre-
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treated with dexamethasone prior to cyclophosphamide displayed significantly delayed tumor growth 

(Figure 5J, p<0.001), confirming the necessity of inflammation in driving cyclophosphamide efficacy.  

Finally, to determine whether we could sensitize tumors to other chemotherapies, we repeated 

sensitization experiments in tumor bearing mice treated with 5-FU (an antimetabolite commonly given 

in conjunction with CY). While 5-FU had no antitumor effect alone, when combined with pre-treatment 

it was curative (Figure 5K). The combination significantly improved survival when compared to 5-FU or 

pre-treatment alone (p=0.0072 and p=0.0122 respectively), demonstrating that the observed effects are 

not cyclophosphamide specific, and we show for the first time that tumors can be sensitized to 

chemotherapy by targeted modulation of the tumor immune microenvironment.  
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Figure 5. Targeted modulation of the tumor immune microenvironment, using IFNγ/poly(I:C)/TNFα 

sensitizes tumors to cyclophosphamide chemotherapy in a CD4+-dependent manner. (A) Upstream 

regulators, ranked by Z-score, predicted to induce the gene expression profile of cyclophosphamide responsive 

tumors. Red are positive regulators and blue are negative regulators. (B) Experimental design for local pre-

treatment of tumors. (C-G) Proportion of immune cell populations of total leukocytes of control (PBS) and 

IFNy/poly(I:C)/TNFα (PTX) treated tumors (n=5). (H and I) Survival of AB1-HA (I) and CT26 (J) tumor bearing-

mice pre-treated with the triple combination of IFNγ/poly(I:C)/TNFα prior to cyclophosphamide treatment (n=10). 

(J) Tumor growth (mean±SEM) of mice treated with dexamethasone in combination with cyclophosphamide (n=10, 

n=5 for DEX). (L) Survival of mice pre-treated with IFNy/poly(I:C)/TNFα followed by 5-FU (n=5). Survival analysis 

using log-rank test. Comparison between groups determined using students t-test. Differences in mean tumor 

growth over time was determined using a mixed model ANOVA. *p<0.05 **p<0.01 
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3.4 Discussion 

In this study, we aimed to characterize the differences between responders and non-responders to 

chemotherapy. Identifying these differences allows for the identification of predictive biomarkers of 

response and development of new treatment strategies to improve clinical outcomes. We found that 

there was a distinct pre-treatment gene expression profile associated with a complete response to 

cyclophosphamide. These tumors were characterized by inflammation, the enrichment of IFN and TNFα 

associated pathways and increased immune infiltration. The effect of cyclophosphamide is also CD4 

and CD8 T cell dependent, further highlighting the role of the immune system in driving chemotherapy 

efficacy. Importantly, we demonstrate for the first time that inducing a chemotherapy sensitive tumor 

microenvironment by local pre-treatment improves response and sensitizes non-responding tumors to 

treatment.  

While there are numerous clinical studies that identify potential biomarkers for response to 

chemotherapy39–41, there has been limited translation of these findings into the clinic. Clinical studies 

are constrained by variability in treatment regimens, patient characteristics, sampling limitations, and 

inescapable inter-patient heterogeneity which creates noise and reduces the resolution to identify 

potential signals. We overcame these difficulties by developing a bilateral tumor model, previously 

applied in the context of immune checkpoint blockade22–24. Despite the fact they are genetically identical 

and bear tumors derived from cell lines, these mice respond dichotomously to chemotherapy, an 

observation also seen in clinical studies, indicating there is an intrinsic difference that dictates response 

and determines the fate of these mice.  

Indeed, we found that before treatment, there was a distinct difference in the tumor microenvironment 

between complete responders and partial responses to cyclophosphamide. Tumors that were enriched 

for inflammatory genes, particularly IFN and TNFα associated pathways, and highly immune infiltrated 

were associated with a complete response to treatment. We also were able to validate this chemo-

sensitive phenotype in two cohorts of breast cancer patients treated with cyclophosphamide containing 

chemotherapy regimens. This is reminiscent of the immunostimulatory ‘hot’ phenotype that has been 

associated with a better response to immunotherapy42–44. However, this has not been thoroughly 

confirmed in the context of cyclophosphamide treatment. Inflammatory cytokines have been proven 

necessary for cyclophosphamide efficacy. The knockout of IFNγ decreases response to 
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cyclophosphamide9,13,45 and blockade of type I IFNs decreases treatment mediated increases in 

immune infiltration, dendritic cell maturation and activation, and T helper cell polarization5,15,46. 

Cyclophosphamide itself also induces the expression of these cytokines by both immune cells5,13,17 and 

tumor cells46 and we too observed the induction of IFN related pathways in tumors after treatment. 

Despite the distinct difference in the tumor microenvironment between complete responders and 

progressors prior to treatment, these differences in the gene expression profile were not found 

post-treatment. This is surprising as these tumors exhibit a binary outcome, either complete regression 

or outgrowth. Post-treatment differences may not have been detectable in our model. Tumors were 

analyzed three- or seven-days post-treatment, which may be too early for differences to be detected 

between complete responders and progressors. Additionally, samples were from unique mice, with 

changes to the tumor microenvironment unable to be studied over time.  

There are some indications clinically that a similar pre-treatment inflammatory tumor microenvironment 

is correlated with response to chemotherapy. Tekpli et.al sequenced and clustered breast cancer 

patients based on their immune infiltration and gene expression profile into three distinct groups; Cluster 

A with an immune cold phenotype, Cluster B with a pro-tumorigenic phenotype and Cluster C with an 

immune hot signature47. Consistent with studies in immunotherapy and our own, the inflammatory 

cluster C had a significantly higher rate of pathological complete response to neoadjuvant 

chemotherapy. Tumors with high expression of CXCL13 are heavily immune infiltrated48,49 and often 

associated with response to immunotherapy. Similarly, a CXCL13 metagene signature is predictive to 

chemotherapy response in breast cancer39. IFN specific pathways and metagene signatures have also 

been implicated in predicting response to chemotherapy. A type I IFN signature centered around MX1, 

expression of which is induced by Type I and II IFNs and is involved in mediating antiviral immunity, is 

predictive for pCR in anthracycline based chemotherapy50. STAT1 can also be used as a surrogate for 

IFN associated inflammation, stimulation of which induces the production of IFN related genes and 

expression of chemokines that induce immune infiltration51,52. High pre-treatment STAT1 correlates with 

an increased response to cisplatin based chemotherapy in HGSC with higher levels associated with 

more intra-tumoral CD8+T cells53. STAT1, along with CXCL10 and NFKB family members were also 

upregulated in ovarian cancer patients that responded to platinum/taxane chemotherapy 54. Lastly, the 

key IFN transcription factor IFR9 is associated with a tumor microenvironment with active IFN signaling, 

via the induction of interferon stimulated genes, and the infiltration of resident memory T cells55. Triple 



 
117 

negative breast cancer patients with this IFR9 driven inflammatory tumor microenvironment prior to 

treatment had increased time to relapse and survival.  

Increased immune infiltration, another hallmark of ‘hot’ tumors, was also associated with response to 

chemotherapy in our study and higher levels of tumor infiltrating leukocytes (TILs) is a well known 

clinical predictor of response 56–59, particularly the levels of CD8+ T cells  55,58,60. While in our study we 

did not see an increase in CD8+ T cells associated with response, it is established that they are critical 

for cyclophosphamide efficacy as a key source for inflammatory and effector cytokines as their absence 

completely abrogates the effects of cyclophosphamide9,13,61. Interestingly, we also found that the anti-

tumor effect of cyclophosphamide is also CD4+ T cell dependent, a finding that contrasts with the 

literature. All previous studies showed that the depletion of CD4+ T had no effect on cyclophosphamide 

efficacy9,13. One potential reason for this discrepancy is differences in depletion schedule. While our 

study depleted CD4+ T cells prior to inoculation and maintained their absence for the duration of the 

entire experiment, other studies only remove these cells prior to treatment. The presence of CD4+ T 

cells within the tumor as it develops may be enough to prime CD8+ T cells, release essential growth 

factors and cytokines and induce an anti-tumor immune response that is then boosted by 

cyclophosphamide. Therefore, by depleting prior to inoculation, we removed this essential CD4+ T cell 

immune priming phase that is critical for cyclophosphamide efficacy.  

The ability for cyclophosphamide to deplete Treg has been widely reported6–10 and has driven its 

application not only for its cytotoxic ability, but to precondition the tumor microenvironment for adoptive 

cell therapy, to synergize with immunotherapy or help boost vaccine responses62. We also observed 

transient depletion of Treg by cyclophosphamide. This effect of cyclophosphamide is thought to be one 

of the primary mechanisms behind its anti-tumor efficacy, with the removal of Treg releasing immune 

effectors from suppression and restoring their effector function. Along with depletion, cyclophosphamide 

also can have other effects on Treg, such as reducing their ability to suppress the proliferation of CD4 

and CD8 T cells6,7, downregulate expression of Foxp36 and indirectly affect their function by modulating 

DCs12, which are known to interact closely with Treg63. Although CD4 depletion affects both T helper 

effector cells as well as Treg, and we found that CD4 depletion completely abrogated the response to 

cyclophosphamide, we cannot exclude the possibility that Treg depletion is to some extent involved in 

the observed effect. Future studies specifically depleting Treg will need to address this. 
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As we demonstrated that an inflammatory, T cell associated tumor microenvironment was required for 

an effective anti-tumor response following cyclophosphamide, we were interested whether this 

correlated with a change in the antigen specificity of these cells. Treatment with cyclophosphamide 

decreased diversity, and therefore increased the clonality of the TCR repertoire. These changes in TCR 

repertoire induced by chemotherapy have not been reported in mice, and there are limited studies in 

patients. In accordance with our findings, Park et.al found that neoadjuvant chemotherapy in breast 

cancer patients decreased the diversity and increased clonal expansion of TILs64. However other 

studies have shown that chemotherapy did not change the TCR repertoire of TILS65 or PBMCs66,67. As 

cyclophosphamide increases the infiltration of antigen specific T cells9,18,68 we tested whether there was 

a difference in clonality between responders and non-responders which could drive response. 

Surprisingly, there was no correlation between diversity and response to cyclophosphamide either 

before or after treatment as assessed using common diversity indexes. While this could indicate that 

phenotype rather than specificity may drive a robust anti-tumor response, there are limitations in the 

depth and complexity of our analysis, and we have a relatively small sample size. Furthermore, our 

samples are not serial samples from the same mice taken over time, which would allowing us to track 

changes in the repertoire induced by treatment, but rather from different mice at each timepoint which 

have little to no overlap in expressed clones. The full effects of chemotherapy on the TCR repertoire 

needs further investigation, importantly whether clonal expansion or other changes to T cell specificity 

correlate with response. Additionally, we did not control for time dependent changes on the TCR 

repertoire, nor gene expression profile, independent of chemotherapy, which may be different between 

cyclophosphamide and untreated mice. 

Our study, and others’, identified an association between a pre-existing inflammatory immune response 

and improved clinical outcome, which could be used a predictive biomarker for response. However, not 

all patients have an intrinsically high level of immune activity prior to treatment. For example, the 

proportion of patients with an inflammatory pre-treatment tumor ranges from as low as 5% to as high 

as 50% in published breast cancer and melanoma studies47,69. Therefore, only a select subset of 

patients could inherently respond to chemotherapy. As opposed to only using this gene signature as a 

biomarker for response, we propose the development of strategies to therapeutically induce this 

chemotherapy responsive phenotype prior to treatment, increasing the proportion of patients with an 

inflammatory tumor microenvironment and improving the likelihood of response. We validated this proof 
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of concept by selecting top upstream regulators of our inflammatory gene expression signature and 

used those to treat tumors prior to chemotherapy, essentially sensitizing them to treatment. By treating 

tumors with intra-tumoral IFNy, poly(I:C) and TNFa we increased the proportion of mice cured by 

cyclophosphamide by 50% and showed a similar effect in tumors treated by an alternative 

chemotherapy, 5-Fluorouracil, indicating broader applications of this strategy. The necessity of an 

inflammation for a response to cyclophosphamide was also demonstrated by the decrease in 

cyclophosphamide efficacy when mice were pre-treated with the anti-inflammatory corticosteroid 

dexamethasone. Dexamethasone has been shown to induce peripheral lymphodepletion in both mice70 

and patients71, however it does not affect the proportion of tumor infiltrating lymphocytes70. In our study, 

dexamethasone was identified as upstream regulator of a chemo-resistance tumor microenvironment 

and predicted to decrease the expression of genes associated with a response to cyclophosphamide, 

which include inflammatory cytokines such as IFNγ and TNFα. While we did not study the effects of 

dexamethasone on the levels of intratumoral cytokines, others have found genes associated with the 

immune response were downregulated 72 and cytokine levels dampened by dexamethasone 

treatment73. 

While the combination of chemotherapy and immunotherapy is not a new concept, we are the first to 

demonstrate that tumors can be sensitized to chemotherapy by rationally inducing a responsive tumor 

immune microenvironment. The induction of inflammation, interferons and immune infiltration has been 

shown to improve response to immune checkpoint blockade. Previous work by our lab used a similar 

triple combination to sensitize tumors to subsequent immunotherapy24 and a recent study utilized a 

vaccine-induced immune response to improve response to PD-L142. The addition of Type I IFNs, IFNy 

or TNFα to chemotherapy have been trialed individually, both in vivo and clinically, with varying levels 

of success and not in combination with each other.  

Previous preclinical studies found a positive interaction between chemotherapy and interferons50,55,74. 

However, these results could not be replicated in clinical trials75–79 . Although these trials were negative 

with regard to clinical endpoints, a very recent clinical trial did demonstrate that systemic IFNγ can 

induce MHC I expression and T cell infiltration into immunologically cold tumors80. These findings are 

in line with our results. We found that as monotherapy type I or II IFNs were insufficient to sensitize to 

chemotherapy treatment, while in combination with TNFα, there was a striking increase in survival. 
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TNFα is used in the treatment of sarcoma of the limbs. It is administered via isolated limb perfusion to 

localizes cytokine delivery and decrease toxicity associated with systemic treatment 81. While TNFα can 

have both a pro-and anti- tumor effects82, one of the prominent mechanisms behinds its synergy with 

chemotherapy is its effects on the tumor vasculature. Both in vivo83,84 and clinically85, TNFα increases 

the accumulation of chemotherapy within the tumor, increasing response rate and anti-tumor activity. 

Along with increasing drug delivery, localized TNFα increases the expression inflammatory cytokines, 

increases CD8+ T cell infiltration and polarizes macrophages to a M1 inflammatory phenotype86–88, all 

of which are associated with an inflammatory chemotherapy sensitive tumor microenvironment. Due to 

its toxicity, clinical applications of TNFα have been limited. Strategies to target TNFα delivery to the 

tumor such as conjugation with a blood vessel homing peptide have been shown to decrease systemic 

toxicity and improve chemotherapy efficacy in mice89 and has been well tolerated in combination with 

chemotherapy in phase II clinical trials90,91. These strategies could potentially be applied to target the 

TNFα to the tumor and prevent toxicity, when translating our findings into the clinic, instead of using the 

intratumoral injections, as we did in our mouse studies. 

In conclusion, we show that an inflammatory, IFN/TNFα, CD4+ T cell pre-treatment gene expression 

signature can serve as a predictive biomarker for response to CY. Tumors can be sensitized to 

chemotherapy by targeting upstream regulators of this chemotherapy sensitive phenotype, dramatically 

increasing response rates and survival. Pre-treatment with targeted immunotherapy to induce a ‘hot’ 

TME, followed by chemotherapy may prove to be beneficial in immunologically cold tumors.  

3.5 Methods 

3.5.1 Mice 

Male and female BALB/c and C57BL/6J mice aged 8-10 weeks were obtained from the Animal 

Resource Centre (Murdoch, WA, Australia) or Harry Perkins Institute of Medical research (Nedlands, 

WA) and housed in the Harry Perkins Institute of Medical Research Bioresources Facility under specific 

pathogen-free conditions (Nedlands, WA, Australia). All experiments were conducted according to the 

Harry Perkins Institute for Medical Research Animal Ethics Committee (AE029, AE099 and AE153) and 

the code of conduct of the National Health and Medical Research Council of Australia. 
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3.5.2 Cell lines 

The murine mesothelioma cell line AB1 was transfected with influenza hemagglutinin (HA) from the Mt 

Sinai strain of PR8/24/H1N1 influenza virus to generate the AB1-HA cell line92. AB1-HA and the murine 

colon cancer cell line CT26 were obtained from ATCC and maintained in RPMI 1640 (Invitrogen) 

supplemented with 20 mM Hepes (Gibco), 0.05 mM 2-mercaptoethanol (Sigma Aldrich), 100 U/ml 

benzylpenicillin (CSL), 50 µg/ml gentamycin (David Bull Labs) and 10% NCS (Life Technologies). AB1-

HA was additionally supplemented with 50 mg/ml geneticin (G418; Life Technologies). Cells were grown 

until approximately 80% confluent and passaged a minimum of three times before inoculation.  

