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1 SUMMARY  

Although immune checkpoint inhibitors such as anti-PD-1 antibodies have shown 

remarkable clinical success in many different tumor types, the proportion of patients 

benefiting from this treatment option remains low. Therefore, there is a need to 

sensitize tumors for immune checkpoint blockade. In this study two approaches were 

tested, a chemoimmunotherapy approach combining PD-1 checkpoint blockade with 

doxorubicin (DOX) chemotherapy, and ablation of the sphingosine-1-phosphate 

(S1P) receptor (S1PR4) based on the following rationale. Chemotherapy was shown 

to induce immune paralysis which contributes to tumor relapse, while PD-1 signaling 

was shown to facilitate the acquisition of chemoresistance. Thus, combinatorial 

chemoimmunotherapy is expected to be beneficial by maintaining or even activating 

anti-tumor immunity during chemotherapy. S1PR4 is an immune cell specific 

receptor, whose ablation slowed tumor progression by activating anti-tumor 

immunity in a mouse model that was previously insensitive to anti-PD-1 

monotherapy. This suggested that S1PR4 ablation might pre-activate immunity to 

sensitize for anti-PD-1 therapy.  

To test these combinatorial approaches, two tumor mouse models were employed, 

namely the MC38 murine adenocarcinoma model as well as the transgenic polyoma 

middle T oncogene (PyMT) breast cancer model. In the MC38 model, a mild 

synergistic effect of PD-1 immune checkpoint blockade and S1PR4 ablation was 

observed, indicated by improved tumor progression and survival as compared to the 

WT control, and an increased number of tumor-free mice compared to anti-PD-1 

therapy alone in WT mice. These observations correlated with an enhanced natural 

killer (NK) cell infiltrate and increased CXCL9 and CXCL10 production in anti-PD-1 

treated S1PR4 KO tumors. As noted before, the PyMT model was largely resistant 

to anti-PD-1 monotherapy in a therapeutic setting. S1PR4 ablation alone showed 

significant tumor reduction that was not further enhanced by anti-PD-1 treatment. 

The same was observed when chemotherapy with DOX was added, where WT 

tumors relapsed, while S1PR4 KO tumor did not. Addition of anti-PD-1 did only mildly 

increase tumor control in S1PR4 KO mice, indicating that S1PR4 KO per se very 

efficiently re-activated anti-tumor immunity. Since S1PR4 KO induces type I 
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interferon (IFN-1) over-production in S1PR4 KO PyMT tumors, a link between high 

IFN-1 levels and tumor immunity was tested by using mice deficient in the IFN-1 

receptor (IFNAR1). Unexpectedly, DOX chemotherapy was most efficient in mice 

with IFNAR ablation only as compared to WT, S1PR4 KO or S1PR4 and IFNAR1 

double KO mice, although deficiency in IFNAR signaling is predominantly regarded 

as tumor promoting. The underlying mechanisms need to be tested in future studies.  

Interestingly, chemoimmunotherapy in WT mice prevented tumor relapse to a similar 

extent than S1PR4 KO and was superior to chemotherapy or immune checkpoint 

blockade alone. To investigate mechanisms of chemoimmunotherapy success 

compared to monotherapy, whole transcriptome analysis was used, which identified 

a set of genes that were upregulated specifically upon chemoimmunotherapy. This 

gene signature and, more specifically, a condensed four-gene signature predicted 

favorable survival of human mammary carcinoma patients in the METABRIC cohort. 

Moreover, PyMT tumors treated with chemoimmunotherapy contained higher levels 

of cytotoxic lymphocytes, particularly NK cells. Gene set enrichment analysis and 

ELISA measurements revealed increased IL-27 production and signaling in PyMT 

tumors upon chemoimmunotherapy. Moreover, IL-27 improved NK cell cytotoxicity 

against PyMT cells in vitro. These data supported recent clinical observations 

indicating a benefit of chemoimmunotherapy compared to monotherapy in breast 

cancer and suggested potential underlying mechanisms.  

Taken together the present work revealed new strategies to reactivate tumor 

immunity leading to improved chemotherapy response, namely a combination with 

immune checkpoint blockade and ablation of S1PR4, which activated different 

lymphocyte compartments within tumors.  
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2 ZUSAMMENFASSUNG 

Obwohl Immuncheckpoint Inhibitoren, wie Anti-PD-1 Antikörper, in verschiedenen 

Tumorarten klinisch erfolgreich waren, bleibt der Anteil der davon profitierenden 

Patienten gering. Es besteht daher die Notwendigkeit, Tumore für die Immun-

checkpoint-Blockade zu sensibilisieren. In dieser Arbeit wurden zwei 

kombinatorische Ansätze untersucht, die Anti-PD-1-Behandlung in Kombination mit 

Doxorubicin (DOX)-Chemotherapie (Chemoimmunotherapie), oder kombiniert mit 

Sphingosin-1-Phosphat-Rezeptor 4 (S1PR4)-Deletion (S1PR4 KO). Diese Ansätze 

wurden gewählt, da Chemotherapie eine Immunparalyse induziert, die zum 

Tumorrezidiv beiträgt und die PD-1-Signaltransduktion wiederum Chemoresistenz 

auslösen kann. Eine kombinatorische Chemoimmunotherapie erscheint vorteilhaft, 

da während der Chemotherapie die Antitumorimmunität aufrechterhalten oder sogar 

aktiviert werden kann. S1PR4 ist ein immunzellspezifischer Rezeptor, dessen 

genetische Deletion die Tumorprogression durch Aktivierung der Antitumor- 

immunität verlangsamt. Dies wurde in einem Tumormodell gezeigt, das sich zuvor 

als unempfindlich gegenüber einer Anti-PD-1-Monotherapie erwies, was darauf 

hindeutet, dass der S1PR4 KO das Immunsystem voraktivieren könnte, um somit 

für eine Anti-PD-1-Therapie zu sensibilisieren. Um diese kombinatorischen Ansätze 

zu untersuchen wurden zwei Tumor-Maus-Modelle verwendet, das MC38 

Adenokarzinommodell sowie das transgene Polyoma-Middle-T-Onkogen (PyMT)-

Brustkrebsmodell. Im MC38-Modell wurde ein kleiner, synergistischer Effekt der PD-

1-Blockade mit S1PR4 KO beobachtet, was sich in einer verlangsamten 

Tumorprogression und verbesserten Überlebensraten im Vergleich zur WT-

Kontrolle, sowie einer erhöhten Anzahl tumorfreier Mäuse im Vergleich zur Anti-PD-

1-Monotherapie in WT-Mäusen zeigte. Diese Beobachtungen gingen mit einem 

erhöhten Vorkommen natürlicher Killerzellen (NK) und einer gesteigerten CXCL9- 

und -10-Produktion in mit Anti-PD-1 behandelten S1PR4 KO-Tumoren einher. Wie 

bereits erwähnt, zeigte sich das PyMT-Modell weitgehend resistent gegenüber einer 

Anti-PD-1-Monotherapie. Allerdings führte der alleinige S1PR4 KO zu einer 

signifikanten Tumorreduktion, die durch die Anti-PD-1-Behandlung nicht weiter 

verstärkt wurde. Bei gleichzeitiger DOX-Gabe war in WT-Tumoren, nicht aber in 
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S1PR4 KO-Tumoren ein Tumorrezidiv zu beobachten. Des Weiteren erhöhte die 

Zugabe von Anti-PD-1 die Tumorkontrolle in S1PR4 KO-Mäusen nur geringfügig, 

was darauf hinweist, dass der S1PR4 KO per se die Antitumorimmunität sehr 

effizient reaktivierte. Da in S1PR4 KO PyMT-Tumoren eine Typ I-Interferon (IFN-1)-

Überproduktion festzustellen war, wurde ein Zusammenhang zwischen erhöhtem 

IFN-1-Gehalt und Tumorimmunität untersucht. Hierzu wurden Mäuse verwendet, 

denen der IFN-1-Rezeptor (IFNAR1) fehlt. Unerwarteterweise war die DOX-

Behandlung bei Mäusen mit alleiniger IFNAR-Ablation effizienter als bei WT-, 

S1PR4 KO- oder S1PR4/IFNAR1 Doppel-KO-Mäusen, obwohl ein IFNAR KO 

überwiegend als tumorfördernd angesehen wird. Die zugrundeliegenden Mecha-

nismen müssen in zukünftigen Studien analysiert werden. Interessanterweise 

verhinderte die Chemoimmunotherapie bei WT-Mäusen ein Tumorrezidiv ähnlich 

wie beim S1PR4 KO, war der Chemotherapie oder der PD-1-Blockade als Mono-

therapie jedoch überlegen. Um die Mechanismen des Chemoimmunotherapie- 

Erfolgs im Vergleich zur Monotherapie zu untersuchen, wurde eine Transkriptom- 

analyse durchgeführt, die Gene identifizierte, die spezifisch nach Chemoimmuno- 

therapie hochreguliert waren. Diese Gensignatur, insbesondere eine kondensierte 

Vier-Gen-Signatur, sagte eine günstigere Überlebensprognose für Brustkrebs-

Patienten der METABRIC-Kohorte voraus. Außerdem enthielten PyMT-Tumoren 

nach Chemoimmunotherapie einen erhöhten Anteil an zytotoxischen Lympho- 

zyten, insbesondere NK-Zellen. Eine Gen-Set-Enrichment-Analyse und ELISA-

Messungen zeigten überdies eine erhöhte IL-27-Produktion und -Signaltransduk- 

tion in PyMT-Tumoren nach Chemoimmunotherapie. Darüber hinaus steigerte IL-

27 die Zytotoxizität von NK-Zellen gegenüber PyMT-Zellen in vitro. Diese Daten 

stützen die jüngsten klinischen Beobachtungen, die auf eine erhöhte Effizienz der 

Chemoimmunotherapie im Vergleich zur Monotherapie bei Brustkrebs hinweisen 

und schlagen mögliche, zugrundeliegende Mechanismen vor. Zusammengenom- 

men zeigt die vorliegende Arbeit neue Strategien zur Re-aktivierung der Tumorim- 

munität auf, die zu einem verbesserten Ansprechen auf die Chemotherapie führten. 

Die Kombination aus PD-1-Blockade und S1PR4-Ablation aktivierte hierbei 

verschiedene Lymphozyten-Kompartimente innerhalb der Tumoren. 
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3 INTRODUCTION 

3.1 Tumor microenvironment  

Intriguingly, already in 1889 Stephen Paget formulated his hypothesis that tumor 

progression and metastasis are strongly dependent on the interaction between 

cancer cells and their environment (1). Paget’s so-called “seed-soil” hypothesis 

proposed that cancer cells grow preferentially in a microenvironment that provides 

favorable conditions. Research in the last several decades have indeed showed that 

tumor progression is profoundly influenced by interactions of cancer cells with the 

tumor-surrounding tissue, known as tumor microenvironment (TME) (2). Besides 

malignant cells the TME contains endothelial and stromal cells, secreted factors and 

infiltrating host immune cells (3). Amongst those immune cells, the TME 

accommodates anti-tumor effector cells such as CD8+ cytotoxic T lymphocytes 

(CTLs) and natural killer (NK) cells, but also several immunosuppressive cells, 

including myeloid‐derived suppressor cells (MDSCs), tumor‐associated 

macrophages (TAMs) and regulatory T cells (Tregs) that facilitate tumor 

development and progression (4). For instance, immature granulocytic and 

monocytic MDSCs exert their immunosuppressive potential through the production 

of arginase, iNOS and ROS, which directly inhibit T cell and NK cell function (5, 6). 

Furthermore, MDSCs induce Tregs, which also oppose an anti-tumor response (7). 

Moreover, Tregs can directly inhibit NK cells and cytotoxic T cells by secreting 

immunosuppressive molecules, but they can also down-modulate the function of 

antigen-presenting cells (APCs) (8, 9). Notably, MDSCs can differentiate to TAMs, 

which are the most abundant immunosuppressive population in the TME (10, 11). 

TAMs create a favorable environment for tumors by supporting tumor angiogenesis, 

invasion and metastasis and are also able to inhibit anti-tumor effector cells directly 

by the secretion of immunosuppressive cytokines, chemokines, and enzymes (11, 

12). NK cells are an anti-tumor cytotoxic effector cell population belonging to the 

innate immune system. NK cells possess the ability to kill tumor cells without prior 

immunization or activation as they do not express T cell receptors (TCRs) and are 

not restricted by major histocompatibility complex (MHC) recognition (13). NK cells 

kill their target cells by cell-mediated cytotoxicity, therefore releasing perforin and 
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granzymes (14). CD8+ cytotoxic T lymphocytes (CTLs) are the main effector cells of 

the adaptive immune response (15). In contrast to NK cells, CTLs act in an antigen-

specific manner and are MHC-restricted, meaning CTLs have to be activated by the 

engagement of their TCR and the MHCI molecule on APCs such as macrophages 

and DCs (15). Similar to NK cells, CTLs kill their target cells by cell-mediated 

cytotoxicity. Furthermore, NK cells and CD8+ T cells can cooperate to kill tumor cells. 

For instance, after having eliminated tumor cells, NK cells can provide apoptotic 

tumor parts to DCs which in turn can prime a subsequent T cell response (14). 

Consequently, both the innate and adaptive immune system are able to contribute 

significantly to immune surveillance and thus tumor eradication (16). Taken together, 

this shows that the interplay between the immune cells in the TME is complex, but it 

also indicates that tumor development and progression can potentially be controlled 

by the immune system, especially since immune cells can be considered as targets 

for therapeutic approaches in order to improve conventional regimens or to establish 

new treatment strategies against cancer.  

 

3.2 Immune checkpoint blockade 

The idea to engage the immune system in the fight against cancer was already 

proposed by Paul Ehrlich and William B. Coley in the early twentieth century. While 

Ehrlich stated that natural immunity is key to solving the cancer problem, Coley 

recognized that an absent or lowered natural immunity can favor tumor development 

(17, 18). However, it took almost a century for the idea to gain clinical significance. 

A milestone in harnessing the immune system in anti-tumor therapy represents the 

discovery of immune checkpoints as brakes of the immune system and the possibility 

to unleash those brakes to fight cancer via immune checkpoint blockade. This 

discovery was rewarded with the Nobel Prize in Physiology in 2018 as a new 

principle for cancer immunotherapy. Immune checkpoint blockade describes the 

approach to prevent immunosuppressive processes mediated by inhibitory immune 

checkpoints via the administration of neutralizing antibody (19). Immune checkpoints 

are mainly referred to as the engagement of a receptor by its ligand leading to 

effector cell suppression (19). These co-inhibitory pathways are necessary to 
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prevent autoimmunity and to modulate the duration and extent of immune responses 

(20). The term immune checkpoint often includes co-stimulatory interactions that 

enhance CTL activity, but the archetypical immune checkpoints are considered to 

exert inhibitory functions (19). Immune checkpoints are particularly expressed on T 

cells and function as second signal upon T cell activation, which implies antigen 

recognition mediated by the TCR and the MHC complex on APCs, providing T cell 

specificity (21). While one well-known co-stimulatory immune checkpoint molecule 

is CD28, the most widely studied co-inhibitory immune checkpoint molecules are 

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed death 1 

(PD-1), both regulating distinct nonredundant inhibitory pathways (19). Whereas 

CTLA-4 competes with CD28 for binding to the same receptors (CD80 & CD86)(22), 

hence opposing CD28 co-stimulation, PD-1 engagement inhibits TCR-mediated 

positive signaling (23, 24). Furthermore, the distribution of those immune checkpoint 

molecules differs as well as the expression pattern of their ligands. Whereas CTLA-

4 expression is mainly restricted to T cells, PD-1 is expressed on T cells, B cells, 

and myeloid cells upon activation (25). Unlike the ligands of CTLA-4, which are solely 

expressed on APCs, PD-1’s ligands PD-L1 and PD-L2 are widely expressed, with 

PD-L1 being more abundant (23). Besides being expressed on immune cells, 

including DCs, B cells, and also T cells, such as Tregs, PD-L1 can additional be 

found on non-hematopoietic cells, non-lymphoid tissue and most importantly on 

tumor cells (26, 27). Since PD-L1 is highly expressed on many human cancer types, 

including melanoma, cervix, lung, ovary, colon, as well as breast cancer (28, 29), 

tumor cells have the opportunity to exploit PD-1 to evade their destruction by the 

immune system (30). 

One of the first preclinical evidences that the blockade of co-inhibitory immune 

checkpoints broadly facilitates immune cell activation was provided by Allison, Honjo 

and colleagues. While Allison and colleagues demonstrated that the application of 

CTLA-4 -blocking antibodies resulted in complete tumor rejection and long-lasting 

immunity in mice due to a potentiated anti-tumor immune response (31), Honjo and 

colleagues discovered PD-1 and also showed that PD-1-deficient mice were prone 

to autoimmune diseases and therefore it was speculated that PD-1 is one of the 
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negative regulators in lymphocyte signaling (32, 33). These remarkable preclinical 

findings led to the first immune checkpoint inhibitors (ICI) entering clinical trials in the 

early 2000s. While ipilimumab, a CTLA-4 blocking antibody, showed a relatively low 

response rate of 15 % in patients with metastatic melanoma, the first PD-1 inhibitor 

nivolumab demonstrated a response rate of 40 % in direct comparison 

(NCT01844505). Furthermore, ipilimumab treatment exhibited more severe 

immune-related adverse events as compared to nivolumab occurring in up to 10–

20% of patients (34). Nevertheless, ipilimumab was granted approval by the U. S. 

