
Clinical translation of immunomodulatory therapeutics

Amanda Nash1, Samira Aghlara-Fotovat1, Andrea Hernandez1, Christopher Scull2, Omid 
Veiseh1,#

1Rice University, Department of Bioengineering, Houston TX,

2Biologics Consulting, Inc.

Abstract

Immunomodulatory therapeutics represent a unique class of drug products that have tremendous 

potential to rebalance malfunctioning immune systems and are quickly becoming one of the fastest 

growing areas in the pharmaceutical industry. For these drugs to become mainstream medicines, 

they must provide more therapeutic benefit than the currently used treatments without causing 

severe toxicities. Immunomodulators, cell-based therapies, antibodies, and viral therapies have all 

achieved varying amounts of success in the treatment of cancers and/or autoimmune diseases. 

However, many challenges related to precision dosing, off-target effects, and manufacturing 

hurdles will need to be addressed before we see widespread adoption of these therapies in 

the clinic. This review provides a perspective on the progress of immunostimulatory and 

immunosuppressive therapies to date and discusses the opportunities and challenges for clinical 

translation of the next generation of immunomodulatory therapeutics.
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Schematic representation of immune system cycles. State 1 represents immune system 

homeostasis where the balance between activation and proliferation of cytotoxic cells and 

regulatory cells is maintained naturally and does not require intervention. State 2a represents 

local tumor development causing an immunosuppressive microenvironment in which cytotoxic 

cells such as CD8+ T cells, are repressed. Immunosuppressive microenvironments can also 

cause an increase in development and proliferation of M2 macrophages and regulatory T 

cells which contribute to the immunosuppression by secreting anti-inflammatory molecules. 

State 3a represents a potential therapeutic intervention: cytokine therapies. In this example, 

pro-inflammatory cytokines such as interleukin-2 can be administered to boost cytotoxic T cell 

activation and proliferation which can lead to increased anti-tumor effects. As the tumor cells are 

destroyed, the extent of the immunosuppressive microenvironment is reduced, and the immune 

system returns to homeostasis as shown in State 4. On the other hand, State 2b represents 

misidentification of self-antigens as foreign which is common during autoimmune diseases. In 

this state, antigen-presenting cells such as macrophages mark self-antigens for destruction by 

the immune system which leads to activation and proliferation of M1 macrophages, cytotoxic 

T cells, and B cells causing prolonged immune system activation and tissue damage. State 3b 

represents a potential therapeutic intervention: antibody therapies. In this example, antibodies 

against major pro-inflammatory cytokine TNFα are administered. Blockade of pro-inflammatory 

cytokine signaling reduces immune system activation by decreasing the number binding of these 

signaling molecules to additional immune cells and thus reducing the inflammation and allowing 

the immune system to return to homeostasis (State 4). Schematic was made using BioRender.com
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1. Introduction

In the past decade, there have been major advances in synthetic biology, protein engineering, 

and clinical oncology leading to safer and more efficacious immunomodulatory therapeutics. 

Researchers have continued to think outside of the box to develop new drugs and delivery 

systems that learn from and build on previous generations. These developments include 

new clinical targets as well as repurposing previously approved drugs to extending the 

short serum half-life of unstable proteins. For example, the 2010s saw incredible advances 

in cancer therapeutics including many FDA-approved therapeutics. These include the first 

approved cancer vaccine, sipuleucel-T (Provenge®), for the treatment of prostate cancer 

[1], the first PD-1 inhibitor, pembrolizumab (Keytruda®), for advanced or unresectable 

melanoma [2], the first monoclonal antibody for patients with multiple myeloma, 

daratumumab (Darzalex®) [3], the first CAR T-cell immunotherapy, tisagenlecleucel 

(Kymriah®), to treat B-ALL patients [4], and the first cell-based immunotherapy for patients 

with relapsed or refractory Mantel cell lymphoma, brexucabtagene autoleucel (Tecartus™) 

[5].
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Advances in cancer therapeutics were not alone, however. Critical steps forward were also 

made for autoimmune diseases like multiple sclerosis (MS), rheumatoid arthritis (RA), 

ulcerative colitis, and Crohn’s disease during the last decade. These include FDA approval 

of the following drugs: the first oral treatment to treat relapsing forms of MS, fingolimod 

(Gilenya™)[6], vedolizumab (Entyvio™) for the treatment of moderately to severely active 

ulcerative colitis and Crohn’s disease [7], ocrelizumab (Ocrevus®) for patients with primary 

progressive MS (PPMS) [8], sarilumab (Kevzara®) for the treatment of RA [9], tofacitinib 

(XELJANZ®) an inhibitor of JAK for the treatment of ulcerative colitis [10] and baricitinib 

(Olumiant®), a JAK inhibitor for the treatment of RA [11]. These innovations have been 

transformative for developing the next generation of clinically available immunomodulatory 

drugs.

