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Introduction

Cytokines are a large group of bioactive small molecule proteins synthesized and secreted by immune and non-immune cells. There are various types of cytokines, which belong to different families and have distinct roles in maintaining the proper function of the immune system. Cytokines can regulate the growth, proliferation and differentiation of immune cells and other cells, and regulate intrinsic and adaptive immune responses. When released, cytokines signal the immune system and regulate the body’s response to infection and disease, including cancer. These characteristics mean that cytokines and their receptors can be used in immunotherapy, acting as messengers to promote or inhibit immune responses. However, challenges such as their short half-life in vivo, severe toxicity and poor efficacy limit the widespread clinical application of cytokines.

In this eBook, we explore the use of cytokines in immunotherapy and how their modulation and implementation can be used to optimize new and existing therapeutic approaches.
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In Focus: Cytokines in immunotherapy
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Video: The use of cytokines in immunotherapy

Leading our In Focus on cytokines in immunotherapy, this video gives an introduction to cytokines, including how they regulate the immune system, their use as immunotherapies and the challenges associated with their clinical application.

Animation by James Harvie.
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Talking Techniques | Cytokines: from therapeutics to diagnostics

In this episode of Talking Techniques, Ritwika Biswas, Field Application Scientist at Sino Biological US Inc. (PA, USA), discusses the use of cytokines in immunotherapy. Ritwika details the role of cytokines in the body, before going on to discuss how they can be used as therapeutics and to guide treatment decisions. Ritwika also shares how she thinks these proteins will be used in the future.
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SB SinoBiological Advancing Immunotherapy Development with High-Quality Cytokines

Superior quality cytokines are crucial for reliable research results and the safe production of cancer cell therapies.

Cytokines are small, secreted proteins that transmit messages between cells and members of this superfamily include chemokines, growth factors, interleukins, interferons, colony stimulating factors, and tumor necrosis factors (TNF).1 Produced by many cell types including immune cells, these molecules can act on the cells that generate them or nearby cells. Upon binding to their surface receptors, cytokines trigger downstream signaling cascades associated with many cellular processes, such as differentiation, tissue repair, proliferation, migration, and immune responses.1 Because these proteins affect diverse pathways, researchers have investigated their involvement in many diseases including cancer, inflammatory disorders, and autoimmune diseases and established that cytokine dysregulation contributes to their pathogenesis.


Cancer Drug Targets or Potential Therapies?

Scientists determined that overexpression of some cytokines or their receptors, such as TNF, interleukin-6 (IL-6), IL-6 receptor, interleukin-1β (IL-1β), and interleukin-1 receptor, in cancer cells promotes their excessive proliferation, expansion, and resistance to therapies.1 Additionally, the malignant cells’ increased cytokine secretion recruits stromal and immunosuppressive cells to the tumor site, resulting in elevated extracellular matrix production, new blood vessel generation, and immune evasion. This allows the cancer cells to generate their ideal tumor microenvironment (TME) that supports their growth while limiting antitumor immune activity.

To overcome cytokine dysregulation in cancer, researchers devised several strategies to neutralize protumor cytokine activities and induce protective antitumor immune responses. Scientists have designed antagonists, such as monoclonal antibodies, small molecule inhibitors, and cytokine traps, to impede cancer progression by binding directly to cytokines or their receptors and blocking the activation of specific signaling pathways.2 For instance, mogamulizumab, the monoclonal antibody against CC chemokine receptor 4, is showing promising results in patients with a variety of cancers including adult T-cell leukemia-lymphoma, lung cancer, and cutaneous T-cell lymphoma.3
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Because abnormal cytokine levels in the tumor microenvironment drive cancer pathogenesis, scientists are currently generating therapies targeting these proteins.

Alternatively, they have employed cytokines directly as therapies including interferon-α (IFN-α) and interleukin-2 (IL-2). By administering recombinant cytokines intravenously, clinicians increase their levels in the TME to promote cancer cell apoptosis or immune stimulation. However, cytokines have short circulatory half-lives and can affect both malignant and normal cells leading to off-target effects and toxicity.4 Researchers are now investigating new methods to improve their delivery to the tumor, such as fusing cytokines to antibodies or other proteins, designing nanoparticles to carry the molecules, or employing tumor-homing mesenchymal stem cells expressing the therapeutic cytokines. Moreover, clinicians have started using cytokine or cytokine antagonists alongside existing cancer therapies to improve their efficacy and diminish their adverse effects.1

Besides cytokine-based and -directed treatments, scientists also employ these proteins to produce cellular therapies. Researchers use cytokines, such as IL-2, interleukin-7 (IL-7), interleukin-15 (IL-15), and interleukin-21 (IL-21) for culturing immune cells for cancer immunotherapies including chimeric antigen receptor (CAR) T cell or tumor infiltrating lymphocyte (TIL) therapies.1
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Researchers rely on recombinant cytokines for immune cell culture and immunotherapy generation.



Choosing High-Quality Cytokines for Research and Clinical Applications

Safe and high-quality cytokines are critical for both scientists investigating the importance of particular cytokines to cancer pathogenesis and antitumor immune activity and those developing immunotherapies or anticytokine therapies for cancer treatment. With over 800 cytokine products, Sino Biological offers a comprehensive range of recombinant cytokines, such as IFN-α, IL-1β, IL-2, IL-6, IL-7, IL-15, IL-21, and TNF, from a variety of species including human, mouse, rat, and more. The rigorous quality control process the company uses to assess purity, endotoxin levels, sterility, and mycoplasma presence ensures their research-grade products display high purity, bioactivity, stability, and consistency between batches. This allows researchers to obtain trustworthy research results. Additionally, Sino Biological offers even higher quality and stable recombinant cytokines, which they produce following good manufacturing practice (GMP) standards. Because of this strict manufacturing process, these GMP-grade cytokines have excellent safety profiles which makes them ideal for cell therapy development, such as TIL and CAR T therapies.
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1. Introduction

Cytokines [1,2,3] are potent immunoregulatory proteins that have proven to be of relevance as therapeutic modalities. In this regard, cytokines have been approved for the treatment of a wide range of diseases such as anemia, multiple sclerosis, sarcoma, melanoma, or chemotherapy-induced disorders [4]. However, since decades, no regulatory approvals were made for new cytokine therapeutics. This can be at least partially explained by the complex biology involving cellular and functional pleiotropy, as elegantly reviewed by Garcia and colleagues [5]. Moreover, dose-limiting toxicities when administered systemically due, in large part, to downstream cytokine expression and release (i.e. cytokine cascades) clearly restrict the general applicability of cytokines for disease treatment [6]. In addition, the short half-life and unfavorable biodistribution [7] combined with an often poor manufacturability of wild-type cytokines contributes to their ‘non-drug-like’ properties.

To address the main limitations of cytokines, most importantly the narrow therapeutic window, different strategies were developed to spatiotemporally regulate cytokine functions [8]. In this respect, Philogen S.p.A. recently reported that their investigational drug Nidlegy™ (Daromun) met the study`s primary objective in a Phase III trial (PIVOTAL, NCT02938299) in improving the Recurrence-Free Survival in patients with locally advanced fully resectable melanoma as neoadjuvant treatment. Daromun is a combination of two intralesionally administered immunocytokines (IL-2 and TNF-α each fused to an antibody-derived targeting moiety addressing the alternatively spliced extra-domain B of fibronectin) [9,10]. Besides intralesional administration, systemic administration of antibody-cytokine fusions is also feasible [11,12]. Other interesting examples of next-generation-cytokines exploit mutant versions of a particular cytokine in order to tailor a specific function [5,7,13,14,15,16].

An alternative to engineering the cytokine itself toward an intended biology relies on harnessing multifunctional antibody derivatives (or scaffold proteins) that mimic the function of a given cytokine by agonizing the cognate cytokine receptor. Those (typically) bispecific or multispecific antibodies, referred to as cytokine mimetics or surrogate agonists emerged as very promising tools to tailor cytokine functionalities in manifold ways. In 2015, the group of Garcia exploited erythropoietin receptor (EpoR) targeting diabodies to re-orient the receptor dimer geometry and consequently to tune cytokine receptor signaling (Table 1). Diabodies are bivalent antibody fragments composed of VH and VL domains of the same or different antibodies that assemble in a head-to-tail orientation [22,23]. Intriguingly, different EpoR-specific paratopes elicited differential receptor agonism profiles [17]. In 2019, the same group generated a high affinity designed ankyrin repeat protein (DARP in [24]) targeting the EpoR (Table 1) [18]. By further applying protein design and engineering involving a homodimeric DARPin structure, as well as ankyrin repeat spacers, the group was able to really fine-tune EpoR downstream signaling ranging from full over biased to partial agonism, both, in terms of maximal signaling as well as potencies. Importantly, different design architectures for instance with respect to paratope distance provoked unique ramifications regarding differentiation and proliferation of hematopoietic stem and progenitor cells.



Table 1. Selected examples of cytokines that were mimicked by exploiting multifunctional antibodies or scaffold proteins.


	Cytokine
	Class of mimetic





	EPO
	diabody [17] DARPin [18]



	IL-2
	sdAb [19]



	 
	VHH [20]



	IL-18
	VHH [21]



	IL-2/IL-10 chimera
	VHH [20]



	Type I IFN
	VHH [20]






Due to their high flexibility concerning reformatting options for the construction of bispecific and multispecific antibody designs [25], ease of generation [26,27,28] and humanization [29,30,31,32], single domain antibodies (sdAbs) such as camelid-derived variable domains of the heavy chain of heavy chain-only antibodies (VHHs) are extraordinary building blocks for the engineering of cytokine mimetics. Harris et al. engineered a biased bispecific sdAb-based surrogate agonist for the IL-2 receptor (IL-2 R) [19]. IL-2 is an immunomodulatory protein with pleiotropic functions, driving proliferation and survival of NK cells, B cells and T cells as well as differentiation of T cell subsets either in a positive or negative manner [33,34]. The functional form of the IL-2 R comes in two different flavors, either as intermediate affinity receptor for IL-2 composed of the IL-2 Rβ (CD122) and IL-2 Rγ (CD132) that is primarily expressed on resting NK and CD8+ T cells or as trimeric high affinity variant containing IL-2 Rβ, IL-2 Rγ as well as IL-2 Rα (CD25). The high affinity trimeric receptor is constitutively expressed on regulatory T cells (Tregs) but also on other lymphocytes following activation. Harris et al. engineered IL-2 mimetics by generating sdAbs targeting the IL-2 Rβ and IL-2 Rγ subunits but sparing IL-2 Rα. Hence, despite robust T cell and NK cell activation, this Fc comprising bispecific antibody (bsAb) circumvented the natural IL-2 bias for preferential Treg activation (Table 1) [19].
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This strategy was recently further refined by Garcia and coworkers [20]. The group generated sdAbs against IL-2 Rβ and IL-2 Rγ and combinatorically assembled multiple different VHH-based paratopes in a beads-on-string manner (Table 1). Thereby, surrogate agonists with different degrees of IL-2 R agonism were identified, ranging from minimal agonism over partial and full agonism to super agonism, as measured by STAT5 phosphorylation as proximal activation marker. Even more importantly, distinct surrogate agonists were biased in their ability to elicit receptor downstream signaling. In this matter, the authors identified bsAbs triggering differential phosphorylation of STAT5 and AKT in direct comparison to the wild-type cytokine resulting in significant functional differences in a CD8+ T cell differentiation assay i.e. an effector memory bias, an effector/central memory bias or a central memory bias.

In the same work, the group broadened the applicability of the cytokine mimetic approach by generating surrogate agonists for type I interferons (IFN) by engineering bsAbs targeting the type I IFN receptor composed of the IFNAR1 and IFNAR2 subunits (Table 1) [20]. Identified bsAbs were partial agonists displaying a signaling bias in terms of pSTAT activation compared with IFN-ω. Fascinatingly, those partial agonists were similarly potent as natural IFN-ω in inhibiting Sendai virus replication and also potently inhibited SARS-CoV-2 replication. Decisively, constructed cytokine mimetics functionally decoupled antiviral functions from inflammation showing a reduced ability to trigger a proinflammatory gene expression. Essentially, this can be envisioned to translate into an improved safety profile in terms of inflammation when administered into patients [35,36].

Intriguingly, Garcia and colleagues also engineered novel cytokine specificities, i.e. bispecific cytokine mimetics that trigger a functional response by targeting a heterodimeric receptor which does not exist in nature [20]. This was achieved by means of combining IL-2 Rβ-specific VHHs with sdAbs targeting IL-10 Rβ (CDw210b). These artificial surrogate agonists were able to activate STAT5 but not STAT3 and elicited CD8+ T cell proliferation as well as NK cell cytotoxicity in functional assays (Table 1).

Finally, our group was able to generate sdAb-based cytokine mimetics for IL-18, another proinflammatory cytokine with therapeutic relevance (Table 1) [21]. Initially, surrogate agonists were constructed in a monovalent fashion for IL-18 Rα (CD218a) as well as for IL-18 Rβ (CD218b) by employing a Fc heterodimerization technique and fusing the respective sdAb to the hinge region of each chain. Generated bsAbs triggered a dose-dependent activation of IL-18 R signaling, as well as IFN-γ release (in combination with low-dose IL-12), but were moderate agonists in direct comparison to wild-type IL-18. By modifying para-tope valencies as well as the spatial orientation of individual paratopes within the overall design architecture we showed that potencies as well as the magnitude of receptor activation, and hence, IFN-γ release could be significantly augmented, resulting in different flavors of IL-18 mimetics. Most importantly, those surrogate agonists were resistant to IL-18 binding protein (IL-18BP) inhibition, which is a natural decoy receptor for IL-18 and is overexpressed in certain types of tumors [37].



2. Expert opinion

Cytokine mimetics have emerged as versatile entities for immunomodulation. The modularity of such building blocks i.e. the fact that surrogate agonists are highly engineerable in terms of both, antibody architecture, as well as paratope valency enables a tailor-made exploitation of the cognate cytokine receptor biology. Although it is known since several decades that antibodies can agonize receptors [38,39], most of what we know today about antibody-based (or scaffold-based) surrogate agonists has been unveiled by the group of Christopher Garcia within recent years. Garcia and coworkers elegantly revealed by harnessing diabodies as well as DARPins that different receptor geometries can be induced having substantial ramifications with regards to receptor agonism (in terms of magnitude of agonism and potency) and equally important also with respect to receptor downstream signaling bias [17,18,20]. Essentially, this highly tunable receptor biology can be achieved in different ways such as employing epitopic diversity of incorporated paratopes, paratope valencies as well as the overall design architecture involving paratope orientation and linker length.

It is obvious that this might open up new avenues regarding biomedical applications. For instance, biased cytokine mimetics have been described for type I IFNs [20]. These agonists elicited very potent virus neutralization but triggered significantly less proinflammatory effects compared with wild-type IFN-ω. As such, those biased surrogate agonists might be promising antiviral agents for therapy harboring a beneficial safety profile [35,36,40].

In another example, our group generated cytokine mimetics for IL-18 [21]. Since from a sequence as well as structural perspective, those surrogate agonists share very little to no sequence similarity with wild-type IL-18, engineered mimetics were resistant against the natural inhibitor, IL-18BP. While decoy receptor resistant mutant versions of IL-18 have also been engineered (and in fact are actually scrutinized in clinical trials), the feature of being completely different from the wild-type cytokine might pose a substantial benefit for diseases that are associated with autoantibodies against cytokines [41,42]. Here, the anti-cytokine autoantibody response is most likely poly-clonal and the epitopic diversity might be patient-individual (at least to a certain extent). Hence, for selected cytokines, if possible at all, huge engineering efforts would be needed in order to generate a mutant version of the natural cytokine which is resistant to this antibody response. On the other hand, although it was shown that it is possible to humanize camelid-derived sdAbs in a sufficient manner leading to marketing approval [43,44,45], the risk of immunogenicity or preexisting anti-drug antibodies binding to neoepitopes [46] cannot be fully excluded for surrogate agonists.