3.5.3 Tumor inoculation 

For subcutaneous inoculation, adherent cells were removed from the flask using trypsin and washed 

three times with PBS. Cells were counted using a hemocytometer with viability determined by trypan 

blue exclusion with a viability of at least 90% to be inoculated. 5x105 cells were inoculated in one or 

both flanks of mice in 100 µl of PBS using a 26-guage needle. Mice were randomized when tumors 

palpable and before treatment was administered. Tumor length and width were measured using calipers 

and tumor area (mm2) was calculated.  

3.5.4 Bilateral tumor model and tumor resection surgery  

For the bilateral tumor experiments, mice were inoculated with AB1-HA on both flanks. One day before 

chemotherapy treatment, three days after treatment or seven days after treatment, the right flank tumor 

was surgically resected as described previously23. In short, mice were dosed with 100 µl buprenorphine 

(0.1 mg/kg) subcutaneously 30 minutes before surgery and subsequently anesthetised using isoflurane. 

The whole tumor on the right hand flank was removed by surgical excision and placed in RNAlater (Life 

Technologies). The wound was closed with staples (Able Scientific) and mice placed in a heat box for 

recovery, followed by two additional doses of buprenorphine 8 hours and 24 hours post surgery. The 

remaining tumor on the left flank was measured and used as an indicator of response for the resected 

tumor.  
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3.5.5 In vivo chemotherapy treatments 

Cyclophosphamide (endoxan) was dosed via intra-peritoneal injection (i.p) at 200 mg/kg, optimised for 

an approximate 50% response rate in AB1-HA. 5-Flurouracil (adrucil) was administered at 75 mg/kg. 

All chemotherapy drugs were obtained from the Sir Charles Gardiner Pharmacy (Nedlands, WA) and 

diluted in 0.9% NaCl.  

3.5.6 RNA Extraction 

After surgical resection, any remaining additional non-tumor tissue was removed and tumor samples 

were stored in RNAlater at 4⁰C for 24 hours. The supernatant was removed and samples stored at -

80⁰C. Frozen tumors were homogenized in TRIzol (Life Technologies) using the TissueRupture 

(QIAGEN). RNA was extracted using chloroform and purified using the RNeasy MinElute columns 

(QIAGEN). Sample quantity and quality was measuring using the Nanodrop (Thermofisher). RNA library 

preparation and sequencing (Novaseq6000 20 million reads, 100 bp single end) was performed by the 

Australian Genome Research Facility.  

3.5.7 RNAseq Analysis 

Data was aligned using Kalisto93 and differential expression analysis performed using DESeq294. 

Differentially expressed genes (DEGs) were calculated between samples independent of response 

between each timepoint (Day-1, Day+3 and Day+7) and between complete responders and progressors 

at each timepoint. An FDR of <0.1 (Benjamini-Hochberg method, B-H) was considered significant. For 

principle component analysis (PCA), data was transformed using the variance-stabilizing transformation 

from the DESeq2 package. Counts were log2CPM transformed and z score normalized and the 317 

differentially expressed genes were selected and hierarchically clustered to display as a heatmap. 

GSEA25 was performed using FPKM normalised counts prefiltered for low expression. The hallmarks 

gene set95 database was used for analysis and 10,000 permutations were run with all other settings 

were as default. Gene sets with a FDR<0.25 were considered significant. For pathway analysis and 

Gene Ontology analysis, up- and downregulated DEG were uploaded to InnateDB26. InnateDB looks 

for over representation of DEG within the KEGG, REACTOME and Gene Ontology databases. P values 

were adjusted for multiple comparisons using the B-H method and a FDR<0.05 considered significant.  



 
123 

CIBERSORTx28 and ESTIMATE96 were used to infer immune cell populations and immune fractions 

from RNAseq expression data. For CIBERSORTx, normalized counts were inputted and 1000 

permutations run using a 511 mouse gene signature97 as a reference. We grouped the 25 immune 

populations into 10 major populations as follows; B cells include memory, naive and plasma cells; CD8+ 

T cells include memory, naive and activated cells; CD4+ T cells include memory, naive, follicular, Th1, 

Th2 and Th17 cells; macrophages include M0, M1 and M2 macrophages; NK cells include activated 

and resting cells; DCs include activated and immature cells; and the remaining populations are mast 

cells, γδ T cells, Tregs and monocytes. Both relative fraction and absolute fractions were calculated. 

Tumor purity and immune scores were calculated using ESTIMATE, which performs single-sample 

GSEA to infer the level of infiltrating stromal and immune cells. Expression data was normalized and 

the ESTIMATE package used in R.  

Differentially expressed genes and associated log fold changes were uploaded into the Ingenuity 

Systems32 program to identify enriched canonical pathways and upstream associated transcriptional 

regulators. Default settings were used and p<0.05 considered significant.  

3.5.8 Flow cytometry  

For flow cytometry, tumors were harvested and stored in PBS on ice. Tumors were cut into small pieces 

and dissociated into a single cell suspension using the gentleMACs kit (Miltenyi Biotec). Samples were 

stained with Zombie UV (Biolegend) for 30 minutes in the dark at room temperature (RT) to exclude 

dead cells. Antibodies for surface staining were suspended in PBS+2%FCS and incubated for 30 

minutes at RT. For intracellular staining, cells were fixed and permeabilized for 10 minutes at RT using 

the Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Intracellular antibodies were 

suspended in Permeabilization Buffer (eBiosciences) and incubated for 30 mins at RT. Samples were 

washed 3x in Permeabilization Buffer, resuspended in Stabilizing Fixative (BD) and stored at 4°C. Data 

was acquired using the BD LSRFortessa and analysed using FlowJo (BD Biosciences). Flow cytometry 

panels are detailed in Supplemental Table 2 and gating strategy is as detailed in Supplemental 

Figure 11.  
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3.5.9 In vivo chemotherapy sensitizing drugs 

Dosing of chemotherapy sensitizing drugs began three days prior to chemotherapy treatment. 10-50 µg 

poly(I:C) (High molecular weight; Invivogen), 50,000 U recombinant IFNγ (Shendoah) and 0.5 µg 

recombinant TNFα (Shendoah) were dosed intratumorally in a total volume of 20-30 µl PBS.  

3.5.10 Immune cell depletion regimes.  

For all experiments with immune cell depletion, dosing began three days before tumor inoculation. Anti-

CD4 (clone GK1.5) and anti-CD8 (clone YTS 169) were dosed i.p at 100 µg in 100 µl of PBS on day -

3, day 0 and thereafter weekly until the end of experiment (BioXcell). Anti-CD20 (clone SA271G2, 

BioLegend) was administered at 125 µg intravenously two times,  one day apart. Depletion was 

monitored in peripheral blood collected from the tail vein and analysed by flow cytometry staining. See 

Supplemental Figure 6 for gating strategy and Supplemental Table  for antibodies used.  

3.5.11 Bulk TCRβ sequencing and repertoire analysis  

TCRβ libraries were prepared using an optimized protocol from R. Holt and colleagues98 and as 

previously described99. Briefly, stored RNA was transcribed into cDNA using 5’Rapid Amplification of 

cDNA Ends (5’RACE) technology and a TCRβ specific primer. Unique molecular identifiers (UMI) were 

added to each cDNA molecule to correct for PCR amplification bias. The TCRβ locus was amplified, 

and sequencing adaptors and barcodes were added by nested PCRs. Sequencing was performed using 

the Illumina MiSeq platform (1 million reads, 300bp paired end). MIGEC100 and MIXCR101 pipelines were 

used to aggregate UMIs and align CDR3 sequences to the IMGT/V-QUEST reference genome102).  

A unique CDR3 amino acid sequence is referred to as a TCRβ clone. Clones were excluded from 

analysis if they were less than 8 or greater than 20 amino acids in length, or if they included a frameshift 

or stop codon. The collection of TCRβ clones derived from a sample is referred to as a repertoire. TCRβ 

repertoire diversity was defined by Shannon’s30 and Simpson’s indices31 and computed using the Vegan 

R package103. These indices account for the total number of clones and the relative abundance of each 

unique clone within a population. Shannon’s entropy was calculated by; H = 1 – ( 
− ∑ 𝒑𝒊 𝐥𝐧 𝒑𝒊 𝑵

𝒊=𝟏

𝒏
 ) where pi 

is the proportion of sequence i relative to the total N sequences. This normalized index ranges from 0 
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to 1; 0 being an entirely monoclonal sample, and 1 meaning each unique TCRβ clone only occurs once. 

Simpson’s index was calculated by D= pi2 and with increasing values indicating decreasing diversity.  

3.5.12 Microarray data 

Data from breast cancer patients treated with cyclophosphamide-based regimes were obtained from 

the gene expression omnibus. Studies with >10 samples and clinical outcome reported were selected 

for further analysis. Patients were stratified into two groups based on treatment regimen; 5-FU, 

epirubicin/doxorubicin and cyclophosphamide (FAC/FEC) or FAC/FEC with an additional taxane 

(paclitaxel or docetaxel). Raw CEL files were checked for quality using the R package SimpleAffy104 

and MAS5 normalised to control for batch effects and inter-array effects. To process expression data, 

the microarray probes were annotated with HGNC gene names and duplicates removed by selecting 

rows with the highest SD. Differentially expressed genes were calculated using Limma105 and genes 

with a FDR<0.05 considered for further analysis. GSEA, InnateDB and ESTIMATE analysis were 

performed as previously described. CIBERSORT37 immune cell deconvolution was performed using 

mas5 normalized counts using the LM22 signature file.   

3.5.13 Statistics 

Statistical analysis for survival (Kaplan-Meier/Mantel-Cox log-rank test), flow cytometry populations 

(Mann-Whitney U test corrected for multiple comparisons) and TCRseq metrics (Mann-Whitney U test 

corrected for multiple comparisons) were performed in Graphpad Prism V8 and significance was 

defined as p<0.05. Analysis of tumor growth curves was performed in R Studio using a mixed model 

ANOVA and p<0.05 considered significant. Analysis of RNAseq or microarray data was analysed as 

described in respective methods.  

Mice were randomized to treatment groups 1-2 days after tumor inoculation. For in  vivo experiments 

assessing treatment efficacy, we required a sample size of n=10 to detect a difference in response of 

50% between groups with a power of 0.8 and an alpha of 0.05. Experiments were separated into two 

replicates to assess reproducibility.  
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3.7 Supplementary data 

 

Supplementary Figure 1. Tumor growth curves and characteristics of treated and untreated AB1-HA 

tumors. (A) Growth curves of mice inoculated with AB1-HA and treated with cyclophosphamide 

(cyclophosphamide) on day 10 (n=13/group). The tumor on the right flank was surgically prior to treatment on day 

9. (B and C) Size of the resected and sequenced tumor (B) and size of the remaining tumor (C) when treated on 

day 10. (D) Growth curves of AB1-HA bearing mice treated with cyclophosphamide on day 10, with the right tumor 

resected three days post treatment (n=5). (E) Size of the right and left tumor at day of treatment (day 10) and size 

of the resected and analyzed tumor at Day 13. (F) Growth curves of AB1-HA bearing mice treated with 

cyclophosphamide on day 10, with the right tumor resected seven days post treatment (n=5). (G) Size of the right 

and left tumor at day of treatment (day 10) and size of the resected and analyzed tumor at Day 17. (H) Size of the 

resected and analysed left tumor at each timepoint, independent of response. Data are representative of results 

from 3-4 independent experiments and data presented as mean± SD and compared using Mann-Whitney Test.  
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Supplementary Figure 2. Pathway analysis using InnateDB of untreated or cyclophosphamide treated 

tumors at three timepoints. (A) Pathways upregulated in tumors 3 days post CY compared to day -1 untreated 

tumors. (B) Pathways downregulated in tumors 3 days post CY compared to day -1 untreated tumors. (C) Pathways 

upregulated in tumors 7 days post CY compared to 3 days post CY. (D) Pathways downregulated in tumors 7 days 

post CY compared to 3 days post CY. P values were corrected for multiple comparisons using Bonferroni -

Hochberg method and adjusted p<0.05 considered significant.  
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Supplementary Figure 3. Immune cell composition of CY treated tumors using RNAseq deconvolution 

algorithms and flow cytometry. Legend continued the following page.  
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(A) Relative CIBSERSORTx of tumors pre-treatment and post-treatment. (B and C) Relative fraction (B) or 

absolute fraction (C) of immune populations at each timepoint as determined by CIBERSORTx (n=13 for Day-1, 

n=5 for Day+3 and Day+7 samples). (D and E) Proportion of CD45+ cells (D) or proportion of live cells (E) of 

immune populations at each timepoint as determined by flow cytometry (n=8). Mann-Whitney U test corrected for 

multiple comparisons *p<0.05, **p<0.01, ***p<0.001. 
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Supplementary Figure 4. Differentially expressed genes between complete responders and progressors to 

cyclophosphamide. (A and B) Differentially expressed genes between pCR and RD (n=5/group) at Day +3 (A) 

or at Day +7 (B). Genes with a FDR<0.1 were considered significant.  

 

Supplementary Figure 5. Pathway over-representation analysis and GO Biological Pathway analysis 

between complete responders and partial responders before chemotherapy. (A) Pathways enriched in CR 

compared to PR. (B) Pathways enriched in PR compared to CR. P values were corrected for multiple comparisons 

using Bonferroni -Hochberg method.  
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Supplementary Figure 6. Depletion of CD4+ T cells, CD8+ T cells or CD19+ B cells in combination with CY 

chemotherapy. (A) Experimental design for depletion experiments. Three days prior to tumor inoculation, mice 

were administered depleting antibody or PBS control. On day of inoculation, mice received additional antibody, and 

antibody weekly thereafter to maintain depletion. When tumor size was 20-30 mm2 (Day 7 for CT26 or Day 10 for 

AB1-HA) mice were dosed with 200 mg/kg cyclophosphamide i.p. (B) Gating strategy for confirmation of depletion 

in peripheral blood. (C). Proportion of CD4+ T cells, CD8+ T cells and CD19+ B cells in peripheral blood two days 

after depletion with anti-CD4, anti-CD8 or anti-CD20. (D). Survival of mice treated with PBS, cyclophosphamide or 

anti-CD20 and cyclophosphamide (n=5).  
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Supplementary Figure 7. TCR repertoire analysis post cyclophosphamide. Number of total CDR3 sequences, 

unique CDR3 sequences and diversity metrics (Shannon’s index or Simpson’s index) in complete responders (CR) 

or progressors (PR) 3 days (A) or 7 days (B) post treatment (n=5).  

  



 
137 

 

Supplementary Figure 8. Analysis of gene expression data from pathological complete responders and 

non-responders to cyclophosphamide based chemotherapy in combination with a taxane. (A) Unsupervised 

hierarchical clustering using the top 200 DEG of microarray data from pCR (n=112) and RD (n=352) breast cancer 

patients Expression values were mas5 normalized and z scaled. (B and C) Tumor purity (B) and immune score 

(C) of pCR and RD patients as determined using ESTIMATE. (D) Relative leukocyte fraction of immune cell 

populations as determined by CIBERSORT. (E) Gene set enrichment analysis using Hallmark gene sets and the 

‘CY Responder’ gene set from mouse data. Positive NES indicates the gene set is enriched in pCR. Mann-Whitney 

U test corrected for multiple comparisons. *p<0.05.  
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Supplementary Figure 9. Significantly over-represented Innate DB pathway and gene ontology analysis in 

breast cancer patients. (A and B) Pathways enriched in pCR to non-taxane (A) or taxane (B) in addition to 

cyclophosphamide-based chemotherapy. (C and D) Pathways enriched in patients with RD treated with non-taxane 

(C) or taxane (D) containing chemotherapy regimens.  
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Supplementary Figure 10. Single or dual combinations of IFNγ, poly(I:C) or TNFα is not sufficient to 

sensitize tumors to cyclophosphamide. (A) Mean tumor growth (±SEM) of mice inoculated with AB1-HA and 

pre-treated with IFNγ+Poly(I:C)+TNFα followed by cyclophosphamide. (B) Individual tumor growth curves of mice 

treated with triple combination pre-treatment, cyclophosphamide and the dual combination (C) Survival of mice 

inoculated with AB1-HA and pre-treated with IFNγ+TNFα (n=10), poly(I:C)+TNFα (n=10) or poly(I:C)+IFNγ (n=5) 

followed by cyclophosphamide or PBS (n=10). (D) Survival curves of mice inoculated with AB1-HA that received 

local IFNγ (n=10), poly(I:C) (n=5) or TNFα (n=10) monotherapy prior to cyclophosphamide (n=15). * p<0.05 ** 

p<0.01  
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Supplementary Figure 11. Gating strategy for lymphoid and myeloid populations shown in Figure 2 and 

Supplementary Figure 4. (A) Live CD45+ gating strategy. (B and C) Lymphoid (B) and myeloid (C) populations 

from the Live CD45+ population were gated as indicated.    
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Supplemental Table 1. Enriched GO Biological pathways in the pre-treatment tumors of complete 

responders compared to progressors and the DEG associated with these pathways.  