To be marketed to patients in the U.S., immunomodulatory drugs must be approved by the 

United States Food and Drug Administration (FDA) [12]. In total, there are currently 14 

FDA-approved immunomodulators for cancer therapy [13], 20 cellular and gene therapies 

[14], 85 vaccines [15], 98 antibody therapeutics [16], and 1 oncolytic virus therapeutic [17] 

which was approved for melanoma treatment in 2015. To keep up with the rapidly evolving 

clinical landscape, there is an urgent need for newer and more advanced therapeutics.

The immune system is a complex and dynamic system composed of cells and proteins 

that work together to defend the body against infections [18–20]. To keep us healthy, the 

immune system cycles between states of activation and suppression to fight off pathogens 

and repair damaged cells and tissues. Successful implementation of this cycle is necessary 

each time a pathogen or foreign particle is introduced into the body. Immunomodulation 

is any regulatory adjustment of the immune system that causes initiation continuation, or 

termination of an immune response. These changes can be naturally produced through cell­

cell communication and signaling cascades or induced through exogenous administration 

of therapeutics [18]. When functioning properly, immune cells can sense the difference 

between self and non-self and naturally “self-modulate” or become activated when foreign 

particles or pathogens are identified and deactivate when the threat is no longer present. 

On-demand cycling through these activation states is critical for healthy immune system 

balance. Unfortunately, there are many ways that the immune system can fail or become 

misaligned or unregulated which can lead to diseases such as cancer or auto-immune 

disorders [21, 22]. To help compensate, immunomodulatory drugs have been developed 

and employed in the clinic for many years to assist in re-balancing a malfunctioning immune 

system. As we learn more about the immune system and how the individual cells function 

and work together, we can begin to identify and isolate new and more effective targets for 

diseases. Immunomodulatory therapeutics are uniquely poised to revolutionize the way we 

think about treating patients in the future.

The immune system is implicated in both pro-inflammatory diseases such as cancer 

and infectious diseases as well as autoimmune diseases such as RA and systemic lupus 

erythematosus (SLE). Two major classes of immunomodulators exist: immunostimulants 

and immunosuppressants [23]. As described in Figure 1, immunostimulatory drugs 

function to enhance or increase the extent of the immune system’s response to a 

particular pathogen and are often prescribed to patients with pro-inflammatory diseases. 
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In contrast, immunosuppressive drugs function to reduce the immune response during 

chronic inflammation, organ transplants, and autoimmune diseases [23]. There are 

also four other main drug classes that are classified as immunotherapies: cell-based 

immunotherapy, vaccines, antibody therapies, and oncolytic viruses [24]. Many of these 

drug classes can be considered immunostimulants or immunosuppressants depending on 

the specific drug. For example, antibodies that block immune cell activation pathways 

are considered immunosuppressants while antibody therapies that block regulatory or 

deactivation pathways are considered immunostimulants.

Innovative developments for the next generation of immunotherapeutic drugs require 

utilization of the plasticity of the cells and branches of the immune system, a deeper 

understanding of existing cellular and non-cellular targets, and more advanced tools to 

identify targets and therapeutic strategies. The next generation of therapeutics must expand 

on and synergize with the current immunotherapeutic modalities to build on their efficacy. 

In order to easily and efficiently translate into the clinic, the next generation of biologics 

must also consider manufacturing challenges and FDA requirements for approval during the 

research and development stage. At the forefront of these new ideas are engineered cytokine 

therapies that are less toxic and more bioactive than current products, targeted delivery 

platforms that allow for deeper penetration and more predictable drug release kinetics, and 

combination therapies that work in concert and build on the efficacies of each monotherapy 

to function as a more efficient combination therapy that can be personalized on a per patient 

basis. Herein, we will review the progress of immunostimulatory and immunosuppressive 

therapies to date and discuss the opportunities and challenges for clinical translation of 

the next generation of immunomodulatory therapeutics. We will review cytokine therapy, 

cell-based therapy, antibody therapy, and viral therapies in the context of clinical translation. 