Food and Drug Administration (FDA) in 2011 for melanoma treatment as single 

agent (21). In contrast, the anti-PD-1 antibody nivolumab is now FDA approved for 

a much broader variety of diseases, including melanoma, non-small cell lung cancer 

(NSCLC) and classical hodgkin’s lymphoma (cHL) (FDA reference ID: 424885). 

Remarkably, PD-1 blockade as single agent drug has shown positive results in 

clinical trials for all mentioned malignancies measured by the overall response rate 

(ORR = complete + partial remission rate). ORRs of 20 % in NSCLC 

(NCT01642004), 40 % in previously untreated metastatic melanoma 

(NCT01844505) and 66 % in cHL (NCT01592370) were demonstrated (FDA 

reference ID: 424885). Taken together, blocking the PD-1/PD-L1 axis represents the 

more promising approach to effectively fight cancer, as compared to CTLA-4. 

However, it is noteworthy that, despite of the remarkable results immune checkpoint 

inhibitors in general have demonstrated over the last decades, the ORRs also 

indicate that a significant proportion of patients does not respond to immunotherapy. 

Indeed, in patients with metastatic breast cancer for instance, single-drug anti-PD-1 

therapy has shown little efficacy, due to breast cancer showing a lower mutational 

load and a lower abundance of tumor-infiltrating lymphocytes (TILs), thus being 

weakly immunogenic (35). Therefore, new strategies are needed to enhance the 

efficacy of anti-PD-1 treatment, especially in less immunogenic cancer types. 

Accordingly, the trend in the clinic goes towards combining immune checkpoint 

blockade with other treatment modalities, such as other ICIs, radiotherapy or 

chemotherapy (36). 
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3.3 Chemoimmunotherapy 

In the last few years, approaches to combine PD-1 blockade with conventional 

treatments such as chemotherapy have shown promising results even as first-line 

treatment in aggressive cancer types such as triple-negative metastatic breast 

cancer (37) (NCT02425891). It is important to note, that chemotherapy still 

represents the preferred standard of systemic treatment for metastatic breast cancer 

and remains one of the most efficient ways to improve patient outcome by 

decreasing tumor burden and metastasis (38). The chemotherapy agent doxorubicin 

belongs to the class of anthracyclines that are considered as the most effective 

anticancer treatments effective against a wide variety of cancer types, such as 

leukemia, lymphomas, lung and breast cancer (39). Granted approval by the FDA in 

1974, doxorubicin is still one of the most commonly used chemotherapeutic drugs to 

date (40). As an anthracycline, doxorubicin acts as a topoisomerase inhibitor during 

DNA replication intercalating into DNA to prevent uncoiling leading to programmed 

cell death (40). Since this effect is not restricted to tumor cells and apoptosis and 

necrosis is therefore also induced in healthy tissue, usage of this chemotherapeutic 

agent can lead to severe adverse events in most major organs including the brain, 

liver and kidney with cardiotoxicity being the most prominent severe side effect (40). 

Another main limitation of chemotherapy is chemoresistance (41). This phenomenon 

wherein cancer cells evade the cytotoxicity of chemotherapy drugs can be due to 

many factors, including the presence of cancer stem cells, the occurrence of 

epithelial–mesenchymal transition and the alteration of signaling pathways, but it can 

also be driven by the TME since certain properties of the TME such as hypoxia, 

hypervascularization and the extracellular matrix (ECM) composition can facilitate 

chemoresistance (42). Moreover, paracrine factors such as cytokines and 

chemokines secreted by tumor, stromal or immune cells can create an environment 

promoting chemoresistance (42). Interestingly, a recent study suggested an 

involvement of PD-1 signaling in the acquisition of chemoresistance and therefore 

emphasized the rationale for a combinatorial chemoimmunotherapy in the clinical 

setting (43). Another rationale for chemoimmunotherapy worth mentioning is that 

chemotherapy is known to increase the immune infiltrate and inhibit 
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immunosuppressive components in the tumor microenvironment, which in turn can 

improve immune checkpoint blockade (44). Taken together, these findings 

substantiate combinatorial chemoimmunotherapy as a reasonable approach to fight 

cancer. In addition, modulating other pathways that inhibit chemotherapy and PD-1 

immune checkpoint blockade could help to gain further tumor control. One of these 

pathways is the signaling by the lipid sphingosine-1-phoshate (45, 46). 

 

3.4 Sphingosine-1-phosphate in cancer development 

In 1991 Spiegel and colleagues discovered sphingosine-1-phosphate (S1P), a 

bioactive sphingolipid metabolite that is now known to regulate many physiological 

and pathophysiological processes, including cancer (47, 48). S1P is formed by 

gradual metabolic breakdown of sphingomyelin. First, sphingomyelinases catalyzes 

the conversion of sphingomyelin to ceramide, which in turn is hydrolyzed by 

ceramidase to form sphingosine which finally is phosphorylated by sphingosine 

kinases (SPHK) 1 and 2 generating S1P (49). S1P is mainly produced by blood cells, 

such as platelets, erythrocytes as well as leucocytes (e.g. macrophages and DCs) 

and is therefore most abundant in blood and lymph, whereas under normal 

conditions S1P level in most tissues is low (50–52). Moreover, the S1P levels in 

tissues are tightly regulated by the S1P degrading enzymes S1P phosphohydrolase 

(SPP) and S1P lyase (SPL) (53). It has been shown, that in tumors SPL is 

downregulated, while SPHK is upregulated, both leading to enhance S1P levels (54, 

55). Furthermore, the precursors of S1P ceramide and sphingosine induce 

apoptosis, whereas S1P promotes cell survival and growth demonstrating the 

importance of the balance between the precursors and S1P known as the 

“sphingolipid rheostat” (56). However, S1P abundance is elevated under 

inflammatory conditions or due to enhanced apoptosis, e.g. when tumor cell death 

is triggered during therapy (57, 58). In general, S1P is known to exhibit pro-tumor 

effects by promoting tumor invasion, migration, lymph angiogenesis, and recruitment 

of inflammatory cells (53). Upon its production S1P serves as intracellular 

messenger or acts in an “inside-out” signaling manner to bind to its specific receptors 

(50, 59). The five G-protein-coupled sphingosine-1-phosphate receptors (S1PR1-5) 
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differ in their expression pattern. For instance, whereas S1PR1-3 are ubiquitously 

expressed, S1PR4 is restricted to lymphoid tissue and S1PR5 to the lymphoid tissue 

and central nervous system (60). Interestingly, these receptors exert distinct function 

in tumor biology due to the coupling to diverse G-proteins (61). For instance, S1PR1 

is regarded as a pro-tumor factor, promoting migration, invasion, proliferation, and 

neovascularization in various cancer types (54). In contrast, S1PR2 can exhibit 

tumor-promoting or tumor-suppressive functions as it on the one hand stimulates 

pancreatic cancer cell migration and invasion as well as hepatocellular carcinoma 

cell proliferation (62, 63) and on the other hand leads to the suppression of 

glioblastoma cell migration, and thyroid cancer cells invasion (61). S1PR3 is 

predominantly known for its pro-tumor effects as it promotes tumor progression in 

breast cancer patients and is also involved in the pathogenesis of nasopharyngeal 

carcinoma and lung adenocarcinoma (61). S1PR5 signaling is not well investigated, 

nevertheless it has been shown to have anti-tumor properties since it inhibits the 

proliferation and migration of esophageal cancer cells and induces autophagy in 

human prostate cancer cell (64, 65). 

 

3.5 S1PR4 in tumor-associated immunity  

S1PR4 may play a major role in immune cell activation and differentiation of 

especially myeloid-derived immune cells since it seemingly does not affect primary 

lymphocytes directly. For instance, it has been shown, that S1PR4 which is the 

predominant S1PR on immature conventional DCs (cDCs) might be connected to 

S1P-dependent suppression of DC maturation and the promotion of type 2 T helper 

cell (TH2) responses of naive CD4+ T cells (58). Conversely, the IL-6-dependent T 

helper 17 cells (TH17) development in murine models of allergy and inflammation 

was demonstrated to be inhibited upon S1PR4-deficiency of mature DCs (66). 

Additionally, it was found, that in SPL-deficient mice the lack of S1PR4 reduced 

blood neutrophilia, which is IL-17-driven (67). Furthermore, on macrophages S1PR4 

signaling mediated by S1P released from apoptotic tumor cells promoted shuttling 

of cytosolic tropomyosin receptor kinase A (TRKA) to the plasma membrane, which 

subsequently induced the production of tumor-promoting cytokines such as IL-6 and 
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IL-10 (68). In DCs, S1P from apoptotic tumor cells increased IL-27 secretion via 

S1PR4 which induced an immunosuppressive Treg population in co-cultured 

lymphocytes (69). In conclusion, S1PR4 signaling facilitates the release of tumor-

promoting cytokines from myeloid cells leading to the generation of tumor-promoting 

lymphocytes such as TH17 cells and Tregs.  

 

3.6 Type 1 interferon in S1PR4-deficiency 

Besides facilitating the production of pro-tumor cytokines, S1PR4 can also suppress 

anti-tumor cytokines, specifically type I interferons (IFN-1). IFN-1 are one of three 

interferon subclasses and include six subtypes of which IFN-α and IFN-β are the 

most prominent and well-characterized (70). All IFN-1 bind to the same specific cell 

surface receptor complex known as the IFN-α/β receptor (IFNAR). IFNAR is 

abundantly expressed and consists of the subunits IFNAR1 and IFNAR2, which are 

associated with tyrosine kinase 2 (TYK2) and janus kinase 1 (JAK1), respectively 

(70). Upon IFNAR engagement those kinases phosphorylate proteins of the signal 

transducer and activator of transcription (STAT) family, which translocate into the 

nucleus wherein binding to interferon-stimulated response elements (ISRE) and 

gamma activating sequences (GAS) induces the transcription of genes important for 

IFN-1 activity (71). Interferons were first described in 1957 as factors associated with 

the interference amongst influenza viruses, hence the name (72). Since then several 

studies have confirmed that IFN-1 not only exhibit strong anti-viral function but also 

anti-tumor activity (73). Furthermore, it has been shown that IFN-1 exert direct 

suppressive effects on tumor cells by limiting proliferation and driving senescence 

and apoptosis (74). In addition, IFN-1 can also control tumors in an indirect manner 

as they regulate DC priming of T cells to enhance anti-tumor immunity (75). 

Interestingly, DCs were identified as being the predominant source for IFN-α, 

especially plasmacytoid DCs (pDCs) (76). Notably, IFN-α is only produced by 

hematopoietic cells such as pDCs and potentially macrophages, whereas IFN-β can 

be produced by several different cell types (76, 77). The secretion of IFN-1 can be 

induced by pathogen-associated molecular patterns (PAMPs) or danger-associated 

molecular patterns (DAMPs), which are recognized by pattern recognition receptors 
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(PRRs) including Toll-like receptors (TLRs) (78). DAMPs and PAMPs are produced 

upon immunogenic cell death (ICD), which can be induced by cytotoxic therapies 

such as chemotherapy, and radiotherapy (77). Interestingly, IFN-1 can also exhibit 

immunosuppressive effects as they promote the production of IL-10 and the 

expression of PD-L1, which dampen T-cell responses against tumors (79). 

In the context of S1PR4 signaling it has been shown that human pDCs produced 

substantially decreased amounts of IFN-α after TLR7/9 activation when stimulated 

with S1P or S1PR4 agonists (80). In concordance with these findings, S1PR4-

deficiency in PyMT tumor-bearing mice led to increased IFN-α levels in tumors 

treated with doxorubicin chemotherapy, and also led to tumor reduction as compared 

to the WT.  

 

Figure 1. Type I interferon suppression downstream of S1PR4. WT and S1PR4 KO PyMT mice 

were treated with doxorubicin i.p. alone (n≥5) or in combination with cytosine-phosphate-guanosine 

(CpG) i.t. (n=4 each) once one tumor had reached a size of 1.5 cm in diameter. (A) Tumor size 

development was determined for five weeks after initial treatment. (B) At the endpoint tumors were 

harvested and mRNA levels of type 1 interferons were determined. Data in (B) are means ± SEM, p-

values were calculated using unpaired t-test; *p < 0.05. 

 

Furthermore, additional application of cytosine-phosphate-guanosine (CpG), a TLR9 

agonist that over-activates IFN-1 production, with doxorubicin blunted the difference 

in tumor size between S1PR4 KO and WT PyMT mice, indicating enhanced IFN-1 

production upon doxorubicin treatment in S1PR4 KO as compared to WT mice. This 

raised the question whether enhanced IFN-1 levels are causative for these 

phenomena. 
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4 MATERIALS AND METHODS  

 

4.1. Materials    

 

4.1.1. Mouse strains  

C57BL/6 wildtype mice were obtained from Harlan Laboratories. All used mouse 

strains were maintained in the C57BL/6 background, and were kept in isolated 

ventilated cages under pathogen-free and health monitored conditions following the 

guidelines of the Hessian animal care and use committee (FU1127, FU1191).  

 

4.1.1.1 S1PR4 KO mice  

S1PR4 KO mice were a kind gift of Dr. Martin Lipp (MDC Berlin). S1PR4 KO mice 

were generated by replacing the bp 1–875 of the mouse S1pr4 by a neomycin 

resistance (neo) gene (81).  

 

4.1.1.2 PyMT mice  

PyMT transgenic mice were a kind gift of Prof. Dr. Thomas Reinheckel (Institute of 

Molecular Medicine, University of Freiburg). The PyMT mouse model represents 

HER2-positive invasive ductal carcinoma, which is triggered by expression of the 

polyoma middle T oncoprotein (PyMT) in the mammary epithelium under the control 

of the mouse mammary tumor virus (MMTV) long terminal repeat (LTR) promoter 

(Lin et al., 2003). In this transgenic model, female mice develop spontaneous tumors 

in each mammary gland starting from week 8 postnatal, resulting in the inability to 

nurse (82). Male transgenic mice also develop mammary tumors with a later onset 

(82). 

 

4.1.1.3 IFNAR KO mice 

IFNAR1 KO mice (JAX stock #028288) were obtained from Jackson Laboratory (Bar 

Harbor, USA).In this mouse strain exon 3 is deleted from the interferon alpha and 

beta receptor subunit 1 (Ifnar1) gene; resulting in a non-functional IFNAR protein 

(83). Homo- and heterozygous IFNAR KO mice are viable and fertile, whereas 
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homozygous IFNAR KO mice are more susceptible to viral infection (84). 

 

4.1.2 Cell lines 

PyMT cell line was generated in-house from a primary WT PyMT tumor.  

 

MC38 cell line derives from C57BL/6 murine colon adenocarcinoma and was 

obtained from Kerafast (Boston, USA, Catalog no.: ENH204).  

 

4.1.3 Chemicals and solutions  

Table 1 List of used chemicals and solutions. 

Reagent Supplier 

Agarose Carl Roth, Karlsruhe, Germany 

Ammonium Chloride Sigma-Aldrich, Taufkirchen, Germany 

β-Mercaptoethanol Sigma-Aldrich, Taufkirchen, Germany 

Bovine Serum Albumin (BSA) Sigma-Aldrich, Taufkirchen, Germany 

Calcium Acetate  Carl Roth, Karlsruhe, Germany 

Chloroform Merck, Darmstadt, Germany 

Dimethylsulfoxide (DMSO) Carl Roth, Karlsruhe, Germany 

DMEM Medium PAA, Cölbe, Germany 

Doxorubicin (DOXO-cell) Cell pharm, Bad Vilbel, Germany 

Ethylene Diamine Tetra Acetate (EDTA) Sigma-Aldrich, Taufkirchen, Germany 

Ethanol  Carl Roth, Karlsruhe, Germany 

Fetal Calf Serum (FCS) PAA, Cölbe, Germany 

Glutamine PAA, Cölbe, Germany 

HEPES PAA, Cölbe, Germany 

Isopropanol Merck, Darmstadt, Germany 

Ketaset 100 mg/ml (Ketamine) 
Zoetis, Parsippany-Troy Hills Township, 

USA 

NaCl 0,9 % B. Braun, Melsungen, Germany 

Non-essential Amino Acids PAA, Cölbe, Germany 

Penicillin/Streptomycin (100 IU/ml; 100 µg/ml) PAA, Cölbe, Germany 

Phosphate Buffered Saline (PBS) Sigma-Aldrich, Taufkirchen, Germany 

Proteinase K AppliChem, Darmstadt, Germany 

Rompun® 2 % (Xylazine) Bayer, Leverkusen, Germany 

RPMI 1640 Medium PAA, Cölbe, Germany 
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Sodium Hydrogen Carbonate Carl Roth, Karlsruhe, Germany 

Sodium Hydroxide Carl Roth, Karlsruhe, Germany 

Sodium Pyruvate PAA, Cölbe, Germany 

Tris HCL Carl Roth, Karlsruhe, Germany 

Trypsin PAA, Cölbe, Germany 

Zinc Acetate Carl Roth, Karlsruhe, Germany 

Zinc Chloride Carl Roth, Karlsruhe, Germany 

 

4.1.4 Buffers and solutions 

Erythrocyte lysis buffer (in H2O) 

Ammonium Chloride     155 mM 

Sodium Hydrogen Carbonate    10 mM 

EDTA       0.1 mM 

 

Genotyping lysis buffer (in H2O) 

EDTA       10 mM 

Sodium Hydroxide      10 mM 

Tris       100 mM 

 

Genotyping neutralization buffer (in H2O) 

BSA       1.5 % 

Tris       100 mM 

 

Ketamine/xylazine anesthesia (in 9 ml sterile 0.9 % NaCl) 

Ketaset 100 mg/ml     2 ml 

Rompun 2 % (Xylazine)    0.5 ml 

 

Trypsin/EDTA (in PBS) 

Trypsin      0.5 g/l 

EDTA       0.2 g/l 
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Zinc Fixative (in 0.1 M Tris Base) 

Calcium Acetate      0.5 g/l 

Zinc Acetate       5 g/l 

Zinc Chloride      5 g/l 

 

4.1.5 Kits and ready-to-use solutions 

Table 2 List of used kits and ready-to-use solutions. 