Apart from this, the high modularity by utilizing bispecific or multispecific antibody derivatives allows for the engineering of cytokine-like functions with novel specificities. This was again shown by the group of Garcia [20]. They generated an IL-2-like mimetic by targeting IL-2 Rβ and IL-10 Rβ and consequently without the need for IL-2 Rγ. Albeit their molecules did not signal via STAT3 activation (IL-10 R response) but STAT5 (IL-2 R signaling), these findings are giving clear evidence that cytokine-like entities can be tailor-made in a way that allows for targeting a specific cell population in a more selective manner. Beyond, this might pave the way for combining functional features of different cytokines in a single entity.

Another to this date theoretical advantage is the epitopic diversity of surrogate agonists. This might facilitate to target different epitopes of the receptor (subunits) compared to the corresponding cytokine. Accordingly, the natural cytokine:receptor axis would be kept unaffected, a feature that might become relevant for specific cytokines given their pleiotropic modes of action.

Ultimately, although the authors of this perspective are not aware of any ongoing clinical trial involving antibody-based cytokine mimetics, we believe that it is most likely a matter of time until this novel class of engineered proteins will migrate into clinical development, given the evidence of their huge potential as therapeutics.
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SB SinoBiological Next-Generation Cytokines for Immunotherapy: A New Frontier in Oncology

Next-generation cytokines are transforming cancer care with improved precision, stability, and effectiveness, providing hope in immunotherapy. They regulate imbalanced immune reactions in conditions like cancer and autoimmune diseases.

Cytokines are crucial for immune regulation, and given their extensive impact on human biology and disease, they have a long history of therapeutic use in treating cancer and other diseases. First-generation cytokines like interleukin-2 (IL-2) and interferon-alpha (IFN-α) have been limited by short half-life, high toxicity, and lack of specificity. Innovations in next-generation cytokines aim to enhance stability, reduce toxicity, and improve tumor targeting. Strategies include pegylation, fusion proteins, Immunocytokines, cytokine prodrugs, and mRNA-based therapies. Notable examples in development include NKTR-214, ALT-803, and L19-IL2, showing promise in clinical trials. Despite advances, challenges such as safety, manufacturing, combination therapies, and patient selection remain critical for future progress.


Cytokines and Their Role in Immunotherapy

Cytokines are small proteins that play a crucial role in regulating the growth, differentiation, and activation of immune cells, making them essential for immune system functioning 1,2. Cytokines can inhibit tumor growth by direct antiproliferative effects or by stimulating immune cells to attack tumor cells. This also reveals their great potential in cancer immunotherapy 3,4. However, the use of natural cytokines in therapy has been limited by their short half-life, systemic toxicity, and lack of specificity 5,6.



First-Generation Cytokines

First-generation cytokines like IL-2 and IFN-α have been pivotal in cancer immunotherapy. IL-2 was approved for advanced renal cell carcinoma and metastatic melanoma treatment, while IFN-α for hairy cell leukemia, follicular non-Hodgkin lymphoma, melanoma, and AIDS-related Kaposi’s sarcoma 3. These cytokines bolster the immune system’s natural killer (NK) and T cell functions, crucial for combating tumors 5. However, their clinical use is hindered by short in vivo half-life, severe toxicity at therapeutic doses, and limited efficacy in most patients 2,3. For instance, while IL-2 can enhance T-cell proliferation and anti-tumor activity, it’s accompanied by severe and frequent grade 3 and 4 adverse effects before reaching therapeutic levels 3,5,6.



Next-Generation Cytokines

Next-generation cytokines are engineered to improve upon the properties of their predecessors. These innovations include enhanced stability, reduced toxicity, and increased specificity for tumor cells. Here are some key strategies employed in the development of next-generation cytokines:


	Pegylation: Pegylation refers to the covalent bonding between cytokines and polyethylene glycol (PEG) polymers, which prolongs the half-life and stability of cytokines in the bloodstream 1. Pegylated cytokines can maintain therapeutic concentrations for longer periods, reducing the frequency of administration and associated toxicities 2,7. Additionally, pegylation expands the hydrodynamic diameter of the cytokines, thereby reducing renal clearance and immunogenicity 2.

	Fusion Proteins: Fc fusion proteins covalently linked to an immunoglobulin Fc domain modify the pharmacokinetics (PK) of active molecules. By fusing cytokines with antibodies or other targeting moieties, researchers can direct cytokine activity specifically to tumor cells. The Fc domain increases the plasma half-life of the fusion protein, improving its therapeutic efficacy and slowing down renal macromolecular excretion 1. In addition, the Fc domain binds to the Fcg receptor (FcgR) and complement, which may contribute to antibody-dependent cytotoxicity (ADCC), antibody-dependent cell phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC) 8.

	Immunocytokines: Antibody-cytokine fusion proteins, known as immunocytokines, including a targeting-antibody moiety, an amino acid linker, and a cytokine load. Immunocytokines may consist of cytokines fused to full-size antibodies or antibody fragments, which provide the molecule with the ability to target tumor-associated antigens 1,8,9. Cytokines activate and direct immune cells to tumor cells, and promote the formation of immune synapses. Activated immune cells increase cytotoxicity and reduce tumor cell proliferation4. The emergence of immunocytokines has enabled the localization of effector molecules in the TEM and expanded the therapeutic strategies 8.
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Figure 1. Mechanisms of anti-cancer action of immunocytokines 9.


	Cytokine Prodrugs: Prodrug cytokines are mainly composed of cytokine, masking moiety, “half-life extension elements”, and linker. Designing the prodrug constructs is an effective approach to overcoming off-target effects. In this strategy, a peptide is linked to the cytokine and renders it inactive. Proteases overexpressed at the tumor site can cleave this inactivating unit, reactivating the cytokine. Cytokine prodrug designs often pair with re-engineered cytokines, such as ProIL2, an inactive form of IL-2 6.

	mRNA-Based Cytokine Therapies: In mRNA-based therapies, cytokines can be encoded and delivered via synthetic mRNA to modulate the immune system, offering a strategy to circumvent the toxicities associated with recombinant cytokine therapies 2. Lipid nanoparticles (LNPs) efficiently deliver mRNA to host cells, allowing them to produce cytokines. These cytokines can enhance anti-tumor immunity, modify the tumor microenvironment, and inhibit tumor growth 10,11.
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Figure 2. Delivery and Structural Elements of mRNA Therapeutics. Left: Lipid-based mRNA nanoparticle structure. Right: Synthetic mRNA structure with 5′ cap, 5′ and 3′ UTRs, start codon (AUG), and poly(A) tail. UTR: Untranslated region; ds: Double-stranded 11.



Examples of Next-Generation Cytokines in Development

Several next-generation cytokines are currently being investigated in preclinical and clinical studies, demonstrating promising results in enhancing cancer immunotherapy.


	ALT-803 (Nogapendekin alfa): An IL-15 superagonist, ALT-803 has enhanced stability and bioactivity compared to native IL-15. It promotes the proliferation and activation of NK cells and memory CD8+ T cells, providing sustained anti-tumor activity. ALT-803 is being evaluated in combination with other immunotherapies and has received FDA approval in the treatment of non-muscle invasive bladder cancer (NMIBC) 12.

	L19-IL2 (Darleukin): L19-IL2 is a diabody format immunocytokine consisting of two ScFv fragments and a C-terminal-fused IL-2. This cytokine improves safety and therapeutic efficacy and can be co-treated with other therapeutics. L19-IL2 used as a single agent or in combination with rituximab and CTLA-4 blockers or L19-TNF immunocytokines can completely eradicate β-cell lymphoma xenografts 4.

	NKTR-214 (Bempegaldesleukin): This engineered version of IL-2 is designed to preferentially activate CD8+ T cells and natural killer (NK) cells, key players in the anti-tumor immune response. NKTR-214 has shown reduced binding to IL-2 receptors on regulatory T cells (Tregs), which can suppress immune responses. Clinical trials have demonstrated its potential in combination with checkpoint inhibitors for treating various cancers 13.





Challenges and Future Directions

Cytokines, powerful immune mediators, present a complex challenge in drug development. Next-generation cytokines with lower toxicity and longer half-life aim to address these issues and improve therapeutic efficacy. Despite the promising advances, the development and implementation of next-generation cytokines face several challenges:


	Safety and Toxicity: Even with improved designs, cytokine therapies can still induce systemic toxicity. Ensuring the safety of these treatments while maintaining their efficacy is a critical concern 4.

	Manufacturing and Scalability: The complex engineering and production processes for next-generation cytokines can pose manufacturing challenges. Scalability and cost-effectiveness are important factors for widespread clinical adoption 2.

	Combination Therapies: Integrating next-generation cytokines with other cancer therapies, such as checkpoint inhibitors, targeted therapies, and adoptive cell transfer, requires careful optimization. Understanding the synergistic effects and potential interactions is essential for maximizing therapeutic outcomes 14.






Sino Biological’s Contribution to the Research on Next-Generation Cytokines

Named “Growth Factor Supplier to Watch in 2024“ by CiteAb, Sino Biological provides an extensive range of recombinant cytokines for cell culture, enhancing research in tumor immunotherapy, stem cell therapy, drug screening, and regenerative medicine. Our products undergo stringent quality control and thorough validation to ensure high purity, biological activity, stability, and low endotoxin levels. These cytokines, available from various species including human, rat, and mouse, support research on stem cells, neural cells, immune cells, and organoids. Committed to delivering high-quality reagents for drug development and clinical research, Sino Biological offers both research-use-only (RUO) and GMP-grade cytokines. Developed under a GMP quality management system, our GMP-grade cytokines provide enhanced stability and quality, comprehensively supporting cell therapy and drug development processes.
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	ABSTRACT

Activins, members of the TGF-beta superfamily, have been isolated and identified in the endocrine system, but have not been substantially investigated in the context of the immune system and endocrine-unrelated cancers. Here, we demonstrated that tumor-bearing mice had elevated systemic activin levels, which correlated directly with tumor burden. Likewise, cancer patients have elevated plasma activin levels compared to healthy controls. We observed that both tumor and immune cells could be sources of activins. Importantly, our in vitro studies suggest that activins promote differentiation of naïve CD4+ cells into Foxp3-expressing induced regulatory T cells (Tregs), particularly when TGF-beta was limited in the culture medium. Database and qRT-PCR analysis of sorted major immune cell subsets in mice revealed that activin receptor 1c (ActRIC) was uniquely expressed on Tregs and that both ActRIC and ActRIIB (activin receptor 2b) were highly upregulated during iTreg differentiation. ActRIC-deficient naïve CD4+ cells were found to be defective in iTreg generation both in vitro and in vivo. Treg suppression assays were also performed, and ActRIC deficiency did not change the function or stability of iTregs. Mice lacking ActRIC or mice treated with monoclonal anti-ActRIC antibody were more resistant to tumor progression than wild-type controls. This phenotype was correlated with reduced expression of Foxp3 in CD4+ cells in the tumor microenvironment. In light of the information presented above, blocking activin-ActRIC signaling is a promising and disease-specific strategy to impede the accumulation of immunosuppressive iTregs in cancer. Therefore, it is a potential candidate for cancer immunotherapy.

	ARTICLE HISTORY

Received 12 June 2023

Revised 24 November 2023

Accepted 18 December 2023

KEYWORDS

Activin; cancer immunotherapy; Foxp3; iTregs; TILs; Acvr1c; Alk7


	



Introduction

Activins, which are members of the transforming growth factor-β) (TGF-β)) superfamily of proteins, are potent regulatory factors that play vital roles in tissue fate determination during embryonic development as well as in regulating homeostatic processes in adults.1,2,3,4 Currently, over 45 members of the TGF-β superfamily have been identified, among which inhibins and activins have been found to be closely related but have almost directly opposite biological effects in regulating follicle-stimulating hormone (FSH) synthesis and secretion.5 Inhibins are dimers of an α subunit and a β subunit, whereas activins are homo- or heterodimers of two β subunits. These two subunits are tethered by a disulfide bond.1 Only one isoform of α subunit, but four isoforms   of β subunits (βA, βB, βC, and βE) have been identified so far.5,6,7

Activins signal by binding to a heteromeric tetramer composed of two type I receptors (either ActRIC, gene name Acvr1c, also known as Alk7, or ActRIB/Acvr1b/Alk4) and two type II receptors (either ActRIIA/Acvr2a or ActRIIB/Acvr2b).1,8 Initially, activins bind to type II receptors at the cell surface. This binding, in turn, leads to the recruitment and phosphorylation of type I receptors, which then activate intracellular signaling pathways mainly through Smad proteins or alternatively through MAPK. Primarily, it recruits and phosphorylates receptor-regulated Smad (R-Smad). R-Smads are ligand-specific, with Smad2 and Smad3 mediating activin and TGF-β signaling. After phosphorylation, R-Smads are released and form complexes with the co-Smad, Smad4. The complexes then translocate to the nucleus to regulate the expression of downstream genes.1,9,10 Many groups have reported that Smad2 and Smad3 are important for inducing the expression of the transcription factor (Forkhead box P3) Foxp3, which is a cell lineage-specific marker for regulatory T cells (Tregs).11,12,13

Tregs play pivotal roles in the maintenance of peripheral immunological tolerance and control of immune responses toward pathogens and tumors.14,15 These Foxp3-expressing CD4+ T cells typically exert their immunosuppressive effects through direct cell-to-cell interactions and via secretion of anti-inflammatory cytokines such as TGF-β, IL-10, and IL-35.11,15,16 Accumulation of Tregs in tumors correlates with poor prognosis and reduced survival in patients with various cancer types.15,17 Conversely, the growth of murine tumors can be inhibited by blocking Tregs, which constitute an extremely high proportion of tumor-infiltrating lymphocytes (TILs) in many murine tumors, such as B16.18 hen diphtheria toxin is used to deplete Tregs in tumor-bearing Foxp3-DTR (diphtheria toxin receptor transgenic mice, these tumors regress.19 Therefore, depletion of Tregs is an attractive strategy to boost antitumor immunity. Foxp3 is a transcription factor that is challenging to inhibit. Hence surface receptors uniquely expressed on Treg cells are of particular interest as they can be targeted with antibodies. It would be even more advantageous if the expression of these surface receptors is specifically induced in the tumor microenvironment.
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Activins and their receptors have been reported to play important roles in endocrine tumorigenesis, such as ovarian cancer, breast cancer, and prostate cancer, etc.1,3,20,21 However, their expression patterns and functions are poorly understood in the immune system and endocrine-unrelated cancers.22,23,24,25 We previously discovered that ActRIC was a target of the Treg-promoting YAP1 (yes-associated protein1) pathway in mice.26 hese findings suggest that blocking the activin-receptor interaction could enhance the efficacy of cancer immunotherapy by inhibiting the immunosuppressive Treg population. However, the challenges surrounding blocking activins directly center on the fact that activins are produced and present in a wide range of tissues. These small proteins, approximately 25 kDa in their mature form, are produced by many types of cells and are widely distributed in the gonads, pancreas, and circulation.1,9 Therefore, depletion of activins would be difficult to achieve and could cause many side effects. Alternatively, blocking one or more of the receptors upregulated in the tumor microenvironment may represent a better strategy.