Vaccine-based immunotherapies have been expertly reviewed by Hollingsworth and Jansen 

[25] as well as Dalgleish [26] and will not be discussed here.

1.1. The healthy immune system

1.1.1. Innate Immunity—The immune system is a complex, dynamic system made 

up of cells and chemicals that keep us healthy by responding to and eliminating harmful 

materials and pathogens that enter the body[27]. The mechanisms that allow the recognition 

of these hazards are innate and adaptive immunity [20, 27]. The first line of defense is innate 

immunity which are nonspecific defense mechanisms that take place once a pathogen is 

identified in the body. Major immune populations for innate immunity include macrophages, 

neutrophils, eosinophils, basophils, mast cells, monocytes, dendritic cells, and natural killer 

(NK) cells [28, 29]. The induction period for the innate system is much faster (minutes­

hours) than the adaptive system (hours-days) and recognizes common pathogen-associated 

microbial patterns (PAMPs) as well as other foreign materials that enter the body [28].

1.1.2. Adaptive Immunity—The second wave of the immune system is called adaptive 

immunity. This mechanism recognizes unique epitopes on pathogens and causes antigen­

specific immune responses once an antigen has been recognized, processed, and presented 

by antigen-presenting cells (APCs) [20, 27]. Adaptive immunity is more specific than the 

innate system, but also requires extensive cell proliferation to induce cytotoxicity, and is 
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much slower to respond to threats [28]. The difference in the “time-to-action” and specificity 

of the two branches necessitates the involvement of both systems to efficiently identify and 

eliminate harmful materials. Adaptive immunity plays a major role in clinical oncology as 

well as autoimmune disease and its major immune cell populations include T cells and B 

cells [28, 29]. Figure 2 highlights the major immune cell population in each branch and a 

general time frame for activation of the associated cells [30]. Understanding the major cell 

populations, functions, and timescales of each branch of the immune system is critical for 

developing appropriate and efficacious new immunomodulators.

1.2 Immune system failures: Cancer

The phenomenon of resistance, recurrence, and immune evasion by cancer cells continues 

to challenge scientists and oncologists and thus remains an active area of research [31]. 

Some of the most common types of cancer in the U.S. include bladder, breast, colorectal, 

endometrial, kidney, liver, lung, pancreatic, prostate, leukemia, Non-Hodgkin lymphoma, 

and melanoma [32, 33]. Survival rates and treatment availability vary substantially for 

patients and often depend on where the cancer is located and the severity of the disease at 

the time of diagnosis. For example, the current standard of care for patients with advanced 

pancreatic cancer is gemcitabine monotherapy [34, 35], while sunitinib [36, 37], and 

pazopanib [37, 38] are the standard of care for patients with advanced renal cell carcinoma, 

and debulking surgery followed by paclitaxel administration is frequently prescribed to 

patients with advanced ovarian cancer [39–41]. Many of these chemotherapy treatments, 

although generally successful, can cause severe side effects and toxicities that lessen the 

patient’s quality of life [40, 42, 43]. In addition to the severe toxicities associated with many 

traditionally used chemotherapeutic drugs, the heterogeneity of cancer cells, their cellular, 

and non-cellular microenvironments, and their remarkable ability to survive and rapidly 

evolve remain major hurdles for the field of oncology.

Various types of cancer cells arise and interface with the cells of our bodies almost every 

day but are usually rapidly identified and eliminated by the collaborative efforts of the 

branches of the immune system [44, 45]. However, in some cases, cancer cells evolve 

and can circumvent recognition by the immune system, thus evading activation of the pro­

inflammatory immune response and allowing cancer cells to develop into tumors [44]. Since 

the immune system is responsible for fighting infection and eliminating pathogens, immune­

oncology represents a unique approach and opportunity to boost or reactivate the immune 

response and ultimately destroy and eliminate tumors. In this section, we review recent 

clinical advancements in immunomodulatory drugs in the context of immune-oncology 

(Figure 3) and discuss potential future directions for immunostimulatory therapeutics.