Pathway Name Upregulated DEG in pathway 

T-helper 1 cell differentiation Il18r1; Relb; Sema4a;  

Endothelial cell-cell adhesion Cyp1b1; Thbs4;  

Immune response Ccr7; Ccr8; H2-DMb2; H2-Eb1; H2-Ob; H2-
Q4; Lax1; Ltb; Tnfsf14;  

Positive regulation of T cell activation Coro1a; Lck; Prkcq;  

Antigen processing and presentation of exogenous peptide 
antigen via MHC class II 

Ctse; H2-DMb2; H2-Eb1;  

Lymphocyte activation Lax1; Slamf1;  

Antigen processing and presentation H2-DMb2; H2-Eb1; H2-Ob; H2-Q4; Relb;  

Chemotaxis Ccr7; Ccr8; Cmtm7; Cxcr6; Rarres2;  

Calcium ion transport Atp2a3; Coro1a; Myb; Panx1; Ramp1;  

Cell adhesion Atp1b1; Cd2; Csf3r; Cyp1b1; Eng; Folr4; 
Itgae; Nedd9; Thbs4;  

Positive regulation of T cell receptor signalling pathway Ccr7; Tespa1;  

Cellular response to tumor necrosis factor Cyba; Gba; Il18bp; Tnfrsf21;  

 

Supplemental Table 2. Enriched GSEA hallmark gene sets in the pre-treatment tumors of complete 

responders compared to progressors and the DEG associated with these gene sets. 

Pathway DEG Gene description 

Hallmark IFNy signalling  Ifnar2 interferon (alpha and beta) receptor 2 

Il18bp interleukin 18 binding protein 

Hallmark TNFa signalling via 
NFKB 

Dram1 DNA-damage regulated autophagy modulator 1 

Panx1 pannexin 1 

Relb avian reticuloendotheliosis viral (v-rel) oncogene related B 

Slc2a3 solute carrier family 2 (facilitated glucose transporter), member 3 

Zfp36 zinc finger protein 36 

Hallmark inflammatory 
response 

Bdkrb1 bradykinin receptor, beta 1 

Ccr7 chemokine (C-C motif) receptor 7 

Csf3r colony stimulating factor 3 receptor (granulocyte) 

Cxcr6 chemokine (C-X-C motif) receptor 6 

Gna15 guanine nucleotide binding protein, alpha 15 

Il18r1 interleukin 18 receptor 1 

Lck lymphocyte protein tyrosine kinase 

Rhog ras homolog family member G 

Slamf1 signaling lymphocytic activation molecule family member 1 

Slc7a2 solute carrier family 7 (cationic amino acid transporter, y+ system), 
member 2 
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Supplemental Table 3. Clinical studies with gene expression data selected for analysis. Patients were 

stratified based on chemotherapy regimen. Patients that received FAC (5-flurouracil, doxorubicin and 

cyclophosphamide or FEC (5-FU, epirubicin and cyclophosphamide) were grouped in the ‘non-taxane’ group. 

Patients that received FAC or FEC in combination with a taxane (paclitaxel or docetaxel) were classified as the 

‘Taxane’ group.  

Study Treatment  Group pCR RD Platform Ref 

GSE20271 FA/EC Non-taxane 6 69 HGU133A 106 

P-FA/EC Taxane 20 76 

GSE22093 FAC Non-taxane 28 69 HGU133 Plus2 107 

GSE42822 FEC followed by 
Docetaxel/Capecitabine 

Taxane 25 40 HGU133A 108 

GSE20194 P-FAC Taxane 47 195 HGU133A 109 

GSE23988 FEC followed by 
Docetaxel/Capecitabine 

Taxane 20 41 HGU133A 107 
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Supplemental Table 4. Flow cytometry panels used in study.  

Immune depletion panel for PBMCs 

Fluorochrome Antigen Dilution Clone Supplier Catalogue No.  

FITC CD45 1:500 30-F11 BD 553080 

BV510 CD3 1:100 145-2C11 BD 563024 

APC CD4 1:400 RM4-5 BD 553051 

PE-Cy7 CD8 1:200 56.6.7 BD 552877 

PerCP-Cy5.5 Foxp3 1:100 R16-715 BD 563902 

APC-Cy7 CD19 1:500 1D5 BD 557655 

Myeloid Panel 

BUV395 CD45 1:250 30-F11 BD Bioscience 564279 

BV510 Ly6C 1:400 HK1.4 Biolegend 128033 

eV605 CD11c 1:200 N418 Biolegend 117333 

BV711 CD117 1:500 2B8 Biolegend 105835 

APC CD11b 1:400 REA592 Miltenyi Biotec 130-109-364 

AF700 Ly6G 1:400 1A8 Biolegend 127621 

APC-ef780 MHCII 1:200 M5/114.15.2 BD Biosciences 47-5321-80 

Zombie UV Viability 1:1000 - Biolegend 423108 

 

Lymphoid Panel 

FITC CD45 1:200 REA737 Miltenyi Biotec 130-110-796 

BUV395 CD3 1:500 145-2C11 BD Bioscience 562565 

BV786 CD4 1:200 GK1.5 BD Bioscience 563331 

BV480 CD8 1:200 53-6.7 BD Bioscience 566096 

BV421 CD25 1:200 PC61 Biolegend 102043 

AF647 Foxp3 1:100 150D Biolegend 320013 

PE-Cy7 ICOS 1:200 C398.4A Biolegend 313519 

PE Ki67 1:100 B56 BD Bioscience 556027 

BV711 CD335 1:200 29A1.4 Biolegend 137621 

APCVio770 B220 1:100 REA755 Miltenyi Biotec 130-110-849 

ZombieUV Viability 1:1000 - Biolegend 423108 
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Chapter four 

 

All-trans retinoic acid induces inflammation and CD8+ T cell infiltration, 

sensitising tumors to cyclophosphamide chemotherapy, in a model-specific 

manner 

  



 
146 

  



 
147 

 

Overview of chapter 

This chapter is written as an article that will be modified for publication.  

Authors: Caitlin M. Tilsed, Lizeth Orzoco, Rachel M. Zemek, Emma De Jong, Brianna Gordon, 

Matthew Piggott, Anthony Bosco, Anna K. Nowak, Scott A. Fisher, Richard A. Lake, 

W. Joost Lesterhuis 

 

In Chapter four we explored the use of all-trans retinoic acid (ATRA) to sensitise tumors to 

cyclophosphamide chemotherapy. Using the data generated in Chapter two and Chapter three, ATRA 

was the top clinically available drug predicted to induce a cyclophosphamide sensitive tumor 

microenvironment. Indeed, when ATRA was combined with cyclophosphamide, the efficacy of 

cyclophosphamide in AB1-HA murine mesothelioma was significantly improved. Using RNA 

sequencing and flow cytometry, we characterised the changes ATRA had on the tumor 

microenvironment. ATRA induced the expression of inflammatory genes, increased the infiltration of 

CD8+ T cells and decreased the levels of intratumoral Tregs, inducing a cyclophosphamide sensitive 

phenotype. While the combination of ATRA and cyclophosphamide was extremely effective in AB1-HA, 

the same effect was not found in other cancer cell lines, indicating that this phenomenon is model 

specific.   
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4.1 Abstract  

Chemotherapy is included in treatment regimens for many solid cancers, but when administered as a 

single agent it is rarely curative. The addition of immune checkpoint therapy (ICT) to standard 

chemotherapy regimens has improved response rates and increased survival in some cancers. 

However, a most patients do not respond to treatment and ICT can cause severe side effects. 

Therefore, there is a need for alternative immunomodulatory drugs to be tested in combination with 

chemotherapy. We used gene expression data from responders and non-responders to 

cyclophosphamide (CY) to identify existing clinically approved drugs that could phenocopy a 

chemo-sensitive tumor microenvironment (TME). All-trans retinoic acid (ATRA) was the top predicted 

upstream regulator of response to CY and combination treatment significantly improved survival and 

cure rate in a CD4+ and CD8+ T cell dependent manner. ATRA pre-treatment induced an inflammatory, 

IFN associated TME, with increased infiltration of CD8+ T cells, sensitizing the tumor to subsequent 

chemotherapy. While ATRA improved CY efficacy in AB1-HA murine mesothelioma, this effect is model 

specific and could not be replicated in additional cell lines. Though this data is promising, the inability 

to validate the efficacy of combination treatment in multiple cancer models limits clinical translation.  

4.2 Introduction  

Although chemotherapy is used as a treatment for many advanced cancers, it is rarely curative, and 

treatment is predominantly palliative. With the emergence and success of immune checkpoint therapy 

(ICT) in a wide range of cancers as a combination or monotherapy1–3, there has been a shift towards 

combining chemotherapy with immunotherapy to further improve the efficacy of each treatment alone. 

Combination chemoimmunotherapy has shown promise in mesothelioma1 and lung cancer5,6, with the 

addition of anti-PD-1 antibodies increasing the response rate to cisplatin and pemetrexed, or platinum 

and etoposide chemotherapy, respectively. While these regimes are more effective than the respective 

monotherapies, there is still a large proportion of patients that do not respond. Additionally, ICT, 

particularly dual ICT ,can lead to severe side effects7. Therefore, alternative immunomodulatory drugs 

need to be identified and their additive or synergistic effects with chemotherapy established.  

We have previously characterised the gene expression signature associated with a complete response 

to cyclophosphamide (CY) chemotherapy (Chapter 3). We, and others, found that a pre-treatment 
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inflammatory, CD4+ T cell-associated tumor microenvironment (TME) is necessary for response to 

chemotherapy in both mice and patients8,9 (Chapter 3). A potential avenue for increasing the 

effectiveness of chemotherapy would be to identify key drivers of this chemo-sensitive phenotype and 

therapeutically target them to upregulate expression and remodel the TME, using repurposed drugs. 

This approach was utilised in the context of ICT10. Network analysis of gene expression data from 

responding and non-responding mice identified ATRA as a key promoter of an ICT sensitive tumor. In 

vivo validation showed a significant increase in αCTLA-4 efficacy when ATRA was co-administered, 

demonstrating that this experimental strategy can identify candidate drugs that can be repurposed for 

cancer treatment and synergise with existing therapies. 

Tretinoin, also known as all-trans retinoic acid (ATRA) is a pan-retinoic acid receptor (RAR) agonist and 

an active metabolite of vitamin A. Retinoids signal via nuclear receptors to regulate cell growth, 

differentiation and apoptosis11,12. ATRA has been shown to have potent anti-cancer activity in vitro 13,14 

and in vivo15,16, and is the first line treatment for acute promyelocytic leukemia, inducing complete 

remission in >90% of patients, when given as monotherapy or in combination with chemotherapy17,18. 

The addition of ATRA to cisplatin and paclitaxel in patients with non-small cell lung cancer increased 

both response rate and overall survival19 and has been well tolerated when combined with gemcitabine 

and paclitaxel in pancreatic cancer20 and with paclitaxel in breast cancer 21. 

Aside from its direct anti-tumor capability, ATRA has a wide range of immunomodulatory effects22. 

ATRA can induce the differentiation of immature myeloid cells into macrophages or dendritic cells23–25. 

These immature myeloid cells are often immunosuppressive myeloid-derived suppressor cells 

(MDSCs). High levels of MDSCs are associated with a poorer prognosis26,27 and decreased response 

to chemotherapy26–28 and ATRA-induced differentiation into a less suppressive mature phenotype can 

shift the TME from pro-tumorigenic to anti-tumorigenic. Retinoic acid is also a powerful regulator of T 

cell activity and is capable of inducing Foxp3 expression in peripheral CD4+ T cells and converting them 

to T regulatory cells (Treg)29,30; increasing Treg infiltration into the tumor 16; polarizing CD4+ T cells 

towards different T helper subsets and promoting CD4 effector responses31,32. Furthermore, ATRA  

induces the survival, expansion and activation of CD8+ T cells23,25,33,34. 

While the role of ATRA in mediating immunity has been well studied, there are limited preclinical studies 

investigating whether it can be repurposed as an immunotherapy and combined with classical 
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chemotherapy to improve treatment efficacy. Here we used gene expression data from responding and 

non-responding tumors, harvested from mice treated with cyclophosphamide, to identify repurposed 

drugs that could be administered alongside chemotherapy to improve response rates. ATRA was the 

top candidate identified from upstream regulator analysis and synergised with CY in AB1-HA murine 

mesothelioma, significantly improving survival by inducing an inflammatory, chemotherapy responsive 

TME.  

4.3 Methods 

4.3.1 Mice 

Male or female 8-10 week old BALB/c.Arc or C57BL/6 mice were obtained from the Animal Resources 

Centre (Murdoch, Western Australia) and housed in pathogen free conditions. All experiments were 

conducted with animal ethics approval from the Harry Perkins Institute Animal Ethics Committee (AE099 

and AE153).  

4.3.2 Cell lines and inoculation 

AB1-HA, AE17, CT26, WEHI164 and 4T1 were obtained from Cell Bank Australia (CBA) and maintained 

in RPMI 1640 supplemented with 20 mM HEPES 0.05 mM 2-mercaptoethanol, 100 U/ml 

benzylpenicillin, 50 µg/ml gentamycin and 10% NCS. AB1-HA was additionally cultured with G418 to 

maintain expression of HA. LLC was obtained from CBA and maintained in DMEM (Gibco) 

supplemented as described above.  

Cells were grown to a confluence of 80% and passaged a minimum of three times prior to inoculation. 

Cells were collected using trypsinisation and 5x105 cells were inoculated subcutaneously in 100 µl PBS. 

A viability of at least 90% was confirmed using trypan blue exclusion. Tumor growth was monitored 

using callipers and size in mm2 was calculated from perpendicular length and width measurements 

using the formula; Tumor area (mm2)= length (mm) x width (mm).  

4.3.3 In vivo treatments 

Cyclophosphamide (Endoxan) was obtained from the Sir Charles Gardiner Hospital pharmacy (Perth, 

Australia) and dosed at 200 mg/kg. Chemotherapy drugs were prepared under sterile conditions and 



 
152 

diluted in 0.9% sodium chloride. Drugs were administered intraperitoneally (i.p) at a maximum volume 

of 100 µl per 10 g weight of mouse.  

All-trans retinoic acid (≥98%, HPLC, powder) was purchased from Sigma-Aldrich (Macquarie Park, 

NSW) and suspended in Dimethyl Sulfoxide (DMSO; Sigma-Aldrich) at a concentration of 40 mg/ml for 

short term storage at -80˚C. Mice were treated with 10 mg/kg of ATRA for 9 consecutive days, 

intraperitoneally. Working concentrations of ATRA were suspended in PBS and had a final DMSO 

concentration of 5%.  

For all immune cell depletion experiments, antibody administration began three days before tumor 

inoculation. Anti-CD4 (clone GK1.5) and anti-CD8 (clone YTS 169; both BioXcell, New Hampshire, 

USA) were dosed i.p at 100 µg in 100 µl of PBS on day 3, day 0 and thereafter weekly until the end of 

experiment. Depletion was monitored in peripheral blood collected from the tail vein and analysed by 

flow cytometry. 

4.3.4 RNAseq 

The transcriptomic profile of responders and non-responders was generated in a previous study 

(Chapter 3). Briefly, RNA was extracted using RNeasy MinElute columns (QIAGEN) and sequencing 

(Novaseq6000 20 million reads, 100 bp single end) was performed by the Australian Genome Research 

Facility. Data was aligned using Kalisto35 and differential expression analysis performed using 

DESeq236. For analysis comparing responders and non-responders to CY, a FDR of <0.1 

(Benjamini-Hochberg method, B-H) was considered significant. Upstream regulator analysis was 

performed using Ingenuity37 and the top 10 clinically approved drugs by significance selected. RNA 

sequencing was performed on untreated AE17 and WEHI164 similarly.  

To generate the transcriptomic profile of an ATRA treated tumor, mice were inoculated with AB1-HA 

and treated with ATRA or PBS daily for 5 consecutive days. Tumors were harvested, stored in RNAlater 

at -80°C and RNA extracted as above. For differentially expressed gene (DEG) analysis comparing 

ATRA treated and PBS treated tumors, a FDR of <0.05 (B-H method) and an absolute log fold change 

>1.5 was considered significant. For unsupervised hierarchical clustering, the top 200 DEG were 

selected and counts were log2CPM transformed and z score normalized. For pathway and Gene 

Ontology analysis, up- and downregulated DEG were uploaded to InnateDB38 and over-representation 
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of the genes assessed within the KEGG, REACTOME and Gene Ontology databases. P values were 

adjusted for multiple comparisons using the B-H method and an FDR<0.05 considered significant. 