In this study, our goal was to explore the role of activin in immune homeostasis, its impact on tumor growth, and the identification of the activin receptor induced in the tumor microenvironment. Our data reveal that the interaction between activin and ActRIC promotes the conversion of CD4+CD25low T cells into Foxp3-expressing Tregs, ActRIC emerges as a promising target for cancer immunotherapy.



Methods

Extended materials and methods, including catalog information of all the antibodies and primer sequences, can be found in the supplemental table.



Mice

Wild-type C57BL/6J mice were purchased from the Jackson Laboratory. Rag2 knock-out (KO) and TCRα (T cell receptor alpha chain) KO mice were obtained from Jackson Laboratory and bred in our animal facility. Acvr1ctm1b mice were obtained from Mutant Mouse Resources & Research Centers supported by NIH (MMRRC) and globally knocked out in ActRIC. All animal experiments were performed under protocols approved by the Johns Hopkins University Institutional Animal Care and Use Committee (IACUC). Primarily 6–12 weeks-old female mice were used for all experiments.



Tumor models

Murine B16F10 melanoma cells, MC38 colon adenocarcinoma cells, and EL4 thymoma cells were purchased from the American Type Culture Collection (ATCC) and stored as frozen stocks. Cells were cultured as recommended by ATCC, and cells with passage number between 5–10 were used in the experiments. The right flank region of female animals (approximately 8-weeks old) was shaved one day prior to subcutaneous (s.c.) injection of the indicated cell line cells in 200ul of PBS. 40000 of B16F10, 250,000 MC38, or 200,000 EL4 cells were injected per mouse unless otherwise indicated. Tumor progression was quantified using the following formula:

V = 1.58 × π6 × L ⋅ W32

where V is the volume, L is the maximum length, and W is the width perpendicular to the length.27,28 Excised tumors were weighed using a scale and imaged as groups.



Adoptive transfer colitis model

WT or Acvr1c KO naïve CD4+ cells were negatively selected using a naïve CD4+ T cell isolation kit (Miltenyi Biotech) and adoptively transferred to Rag2 KO mice. The mice were then monitored for weight loss for approximately nine weeks as the disease progressed. At the end of the process, the mice were sacrificed, and multiple organs, including the colon, mesenteric lymph nodes (mLN), and spleens (SP) were harvested. Organ-infiltrating lymphocytes were extracted by gradient density centrifugation and analyzed for CD4+ and Foxp3+ populations by flow cytometry.



Elisa

Both human and mouse blood samples were collected in ethylenediaminetetraacetic acid (EDTA)-coated tubes. Blood was centrifuged at 500 g for 10 min to separate plasma from cells. Plasma was aliquoted and stored at −80°C before being used for ELISA. The Mouse/Human/Rat Quantikine ELISA Kit (R&D Systems) was used according to the manufacturer’s protocols to derive absolute concentrations of activins using a standard curve (performed along with all samples). The samples were diluted to remain within a detectable range where appropriate.



Human blood

Consented human blood samples were obtained from the Johns Hopkins University School of Medicine under an institution-approved IRB protocol. Human blood leukopaks were obtained from Johns Hopkins School of Medicine, Division of Gastroenterology and Hepatology. Whole blood in EDTA-coated tubes was spun down to obtain cell-free plasma.



Cell sorting

Homogenized spleen, lymph node, and/or tumor-infiltrating cells were stained in FACS buffer with the defining antibodies, as indicated. Cells were sorted using a BD FACSAriaTM Fusion flow cytometer with the assistance of the Sidney Kimmel Comprehensive Cancer Center Flow Cytometry Core staff into complete RPMI medium (Gibco), supplemented with 5% FBS, before being spun down for use in tissue culture or stored in TRIzol (ThermoFisher Scientific).



Cell culture

T cells were activated with plate-bound anti-CD3 and soluble anti-CD28 antibodies in the presence of IL-2 (200 U/mL). RPMI medium, supplemented with 5–10% FBS, sodium pyruvate, nonessential amino acids, antibiotics, and β-mercaptoethanol was used. 105−106 cells were plated in a tissue culture-treated 24-well plate containing 1 ml media. For Treg induction, up to 10 ng/ml of recombinant TGF-β was used. Murine or human activins were obtained from R&D Systems and added to the culture at concentrations up to 50ug/ml.



Flow cytometry

Cell Trace Violet (Invitrogen) was used to track cell proliferation, according to the manufacturer’s protocol. Cells were stained with a viability dye for 20 min at room temperature in PBS, fluorophore-conjugated antibodies against surface markers for 15 min at 4°C in FACS buffer, and fluorophore-conjugated antibodies against intracellular markers for 45 min at 4°C in permeabilization wash buffer. Both BD Cytofix and ThermoFisher Transcription Factor fixation kits were used, depending on the antibodies used.



Qrt-Pcr

Cells were lysed using TRIzol reagent (Invitrogen). After phase separation with chloroform, RNA was purified using a Directzol RNA Purification Kit (Zymo Research), according to the manufacturer’s protocol. Equal amounts of total RNA (as measured by NanoDrop Spectrophotometer) were converted to cDNA using the SuperScript III Reverse Transcription Kit (Invitrogen), as described by the manufacturer. Gene expression was quantified using the SYBR Green RT-qPCR Master Mix (ThermoFisher Scientific) with gene-specific primers. Primer sequences were either obtained from the Harvard Primer Bank or designed using the NCBI Primer Blast Software. All primers were validated with dose-dependent amplification using qRT-PCR, with melt curves, and with DNA gel electrophoresis.



Monoclonal antibodies production

Monoclonal antibodies targeting ActRIC were generated using the hybridoma technology. In brief, C57BL6 mice were immunized with the extracellular domain (ECD) of activin receptor 1c. The antibody-producing B lymphocytes were isolated from these mice and fused with the immortal P3X63Ag8.653 mouse myeloma cell line to form hybrid cells, called hybridomas. The hybridomas of each clone were expanded in vitro. The nude mice were primed with i.p. injection of 0.5 ml pristane per mouse 1 week prior to inoculation with hybridomas. The cultured hybridomas were then collected, washed, and resuspended in PBS at 2.5×10 cells/ml. 2 ml of the cell suspension per mouse were i.p. injected into the primed nude mice using a 22-G needle. Wait for 1–2 weeks for ascites to form. The ascites was then collected and purified for monoclonal antibodies using a HiTrapTM™ protein HP column (GE Healthcare Bio-Sciences AB, Sweden).



Statistical analysis

All statistical analyses were performed using the GraphPad Prism 9 software. Unpaired two-tailed Student’s t-test was used to compare means between two groups, and one-way or two-way analysis of variance (ANOVA) was used to determine the statistical significance of data that had more than two groups. Values are presented as the mean ± SEM, where appropriate. * represents p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.



Results



Activins are elevated in peripheral blood and tumor microenvironment

To test whether activin levels were elevated systemically in the presence of tumors, peripheral blood samples were collected from healthy WT mice, pregnant mice, and mice bearing various tumors, including B16F10, EL4, and MC38, and spontaneous tumors that developed in aged mice. ELISA was performed to measure the plasma levels of activins. Compared to healthy mice, most of the tumor-bearing mice, in addition to the pregnant mice, had upregulated activin levels in their peripheral blood (Figure 1a). However, the B16F10 tumor model did not induce significantly elevated plasma activin levels, possibly due to localized production and/or a high rate of activin consumption by aggressive tumor cells in the tumor environment. Next, peripheral blood samples were collected on different days post MC38 and EL4 tumor cell inoculation and plasma levels of activin A were measured. Activin A levels significantly increased at later stages of cancer progression, indicating that the plasma levels of activin A directly correlate with tumor burden (Figures 1b,c).

Similar phenomena were observed in human samples. Plasma obtained from healthy donors and cancer patients was tested for activin A and B levels using ELISA. Patients with melanoma, kidney, lung, melanoma, Merkel cell carcinomas, and head and neck cancer had upregulated activin A and B levels in the peripheral blood (Figures 1d,e), except for activin A in patients with glioblastoma. Consistent with the results in mice, early-stage non-small cell lung cancer patients exhibited less upregulation of activin A compared to late-stage patients (Figure 1f). This result suggests that activin levels are upregulated in proportion to cancer progression and could potentially be used as a biomarker of disease burden.
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Figure 1. Activins are elevated in peripheral blood and tumor microenvironment in tumor bearing mice and cancer patients. (a) peripheral blood samples were collected from healthy mice, pregnant mice, and mice carrying various tumors. Plasma levels of activins were measured by ELISA kits. (b-c) peripheral blood samples were collected from mice at indicated days after MC38 (b), EL4 (c) tumor implantation, and measured for plasma levels of activins using ELISA. (d-f), human plasma levels of activins, were measured by ELISA from samples obtained from healthy donors and cancer patients. Activin a (d), activin B (e) and activin a levels of patients with different stages of non-small cell lung cancer (f) were measured respectively.

Activins are homo- or heterodimers composed of two β subunits. To date, βA, βB, βC, and βE subunits have been identified and are encoded by the Inhba, Inhbb, Inhbc, and Inhbe genes, respectively. To determine whether activins are produced by tumor or immune cells, mRNA was extracted from B16F10, MC38, and EL4 tumor cell lines, as well as healthy C57BL/6J spleens. The transcription of the Inhba, Inhbb, Inhbc, and Inhbe genes was tested in these samples. The results suggested that splenocytes and MC38 express mRNA encoding subunits of activin A, splenocytes, and EL4 cells were high in Inhbb and Inhbc, but only splenocytes were high in Inhbe (Figure 2a).

To further elucidate which immune cell subset produces activins in the tumor microenvironment, MC38 tumor-infiltrating lymphocytes were sorted accordingly, as shown in  Figure 2b. Non-Treg conventional CD4+(CD25LowCD4+ or Foxp3-CD4+) cells showed upregulated expression of all four inhibin β subunits (Figure 2b). This observation, although not statistically significant, also seemed to hold true for cells sorted from healthy spleens (Figure S1B). Collectively, this suggests that the tumor microenvironment promotes the expression of activins in non-Treg CD4+ cells. A survey of the Immgen Skyline project RNAseq database, however, indicated that many immune cell types, including neutrophils, CD4+ conventional T cells, and myeloid cells, express inhibin β subunits that make up activins. (Figure S1A). Thus, environmental cues are likely to govern activin secretion by various immune cells.
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Figure 2. RNA expression of activins is detected in tumor cells and immune cells. (a) differential gene expression of the inhibin beta protein subunits – monomers of the dimeric activins – was compared using qRT-PCR. RNA was isolated from B16F10, MC38, and EL4 cell lines as well as healthy C57BL/6J mouse spleens. (b) MC38 tumor-infiltrating lymphocytes were sorted into major immune cell subsets as indicated and tested for the expression of the different activin subunit genes.




Activins promote the development of iTregs in vitro and in vivo

Based on these observations, it was suggested that the levels of activins in the peripheral blood increased with tumor progression. Thus, we suspect that activins play an important role in enhancing tumor growth. Activins belong to the TGF-β super-family of proteins, the main components of which are known to be essential for the development and function of Foxp3+ Tregs. We hypothesized that activins play a role in increasing Tregs by inducing Foxp3 expression. To test this, naïve CD4+ T cells isolated from WT C57BL/6J mice were cultured in vitro under iTreg differentiation conditions in the presence or absence of activin A or B at a constant concentration along with titration of TGF-β. The addition of activins did not significantly affect iTreg development when there was sufficient TGF-β in the culture medium. However, when TGF-β was limited, the addition of either activin A or activin B significantly increased the percentage of CD25highFoxp3+ cells in CD4+ cells (Figure 3a). Meanwhile, Ki67 staining revealed that these Foxp3+ cells exhibited higher proliferation rates (Figure 3b).

After demonstrating the direct effect of activins in inducing iTreg differentiation in vitro, we aimed to test their in vivo efficacy. WT C57BL/6J mice bearing B16F10 tumors were treated with recombinant activin A or PBS. Tumor growth was not significantly different between the two groups (data not shown). Nevertheless, upon conducting flow cytometric analysis on cells harvested from the specified organs, we observed a significantly higher frequency of Tregs among the tumor-infiltrating lymphocytes (TILs) in the activin A group (Figure 3c). Furthermore, we also noted increased Ki67 expression in these CD4+Foxp3+ TILs (Figure 3d).
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Figure 3. Activins promote the development of induced Tregs (iTregs) in vitro and in vivo. (a-b) naive CD4+ T cells were isolated from WT C57BL/6J mice, and then cultured in vitro with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 and the indicated gradient concentrations of TGF-b for 3 days. The percentage of CD25highFoxp3+ (a) and Foxp3+Ki67+ (b) in CD4+ cells were analyzed by flow cytometry. (c-d) WT C57BL/6J mice were inoculated with B16F10 tumors and treated with 50ng per mouse recombinant activin A or PBS every other day for 21 days. TILs and specified organs (draining lymph nodes shown as DLN, spleens shown as SP) were harvested from these mice and analyzed for the frequency of CD25highFoxp3+ (c) and Foxp3+Ki67+ (d) in CD4+ cells by flow cytometry. (e) naive CD4+ T cells were isolated from WT C57BL/6J mice, and then stimulated with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 in the absence or presence of recombinant activin A. 36 hours later, RNA was analyzed for the expression of indicated genes using qRT-PCR.

We then measured the mRNA levels of Foxp3, CTLA-4, IL-2, and IL-2 receptor A(CD25) in CD4+ cells stimulated with or without recombinant activin A. Upon stimulation of naïve CD4 + cells with anti-CD3 and anti-CD28 in the presence of IL-2, recombinant activin A enhanced Foxp3 and Ctla4 mRNA expression. Conversely, activin A suppressed IL-2 transcription (Figure 3e), while IL-2 receptor A expression remained unchanged. These observations suggest that activin A reprograms activated CD4+ T cells toward a more suppressive phenotype, which is in concordance with previous findings that activin A enhances SMAD2/3 phosphorylation in cell line cells and primary murine CD4+ cells.26,29



ActRIC and ActRIIB mediate activin signaling in CD4+ cells

Activins are systemically present in numerous tissues and mediate a wide range of biological actions on the growth and differentiation of many cell types. The inhibition of activins is difficult to achieve and can provoke a wide variety of side effects. The regulation of activin receptors is a potentially better solution to focus specifically on activin signaling in CD4+ cells. To determine which receptors may receive an activin signal in CD4+ cells, the Immgen Skyline RNAseq database was again surveyed. The results suggested that Acvr1c was uniquely expressed by the CD4+ and Treg subsets of immune cells (Figure S2A). To confirm this, Foxp3-YFP reporter animals were used to sort immune cell subsets from the spleens for qRT-PCR analysis of activin receptor isoforms. Acvr1c was uniquely upregulated in the Treg (CD4+Foxp3+) subset (Figure 4a). A similar trend was observed in B16F10 melanoma tumor-draining lymph nodes (Figure S2B). Additionally, the Acvr1c mRNA level only increased significantly with the increase of Foxp3 when naïve CD4+ cells were skewed to iTregs under the conditions of plate-bound anti-CD3, soluble anti-CD28, and IL-2 plus TGF-β  Figure 4b). When TGF-β was not included in the culture medium, Acvr1c only increased slightly on day 4 as the CD4+ T cells were nonspecifically stimulated.
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Figure 4. ActRIC and ActRIIB mediate activin signaling in CD4+ cells. (a) healthy spleen cells from Foxp3-YFP reporter mice were sorted into major immune cell subsets. RNA from these samples was tested for the expression of the different activin receptors. (b) naive CD4+ T cells were isolated from WT C57BL/6J mice, and then stimulated with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 in the absence or presence of recombinant TGF-b. Cells were collected at indicated time points and analyzed for the mRNA expression of Foxp3 and Acvr1c using qRT-PCR. (c) WT naïve CD4 cells were differentiated under iTregs skewing conditions (plate-bound anti-CD3, anti-CD28, IL2, and TGF- β), and cells were collected at indicated times. RNA from these samples was tested for the expression of the different activin receptor transcripts using qRT-PCR. (d) WT naïve CD4+ cells were differentiated under iTregs skewing conditions before being collected at indicated timepoints for immunoblot analysis.