1.2.1. Recent advances in cancer immunotherapies—Many new clinical trials 

and FDA-approved drugs have been evaluated recently. For example, a phase I clinical trial 

found Nivolumab (BMS-936558/MDX-1106), an immune checkpoint inhibitor, stimulated 

tumor regression in patients with advanced melanoma, renal, colon, and lung cancer 

and a phase III clinical trial found ipilimumab (Yervoy®) extends survival in advanced 

melanoma patients [46–48]. Researchers also found patients with metastatic melanoma had 

a significant improvement when they received the high dose of IL-2 and gp100 peptide 
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vaccine [49] and a separate study found clinical responses in patients with chronic leukemia 

when they received genetically modified T cells for adoptive transfer [50]. In 2013, adult 

patients with relapsed B cell acute lymphoblastic leukemia had clinical responses when 

treated with CAR T cell transfer [51]. In 2014, the FDA approved ramucirumab (Cyramza®) 

to treat advanced stomach cancer and gastroesophageal junction adenocarcinoma [52] 

and in 2015, the FDA approved a genetically engineered virus, talimogene laherparepvec 

(Imlygic™), to kill cancer cells for treatment of advanced melanoma [53].

The second half of the decade also saw the first FDA approved anti-PD-1/PD-L1 checkpoint 

inhibitor that targets the PD-L1 ligand, atezolizumab (Tecentriq®), to treat bladder cancer 

and olaratumab (Lartruvo™), a monoclonal antibody directed against platelet-derived growth 

factor receptor alpha (PDGFRα), to treat patients with soft tissue sarcoma [54, 55]. In 2017, 

the FDA also approved axicabtagene ciloleucel (Yescarta®), a CD19-directed genetically 

modified autologous T cell immunotherapy, for the treatment of non-Hogdkin large B 

cell lymphoma [56]. The following year, cemiplimab (Libtayo®), a programmed death 

receptor-1 (PD-1) blocking antibody was approved for patients with advanced forms of 

cutaneous squamous cell carcinoma [57]. In 2019, the FDA approved the first systemic 

treatment for patients with tenosynovial giant cell tumor, pexidartinib (Turalio™) [58] and 

most recently, the FDA approved the first cell-based gene therapy, idecabtagene vicleucel, 

for adult multiple myeloma patients earlier this year [59]. As more disease and symptom­

related targets are identified, we expect to see even better, faster, and smarter therapeutics in 

the next several decades.

1.3. Immune system failures: Autoimmune diseases

The immune system acts as the first line of defense against invading pathogens, but it 

also has important regulatory functions in the body [60, 61]. Without properly timed 

and implemented negative feedback mechanisms, the pro-inflammatory state of an active 

immune system can lead to chronic inflammation [62]. Autoimmune diseases can also occur 

when the self-recognition capabilities of the immune system break down, causing initiation 

of immune system attacks on self-molecules, cells, or tissues [30, 61, 63]. Typical treatments 

commonly prescribed for autoimmune diseases include non-steroidal anti-inflammatory 

drugs (NSAIDs), glucocorticoids, and disease-modifying antirheumatic drugs (DMARDs) 

[64–66]. NSAIDs are potent inhibitors of neutrophil activation and are effective in the 

alleviation of pain and inhibition of inflammation [66, 67]. Glucocorticoids bind to specific 

cell receptors and often result in the inhibition of cellular signaling pathways and regulate 

the immune cell expression of cytokines and chemokines [64, 65] and DMARDs have the 

capacity of reducing tissue and organ damage caused by inflammatory responses [64]. There 

are also other classes of drugs such as the anti-interleukin-1 receptor antagonist, anakinra, 

which was approved for the treatment of rheumatoid arthritis (RA) in 2001 but due to lower 

efficacy than other biologics and the need for daily subcutaneous administration, anakinra 

is seldomly used for the treatment of RA today [68–70]. This drug recently regained 

attention in January 2013 when it was also approved for treatment of a severe form of 

Cryopyrin-Associated Periodic Syndromes (CAPS), known as NOMID and in 2020 when 

it was evaluated for its potential use in patients with COVID-19 and reduced the need for 
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invasive mechanical ventilation in the ICU and mortality among patients with severe forms 

the virus without serious side-effects [71–73].

Autoimmune diseases represent the third most common cause of chronic illness in the 

United States and there are more than 80 types of autoimmune diseases that span a broad 

range of immunological dysfunctions [74]. The most common of these include type 1 

diabetes, multiple sclerosis, RA, lupus, Crohn’s disease, psoriasis, and scleroderma [74–76]. 