Kit Supplier 

ABsolute QPCR SYBR Green Fluorescein Mix Thermo Fischer Scientific, Dreieich, Germany 

BD Horizon™ Brilliant Stain Buffer BD Bioscience, Heidelberg, Germany 

EasySep™ Mouse NK Cell Isolation Kit STEMCELL Technologies, Vancouver, 

Canada 

GeneRuler 100 bp DNA ladder Thermo Fischer Scientific, Dreieich, Germany 

KAPA Mouse Genotyping Kit Kapabiosystems, Cape town, South Africa 

LEGENDplex™ Mouse Inflammation Panel BioLegend, San Diego, USA 

LEGENDplex™ Mouse Proinflammatory 

Chemokine Panel 

BioLegend, San Diego, USA 

Mouse Tumor Dissociation Kit Miltenyi Biotec, Bergisch Gladbach, Germany 

OpalTM 7-Color Fluorescent IHC Kit Perkin Elmer, Rodgau, Germany 

OpalTM 7-Color Fluorescent IHC Kit Perkin Elmer, Rodgau, Germany 

peqGOLD Total RNA Kit VWR International, Darmstadt, Germany 

QIAGEN SensiScript RT Qiagen, Hilden, Germany 

SMARTer® Stranded Total RNA Sample Prep Kit 

–HI ( 

Takara Bio Europe, Saint-Germain-en-Laye, 

France 

TG NextSeq® 500/550 High Output Kit v2  Illumina, San Diego, USA 

 

4.1.6 Antibodies 

Table 3 List of anti-mouse antibodies used in flow cytometry staining. 

Epitope Clone Fluorochrom Supplier 

CD3 145-2C11 PE-CF594 BD Bioscience, Heidelberg, Germany 

CD4 GK1.5 BV711 BD Bioscience, Heidelberg, Germany 

CD8 53_6.7 BV650 BioLegend, San Diego, USA 

CD11b M1/70 BV605 BioLegend, San Diego, USA 

CD11c HL3 

 

BV711 BD Bioscience, Heidelberg, Germany  

CD19 1D3 APC-H7 BD Bioscience, Heidelberg, Germany 
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CD31 390 PE-Cy7 eBioscience, San Diego, USA 

CD45 30-F11 AlexaFluor700 BD Bioscience, Heidelberg, Germany 

CD49f GoH3 PE-CF594 BD Bioscience, Heidelberg, Germany 

CD90.2 30-H12 PE Miltenyi Biotec, Bergisch Gladbach, Germany 

CD117 ACK2 APC-eFluor780 eBioscience, San Diego, USA 

CD140 APA5 PE BD Bioscience, Heidelberg, Germany 

CD146 MF-9F1 AlexaFluor488 BD Bioscience, Heidelberg, Germany 

CD324 DECMA-1 AlexaFluor 647 BioLegend, San Diego, USA 

CD326 G8.8 BV711 BD Bioscience, Heidelberg, Germany 

F4/80 BM8 PE-Cy7 BioLegend, San Diego, USA 

γδ-TCR GL3 

 

APC BioLegend, San Diego, USA 

GITR DTA-1 FITC BioLegend, San Diego, USA 

MHC II M5/114.15.2 APC Miltenyi Biotec, Bergisch Gladbach, Germany 

Ly-6C AL-21 PerCP-Cy5.5 BD Bioscience, Heidelberg, Germany 

Ly-6G 1A8 APC-Cy7 BioLegend, San Diego, USA 

NK1.1 PK136 BV510 BD Bioscience, Heidelberg, Germany 

PD-1 29F.1A12 BV421 BioLegend, San Diego, USA 

SiglecH 551 FITC BioLegend, San Diego, USA 

 

Table 4 List of anti-mouse antibodies used in IHC staining. 

Epitope Catalog No. Supplier 

α-SMA F3777 Sigma-Aldrich, Taufkirchen, Germany 

DIO2 E-AB-13198 Elabscience, Houston, USA 

GSN BOB-PA2109 Biozol, Eching, Germany 

MMP3 sc-21732 Santa Cruz, Dallas, USA 

Pan Cytokeratin ab27988 Abcam, Cambridge, UK 

PDK4 ABIN3028963 Antikörper-online, Aachen, Germany 

 

Table 5 List of anti-mouse antibodies used for in vivo application. 

Antibody Clon Supplier 

IgG1 Isotype Control MOPC-21 Bio X cell/Hölzel, Cologne, Germany 

PD-1 4H2 Ono Pharmaceutical, Osaka, Japan 

 

4.1.7 Oligonucleotides 

Table 6 List of oligonucleotides in quantitative PCR.  
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Gene  Forward sequence (5’ -> 3’)  Reverse sequence (5’ -> 3’)  

Arg1 GTGAAGAACCCACGGTCTGT CTGGTTGTCAGGGGAGTGTT 

Ccl2 Quantitect Primer Assay Quantitect Primer Assay 

Ccl5 GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC 

Ccl7 Quantitect Primer Assay Quantitect Primer Assay 

Ccl22  GACCCTTACGGGGAAAACCAT  AGACAAAGTCCGGCCATCTTC  

Fizz1 CCC TTC TCA TCT GCA TCT CC CAGTAGCAGTCATCCCAGCA 

Gzmb Quantitect Primer Assay Quantitect Primer Assay 

Hmox Quantitect Primer Assay Quantitect Primer Assay 

Ifn-α  CTTCCACAGGATCACTGTGTACT  TTCTGCTCTGACCACCTCCC  

Ifn-β  CAGCTCCAAGAAAGGACGAAC  GGCAGTGTAACTCTTCTGCAT  

Ifn-γ ACAGCAAGGCGAAAAAGGATG TGGTGGACCACTCGGATGA 

Il-1β TGAAATGCCACCTTTTGACA AGCTTCTCCACAGCCACAAT 

Il-2 ACACCTTTAATTGGTCAACACGA CCTGCTACGTTCTCTACCTCT 

Il-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT 

Il-6 CCGGAGAGGAGACTTCACAG TTCTGCAAGTGCATCATCGT 

Il-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 

Il-12p35 Quantitect Primer Assay Quantitect Primer Assay 

Il-13 CCTGGCTCTTGCTTGCCTT GGTCTTGTGTGATGTTGCTCA 

Il-23p19 CAGCAGCTCTCTCGGAATCTC TGGATACGGGGCACATTATTTTT 

Il-27 GAGGTTCAGGGCTATGTCCA CCTGGAAAGTCAGGGAAACA 

Mrc1 GGAGTGATGGAACCCCAGTG CTGTCCGCCCAGTATCCATC 

Pd-l1 GACGCAGGCGTTTACTGCT GCGGTATGGGGCATTGACTTT 

Prf1 Quantitect Primer Assay Quantitect Primer Assay 

Rps27a  GACCCTTACGGGGAAAACCAT  AGACAAAGTCCGGCCATCTTC  

S1pr4 Quantitect Primer Assay Quantitect Primer Assay 

Tgm2 AGAGTGTCGTCTCCTGCTCT GTAGGGATCCAGGGTCAGGT 

TNF-α  CCATTCCTGAGTTCTGCAAAGG  AGGTAGGAAGGCCTGAGATCTTATC  

Trail  ATGATGGTGATTTGCATAGTGCT  AGCTGCTTCATCTCGTTGGTG  

Ym1 GAAGGAGCCACTGAGGTCTG TTGTTGTCCTTGAGCCACTG 

 

Table 7 List of oligonucleotides in genotyping. 

Gene  Forward sequence (5’ -> 3’)  Reverse sequence (5’ -> 3’)  

Pymt Transgene GGAAGCAAGTACTTCACAAGGG GGAAAGTCACTAGGAGCAGGG 

Pymt Control CTAGGCCACAGAATTGAAAGATCT GTAGGTGGAAATTCTAGCATCATCC 

S1pr4 WT CGGCACAGCCTCCTCATTGTC ACAGACCGATGCAGCCATACAC AC 
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S1pr4 KO AGATGGATTGCACGCAGGTTCTC GTAAAGCACGAGGAAGCGGTCAG 

Ifnar WT ACTCAGGTTCGCTCCATCAG CTTTTAACCACTTCGCCTCGT 

Ifnar KO ACTCAGGTTCGCTCCATCAG GAACCTGAGGCTGTCGAAGG 

 

4.1.8 Consumables 

Table 8 List of used consumables. 

Material Supplier 

Cell Strainers (70 µm) BD Bioscience, Heidelberg, Germany 

FACS Tubes Sarstedt AG & Co, Nürnbrecht, Germany 

Filcons (70 μm) BD Biosciences, Heidelberg, Germany 

Pipette Tips (10 μl; 100 μl; 1000 μl; 5000 μl) Eppendorf GmbH, Hamburg, Germany 

Plastic Material (Cell Culture) Greiner Bio-One, Frickenhausen, Germany 

Reaction Tubes (0.5 mL, 1.5 mL, 2 mL) Eppendorf GmbH, Hamburg, Germany 

Syringes and Injection Needles BD Medical, Franklin Lakes, USA 

Super Frost Plus Microscope Slides Thermo Fischer Scientific, Dreieich, Germany 

Tissue Culture Dishes Sarstedt AG & Co, Nürnbrecht, Germany 

 

4.1.9 Instruments 

Table 9 List of used instruments. 

Instrument Supplier 

Agilent 2100 Bioanalyzer Agilent Technologies, Santa Clara, USA 

Autoclave HV 85 BPW, Süssen, Germany 

BOND RX Fully Automated Research Stainer Leica Biosystems, Nussloch, Germany 

Centrifuge 5415 R and 5810 R Eppendorf, Hamburg, Germany 

CFX 96 qPCR System Bio-Rad, Feldkirchen, Germany 

GentleMACS Miltenyi Biotec, Bergisch Gladbach, Germany 

Hera Cell 150  Thermo Fischer Scientific, Dreieich, Germany 

Leica Paraffin Embedding Station EG1140H Leica Biosystems, Nussloch, Germany 

Leica EG1150 C Cold Plate Leica Biosystems, Nussloch, Germany 

Leica RM2235 Microtome Leica Biosystems, Nussloch, Germany 

LSR II/Fortessa BD Bioscience, Heidelberg, Germany 

Mastercycler® Ep Eppendorf, Hamburg, Germany 

NanoDrop ND-1000 Thermo Fischer Scientific, Dreieich, Germany 

Neubauer Improved Counting Chamber Labor Optik, Friedrichsdorf, Germany 

Pipettes (10 µl, 100 µl, 1.000 µl)  Eppendorf, Hamburg, Germany 
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Vectra 3.0  Perkin Elmer, Rodgau, Germany 

 

4.1.10 Software 

Table 10 List of used software. 

Software Supplier 

CFX Manager Software Bio-Rad, Feldkirchen, Germany 

Citavi Swiss Academic Software, Wädenswil, 

Switzerland 

Corel Draw x8 Corel Corporation, Ottawa, Canada 

FACS Diva BD Bioscience, Heidelberg, Germany 

FlowJo V10 BD Bioscience, Heidelberg, Germany 

GraphPad 5.03 GraphPad Software, San Diego, USA 

inForm 2.2.0 Perkin Elmer, Rodgau, Germany 

Microsoft Office 2014 Microsoft GmbH, Unterschleißheim, Germany 

PhenoChart 1.0.4. Perkin Elmer, Rodgau, Germany 

Vectra 3.0.3. Perkin Elmer, Rodgau, Germany 

SeqBox OmicX, Le-Petit-Quevilly France 

 

 

4.2 Methods 

 

4.2.1 Animal experiments  

 

4.2.1.1 Breeding  

To analyze the impact of S1PR4 signaling on the PyMT mammary carcinoma model, 

PyMT transgenic (PyMT+/- henceforth referred to as PyMT+) WT (S1PR4+/+) and 

S1PR4 KO (S1PR4-/-) mice were used. Since female PyMT+ mice lack the ability to 

nurse (82), first male mice heterozygous for S1PR4 and PyMT (S1PR4+/- PyMT+/-) 

had to be crossbred with female mice heterozygous for S1PR4 (S1PR4+/-) to obtain 

female WT PyMT+ mice (S1PR4+/+ PyMT+/-) and S1PR4 KO PyMT+ (S1PR4-/- 

PyMT+/-) littermates. To investigate the impact of S1PR4-dependent IFNAR signaling 

on the PyMT model, IFNAR KO (IFNAR-/-) mice were crossbred into the S1PR4 KO 

PyMT+ background to obtain female IFNAR KO S1PR4 WT PyMT+ (IFNAR-/- 
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S1PR4+/+ PyMT+/-) and IFNAR KO S1PR4 KO PyMT+ (IFNAR-/- S1PR4-/- PyMT+/-) 

mice. The IFNAR KO model represents a suitable model to investigate type I 

interferon signaling in the S1PR4-dependent PyMT mammary carcinoma setting. 

 

4.2.1.2 Genotyping 

Genotyping of mice was performed by PCR on DNA extracted from tail tips or ear 

biopsies. For this, tissue samples were digested in 100 µl genotyping lysis buffer and 

25 µl Proteinase K (AppliChem, Darmstadt, Germany) at 50 °C for 15 min. 

Thereafter, lysis was stopped by an incubation at 95° C for 5 min and by 

subsequently adding 100 µl genotyping neutralization buffer. For PCR using the 

Kapa Biosystems genotyping kit, 1 µl of the obtained DNA was added to 6 µl Kappa 

Ready Mix, 11 µl ddH2O and 1 µl respective primer mix (forward + reverse). For 

S1PR4 and PyMT genotyping following thermal cycling condition was used: 95 °C 

for 5 min, 35 x (95 °C for 20 sec, 60 °C for 15 sec and 72 °C for 20 sec) and 72 °C 

for 10 min. For IFNAR genotyping the cycling condition was: 95 °C for 5 min, 

annealing touchdown 10 x (94 °C for 20 sec, 65 °C -0.5 °C per cycle for 15 sec and 

68 °C for 20 sec), 28 x (95 °C for 20 sec, 60 °C for 15 sec and 72 °C for 20 sec) and 

72 °C for 10 min. Genotypes were determined by agarose gel (1.5 %) 

electrophoresis (130 V) using the GeneRuler 100 bp DNA Ladder (Thermo Fisher 

Scientific, Dreieich, Germany). 

 

4.2.1.3 PyMT cell culture and tumor engraftment 

PyMT cells derived from a primary PyMT tumor were used for an orthotopic grafting 

model. PyMT cells were maintained in RPMI medium supplemented with 10 % FCS, 

15 mM HEPES, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids and 1 % 

Penicillin/Streptomycin in a humidified atmosphere at 37 °C with 5 % CO2. In this 

syngraft model, 5 x 105 PyMT cells diluted in 50 µl sterile PBS were injected 

orthotopically in four upper mammary glands of female WT or S1PR4 KO mice. 

Before tumor engraftment, mice received 50 µl ketamine/xylazine anesthesia diluted 

in 0.9 % NaCl solution. The procedure was conducted on a heating mat to prevent 

hypothermia and the eyes were covered with creme to avoid the eyes from drying 



 

33 
 

out. After engraftment, mice recovered from anesthesia by being exposed to a 

heating lamp. 

 

4.2.1.4 MC38 cell culture and tumor engraftment 

As a positive control for the efficacy of PD-1 neutralization the MC38 grafting model 

was used. The MC38 cell line derived from C57BL6 murine colon adenocarcinoma 

and was obtained from Kerafast (Boston, USA, Catalogue number: ENH204). MC38 

cells were cultured in DMEM medium supplemented with 10 % FCS, 2 mM 

glutamine, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 10 mM 

HEPES and 1 % penicillin/streptomycin in a humidified atmosphere at 37 °C with 5 

% CO2. MC38 tumor engraftment was performed without anesthesia by injecting 2 x 

105 MC38 cells diluted in 50 µl sterile PBS subcutaneously into both flanks of WT or 

S1PR4 KO mice.  