However, activin ligands interact with a dual receptor system at the cell surface involving both type I and type II receptors. In addition to ActRIC as a type I receptor, there must be another type II receptor involved.9,30 The expression kinetics of the five well-known activin receptors were investigated during iTreg differentiation. The transcription of Acvr2b was also upregulated (Figure 4c). The results of western blot analysis also validated that the expression of ActRIC and ActRIIB increased when iTregs were differentiated (Figure 4d). It has been well studied that activins initially bind to type II receptors and then recruit type I receptors to form a heterodimeric complex, which phosphorylate smad2 and smad3 proteins. Between these two types of receptors, activated type I receptors interact with Smads and are also called activin receptor-like kinases (Alk). Given that ActRIIB has a wider spectrum of ligands and is expressed by different immune cell subsets, while ActRIC is more specific for activins8,31 and appears to be unique to CD4+ T cells. Therefore, we hypothesized that ActRIC is a better target for blocking the effects of activins in the process of naïve CD4+ cells being induced to become Tregs.



Activin signaling through ActRIC regulates iTregs differentiation, rather than stability or function

To assess the role of ActRIC during iTreg development, we used a global knockout mouse strain, Acvr1ctm1b in which a critical exon of Acvr1c was deleted. During homeostasis, Acvr1c global knock-out animals were overall healthy (data not shown) and exhibited normal immune cell development and homeostasis (Figure S3A). The in vitro iTreg differentiation study, in the absence or presence of recombinant activin A at a constant concentration along with titration of TGF-β was repeated with an additional group of naïve CD4+ cells isolated from Acvr1c KO mice. The KO cells exhibited a defect in their ability to rescue Foxp3 expression upon the addition of activin A when TGF-β was not in excess, as quantified by flow cytometry (Figure 5a).

To evaluate the role of ActRIC in vivo, a classic adoptive transfer model that induces colitis in the absence of functional Tregs was used. When naïve CD4+ T cells are introduced into Rag2 KO mice, they cause inflammation in the colon, which is associated with weight loss. The development of even a small number of iTregs can lessen disease severity in recipient animals. In the experiment, when Rag2 KO recipients received Acvr1c KO naïve CD4+ T cells instead of WT cells, the mice that received Acvr1c KO cells developed much more severe colitis. This outcome was attributed to the failure of iTreg generation emphasizing the role of Acvr1c in regulating immune responses and inflammation (Figures 5b,c).
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Figure 5. Activin signaling through ActRIC regulates iTregs differentiation, rather than stability or function. (a) naïve CD4+ T cells were isolated from WT or Acvr1c KO mice and cultured under iTreg conditions in the absence or presence of activins. (b) naïve CD4+ T cells were isolated from WT or Acvr1c KO mice and adoptively transferred to Rag2 KO mice. The animals were monitored for weight loss over the course of disease progression. (c) the induction of Foxp3 in different organs was analyzed by flow cytometry. (d, e) naïve CD4+ cells were isolated from WT or Acvr1c KO mice bearing Foxp3-GFP reporter and cultured under iTreg condition. The induced Tregs were sorted using the Foxp3-GFP reporter, and then cocultured with the cell Trace Violet-labeled naïve CD4+ cells at indicated ratios. Proliferation of the T conventional cells was observed three days later. The results are summarized in (d), and individual plots are shown in (e). (f, g) Treg cells (CD45.2) from WT or Acvr1c KO animals were adoptively transferred with naïve CD45.1+ CD4+ cells into Rag KO animals. The recipients’ weight was monitored for 8 weeks (F), after which the indicated organs were harvested for flow cytometry analysis to determine the number of CD45.1+ cells (G). (h) iTregs generated under in vitro skewing conditions and sorted by the Foxp3-GFP reporter were adoptively transferred into TCRα KO animals. One week later, the expression frequencies of Foxp3, helios, and Eomes were quantified using flow cytometry.


The next question that we asked was whether activin A signaling through ActRIC exclusively promotes iTreg differentiation or also has an impact on Treg function. To answer this question, both in vitro and in vivo suppression assays were conducted. Acvr1c KO mice were crossed with the Foxp3-GFP reporter mice. Naïve CD4+ cells were isolated from these mice and WT Foxp3-GFP mice and differentiated into Tregs in vitro for three days. Foxp3+ Tregs were then sorted using the Foxp3-GFP reporter and co-cultured with CD45.1+ genetically marked and Cell Trace Violet-labeled CD4+ T conventional cells (CD4+CD25low) under stimulation conditions at the indicated ratios (Figure 5d,e). Acvr1c KO Tregs had no apparent defect in their ability to suppress the proliferation of T effector cells. Similar results were observed in the assay with Tregs directly sorted from Foxp3-GFP animals (Figure S3B). In vivo, co-injection of Tregs and naïve T cells partially protects Rag2 KO mice from colitis because Tregs can delay or prevent the activation and expansion of conventional T cells. When Tregs from WT or KO animals were co-transferred with CD45.1+ naïve CD4+ cells, Acvr1c KO Tregs did not have any defect in their ability to suppress the short-term proliferation of CD45.1+ T conventional cells (Figure S3C and S3D). When this experiment was extended to two months, the group receiving Acvr1c KO Tregs exhibited similar weight loss as the control group receiving WT Tregs (Figure 5f). Additionally, the absolute number of CD45.1+ responder T cells was unaffected in the different organs (Figure 5g). These findings concur with the conclusions from the in vitro experiments that the activity of activin on Tregs via ActRIC enhances iTreg development, but is not necessary for functional suppression. They also imply that activin-ActRIC blockade may have high tumor specificity with minimal colonic inflammatory toxicity, as is seen with both anti-CTLA-4 and anti-PD-1 blockades.

Finally, the stability of Acvr1c KO Tregs was comparable to that of WT Tregs. The number and frequency of Foxp3-expressing KO Treg cells transferred into the long-term colitis model was approximately equal to that of the WT group across different organs (Figure S3E). When Acvr1c KO-induced Tregs (sorted using the Foxp3-GFP reporter after in vitro iTreg differentiation) were adoptively transferred into TCRα KO mice for one week, their stability was also comparable to that of the WT controls (Figure 5h). Additionally, when these sorted iTregs were maintained in tissue culture without any cytokines for four days, both groups maintained high Foxp3 expression (data not shown). Thus, while the deletion of ActRIC hinders the induction of Tregs, this receptor seems to play a minimal role once Foxp3 is expressed.



Acvr1c KO animals exhibit resistance to tumor progression in a CD4+ T cell dependent manner

Since Foxp3+ Tregs are important in mediating the immuno-suppressive tumor microenvironment, we investigated whether blockade of the activin-ActRIC signaling pathway would impact tumor growth. The easiest way to test this was to evaluate tumor growth in Acvr1c KO vs. WT mice. In both the MC38 colon cancer model (Figure 6a,b) and the B16F10 melanoma tumor model (Figure S4A,B), tumor growth was significantly more inhibited in the Acvr1c KO group compared to the WT group. When TILs, DLNs, and spleens were harvested for flow cytometric analysis, we found a reduced frequency of Tregs in the Acvr1c KO group, which was significant only for TILs (Figure 6d). Meanwhile, these Foxp3+ TILs were less proliferative (Figure 6e). In addition to Foxp3, CD4+ cells in TILs of the Acvr1c KO group also exhibited lower GITR expression (Figure 6f). These results suggested that there were fewer inhibitory helper T cells in the Acvr1c KO group. Staining using our own antibody revealed substantial ActRIC expression on the surface of CD4+CD25 high cell, again exclusively significant for TILs in WT group (Figure 6b). When cytokine production was investigated by intracellular staining, both CD4+ and CD8+ cells in TILs showed higher levels of TNF-α and IFN-γ  Figure 6h–k). In summary, these results revealed that ActRIC deficiency made the tumor microenvironment less immunosuppressive, leading to a higher accumulation of functional cytotoxic lymphocytes. Therefore, depletion of CD8 cells abrogated the tumor inhibition achieved by anti-PD-1+ anti-ActRIC treatment, as illustrated by the red group in Figure S4C-E.
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Figure 6. Tumor growth was inhibited in Acvr1c KO mice. (a) results of one representative experiment of MC38 tumor growth in WT vs. Acvr1c KO mice. Global Acvr1c KO and WT female mice were challenged subcutaneously with 250,000 MC38 tumor cells. Disease progression was monitored over time by measuring the tumor size using caliper. The tumors were excised 23 days post-injection and weighed. (b) survival analysis of WT vs. Acvr1c KO mice with MC38 tumors. (c) TCRα KO mice were reconstituted with WT CD8+ cells and WT or Acvr1c KO naïve CD4+ cells 1 week prior to MC38 tumor challenge. Tumor size was monitored over time. (d-k) the tumor infiltrating lymphocytes (TILs) extracted from the tumors, together with the cells processed from the draining lymph nodes and spleens, were analyzed for the frequency of indicated markers by flow cytometry. The percentage of CD25highFoxp3+ (D), Foxp3+Ki67+(E), CD25highGITR+(F) and CD25highAcvr1c+ (G) cells were analyzed in WT v.S. Acvr1c KO CD4+ cells. The production of TNFα and IFN-γ by CD4+ cells (H, I) or CD8+ cells (J, K) were also measured by intracellular cytokine staining.

However, since the Acvr1c KO mice used in our studies had a global ActRIC knockout, attributing the slowed tumor growth solely to the disturbance of iTregs that derived from CD4+ CD25low cells posed a challenge. To gain further insight, we reconstituted TCRα KO animals with WT CD8+ and either WT or Acvr1c KO naïve CD4+ cells. These recipient animals were challenged with B16F10 tumor cells, and all mice shared C57BL/6 background, with minimal autoimmunity observed during the experiment’s relatively short duration. Notably, the group receiving Acvr1c KO naïve CD4+ cells exhibited significantly delayed tumor growth compared to the WT controls (Figure 6c). The separation of the two tumor growth curves mirrored to that observed in Figure S4A, strongly suggesting that the blockade of iTreg development due to ActRIC deficiency was the primary factor contributing to the inhibition of tumor growth.



Monoclonal antibodies targeting ActRIC were generated and showed therapeutic effects in treating mouse tumors

We generated anti-mouse ActRIC monoclonal antibodies using hybridoma technology, immunizing mice with the extracellular domain (ECD) of ActRIC. Prior to administering the anti-ActRIC mAb to mice with tumors, we conducted in vitro experiments to validate the binding affinity and blocking efficiency of two candidate clones (both in isotype of mouse IgG1). Among these clones, 5D11 clone exhibited superior binding affinity when interacting with 293T cells transfected with plasmids encoding Acvr1c (Figure 7a) and demonstrated greater blocking efficiency in inhibiting the effect of activin A on inducing Foxp3 expression in CD4+ cells skewed toward iTregs (Figure 7b). Based on these observations, we selected the 5D11 clone for use in a subsequent in vivo tumor study.
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Figure 7. Monoclonal antibodies targeting ActRIC were generated and showed therapeutic effects in treating mouse tumors. (a) 293 T cells were transfected with plasmids encoding for empty vector, activin A, activin receptor 1c (ActRIC) or activin receptor 2b(ActRIIB). After rest for a day, the transfected 293T cells were collected and stained by using the two clones of monoclonal antibody targeting ActRIC as the primary antibody and a fluorescence conjugated anti-mouse IgG1 antibody as the secondary antibody. (b) naïve CD4+ T cells were isolated from WT or Acvr1c KO mice and cultured under iTreg conditions in the absence or presence of activins as described previously. The two clones of monoclonal antibodies were tested for their blocking efficiency. (C) WT C57/BL6J mice were inoculated with B16F10 tumor cells subcutaneously at 40,000 cells/mouse. 6 days later, the i.P. treatment with indicated antibodies started when the tumors became palpable. Tumor growth kinetics are graphed. 24 days post the inoculation, the tumors were excised, weighed and imaged. (d) the frequency of IFN-γ producing CD8 cells in TILs, DLN, and spleens harvested from the treated mice with B16 tumors was analyzed by flow cytometry.


As depicted in Figure 7c, monotherapy with anti-ActRIC significantly delayed B16F10 tumor growth compared to the isotype control. The effect was even more pronounced when anti-ActRIC was used in combination with an anti-PD-1 antibody. One possible mechanism for this additive effect is that activin-ActRIC signaling operates through a distinct pathway from the PD-1 ligand receptor. Based on our understanding, anti-ActRIC antibodies target CD4 + regulatory T cells and anti-PD-1 antibodies directly unleash suppressed cytotoxic CD8+ T cells32. Although both antibody treatments ultimately enhance the functionality of CD8+ T cells in eradicating cancer cells, as demonstrated in Figure 7d, it’s important to emphasize that these antibodies exert their effects on distinct immune cell populations, additively contributing to their common objective.

We used the Human Protein Atlas Immune Cell RNA sequencing database to investigate the expression of activin and its receptors in human immune cells. The expression profiles of relevant genes from the dataset generated by Schmiedel et al. are presented in Figure S5A.33 Similar to our findings in mice, we observed the expression of inhibin β subunits across various immune cell populations, while ACVR1C and ACVR2B were notably expressed in Treg cells. Furthermore, an in vitro study on human naïve CD4+ cells isolated from healthy donor PBMCs, Figure S5B, revealed that although the effect was not as pronounced as in mice, activins promoted FOXP3 induction. Notably, the anti-ActRIC antibody abrogated the effects of activin in human CD4+ cells (>95% homology between human and murine ActRIC ECD). While further investigation is warranted, these data suggest that human activins may interact with ACVR1C in a manner similar to their interactions in mice,  Figure 8.
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Figure 8. Graphical abstract describes the ability of activins to promote FOXP3 induction through ActRIC in cancer. Created with BioRender.com.



Discussion

While cancer immunotherapy has shown promise, there is room for improvement, as only a subset of patients benefits from these treatments. Our research reveals that systemic activin levels are elevated in various solid tumor cancer patients, extending beyond reproductive or endocrine-related cancers, where activins were previously implicated. Within the tumor microenvironment, it appears that activated CD4+ T cells are responsible for producing this signaling molecule, as evidenced by the reduction in tumor burden when blocking the activin pathway in the B16 tumor model, even in cases where systemic activin levels are not notably elevated.


Activins serve diverse biological functions. The results from in vitro studies suggest that both activin A and B have the potential to enhance the function of TGF-β in the conversion of CD4+ CD25low T cells into iTregs. Since there was still a baseline level of TGF-β in the culture medium containing fetal bovine serum (FBS)13, it remains unclear whether activin alone was able to induce a moderate degree of conversion to iTregs. Nevertheless, compelling evidence supports the additive effect of activins on the conversion of non-Tregs into iTregs induced by low concentrations of TGF-β. This discovery addresses a crucial need in the field-identifying cancer biomarkers that predict the immune environment, therapeutic response, and adverse events. The availability of validated plasma ELISA kits for activins opens the possibility for the straightforward identification of patients with elevated activins through pre-treatment blood testing. This identification may offer the potential for these patients to benefit from immunotherapy targeting these signaling molecules or their receptors. Thus, blocking activin signaling, which normally promotes the induction of Treg cells in the tumor microenvironment, could prove effective for a broad spectrum of solid tumor patients. Several studies have associated elevated activin family signaling molecules with poor prognosis in the oncology, particularly in cancers of the female reproductive system.1,34 Additionally, activin has been linked to skin carcinogenesis by inducing tumor-promoting Langerhans cells and Tregs, attracting macrophages, and reprogramming them into tumor-associated macrophages.35 However, the full potential of the activin pathway as an immunotherapeutic target remains underexplored. While current therapies focus on reactivating immune cells or inhibiting immune suppression signals, this approach offers the prospect of inhibiting the generation of iTregs that suppress anti-tumor immunity.