Each of these diseases can be caused by defective immune system regulation, environmental 

stimuli, or genetic susceptibility and many of the currently available treatments function 

to reduce inflammation and provide symptom management for patients but do not address 

the fundamental problems responsible for the initiation and progression of the autoimmune 

process [75]. In most cases, this necessitates continued therapy, resulting in decreased 

quality of life and patient compliance and increased risk of infectious complications 

[75]. Future success at treating these diseases will require a deeper understanding of the 

mechanisms of a healthy immune system, how abnormal immune responses begin, and how 

they are maintained over time. Augmenting regulatory mechanisms and establishing robust 

disease resolution is a priority for new immunotherapeutic drugs [75].

1.3.1. Recent advances in autoimmune disease immunotherapies—There have 

also been several examples of advances in immunosuppressive therapeutics spanning the 

past decade. For example, in the early 2010s, a monoclonal antibody that binds to BLyS, 

belimumab (Benlysta®) for the treatment of SLE was approved [77] along with the second 

oral treatment for relapsing forms of MS, teriflunomide (Aubagio®) [78], dimethyl fumarate 

(Tecfidera™) as the first in line treatment for relapsing MS [79], and eluxadoline (Viberzi®) 

for the treatment of IBS-D [80].

In the second half of the decade, the FDA approved daclizumab (Zinbryta®) for the 

treatment of MS and a monoclonal antibody that targets IL-12 and IL-23, ustekinumab 

(Stelara®), for the treatment of moderately to severely active Crohn’s disease and ulcerative 

colitis [81, 82]. In 2019, the FDA approved upadacitinib (Rinvoq®), a Janus kinase inhibitor, 

for the treatment of RA and infliximab-axxq (Avsola™), a tumor necrosis factor (TNF) 

blocker, for the treatment of Crohn’s disease and ulcerative colitis [83, 84]. A clinical 

trial found low dose IL-2 might be effective in treating SLE [85]. The following year, the 

FDA approved ozanimod (Zeposia®), a sphingosine 1-phosphate receptor modulator, for the 

treatment of relapsing MS [86]. Most recently, a 2021 phase II and III clinical trials found 

anifrolumab enabled glucocorticoid reduction and SLE flare reduction for patients [87].

2. Immunomodulatory platforms

A well-balanced immune system is critical for maintaining human health. As discussed 

above, the branches of the immune system must coordinate to toggle through phases of 

activation and repression in order to accurately identify, process, and eliminate pathogens 

and foreign materials in the body [18]. Because immune system dysregulation can result 

in pro- or anti-inflammatory diseases, researchers have developed immunomodulatory drugs 

that function to boost or repress the immune system [21, 22]. Some of the most impressive 

advancements for next-generation therapeutics have been in the form of more sophisticated 
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drug delivery platforms. The past decade has seen drugs delivered via nanoparticles [88], 

micelles [89], microparticles[90], liposomes [91], fusion-proteins [92], PEGylated proteins 

[93], engineered receptors [94], cell backpacks [95], viruses [96], combination systems, 

and more. In this section, we will discuss the clinical translation of cytokine therapies, 

antibodies, and pain/symptom management drugs for various disease settings. We will 

also discuss advances in cell-based therapeutics and combination therapies as well as the 

challenges and future directions of each.

2.1. Cytokine therapies

Cytokines are low molecular weight, soluble proteins that are secreted primarily by immune 

cells and function to relay instructions and mediate cell-cell communication in the body 

[97, 98]. These proteins act in concert with specific soluble, or membrane-bound, cytokine 

receptors to regulate the human immune response [98] and have been used as biological 

drugs for over 30 years [99]. In this section, we will discuss pro- and anti-inflammatory 

cytokines and highlight their utility as immunomodulators.

2.1.1. Pro-inflammatory cytokines—Pro-inflammatory cytokines are produced 

predominantly by activated immune cells and are involved in the up-regulation of 

inflammatory reactions [98]. Two pro-inflammatory cytokines, interleukin-2 (IL-2) and 

interferon-alpha (IFN-α) have been approved by the FDA for the treatment of several 

malignancies [100]. Other pro-inflammatory cytokines including granulocyte-macrophage 

colony-stimulating factor (GM-CSF), interferon-gamma (IFNγ), IL-7, IL-12, and IL-21 

have also been evaluated in clinical trials and remain part of certain ongoing clinical trials 

[101]. Cytokines are usually released by a specific cell type in response to a stimulus, 

and the extent of their action is short-lived due to limited half-life in the circulation [100]. 