 

4.2.1.5 Antibody treatment  

Mice received either an anti-mouse PD-1 antibody (4H2, Ono Pharmaceutical, 

Osaka, Japan) or an anti-mouse isotype (IgG1) control antibody (MOPC-21, Bio X 

cell/Hölzel Diagnostik, Cologne, Germany) diluted in sterile PBS as treatment. For 

monotherapy, antibodies were administrated i.p. at a concentration of 20 mg/kg (day 

0) and 10 mg/kg (day 6, 12, 18). Day 0 was defined differently for the distinct mouse 

models. While in the MC38 model antibody treatment started (day 0) on the day of 

tumor engraftment (preventive setting), treatment in the PyMT models was initiated 

(day 0) once the first tumor reached a size of 0.6 cm in diameter (therapeutic setting). 

In the combinatorial setting of chemoimmunotherapy, treatment started (day 0) with 

chemotherapy administration as soon as the first tumor reached a size of 1 cm in 

diameter. Antibody treatment was administered a day after chemotherapy, in a 

concentration of 10 m/kg, once a week for five weeks. 

 

4.2.1.6 Chemotherapy 

Chemotherapy was applied on two mouse models. Firstly, in the 

chemoimmunotherapy setting, in which WT and S1PR4 KO PyMT mice received 
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chemotherapy preceding either anti-PD-1 or the isotype control (IgG1) treatment and 

secondly on the IFNAR KO PyMT model, without immune checkpoint blockade. 

Doxorubicin (DOX) was used as chemotherapy agent (Cell Pharm, Bad-Vilbel, 

Germany) and was administrated i.p. (5 mg/kg) diluted in sterile 0.9 % NaCl once a 

week for five weeks. 

 

4.2.1.7 Mice monitoring and euthanasia 

Mice of all tumor models were monitored three times a week for up to five weeks 

after initial treatment. Monitoring consisted of health inspection, body weight 

measurement and tumor size determination by palpating all tumors. Therefore, the 

tumor length and width were measured with a sliding caliper. The tumor volume was 

determined using the formulation volume = length x width2 x π/6. Mice were 

euthanatized prematurely prior to the experimental endpoint, if one of the following 

criteria was met, tumor size ≥1.5 cm in diameter, loss of >20 % body weight, 

occurring skin ulcerations, observed apathy or abnormal behavior. By the regular 

end of the experiment the mice received i.p. injection of 300 µl ketamine/xylazine 

anesthesia diluted in 0.9 % NaCl solution. Afterwards, mice were cardially perfused 

with 0.9 % NaCl solution to reduce remaining blood in tumors and lung.  

 

4.2.2 Polychromatic flow cytometry 

Tumor single cell suspensions were obtained from solid tumors by enzymatic 

digestion using the Tumor Dissociation Kit mouse and the gentleMACS Dissociator 

using standard protocols (both Miltenyi Biotec, Bergisch Gladbach, Germany). The 

tumors were dissected, mechanically disaggregated and enzymatically digested for 

20 min at 37 °C. The obtained tumor digest was passed through a 70 μm nylon mesh 

to create single cell suspensions and was subsequently centrifuged for 5 min at 4° 

C (500 x g). The pelleted cells were resuspended in 10 ml erythrocyte lysis buffer 

(135 mM NH4Cl, 10 mM NaHCO3, 0.1 mM EDTA, pH 7.4) and incubated for 4 min 

at room temperature. After stopping the lysis with PBS and centrifugation, cells were 

suspended in 70 µl PBS + 0.5 % BSA. For the characterization of immune cell 

infiltration into tumors, the single cell suspensions were stained for flow cytometry. 
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For this, the cells resuspended in 70 μl PBS-0.5 % BSA were incubated with 

CD16/32 Fc-receptor blocking antibodies (Miltenyi Biotec) for 10 min at 4 °C to avoid 

Fc-receptor binding. Thereafter, single-cell suspensions were stained with the 

primary antibodies mix (Table 3) for another 10 min at 4° C in the dark. Before flow 

cytometry acquisition, cells were washed once to remove unbound antibodies and 

were supplemented with 20 μl of Flow Cytometry Absolute Count Standard™ beads 

(Bangs Laboratory, Fishers, USA) for cell quantification. All samples were acquired 

on a BD LSR II/Fortessa flow cytometer and analyzed with FlowJo (FlowJo LLC, 

Ashland, USA). All antibodies and secondary reagents were titrated to determine 

optimal concentrations. A hierarchical strategy that allows higher order analyzes 

(using a fluorochrome more than once in the same panel) was used, which allows to 

measure up to 30 cell surface markers in a single tissue sample. A fluorochrome-

coupled anti-PD-1 antibody was included to analyze whether PD-1 blockade 

interferes with PD-1 surface expression in tumor-infiltrating immune cells and to 

characterize differences in PD-1 expression between control IgG1-treated mice. A 

suitable antibody was identified in a competition experiments between commercially 

available anti-PD-1 antibodies (anti-PD-1 BV421, Clone 29F.1A12, BioLegend, San 

Diego, USA; anti-PD-1 PE, Clone RMP1-14, BioLegend; anti-PD-1 VioBlue, Clone 

HA2-7B1, Miltenyi Biotec) with different ratios of 4H2 using PyMT tumor single cell 

suspensions.  

 

4.2.3 Bead-based immunoassays for cytokine/chemokine quantification  

Extracellular fluid was obtained by manual cryopulverization of whole snap-frozen 

tumors and subsequent incubation in 1:2 (w/v) 2x PBS of the tumor weight for 3 h at 

4 °C under rotation and was subsequently centrifuged for 5 min at 4 °C (16.000 rpm). 

The supernatant was used for the protein level measurement of cytokines and 

chemokines. Therefore, two bead-based immunoassays, the mouse inflammation 

panel and the mouse proinflammatory chemokine panel were used (both 

LEGENDplex™, BioLegend, San Diego, USA). The former assay allows 

simultaneous quantification of 13 mouse cytokines, including IL-1α, IL-1β, IL-6, IL-

10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-β, IFN-γ, TNF-α, and GM-CSF. The 
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latter allows simultaneous quantification of 13 mouse chemokines, including CCL2, 

CCL5, CXCL10, CCL11, CCL17, CCL3, CCL4, CXCL9, CCL20, CXCL5, CXCL1, 

CXCL13, and CCL22. The assays were performed in a 96-well-plate according to 

the manufacturer’s instruction. The samples were acquired on a BD LSR II/Fortessa 

flow cytometer and evaluated with FlowJo. 

 

4.2.4 RNA isolation and RT-qPCR 

Total RNA was isolated from snap frozen tumors using the peqGOLD Total RNA Kit 

(VWR International, Darmstadt, Germany), according to the manufacturer’s 

instruction. For cell lysis 1 ml peqGOLD was added to pelleted cells. After 5 min of 

incubation, 200 μl chloroform was added. The samples were vortexed, incubated for 

5 min and centrifuged for 10 min at 4 °C (16.000 rpm). The RNA-containing aqueous 

phase was added to 500 μl 2-propanol and incubated for 20 min at 4 °C. After RNA 

precipitation and centrifugation for 10 min at 4 °C (16.000 rpm), pelleted RNA was 

washed twice with 75 % ethanol and dried for 5 min at 70 °C. The purified, dried 

RNA was dissolved in ultra-pure water for 30 min at 60 °C and quantified using the 

NanoDrop® ND-1000. For the transcription of RNA into cDNA the Maxima® cDNA 

Synthesis Kit (Thermo Fisher Scientific, Dreieich, Germany) was used according to 

the manufacturer’s instructions. 1 μg of RNA was added to 4 μl 5X reaction mix and 

2 μl enzyme mix and was filled up to 20 μl with ultra-pure water. The final mixture 

was incubated for 10 min at 25° C followed by 15 min at 50 °C. The reaction was 

terminated by heating for 5 min at 85 °C. The transcribed cDNA was diluted 1:10. 

For cDNA analysis by qPCR, 4 μl of obtained cDNA solution was mixed with 5 μl of 

ABsolute QPCR Mix SYBR Green fluorescein mix (Thermo Fisher Scientific, 

Dreieich, Germany) and 0.25 μl of QuantiTect Primer Assay (Qiagen, Hilden, 

Germany) or 0.2 μl forward and reverse primer plus 0.6 μl ultra-pure water. The final 

mixture was transferred into a qPCR compatible plate. qPCR was performed on a 

CFX96 qPCR system with the following thermal cycling program: 95 °C for 15 min, 

45 x (95 °C for 15 s, 60 °C for 30 s, 72 °C for 30 s), 95 °C for 30 s followed by initial 

melting at 60 °C for 30 s and subsequent melting from 60 °C in steps of +0.5 °C per 
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cycle for 10 s in 80 cycles. qPCR data were analyzed using the CFX Manager 

Software (Bio-Rad, Feldkirchen, Germany). 

 

4.2.5 RNA sequencing 

Total RNA was isolated from snap frozen PyMT tumors using the peqGOLD Total 

RNA Kit (VWR International, Darmstadt, Germany), as described above. The RNA 

samples were analyzed on a 2100 Bioanalyzer using Agilent RNA 6000 Nano chip 

(both Agilent Technologies, Santa Clara, USA). Library preparation was conducted 

using the SMARTer® Stranded Total RNA Sample Prep Kit –HI (Takara Bio Europe, 

Saint-Germain-en-Laye, France), according to manufacturer’s instruction. Quantity 

and quality of the cDNA libraries were determined by Qubit™ dsDNA HS Assay Kit 

(Thermo Fisher Scientific, Dreieich, Germany) and Agilent High Sensitivity DNA chip 

(Agilent Technologies). Libraries were sequenced on a NextSeq 500 sequencer 

(single end, 75 cycles) using V2 chemistry (Illumina, San Diego, USA). Sequencing 

data were analyzed using the SeqBox software (85). In brief, after adapter trimming 

with skewer (86), the software used STAR (87) to map the reads to the mouse 

reference genome (mm10) and RSEM (88) for gene and isoform-level quantification, 

which allows the differential expression analysis by DESeq2 (89).  

 

4.2.6 Analysis of publicly available human mammary carcinoma datasets 

Gene lists of up- or downregulated genes were compared to the METABRIC data 

set (90) to determine patient survival according to the gene signature.  

 

4.2.7 Gene set enrichment analysis 

Using differentially expressed genes (adjusted p-value < 0.01, log2 fold change in 

expression > 1) between anti-PD-1 monotherapy and anti-PD-1 treatment combined 

with chemotherapy as an input, enriched biological processes were identified using 

Gene Set Enrichment Analyses (GSEA) version 4.0.0 (91).  
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4.2.8 Histology  

PyMT and MC38 tumors were zinc-fixed for at least 8 h at RT, and rinsed in tap 

water for 6 h. Afterwards, samples were infiltrated using a LEICA TP1020 tissue 

processor by subsequent incubation in increasing concentrations (70 %, 80 %, 85 

%, 90 %, 95 %, 100 %) of ethanol, followed by incubation in xylene and liquid paraffin 

for 1.5 h each. Thereafter, the samples were embedded in liquid paraffin and cooled 

for hardening. Paraffin-embedded tissues were cut into 4 μm thick sections, 

transferred onto adhesive glass slides and dried at 37 °C overnight. For IHC staining 

the sections were deparaffinized by 3x 100 % xylene for 5 min each, and 2x 100 % 

ethanol, 2x 95 % ethanol, 2x 90 % ethanol, 2x 80 % ethanol and 2x 75 % ethanol for 

2 min each and were finally rinsed in ddH20. 

 

4.2.9 Phenoptics™ immunofluorescence staining and analysis  

Tumors sections were subsequently stained in a fluorescent multiplex 

immunohistochemistry staining using the OpalTM 7-Color Fluorescent 

Immunohistochemistry (IHC) Kits (Perkin Elmer, Rodgau, Germany). The following 

antibodies were used: αSMA (Sigma-Aldrich, F3777, 1:1000), DIO2 (Elabscience, 

E-A-13198, 1:100), GSN (Biozol, BOB-PA2109, 1:200), MMP3 (Santa Cruz, sc-

21732, 1:50), pan Cytokeratin (abcam, ab27988, 1:200) and PDK4 (antibodies-

online, ABIN3028963, 1:200) in an automated staining using the BOND RX 

Automated IHC Research Stainer (Leica Biosystems, Nussloch, Germany).  

Stained tumor sections were scanned using Vectra® 3 automated quantitative 

pathology imaging system. For each slide at least six MSI (multispectral imaging) 

regions were acquired and analyzed using the inForm software V2.3 (both Perkin 

Elmer). The marker expression in the cytoplasm was quantified using the scoring 

algorithm of the inForm software in 4 bins (0-3+) (92). Spectrally unmixed 

fluorescence signals in the epithelial or stromal cells were grouped into four bins 

based on signal distribution (0 = lowest signal, 3 = highest signal), indicating 

differences in protein expression.  
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4.2.10 Natural killer cell cytotoxicity assay 

Natural Killer (NK) cells were isolated from spleens of either WT or IL-27 receptor α 

(IL-27Rα) KO mice using the EasySep™ Mouse NK Cell Isolation Kit (STEMCELL™ 

Technologies, Vancouver, Canada) according to manufacturer’s instruction using 

RPMI, supplemented with 10 % FCS, 50 µM β-mercaptoethanol and 1 % 

penicillin/streptomycin, non-essential amino acids, essential amino acids, sodium 

pyruvate and HEPES, respectively. NK cells used as effector cells were co-cultured 

for 4 h at 37 °C and 5 % CO2 with PyMT target cells at different target cell-effector 

cell ratios (1:1, 1:2, 1:10 and 1:100). NK cells and PyMT cells were labeled with 

different fluorescent dyes (PKH67 & PKH26, Sigma-Aldrich) and dead PyMT cells 

were identified using 7-AAD staining (Miltenyi Biotec). Living (7-AAD-negative) 

PyMT cells were subsequently determined via flow cytometry and FlowJo. 

 

4.2.11 Statistical analysis  

Data are presented as means ± SEM. Statistical comparisons between two groups 

were performed using either two-way ANOVA, Mann-Whitney test or unpaired two-

tailed Student’s t-test as indicated. For the latter two, data were pre-analyzed to 

determine normal distribution and equal variance with D’Agostino–Pearson omnibus 

normality test. Differences in patient survival were analyzed using log-rank (Mantel–

Cox) test. Statistical analysis was conducted using GraphPad Prism 5.03. 

Differences were considered significant at p < 0.05. Asterisks indicate significant 

differences between experimental groups (*p < 0.05, **p < 0.01, *** p < 0.001, **** p 

< 0.0001). 
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5 RESULTS 

 

5.1 Synergism of S1PR4 ablation and anti–PD1 treatment 

 

5.1.1 PyMT syngraft model is unsuitable for therapeutic anti-PD-1 setting 

Transplanting wildtype PyMT cells into mammary glands of WT and S1PR4 KO 

animals provides a fast orthotopic breast cancer model, which eliminates potential 

side effects of S1PR4 in tumor cells. Therefore, female WT C57BL6 and S1PR4 KO 

mice were inoculated with WT PyMT cells in four breast glands. 5 x 105 WT PyMT 

tumor cells were engrafted per gland. The mice were treated either with anti-PD-1 

antibody or an isotype control antibody (IgG1) on day 0, 6, 12 and 18 after initial 

treatment. Treatment was initiated once the first tumor reached a size of 0.6 cm in 

diameter. Tumor growth was determined three times a week (tumor volume = length 

x width2 x π/6). The orthotopic PyMT model turned out to be unsuitable for a 

therapeutic setting, since the engrafted tumors grew too rapidly, resulting in skin 

ulceration due to the rupture of the tumor-surrounding skin. Consequently, all 

inoculated mice had to be sacrificed prematurely according to euthanasia criteria, 

mostly before day 18 after initial treatment.  

 

 

Figure 2. S1PR4 and PD-1 blockade do not affect tumor growth in PyMT syngrafts. WT and 

S1PR4 KO mice were inoculated with 5 x 105 WT PyMT tumor cells and treated either with anti-PD-

1 antibody or an isotype control antibody (IgG1) on day 0, 6 and 12 after initial treatment (↓). 

Treatment was initiated once the first tumor reached a size of 0.6 cm in diameter. Tumor volumes 

were determined three times a week (tumor volume = length x width2 x π/6). (A) Individual tumor 

volumes of WT mice receiving IgG1 or anti-PD-1 (n=7 each) and S1PR4 KO mice receiving IgG1 and 

anti-PD-1 (n=6 each) as well as (B) cumulative tumor volumes for each group over time are shown.  
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Most importantly, tumor growth kinetics did not differ irrespective of genotype or 

treatment (Figure 2A, B). Nevertheless, the immune cell composition of all engrafted 

PyMT tumors was analyzed via flow cytometry (gating strategy in Figure 3). While 

no major differences in either myeloid (Figure 4A) or lymphoid cell lineages (Figure 

4B) were observed, the data indicated an accurate neutralization of PD-1 on both 

CD4+ and CD8+ T cells by the in vivo anti-PD-1 antibody (Figure 4C).  