As activins have a variety of endocrine functions, their signaling in the tumor microenvironment is likely regulated by receptor levels. The activin Type I receptor, ActRIC, is of particular interest because it is uniquely expressed by CD4+ T cells. Although ActRIIB is highly upregulated by induced Tregs, type II activin receptor subunits require multimerization with type I activin receptor subunits, such as ActRIC, to phosphorylate Smads. Hypothesizing that blocking ActRIC would be most specific for the modulation of activin-mediated Foxp3 induction in CD4+ T cells, mice with genetic deletion of ActRIC were used to examine this potential immunosuppressive mechanism in vivo. Acvr1c KO animals showed no discernible developmental or immune defects and remained healthy. Notably, when challenged with B16 or MC38 subcutaneous tumors, these mice displayed delayed disease progression and tumor growth. Furthermore, when tumor-bearing mice received monoclonal antibodies that blocked ActRIC, especially in combination with anti-PD-1 therapy, a significant decrease in tumor burden was observed. These observations strongly indicate that activins’ impact on T cells is relevant in the tumor microenvironment, promoting immunosuppression. While further research is needed to understand the roles of activins and ActRIC in myeloid and NK cell compartments, our findings suggest a novel and promising target for cancer immunotherapy by reversing the conversion of non-Tregs to iTregs. Additionally, the use of ActRIC-blocking antibodies holds promise for reducing side effects due to the target’s unique expression profile on iTregs. However, there is a risk of autoimmunity, and ActRIC’s presence in adult tissues like the ovaries, breast, pancreatic islet beta-cells, and adipose tissue2,5,7,21,36,37 necessitates caution about effects on the reproductive system and pancreas. Despite these concerns, this approach may offer potential advantages in combating obesity.
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Immunotherapy with IL12 and PD1/CTLA4 inhibition is effective in advanced ovarian cancer and associates with reversal of myeloid cell-induced immunosuppression
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	ABSTRACT

The tumor microenvironment (TME) in ovarian cancer (OC) is characterized by immune suppression, due to an abundance of suppressive immune cells populations. To effectively enhance the activity of immune checkpoint inhibition (ICI), there is a need to identify agents that target these immunosuppressive networks while promoting the recruitment of effector T cells into the TME. To this end, we sought to investigate the effect of the immunomodulatory cytokine IL12 alone or in combination with dual-ICI (anti-PD1 + anti-CTLA4) on anti-tumor activity and survival, using the immunocompetent ID8-VEGF murine OC model. Detailed immunophenotyping of peripheral blood, ascites, and tumors revealed that durable treatment responses were associated with reversal of myeloid cell-induced immune suppression, which resulted in enhanced anti-tumor activity by T cells. Single cell transcriptomic analysis further demonstrated striking differences in the phenotype of myeloid cells from mice treated with IL12 in combination with dual-ICI. We also identified marked differences in treated mice that were in remission compared to those whose tumors progressed, further confirming a pivotal role for the modulation of myeloid cell function to allow for response to immunotherapy. These findings provide the scientific basis for the combination of IL12 and ICI to improve clinical response in OC.

	ARTICLE HISTORY

Received 26 September 2022

Revised 28 March 2023

Accepted 29 March 2023

KEYWORDS

Ovarian cancer; immunotherapy; Interleukin 12; checkpoint blockade; myeloid cells


	



Introduction

Ovarian cancer (OC) is the most lethal gynecologic cancer in the US.1 Advanced stage OC has a five-year overall survival rate of 20–30% and more than 50% of patients that respond to current therapies experience recurrent disease.2,3,4 Recurrent, platinum-resistant OC is characterized by only minimal responses to chemotherapy (<10–15%) and a poor prognosis, with overall survival estimated to be <12 months.5,6,7,8,9,10 Thus, there is an urgent need to identify novel therapies to improve the outcomes of these patients. The impact of immunotherapy with immune checkpoint inhibitors (ICI) has been significant, providing durable response rates in several cancers. However, the response rates in ovarian cancer are low, ranging from 11% to 15% in platinum-resistant, recurrent settings.11,12 Compared to nivolumab (anti-PD1) alone, dual immunotherapy with nivolumab and ipilimumab (anti-CTLA4) was associated with a higher objective response rate (31% vs. 12%) but with limited durability (3.9 vs. 2 months).13 Therefore, it is critical to explore strategies with the potential to enhance the efficacy of current PD1/PD-L1-based immunotherapy by targeting pathways that mediate resistance to ICI.

Myeloid cell subtypes with immunosuppressive functions, such as tumor associated macrophages (TAM) and myeloid-derived suppressor cells (MDSC) are frequently found infiltrating the tumor microenvironment (TME) of OC14,15,16,17,18 and likely contribute to tumor progression, poor survival, and resistance to therapies including ICI.14,15,16,17,18 MDSC can be divided into two phenotypically and functionally distinct subsets based on similarities to monocytes (M-MDSC) or neutrophils (PMN-MDSC). However, despite these differences, both subtypes are capable of suppressing the function of anti-tumor T cells.19 We have previously shown that tumor-associated myeloid cells are prominent in the OC TME and correlate with poor survival and resistance to immune checkpoint inhibition.18,19 Therefore, a potential strategy to modulate the tumor immune microenvironment to enhance the efficacy of immunotherapy in ovarian cancer is to target these immunosuppressive cell types. IL12 is a strong modulator of dendritic cells, as it enhances their ability to polarize toward the Th1 responses crucial for effective tumor rejection.20,21,22 IL12 was also reported to reprogram intratumoral MDSC in a preclinical melanoma model by reversing their suppressive role in vivo and enhancing cytotoxic T lymphocyte activity.23 In addition to its effect on myeloid cells, IL12 also plays a central role in the activation of T and NK cells by promoting their proliferation and by enhancing the secretion of effector cytokines, such as IFNγ.24 IL12 also has antitumor activity in IL12Rβ1-expressing tumors through IFNγ-mediated upregulation of MHC Class I molecules.25
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Here, we tested the ability of IL12 to synergize with dual-ICI (anti-PD1+anti-CTLA4) in the preclinical ID8-VEGF immunocompetent murine model of advanced OC. Our results demonstrated that a combination of IL12 and dual-ICI resulted in enhanced durable anti-tumor activity and survival of mice bearing ID8-VEGF tumors as compared to those treated with monotherapy. Improved anti-tumor activity was associated with increased tumor infiltration by T cells and a downregulation of the phenotypic traits of myeloid cells known to mediate immunosuppression, leading to enhanced effector function of the infiltrating T cells. These results support the use of IL12 as a strategy to enhance the efficacy of dual PD1 and CTLA4 blockade in the treatment of OC.



Materials and methods


Mice and tumors

All experiments were performed under institutional animal care and use committee (IACUC) protocols adhering to USDA guidelines. Female C57BL6/J mice were purchased from The Jackson Laboratory (Bar Harbor, MA) and maintained pathogen-free under UDSA guidelines. Mice 6 to 8 weeks of age were used for subsequent studies. ID8-VEGF, an ovarian carcinoma cell line derived from spontaneous in vitro malignant transformation of C57BL/6 mouse ovarian surface epithelial cells and engineered to overexpress vascular endothelial growth factor (VEGF), as previously described,26 was maintained in high glucose Dulbecco’s Modified Eagle Medium (Sigma) supplemented with 4% Fetal Bovine Serum, 5 µg/mL insulin, 5 µg/mL transferrin, and 5 ng/mL sodium selenite (1× ITS; Sigma) and 1× Penicillin-Streptomycin solution in 5% CO2 atmosphere at 37ºC. These cells were obtained from Dr. Vincent Tuohy at the Cleveland Clinic.

Tumors were established by intraperitoneal (i.p.) injection of 5 × 106 ID8-VEGF tumor cells. As indicated, mice received 200 µg of anti-PD1 antibody (BioXcell, Clone RMP1–14) and/or 200 µg of anti-CTLA4 antibody (BioXcell, Clone 9D9) via i. p. injection twice weekly, and/or 100 ng recombinant murine IL12p70 (IL12) (PeproTech) via i.p. injection three times a week. Weight gain due to ascites accumulation was used as a surrogate for tumor progression and mouse total body weight measurements were taken at 1–3 day intervals.

To investigate the impact of therapy on advanced disease, treatment was started 21 days after tumor implantation to ensure tumor establishment and onset of ascites accumulation prior to treatment. Tumor-bearing mice were randomized into four treatment groups – untreated control, IL12, anti-PD1 plus anti-CTLA4 with or without IL12. Animals were sacrificed at an established endpoint – either when total weight gain reached a 50% increase over baseline weight or when the mice presented symptoms of terminal illness. Animals in the control group and those treated only with immune checkpoint inhibition met endpoint at day 40. A subset of animals from treatment groups receiving IL12 were also harvested for analysis prior to endpoint at Day 35. Peritoneal tumor lesions, ascites, and peripheral blood were harvested for analysis.



RNA extraction and sequencing

ID8-VEGF whole-tumor lesion samples were dissected from the peritoneal cavity and immediately homogenized in TRI Reagent (Molecular Research Center, Inc. Cincinnati, OH) using a Tissue-Tearor handheld mechanical homogenizer (BioSpec Products, Inc. Bartlesville, OK.). Ascites samples were collected from the peritoneum of mice, and CD11b+ cells were purified utilizing MACS MicroBead column-based magnetic cell isolation system (Miltenyi Biotec.). Briefly, a portion of viable cells obtained from ascites were labeled with anti-CD11b-PE antibody followed by incubation with anti-PE MACS magnetic microbeads. CD11b+ cells were captured by passing antibody- and microbead-conjugated cells through a MACS separation column in the presence of a magnetic field and eluted by washing the column outside of the magnetic field. Total RNA was isolated from samples in TRI reagent according to manufacturer’s instruction, and the RNA concentration was measured using NanoDrop ND-1000. Libraries were prepared using the Illumina TruSeq stranded mRNA kit and sequenced at 80 M reads (40 M paired ends) on a NovaSeq Sequencing System from Illumina.



Bioinformatics

Raw reads in the FASTQ format were aligned to mm10 reference genome using the STAR aligner.27 The feature “Counts read summarization program”28 was used to count mapped reads for each gene in the mm10 annotation file (gencode. vM25.annotation.gtf). Count files were then merged by an in-house R script and normalized using DESeq2.29 DESeq2 standard differential gene expression analysis was used to compare two groups at a time for GSEA. For hierarchical clustering, a Likelihood Ratio Test was run in DESeq2, and clustering was performed using the Pheatmap R package on the top 200 most significant (lowest adjusted p value) differentially expressed genes.



Cytokine analysis

Quantification of cytokines present in the ascites fluid from mice bearing ID8-VEGF tumors was performed using the Meso Scale Discovery Multi-Spot Assay System (Meso Scale Diagnostics, LLC). V-PLEX assays were performed using Cytokine Panel 1, Proinflammatory Panel 1, and Th17 Panel 1 mouse kits, as well as a TGF-B kit, per manufacturer’s instructions. Briefly, MULTI-SPOT assay plates pre-coated with capture antibodies were washed and incubated with diluted ascites fluid samples and/or calibrators for 2 h at room temperature. Next, plates were washed and bound analytes measured using detection antibodies conjugated with electro-chemiluminescent labels (MSD SULFO-TAG). Following an additional 2-h incubation at room temperature, plates were washed, incubated with electrochemiluminescence buffer, and analyzed on a MESO QuickPlex SQ 120 instrument. Data was processed using the MSD Discovery Workbench Version 4.0.



FACS and antibodies

Viable cells derived from blood and ascites from ID8-VEGF tumor-bearing mice were assessed for the frequency of T cell and myeloid cell subsets. Cell suspensions were stained with antibodies for CD45 (Clone 30-F11), T cell markers – CD4 (Clone GK1.5), CD8 (Clone 53–6.7), CD127 (Clone SB/199), CD25 (Clone M- A251) and PD1/CD279 (Clone J43) or myeloid markers – Ly6G (Clone RB6-8C5), CD11b (Clone M1/70), CXCR2 (Clone V48–2310), CD11c (Clone HL3), CCR2 (Clone 475,301), F4/80 (Clone T45–2342), I-A/I-E (clone M5/114.15.2, BioLegend), or PDL1/CD274 (Clone MIH5, eBioscience). Myeloid derived suppressive cells were gated as M-MDSC CD11b+Ly6Glo and PMN-MDSC CD11b+Ly6Ghi, dendritic cells as CD11b+CD11c +I-A/I-E+ and macrophages as CD11b+ F4/80+I-A/I-E+. Antibodies were from BD Biosciences unless otherwise specified. The cells were acquired for flow cytometry using the BD FACSymphony A5 cell analyzer, and data was subsequently analyzed with the FlowJo software package (BD Biosciences) using the plugins UMAP, XShift, and Cluster Explorer.



Single cell RNA sequencing

Cells isolated from peritoneal lavages of i.p. ID8-VEGF tumor-bearing mice that were in relapse or remission following intervention with dual-ICI + IL12 were subjected to single-cell RNA sequencing. Single-cell suspensions were prepared, loaded on the 10× Genomics Chromium System (Single Cell 3’ v3 platform) and libraries prepared according to manufacturer’s specifications. The concentration and quality of double-stranded cDNA was assessed using a high-sensitivity DNA assay on an Agilent 2100 Bioanalyzer. Library preparation for sequencing on an Illumina platform was accomplished for each sample following the manufacturer’s protocol (10× Genomics, CG000183 Rev A). The quality of library construction was again assessed using the Agilent 2100 Bioanalyzer. Samples were first fluorometrically quantified with a Qubit fluorometer (Thermo Fisher Scientific), pooled, and again quantified on a Quantabio Q cycler using the Quantabio SparQ Fast Library Quant kit. Sequence data was generated on a NovaSeq 6000 using parameters recommended by the manufacturer (10× Genomics, CG000183 Rev A). The bioinformatics of output data was performed using Cell Ranger software (10× Genomics) mkfastq, count, and AGGR functions. Subsequently, Cell Loupe browser (10× Genomics) files were generated, and data visualized by UMAP, individual gene, and heat map plots.



Statistical analyses

For each experiment, five animals per group were planned and expected to yield a power of 80% to detect statistically significant differences between experimental groups. P-values were calculated using Student’s t- test and a significant difference was defined as a P < 0.05. The overall survival was calculated using a Kaplan–Meier curve.