Many cytokines only circulate in the blood stream for minutes to hours[102]. Cytokine­

based immunotherapy is a promising indication for cancer treatment because cytokines can 

modulate the immune response towards cancer cells, thus enabling enhanced cytotoxicity 

[101, 103, 104]. The biggest drawback of pro-inflammatory cytokine therapy is the short 

half-life which necessitates high and frequent doses that elicit treatment-limiting off-target 

effects and toxicities [99, 101, 105–107].

Although there are still only two FDA-approved cytokine therapies for cancer treatment, 

other pro-inflammatory cytokine therapies have been evaluated in pre-clinical and clinical 

studies as monotherapies and in combination with other treatments. Here we will discuss 

cytokine monotherapies and later we will discuss cytokines in combination with antibodies, 

and more.

2.1.2. Cytokine modifications—Like with the administration of any drug, careful 

consideration must be given to selecting the most appropriate dosing scheme for cytokine 

administration. In the body, various cytokines are rapidly produced by cells on an “as 

needed” basis to initiate, propagate, or terminate an immunological response [100]. It 

would, therefore, be evolutionarily disadvantageous for a particular cytokine to remain 

active in the body for long periods of time as this could potentially disrupt the cyclical 

nature of the immune system and be detrimental to the survival of an organism. However 
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cytokines have notoriously short half-lives and are either utilized rapidly after production 

or degrade and are naturally excreted if not needed in order to maintain immune system 

homeostasis. Unfortunately for researchers, the short half-life of these proteins represents 

a major challenge for accurate and appropriate administration of exogenous cytokines for 

clinical immunotherapy.

Another crucial consideration for cytokine administration and half-life disparities is the 

toggle between safety and efficacy, especially for cancer immunotherapy. Pro-inflammatory 

cytokines, in particular, are often ineffective at low concentrations and elicit (sometimes 

life-threatening) toxicities when the concentration is too high [105]. However, when 

the concentration is within an appropriate therapeutic window, the treatment efficacy is 

remarkable [105]. Because the therapeutic window depends on the potency and mechanism 

of action of a particular cytokine, careful consideration for dosing must be given for 

each cytokine as well as each combination of cytokines administered to patients. For this 

reason, extensive time and effort have gone into developing second-generation cytokine 

products that have reduced toxicity or increased half-lives and work is ongoing to develop 

cytokine products that exhibit both characteristics. One of the most promising and prolific 

approaches has been utilizing advances in drug delivery platforms and chemistry techniques 

to create cytokine modifications and fusion proteins. A few of the most common cytokine 

modifications are depicted in Figure 4. Examples of these modifications have been 

developed and tested in pre-clinical studies and are described in the sections below (sections 

2.1.3, 2.1.4, and 2.1.5).

2.1.3. IL-2 modifications—Due to its therapeutic potential, IL-2 is one of the most 

widely studied cytokines. High-dose bolus administration of recombinant IL-2 treatment 

has been FDA approved for use in melanoma and renal cancers under the trade names 

Aldesleukin® or Proleukin® since 1992 [108–111]. IL-2 is of particular interest for 

immuno-oncology it plays a critical role in the activation, proliferation, and regulation of 

immune cells such as T cells and NK cells [108, 112–114]. There are three IL-2 receptor 

chains: IL-2 receptor α-chain (IL-2Rα, encoded by IL2RA; also known as CD25), the 

β-chain (IL-2Rβ, encoded by IL2RB; also known as CD122) and the γ-chain (IL-2Rγ, 

encoded by IL2RG; also known as CD132) and IL-2 molecules interact with each of the 

three classes of IL-2 receptor with different affinities [112]. IL-2 binds with low affinity 

(Kd ~10−8 M) to receptors containing only IL-2Rα, with intermediate affinity (Kd ~10−9 

M) to receptors containing IL-2Rβ and IL-2Rγ, or with high affinity (Kd ~10−11 M) to 

receptors containing IL-2Rα, IL-2Rβ and IL-2Rγ (Figure 5). Intermediate-affinity receptors 

are expressed primarily on resting NK cells and CD8+ T cells, but immune cell activation 

induces IL-2Rα expression which converts intermediate-affinity receptors to high-affinity 

receptors and allows for cytotoxic immune cells to undergo proliferation [112].