 

 

Figure 4. S1PR4 depletion and anti-PD-1 do not affect immune profiles in PyMT syngrafts. WT 

and S1PR4 KO mice were inoculated with 5 x 105 WT PyMT tumor cells and treated either with anti-

PD-1 antibody or an isotype control antibody (IgG1). Tumors were harvested and single cell 

suspensions were analyzed by flow cytometry. Relative amounts of (A) myeloid, (B) lymphoid 

immune cell subsets and (C) CD4+/PD-1+, CD8+/PD-1+ T cells in tumors of WT mice (n=7 each) 

and S1PR4 KO mice (n=6 each) within the single cell population are shown. Data are means ± SEM. 

p-values were calculated using unpaired t-test or Mann-Whitney test according to D'Agostino & 

Pearson omnibus normality test; *p < 0.05, **p < 0.01.  
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Figure 3. Gating strategy for tumor immune cells. First, viable cells and cell doublets were 

discriminated by their SSC and FSC characteristics. Single cells were classified as tumor cells 

(CD326+ CD45-), stroma (CD326- CD45-) and immune cells (CD326- CD45+). Immune cells were 

further characterized as neutrophils (CD326- CD45+ Ly-6G+ CD11b+), tumor-associated 

macrophages (TAMs, CD326- CD45+ Ly-6G- F4/80+ CD11b low), resident macrophages (res Macs, 

CD326- CD45+ Ly-6G- F4/80+ CD11b high), dendritic cells (DCs, CD326- CD45+ Ly-6G- F4/80- 

CD11b+ MHCII+ CD11c+), monocytes (CD326- CD45+ Ly-6G- F4/80- CD11b+ MHCII- CD11c- Ly-

6C+), B cells (CD326- CD45+ F4/80- CD11b- CD19+), natural killer cells (NK cells, CD326- CD45+ 

F4/80- CD11b- NK1.1+ CD3- CD90.2+/-), natural killer T cells (NKT cells, CD326- CD45+ F4/80- 

CD11b- NK1.1+ CD3+ CD90.2+), T cells (CD326- CD45+ F4/80- CD11b- CD19- NK1.1- CD90.2+ 

CD3+), TH cells (CD4+, CD326- CD45+ F4/80- CD11b- CD19- NK1.1- CD90.2+ CD3+ CD4+), 

regulatory T cells (Tregs, CD326- CD45+ F4/80- CD11b- CD19- NK1.1- CD90.2+ CD3+ CD4+ CD44+ 

GITR+), PD-1+ TH cells (CD4+, CD326- CD45+ F4/80- CD11b- CD19- NK1.1- CD90.2+ CD3+ CD4+ 

PD-1+), cytotoxic T cells (CD8+, CD326- CD45+ F4/80- CD11b- CD19- NK1.1- CD90.2+ CD3+ 
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CD8+), PD-1+ cytotoxic T cells (CD8+, CD326- CD45+ F4/80- CD11b- CD19- NK1.1- CD90.2+ CD3+ 

CD8+ PD-1+) and γ𝛿 T cells (CD326- CD45+ F4/80- CD11b- CD19- NK1.1- CD90.2+ CD3+ CD4- 

CD8- γδ-TCR+). Representative contour plots from a WT PyMT tumor are shown. 

 

5.1.2 S1PR4 depletion improved anti-PD-1 treatment in the MC38 colon 

carcinoma mouse model 

Next, the MC38 colon adenocarcinoma model was used, wherein WT C57BL6 and 

S1PR4 KO mice of both genders were subcutaneously inoculated with 2 x 105 MC38 

cells in both flanks and treated either with anti-PD-1 antibody or an isotype control 

antibody (IgG1) on day 0, 6, 12 and 18 after engraftment. The optimal cell amount 

and source of the cell line were previously determined in pilot experiments. MC38 

cells from Kerafast were used, since MC38 cells obtained from the National Institute 

of Health (NIH) did not grow in the used mouse strain. While all WT and S1PR4 KO 

mice treated with the isotype control antibody (IgG1) showed continuous tumor 

growth after MC38 cell engraftment and initial treatment, two WT mice and three 

S1PR4 KO mice receiving anti-PD-1 treatment were tumor-free by the end of the 

treatment (Figure 5A, C). Amongst those tumor-free WT mice, one WT/anti-PD-1 

mouse did not develop any tumors, whereas the other mouse was bearing tumors 

at the beginning of the treatment, but those tumors reduced in size upon the third 

anti-PD-1 injection (day 12) leading to impalpable tumors by the end of monitoring 

on day 28 (Figure 5A). Strikingly, three S1PR4 KO/anti-PD-1 mice developed tumors 

at the beginning of the treatment but were also tumor-free at the endpoint (Figure 

5C). While there were no differences between anti-PD-1 and the isotype control 

treatment in cumulative tumor growth of the WT animals (Figure 5B), the data for the 

S1PR4 KO mice showed significant differences between the two treatment from day 

6 to day 18 (Figure 5D). Besides reduced tumor progression, survival was also 

improved in S1PR4 KO/anti-PD-1 mice, especially as compared to the WT/IgG1 

group (Figure 5E, F). Notably, all IgG1 treated mice reached a tumor size of ≥ 1.5 

cm prior to the end of the planned monitoring period (day 28). Consequently, all mice 

receiving IgG1 had to be sacrificed prematurely (< day 22), according to the 

euthanasia criteria, hence their poor survival rates. In contrast, around 20 % of WT 

and 50% of S1PR4 KO mice treated with anti-PD-1 antibody reached the endpoint 
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of the experiment. Taken together, these data showed a mild synergy between 

S1PR4 depletion and anti-PD-1 treatment in the MC38 mouse model. 

 

 

Figure 5. Synergistic delay of MC38 tumor growth by S1PR4 depletion and anti-PD-1 treatment. 

Tumor growth kinetics of WT and S1PR4 KO mice inoculated with 2 x 105 MC38 colon carcinoma 

cells and treated with either anti-PD-1 antibody or an isotype control antibody (IgG1) on day 0, 6, 12 

and 18 after initial treatment (↓) are shown. Tumor volumes were determined three times a week 

(tumor volume = length x width2 x π/6). (A) Individual and (B) cumulative tumor volumes for WT mice 

receiving IgG1 or anti-PD-1 (n=15 each) as well as (C) individual and (D) cumulative tumor volumes 

for S1PR4 KO mice receiving IgG1 or anti-PD-1 (n=15 each) over time are shown. Survival rates of 

(E) all treatment groups as well as of (F) WT/IgG1 and S1PR4 KO/anti-PD-1 mice are displayed. In 

growth kinetics p-values were calculated using unpaired t-test or Mann-Whitney test according to 

D'Agostino & Pearson omnibus normality test, in survival analysis p-values were calculated using log-

rank test; *p < 0.05 and **p < 0.01. 

 

Next, tumor immune profiles were determined via flow cytometry to investigate the 

mechanistic causes for the reduced tumor growth in the S1PR4 KO/anti-PD-1 group. 
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It is important to note, that in the MC38 model only immune profiles of tumors were 

analyzed in which treatment was not completely effective. Regressed tumors, thus 

completely responsive to anti-PD-1 treatment, were not available for analysis. 

Consequently, immune profiles obtained in both anti-PD-1 groups likely displayed a 

compensatory phenotype allowing tumor growth even upon anti-PD-1 treatment. In 

the myeloid immune cell infiltrate, anti-PD-1 treatment decreased dendritic cell (DC) 

numbers in WT as well as neutrophil levels in WT and S1PR4 KO as compared to 

their IgG1 control counterparts (Figure 6A). Moreover, tumor-associated 

macrophage (TAM) numbers generally increased in the S1PR4 KO groups 

compared to the WT, but significance was only reached upon anti-PD-1 treatment. 

In the lymphoid immune cell subsets (Figure 6B), interestingly solely natural killer 

(NK) cell levels in the S1PR4 KO/anti-PD-1 group were elevated as compared to all 

other treatment groups. Unexpectedly, no other major changes were observed in the 

lymphoid cell lineage. Notably, PD-1 depletion on CD4+ and CD8+ T cells via 

antibody neutralization was also effective in the MC38 model (Figure 6C). In 

conclusion, flow cytometry revealed enhanced TAM and NK cell levels in S1PR4 KO 

tumors treated with anti-PD-1.  

Next, cytokine/chemokine levels in extracellular tumor fluids were determined to 

investigate possible cross talks between immune cells. Whereas four cytokines were 

not detectable in the LEGENDplex™ assay, the majority of cytokines/chemokines 

displayed unaltered levels irrespective of genotype or treatment (Figure 7A-D). 
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Figure 6. Altered immune cell composition of MC38 tumors upon S1PR4 depletion and anti-

PD-1 treatment. WT and S1PR4 KO mice were inoculated with 2 x 105 WT MC38 tumor cells and 

treated either with anti-PD-1 antibody or an isotype control antibody (IgG1). Tumors were harvested 

and single cell suspensions were analyzed via flow cytometry. Relative amounts of (A) myeloid and 

(B) lymphoid immune cell subsets as well as (C) CD4+/PD-1+, CD8+/PD-1+ T cells for WT mice 

(IgG1: n=15, anti-PD-1: n=12) and S1PR4 KO mice (IgG1: n=15; anti-PD-1: n=10) within the total 

CD45+ cell population are shown. Data are means ± SEM, p-values were calculated using unpaired 

t-test or Mann-Whitney test according to D'Agostino & Pearson omnibus normality test; *p < 0.05, **p 

< 0.01 and ***p < 0.001. 

 

Comparison of both anti-PD-1 groups revealed significantly reduced amounts of IL-

6, IL-10, GM-CSF and CCL11 but elevated levels of CXCL10 in S1PR4 KO/anti-PD-

1. Furthermore, S1PR4 KO/anti-PD-1 tumors contained decreased CCL17 and 

CCL22 amounts but increased CXCL9 levels as compared to their WT counterparts. 

Especially the elevated levels of CXCL9 and -10 in the S1PR4 KO/anti-PD-1 group 

can be considered as a promising lead for elucidating the underlying cellular 

mechanisms responsible for the synergism of S1PR4 KO and immune checkpoint 

blockade, since those two chemokines are known to activate NK cells, an immune 

cell subset shown to be more abundant in S1PR4 KO/anti-PD-1 tumors.  
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Figure 7. Cytokine/chemokine profiles of MC38 tumors upon S1PR4 depletion and anti-PD-1 

treatment. Cytokine and chemokine levels in extracellular fluid isolated from MC38 tumors 

determined by bead-based immunoassay (LEGENDplex™) are displayed. WT and S1PR4 KO mice 

were inoculated with 2 x 105 WT MC38 tumor cells and treated either with anti-PD-1 antibody or an 

isotype control antibody (IgG1). Absolute amounts of (A, B) cytokines and (C, D) chemokines in 

tumors of WT mice (IgG1: n=9, anti-PD-1: n=8) and S1PR4 KO mice (IgG1: n=14; anti-PD-1: n=10) 

are shown. Data are means ± SEM, p-values were calculated using unpaired t-test or Mann-Whitney 

test according to D'Agostino & Pearson omnibus normality test; *p < 0.05 and **p < 0.01. 

 

Furthermore, investigating additional immune parameters such as T cell and 

macrophage activation markers on mRNA level by qPCR revealed decreased 

expression of Il-1β, Il-23 and Hmox1 in S1PR KO/anti-PD-1 tumors as compared to 

their WT counterparts (Figure 8). Apart from that, no major alterations were 

observed. Moreover, the cytokine/chemokine data on protein level was not reflected 

by the mRNA data.  
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Figure 8. Altered gene expression in MC38 tumors upon S1PR4 depletion and anti-PD-1 

treatment. The expression of the indicated genes relative to the house-keeping gene Rps27a is 

displayed. WT and S1PR4 KO mice were treated either with anti-PD-1 antibody or an isotype control 

antibody (IgG1). The gene expression for (A) interleukins, (B) interferons, (C) macrophage 

polarization markers, (D) CCL chemokines, (E) T cell activation and other markers for WT mice (n=9 

each) and S1PR4 KO mice (IgG1: n=14, anti-PD-1: n=10) are shown. Data are means ± SEM, p-

values were calculated using unpaired t-test or Mann-Whitney test according to D'Agostino & Pearson 

omnibus normality test; *p < 0.05 and **p < 0.01. 

 

In conclusion, the mild synergistic effect of S1PR4 depletion and anti-PD-1 treatment 

was unexpectedly mirrored by an enhanced NK cell infiltrate and an increased 

CXCL9 and -10 production in S1PR4 KO/anti-PD-1 tumors. 
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5.1.3 Mild synergism of S1PR4 Depletion and PD-1 monotherapy in the 

transgenic PyMT breast cancer model 

To investigate the effects of combinatorial S1PR4 depletion and anti-PD-1 

immunotherapy in a relevant murine breast cancer model, we utilized the PyMT 

model. Female WT C57BL6 or S1PR4 KO PyMT mice were subjected to anti-PD-1 

treatment in a therapeutic setting. Once the first tumor reached a diameter of 0.6 cm, 

the mice received i.p. injections with either anti-PD-1 antibody or an isotype control 

(IgG1) on day 0, 6, 12 and 18 after initial treatment. While five WT/IgG1 and two 

WT/anti-PD-1 mice had to be sacrificed prematurely due to a tumor size of ≥ 1.5 cm 

(Figure 9A), all S1PR4 KO mice reached the endpoint, hence their tumors did not 

exceed a critical tumor size (Figure 9C). Although anti-PD-1 monotherapy 

significantly slowed cumulative tumor growth in the WT, this effect was modest, and 

tumor regression was not observed (Figure 9B). Notably, cumulative tumor 

progression in the S1PR4 KO was generally reduced as opposed to the WT (Figure 

9D). Moreover, anti-PD-1 immunotherapy in the KO showed a more consistent effect 

in reducing tumor growth from day 15 to day 22 (Figure 9D). However, towards the 

end of the experiment these differences converged. Yet, S1PR4 KO mice treated 

with anti-PD-1 antibody showed a markedly reduced tumor progression throughout 

the experiment as opposed to WT mice injected with control antibody (Figure 9E). 

 

 

 



 

50 
 

 

Figure 9. Delay of spontaneous PyMT tumor growth by S1PR4 depletion and anti-PD-1 

treatment. Tumor growth kinetics of transgenic PyMT WT and S1PR4 KO mice treated either with 

anti-PD-1 antibody or an isotype control antibody (IgG1) on day 0, 6, 12 and 18 after initial treatment 

(↓) are displayed. Treatment with antibodies was initiated once the first tumor reached a size of 0.6 

cm in diameter. Tumor volumes were determined three times a week (tumor volume = length x width2 

x π/6). (A) Individual and (B) cumulative tumor volumes of WT mice treated with IgG1 or anti-PD-1 

(n=17 each) as well as (C) individual and (D) cumulative tumor volumes of S1PR4 KO mice treated 

with IgG1 or anti-PD-1 and (E) WT/IgG1 and S1PR4 KO/anti-PD-1 mice (n=17 each) over time are 

shown. Data are means ± SEM, p-values were calculated using unpaired t-test or Mann-Whitney test 

according to D'Agostino & Pearson omnibus normality test; *p < 0.05 and **p < 0.01. 

 

Next, the immune cell infiltrate of the experimental groups was analyzed via flow 

cytometry. Interestingly, major changes were observed predominantly between WT 

and S1PR4 KO animals (Figure 10A, B). For instance, while monocyte and resident 

macrophage (res Mac) levels were reduced in both S1PR4 KO groups as compared 

to their WT counterparts (Figure 10A), B cell and T cell levels, including the subsets 

CD4+ T cells, Tregs and cytotoxic CD8+ T cells were elevated (Figure 10B). 
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Moreover, neutrophil frequencies decreased in the S1PR4 KO as opposed to the 

WT as a response to anti-PD-1 therapy (Figure 10A). However, no significant 

changes were detected when comparing anti-PD-1 and IgG1 treatment within WT or 

S1PR4 KO mice, respectively. 

 

 

Figure 10. Altered immune cell composition of transgenic PyMT tumors upon S1PR4 depletion 

and anti-PD-1 treatment. WT and S1PR4 KO mice were treated either with anti-PD-1 antibody or 

an isotype control antibody (IgG1). Tumors were harvested and single cell suspensions were 

analyzed by flow cytometry. Relative frequencies of (A) myeloid and (B) lymphoid immune cells 

subsets as well as (C) CD4+/PD-1+, CD8+/PD-1+ T cells in tumors of WT mice (IgG1: n=17, anti-PD-

1: n=16) and S1PR4 KO mice (n=17 each) in the total CD45+ immune cell population are shown. 

Data are means ± SEM. p-values were calculated using unpaired t-test or Mann-Whitney test 

according to D'Agostino & Pearson omnibus normality test; *p < 0.05, **p < 0.01 and ***p < 0.001.  