Results


Combinatory treatment with IL12 and dual-ICI results in sustained anti-tumor activity in a preclinical model of advanced ovarian cancer

For our studies, we utilized the ID8-VEGF cell line, a widely adopted, aggressive preclinical murine model of ovarian cancer. When implanted in the peritoneum of immunocompetent mice, this model mimics the characteristics of human ovarian cancer by rapidly developing peritoneal tumor lesions and ascites within 20 days, with the experimental endpoint being generally achieved by approximately day 40. Tumor burden was assessed by measuring weight gain due to ascites accumulation. To mimic advanced stage intervention, treatment commenced 21 days after peritoneal ID8-VEGF implantation [Figure 1A]. Mice were treated with dual-ICI (anti-PD1 and anti-CTLA4 antibodies), IL12, or combination dual-ICI + IL12. Mice responded to IL12 alone, and to an even greater extent if they received a combination dual-ICI + IL12 [Figure 1B]. Animals treated with IL12 alone showed reduced weight gain by five days of treatment compared to the untreated group, but continued to progress during the course of treatment. Interestingly, the mice in the dual-ICI + IL12 arm did not respond until after 14 days of treatment but showed up to a 41% reduction of weight gain by 9 days after completion of the regimen. While dual-ICI therapy did not impact median survival when administered alone, IL12 monotherapy increased mouse survival by 11.5 days. Survival was further extended by co-treatment with IL12 and dual-ICI (19.5 days compared to untreated mice) [Figure 1C]. Both the IL12 and IL12 + dual-ICI were associated with lower frequency of tumor (CD45neg) cells within the ascites. [Figure 1D]. The synergistic effect of IL12 and dual-ICI was also observed, although to a lesser extent, in the early-stage setting in which treatment started 4 days following ID8-VEGF implantation [Supplemental Figure S1]. These results suggest that immunomodulation by IL12 results in a transient antitumor effect in the advanced stage setting of the ID8-VEGF ovarian cancer model, which can be further potentiated to longer term response and survival by the addition of PD1 and CTLA4 blockade.
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Figure 1. Combination treatment of IL12 with dual-ICI results in enhanced durability of response in the ID8-VEGF advanced ovarian cancer preclinical tumor model. Female C57BL/6 mice were injected intraperitoneally with 5 × 106 ID8-VEGF tumor cells, randomized into treatment cohorts (n = 7 or 8 for each group), and evaluated daily for clinical signs of disease progression. (a) treatment schema was designed to mimic intervention at advanced stage disease. Recombinant murine IL12 with or without immune checkpoint monoclonal antibodies were administered via intraperitoneal injection starting at day 20 as described in materials and methods. Arrows represent days which mice received indicated intervention. (b) weight gain due to abdominal accumulation of ascites was used as proxy of tumor progression and measured at regular intervals. Response to treatment with IL12 alone or with anti-PD1 + anti-CTLA4 monoclonal antibodies, was monitored by changes in weight gain. (c) overall survival was tabulated based on time taken for animals with progressing disease to reach humane endpoint and survival was calculated using Kaplan-Meier analysis with statistical significance evaluated by log-rank (Mantel-Cox) test. (d) a subset of mice from each treatment group was sacrificed 35 days following ID8-VEGF tumor implantation. The total volume of ascites fluid was collected from the abdomen and subjected to flow cytometry to measure the total number of tumor cells (CD45neg) within the abdominal cavity. P values were calculated using student’s t-test. Statistically significant differences between indicated treatment groups were marked with asterisks (*p < 0.05, ***p < 0.005, ****p < .001).



IL12 alters the composition of circulating immune cell types in mice bearing ID8-VEGF

We performed a high parameter flow cytometry analyses of blood samples collected from tumor-bearing mice after 15 days of treatment. Notable changes in the frequencies of circulating immune cell types were observed after the administration of IL12 alone or in combination with dual-ICI [Figure 2A].
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Figure 2. IL12 and checkpoint inhibition alter the composition of circulating immune cell types in mice bearing ID8-VEGF tumors. (a) High parameter flow cytometry was used to assess the cellular composition of blood from mice 35 days after tumor implantation using antibody panels described in materials and methods. (b) absolute numbers of monocytic and polymorphonuclear MDSC, macrophage, and dendritic cells were determined. Further, frequency of MDSC subsets that expressed PDL1 were calculated. (c) absolute numbers of CD4+, CD8+, and Treg T lymphocytes were delineated. The frequency of CD4+ and CD8+ T cells that expressed PD1 was also measured. Each dot represents measurement from an individual mouse, n = 5 or 6 for each group. P values were calculated using Student’s t-test. Statistically significant differences between indicated treatment groups were marked with asterisks (*p < 0.05, ***p < 0.005, ****p < .001).


Within the myeloid compartment, the administration of IL12, irrespective of dual-ICI, increased the levels of circulating MDSC [Figure 2B]. Numbers of monocytic MDSC (M-MDSC) went up 2.9-fold with IL12 treatment alone and 2.2-fold when combined with dual-ICI. Polymorphonuclear MDSC (PMN-MDSC) were less abundant compared to M-MDSC but were also upregulated in response to IL12 therapy: there was a 3.1-fold change with IL12 alone and a 4.7-fold change when combined with dual-ICI. Further, treatment differentially impacted PDL1 expression on MDSC subsets: - in the untreated setting, 53.5% of circulating M-MDSC expressed PDL1 as compared to 8.6% of PMN-MDSC. The frequency of circulating PDL1+ PMN-MDSC increased from 8.6% without treatment to 64.2% with IL12 alone, and to 83.5% with IL12 + dual-ICI. M-MDSC were less affected by treatment, as we found that circulating PDL1+ M-MDSC decreased significantly by 11.2% but increased by 19.5% in groups treated with IL12 or IL12 plus dual-ICI, respectively, as compared to the untreated animals. Further, treatment with IL12 correlated with a 13.1-fold increase of the number of macrophages and a 16.3-fold increase in dendritic cells in the periphery; when combined with dual-ICI this effect was enhanced 2.5 and 2.1 times, respectively. Increases in the numbers of circulating T lymphocyte populations in response to IL12 treatment were observed – CD4+ T cells increased 2.4-fold and CD8+ T cells 2.1-fold [Figure 2C]. The combination treatment mildly amplified this effect in both populations 1.5 times. In contrast, significant induction of PD1 expression was noted on both CD4+ and CD8+ T cells after treatment with IL12 alone or in combination with dual-ICI. An increase in the frequency of T regulatory cells (Treg) was observed after treatment of IL12 alone, however this effect was abrogated in mice treated with a combination of IL12 and dual-ICI. Altogether, these results suggest that IL12, alone or in combination with dual-ICI, not only induces changes in the frequencies of circulating immune cells – both myeloid and lymphoid – but also increases the expression of regulatory molecules, such as PDL1 on PMN-MDSC and PD1 on T cells. The increase in the frequency of Treg mediated by IL12 alone can partly explain the role of anti-CTLA4 in enhancing the anti-tumor immune response when IL12 was combined with dual-ICI.





IL12 in combination with dual-ICI polarizes the immune landscape toward an anti-tumor response

To better understand the mechanisms behind the synergistic effect of IL12 and dual-ICI, we performed comprehensive immunophenotyping of the tumor microenvironment (TME) by analyzing both ascites and peritoneal tumor lesions. High parameter flow cytometry analyses of ascites revealed changes in the overall immune landscape in response to immunotherapy [Figure 3A]. Within the myeloid compartment, IL12 administration alone resulted in a 75-fold decrease in the numbers of M-MDSC in the ascites, and when IL12 therapy was combined with dual-ICI they were nearly ablated [Figure 3B]. As noted in the blood, there were fewer PMN-MDSC in the ascites compared to M-MDSC, and treatment did not significantly impact the numbers of PMN-MDSC. The frequency of M-MDSC expressing PDL1 rose from 11.0% in untreated mice to 83.5% with IL12 treatment and to 98.3% after combination therapy with IL12 and dual-ICI. In untreated mice, a larger proportion of PMN-MDSC were PDL1+ compared to M-MDSC, 86.8% vs 11.0%, which was enhanced to 97.5% with IL12 alone and 99.7 with IL12 + dual-ICI. We noted a reduction in the numbers of ascites derived macrophages in response to treatment – IL12 monotherapy associated with a 1.9-fold depletion of macrophages, which was further reduced to a 3.3-fold depletion when combined with dual-ICI. These data suggest that IL12 plays a significant role in modulating the M-MDSC, which are prominent immunosuppressive cells in the ascites.
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Figure 3. IL12 in combination with checkpoint blockade conditions the immune landscape toward an anti-tumor response in mice bearing ID8-VEGF tumors. (a) high parameter flow cytometry was used to assess the cellular composition of ascites from mice 35 days after tumor implantation using antibody panels described in materials and methods. (b) absolute numbers of monocytic and polymorphonuclear MDSC, macrophage, and dendritic cells were determined and frequency of mdsc subsets that expressed pdl1 were calculated. (c) absolute numbers of CD4+, CD8+, and Treg T lymphocytes were measured and the frequency of CD4+ and CD8+ T cells that expressed PD1 was also determined. Each symbol represents measurement from an individual mouse, n = 5 or 6 for each group. P values were calculated using Student’s t-test. Statistically significant differences between indicated treatment groups were marked with asterisks (*p < 0.05, ***p < 0.005, ****p < 0.001). d cytokine levels were measured using meso scale discovery multi-spot assay system kits including Cytokine Panel 1, Proinflammatory Panel 1, Th17 Panel 1 and TGF-B kits. Individual cytokines that had statistically significant differences (p < 0.05) comparing combinatory treatment vs IL12 monotherapy were marked with an asterisk. Statistically significant differences (p < 0.05) comparing combination vs IL12 alone were indicated with Ψ.

A significant decrease in the levels of dendritic cells, described here as MHCII+ CD11b+CD11c+, was observed in mice treated with IL12 alone (8.9-fold change) or in combination with dual-ICI (56.1-fold change) which could be related to the mobilization of these cells to within tumor tissue/implants. The number of T lymphocytes in the ascites was not significantly altered in response to therapy, possibly due to increased homing of these cells to tumor lesions. However, the status of PD1 expression on both CD4+ and CD8+ T cell subsets was significantly increased, indicating activation of these cells [Figure 3C]. As observed in the blood, when treated with IL12, the frequency of CD4+, and CD8+ T cells in the ascites that expressed PD1 increased 4.0 and 5.7-fold, respectively, compared to those from untreated mice. The addition of dual-ICI to IL12 did not impact this effect, but the synergistic effect on tumor progression may be explained by the reversal of T cell exhaustion following IL12 activation of T cells.

We further profiled the tumor inflammation by measuring several cytokines in the ascites, using the Meso Scale Discovery Multi-Spot Assay System. Dual-ICI alone had minimal effect on secretion of cytokines in the ascites; however, treatment with IL12 was associated with significant accumulation of inflammatory cytokines, including those involved in the effector activity of T cells [Figure 3D]. Levels of IFNγ were enhanced by IL12 (>4000-fold) but did not significantly change with combination therapy. Effector cytokines such as IL2, IL4, and IL21 as well as inflammatory cytokines such as IL1β, IL5, IL6, IL27, TNFα, and MIP1α were associated with enhanced levels (>5-fold) in ascites from mice treated with combination therapy compared to IL12 alone. Compared to levels in the ascites from untreated mice, IL12 monotherapy stimulated a 50-fold increase in IL12p70 production though, interestingly, with combination therapy the increase was 10-fold less.

Next, we performed bulk transcriptomic analysis using RNA isolated from ID8-VEGF tumor tissue of mice treated or not with the combinations of IL12 and dual-ICI [Figure 4]. Hierarchical clustering of samples by the top 500 variable genes showed distinct expression patterns among treatment groups [Figure 4A]. A correlation between median survival and gene expression was observed as evidenced by overlap in hierarchical clustering of samples from replicate untreated mice and those treated with dual-ICI monotherapy (lowest median survival) but distinct from samples from mice treated with IL12 alone and IL12 with dual-ICI (higher median survival) where the expression pattern was well defined. Cell type analysis was performed using xCell, a gene signature-based method to infer immune and stromal cell types within the tumor [Figure 4B]. Compared to other treatment groups, IL12 + dual-ICI associated with elevation of several cell types including B cells, T cells, monocytes, macrophages, and dendritic cells. These data further support that there is increased infiltration and recruitment of these cells and mobilization from blood and ascites to the TME of OC tumors. Interestingly, cell types such as mesenchymal and hematopoietic stem cells as well as endothelial cells were reduced in tumors treated with combinatory therapy consistent with other anti-tumor effects mediated by IL12. The top 50 genes differentially expressed in tumors treated with IL12 + dual-ICI versus those left untreated included T cell effector genes and genes that promote inflammatory genes such as CCL5, CCL19, CXCL9, CXCR6, GZMB, GZMK, IFNG, IL21, and NKG7 [Figure 4C]. Further, Gene Set Enrichment analysis (GSEA) was performed in order to discern the associated cancer hallmarks between treatment groups. We found that gene signatures involved in immune related pathways – IL6 JAK STAT3 signaling, allograft rejection, TNFα signaling via NFκB, inflammatory response, and interferon alpha and gamma response – associated with a significant enhancement in lesions from mice treated with IL12+dual-ICI versus IL12 alone [Figure 4D]. Interestingly, Wnt beta catenin signaling showed a negative association with IL12+dual-ICI treatment. Genes differentially expressed in tumor lesions treated with IL12 with or without dual-ICI were compared using a volcano plot to visualize the magnitude of statistically significant changes [Figure 4E]. Seventy-four genes designated as prototypic members of the Interferon Gamma Response gene set were significantly upregulated by at least three-fold. This suggests that the extended survival achieved by combination therapy as compared to IL12 treatment alone might be attributable to the effect the dual treatment has on primarily modulating the interferon gamma pathway with its subsequent effect.
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Figure 4. Treatment with IL12 and dual-ICI associates with distinct patterns of gene expression in solid lesions from peritoneum of mice bearing ID8-VEGF tumors. Bulk RNA sequencing of ID8-VEGF solid tumor lesions. For heat maps, each column represents individual mice and the treatment group is indicated by color code at top. (a) heat map with hierarchical clustering based top 500 variable genes. (b) cell type enrichment analysis based on gene expression data using xCell. (c) heat map with hierarchical clustering of top 50 differentially expressed genes in tumors from untreated versus IL12+dual-ICI. (d) hallmarks of cancer gene set enrichment analysis. Gene sets with statistically significant changes in expression comparing IL12+dual-ICI vs IL12 alone are indicated with red colors and the size of the dot is representative of the number of genes in the corresponding gene set that are significantly changed. (e) volcano plot of differentially expressed genes in ID8-VEGF tumors from mice treated with IL12 alone versus IL12+dual-ICI. Fold change and significance cutoffs are as indicated and named genes are members of the hallmarks of cancer Interferon Gamma Response gene set that were significantly upregulated by at least three-fold.