IL-2 has different effects on CD4+ and CD8+ T cells so it is imperative to understand the 

immunological landscape of the tumor of interest when developing new biologics [112]. 

Naive CD4+ T cells, for example, have the potential to differentiate into various functional 

populations, including Th1, Th2, Th17, Th9, Tregs, and T follicular helper (Tfh) cells, 

depending on the antigen and cytokine signals they receive during development [112]. 

Studies have demonstrated that IL-2 plays a role in Th1 [115], Th2 [116], and Treg 
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cell differentiation, and aids in T helper 9 (Th9) cell generation [117] but inhibits the 

differentiation of Th17 cells [118], and T follicular helper (Tfh) cells [119] suggesting that 

the presence of IL-2 is critical to the fate of T cell subsets. The functions and implications of 

activation and repression of the various T cell subsets have been expertly reviewed by Ross 

and Cantrel [113] and will not be discussed in detail here. As for CD8+ T cells, early in 

vitro and in vivo work established a critical role for IL-2 as a T cell growth factor in driving 

the expansion of CD8+ T cells subsequent to TCR stimulation [114, 120]. The various T 

cell subsets play a major role in contributing to the activation cycles of the immune system 

by ramping up immune cell proliferation during an immune response and inducing cell 

death and regulation to end an immune response when the threat is no longer present. The 

plasticity of these immune cells is imperative for immune system homeostasis.

Unfortunately for researchers, the half-life of IL-2 in the blood is on the order of minutes 

and the needed high dose regimens often elicit life-threatening toxicities such as Vascular 

Leak Syndrome (VLS) which hinders the widespread adoption of this treatment [106, 

121]. For this reason, various IL-2 analogs and fusion proteins have been created to 

reduce toxicity and extend the half-life. Major progress has been made in designing and 

implementing IL-2 analogs and fusion proteins. However, many of these modifications also 

decrease the therapeutic efficacy and thus future modification strategies are still needed.

Cytokine modifications have become a staple for immunotherapeutics. For example, 

Nektar Therapeutics created a PEGylated IL-2, NKTR-214, which binds to CD122. This 

recombinant cytokine has an increased half-life provides anti-tumor efficacy [93], and 

has been tested in rodents and non-human primates. Additionally, several clinical trials 

are underway testing NKTR-214 with a combination of immune checkpoint inhibitors 

(NCT03138889, NCT02983045, NCT03282344, NCT03435640, and NCT02983045) [122–

124]. Another pharmaceutical company, Hoffman-La Roche, developed a mutant IL-2, 

cergutuzumab amunaleukin (CEA-IL2v), that reduces binding to IL-2Rα in order to reduce 

binding and activation of regulatory T cells and instead preferentially bind cytotoxic T cells 

to boost anti-tumor efficacy. This engineered mutated IL-2 variant also has an extended half­

life and has been shown to increase tumor reduction in mice [125]. Recombinant IL-2 has 

also been fused to a single-chain monoclonal antibody L19 by Philogen S.p.A. The L19-IL2 

fusion was expected to have high IL-2 concentrations and longer circulation because it was 

delivered intralesionally to patients in a phase II clinical trial. Unfortunately, the objective 

response rate recorded in this study was lower for patients treated with L19-IL2 than 

the untargeted IL-2 treatments suggesting that additional work needs to be done to boost 

the efficacy without increasing toxicity [126]. Children’s Oncology Group also generated 

hu14.18-IL2, a fusion protein consisting of the humanized 14.18 anti-GD2 monoclonal 

antibody linked to IL-2. This system localizes to GD2-positive tumor cell surfaces through 

the anti-GD2 mAb component, then binds to and activates cytotoxic lymphocytes through 

the IL-2 component. Hu14.18-IL2 caused minor toxicity 5 patients out of 23 had a complete 

response [127]. Finally, a hyperstable de novo mimic of IL-2 with reduced affinity to 

α-chain subunit of the IL-2 receptor was created in order to limit its pleotropic bioactivity 

[128]. This molecule has great potential for increasing the use of IL-2 and other cytokine 

therapies in the future, but additional work must be done to address the bioactivity of de 

Nash et al. Page 10

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03138889
https://clinicaltrials.gov/ct2/show/NCT02983045
https://clinicaltrials.gov/ct2/show/NCT03282344
https://clinicaltrials.gov/ct2/show/NCT03435640
https://clinicaltrials.gov/ct2/show/NCT02983045


novo mimics as well as the other modified constructs in order to translate into the clinic and 

be widely adapted for clinical use.