 

On cytokine/chemokine level a similar WT vs. S1PR4 KO distinction was observed 

(Figure 11A-D). S1PR4 KO tumors of both treatments contained elevated levels of 

IFN-γ and IL-27 as well as reduced levels of CCL11 as compared to the respective 

WT tumors (Figure 11A-C). Between WT/anti-PD-1 and S1PR4 KO/anti-PD-1 

tumors protein levels of IFN-β and CCL3 were altered. Notably, as in the flow 

cytometry data no changes due to anti-PD-1 antibody treatment occurred.  
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Figure 11. Altered cytokine/chemokine profiles in transgenic PyMT tumors upon S1PR4 

depletion and anti-PD-1 treatment. Cytokine and chemokine levels in extracellular fluid from 

spontaneous PyMT tumors determined by bead-based immunoassay (LEGENDplex™) are 

displayed. WT and S1PR4 KO mice were treated either with anti-PD-1 antibody or an isotype control 

antibody (IgG1). Absolute amounts of (A, B) cytokines and (C, D) chemokines in tumors of WT mice 

(n=16 each) and S1PR4 KO mice (n=16 each) are shown. Data are means ± SEM. p-values were 

calculated using unpaired t-test or Mann-Whitney test according to D'Agostino & Pearson omnibus 

normality test; *p < 0.05, ** p < 0.01 and ***p < 0.001. 

 

At mRNA level, again major differences generally emerged between WT and S1PR4 

KO tumors (Figure 12 A-E). The mRNA levels of Il-4, Il-10, Il-12, Il-13, Il-23, Il-27, 

Ifn-α, Ifn-β, Ifn-γ, Prf1, Ccl5 and Ccl22 increased in the both S1PR4 KO group as 

compared to their respective WT counterparts. Interestingly, the levels of the IL-4-

driven macrophage markers Mrc1, Ym1 and Fizz1 were elevated in the S1PR4 KO 

tumors as well (Figure 12C), corresponding to the enhanced IL-4 levels in the S1PR4 
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KO tumors (Figure 12A). While in the WT no alterations upon anti-PD-1 treatment 

was found, Il-23 levels were reduced in S1PR4 KO/anti-PD-1 tumors as compared 

to the S1PR4 KO/lgG1 tumors (Figure 12A).  

In conclusion, while the reduced tumor growth in S1PR4 KO mice can be attributed 

to an enhanced immune response, we did not detect major changes of cytokines/ 

chemokines, or immune cell activation markers that explain the reduction of tumor 

growth in either WT or S1PR4 KO mice in response to anti-PD-1 treatment. 

 

 

Figure 12. Altered gene expression in transgenic PyMT tumors upon S1PR4 depletion and 

anti-PD-1 treatment. The expression of the indicated genes relative to the house-keeping gene 

Rps27a is displayed. WT and S1PR4 KO mice were treated either with anti-PD-1 antibody or an 

isotype control antibody (IgG1). The gene expression for (A) interleukins, (B) interferons, (C) T cell 

activation marker, (D) macrophage polarization markers and (E) CCLs chemokines for WT mice 

(n=16 each) and S1PR4 KO mice (n=16 each) are shown. Data are means ± SEM. p-values were 

calculated using unpaired t-test or Mann-Whitney test according to D'Agostino & Pearson omnibus 

normality test; *p < 0.05, **p < 0.01 and ***p < 0.001 
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5.2 Impact of chemotherapy on anti-PD-1 treatment and/or S1PR4 ablation  

 

5.2.1 Chemoimmunotherapy is markedly efficient in the transgenic PyMT 

breast cancer model  

Since only a modest effect of anti-PD-1 monotherapy in either WT or S1PR4 KO 

PyMT mice was observed, the question was raised whether a combinatorial 

approach consisting of doxorubicin (DOX) chemotherapy and anti-PD-1 antibody 

administration has an enhanced efficacy in reducing tumor growth compared to anti-

PD-1 as single agent. In this combinatorial approach female WT C57BL6 and S1PR4 

KO PyMT mice received DOX injections i.p. (5 mg/kg) preceding either PD-1-

blocking (10-20 mg/kg) or an IgG1 isotype control antibody administration (10-20 

mg/kg). Combinatorial therapy was initiated once a tumor diameter of 1 cm had been 

reached. Interestingly, WT mice treated with DOX/anti-PD-1 therapy showed 

markedly suppressed tumor progression as well as significantly reduced tumor 

volumes compared to the WT/DOX/IgG1 control group from day 21 onwards (Figure 

13B). Although tumor reduction was also observed in the WT/DOX/IgG1 group at 

least in some tumors, the majority of WT/DOX/IgG1 treated tumors relapsed towards 

the end of the study (Figure 13A). Notably, only two WT/DOX/anti-PD-1 mice 

showed tumor progression. Remarkably, DOX administration alone caused a strong 

tumor reduction in the S1PR4 KO setting from the beginning to the middle of the 

treatment (Figure 13D). However, anti-PD-1 treatment failed to further enhance this 

effect. In conclusion, DOX chemotherapy did not improve immunotherapy in the 

S1PR4 KO, whereas in the WT chemotherapy increased the efficacy of anti-PD-1 

treatment as indicated by a partial tumor remission upon combinatorial 

chemoimmunotherapy. 
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Figure 13. Synergistic delay of spontaneous PyMT tumor growth by chemotherapy and anti-

PD-1 treatment. Tumor growth kinetics of transgenic PyMT WT and S1PR4 KO mice treated with 

doxorubicin (DOX) chemotherapy and anti-PD-1 antibody or an isotype control antibody (IgG1) are 

displayed. Treatment was initiated once the first tumor reached a size of 1 cm in diameter. DOX was 

administered on day 0, 7, 14, 21 and 28 (↓) after initial treatment, proceeding antibody injection (↓). 

Tumor volumes were determined three times a week (tumor volume = length x width2 x π/6). (A) 

Individual and (B) cumulative tumor volumes of WT mice treated with DOX and either IgG1 or anti-

PD-1 antibody (IgG1: n=11, anti-PD-1: n=9) as well as (C) individual and (D) cumulative tumor 

volumes of S1PR4 KO mice treated with DOX and either IgG1 or anti-PD-1 antibody (n=10 each) 

over time are shown. Data are means ± SEM, p-values were calculated using unpaired t-test or Mann-

Whitney test according to D'Agostino & Pearson omnibus normality test; *p < 0.05. 

 

To investigate cellular alterations potentially causing the increased efficacy of 

chemoimmunotherapy in the WT as opposed to the S1PR4 KO, multicolor flow 

cytometry analysis was performed. Within the CD45+ immune cell population, 

unexpectedly most immune cell levels were unchanged, whereas neutrophil 

abundance in the S1PR4 KO/DOX/anti-PD-1 group and monocyte level in the 

WT/DOX/anti-PD-1 group were reduced as compared to their IgG1 counterparts 

(Figure 14A). Flow cytometry also indicated an efficient depletion of PD-1 on CD4+ 

and CD8+ T cells by the neutralizing anti-PD-1 antibody as compared to the 

corresponding IgG1 control, while chemotherapy per se did not alter the abundance 

of PD-1-expressing T cells within the total immune cell population (Figure 14C). 
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Taken together, flow cytometry data did not provide a clear explanation on the 

cellular mechanisms underlying the increased efficacy of chemoimmunotherapy in 

the WT.  

 

 

Figure 14. Immune cell composition of transgenic PyMT tumors upon chemoimmunotherapy. 

WT and S1PR4 KO mice were treated with doxorubicin (DOX) chemotherapy and anti-PD-1 antibody 

or an isotype control antibody (IgG1). Tumors were harvested and single cell suspensions were 

analyzed by flow cytometry. Relative amounts of (A) myeloid and (B) lymphoid immune cells subsets 

as well as (C) CD4+/PD-1+, CD8+/PD-1+ T cells in tumors of WT mice (IgG1: n=17, anti-PD-1: n=16) 

and S1PR4 KO mice (n=17 each) in the total CD45+ immune cell population are shown. Data are 

means ± SEM. p-values were calculated using unpaired t-test or Mann-Whitney test according to 

D'Agostino & Pearson omnibus normality test; **p < 0.01 and ***p < 0.001.  

 

5.2.2 Potential mechanisms of enhanced chemoimmunotherapy efficacy in WT 

mice 

In the WT setting chemoimmunotherapy demonstrated an enhanced efficacy in 

reducing tumor growth as compared to anti-PD-1 monotherapy. This was shown by 

the partial tumor remission observed upon chemoimmunotherapy versus the 

modestly slowed tumor progression upon monotherapy (Figure 13B, 9B). Next, the 

immune cell profiles of these two treatment regimens in the WT were compared. 

Flow cytometry data revealed reduced monocyte and resident macrophage (res 
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MAC) abundances upon chemotherapy (Figure 15A) whereas for monocytes, this 

reduction was even accentuated by the anti-PD1 antibody. Furthermore, neutrophil 

and TAM frequencies decreased after DOX/anti-PD-1 administration compared to 

anti-PD-1 monotherapy. In the lymphoid cell lineage, overall T cell levels including 

CD4+ T cell and Treg frequencies increased after chemotherapy (Figure 15B). 

Chemotherapy in combination with anti-PD-1 administration also enhanced CD8+ T 

abundance compared to anti-PD-1 monotherapy. Most interestingly, γδ T cell and 

NK cell levels were elevated upon combinatorial DOX/anti-PD-1 therapy as 

compared to monotherapy or DOX/IgG1 administration. 

 

 

Figure 15. Altered immune cell composition in PyMT tumors upon chemoimmunotherapy. 

PyMT tumor-bearing mice were treated with either anti-PD-1 monotherapy or doxorubicin (DOX) plus 

anti-PD-1 or the corresponding IgG1 antibody control. The relative frequencies of (A) myeloid as well 

as (B) lymphoid cell subsets relative to total CD45+ immune cells are displayed (IgG1: n=17, anti-

PD-1: n=16, DOX/IgG1: n=10, DOX/anti-PD-1: n=9). Data are means ± SEM, p-values were 

calculated using unpaired t-test or Mann-Whitney test according to D'Agostino & Pearson omnibus 

normality test; *p < 0.05, **p < 0.01 and ***p < 0.001. 

 

Taken together, flow cytometry data did not explain the cellular mechanisms 

responsible for the increased efficacy of chemoimmunotherapy. However, increased 
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cytotoxic lymphocyte levels, including NK cells, upon combinatorial DOX/anti-PD-1 

emerged as promising lead. 

To gain further insights into potential mechanisms explaining the success of 

DOX/anti-PD-1 combinatorial therapy versus monotherapy in the WT, a whole 

transcriptome RNA-Seq was performed. For this purpose, mRNA was isolated from 

whole PyMT tumors, subsequently sequenced using NextSeq 500 and data were 

analyzed using DESeq2 (differentially regulated genes: adjusted p-value < 0.1; log2 

fold change in expression > 1). 

 

Table 11 Differentially regulated genes upon chemotherapy. Genes that are down- or upregulated 

upon doxorubicin (DOX) chemotherapy relative to IgG1 treatment are shown. 

Downregulated genes upon DOX Upregulated genes upon DOX 

 log2 fold 
change 

adjusted p-value  log2 fold 
change 

adjusted p-value 

Saa1 -2,285 0,0000000001 Ddr2 1,006 0,0556865073 

Serpini1 -2,237 0,0000019148 Gbp6 1,029 0,0300455004 

Saa2 -1,804 0,0002453179 Tfcp2l1 1,039 0,0013964154 

Tmc5 -1,736 0,0002042710 Cdk19 1,070 0,0034043532 

Npnt -1,683 0,0001665128 Amd1 1,071 0,0194198619 

Col9a1 -1,617 0,0001665128 Sox6 1,112 0,0300016594 

Xbp1 -1,503 0,0000000001 Sned1 1,118 0,0512705037 

Col9a2 -1,456 0,0002424373 Hhatl 1,120 0,0852414774 

Gabra4 -1,452 0,0205284371 Adcy5 1,126 0,0814598244 

Nucb2 -1,430 0,0000009731 Gbp4 1,127 0,0791195124 

Nrk -1,405 0,0235574453 Vamp1 1,146 0,0581143258 

Csn3 -1,371 0,0038300199 Igsf9b 1,147 0,0590473484 

Dmbt1 -1,339 0,0330372189 Gbp9 1,154 0,0352211723 

Gm20390 -1,337 0,0357778288 Inf2 1,158 0,0473489412 

Areg -1,332 0,0388377698 Zfp651 1,159 0,0089491207 

Sema3b -1,305 0,0034043532 Trim12a 1,172 0,0257612600 

Fam20a -1,304 0,0001676760 St3gal4 1,174 0,0317873057 

Gjb2 -1,283 0,0247204861 1500015O10Rik 1,187 0,0995272614 

Galnt2 -1,237 0,0016129765 Chrm1 1,193 0,0212385348 

Lrrc15 -1,236 0,0237296710 Gpm6b 1,209 0,0473489412 

Sv2c -1,213 0,0939049871 Abcc4 1,218 0,0842077775 

Hist2h2aa2 -1,202 0,0219099360 Chst11 1,220 0,0316729816 

Col12a1 -1,193 0,0033723803 Sec14l5 1,228 0,0589936894 

Manf -1,187 0,0006692415 Zfp365 1,234 0,0808338764 

Kcnn4 -1,179 0,0001676760 Amy1 1,244 0,0461498355 

Sox4 -1,167 0,0005086248 Dnah7b 1,272 0,0300455004 
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Fdps -1,166 0,0772491944 Col27a1 1,289 0,0292691623 

F5 -1,158 0,0626249817 Zfp992 1,292 0,0446114099 

Plet1 -1,136 0,0002546267 Slc12a3 1,293 0,0520310254 

G0s2 -1,116 0,0376248506 Arhgap20 1,295 0,0533215965 

Col8a1 -1,102 0,0006180158 Ntrk2 1,346 0,0098904845 

Cldn2 -1,086 0,0466157789 Csmd1 1,353 0,0375040013 

Tmem132a -1,079 0,0341633186 Cdkn1a 1,354 0,0064941115 

Anpep -1,061 0,0001676760 Adamtsl1 1,357 0,0356937215 

Tmed9 -1,058 0,0038513063 Abca8b 1,381 0,0247204861 

Lox -1,040 0,0615278980 Fam212b 1,386 0,0081707486 

Muc15 -1,036 0,0992022395 Agt 1,402 0,0257612600 

Creld2 -1,035 0,0454941792 Tbx2 1,402 0,0286116251 

Pdia6 -1,018 0,0128524341 Fxyd2 1,415 0,0257036401 

Chn2 -1,015 0,0979125894 Ttyh1 1,441 0,0128524341 

Fam213a -1,011 0,0054076451 Cubn 1,529 0,0092136316 

Spcs2 -1,000 0,0089491207 Rasl12 1,542 0,0038300199 

   Snx22 1,545 0,0038300199 

   Dclk1 1,572 0,0038300199 

   Gabbr1 1,579 0,0002254333 

   Fam198b 1,581 0,0015424783 

   Dclk2 1,617 0,0015116006 

   Megf10 1,666 0,0013615371 

   Col23a1 1,754 0,0012780644 

   Nrxn1 1,759 0,0001623694 

   Bpifa2 1,789 0,0006692415 

 

While 93 genes were differentially regulated between the DOX/IgG1 and the IgG1 

group (Table 11), 43 genes were found to be differentially expressed, comparing 

anti-PD-1 treatment to the combination of DOX and anti-PD-1 (Figure 16). Out of 

these 43 genes, 21 were upregulated upon DOX/anti-PD-1 administration relative to 

anti-PD-1 monotherapy, whereas 22 were downregulated.  
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Figure 16. Differentially regulated genes between anti-PD-1 monotherapy and 

chemoimmunotherapy. Comparative transcriptome analysis of PyMT tumors upon anti-PD-1 

treatment and doxorubicin (DOX) chemotherapy plus anti-PD-1 therapy (n=3 each) is shown. 

Transcriptomes were generated by RNA-seq. The heat map shows differentially expressed genes 

between both groups. 

 

To test the validity of these gene signatures, we analyzed if they would hold 

predictive value in human mammary carcinoma. Therefore, mean expression values 

of genes either up- or downregulated in our model were obtained from the 

METABRIC data set (90). These mean expression values were then compared with 

clinical data in the same dataset (Figure 17A–G). Patients were grouped into 

quartiles based on the unranked mean expression of the different gene signatures 

and survival rates of patients with low expression (<25% percentile) were compared 

to those with high expression (>75% percentile). Strikingly, analyzing the 

METABRIC dataset revealed that patients expressing low levels of genes 

downregulated in PyMT tumors treated with chemoimmunotherapy showed 

improved survival (Figure 17A). This was even more pronounced for patients 

expressing high levels of genes that were upregulated in PyMT tumors treated with 

combinatorial therapy (Figure 17B). Hence, patient prognosis improved if they 

showed high expression of genes that were upregulated upon DOX/anti-PD-1 

treatment and inversely also improved if they showed low expression levels of genes 

that were downregulated upon DOX/anti-PD-1 treatment in the PyMT model. Since 

the difference in patient survival was more notable when using the upregulated gene 

signature, all upregulated genes were further analyzed on their individual impact on 

patient survival in the METABRIC dataset. Amongst all upregulated genes, four 

genes were found to be individually associated with improved patient survival, 
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namely type II iodothyronine deiodinase (DIO2), gelsolin (GSN), matrix 

metalloproteinase 3 (MMP3) and pyruvate dehydrogenase kinase 4 (PDK4) (Figure 

17C-F). Accordingly, a gene signature consisting of these four genes more 

accurately discriminated patients with improved or reduced survival prognosis when 

compared to the gene signature of all 21 upregulated genes (Figure 17G).  