Gene set enrichment analysis (GSEA)39 was performed using two curated gene sets. The first, ‘ATRA 

induced genes’ was created by selecting the DEG upregulated by ATRA treatment. The second was 

obtained from Kang et.al40; CD4+ T cells were cultured in the presence or absence of RA and genes 

upregulated in response to treatment collated into the ‘ATRA treated CD4+ T cells Kang 2011’ gene set. 

The enrichment of these gene sets was assessed in complete responders or progressors to CY from 

Tilsed et.al 2021 (Chapter 3). A positive enrichment indicated the gene set is enriched in complete 

responders and a negative enrichment score indicated the genes are enriched in progressors to CY.  

4.3.5 MTT assays 

MTT assays were performed to assess cell viability via metabolic activity. In short, cells were seeded 

at 1x103 cells/well in a 96 well plate. The cells were incubated overnight before serial dilutions of each 

drug were added in triplicate and incubated for 48 hours at 5% CO2 at 37 ⁰C. Acrolein was gifted to us 

by the M. Piggot from the University of Western Australia. Mafosfamide cyclohexylamine (mafosfamide) 

was purchased from Niomech (Bielefeld, Germany) . Cells were then treated with 50 µl of 2 mg/ml 3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyltratrazolium bromide (MTT). Four hours later, all the medium was 

aspirated from the wells and the plate centrifuged. The formazan crystals were dissolved in 100 µl 

DMSO and the absorbance measured at 570 nm using SpectraMax M5e (Molecular Devices).The 

viability was determined using the blank corrected absorbance values and untreated cells as a negative 

control: % viability = (
absorbance of experimental well

absorbance of untreated control
) ∗ 100. 

4.3.6 Flow Cytometry  

For flow cytometry, tumors were harvested and stored in PBS on ice. Tumors were cut into small pieces 

and dissociated into a single cell suspension using the gentleMACs kit (Miltenyi Biotec). Samples were 

stained with Zombie UV (Biolegend) for 30 minutes in the dark at room temperature (RT) to exclude 

dead cells. Antibodies for surface staining were suspended in PBS+2%FCS and incubated for 30 

minutes at RT. For intracellular staining, cells were fixed and permeabilized for 10 minutes at RT using 

the Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Intracellular antibodies were 
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suspended in Permeabilization Buffer (eBiosciences) and incubated for 30 mins at RT. Samples were 

washed 3x in Permeabilization Buffer, resuspended in Stabilizing Fixative (BD) and stored at 4°C. Data 

was acquired using the BD LSRFortessa and analysed using FlowJo (BD Biosciences). Flow cytometry 

panels and FACS gating strategy are detailed in Supplementary Table 1 and Supplementary figure 1 

respectively.  

4.4 Results 

4.4.1 ATRA increases the efficacy of cyclophosphamide in AB1-HA murine mesothelioma 

In a previous study, we found that a pre-treatment inflammatory and immune infiltrated ‘hot’ tumor 

microenvironment was associated with a complete response to cyclophosphamide (CY) chemotherapy 

in both mice and patients (Chapter 3). From these data, we generated an IFN, TNFα CD4+ T cell gene 

signature that predicts response to CY (Figure 1A). We then performed upstream regulator analysis to 

identify potential drugs that could induce the gene expression signature associated with chemotherapy 

responsive tumors (Figure 1B). We focused on drugs that are clinically approved that could be 

repurposed and combined with chemotherapy in a cancer setting. The top upstream regulator predicted 

to induce a CY sensitive TME was ATRA. Another activator of the retinoic acid signalling pathway, 

bexarotene was also in the top ten candidate drugs as determined by z score and p value. 

As ATRA was the highest ranked upstream regulator and has both direct anti-tumor13,14 and 

immunomodulatory22 effects, we decided to investigate whether the addition of ATRA to CY increased 

response rates or survival in AB1-HA murine mesothelioma. Tumor bearing mice were treated daily 

with systemic ATRA, commencing 3 days before chemotherapy for a total of 9 doses (Figure 1C). The 

addition of ATRA synergised with cyclophosphamide, significantly increasing survival (Figure 1C, 

p=0.0052) and improving the incidence of complete response from 0% to 50%. These data demonstrate 

that upstream regulators of a chemotherapy-sensitive TME can be identified from transcriptomic data 

and validated in vivo, as the addition of ATRA to CY was synergistic, curing tumors in a context where 

each treatment was ineffective as a monotherapy.  
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Figure 1. ATRA sensitises AB1-HA murine mesothelioma to cyclophosphamide chemotherapy. (A). The 

generation of the cyclophosphamide (CY) responder signature. Tumors from complete responders and partial 

responders were sequenced and the differentially expressed genes upregulated in complete responders made into 

a ‘CY Responder gene signature’ (n=178 genes). (B) Drugs predicted to induce a CY sensitive tumor 

microenvironment as determined by Ingenuity upstream regulatory analysis. (C) Experimental design for ATRA 

and CY combination treatment. Mice were inoculated with AB1-HA s.c and treated with ATRA i.p starting 3 days 

prior to cyclophosphamide and continued for 9 total doses at 10 mg/kg. CY was dosed at 200 mg/kg on day 12. 

(D) Survival of mice inoculated with AB1-HA and treated with CY, ATRA or the combination (n=10). Significance 

was determined using the Mantel-Cox log-rank test. *p<0.05 **p<0.01 
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4.4.2 ATRA does not increase the sensitivity of tumor cells to cyclophosphamide in vitro  

Along with having direct cytotoxic effects, ATRA can also enhance the chemosensitivity of tumor cells 

in vitro41–43. To determine whether we see this in our model, we performed MTT assays on AB1-HA 

tumor cells exposed to CY and the associated CY active metabolites acrolein and mafosfamide. A 

non-cytotoxic dose of 50 µM ATRA (Figure 2A) was added in combination with each drug.as we see 

little anti-tumor effect of ATRA in vivo. This indicates that itmay not be antiproliferative effects of ATRA 

that contributes to its synergy with CY, but rather ATRA induced changes to tumor cells that results in 

enhanced chemo-sensitivity. The addition of ATRA to the cytotoxic metabolites acrolein (p=0.56) and 

mafosfamide (p=0.27) did not significantly alter the IC50 of these compounds (Figure 2B-D), 

demonstrating that the addition of ATRA to CY and its cytotoxic metabolites does not increase the 

inherent sensitivity of tumor cells to the drugs. This suggests that ATRA has a different mechanism of 

action that drives its synergy with CY.  

 

 

Figure 2. ATRA does not increase the sensitivity of AB1-HA to cyclophosphamide or its metabolites in 

vitro. (A-C). Viability of AB1-HA treated with increasing concentrations of acrolein (A), mafosfamide (B) or 

cyclophosphamide (C) with or without 50 µM of ATRA. Viability was determined by the MTT assay. Mean ±SD of 

three independent experiments.  

 

4.4.3 ATRA induces an inflammatory TME with increased infiltration of CD8+ T cells and depletion of 

T regulatory cells 

As ATRA had little effect on delaying tumor growth in vivo and did not increase tumor cell sensitivity to 

cyclophosphamide in vitro, we were interested in the effects of ATRA on the tumor microenvironment 

(TME). We hypothesised that the synergy between ATRA and CY was due to the induction of a T cell 
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infiltrated, inflammatory TME by ATRA that was responsive to subsequent CY administration. To 

characterise the immunomodulatory effects of ATRA, we performed RNAseq on AB1-HA tumors treated 

with ATRA or PBS. There were 782 DEG found, with a distinct gene signature present in the treated 

tumors (Figure 3A). Pathway analysis on these DEG showed enrichment of genes associated with 

inflammation and an immune response, namely IFNγ and IFNβ (Figure 3B, Supplementary Figure 2, 

Supplementary Figure 3)  

To determine which cells may be contributing to this inflammatory signature, we treated tumors with 

ATRA and characterised the immune infiltrate using flow cytometry (Figure 3C, D). While ATRA did not 

increase the total number of CD45+ cells within the tumor (p=0.97, Supplementary Figure 3) there was 

a significant increase in tumor infiltrating CD8+ T cells as both a proportion of CD45% cells (p=0.008) 

and total live cells (p=0.016). Interestingly, ATRA decreased the proportion of intratumoral Treg (%Live 

p=0.019, %CD45 p=0.005). ATRA did not affect the non-Treg, CD4+ population (%Live p=0.75, %CD45 

p=0.90).  

As ATRA was the top predicted upstream regulator of a CY responsive TME, we determined whether 

the same genes associated with ATRA treatment were also present in the tumors of CY complete 

responders. Gene set enrichment analysis was performed using the genes positively upregulated by 

ATRA treatment (n=642). These genes were significantly enriched in the pre-treatment TME of mice 

that responded to CY chemotherapy compared to non-responders (Figure 3E). As CD4+ T cells are for 

necessary for CY to be curative (Chapter 3) we also performed this analysis using a gene set derived 

from CD4+ T cells treated with ATRA40 to determine whether ATRA induced changes to CD4+ T cells is 

also associated with CY response. . The genes upregulated by ATRA in CD4+ T cells were also enriched 

in complete responders to CY (Figure 3F), indicating that ATRA may induce phenotypic changes to 

CD4+ T cells that leads to improved response to CY, 

This transcriptomic and flow cytometry analysis indicates that ATRA induces an inflammatory, IFN and 

CD8+ T cell driven TME, which subsequently increases the response to CY. Additionally, ATRA 

decreased the number of intratumoral Treg, further skewing the TME towards an immunologically active 

and CY sensitive phenotype.  
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4.4.4 The effectiveness of the dual combination of ATRA and CY is dependent on both CD4+ and CD8+ 

T cells 

As ATRA influences the immune system and cyclophosphamide efficacy is dependent on both CD8+ 

and CD4+ T cells44,45 (Chapter 3), we next asked whether the combination of ATRA and CY was also T 

cell dependent or whether the addition of ATRA could overcome the absence of either immune 

compartment. Mice were depleted of CD4 or CD8 T cells prior to inoculation with AB1-HA, with depletion 

maintained for the duration of the experiment. ATRA and CY were administered as previously 

described. The curative ability of CY was completely abrogated in the absence of CD4+ (p=0.0012) or 

CD8+ T cells (p=0.0001, Figure 3G). The depletion of both CD4+ (p=0.003) or CD8+ T cells (p=<0.0001) 

decreased the efficacy of the ATRA and CY dual combination, with 1/10 or 0/5 mice cured respectively, 

compared to 6/10 in immunocompetent mice. These data further demonstrate that the mechanism 

underlying the efficacy of ATRA and CY is T cell dependent.  
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Figure 3. The efficacy of combination ATRA and CY treatment is both CD8+ and CD4+ T cell 

dependent. Figure legend continues on following page.  

(A) Heatmap of the differentially expressed genes (DEG) between ATRA and PBS treated AB1-HA tumors (n=782). 

(B) Gene ontology analysis of the upregulated DEG in ATRA treated tumors. (C-D) Flow cytometry data from AB1-

HA tumors treated with 10 mg/kg ATRA or PBS daily for 5 days. Data shows proportion of CD8+ T cells, CD4+ Non-

Tregs and CD4+ Treg of (C) CD45+ leukocytes or (D) or total live cells. (E-F) Gene set enrichment analysis of ATRA 

associated gene sets in complete responders (CR) or progressors (PR) to CY. (G) Survival of mice inoculated with 

AB1-HA and treated with 200 mg/kg CY with or without ATRA. Mice were depleted of CD4 or CD8 T cells using 
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100 µg αCD4 or αCD8 i.p, three days prior to inoculation and depletion was maintained throughout the experiment. 

Mice were dosed daily with 10 mg/kg ATRA, beginning three days before CY for 9 total doses. Flow cytometry data 

shown as mean ± SD and significance determined using Mann-Whitney U test corrected for multiple comparisons. 

Significance for survival analysis was determined using the Mantel-Cox log-rank test. *p<0.05 **p<0.01. N=5 for 

ATRA, αCD8+CY and αCD8+CY+ATRA, n=10 for all other groups.  
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4.4.5 ATRA sensitization to cyclophosphamide efficacy is dependent on the cancer model used 

As we observed that the addition of ATRA significantly increased CY efficacy in AB1-HA mesothelioma 

by inducing an inflammatory, immune active tumor microenvironment, we were interested in whether 

this treatment worked in other cancer models. We followed the same treatment schedule with mice 

inoculated with CT26 colon carcinoma, WEHI164 sarcoma, 4T1 breast cancer, AE17 murine 

mesothelioma, or Lewis Lung Carcinoma (LLC). Despite cyclophosphamide as a monotherapy delaying 

tumor growth and improving survival in all cell lines (Supplementary Table 1), the addition of ATRA had 

no effect on survival or tumor growth (Figure 4), indicating this phenomenon is largely restricted to the 

AB1-HA tumor model.  

 

Figure 4. ATRA does not increase the efficacy of cyclophosphamide in alternative cell lines (A-E). Tumor 

bearing mice were treated with ATRA 3 days before CY, for a total of 9 doses at 10 mg/kg. CY was dosed at 200 

mg/kg as indicated by the dotted line.Survival of mice inoculated with (A) CT26 colon carcinoma (n=10, n=5 for 

ATRA group), (B) WEHI164 sarcoma (n=5), (C) 4T1 breast cancer (n=5), (D) AE17 murine mesothelioma (n=5) or 

(E) Lewis lung carcinoma (n=5, n=10 for PBS). Significance was determined using the Mantel-Cox log-rank test. 

p<0.05* p<0.01**. 
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4.4.6 In vivo cancer models have varying expression of RARs and RXRs which may drive differing 

sensitivity to ATRA  

As we saw such a robust anti-tumor response to the combination of ATRA and CY in AB1-HA but not 

in other cell lines, we tested whether the expression of RARs or retinoid X receptors (RXRs) varied 

between tumor models, as a potential explanation of the differing outcomes. RA signals through RARs 

or RXRs and it has been previously reported that the expression or induction of these receptors can 

influence sensitivity to ATRA46. To examine this in our cancer models, we compared the expression of 

RARα, RARβ, RARγ, RXRα, RXRβ and RXRγ between AB1-HA, which is sensitive to our dual 

combination, and AE17 and WEHI164, which are resistant, using bulk RNA sequencing. AB1-HA 

expressed lower levels of RARα, RARγ, RXRα and RXRβ compared to either AE17 and WEHI164 

(Figure 5B). Only RARβ and RXRγ were expressed at higher levels in AB1-HA (Figure 5). The differing 

expression of RARS and RXRS may contribute to the difference in sensitivity between AB1-HA, which 

is sensitive to our treatment regime, and AE17 and WEHI164 which are comparably treatment resistant.  

 

Figure 5. Expression of RARs and RXRs in AB1-HA, AE17 and WEHI164 from bulk RNA sequencing data. 

Tumors from mice inoculated with AB1-HA, AE17 or WEHI164 were harvested, RNA extracted and sequenced. 

(A-C) Expression of the three isoforms of retinoic acid receptors. (D-F) Expression of the three retinoic X receptor 

isoforms. Counts were TPM normalised to adjust for sequencing depth. Data shown as mean ± SD and significance 

determined using Mann-Whitney U test corrected for multiple comparisons *p<0.05, **p<0.01 ***p<0.001. N=26 for 

AB1-HA, n=8 for AE17 and n=15 for WEHI164.  
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4.5 Discussion 

As combination or sequential chemotherapies are not curative in an advanced cancer setting, there has 

been a movement towards combining chemotherapy with other treatments, such as immunotherapy, to 

increase response rates and improve patient outcomes. The addition of immune checkpoint therapy to 

chemotherapy has shown promise in a variety of solid cancers4–6. However, despite increases in 

response rates and survival, many patients still do not respond to treatment. Additionally, there is 

significant toxicity associated with combination ICT and therefore a need to trial alternative 

immunomodulatory drugs in combination with chemotherapy.  

We identified ATRA as the top predicted regulator of a chemosensitive TME using data we previously 

generated from sequencing the tumors of responders and non-responders to CY (Chapter 3). ATRA 

not only is directly cytotoxic and can normalise cancerous cells13,47, it also has potent 

immunomodulatory effects22, making it a prime candidate to combine with chemotherapy. We tested 

the ability of ATRA to improve response to CY as a pre-treatment (with dosing commencing three days 

prior to chemotherapy and continuing for a total of 9 doses), hypothesising that ATRA would induce a 

TME that is sensitive to subsequent CY treatment. Indeed, we found the addition of ATRA to be 

synergistic, increasing CY efficacy by upregulating inflammatory and IFN related genes. Interestingly, 

while the effect was very strong in AB1-HA murine mesothelioma, it did not extend to other cancer 

models, indicating that there may be intrinsic characteristics of the AB1-HA tumor model that drives 

sensitivity to this treatment regime. 