Long-term responses after IL12 and dual-ICI treatment associate with reversal of immunosuppression by myeloid cells

To better understand the contribution that myeloid function has on the anti-tumor responses induced by IL12 in combination with dual-ICI, we extracted RNA from purified CD11b+ cells in ascites and performed bulk transcriptomic analyses [Figure 5A]. Hierarchical clustering of the top 50 upregulated and downregulated genes in ascites CD11b+ cells bifurcated into one of two groups, depending on whether treatment also included IL12 in addition to the dual-ICI [Figure 5A]. Further, the unique clustering of samples also highlighted the impact of dual-ICI on myeloid gene expression. Gene set enrichment analysis was also carried out to investigate the impact of IL12 therapy, with or without dual-ICI, on cancer hallmarks in the myeloid compartment of the TME. Several inflammatory pathways were activated in CD11b+ cells from the ascites of mice treated with IL12 + dual-ICI as compared to IL12 alone [Figure 5B]. The interferon alpha response, interferon gamma response, allograft rejection, IL6 Jak STAT3 signaling, inflammatory response, IL2 STAT5 signaling, and TNFA signaling via NFKB all showed positive normalized enrichment scores. Negative associations were noted for prototypic pathways involved in development and metabolic processes including epithelial mesenchymal transition, myogenesis, heme metabolism, and cholesterol homeostasis. Further, 54 inflammationrelated genes designated as cancer hallmarks were differentially expressed at least two-fold in CD11b+ cells from the ascites of mice treated with IL12+dual-ICI versus IL12 alone and are named in the volcano plot in Figure 5C. The direct effect of IFNγ was corroborated by the in vitro culture of CD11b cells isolated from ascites of untreated mice. An increase in the expression of pro-immune mediators, such as CXCL9, CXCL10, CXCL11 and β2-microglobulin was observed after the in vitro culture with IFNγ [Supplemental Figure S2].
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Figure 5. Combinatory therapy with IL12 and dual-ICI correlates with enhanced expression of genes related to inflammation in myeloid cells within the ascites. CD11b+ cells were isolated from the peritoneal cavity of tumor bearing mice and bulk RNA sequencing was performed. (a) heat map with hierarchical clustering based on top 50 differentially expressed genes comparing IL12+dual-ICI versus untreated animals. Each column represents individual mice and the treatment group is indicated by color code at top. (b) hallmarks of cancer gene set enrichment analysis comparing combination therapy vs IL12 alone. Gene sets with statistically significant changes in expression are indicated with red colors and the size of the dot is representative of the number of genes in the corresponding gene set that are significantly changed. (c) volcano plot of differentially expressed genes in peritoneal CD11b+ from mice treated with IL12+dual-ICI versus IL12 alone. Fold change and significance cutoffs are as indicated and named genes are inflammation-related hallmarks of cancer.



Single cell transcriptomics defines distinct gene expression patterns of peritoneal cells during relapse or remission following dual-ICI treatment combined with IL12

We next compared the single-cell transcriptome of cells recovered from the peritoneum of mice that progressed with those from mice that remained in remission following treatment with IL12 and dual-ICI. Unbiased characterization of the transcriptional state of 7,674 and 7,006 cells recovered by peritoneal lavage from mice in relapse or remission, respectively, showed distinct UMAP-based clustering [Figure 6A]. Cell types were categorized based on the expression of marker genes and groups defined by K-means quantitative statistical clustering. Tumor cells, identified by a lack of expression of CD45 and elevated levels of Krt7, were only found in mice with active disease. Conversely, mice in remission had more peritoneal lymphocytes (mainly B cells and T cells) that express Cd45 and Cd2. Myeloid populations were found in both remission and relapsed settings; however, they represented two distinct clusters indicative of differential functional states [Figure 6B]. Enhanced expression of CCR2 ligands – CCL2, CCL7, CCL8, and CCL12 in myeloid (CD11b+) cells was associated with relapse. By contrast, fewer cells expressing CCR2 were present in the peritoneum of mice in remission. It is noteworthy that CCL2 is also produced by ID8-VEGF tumor cells themselves [Figure 6B] and may contribute to the initial recruitment of immunosuppressive myeloid cells to the TME. These infiltrating immunosuppressive myeloid cells can then perpetuate recruitment along with expression of other CCR2-directed chemokines. Furthermore, myeloid cells from mice in relapse demonstrated elevated expression of a collection of genes involved in immunosuppression and downregulation of genes associated with anti-tumor activity [Figure 6D]. These results suggest a crucial contribution of myeloid cells to the overall immune landscape of the OC tumor milieu and underscores the importance of targeting these cell types as a strategy to enhance the clinical benefit of immunotherapy.
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Figure 6. Single-cell RNA sequencing reveals distinct gene expression patterns of peritoneal cells isolated from ID8-VEGF tumor bearing mice in remission or relapse following local IL12 treatment with dual-ICI. (a) UMAP projection showing distinct clustering of peritoneal cells from mice in remission (blue) or relapse (gold) following treatment with IL12 + dual-ICI. (b) Color coded K means clustering and expression of cell markers CD45, Krt7 (tumor), Cd2 (lymphoid), and Cd14 (myeloid) showing differential immune status within the peritoneum. Each point is color-coded by its cluster assignment and cell type. Violin plots show relative expression of marker genes between clusters. (c) UMAP projection, split based on remission (top row) or relapse (bottom row) disease status showing peritoneal cells expressing CCR2 and those expressing CCR2- directed chemokines CCL2, CCL7, CCL8, and CCL12. Each point is color coded based on expression level of the indicated genes from low (black) to high (red). (d) Heat map comparing level of expression of noted immunosuppressive genes in myeloid designated clusters of peritoneal cells from mice in relapse or remission following dual-ICI + IL12 therapy.




Discussion

In this study, we demonstrate that IL12 in combination with dual-ICI resulted in superior anti-tumor activity with durable responses in the setting of an aggressive murine model of advanced stage ovarian cancer. We show that the combined regimen significantly increases the infiltration (as shown by transcriptomic data) and functional activation of T cells, resulting in elevated levels of IFNγ, which in turn counteracts the function of immunosuppressive myeloid cells. Such modulation of myeloid function resulted in an immune-promoting phenotype characterized by elevated expression of mediators involved in antigen presentation and recruitment of T cells into the TME. Proinflammatory myeloid factors, such as IL1β and TNFα, also significantly increased when IL12 was combined with dual-ICI therapy. IL12 is a potent immunomodulatory cytokine that has been shown to enhance the activity of CD8+ T cells by significantly enhancing the secretion of IFNγ.30 Further, IL12 has a positive synergistic proliferative effect on pre-activated NK and T cells and also enhances their cytolytic capacity either independently and/or synergistically.21,24,31 Ribas et al. showed that T cell infiltration and an IFNγ signaling signature were associated with increased likelihood of response to immune checkpoint therapy.32

Although our study only involved the use of a single pre-clinical model, it happens to be a universally accepted representation of human ovarian cancer and has been used in multiple studies aimed at understanding the potential role of immunotherapy in ovarian cancer.26 Importantly, our in vivo studies involved the intraperitoneal implantation of tumor cells as opposed to establishing flank tumors subcutaneously. This strategy allowed us to replicate the natural milieu and progression of ovarian cancer, characterized by the seeding of the peritoneal surfaces with tumor cells as well as the production of ascites. The ID8-VEGF OC model secretes high levels of VEGF (a therapeutic target of bevacizumab, widely used in ovarian cancer) and is more aggressive than the parental ID8 OC model.33 In addition to being pro-tumorigenic, VEGF plays an important role in providing an immunosuppressive tumor microenvironment mediated by MDSC and other factors. Further, by starting treatment after 21 days of implantation we mimicked advanced disease, which represents a stage with few therapeutic options. Finally, the availability of both ascites and peritoneal tumor lesions allowed us to interrogate the changes in stromal components in response to therapy in a realistic TME context.




Our results are in agreement with the notion that ovarian cancer is characterized by an immunosuppressive TME. Therapy with ICI alone administered to hosts with established tumors, to mimic an advanced stage setting, did not have a significant effect on altering the TME, which could explain the only modestly elevated T cell activity and lack of response durability observed following ICI treatment in clinical trials.11,12,13 Tumor-associated myeloid cells are prominent in ovarian cancer TMEs and have been shown to negatively impact CD8+ T cell responses, and to recruit T regulatory cells that promote an immunosuppressive TME and tumor progression.16,17,34 We observed strong modulation of the levels and function of myeloid cells in response to IL12 treatment and to a greater extent when combined with dual-ICI. Circulating levels of M-MDSC increased in response to IL12 with or without dual-ICI treatment, though levels were lowered in the ascites to an almost undetectable level in mice treated with a combination of IL12 and dual-ICI. The significant decrease in M-MDSC in the ascites could be explained by their mobilization to the systemic circulation and/or alteration in their phenotype with changed into anti-tumorigenic myeloid cells. Furthermore, IL12 induced drastic changes in the expression of PDL1 among circulating PMN-MDSC and in M-MDSC in the ascites, supporting the need for anti-PD1/PDL1 blockade. Such a strong decrease of myeloid function within the ascites resulted in a pro-immune phenotype as evidenced by the accumulation of inflammatory mediators that favor effector anti-tumor responses (such as IL2, TNFα, and IL1β). These enhanced effector anti-tumor responses mediated durable responses and substantial tumor regression in mice treated with combinatorial treatment with IL12 and dual-ICI. Immunophenotyping analyses of peritoneal tumor tissue showed clear polarization toward pro-immune function within the TME, with significant increases in the activation of pathways associated with inflammatory responses, particularly IFNγ, IL6/STAT3, and TNF. Notably, a significant downregulation in Wnt/Beta catenin signaling, likely related to the decreased tumor burden, was observed after combinatory treatment with IL12 and dual-ICI. Moreover, lower tumor burden associated with a decrease in gene signatures linked to endothelial cells and mesenchymal stem cells.

In-depth immune profiling confirmed a crucial contribution by the myeloid compartment to the durable responses observed after treatment with IL12 and dual-ICI. Bulk transcriptomic analyses of CD11b+ cells purified from ascites were strikingly similar to those from tumors, revealing a polarization toward pro-immune responses as evidenced by the upregulation of interferon gamma and alpha pathways as wells as IL12, TNF-alpha, and IL-6, among others. The pivotal role of myeloid cells was further confirmed by single-cell transcriptomics comparing peritoneal CD11b+ cells isolated from mice in relapse with those isolated from mice in remission. Our results showed marked differences in the transcriptome of myeloid cells from mice in remission compared to those with progressing tumors, with significant upregulation of molecules known to mediate immune suppression such as S100a8/9/6, MIF, and Arg1 among others in CD11b+ cells obtained from mice in relapse. Our findings underscore the notion that modulating myeloid function can be a potential intervention for enhancing the activity of dual-ICI. Further, these data show that IL12 reduced CCL2/CCR2 axis signaling, which has been shown to promote cancer progression, metastasis, and induces immunosuppressive environment favoring TH2 mediated immune response.35,36


Despite its well-known anti-tumor properties, the clinical development of IL12 has been hindered by its potential toxic effects and lack of significant activities when given alone or combined with molecules other than immune checkpoint inhibitors, such as cetuximab or trastuzumab with or without paclitaxel.37,38,39,40,41 At the dosages outlined in the experiments reported here, triplet therapy was well tolerated by the mice with no evidence of toxicities. Further, all mice reached endpoint due to ascites accumulation (i.e. tumor progression) and none had to be sacrificed due to adverse effects related to any indicated therapy modality. One question that arises from these studies is whether the effect that we noted is dependent on locoregional administration of IL12 since we injected IL12 intraperitoneally to treat intraperitoneal disease. Our preclinical work suggests that the synergistic effect of IL12 and dual-ICI is lost when IL12 is administered subcutaneously [Supplemental Figure S2]. Additional studies are needed to further compare the efficacy and toxicity of systemic versus intraperitoneal locoregional administration of IL12. Lenzi et al. investigated the safety and activity of IL12 when given i.p. to patients with peritoneal carcinomatosis.35 The authors demonstrated that intraperitoneal IL12 was well tolerated and associated with increased production of IFNγ and CXCL10, decreased tumor expression of vascular endothelial growth factors, and associated with an increased proportion of CD3+ cells relative to CD14+ cells. Our findings support a clinical trial to investigate the efficacy of IL12 combined with dual-ICI for patients with ovarian cancer. This approach is attractive especially with recent advances in novel gene delivery platforms of IL12 like plasmids, mRNA based or viral vectors.42,43
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		Figure 1. Mechanisms of anti-cancer action of immunocytokines 9.



		Figure 2. Delivery and Structural Elements of mRNA Therapeutics. Left: Lipid-based mRNA nanoparticle structure. Right: Synthetic mRNA structure with 5′ cap, 5′ and 3′ UTRs, start codon (AUG), and poly(A) tail. UTR: Untranslated region; ds: Double-stranded 11.



		Figure 1. Activins are elevated in peripheral blood and tumor microenvironment in tumor bearing mice and cancer patients. (a) peripheral blood samples were collected from healthy mice, pregnant mice, and mice carrying various tumors. Plasma levels of activins were measured by ELISA kits. (b-c) peripheral blood samples were collected from mice at indicated days after MC38 (b), EL4 (c) tumor implantation, and measured for plasma levels of activins using ELISA. (d-f), human plasma levels of activins, were measured by ELISA from samples obtained from healthy donors and cancer patients. Activin a (d), activin B (e) and activin a levels of patients with different stages of non-small cell lung cancer (f) were measured respectively.



		Figure 2. RNA expression of activins is detected in tumor cells and immune cells. (a) differential gene expression of the inhibin beta protein subunits – monomers of the dimeric activins – was compared using qRT-PCR. RNA was isolated from B16F10, MC38, and EL4 cell lines as well as healthy C57BL/6J mouse spleens. (b) MC38 tumor-infiltrating lymphocytes were sorted into major immune cell subsets as indicated and tested for the expression of the different activin subunit genes.



		Figure 3. Activins promote the development of induced Tregs (iTregs) in vitro and in vivo. (a-b) naive CD4+ T cells were isolated from WT C57BL/6J mice, and then cultured in vitro with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 and the indicated gradient concentrations of TGF-b for 3 days. The percentage of CD25highFoxp3+ (a) and Foxp3+Ki67+ (b) in CD4+ cells were analyzed by flow cytometry. (c-d) WT C57BL/6J mice were inoculated with B16F10 tumors and treated with 50ng per mouse recombinant activin A or PBS every other day for 21 days. TILs and specified organs (draining lymph nodes shown as DLN, spleens shown as SP) were harvested from these mice and analyzed for the frequency of CD25highFoxp3+ (c) and Foxp3+Ki67+ (d) in CD4+ cells by flow cytometry. (e) naive CD4+ T cells were isolated from WT C57BL/6J mice, and then stimulated with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 in the absence or presence of recombinant activin A. 36 hours later, RNA was analyzed for the expression of indicated genes using qRT-PCR.



		Figure 4. ActRIC and ActRIIB mediate activin signaling in CD4+ cells. (a) healthy spleen cells from Foxp3-YFP reporter mice were sorted into major immune cell subsets. RNA from these samples was tested for the expression of the different activin receptors. (b) naive CD4+ T cells were isolated from WT C57BL/6J mice, and then stimulated with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 in the absence or presence of recombinant TGF-b. Cells were collected at indicated time points and analyzed for the mRNA expression of Foxp3 and Acvr1c using qRT-PCR. (c) WT naïve CD4 cells were differentiated under iTregs skewing conditions (plate-bound anti-CD3, anti-CD28, IL2, and TGF- β), and cells were collected at indicated times. RNA from these samples was tested for the expression of the different activin receptor transcripts using qRT-PCR. (d) WT naïve CD4+ cells were differentiated under iTregs skewing conditions before being collected at indicated timepoints for immunoblot analysis.



		Figure 5. Activin signaling through ActRIC regulates iTregs differentiation, rather than stability or function. (a) naïve CD4+ T cells were isolated from WT or Acvr1c KO mice and cultured under iTreg conditions in the absence or presence of activins. (b) naïve CD4+ T cells were isolated from WT or Acvr1c KO mice and adoptively transferred to Rag2 KO mice. The animals were monitored for weight loss over the course of disease progression. (c) the induction of Foxp3 in different organs was analyzed by flow cytometry. (d, e) naïve CD4+ cells were isolated from WT or Acvr1c KO mice bearing Foxp3-GFP reporter and cultured under iTreg condition. The induced Tregs were sorted using the Foxp3-GFP reporter, and then cocultured with the cell Trace Violet-labeled naïve CD4+ cells at indicated ratios. Proliferation of the T conventional cells was observed three days later. The results are summarized in (d), and individual plots are shown in (e). (f, g) Treg cells (CD45.2) from WT or Acvr1c KO animals were adoptively transferred with naïve CD45.1+ CD4+ cells into Rag KO animals. The recipients’ weight was monitored for 8 weeks (F), after which the indicated organs were harvested for flow cytometry analysis to determine the number of CD45.1+ cells (G). (h) iTregs generated under in vitro skewing conditions and sorted by the Foxp3-GFP reporter were adoptively transferred into TCRα KO animals. One week later, the expression frequencies of Foxp3, helios, and Eomes were quantified using flow cytometry.