 

 
Figure 17. Gene signatures of PyMT tumors treated with chemoimmunotherapy predict human 

mammary carcinoma patient survival. (A-G) The METABRIC dataset (90) was analyzed for a 

correlation with gene signatures derived from PyMT tumors treated with DOX/anti-PD-1 compared to 

anti-PD-1 monotherapy. Patients were grouped into quartiles based on unranked mean expression 

of up- or downregulated genes and survival was analyzed. Survival rates of patients expressing high 

(>75% percentile) or low (<25% percentile) levels of the signature genes were compared. Shown are 

survival rate of patients expressing the gene set that was (A) downregulated or (B) upregulated upon 

DOX/anti-PD-1 therapy. The survival rates of patients expressing (C-F) individual predictive 

upregulated genes, (G) or mean expression of these genes are displayed. p-values were calculated 

using log-rank test.  
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To validate the impact of these four selected target genes of chemoimmunotherapy 

at protein level, PyMT tumor sections of the anti-PD-1, DOX/anti-PD-1 and the 

corresponding IgG1 control were stained for the four prognostic markers, as well as 

for pan cytokeratin (Pan CK) as an epithelial marker and anti-smooth muscle actin 

(α-SMA) as a stromal marker and were counterstained with DAPI using 

Phenoptics™ multiplex IHC staining (Figure 18A-C). Tumor tissues were segmented 

into stromal and epithelial compartments and the four markers were quantified within 

the two tumor fractions, respectively, using the inForm® software with a 4-bin scoring 

algorithm (Figure 18D-K). Spectrally unmixed fluorescence signals in epithelial or 

stromal cells were grouped into four bins based on signal distribution, indicating 

differences in protein expression. The distribution within the four bins was calculated 

accordingly. These analyses revealed that DIO2 expression was significantly 

elevated in both the epithelial and the stromal compartment of DOX/anti-PD-1 

treated tumors compared to anti-PD-1 alone treated tumors, represented by 

decreased levels in the first bin (lowest expression) and enhanced levels in the fourth 

bin (highest expression) (Figure 18D, E). In contrast, GSN expression was 

unchanged throughout the different treatments and bins (Figure 18F, G). MMP3 

expression decreased in the chemoimmunotherapy group in the first bin and in both 

the stromal and epithelial compartment (Figure 18H, I), indicating that tumors 

administered with DOX/anti-PD- showed enhanced protein levels of MMP3 as 

compared to anti-PD-1 treated tumors. Finally, PDK4 signals were solely increased 

in the epithelial section of tumors treated with DOX/anti-PD-1 combinational therapy 

(Figure 18K). Overall, histology data mainly supported our findings at the 

transcriptome level, since three out of four markers that were transcriptionally 

upregulated upon chemoimmunotherapy, and were predictive in human mammary 

carcinoma patients, also were elevated at protein level.  
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Figure 18. Histological validation of predictive genes. PyMT tumor sections (n=6 each) were 

stained for DIO2, GSN, MMP3, PDK4, Pan-Cytokeratin (Pan CK; epithelial marker), α-SMA (stromal 

marker), DAPI (nuclei) and analyzed using Phenoptics™. Representative images show combined 

expression of all markers for (A) anti-PD-1 treated and (B) doxorubicin (DOX) plus anti-PD-1 treated 

tumors as well as (C) the expression of single markers for the DOX/anti-PD-1 section. Scale bars: 

100 µm. (D-K) Quantification of marker percentage positivity using the inForm® software and a 4-bin 

scoring algorithm (0, lowest expression; 3, highest expression). Data are means ± SEM, p-values 

were calculated using two-way ANOVA with uncorrected Fisher’s LSD test; *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001.  

 

In addition to the histological analysis, transcriptome data were also used for gene 

set enrichment analyses (GSEA) to identify functional categories of gene sets that 

are differentially regulated between anti-PD-1 monotherapy and combinatorial 

DOX/anti-PD-1 therapy. GSEA was performed using the human orthologs of genes 

that were upregulated in the DOX/anti-PD-1 compared to the anti-PD-1 group. We 

found that 13 gene sets within the Molecular Signatures Database were altered 

(normalized enrichment score ≥ 1.6, p-value ≤ 0.05, FDR q-value ≤ 0.25) between 

chemoimmunotherapy and anti-PD-1 single treatment (Figure 19A). Amongst the 

gene sets most significantly enriched in the DOX/anti-PD-1 group were IL-12 family 

signaling, as well as individual pathways within this cytokine family, namely IL-12 

and IL-27 signaling (Figure 19B, C). These GSEA results raised the question 

whether IL-12 or IL-27 protein levels were altered in PyMT tumors when comparing 

chemoimmunotherapy and anti-PD-1 monotherapy.  
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Figure 19 IL-12 family signaling enrichment upon chemoimmunotherapy. Gene set enrichment 

analysis (GSEA) was performed using transcriptome data of tumors from PyMT mice treated with 

doxorubicin (DOX) plus anti-PD-1 compared to anti-PD-1 monotherapy. (A) Significantly (p < 0.05; 

FDR < 0.25) enriched pathways upon DOX/anti-PD-1 therapy compared to anti-PD-1 monotherapy 

are shown. NES, normalize enrichment score. Selected enrichment plots for (B) interleukin 12 family 

signaling and (C) IL27 pathway are displayed. ES, enrichment score; FDR, false discovery rate; 

FWER, familywise error rate; NES, normalize enrichment score.  

 

To investigate this, tumor interstitial fluids of all initial four treatment groups were 

analyzed via LEGENDplex™ (Figure 20). While most cytokine levels were not 

significantly altered, chemotherapy reduced IL-17A levels as well as GM-CSF levels. 

However, most interestingly, whereas IL-12p70 amounts were unchanged, IL-27 

levels were indeed elevated upon chemotherapy plus anti-PD-1 treatment compared 

to anti-PD-1 monotherapy.  
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Figure 20. Increased IL-27 production upon chemoimmunotherapy. Quantification of cytokine 

levels in PyMT tumors upon DOX/anti-PD-1 or anti-PD-1 monotherapy and the corresponding IgG1 

controls using LEGENDplex™ is displayed. Data are means ± SEM, p-values were calculated using 

unpaired t-test or Mann-Whitney test according to D'Agostino & Pearson omnibus normality test; *p 

< 0.05, **p < 0.01 and ***p < 0.001. 

 

Since these data indicated an involvement of IL-27 signaling in the anti-tumor 

efficacy of chemoimmunotherapy and flow cytometry analysis revealed enhanced 

NK cells frequencies upon this combinatorial treatment, we wondered whether IL-27 

would directly affect NK cell activity. Therefore, we performed a NK cell cytotoxicity 

assay using NK cells from spleens of either wild type (WT) or IL-27 receptor α (IL-

27Rα) KO mice as effector cells that were co-incubated with PyMT target cells at 

different effector cell-target cell ratios. Both NK cells and PyMT cells were pre-

labeled with different fluorescent dyes and dead PyMT cells were identified using 7-

AAD staining. Living (7-AAD-negative) PyMT cells were subsequently determined 

via flow cytometry. Analyzing tumor cell viability in the cytotoxicity assay 

demonstrated a significantly decreased cytotoxicity of NK cells derived from IL-27Ra 

KO mice towards PyMT tumor cells at a target cell-effector cell ratio of 1:10 when 

compared to the WT NK cells (Figure 21A). At other ratios, no significant differences 

in cytotoxicity were observed. To explore the effect of IL-27 on NK cell cytotoxicity 

further, the assay was repeated at the 1:10 ratio, with or without the addition of 20 

ng/ml recombinant murine IL-27. The data again indicated a decreased cytotoxicity 

of IL-27Ra KO NK cells towards PyMT tumor cells and, more importantly, revealed 

an enhanced cytotoxicity of WT NK cells, but not IL-27Ra KO NK cells, when 

supplied with recombinant IL-27 (Figure 21B). These data suggest that IL-27 

produced upon chemotherapy plus anti-PD-1 administration has the capacity to 

increase NK cell cytotoxicity towards PyMT tumor cells.  
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Figure 21. IL-27 improves NK cell cytotoxicity towards PyMT cells. NK cells were isolated from 

spleens of wildtype (WT) or IL-27 receptor α KO (IL-27Rα KO) mice and co-cultured with PyMT tumor 

cells for 4 h at 37°C. Afterwards, living PyMT cells were determined by flow cytometry using 7-AAD 

staining. PyMT tumor cell viability (A) dependent on addition of WT or IL-27Rα KO NK cells at different 

target: effector ratios and (B) at a target: effector ratio of 1:10 with or without addition of 20 ng/ml 

recombinant murine IL-27 is shown. Data are means ± SEM, p-values were calculated using unpaired 

t-test or Mann-Whitney test according to D'Agostino & Pearson omnibus normality test; *p < 0.05, ns, 

not significant. 

 

5.2.3 Impact of IFNAR on chemotherapy efficacy in the S1PR4 KO setting 

Although a synergistic effect of chemotherapy and anti-PD-1 was not observed in 

the S1PR4 KO setting an enhanced efficacy of chemotherapy in the KO was indeed 

observed (Figure 9C, D). Since we observed an overproduction of IFN-1 in S1PR4 

KO tumors upon chemotherapy, the impact of IFN1 signaling on the efficacy of 

chemotherapy in the S1PR4 KO setting was further analyzed. Therefore, female 

PyMT mice deficient in IFNAR and/or S1PR4 as well as their WT counterparts were 

subjected to DOX injections i.p. (5 mg/kg) once a week for five weeks. While the 

majority of mice responded to chemotherapy, indicated by tumor reduction during 

the treatment, respectively one mouse in the WT and IFNAR WT/S1PR4 KO group 

was irresponsive to DOX (Figure 22A). The comparison between the cumulative 

tumor kinetics of all four genotypes upon chemotherapy revealed the strongest tumor 

progression in WT mice, while both S1PR4 KO groups (IFNAR WT, IFNAR KO) 

showed an almost identical modest tumor growth kinetic (Figure 22B). Surprisingly, 

the weakest tumor progression was observed in the IFNAR KO/S1PR4 WT group, 

hence these mice were most responsive to chemotherapy. Furthermore, pairwise 

comparison between WT and IFNAR KO/S1PR4 WT mice showed consistent and 

significant differences in tumor progression from the middle to the end of the 
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monitoring period (Figure 22C), whereas tumor growth between WT and IFNAR 

KO/S1PR4 KO mice was unaltered (Figure 22D). This substantiated that the addition 

of the S1PR4 deficiency to the IFNAR deficiency countermanded the impact of 

chemotherapy on the IFNAR KO. Interestingly, in the S1PR4 KO setting the 

additional IFNAR KO was ineffective, since tumor progression in both groups did not 

differ (Figure 22E). In contrast, the addition of the S1PR4 KO in the IFNAR KO 

setting again caused significant differences in tumor progression from the middle to 

the end of the experiment (Figure 22F). In conclusion, chemotherapy was most 

efficient, if solely IFNAR signaling was deficient. Notably, the addition of S1PR4 KO 

or the absence of the IFNAR KO reduced the impact of DOX chemotherapy on tumor 

regression.  

 

 

Figure 22. Synergistic delay of spontaneous PyMT tumor growth by chemotherapy and IFNAR 

depletion. Tumor growth kinetics of transgenic IFNAR WT/S1PR4 WT, IFNAR WT/S1PR4 KO, 

IFNAR KO/S1PR4 WT and IFNAR KO/S1PR4 KO PyMT mice treated with doxorubicin (DOX) 
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chemotherapy on day 0, 7, 14, 21 and 28 (↓) after initial treatment are shown. Treatment was initiated 

once the first tumor reached a size of 1 cm in diameter. Tumor volumes were determined three times 

a week (tumor volume = length x width2 x π/6). (A) Individual and (B) cumulative tumor volumes of 

all treated groups (IFNAR WT/S1PR4 WT: n=5, IFNAR WT/S1PR4 KO: n=5, IFNAR KO/S1PR4 WT: 

n=10, IFNAR KO/S1PR4 KO: n=10) over time are shown as well as the pairwise comparison between 

(C) IFNAR WT/S1PR4 WT and IFNAR KO/S1PR4 WT, (D) IFNAR WT/S1PR4 WT and IFNAR 

KO/S1PR4 KO, (E) IFNAR WT/S1PR4 KO and IFNAR KO/S1PR4 KO, (F) IFNAR KO/S1PR4 WT 

and IFNAR KO/S1PR4 KO. Data are means ± SEM, p-values were calculated using unpaired t-test 

or Mann-Whitney test according to D'Agostino & Pearson omnibus normality test; *p < 0.05 and **p 

< 0.01. 

 

To investigate cellular alterations potentially causing these differences between 

these genotypes upon chemotherapy, flow cytometry analysis was performed 

(Figure 23A, B). Whereas neutrophil frequencies were reduced in the IFNAR 

KO/S1PR4 WT tumors compared to the WT and double KO tumors, T cell levels 

including T regs were elevated in the IFNAR KO/S1PR4 WT tumors as opposed to 

the double KO. Moreover, CD4+ T cell frequencies also increased in the IFNAR 

KO/S1PR4 WT group as compared to the WT group. Although IFNAR KO/S1PR4 

WT tumors seemingly contained more CD8+ T cell levels as opposed to double KO 

tumors, the difference did not reach significance (p = 0.07). Taken together, the 

IFNAR KO data demonstrated an improved efficacy of DOX in the IFNAR KO only 

setting, which could have been mediated by the greater abundance of T cells and 

their subsets. Elucidating the specific underlying mechanisms is subject to further 

investigations. 

 

 

Figure 23. Altered immune cell composition of transgenic PyMT tumors upon IFNAR depletion 

and chemotherapy. IFNAR WT/S1PR4 WT, IFNAR WT/S1PR4 KO, IFNAR KO/S1PR4 WT and 
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IFNAR KO/S1PR4 KO PyMT mice were treated with doxorubicin (DOX) chemotherapy. Tumors were 

harvested and single cell suspensions were analyzed by flow cytometry. Relative amounts of (A) 

myeloid and (B) lymphoid immune cell lineages in tumors of IFNAR WT/S1PR4 WT (n=5), IFNAR 

WT/S1PR4 KO (n=3) as well as IFNAR KO/S1PR4 WT and IFNAR KO/S1PR4 KO (n=9 each) in the 

total CD45+ immune cell population are shown. Data are means ± SEM. p-values were calculated 

using unpaired t-test or Mann-Whitney test according to D'Agostino & Pearson omnibus normality 

test; *p < 0.05, **p < 0.01.  

  



 

71 
 

6 DISCUSSION  

 

6.1 S1PR4 KO sensitizes for anti-PD-1 treatment in the MC38 model 

A mild synergistic effect of PD-1 immune checkpoint blockade and S1PR4 ablation 

was found in the MC38 model when either WT or S1PR4 KO mice were 

subcutaneously inoculated with WT MC38 murine colon carcinoma cells. This 

combinatorial approach improved tumor progression and survival as compared to 

the WT control and furthermore produced an increased number of tumor-free mice 

as opposed to anti-PD-1 therapy in the WT. These results were unexpectedly 

mirrored by an enhanced NK cell infiltrate and an increased CXCL9 and -10 

production in S1PR4 KO/anti-PD-1 tumors. The MC38 model is considered the gold-

standard for testing efficacy of anti-PD-1 therapy. Therefore, a major impact of 

S1PR4 KO on PD-1 immune checkpoint blockade in other models is unlikely.  

 

6.1.1 NK cells mediate the anti-tumor effect upon S1PR4 KO and anti-PD-1 

treatment 

The findings in the MC38 model suggest a major role of NK cells in the successful 

treatment of S1PR4 KO mice with anti-PD-1 antibody, as this immune cell population 

was found to be more abundant in this particular group. Concerning immune 

checkpoint blockade, a predominant involvement of CTLs is expected, since this 

treatment regimen is mainly attributed to the restoration of CTL activity (93). 

However, several lines of evidence have previously demonstrated, that the impact 

of immune checkpoint blockade goes beyond the modulation of the CTL anti-tumor 

response. For instance, CTL cytotoxicity requires the recognition and engagement 

of the MHC-I complex on tumor cells but it has been shown that certain tumors with 

low MHC expression still are susceptible to immunotherapy (94). Indeed, classical 

hodgkin’s lymphoma show high incidents of MHC-I deficiency (95), but 

simultaneously demonstrated one of the highest ORR (87 %) to anti-PD-1 treatment 

ever documented in clinical trials (96). This suggests the involvement of immune cell 

subsets other than CTLs. As mentioned above, in contrast to CTLs, NK cells possess 

the ability to kill target cells without prior MHC-I recognition, and their activity is 
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triggered by MHC-I loss (97). Thus, NK cells can eradicate tumors that potentially 

have evaded CTL-mediated killing. Furthermore, it has been shown that in several 

cancer types, including hodgkin’s lymphoma, NK cells indeed express PD-1 (98). 