Others have also found mixed efficacy from the combination of ATRA and CY in preclinical models. In 

a murine model of metastatic rhabdomyosarcoma, the addition of ATRA to CY decreased the number 

of metastatic liver nodules 4.8 fold and improved survival48. However, in mice inoculated with TC1 

myeloma, the combination had no additional benefit over the respective monotherapies49. ATRA also 

demonstrated synergy when combined with gemcitabine in murine pancreatic adenocarcinoma, 

decreasing hypoxia, invasion and overall tumor burden50. However, the clinical success of this 

combination has been limited and synergistic effect limited to acute promyelocytic leukaemia or non-

small cell lung cancer19. While the addition of ATRA to paclitaxel and/or paclitaxel has been well 

tolerated in breast cancer21 and pancreatic cancer20,51, there was no additional benefit over the 

chemotherapy control arm.  
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In vitro, ATRA has been shown to increase the sensitivity of cells to chemotherapy41–43,52–54. This effect 

is driven by various mechanisms, such as the depletion of enzymes that metabolize chemotherapy into 

inactive metabolites41, or the downregulation of genes associated with chemotherapy resistance53. 

While we observed synergy between ATRA and CY in vivo, this was not observed in vitro. The sensitivity 

of AB1-HA to CY, or the CY active metabolites acrolein and mafosfamide was unaffected by the addition 

of ATRA. While it has been demonstrated that co-treatment with ATRA increased the apoptotic potential 

of chemotherapies55, in most studies the sensitising effect of ATRA only became apparent after a 

minimum 48 hours of preincubation before cytotoxic drugs were added41,43,52,53. As we only tested the 

effects of ATRA co-treatment, the tumor cell sensitising effect may not have become apparent in our 

experimental design due to the absence of pre-incubation period. 

Recent work has looked toward identifying biomarkers for response to chemotherapy, to better predict 

whether patients will respond to treatment or whether they should be given an alternative therapy. An 

inflammatory, IFN, T cell driven TME is associated with response to not only CY (Chapter 3), but a 

range of other chemotherapies8,9,56. While this signature could be used as a predictive biomarker, an 

alternative approach is to therapeutically induce this chemotherapy sensitive TME to make subsequent 

chemotherapy more effective. We found that ATRA was predicted to induce this same CY sensitive 

TME and validated this using RNA sequencing and flow cytometry.  

Similar to our findings, it has been previously reported that ATRA induced CD8+ T cell infiltration in B16 

melanoma and that the efficacy of topical ATRA treatment in controlling tumor growth was partly CD8+ 

T cell depenendent15. Ablation of RAR signalling in CD8+ T cells decreased the accumulation of antigen 

specific T cells in B16 melanoma33. Treatment with RA induces a robust anti-tumor CD8+ T cell 

response, increasing proliferation, expression of effector molecules IFNγ, granzyme B and perforin, as 

well as activation and cell migration markers15,16. Similar results were observed clinically, with ATRA 

increasing antigen specific T cell responses to tumor antigens or vaccination23,25.  

While we observed  robust synergy between ATRA and CY in AB1-HA, this was not replicated in other 

cell lines, indicating the phenomenon may be AB1-HA-specific. To investigate what might contribute to 

this difference in response, we characterised the expression of RARs and RXRs between three cell 

lines; the sensitive AB1-HA and the resistant AE17 and WEHI164 using RNA sequencing. AB1-HA had 

increased expression of RARβ and RXRγ. RARβ has been linked to sensitivty to ATRA. Human colon 
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cancer cell lines with increased expression of RARβ were more sensitive to ATRA induced apoptosis46. 

Transfection to induce RARβ expression in resistant cell lines increased cytotoxicty and the expression 

of pro-apoptotic proteins. While we cannot specifically determine which cells express each of the RARs 

and RXRs in our model from bulk RNAseq data, the increased presence of RARβ in AB1-HA is likely 

to increase the effects of ATRA in this model and lead to downstream effects on CY sensitivity. 

Additionally, our selected treatment schedule may also only be effective in AB1-HA and not in 

alternative cell lines; ATRA may need to commence earlier before cyclophosphamide or only be given 

concurrently with chemotherapy. The current pre-treatment schedule may not induce the same 

chemo-sensitive, inflammatory TME that we see in AB1-HA in other cancer models and hence the 

efficacy of cyclophosphamide is not improved. Further study of the effects of ATRA on the TME of other 

cancer models may better inform cyclophosphamide and ATRA scheduling in a wider clinical setting.  

Given the excellent safety profile of ATRA, it is an attractive drug to repurpose for sensitizing to 

cyclophosphamide chemotherapy, but given the the high variability in efficacy between tumor models 

without a clear underlying mechanistic explanation, translation into the clinic appears premature at this 

stage. 

  



 
166 

4.6 References 

1. Amaria, R. N. et al. Neoadjuvant immune checkpoint blockade in high-risk resectable melanoma. Nat. Med. 
24, 1649–1654 (2018). 

2. Brahmer, J. et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. 
N. Engl. J. Med. 373, 123–135 (2015). 

3. Motzer, R. J. et al. Nivolumab for Metastatic Renal Cell Carcinoma: Results of a Randomized Phase II Trial. 
J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 33, 1430–1437 (2015). 

4. Nowak, A. K. et al. Durvalumab with first-line chemotherapy in previously untreated malignant pleural 
mesothelioma (DREAM): a multicentre, single-arm, phase 2 trial with a safety run-in. Lancet Oncol. 21, 
1213–1223 (2020). 

5. Paz-Ares, L. et al. First-line nivolumab plus ipilimumab combined with two cycles of chemotherapy in 
patients with non-small-cell lung cancer (CheckMate 9LA): an international, randomised, open-label, phase 
3 trial. Lancet Oncol. 22, 198–211 (2021). 

6. Paz-Ares, L. et al. Durvalumab plus platinum-etoposide versus platinum-etoposide in first-line treatment of 
extensive-stage small-cell lung cancer (CASPIAN): a randomised, controlled, open-label, phase 3 trial. 
Lancet Lond. Engl. 394, 1929–1939 (2019). 

7. Michot, J. M. et al. Immune-related adverse events with immune checkpoint blockade: a comprehensive 
review. Eur. J. Cancer Oxf. Engl. 1990 54, 139–148 (2016). 

8. Stoll, G. et al. Immune-related gene signatures predict the outcome of neoadjuvant chemotherapy. 
Oncoimmunology 3, e27884 (2014). 

9. Tekpli, X. et al. An independent poor-prognosis subtype of breast cancer defined by a distinct tumor immune 
microenvironment. Nat. Commun. 10, 5499 (2019). 

10. Lesterhuis, W. J. et al. Network analysis of immunotherapy-induced regressing tumors identifies novel 
synergistic drug combinations. Sci. Rep. 5, 1–11 (2015). 

11. Gudas, L. J. & Wagner, J. A. Retinoids regulate stem cell differentiation. J. Cell. Physiol. 226, 322–330 
(2011). 

12. Tang, X.-H. & Gudas, L. J. Retinoids, retinoic acid receptors, and cancer. Annu. Rev. Pathol. 6, 345–364 
(2011). 

13. Jiménez-Lara, A. M., Clarke, N., Altucci, L. & Gronemeyer, H. Retinoic-acid-induced apoptosis in leukemia 
cells. Trends Mol. Med. 10, 508–515 (2004). 

14. Lee, M. O., Han, S. Y., Jiang, S., Park, J. H. & Kim, S. J. Differential effects of retinoic acid on growth and 
apoptosis in human colon cancer cell lines associated with the induction of retinoic acid receptor beta. 
Biochem. Pharmacol. 59, 485–496 (2000). 

15. Yin, W., Song, Y., Liu, Q., Wu, Y. & He, R. Topical treatment of all-trans retinoic acid inhibits murine 
melanoma partly by promoting CD8+ T-cell immunity. Immunology 152, 287–297 (2017). 

16. Bhattacharya, N. et al. Normalizing Microbiota-Induced Retinoic Acid Deficiency Stimulates Protective 
CD8(+) T Cell-Mediated Immunity in Colorectal Cancer. Immunity 45, 641–655 (2016). 

17. Iland, H. J. et al. All-trans-retinoic acid, idarubicin, and IV arsenic trioxide as initial therapy in acute 
promyelocytic leukemia (APML4). Blood 120, 1570–1580; quiz 1752 (2012). 

18. Lo-Coco, F. et al. Retinoic Acid and Arsenic Trioxide for Acute Promyelocytic Leukemia. 
http://dx.doi.org/10.1056/NEJMoa1300874 https://www.nejm.org/doi/10.1056/NEJMoa1300874 (2013) 
doi:10.1056/NEJMoa1300874. 

19. Arrieta, O. et al. Randomized phase II trial of All-trans-retinoic acid with chemotherapy based on paclitaxel 
and cisplatin as first-line treatment in patients with advanced non-small-cell lung cancer. J. Clin. Oncol. Off. 
J. Am. Soc. Clin. Oncol. 28, 3463–3471 (2010). 

20. Kocher, H. M. et al. Phase I clinical trial repurposing all-trans retinoic acid as a stromal targeting agent for 
pancreatic cancer. Nat. Commun. 11, 4841 (2020). 

21. Bryan, M. et al. A pilot phase II trial of all-trans retinoic acid (Vesanoid) and paclitaxel (Taxol) in patients with 
recurrent or metastatic breast cancer. Invest. New Drugs 29, 1482–1487 (2011). 

22. Hall, J. A., Grainger, J. R., Spencer, S. P. & Belkaid, Y. The role of retinoic acid in tolerance and immunity. 
Immunity 35, 13–22 (2011). 

23. Mirza, N. et al. All-trans-retinoic acid improves differentiation of myeloid cells and immune response in 
cancer patients. Cancer Res. 66, 9299–9307 (2006). 

24. Kusmartsev, S. et al. All-trans-retinoic acid eliminates immature myeloid cells from tumor-bearing mice and 
improves the effect of vaccination. Cancer Res. 63, 4441–4449 (2003). 

25. Iclozan, C., Antonia, S., Chiappori, A., Chen, D.-T. & Gabrilovich, D. Therapeutic regulation of myeloid-
derived suppressor cells and immune response to cancer vaccine in patients with extensive stage small cell 
lung cancer. Cancer Immunol. Immunother. CII 62, 909–918 (2013). 

26. Li, F., Zhao, Y., Wei, L., Li, S. & Liu, J. Tumor-infiltrating Treg, MDSC, and IDO expression associated with 
outcomes of neoadjuvant chemotherapy of breast cancer. Cancer Biol. Ther. 19, 695–705 (2018). 

27. Mizukoshi, E. et al. Myeloid-derived suppressor cells correlate with patient outcomes in hepatic arterial 
infusion chemotherapy for hepatocellular carcinoma. Cancer Immunol. Immunother. CII 65, 715–725 (2016). 

28. Montero, A. J. et al. Phase 2 study of neoadjuvant treatment with NOV-002 in combination with doxorubicin 
and cyclophosphamide followed by docetaxel in patients with HER-2 negative clinical stage II-IIIc breast 
cancer. Breast Cancer Res. Treat. 132, 215–223 (2012). 



 
167 

29. Sun, C.-M. et al. Small intestine lamina propria dendritic cells promote de novo generation of Foxp3 T reg 
cells via retinoic acid. J. Exp. Med. 204, 1775–1785 (2007). 

30. Benson, M. J., Pino-Lagos, K., Rosemblatt, M. & Noelle, R. J. All-trans retinoic acid mediates enhanced T 
reg cell growth, differentiation, and gut homing in the face of high levels of co-stimulation. J. Exp. Med. 204, 
1765–1774 (2007). 

31. Hall, J. A. et al. Essential Role for Retinoic Acid in the Promotion of CD4+ T Cell Effector Responses via 
Retinoic Acid Receptor Alpha. Immunity 34, 435–447 (2011). 

32. Pino-Lagos, K. et al. A retinoic acid-dependent checkpoint in the development of CD4+ T cell-mediated 
immunity. J. Exp. Med. 208, 1767–1775 (2011). 

33. Guo, Y. et al. A retinoic acid--rich tumor microenvironment provides clonal survival cues for tumor-specific 
CD8(+) T cells. Cancer Res. 72, 5230–5239 (2012). 

34. Guo, Y. et al. Dissecting the Role of Retinoic Acid Receptor Isoforms in the CD8 Response to Infection. J. 
Immunol. 192, 3336–3344 (2014). 

35. Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat. 
Biotechnol. 34, 525–527 (2016). 

36. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data 
with DESeq2. Genome Biol. 15, 550 (2014). 

37. Krämer, A., Green, J., Pollard, J. & Tugendreich, S. Causal analysis approaches in Ingenuity Pathway 
Analysis. Bioinforma. Oxf. Engl. 30, 523–530 (2014). 

38. Breuer, K. et al. InnateDB: systems biology of innate immunity and beyond--recent updates and continuing 
curation. Nucleic Acids Res. 41, D1228-1233 (2013). 

39. Subramanian, A., Kuehn, H., Gould, J., Tamayo, P. & Mesirov, J. P. GSEA-P: a desktop application for 
Gene Set Enrichment Analysis. Bioinforma. Oxf. Engl. 23, 3251–3253 (2007). 

40. Kang, S. G., Park, J., Cho, J. Y., Ulrich, B. & Kim, C. H. Complementary roles of retinoic acid and TGF-β1 in 
coordinated expression of mucosal integrins by T cells. Mucosal Immunol. 4, 66–82 (2011). 

41. Moreb, J. S. et al. Retinoic acid down-regulates aldehyde dehydrogenase and increases cytotoxicity of 4-
hydroperoxycyclophosphamide and acetaldehyde. J. Pharmacol. Exp. Ther. 312, 339–345 (2005). 

42. Kalemkerian, G. P. & Ou, X. Activity of fenretinide plus chemotherapeutic agents in small-cell lung cancer 
cell lines. Cancer Chemother. Pharmacol. 43, 145–150 (1999). 

43. Caliaro, M. J. et al. Multifactorial mechanism for the potentiation of cisplatin (CDDP) cytotoxicity by all-trans 
retinoic acid (ATRA) in human ovarian carcinoma cell lines. Br. J. Cancer 75, 333–340 (1997). 

44. Radojcic, V. et al. Cyclophosphamide resets dendritic cell homeostasis and enhances antitumor immunity 
through effects that extend beyond regulatory T cell elimination. Cancer Immunol. Immunother. CII 59, 137–
148 (2010). 

45. van der Most, R. G. et al. Cyclophosphamide chemotherapy sensitizes tumor cells to TRAIL-dependent CD8 
T cell-mediated immune attack resulting in suppression of tumor growth. PloS One 4, e6982 (2009). 

46. Lee, M. O., Han, S. Y., Jiang, S., Park, J. H. & Kim, S. J. Differential effects of retinoic acid on growth and 
apoptosis in human colon cancer cell lines associated with the induction of retinoic acid receptor beta. 
Biochem. Pharmacol. 59, 485–496 (2000). 

47. Shalinsky, D. R. et al. Retinoid-induced suppression of squamous cell differentiation in human oral 
squamous cell carcinoma xenografts (line 1483) in athymic nude mice. Cancer Res. 55, 3183–3191 (1995). 

48. Palomares, T., García-Alonso, I., San Isidro, R., Méndez, J. & Alonso-Varona, A. All-trans-retinoic acid 
counteract the tumor-stimulating effect of hepatectomy and increases survival of rats bearing liver 
metastases. J. Surg. Res. 188, 143–151 (2014). 

49. Song, X. et al. A tritherapy combination of a fusion protein vaccine with immune-modulating doses of 
sequential chemotherapies in an optimized regimen completely eradicates large tumors in mice. Int. J. 
Cancer 128, 1129–1138 (2011). 

50. Carapuça, E. F. et al. Anti-stromal treatment together with chemotherapy targets multiple signalling 
pathways in pancreatic adenocarcinoma. J. Pathol. 239, 286–296 (2016). 

51. Michael, A., Hill, M., Maraveyas, A., Dalgleish, A. & Lofts, F. 13-cis-Retinoic acid in combination with 
gemcitabine in the treatment of locally advanced and metastatic pancreatic cancer--report of a pilot phase II 
study. Clin. Oncol. R. Coll. Radiol. G. B. 19, 150–153 (2007). 

52. Sacks, P. G., Harris, D. & Chou, T. C. Modulation of growth and proliferation in squamous cell carcinoma by 
retinoic acid: a rationale for combination therapy with chemotherapeutic agents. Int. J. Cancer 61, 409–415 
(1995). 