		Figure 6. Tumor growth was inhibited in Acvr1c KO mice. (a) results of one representative experiment of MC38 tumor growth in WT vs. Acvr1c KO mice. Global Acvr1c KO and WT female mice were challenged subcutaneously with 250,000 MC38 tumor cells. Disease progression was monitored over time by measuring the tumor size using caliper. The tumors were excised 23 days post-injection and weighed. (b) survival analysis of WT vs. Acvr1c KO mice with MC38 tumors. (c) TCRα KO mice were reconstituted with WT CD8+ cells and WT or Acvr1c KO naïve CD4+ cells 1 week prior to MC38 tumor challenge. Tumor size was monitored over time. (d-k) the tumor infiltrating lymphocytes (TILs) extracted from the tumors, together with the cells processed from the draining lymph nodes and spleens, were analyzed for the frequency of indicated markers by flow cytometry. The percentage of CD25highFoxp3+ (D), Foxp3+Ki67+(E), CD25highGITR+(F) and CD25highAcvr1c+ (G) cells were analyzed in WT v.S. Acvr1c KO CD4+ cells. The production of TNFα and IFN-γ by CD4+ cells (H, I) or CD8+ cells (J, K) were also measured by intracellular cytokine staining.



		Figure 7. Monoclonal antibodies targeting ActRIC were generated and showed therapeutic effects in treating mouse tumors. (a) 293 T cells were transfected with plasmids encoding for empty vector, activin A, activin receptor 1c (ActRIC) or activin receptor 2b(ActRIIB). After rest for a day, the transfected 293T cells were collected and stained by using the two clones of monoclonal antibody targeting ActRIC as the primary antibody and a fluorescence conjugated anti-mouse IgG1 antibody as the secondary antibody. (b) naïve CD4+ T cells were isolated from WT or Acvr1c KO mice and cultured under iTreg conditions in the absence or presence of activins as described previously. The two clones of monoclonal antibodies were tested for their blocking efficiency. (C) WT C57/BL6J mice were inoculated with B16F10 tumor cells subcutaneously at 40,000 cells/mouse. 6 days later, the i.P. treatment with indicated antibodies started when the tumors became palpable. Tumor growth kinetics are graphed. 24 days post the inoculation, the tumors were excised, weighed and imaged. (d) the frequency of IFN-γ producing CD8 cells in TILs, DLN, and spleens harvested from the treated mice with B16 tumors was analyzed by flow cytometry.



		Figure 8. Graphical Abstract describes the ability of activins to promote FOXP3 induction through ActRIC in cancer. Created with BioRender.com.



		Figure 1. Combination treatment of IL12 with dual-ICI results in enhanced durability of response in the ID8-VEGF advanced ovarian cancer preclinical tumor model. Female C57BL/6 mice were injected intraperitoneally with 5 × 106 ID8-VEGF tumor cells, randomized into treatment cohorts (n = 7 or 8 for each group), and evaluated daily for clinical signs of disease progression. (a) treatment schema was designed to mimic intervention at advanced stage disease. Recombinant murine IL12 with or without immune checkpoint monoclonal antibodies were administered via intraperitoneal injection starting at day 20 as described in materials and methods. Arrows represent days which mice received indicated intervention. (b) weight gain due to abdominal accumulation of ascites was used as proxy of tumor progression and measured at regular intervals. Response to treatment with IL12 alone or with anti-PD1 + anti-CTLA4 monoclonal antibodies, was monitored by changes in weight gain. (c) overall survival was tabulated based on time taken for animals with progressing disease to reach humane endpoint and survival was calculated using Kaplan-Meier analysis with statistical significance evaluated by log-rank (Mantel-Cox) test. (d) a subset of mice from each treatment group was sacrificed 35 days following ID8-VEGF tumor implantation. The total volume of ascites fluid was collected from the abdomen and subjected to flow cytometry to measure the total number of tumor cells (CD45neg) within the abdominal cavity. P values were calculated using student’s t-test. Statistically significant differences between indicated treatment groups were marked with asterisks (*p < 0.05, ***p < 0.005, ****p < .001).



		Figure 2. IL12 and checkpoint inhibition alter the composition of circulating immune cell types in mice bearing ID8-VEGF tumors. (a) High parameter flow cytometry was used to assess the cellular composition of blood from mice 35 days after tumor implantation using antibody panels described in materials and methods. (b) absolute numbers of monocytic and polymorphonuclear MDSC, macrophage, and dendritic cells were determined. Further, frequency of MDSC subsets that expressed PDL1 were calculated. (c) absolute numbers of CD4+, CD8+, and Treg T lymphocytes were delineated. The frequency of CD4+ and CD8+ T cells that expressed PD1 was also measured. Each dot represents measurement from an individual mouse, n = 5 or 6 for each group. P values were calculated using Student’s t-test. Statistically significant differences between indicated treatment groups were marked with asterisks (*p < 0.05, ***p < 0.005, ****p < .001).



		Figure 3. IL12 in combination with checkpoint blockade conditions the immune landscape toward an anti-tumor response in mice bearing ID8-VEGF tumors. (a) high parameter flow cytometry was used to assess the cellular composition of ascites from mice 35 days after tumor implantation using antibody panels described in materials and methods. (b) absolute numbers of monocytic and polymorphonuclear MDSC, macrophage, and dendritic cells were determined and frequency of mdsc subsets that expressed pdl1 were calculated. (c) absolute numbers of CD4+, CD8+, and Treg T lymphocytes were measured and the frequency of CD4+ and CD8+ T cells that expressed PD1 was also determined. Each symbol represents measurement from an individual mouse, n = 5 or 6 for each group. P values were calculated using Student’s t-test. Statistically significant differences between indicated treatment groups were marked with asterisks (*p < 0.05, ***p < 0.005, ****p < 0.001). d cytokine levels were measured using meso scale discovery multi-spot assay system kits including Cytokine Panel 1, Proinflammatory Panel 1, Th17 Panel 1 and TGF-B kits. Individual cytokines that had statistically significant differences (p < 0.05) comparing combinatory treatment vs IL12 monotherapy were marked with an asterisk. Statistically significant differences (p < 0.05) comparing combination vs IL12 alone were indicated with Ψ.



		Figure 4. Treatment with IL12 and dual-ICI associates with distinct patterns of gene expression in solid lesions from peritoneum of mice bearing ID8-VEGF tumors. Bulk RNA sequencing of ID8-VEGF solid tumor lesions. For heat maps, each column represents individual mice and the treatment group is indicated by color code at top. (a) heat map with hierarchical clustering based top 500 variable genes. (b) cell type enrichment analysis based on gene expression data using xCell. (c) heat map with hierarchical clustering of top 50 differentially expressed genes in tumors from untreated versus IL12+dual-ICI. (d) hallmarks of cancer gene set enrichment analysis. Gene sets with statistically significant changes in expression comparing IL12+dual-ICI vs IL12 alone are indicated with red colors and the size of the dot is representative of the number of genes in the corresponding gene set that are significantly changed. (e) volcano plot of differentially expressed genes in ID8-VEGF tumors from mice treated with IL12 alone versus IL12+dual-ICI. Fold change and significance cutoffs are as indicated and named genes are members of the hallmarks of cancer Interferon Gamma Response gene set that were significantly upregulated by at least three-fold.



		Figure 5. Combinatory therapy with IL12 and dual-ICI correlates with enhanced expression of genes related to inflammation in myeloid cells within the ascites. CD11b+ cells were isolated from the peritoneal cavity of tumor bearing mice and bulk RNA sequencing was performed. (a) heat map with hierarchical clustering based on top 50 differentially expressed genes comparing IL12+dual-ICI versus untreated animals. Each column represents individual mice and the treatment group is indicated by color code at top. (b) hallmarks of cancer gene set enrichment analysis comparing combination therapy vs IL12 alone. Gene sets with statistically significant changes in expression are indicated with red colors and the size of the dot is representative of the number of genes in the corresponding gene set that are significantly changed. (c) volcano plot of differentially expressed genes in peritoneal CD11b+ from mice treated with IL12+dual-ICI versus IL12 alone. Fold change and significance cutoffs are as indicated and named genes are inflammation-related hallmarks of cancer.



		Figure 6. Single-cell RNA sequencing reveals distinct gene expression patterns of peritoneal cells isolated from ID8-VEGF tumor bearing mice in remission or relapse following local IL12 treatment with dual-ICI. (a) UMAP projection showing distinct clustering of peritoneal cells from mice in remission (blue) or relapse (gold) following treatment with IL12 + dual-ICI. (b) Color coded K means clustering and expression of cell markers CD45, Krt7 (tumor), Cd2 (lymphoid), and Cd14 (myeloid) showing differential immune status within the peritoneum. Each point is color-coded by its cluster assignment and cell type. Violin plots show relative expression of marker genes between clusters. (c) UMAP projection, split based on remission (top row) or relapse (bottom row) disease status showing peritoneal cells expressing CCR2 and those expressing CCR2- directed chemokines CCL2, CCL7, CCL8, and CCL12. Each point is color coded based on expression level of the indicated genes from low (black) to high (red). (d) Heat map comparing level of expression of noted immunosuppressive genes in myeloid designated clusters of peritoneal cells from mice in relapse or remission following dual-ICI + IL12 therapy.
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Next-generation
cytokines for cancer

Cytokines are small proteins produced by numerous cell
types. They are major regulators of the innate and adaptive
immune systems, enabling the immune cells to communicate
over short distances. Cytokines also stimulate the survival,
proliferation and function of natural killer (NK) and T cells,
which mediate the immune response to cancer.
Researchers have explored the use of cytokines in cancer
therapy, leveraging the immune system's ability to identify
and destroy cancer cells.

Interleukins
Interferons

There are seven main cytokine families.

Regulation of cell proliferation and
differentiation, immune regulation,
and inflammation

Antiviral, antitumor
and immunomodulation

Regulation of cell migration,
promotion of angiogenesis
and inflammation

Proinflammation, apoptosis and

Cytokines , \
immunomodulation

Tumor necrosis
factors
Colony

stimulating
factors

Transforming
growth factors
Growth factors

Proliferation and differentiation of
hematopoietic progenitor cells

Immunomodulation, development
and morphogenesis

Regulation of cell growth
and differentiation

The US FDA has approved IL-2 and IFN-a for p
cancer immunotherapy so far. Other cytokines,

such as IL-12 and IL-15 have also shown efficacy

in clinical models.

Promotes the expansion of natural
killer (NK) cells and T lymphocytes.

Has pro-apoptotic, antiproliferative
and anti-angiogenic activities.

Approved for metastatic renal
' cell carcinoma and metastatic
melanoma.

Approved for hairy cell leukemia,
various other hematological
malignancies and melanoma.

Promotes the formation and
proliferation of immune cells,
induces cytotoxic effects, and
enhances immune responses.

Activates innate and adaptive
cytotoxic immunity responses
and inhibits angiogenesis.

Evaluated in clinical trials in
many malignancies such as
advanced solid tumors and
metastatic cancers.

Tested in clinical trials,
including metastatic kidney
cancer and breast tumors.

However, certain characteristics of cytokines
hamper their widespread clinical use.

Lack of tumor targeting Short circulating half-life Severe toxicity

Overcoming these challenges is a major goal in developing next-generation cytokine
therapies. Engineered cytokines with lower toxicity and longer half-life are promising
approaches to improve therapeutic efficacy.

Immunocytokines are antibody—cytokine fusion molecules
consisting of a targeting-antibody moiety, an amino acid linker
and a cytokine load, providing the molecule with the ability to
target tumor-associated antigens.

Representative immunocytokine formats

\!
\/L‘ cHl ’
&~

CH3

CH2
Linker
Cytokine ‘ {

Immunocytokines based on full-scale
antibodies

Y
d

Small-size immunocytokines based
on antibody fragments

L

scFv-cytokine (trimeric)

Blood concentration can be kept as
low as possible to prevent side effects

P Facilitate a long circulating half-life in
¢ the bloodstream

Mechanisms of action

Immunocytokines activate and redirect immune
cells to tumor cells and promote the formation of
immune synapses.

4 Proliferation
4 Cytotoxicity
4 Antigen presentation

4 Major histocompatibility 4 Cytoki e
ytokine production

complex expression
A Cell death

‘r* W Proliferation q ’ / Tumor Cell .
e

""\‘ Leukocyte Q
Cytokine oo g2
receptior
Cytokines (o

Antibody 08
7N\

Sckv

Tumor antigen

Protein engineering techniques can be utilized to re-engineer cytokines to
improve their function and pharmacokinetic properties.

Directed evolution

Directed evolution is
based on the functional
selection of mutants,
introducing mutations into
the gene of interest and
obtaining a protein with
the desired function.

Example:

MDNA11

MDNA11 is an IL-2
mutant protein with a
200-fold

higher affinity for the
IL-2RBy complex [1]. It's
currently undergoing a
clinical trial
(NCT05086692) in
patients with advanced
solid tumors.

PEGylation

PEGylation is a process
through which
polyethylene glycol (PEG)
chains are conjugated to
proteins, increasing their
hydrodynamic radius and
extending the half-life of
cytokines. PEGylation also
reduces immunogenicity
and nonspecific binding,
and increases the stability
of therapeutic cytokines.

_ge

THOR-707 is a PEG-IL-2
variant that enhances
effector T- and NK-cell
expansion and activation
and improves safety and
pharmacokinetic profiles
[2]. Clinical trials are
investigating it as a
therapy for advanced or
metastatic solid tumors.

Fc fusion

Fc fusion proteins modify
the pharmacokinetics of
active molecules and
improve cytokine
targeting. The Fc domain
increases the plasma
half-life of the fusion
protein, improving its
therapeutic efficacy and
slowing down renal
macromolecular excretion.

CHO %

Fc domain

€HO

N-803 isanIL-15
superagonist that
promotes the proliferation
and activation of immune
cells, providing sustained
anti-tumor activity. N-803
has received FDA approval
for the treatment of
non-muscle invasive
bladder cancer [3].

Solutions are available to help with the research and development of cytokine
immunotherapies. Sino Biological, named 'Growth Supplier to Watch in 2024' by
CiteAb, offers a comprehensive range of high-quality GMP- and RUO-grade

cytokines and growth factors.

B
&1‘;-.

Vast selection

250+ molecules, 800+ cytokines
(20+GMP-grade)

Covering growth factors, ILs,
TNFs, CSFs, IFNs and more

***
* *

High quality

High purity, validated
activity and
established stability

Quality control

ISO 9001/ISO 13485/GMP
quality systems

1. Merchant R, Galligan C, Ankathatti M et al. Fine-tuned long-acting interleukin-2 superkine potentiates
durable immune responses in mice and non-human primate. . Immunother. Cancer 10(1), e003155
(2022).

2. Milla ME, Ptacin JL, Ma L et al. THOR-707, a novel not-alpha IL-2, promotes all key immune system
anti-tumoral actions of IL-2 without eliciting vascular leak syndrome (VLS). Ann. Oncol. 30(5), V501
(2018).

3. Nature Reviews drug discovery. First-in-class IL-15 receptor agonist nabs FDA approval for bladder
cancer [Accessed 10 June 2024].
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