Consequently, NK cell activity and cytotoxicity can be improved by PD-1 checkpoint 

blockade (99). Additionally, it has been shown that impairment in NK cytotoxic 

activity is associated with higher cancer risk (100). Taken together, suggesting the 

anti-tumor effect of anti-PD-1 treatment and S1PR4 ablation in the MC38 model was 

mediated by NK cells appears rational, even if the abundance of NK cells in tumors 

in general falls below CTL frequency. Unfortunately, this present study could not 

provide a causative link between S1PR4 deficiency/PD-1 checkpoint blockade and 

the elevated NK cell number. Blocking these cells with neutralizing antibodies might 

be a way to test this in the future. Nevertheless, this study revealed enhanced 

CXCL9 and -10 levels in S1PR4 KO/anti-PD-1 tumors, which can be adduced to 

elucidate the overall mechanism on which the superiority of S1PR4 KO/anti-PD-1 

combination is based. 

 

6.1.2 Enhanced CXCL9 and CXCL10 levels are crucial for S1PR4 KO/anti-PD-1 

efficacy  

Belonging to the protein family of chemokines, CXCL9 (also known as monokine 

induced by gamma interferon, MIG) and CXCL10 (also known as interferon gamma-

induced protein 10, IP-10) play a key role in modulating the chemotaxis of leukocytes 

(101). CXCL9, -10, and also -11 signal through the same G-protein-coupled 

receptor, CXCR3 (102). This signaling axis has been shown to be crucial for the 

migration, differentiation, and activation of macrophages, NKT cells, CTLs and also 

NK cells (103, 101). Indeed, a recent study revealed an involvement of CXCR3 

signaling in the efficacy of anti-PD-1 treatment (104). Supporting our data, Chow et 

al. noted an increase in CXCL9 and CXCL10 expression upon PD-1 checkpoint 

blockade by also utilizing the MC38 model. Furthermore, it was demonstrated, that 

blocking of CXCL9 and -10 significantly reduced the efficacy of anti-PD-1 therapy. 

In addition, it was stated that baseline levels of CXCL9 and -10 within murine tumors 

and human melanoma could predict responsiveness to PD-1 checkpoint blockade.  
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Figure 24. S1PR4 KO/anti-PD-1 efficacy in the MC38 model is based on CXCL9/10-dependent 

NK cell activity. The reduction in tumor growth observed in the MC38 colon carcinoma model is 

mainly attributed to enhanced NK cell frequencies and elevated levels of the chemokines CXCL9 and 

-10 in S1PR4 KO tumors treated with anti-PD-1 therapy. It remains unclear whether the S1PR4 KO 

and anti-PD-1 immune checkpoint blockade solely affect NK cells or additionally modulate the activity 

of other immune cell subsets. 

 

However, Chow et al. mainly focused on the functional relevance of CXCR3 

signaling for the CTL response upon PD-1 blockade. Even though the involvement 

of NK cells was not investigated in this study, it has been shown elsewhere that 

CXCL9 and CXCL10 signaling is of importance for NK cell accumulation in tumors 

and that NK cells activated by CXCL10 are able to eliminate tumor cells that resist 

CTL-mediated killing (105, 106). Moreover, exploring the PRECOG database 

(Gentles et al. Nat Med 2015) revealed that expression of CXCL9 correlate with a 

favorable prognosis among a large variety of cancer types and that CXCL10 and 

CXCL11 were correlate with a favorable prognosis of colon cancer patients. 

Therefore, the data obtained in the MC38 model may be of relevance to identify new 

strategies to improve immune checkpoint blockade, which is considered a promising 

avenue in cancer therapy (107).  

 

6.1.3 Limitations to the MC38 study 

The first noteworthy limitation to the M38 study is the omission of re-challenging 

tumor-free mice with MC38 tumor cells to confirm anti-PD-1 efficacy and to rule out 

potential inadequacies in the engraftment process. Another deficiency is the tissue 
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sampling strategy that was mainly restricted to tumor material. Since the planned 

downstream ex vivo readouts consisted mostly of determining the tumor immune cell 

composition and examining markers involved in immune cell crosstalk and 

activation, this approach seemed reasonable. Unfortunately, having solely tumor 

tissue as source material to clarify the mechanisms of a successful anti-tumor 

treatment has proven to be a major limitation regarding the provision of treatment 

responder profiles, since tumor material from this cohort was, of course, not available 

due to treatment success. On this subject, additional tissue samples such as blood 

or spleen would have been beneficial yet might not have reflected the situation in 

the tumor setting properly. For these reasons, the provided results in the MC38 study 

should be regarded as preliminary hints, to which mechanism are responsible for the 

successful anti-PD-1 treatment in WT or S1PR4 KO mice, and require further 

clarification. Another important aspect that should be noted with regard to NK cells 

is although S1PR4 signaling is deficient in the KO strain, S1P signaling per se is not. 

Especially S1PR5 is known to be an important receptor on NK cells that regulates 

NK cell distribution and trafficking (108), and a shunting from S1PR4 to S1PR5 might 

therefore be of relevance.  

 

6.2 Sensitizing the PyMT mammary carcinoma model for immune checkpoint 

blockade 

The transgenic PyMT breast cancer model is largely resistant to PD-1 immune 

checkpoint blockade as monotherapy as we observed before (109), and again in this 

study. Therefore, it appeared as a suitable model to investigate if therapy 

approaches that sensitize to immune checkpoint blockade in such a challenging 

setting can be found. Two approaches were tested, a chemoimmunotherapy 

approach with the combination of PD-1 checkpoint blockade with doxorubicin (DOX) 

chemotherapy, and S1PR4 ablation similar to the MC38 model. Concerning the 

latter, additional combination with chemotherapy and an involvement of IFN-1 

signaling upon S1PR4 ablation was tested.  
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6.2.1 Chemoimmunotherapy efficiently reduces tumor growth in WT mice 

In the anti-PD-1 monotherapy setting this study found a beneficial impact of S1PR4 

ablation on tumor progression, although it must be noted, that the monotherapy 

regimens failed to induce tumor regression in either WT or S1PR4 KO mice, rather 

mildly slowed tumor progression. In this setting, S1PR4 ablation alone appeared to 

be the strongest denominator of slowing tumor progression. We were recently able 

to attribute this to the increased number of CD8+ T cells upon S1PR4 ablation, 

delaying tumor development and improved therapy success in murine models of 

mammary and colitis-associated colorectal cancer (110) Along the same line, 

chemoimmunotherapy caused a notable tumor remission only in WT mice, since the 

impact of S1PR4 alone was sufficient to prevent tumor relapse following DOX 

chemotherapy. Thus, S1PR4 deficiency was superior to PD-1 blockade when used 

as monotherapy and similar in efficacy when used together with chemotherapy. 

Identifying pharmacological S1PR4 inhibitors may therefore be of interest for cancer 

immunotherapy in the future. Nevertheless, observing an impact of 

chemoimmunotherapy on tumor control in WT mice was interesting.  

Immune checkpoint blockade has proven to be impressively effective across a wide 

range of cancer types, e.g., melanoma, non-small-cell lung cancer and hodgkin’s 

lymphoma (111–113), but only a small fraction of breast cancer patients benefits 

from anti-PD-1 monotherapy (114, 115). Consequently, an obvious approach to 

improve response rates is the combination of immune checkpoint blockade and 

standard regimens such as chemotherapy. Indeed, this study showed an enhanced 

efficacy of anti-PD-1 administration plus doxorubicin (DOX) chemotherapy in 

reducing the growth in PyMT tumors compared to monotherapy. In line with our 

findings, previous preclinical studies also demonstrated the efficacy of anti-PD-L1 

plus different chemotherapy agents in several tumor models such as colon and lung 

adenocarcinoma models (116, 117). Interestingly, a recent clinical phase 3 study 

(IMpassion130) assessing the efficacy and safety of atezolizumab (anti-PD-L1 

antibody) plus nab-paclitaxel (chemotherapy) in patients with unresectable, locally 

advanced or metastatic triple-negative breast cancer (TNBC) reported a clinically 

meaningful overall survival benefit with chemoimmunotherapy in patients with PD-
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L1 immune cell-positive disease (118). These findings are supported by another 

recent phase 2 clinical trial (TONIC trial) (119). Patients suffering from metastatic 

TNBC were treated with nivolumab (anti-PD-1 antibody) without or with additional 

irradiation, cyclophosphamide, cisplatin, or DOX treatment. In this cohort, the ORR 

was highest in patients treated with nivolumab in combination with chemotherapy, 

particularly with DOX (119). This was attributed to the induction of T cell cytotoxicity 

pathways and an inflammatory gene signature including JAK-STAT and TNF-α 

signaling after DOX in responders. Our data confirm the potential advantage of DOX 

in combination with anti-PD-1 treatment. This may extend beyond TNBC since the 

PyMT model is considered closely resembling the situation in human HER2-positive 

mammary tumors. Moreover, our RNA-Seq approach identified genes related to IL-

12/IL-27 signaling, which also includes JAK-STAT pathway genes and molecules 

involved in triggering cytotoxic lymphocytes, which is another similarity to the TONIC 

trial. However, we did not discriminate responders from non-responders in our 

approach, which is probably why we also observed compensatory upregulation of 

pathways such as oncogenesis by MET and induction of genes reflecting ageing 

lymphocytes.  

In an attempt to identify the immune cell subsets that could have mediated the anti-

tumor effect upon DOX/anti-PD-1 treatment, we detected elevated levels of NK cells 

when comparing PyMT mice receiving DOX/anti-PD-1 treatment to mice receiving 

either treatment alone. CD8+ T cells and γδ T cells were elevated in the DOX/anti-

PD-1 group compared to the group receiving anti-PD-1 as single agent, again 

indicating a sensitizing effect of chemotherapy. We focused on NK cells given their 

very specific induction in the combination therapy group. It has been shown that the 

cytolytic functions of NK cells can be markedly improved by immune checkpoint 

blockade or chemotherapy (120, 121). 
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Figure 25. Anti-tumor efficacy of chemoimmunotherapy in PyMT model is based on IL-27-

dependent NK cell cytotoxicity. Elevated levels of NK cells were observed in PyMT tumors treated 

with DOX/anti-PD-1 chemoimmunotherapy. Furthermore, an involvement of IL-27 signaling in the 

more efficient chemoimmunotherapy was indicated by GSEA and protein quantification. In addition, 

a higher cytotoxicity of NK cells towards PyMT tumor cells was demonstrated, that was IL-27-

dependent. 

 

We observed an involvement of IL-27 signaling in the more efficient 

chemoimmunotherapy compared to monotherapy. Importantly, we were able to 

demonstrate an IL-27-dependent higher cytotoxicity of NK cells towards PyMT tumor 

cells. Supporting our results, previous studies have identified IL-27 as an NK cell 

activator, positively regulating the viability and the cytolytic activity of NK cells in 

several cancer types (122). Moreover, IL-27 has been shown to increase the 

activation and proliferation of CD8+ T cells (123) and to trigger anti-tumor functions 

in γδ T cells (124), thus also affecting T cell subsets that were elevated upon 

DOX/anti-PD-1 treatment in our study. Taken together, our data suggest an 

involvement of IL-27 and cytotoxic lymphocytes such as NK cells in the efficacy of 

chemoimmunotherapy in the PyMT model. An individual contribution of these 

immune cell subsets may be tested in future depletion approaches.  

While combinatorial chemoimmunotherapy has shown promising results, the 

individual clinical outcome for breast cancer patients remains difficult to predict. Our 

data reveal a gene signature with potential prognostic value. This gene signature 

consists of four genes that were upregulated in the DOX/anti-PD-1 group relative to 

the anti-PD-1 monotherapy group DIO2, PDK4, MMP3, and GSN  
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DIO2 activates the pro-hormone thyroxine (T4) to triiodothyronine (T3). By activating 

thyroid hormones, DIO2 enhances growth, development, and metabolism (125). It 

has been reported that its expression and activity is altered in some cancer types, 

e.g., it is overexpressed in certain brain tumor types (oligoastrocytoma, glioblastoma, 

oligodendroglioma, pituitary tumors) and in thyroid adenoma (Casula & Bianco, 

2012). However, in endometrial and colorectal cancer its high expression is 

associated with a favorable prognosis (126), which is in accordance with our findings 

in breast cancer. PDK4 regulates glucose metabolism and mitochondrial respiration. 

PDK4 can have oncogenic or tumor suppressive effects depending on cancer type. 

For instance, in hepatocellular carcinoma downregulation of PDK4 is associated with 

poor prognosis (127), whereas in lung cancer PDK4 downregulation promotes cell 

proliferation and tumor growth (128). However, in contrast to our finding, a recent 

study reported a correlation of high PDK4 expression with poor patient outcome in 

breast cancer  (129). This study utilized TCGA data as opposed to METABRIC data 

used in our study and, based on the number of cases designated as PDK4-positive, 

used a different cut-off strategy. By simply dividing patients in upper and lower 

quartiles and using a database with more cases, we observed a positive correlation 

of PDK4 expression with survival in breast cancer patients.  

GSN and MMP3 are both involved in extracellular matrix (ECM) remodeling. 

Generally, GSN is a ubiquitous actin filament-severing protein (130). It was 

previously demonstrated that GSN predominantly has tumor suppressive functions 

on various cancer types when highly expressed (131, 132). In colon cancer, for 

instance, overexpression of GSN reduces the proliferation and invasion of colon 

carcinoma cells (133) and in breast cancer downregulation of GSN correlates with 

malignant progression from normal epithelium to invasive breast cancer (134). 

Overall, these findings agree with our study, which has indicated a positive 

prognostic value for GSN in breast cancer. MMP3 degrades several components of 

the ECM. Interestingly, previous studies have attributed predominantly oncogenic 

effects to MMP3 (135, 136). Furthermore, it was stated that high expression of 

MMP3 is considered as unfavorable in pancreatic, pulmonary, and mammary 

carcinoma (137). Notably, these discrepancies to our study are not necessarily 
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contradictory, since this study did not observe any differences in patient outcome 

regarding overall survival, but in distant metastasis-free survival (DMFS). Here, the 

prognostic value was also strongly dependent on tumor subtype and grade. It was 

stated that in HER2-positive tumors, such as PyMT tumors (138), an association of 

MMP3 expression with DMFS was not significant.  

Clearly, future studies investigating protein expression, activity, and cellular 

localization of these four factors in the tumor microenvironment are required to 

determine their precise impact on tumor development. It is important to note that the 

predictive value of our four gene signatures was independent of treatment (hormone, 

radio- or chemotherapy) in the METABRIC cohort. There was also no difference in 

the expression of the four genes dependent on whether patients did or did not 

receive chemotherapy, while patients receiving hormone or radiotherapy indeed 

expressed lower levels of these genes. Thus, the four gene signature predicts 

survival independent of prior standard of care treatment. It will be interesting to see 

how its expression is affected in patients receiving immune checkpoint blockade in 

the future. Importantly, the genes in both our up- and downregulated gene signatures 

are not classically associated with cytotoxic lymphocyte function, indicating that the 

success of sensitizing for immune checkpoint blockade may be determined, at least 

partially, independently of a direct impact on cytotoxic lymphocytes.  

 

6.2.2 IFNAR KO exhibits anti-tumor efficacy in the PyMT model upon 

chemotherapy 

Besides cell-intrinsic effects that we observed in S1PR4 KO T cells (110), we 

assessed whether IFN-1 over-production in S1PR4 KO PyMT tumors is causatively 

linked to reduced tumor development and the enhanced response to chemotherapy. 

The rationale was our previous observation of induced IFN1 production by human 

plasmacytoid DCs, which stimulated T cell activation (80), and the observation that 

IFN-1 were overproduced in S1PR4 KO tumors. IFNAR1 KO mice were used to test 

the impact of IFN-1 signaling in S1PR4 KO mice, which lack expression of the IFN-

1 receptor (IFNAR) and are thus deficient in IFN-1 signaling. Surprisingly, this study 

found that DOX chemotherapy was most efficient in mice with IFNAR ablation only 
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as compared to WT, S1PR4 KO or double KO mice. These results were unexpected, 

since deficiency in IFNAR signaling is predominantly regarded as tumor promoting 

(139, 140). In this context, previous studies have shown that mice lacking IFNAR1 

exhibited accelerated tumor development in melanoma and sarcoma models (141, 

75). Furthermore in line with these data, a study conducted with murine 

transplantable mammary carcinoma (AT3 cells) and fibrosarcoma even revealed a 

contribution of functional IFN-1 signaling to the efficacy of chemotherapy (142). 

Particularly these latter findings are contradictory to our results, which suggests an 

improved chemotherapy efficacy in the PyMT breast cancer model if IFNAR was 

globally non-functional. Nevertheless, supporting our data suggesting a tumor 

suppressive impact of IFNAR1 ablation is a study on mice undergoing radiation 

therapy after being challenged with several cancer cell lines (MC38, KPC, B16F10 

and LLC) harboring an inducible IFNAR1 KO (143). This study found an enhances 

tumor response to radiotherapy upon IFNAR1 KO and concluded that IFN-1 can 

indeed protect cancer cells from CTL–mediated cytotoxicity. The modalities that 

decide if IFNAR1 inhibition may be beneficial or detrimental during cancer therapy 

await identification, but an impact of the present microenvironment and/or different 

magnitudes of IFN-1 levels that may alter engagement of intracellular signaling 

modules might be relevant (78). 

Taken together, it should be noted that type I IFN signaling most likely exhibits 

opposing effects on cancer. Whether IFNAR signaling exerts its pro-tumor or anti-

tumor effects seems to be strongly dependent on cancer type, distribution of IFNAR 

expression or even absence in a certain compartment.  
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