53. Grunt ThW,  null et al. Effects of retinoic acid and fenretinide on the c-erbB-2 expression, growth and 
cisplatin sensitivity of breast cancer cells. Br. J. Cancer 78, 79–87 (1998). 

54. Yan, Y. et al. All-trans retinoic acids induce differentiation and sensitize a radioresistant breast cancer cells 
to chemotherapy. BMC Complement. Altern. Med. 16, 113 (2016). 

55. Wang, K., Baldwin, G. S., Nikfarjam, M. & He, H. Antitumor effects of all-trans retinoic acid and its synergism 
with gemcitabine are associated with downregulation of p21-activated kinases in pancreatic cancer. Am. J. 
Physiol. Gastrointest. Liver Physiol. 316, G632–G640 (2019). 

56. West, A. C. et al. An intact immune system is required for the anticancer activities of histone deacetylase 
inhibitors. Cancer Res. 73, 7265–7276 (2013). 

  



 
168 

4.7 Supplementary data 

 

Supplementary figure 1- Gating strategy for flow cytometry analysis.  

 

Supplementary figure 2. Pathways upregulated or downregulated by ATRA. (A-B) Pathways enriched in 

ATRA treated tumors compared to PBS controls as determined using pathway over representation analysis using 

the REACTOME or KEGG databases. (C) Pathways downregulated in ATRA treated tumors.  

 

 

Supplementary figure 3. Expression of inflammatory genes in ATRA treated or PBS treated tumors. The 

GSEA ‘hallmark inflammatory response’ gene set was used to select genes. Counts were log2CPM normalised 

and z scaled.  
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Supplementary table 1. Flow cytometry antibodies used for characterisation of tumor infiltrating 

leukocytes.  

Lymphoid Panel 

FITC CD45 1:200 REA737 Miltenyi Biotec 130-110-796 

BUV395 CD3 1:500 145-2C11 BD Bioscience 562565 

BV786 CD4 1:200 GK1.5 BD Bioscience 563331 

BV480 CD8 1:200 53-6.7 BD Bioscience 566096 

AF647 Foxp3 1:100 150D Biolegend 320013 

ZombieUV Viability 1:1000 - Biolegend 423108 

 

Supplementary table 2. Survival of mice as determined by the Log-Rank test.  

Cell Line CY v PBS CY v ATRA+CY 

CT26 0.0024 0.7753 

WEHI164 0.0026 0.1283 

4T1 0.0026 0.4527 

AE17 0.0016 0.9104 

LLC 0.0175 0.9720 

 
 
 
Supplementary table 3. Gene ontologies upregulated by tretinoin treatment and the DEG associated with 
each ontology. 

 
Pathway Name Gene Symbols 

Immune response Ccl17; Ccl22; Ccl24; Ccl6; Ccr1; Ccr4; Cd24a; Cd274; Csf2; Cxcl2; Cxcl9; 
Enpp2; Gbp6; H2-Ab1; H2-Bl; H2-DMa; H2-DMb1; H2-DMb2; H2-Oa; H2-Q10; 
H2-T23; Il13; Il1a; Il5; Irf8; March1; Oasl2; Prg2; Smad3; Tgtp1; Tgtp2; 
Tinagl1; Tnfrsf1b; Tnfsf10; Tnfsf13b;  

Innate immune response Atf3; C1ra; C1rb; C4b; C5ar1; Ccl17; Cd200; Cd300lf; Cd40; Cebpb; Clec7a; 
Clec9a; Csf2; Cxcl2; Cxcl9; Dusp10; Fcgr1; Fcna; Gbp2; Gbp6; Gbp7; 
Gm5077; Gpr77; H2-Ab1; Hspa1b; Ido1; Igtp; Ikbke; Il13; Il1a; Il5; Irak2; Irf1; 
Irf5; Irf8; Irgm1; Itgb2; Lair1; Ms4a8a; Nlrc5; Nod1; Nrip1; Ntn1; Oasl2; P2rx7; 
Padi4; Psmb8; Slc11a1; Stat1; Tbx21; Tgtp1; Ticam2; Tlr12; Tnfaip3; Tnfrsf9; 
Treml4; Trim21; Trpm2; Unc93b1; Vegfa; Zbp1;  

Defense response to 
protozoan 

Batf2; Gbp2; Gbp3; Gbp5; Gbp6; Gbp7; Gbp9; Irf4; Irf8; Irgm2; Slc11a1;  

Inflammatory response Bmp2; C4b; C5ar1; Ccl22; Ccl24; Ccr1; Ccr4; Ccrl2; Cd40; Chi3l3; Chi3l4; 
Clec7a; Cxcl2; Cxcl9; Gpr77; Ido1; Il1a; Il5; Irg1; Kcnj10; Ncf1; P2rx7; Ptafr; 
Slc11a1; Themis2; Ticam2; Tlr12; Tnfaip3; Tnfrsf1b;  

Cellular response to 
interferon-gamma 

Gbp2; Gbp3; Gbp4; Gbp5; Gbp6; Gbp7; Gbp8; Gbp9; H2-Ab1; Il12rb1; Irg1;  

Cellular response to 
interferon-beta 

Gbp2; Gbp3; Gbp5; Gbp6; Gm4951; Igtp; Irf1; Irg1; Stat1;  

Adhesion of symbiont to 
host 

Gbp2; Gbp3; Gbp5; Gbp6; Gbp7; Gbp9;  

Defense response to 
Gram-positive bacterium 

C5ar1; Gbp2; Gbp3; Gbp5; Gbp6; Gbp7; Gbp9; Ncf1; Nod1; P2rx7; Tnfrsf14;  

Response to 
lipopolysaccharide 

Adm; Alpl; C5ar1; Ccr1; Cebpb; Dusp10; Ido1; Il10ra; Il13; Il18bp; Irg1; P2rx7; 
Ptafr; Ptger2; Slc11a1; Stat1; Tnfrsf1b; Vcam1;  

Chemotaxis Ccl17; Ccl24; Ccr4; Ccrl2; Cmklr1; Cmtm8; Cxcl9; Cxcr7; Ear2; Enpp2; Gpr77; 
Ptafr;  
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Chapter five 

 

TNF/TNFR2 blockade enhances response to cyclophosphamide chemotherapy  
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Overview of chapter 

This chapter is presented as a manuscript which will be modified for publication. These data are 

predominantly preliminary work, with experiments ongoing to further dissect the mechanisms behind 

the efficacy of TNFR2 and the effects of Treg depletion on the TME.  

Authors: Caitlin M Tilsed, Nicola Principe, Jonathan Chee, Anna K Nowak, Scott A Fisher, Richard A 

Lake, W. Joost Lesterhuis 

 

In Chapter 5, we explored the relationship between cyclophosphamide, Treg and TNFα. The efficacy 

of cyclophosphamide has largely been linked to its effect on Treg, either depleting them or reducing 

their suppressive capacity. However, this has not been thoroughly explored and most of the data implies 

this relationship by association. In this study, we examined the efficacy of CY in the absence of Treg to 

begin to characterise non-Treg dependent mechanisms of action. We found that CY was incredibly 

effective in the absence of Tregs, curing large established tumors. To mimic a Treg depleted 

environment, we used antibodies against TNFα and TNFR2. Signalling through the TNF/TNFR2 axis 

increases the proliferation and activity of highly immunosuppressive Tregs and inhibiting this pathway 

improved CY efficacy. Tregs can severely dampen the immune response induced by CY. The removal 

of Tregs from the TME (via depletion) or decreasing their immunosuppressive capacity (via αTNFα or 

αTNFR2) creates an environment that can augment the potent immunomodulatory effects of CY.  
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5.1 Abstract  

Although chemotherapy is widely used to treat cancer, it is rarely curative as a monotherapy and 

patients’ responses can vary widely. T regulatory cells (Treg) can limit the generation of a robust 

chemotherapy driven anti-tumor immune response. Reducing the number and/or the suppressive 

function of Treg within the tumor microenvironment has huge potential as an avenue for improving the 

efficacy of current cancer treatments. Both cyclophosphamide chemotherapy (CY) and antibodies 

targeting tumor necrosis factor receptor 2 (TNFR2) can deplete or repress Treg. In this study, we looked 

at the effects of CY in the presence or absence of Treg utilising a transgenic mouse model. The anti-

tumor potential of CY was improved when Treg were completely depleted, curing 100% of large 

established tumors.   To improve the clinical application of this approach, we reproduced the effects of 

Treg depletion using monoclonal antibodies that block signalling through TNFR2. TNFR2 blockade 

synergised with CY improving response rates and survival in two tumor models. These findings show 

that targeting a sub-population of Treg by blocking the TNFR2 pathway can improve the response to 

CY chemotherapy.  

5.2 Introduction 

Chemotherapy remains a first-line treatment for some cancers, however not all patients respond and 

treatment is rarely curative. Effective chemotherapy is absolutely dependent upon an intact immune 

system (Chapter one) and tumor infiltrating CD4+Foxp3+ regulatory T cells (Treg) are a major barrier to 

the induction of an anti-tumor immune response 1. Increased numbers of Treg are associated with a 

poorer prognosis2 and decreased response and overall survival after chemotherapy3–5. 

As Treg limit the anti-tumor immune response, a promising avenue for improving existing cancer 

treatments is to specifically target these immunosuppressive cells6. For example monoclonal antibodies 

against CD257,8 or immune checkpoint antibodies targeting CTLA-4, GITR or OX409–11 have been 

reported to supress the activity of or deplete Treg within the tumor microenvironment. However, along 

with these treatments having varying effects on delaying tumor growth, they can affect other T cell 

populations to potentially suppress the immune response and have therefore had limited success in 

clinical translation.  
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Cyclophosphamide (CY) has been shown to deplete Treg, specifically depleting proliferating and highly 

activated, tumor necrosis factor 2 (TNFR2) positive Treg12. Depletion of Treg using CY has 

demonstrated encouraging results and clinical utility. CY depletes Treg in both mice13–16 and patients17–

19,and has been shown to improve the efficacy of vaccination20–22, adoptive cell therapy20,21,23,24 and 

immunotherapy25–27.  

Tumor necrosis factor α (TNFα) is a pleiotropic cytokine that binds to tumor necrosis factor receptor 1 

(TNFR1) and TNFR2 to mediate immune and inflammatory responses28. TNFR1 is ubiquitously 

expressed and is activated by soluble TNF, while TNFR2 is primarily expressed on immune cells and 

activated by membrane bound TNF29. TNFR2 is more highly expressed on Treg compared to 

conventional T cells and signalling through this receptor sustains Treg proliferation and survival, and 

stabilises the expression of Foxp330–32. Additionally, as noted above, Treg that express high levels of 

TNFR2 are the most suppressive population in both mice and humans31,33,34.  

Targeting TNFR2, and hence the most highly immunosuppressive Treg, might be expected to skew the 

tumor microenvironment toward a more inflammatory, immunogenic state.35,36. Antibodies targeting 

TNFR2 inhibit TNF induced activation of Treg, decreasing the proportion of Treg within the tumor and 

decreasing the overall level of immunosuppression37. Furthermore, αTNFR2 can decrease tumor 

burden as a monotherapy38–40 and significantly improves the efficacy of immune checkpoint therapy38,39 

and chemotherapy41 in murine models.  

Here we investigated the role of Treg in the anti-tumor immune response initiated by CY chemotherapy. 

CY alone decreased the intratumoral proportion of TNFR2+, highly suppressive Treg. Utilising a 

transgenic mouse model, we completely depleted Treg from the TME and periphery to test the Treg 

dependent and independent properties of CY. We found that CY efficacy was markedly improved in the 

absence of Treg, curing 100% of large established tumors. Similarly, antibodies targeting Tregs via the 

TNFα/TNFR2 axis also enhanced CY mediated anti-tumor responses, demonstrating the clinical 

relevance of this strategy. 
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5.3 Methods 

5.3.1 Mice 

Male and female BALB/c.Arc wildtype and BALB/c FoxP3.dtr.crlsc mice were obtained from the Animal 

Resources Centre (Murdoch, Western Australia). BALB/c FoxP3.dtr.crlsc (DTR) mice express the 

diphtheria toxin receptor under control of the FoxP3 promoter, allowing for target depletion of Foxp3+ 

cells42. Mice were 8-10 weeks old and maintained under standard specific pathogen free housing 

conditions at the Harry Perkins Bioresources facility. All animal experiments were carried out according 

to the National Health and Medical Research Council of Australia guidelines with approval from the 

Harry Perkins Animal Ethics Committee (AE190).  

5.3.2 Cell lines and tumor inoculation 

AB1-HA murine mesothelioma and CT26 colon carcinoma were obtained from Cell Bank Australia and 

maintained in RPMI 1640 supplemented with 20 mM HEPES 0.05 mM 2-mercaptoethanol, 100 U/ml 

benzylpenicillin, 50 µg/ml gentamycin and 10% NCS. AB1-HA was additionally cultured with G418 to 

maintain expression of HA.  

Cells were grown to 80% confluence and passaged a minimum of three times prior to inoculation. Cells 

were collected using trypsinisation and 5x105cells were inoculated subcutaneously in 100 µl PBS. A 

viability of at least 90% was confirmed using trypan blue exclusion. Tumor growth was monitored using 

callipers and size in mm2 or mm3 was calculated from perpendicular length and width measurements 

using the formula tumor area (mm2) = length (mm) x width (mm) or tumor volume (mm3)=(width2) x 

length/2. Mice were euthanised when tumor size exceeded 1500 mm3 as per approved AE protocol. 

5.3.3 In vivo treatments 

All treatments were administered intraperitoneally (i.p) and diluted in physiological saline (0.9 % NaCl) 

or PBS. Cyclophosphamide (endoxan, Sir Charles Gardiner Hospital pharmacy) was administered at 

200 mg/kg. Diphtheria toxin (DTX, Sigma Aldrich) was dosed at 10 ng/g. Anti-TNFα (XT3.11, BioXcell) 

was dosed at 2 mg/kg and anti-TNFR2 (TR75-54.7, BioXcell) at 0.5 mg/kg. 
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5.3.4 Flow cytometry  

For confirming and monitoring Treg depletion, peripheral blood was collected from the tail vein, stored 

on ice with heparin. Red blood cells were lysed by incubating in Pharm Lyse (BD Biosciences) for 15 

minutes at room temperature (RT). Cells were washed and viability stain added for 30 minutes in the 

dark at RT, then washed. Antibodies for surface staining were suspended in PBS+2%FCS and 

incubated for 30 minutes at RT. For intracellular staining, cells were fixed and permeabilized for 10 

minutes at RT using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Intracellular 

antibodies were suspended in Permeabilization Buffer (eBiosciences) and incubated for 30 mins at RT. 

Samples were washed 3x in Permeabilization Buffer, resuspended in Stabilizing Fixative (BD) and 

stored at 4°C. Data was acquired using the BD LSRFortessa and analysed using FlowJo (BD 

Biosciences). 

For staining of tumor cells, the tumors were cut into small pieces and dissociated into a single cell 

suspension using the gentleMACs kit (Miltenyi Biotec). For staining of splenocytes, spleens were 

dissociated into a single cell suspension by manual digestion and filtered through a 40 µm filter. Red 

blood cells were lysed as above. Staining was then performed as described previously. Both flow 

cytometry panels are detailed in Supplementary Table 1. 

5.4 Results 

5.4.1 Optimisation of a model that maintains Treg depletion without regression of established tumors 

The efficacy of CY has predominantly been attributed to the removal of immunosuppressive Treg, tilting 

the TME towards an anti-tumor phenotype43,44. However, this data is based on correlations and CY also 

has a wide range of immunomodulatory effects45. We were interested in characterising the anti-tumor 

effects of CY in the absence of Treg, to elucidate possible non-Treg dependent mechanisms of action. 

To deplete Treg, we used BALB/c FoxP3.dtr.crlsc (DTR) mice, in which Foxp3 positive cells, namely 

Treg, express the diphtheria toxin receptor. In these mice, administration of diphtheria toxin (DTX) 

depletes Treg in the tumor, blood and peripheral lymphoid organs46. Previous studies have 

demonstrated that Treg depletion alone is extremely effective at inducing an anti-tumor immune 

response, curing as tumors large as 80-90 mm2/ 320-405 mm3. For our experiments we required the 
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prolonged depletion of Treg without regression of the tumor and therefore sought to optimise a new 

model of Treg depletion.  

DTR mice were inoculated with AB1-HA s.c and treated with DTX commencing on day 17 when the 

tumors were approximately 500mm3, and continuing for four 10 ng/g doses, four days apart (Figure 1A). 

Depletion was confirmed and monitored in peripheral blood using flow cytometry. One dose of DTX was 

sufficient to deplete nearly all peripheral Treg, reducing the proportion from ~2% of blood leukocytes to 

~0.3% (Figure 1B). This could be maintained for >2 weeks with additional doses with no significant 

depletion of CD4+Foxp3- T cells (Supplementary Figure 1)..  

We next assessed the effects of continual Treg depletion on large (>500 mm3/100 mm2) tumors. We 

found that with this depletion regime, tumors did not regress, nor progress after the second dose of 

DTX. Instead, they maintained a consistent size (Figure 1C-D). Once DTX treatment concluded and the 

Treg repopulated the TME, the tumors resumed growing rapidly reaching endpoint. This model allowed 

us to assess non-Treg mediated effects of cyclophosphamide chemotherapy in the context of 

established tumors. 
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Figure 1. Treg depletion provides prolonged restricted tumor growth. (A) Experimental design. BALB/c 

FoxP3.dtr.crlsc mice were inoculated with AB1-HA subcutaneously. 10 ng/g DTX was dosed four times, four days 

apart starting day 17 (black arrows A; dashed lines C-D). Peripheral blood was routinely collected (red arrows) one 

day before DTX (baseline), one day after DTX (DTX#1+1), 4 days after DTX (DTX#1+4), one day after the third 

dose of DTX (DTX#3+1) and four days after the third dose of DTX (DTX#3+4) to monitor depletion. (B) Proportion 

of Treg (CD4+ Foxp3+) of total CD45 cells in blood as assessed using flow cytometry. (C) Mean tumor growth 

(±SEM) of AB1 HA tumors in DTX depleted mice. (D) Individual tumor growth curves. Significance was determined 

using Mann-Whitney U test. N=4. *p<0.05 
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5.4.2 CY cures large established tumors in the absence of Treg.  

Using the optimised Treg depletion model, we next sought to assess the anti-tumor effects of CY in the 

absence of Treg. We inoculated mice with AB1-HA or CT26 and followed our depletion schedule, 

however we only administered 3 doses of DTX to reduce morbidity (Figure 2A). Full depletion of Tregs 

was confirmed by flow cytometry. Mice were dosed with 200 mg/kg of CY on day 21. In mice inoculated 

with CT26, the removal of Tregs did not impair the efficacy of CY (Figure 2B-C) with DTX alone and in 

combination with CY resulting in durable tumor regression. In AB1-HA, while DTX and CY alone were 

ineffective and did not prevent tumor progression, the dual combination showed a surprising and strong 

synergistic effect, curing 100% of mice with very large established tumors (Figure 2D-E). These data 

demonstrate that the efficacy of cyclophosphamide is not dependent on Tregs, but in fact is very 

significantly enhanced by simultaneous Treg depletion. 

 

Figure 2. Cyclophosphamide eliminates large established tumors in the absence of Treg. (A) Experimental 

design. Mice were inoculated with AB1-HA or CT26 s.c and dosed with 10 ng/g DTX when the tumor was 

approximately 500 mm3 and followed by 200 mg/kg CY. (B-C) Survival (B) or mean tumor growth ± SEM (C) of 

mice inoculated with CT26. (D-E) Survival (D) or mean tumor growth ± SEM (E) of mice inoculated with AB1-HA. 

Significance was determined by the Mantel-Cox log-rank test. *p<0.05 **p<0.01 
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5.4.3 CY decreases the proportion of highly immunosuppressive Treg 

It has been widely reported that CY depletes Treg13–19. Importantly, it was previously found that CY 

reduces the highly suppressive subset of Treg that express the TNFR2 receptor12. To assess the impact 

of CY on TNFR2+ Treg, we treated tumor bearing mice with 200 mg/kg CY and harvested tumors and 

organs three days later for flow cytometry analysis (Figure 3A). CY caused significant leukodepletion in 

both the spleen (Figure 5B, p=0.008) and the tumor (Figure 5C, p=0.032).  

While CY did not decrease the overall proportion of CD4+ T cells (Figure 5D, p=0.73) there was a 

decrease in Foxp3+CD4+ Treg in the tumor 3 days after CY (Figure 5E, p=0.032). Within this Treg 

population, the expression of TNFR2 was decreased in CY treated tumors compared to PBS controls 

(Figure 5F). In untreated tumors, 42% of CD4+ T cells were Foxp3+TNFR2+, CY treatment decreased 

this to relative TNFR2+ Treg population to 13.8% (Figure 5G, p=0.016). .We were unable to verify a 

similar outcome in the spleen due to significant leukopenia (Figure 3B). Together, these data 

demonstrate that CY also in our models preferentially deplete Tregs, albeit more so in the spleen than 

in the tumor, and in particular TNFR2+ Tregs. 
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Figure 3. Blocking TNFα or TNFR2 synergises with CY, curing 100% of tumors (A) Experimental design. Mice 

were inoculated with AB1-HA s.c and dosed with 200 mg/kg CY or PBS. (B-C) Total cell counts of spleens (B) or 

tumors (C) from treated and untreated mice. (D) Proportion of CD4+ T cells of total CD3+ T cells. (E) Proportion of 

Foxp3+ Treg within the CD4+ T cell population. (F) Representative flow plots of CD45+CD4+CD4+ T cells stained 

for Foxp3 and TNFR2. (G) Proportion of TNFR2+ Treg of CD4+ T cells. (H) Experimental design. Mice were 

inoculated with AB1-HA or CT26 subcutaneously. 2 mg αTNFα or 0.5 mg αTNFR2 was administered on day 7, day 

10 and day 13 and mice treated with 200 mg/kg CY on day 10. (I-J) Survival of mice treated with αTNFα and CY. 

(K) Survival of mice treated with αTNFR2 and CY. Significance was determined by the Mantel-Cox long-rank test. 

*p<0.05 **p<0.01 
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5.4.4 Neutralising TNFα or specifically blocking TNFR2 signalling synergises with CY, curing 100% of 

mice 

As signalling through TNFα has been reported to increase the suppressive capacity of Treg47 and we 

found that Treg depletion and CY had a clear synergistic effect, we hypothesized that blocking the ability 

of TNFα to interact with TNFR2 would increase the efficacy of CY. To test this, mice were inoculated 

with AB1-HA or CT26 and dosed with αTNFα on day 7, day 10 and day 13 and dosed with 200 mg/kg 

CY on day 10 (Figure 3H). We found that neutralisation of TNFα synergised with CY in both AB1-HA 

(Figure 3I) and CT26 (Figure 3J), curing 100% of mice. 

Since neutralising antibodies against soluble TNFα inhibit signalling through both TNFR1 and TNFR2, 

with TNFR2 being expressed by highly suppressive Treg, we next sought to block the interaction 

between TNF and TNFR2 using TNFR2-specific antibodies. Similar to the effects of neutralising TNFα, 

specifically blocking the receptor using αTNFR2 induced complete tumor eradication in all mice when 

combined with CY (Figure 3K). Individuals that received CY alone demonstrated an initial period of 

tumor regression, followed by progression from day 25-30 onwards, while the addition of αTNFR2 

prevented the late relapse with all tumors continuing to regress until cured (Supplementary Figure 2). 

5.4.5 Blockade of TNFα does not decrease CY efficacy in the absence of Treg 

As we observed that blockade of TNFα and TNFR2 increased CY efficacy in immunocompetent mice, 

we wanted to determine whether this effect was Treg dependent. We hypothesised that the presence 

of TNFα or signalling through TNFR2 would induce an immunosuppressive TME by stimulating Treg. If 

that were the case, neutralisation of TNFα would not be effective in the absence of Treg, since TNF 

signalling would then be inhibited on the other immune cells such as CD8+ effector T cells. To test this, 

we gave αTNFα in combination with CY in mice with or without Treg depletion (Figure 4A). Consistent 

with previous experiments, the combination of DTX and CY had a dramatic effect on tumor growth, 

inducing tumor regression in nearly all mice (Figure 4B-C). When TNFα signalling was neutralised, a 

similar number of mice were cured, suggesting that the efficacy of dual therapy with CY and anti-TNFα 

is Treg independent. 
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Figure 4. Blockade of TNFα does not decrease CY efficacy in the absence of Treg. (A) Experimental design. 

Mice were inoculated with AB1-HA and treated with 10 ng/g DTX (day 17,21,25), 2 mg αTNFα (day 18,21,24) and 

200 mg/kg CY (Day 21). (B) Survival of mice. (C) Individual tumor growth curves. Significance was determined by 

the Mantel-Cox long-rank test. **p<0.01 

5.5 Discussion 

In this study, we show that CY has anti tumor properties independent of its effects on Tregs and in fact 

CY efficacy is significantly enhanced by depleting Treg, curing very large established tumors. In 

addition, we found that neutralising signalling through the TNF/TNFR2 axis similarly improved CY 

efficacy, curing 100% of mice in multiple tumor models.  

The anti-tumor efficacy of CY has been widely attributed to the modulation of Treg, either by directly 

decreasing their suppressive capacity44 or via depletion13–19. This notion was based on the following 

observations. Firstly, a single dose of CY strongly depletes CD25+ T cells from both the spleen and 

draining lymph nodes, which leads to an increase in IFNγ secretion and delay in tumor growth43,44. Next, 

CY can decrease the functionality of Treg. Tregs from CY treated mice had reduced ability to suppress 

CD8+ and CD4+ T cell proliferation and downregulated expression of functional markers GITR and 

Foxp344. Thirdly, CD25+ or TNFR2+ Tregs are more sensitive to apoptosis via CY compared to other 

immune cells12,44. Lastly, adoptive transfer of CD4+ CD25+ cells reversed the anti-tumor efficacy of CY, 

corroborating the relationship between CY response and Tregs12,48. 
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However, alongside its direct cytotoxic effects, CY has immunological effects that contribute to the CY 

induced anti-tumor immune response. CY can induce the expression of inflammatory cytokines49–51, 

increase the infiltration and expansion of IFNγ+ and antigen-specific CD8+ T cells17,20,52 and promote 

the proliferation of dendritic cells25,52,53. While these effects could be attributed to the CY mediated 

depletion of Treg, our observation that CY is effective in the absence of Treg suggests that it has other 

direct immune stimulating properties that are not Treg mediated. In the absence of Treg, CY likely 

promotes an immunogenic TME characterised by the activation of CD8+ and CD4+ T effector cells46,54 

and increased secretion of inflammatory cytokines IFNγ and TNFα55. We hypothesise that the immune 

activating effects of CY are augmented in a Treg depleted environment, improving the anti-tumor 

immune response. We completed RNAseq experiments comparing the TME in AB1-HA tumors after 

Treg depletion with or without CY (tumors were taken 4 days after CY) but we were not able to have 

the data in time for publication of this thesis. These data will be discussed elsewhere, providing a map 

of the TME with and without Treg depletion, and potentially providing an answer regarding the 

mechanism by which CY works synergistically with Treg depletion.  

To our knowledge, this is the first report demonstrating that CY is still effective and curative in the 

absence of Treg, which contrasts with previous studies. Radojcic et.al showed that Treg depletion using 

αCD25 does not improve CY efficacy in CT26 colon carcinoma52. However, although αCD25 depletes 

CD4+Foxp3+CD25+ Treg, it can also deplete additional CD25+ populations, such as CD8+ or CD4+ T 

effector cells, reducing the antitumor immune response56. To avoid effects on effector T cell populations, 

we utilised the DTR mouse model which provides robust Treg specific depletion46. Additionally, in their 

study, αCD25 had no effect on delaying tumor growth as a monotherapy, again suggesting that any 

negative effect on Treg was neutralized by an equally negative effect on CD4 effector cells.  

As the removal of Treg augments the efficacy of not only CY, but also anti-cancer vaccines46,57, 

alternative chemotherapies12 and immune checkpoint therapy58,59, the ability to specifically deplete Treg 

without systemic leukopenia in a clinical context is an attractive approach. Finding a targeted 

mechanism to remove or inactivate host Treg, especially those in the TME in patients has remained 

particularly challenging7. While in some studies anti-CD25 induces significant Treg depletion and 

augmentation of CD8+ T cell responses to a cancer vaccine60. Others showed variability in the level of 

depletion achieved, that at times were comparable to the control group61 or no improvement in the 
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production of vaccine specific T cells and antibodies56. There has been limited clinical translation of 

treatments targeting CD25 to deplete Treg, with most studies either Phase I trials or pilot studies with 

small numbers of patients. These studies show that targeting CD25 can induce anti-tumor responses 

alone62 or when combined with chemotherapy or adoptive immunotherapy63–65. However, without larger 

trials that compare the addition of αCD25 to current treatment regimes, the clinical efficacy of this 

strategy remains untested. 

A more recent and promising strategy for depleting Treg in patients targets the TNFR2+ Treg subset35,36. 

Targeting the TNFR2 receptor would avoid affecting T effector cell subsets as expression is largely 

limited to Treg. In addition, as TNFR2+ Treg are the most immunosuppressive Treg subset, their 

depletion removes a significant barrier to generating a robust anti-tumor immune response. Lastly, 

TNFR2 is expressed on a selection of malignant cells37,66–68 and signalling through the receptor 

promotes the survival and growth of tumor cells69. Therefore, targeting TNFR2 can have the dual effect 

of neutralising highly suppressive intratumoral Treg while simultaneously inducing tumor cell death37.  

The impact of anti-TNFR2 therapy has been studied in vivo, though there has been limited investigation 

into the efficacy of anti-TNFR2 in cancer models and even less insight into its impact when combined 

with chemotherapy. In the context of graft versus host disease (GVHD), neutralising the TNF/TNFR2 

signalling pathway decreased Treg functionality and decreased the expression of Foxp3 and additional 

functional markers including CD25, ICOS and CTLA-437,70. In a cancer setting, αTNFR2 induced the 

expansion of CD8+ T cells, increased CD8+ T cell activity, increased the CD8 to Treg ratio and promoted 

the infiltration of antigen specific CD8+ T cells38,40. Antibodies against TNFR2 synergised with CpG 

oligodeoxynucleotide immunotherapy in vivo, with the combination decreasing the proportion of 

TNFR2+ Treg and increasing IFNy+ CD8+ T cells. Similar to our study, αTNFR2 improved the efficacy 

of CY in CT26, with a major mechanism of action the prevention of TNFα induced expansion of Treg41. 

However, we found that full depletion of Tregs did not diminish the synergistic effect of anti-TNFa and 

CY, suggesting that this effect is Treg independent.  

Myeloid cells can also express high levels of TNFR2, particularly the immunosuppressive myeloid 

derived suppressor cell population (MDSCs)71 and signalling through this receptor is important for the 

generation, function and accumulation of MDSCs72. Inhibition of TNFR2 signalling on MDSCs controlled 

metastasis in a murine liver cancer model73. While our study primarily focused on the role of TNF and 
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TNFR2 signalling on T cells, perhaps the efficacy of TNFR2 and CY may be due to effects on myeloid 

populations. We assume that since antibodies against TNFα and TNFR2 were equally effective, the 

majority of the effect was due to this receptor. Experiments with anti-TNFR1 are ongoing but were not 

finished in time before publishing this thesis. 

In summary, we have demonstrated that CY has a Treg independent component and that in fact 

depleting tumor resident Treg significantly improved the efficacy of CY chemotherapy. In addition, 

although antibodies against TNFR2 which directly target the most suppressive Treg subset within the 

TME, synergised with CY treatment, we found that this effect was Treg independent. Future work 

investigating whether targeting the TNF/TNFR2 axis synergise with alternative chemotherapies will 

further expand the application of this strategy in a wider range of cancer types.  
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Supplementary Figure 1. Proportion of CD4+Foxp3- T cells in the peripheral blood of DTX treated mice.  

 

Supplementary Figure 2. Individual tumor growth curves of mice treated with CY in combination with 

αTNFα or αTNFR2. Mice were inoculated with AB1-HA (A,C) or CT26 (B) and treated with PBS or CY 

chemotherapy on day 10. Mice also received either three doses of 2  mg αTNFα (A-B) or 0.5 mg αTNFR2 (C).  
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Supplementary Table 1- Flow antibodies  

Peripheral blood panel 

Fluorochrome Antigen Dilution Clone Supplier Catalogue No.  

BUV395 CD45 1:1000 30-F11 BD 564279 

BV510 CD3 1:100 145-2C11 BD 563024 

BV786 CD4 1:500 GK1.5 BD 563331 

PE-Cy7 CD8 1:200 56.6.7 BD 552877 

AF700 Foxp3 1:100 MF14 BioLegend 126422 

PE ICOS 1:100 7E.17G9 eBioscience 12-9942-82 

TNFR2 Panel  

FITC CD45 1:1000 30-F11 BD 553080 

BUV395 CD3 1:500 145-2C11 BD 562565 

BV786 CD4 1:500 GK1.5 BD 563331 

PE-CY7 CD8 1:200 56.6.7 BD 552877 

BV711 CD25 1:400 PC61 BD 740714 

BV421 TNFR2 1:100 TR 75.89 BD 564088 

Foxp3 AF700 1:100 MF14 BioLegend 126422 

Viability eFluor™ 780 1:4000  Thermofisher 65-0865-14 
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Chapter six 

 

General discussion 
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This study investigated what drives a robust and complete chemotherapy-driven anti-tumor immune 

response, focusing on the alkylating agent cyclophosphamide (CY). This project developed a novel 

bilateral tumor model for the characterisation of the tumor microenvironment (TME) associated with 

response or non-response to CY; investigated the efficacy of local pre-treatment to induce a chemo-

sensitive tumor phenotype to improve chemotherapy efficacy; examined whether the commonly used 

retinoid all-trans retinoic acid (ATRA) can be combined with CY to improve response; and explored the 

relationship between CY, T regulatory cells (Treg) and the inflammatory cytokine tumor necrosis factor 

alpha (TNFα).  

The ideal tumor microenvironment for chemotherapy efficacy is still largely unknown, and murine 

models nor clinical studies have previously been able to fully characterise the composition of a 

chemotherapy sensitive tumor. This has largely been due to limitations in existing models. For example, 

a selection of studies compared chemotherapy sensitive cell lines to chemotherapy resistant cell 

lines1,2, which does not allow for directly comparing responders and non-responders within the same 

line and introduces genetic heterogeneity as an additional variable. Others harvest tumors at pre-

determined endpoints and compare treated tumors to untreated controls, making the assumption that 

all treated mice would have been complete responders3. Additionally, clinical studies are also hindered 

by inherent variability in underlying relevant patient or tumor characteristics, such as genetic 

heterogeneity and discrepancies in treatment regimes4,5.  

The bilateral tumor model overcomes the aforementioned limitations of other models and has been 

validated in the context of immune checkpoint therapy6–8. This model was optimised for AB1-HA murine 

mesothelioma and cyclophosphamide chemotherapy. The symmetry of response was validated (do 

tumors on each flank either both completely respond or progress?), the effects of surgery on symmetry 

assessed and samples from complete responders and progressors collected at three distinct timepoints 

for further analysis. 

Utilising the bilateral tumor model, we next characterised the TME associated with a complete response 

to CY either before (one day prior to treatment) or after therapy (three days or seven days post 

treatment). Interestingly, we only found a difference in the TME between complete responders and 

progressors before treatment was given, with responding tumors enriched for inflammatory, TNFα/IFN 

related pathways. There was no difference in the gene expression profile early nor late after treatment, 
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despite these tumors displaying dichotomous responses. This unexpected finding could be due to 

numerous factors. 

Firstly, the overall gene expression profile of the TME may not be the key driver of response to CY post 

treatment. Instead, the specificity of the immune response, for example whether intra-tumoral T cells 

strongly recognise tumor antigen, may be critical for a robust anti-tumor immune response. To explore 

this further, we performed T cell receptor (TCR) sequencing on complete responders and progressors 

at the same timepoints. To our surprise, although T cell depletion could completely abrogate CY 

responsiveness, there was no difference in the TCR repertoire at any timepoint between complete 

responders and progressors. This could suggest that phenotype rather than specificity may drive a 

robust anti-tumor response. However, it must be acknowledged our analysis of the TCR repertoire is 

limited and we had a small sample size.  

Secondly, we are limited by the timepoints we selected and we did not collect serial samples from the 

same individual mice. We chose three days and seven days post CY as this was when the tumor size 

between all groups were comparable. Seven days post treatment may be too early for differences 

between complete responders and progressors to become apparent and detectable using RNAseq or 

TCRseq9. The tumor growth dynamics begin to diverge ten days post CY and sampling at this timepoint 

may be informative. Additionally, in the bilateral model individual mice can only be sampled once, which 

meant that we were unable to track the time dependent effects of CY within a single mouse. While these 

mice are genetically similar and inoculated with monoclonal tumors, small variability within these factors 

alongside inherent differences in the TCR repertoire (which is randomly generated over an individual’s 

lifetime) and TME (which is shaped as the tumor develops) may induce noise and limit our ability to 

detect small differences. The innate differences in the TME between mice is especially evident in that 

there was a difference between the tumors of complete responders and progressors even before 

treatment was initiated, highlighting the stochastic nature of the TME.  

Lastly, the bilateral tumor model and our chosen characterisation techniques (RNA sequencing and 

TCR sequencing) may not be sufficient to detect a difference between the two groups at our chosen 

timepoints. There may be differences in the structure and spatial distribution of cells within tumors that 

histological analysis would detect or post-translational differences/epigenetic modifications that could 

be associated with response or non-response that we did not investigate in this study.  
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Despite not finding any differences between complete responders and progressors after CY, we did 

identify a strong pre-treatment gene signature associated with response. The tumors of complete 

responders were enriched for pathways associated with inflammation, TNFα/IFN and CD4+ T helper 

cells. Importantly, this gene signature was also validated in breast cancer patients treated with 

cyclophosphamide containing chemotherapy regimens. Genes associated with CY response in mice 

were also upregulated in patients who achieved a complete pathological response.  

 

Figure 1. Use of the cyclophosphamide (CY) response signature for patient management. The tumors of a 

patient is sampled and analysed for the presence or absence of the CY signature. Patients are then stratified based 

on whether they would be CY sensitive (enriched for the CY response signature) or CY resistant. While CY sensitive 

patients can progress to chemotherapy treatment, resistant patients can either receive pre-treatment to induce a 

CY sensitive phenotype and subsequent chemotherapy or receive alternative treatments such as radiotherapy or 

immunotherapy.  

This finding is of importance for two reasons (Figure 1). Firstly, this signature can be used as a 

biomarker for chemotherapy response. Patients whose TME closely matches this gene expression 

profile are more likely to achieve a beneficial outcome from chemotherapy and hence should be 

considered for this treatment. Those patients who do not have this inflammatory, TNF/IFN phenotype 

would be less likely to respond well and may be recommended an alternative treatment.  

Secondly, understanding what a chemo-sensitive tumor looks like allows us to strategically induce this 

phenotype in all tumors. A previously non-responsive ‘cold’ tumor could be turned into a responsive 

immunologically ‘hot’ tumor using rationally selected local or systemic pre-treatments. We 

demonstrated this in our murine models, selecting drugs and molecules that were predicted to be 

upstream inducers of a CY sensitive tumor. Local pre-treatment using recombinant IFNγ and TNFα, 
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alongside the toll like receptor agonist poly(I:C) significantly improves the response to CY in two tumor 

models. This pre-treatment was also effective at improving the efficacy of 5-FU, an alternative 

chemotherapy with an entirely different pharmacological mechanism of action and immunological 

effects to CY.  

We also explored whether a systemic treatment could modulate the TME to induce a responsive 

phenotype and whether an existing clinically used drug could be repurposed and combined with 

chemotherapy. ATRA was an ideal candidate due existing evidence of its range of anti-cancer10 and 

immune activating effects11. Additionally, it was the highest predicted clinically approved drug that could 

induce a CY responsive tumor. While ATRA co-treatment significantly improved CY efficacy in AB1-HA 

murine mesothelioma, it was ineffective in a range of other cancer cell lines in both the BALB/c and 

C57/BL6 strains. While we did not investigate further into why we saw this variability between tumor 

models, it is possible that ATRA has differential effects on the TME dependent on strain or cell line. 

This emphasises that treatments may not be ‘one size fits all’ and drugs effect and modulate each tumor 

model differently.  

The final aim of this project was to investigate the relationship between CY, Treg and TNFα. The efficacy 

of CY chemotherapy has been closely linked to its ability to deplete Treg12,13, with the removal of these 

cells releasing effector cells from Treg associated suppression. Specifically, TNFR2+ highly 

immunosuppressive Treg are proposed to be more sensitive to CY mediated depletion14. Most of the 

foundational studies that link CY efficacy with its effect on Treg draw this link by association from the 

following observations: 

a) CY depletes Treg, specifically TNFR2+ Treg12–14. 

b) CY decreases the functionality of Treg; they are less immunosuppressive and have decreased 

expression of functional markers GITR and Foxp312. 

c) Adoptive transfer of CD4+CD25+ cells reversed the anti-tumor efficacy of CY14,15  

From these key points, it is assumed the efficacy of CY is partially mediated by its negative effects on 

Treg. However, no study to date has fully elucidated the non-Treg dependent effects of CY and tested 

its efficacy in the absence of Treg. We were able to accomplish this using the transgenic DTR model 
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which allows for specific depletion of Foxp3+ Treg from both the tumor and the periphery16. In the final 

chapter of this thesis, we examined the effects of CY in a Treg depleted tumor model.  

Interestingly, we found that CY was incredibly effective in the absence of Treg, curing very large 

established tumors, highlighting the potent immune-stimulating effects of this chemotherapy and its 

Treg independent mechanisms of action17. We hypothesized that the improved efficacy of CY when 

Treg were depleted is in part attributed to a less immunosuppressive TME that does not dampen the 

anti-tumor immunity instigated by CY. Experiments are underway to characterise the transcriptomic 

profile of Treg depleted tumors to shed light on why CY is so effective in this environment. From this 

data, we can devise a clinically relevant strategy to phenocopy a Treg depleted TME (as existing 

methods to deplete Treg in patients have thus far been ineffective) which would increase the efficacy 

of chemotherapy.  

One emerging method to target Treg is through antibodies against TNFR218,19. TNFR2+ Treg are not 

only the most immunosuppressive subset, intratumoral Treg express high levels of this receptor, making 

it an attractive target to reduce immunosuppression within the TME. Indeed, we found that blocking 

TNFR2 significantly improved CY efficacy and speculate the synergy between the two drugs is similar 

to what we observed in the Treg depletion model; anti-TNFR2 effectively neutralises the effect of Treg 

(analogous to depletion using DTX) resulting in a TME that augments the immune effects of CY.  

However, we also found that neutralising the cytokine TNFα itself significantly improved CY efficacy, 

with this combination able to cure 100% of mice in two tumor models. This finding appears to contradict 

work shown in chapter three, where we found that a pre-treatment TME with enrichment of TNFα related 

genes (in addition to general inflammation and IFN related pathways) was associated with a complete 

response to CY chemotherapy in both mice and patients. Local administration of recombinant TNFα, 

recombinant IFNγ and the type I IFN inducer poly(I:C) sensitised tumors to subsequent chemotherapy 

by inducing this chemo-sensitive gene expression profile. This discrepancy could be attributed to 

several factors, highlighting the complexity of the tumor microenvironment and the key drivers of anti-

tumor immunity.  

TNFα is a pleiotropic cytokine that can have both pro-tumorigenic and anti-tumorigenic effects 

dependent on which pathways it signals through, which cell types are affected and the broader 
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immunological environment20. This dual role of TNFα could contribute to our contrasting findings 

regarding the nature of TNFα in the chemotherapy driven anti-tumor response (Figure 2). The addition 

of TNFα alone to the TME was not enough to improve CY efficacy. This may be due to the amount of 

inflammation induced by the dose of TNFα not being enough to tilt the balance of the TME to 

chemotherapy sensitive. No dual combination of TNFα, IFNγ or poly(I:C) induced sufficient inflammation 

to improve CY response, only the triple combination induced a significant change to the TME that 

increased CY efficacy.  

Alternatively, while TNFα may cause increased inflammation, it also could signal through TNFR2 and 

induce an equal level of Treg suppression leading to no net change in the phenotype of the TME.  

Due to the broad effects of TNFα, this cytokine can be exploited in multiple ways to improve anti-tumor 

immunity, which we explored in this project. In the context of cyclophosphamide chemotherapy, we can 

leverage either the pro-inflammatory effects or Treg stimulating effects of TNFα (Figure 2). TNFα can 

induce inflammation and when combined with other pro-inflammatory cytokines, induce a 

chemotherapy sensitive TME, which in turn improves the efficacy of CY, as shown in chapter three. As 

discussed in this thesis, a ‘hot’ inflammatory TME is associated with an improved response to 

chemotherapy21,22 and an increase in inflammation mediated in part by TNFα may be sufficient to 

overcome Treg mediated suppression. Conversely, through signalling through the TNF/TNFR2 axis, 

TNFα can augment the immunosuppressive capability of Treg, which decreases anti-tumor immunity 

and chemotherapy efficacy. We found that neutralising TNFα using anti-TNFα or blocking signalling 

through TNFR2 using anti-TNFR2 increased the response to CY. Drawing on evidence from previous 

studies23,24, we hypothesise that blocking TNFα/TNFR2 is reducing the level of Treg driven 

immunosuppression within the TME, augmenting the immunogenic effects of CY and the overall 

anti-tumor immune response. 
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Figure 2. Balance of the pro-inflammatory and immunosuppressive effects of TNFα within the TME. The 

addition of pro-inflammatory cytokines, including TNFα, to the system can shift the balance towards a more 

inflammatory environment which increases CY efficacy. Conversely, TNFα can also increase the suppressive 

capacity of Treg. To overcome this, the suppressive impost of Treg on the TME can be reduced through blocking 

TNFα or TNFR2. This reduction in immunosuppression can skew the TME towards a more chemotherapy sensitive 

inflammatory phenotype. The size of the arrows is relevant to the level of inflammation or Treg suppression. 

We attempted to further explore the relation between TNFα and Treg in CY efficacy utilising our Treg 

depletion model. We hypothesised that blocking the TNFα/TNFR2 axis decreased the number and/or 

suppressive capability of Treg, improving the anti-tumor efficacy of CY. In an immunocompetent mouse, 

existing TNFα in the TME or CY induced TNFα can signal through TNFR2 on Treg. This could augment 

Treg suppression, which is superior to any pro-inflammatory effects of the cytokine and hence limiting 

CY efficacy with low response rates.  
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By removing Treg from the system (using the DTR model) or inhibiting their ability to bind to TNFα and 

receive stimulation (using anti-TNFα or anti-TNFR2), TNFα could only act in a pro-inflammatory manner 

which is beneficial to response to CY. To validate this theory, we blocked TNFα in the absence of Treg. 

We hypothesised that this would decrease the efficacy of CY, as the pro-inflammatory and 

immunostimulatory effects of TNFα are removed from the system. However, we did not see this in our 

model and the efficacy of CY in the absence of Treg was unchanged (Chapter five).  

This observation could be attributed due to TNFα not acting through Treg to induce a chemotherapy 

resistant TME and instead TNFα induces immunosuppression via other cell types such as MDSCs25. 

Alternatively, the effects of completely removing Treg from not only the tumor, but peripheral organs 

may induce such a large immune response that simply blocking TNFα alone is not sufficient to reverse 

the level of inflammation induced in this model, mediated through other cytokines such as IFNγ. 

Experiments are ongoing to further elucidate the effects of Treg depletion on the composition and gene 

expression profile of the TME.  

Lastly, it must be acknowledged that TNFα can have time dependent effects. Acute TNFα stimulation 

can decrease the suppressive capability of Treg on CD4+ and CD8+ T cells, induce clonal expansion of 

these effector subsets and promote an effector phenotype20,26. During the early stages of T cell 

activation via stimulation of the TCR, TNFα can augment CD4+ and CD8+ T cell activation, increase 

levels of IL-2R and cytokine production27,28. Early TNFα signalling also drives T cell survival during the 

initiation of an immune response, increasing the expression of anti-apoptotic molecules29. These effects 

are beneficial for the response to CY, as we have shown throughout this thesis.  

However, chronic exposure to TNFα has predominantly positive effects on Treg, increasing expansion 

of Treg, increasing their suppressive ability along with inducing the expression of inhibitory receptors 

on CD4+ and CD8+ T cells30. Inflammation can also promote tumorigenesis and chronic inflammation 

can be associated with an increased risk of cancer and can increase the rate tumor progression, leading 

to decreased survival31,32. Hence sustained production and stimulation of TNFα related pathways can 

be pro-tumorigenic. TNFα can also induce apoptosis, thus chronic exposure may induce T cell death 

and limit the immune response33. Additional experiments would need to be performed to thoroughly 

characterise the time dependent role of TNFα in CY driven anti-tumor immunity in our model. 
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Overall, while the use of chemotherapy is being phased out in some cancers in the clinic, and 

immunotherapies such as immune checkpoint blockade are becoming first-line treatment, it is important 

to continue to investigate how these drugs work and what is required for them to work effectively 

Understanding this not only allows for the development of biomarkers of response, but also helps inform 

clinical trials that combine chemotherapy with other treatment modalities such as immune checkpoint 

blockade, which has shown promise in increasing response rates and survival in previously hard to treat 

cancers34,35.  

It is also unlikely that one treatment regimen will be effective in all patients. Instead, each regime will 

be effective in a small subset of patients. Developing predictive markers to help stratify patients to the 

treatment that has the best chance of improving survival and quality of life is a promising and worthwhile 

strategy to pursue in the cancer field.  
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