2.1.4. IFN-α modifications—Cytokine efficacy for cancer treatment can also be 

improved by extending the serum half-life and increasing cytokine concentration within the 

tumor microenvironment. In 1986, IFN-α was the first biotherapeutic to be FDA approved 

[129]. It has been approved and evaluated for the treatment of hairy cell leukemia [130], 

follicular non-Hodgkin lymphoma [131], melanoma [132], and AIDS-related Kaposi’s 

sarcoma [133]. Similar to IL-2, discussed above, widespread use of IFN-α has declined 

due to extensive toxicities. For this reason, protein and delivery modifications have also 

been developed for IFN- α. These modifications includes advanced drug delivery systems 

such as nanoparticles, PEG-modified cytokines [134], and construction of fusion protein 

with antibodies [135], Fc domains, apolipoprotein A-I [136], albumin, or the latent peptide 

of TGF-β. For instance, Herndon and colleagues found that PEGylating IFN-α increases 

the half-life in circulation and exposes tumor cells to high IFN-α concentrations to treat 

patients with melanoma [134]. Fioravanti and colleagues found by connecting IFN-α to 

ApoA-I, the half-life increased and promoted anti-tumor activity [136]. This study showed 

that the fusion protein achieved immunostimulatory activity at low toxicity. IFN-α has also 

been successfully fused to single-domain antibodies targeting Clec9A+ in dendritic cells and 

displayed anti-tumor activity in several murine cancer models without detectable toxic side 

effects [135]. The progress that has been made is tremendous, but future work in this area 

is urgently needed to establish modified cytokines and delivery systems capable of operating 

within a defined therapeutic window to ensure safe and effective treatments for a wide range 

of cancer patients.

2.1.5. IL-12 modifications—Another pro-inflammatory cytokine, IL-12, has been 

evaluated numerous times in phase I-II clinical trials, starting in the 1990s but has not 

been found to be therapeutically relevant due to associated toxicities [137–140]. For this 

reason, similar to IL-2 and IFN-α, researchers have returned to the drawing board to 

develop IL-12 therapies that are effective without causing toxicities. These include protein 

modifications, alternative delivery strategies, localized administration, and more [141]. For 

example, in 2020, Hwang et al. investigated the antitumor effect of recombinant IL-12 

delivered with complex coacervates, for treatment of mice with B16-F10 melanoma. The 

authors developed IL-12-heparin complexes and cationic poly(ethylene argininylaspartate 

diglyceride), which were mixed to induce coacervation and injected peritumorally in 

mice inoculated with bilateral injections of B16-F10 cells. Tumor-bearing animals were 

dosed with 1, 10, or 30μg IL-12 per complex coacervate. Higher concentrations of IL-12 

delivered resulted in more efficient tumor growth inhibition without significant signs 

of cytokine-induced toxicity. Importantly, the IL-12-heparin complexes conferred better 

antitumor efficacy compared to free recombinant IL-12 injection treatment suggesting that 

the complexes were able to persist longer in vivo and cause increased cytotoxic immune 

cell activation. Immunofluorescence imaging was used to understand the mechanism of 

IL-12 coacervate therapy, and significant accumulation of lymphocytes was observed in 

the tumor microenvironment of mice after receiving IL-12 coacervate treatment. This 

work demonstrated heparin-based complex coacervates delivering recombinant IL-12 as 
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an effective therapy for murine melanoma model and rationalized further development for 

translation into the clinic [142].

Intratumoral retention is beneficial for increasing anti-tumor effects and reducing systemic 

exposure. To attempt to increase the retention of IL-12 in the tumor microenvironment, 

Momin and colleagues developed a cytokine fusion complex using the collagen-binding 

protein lumican which is abundantly expressed in tumors. The authors found that their 

fusion protein was most effective when administered in combination with other marginally 

efficacious monotherapies such as CAR-T cells, checkpoint inhibitors or tumor-targeting 

antibodies. The authors also found that intratumoral administration of IL12-MSA-Lumican 

did not cause weight loss which is a proxy for IL-12 related toxicity in mice. Unfortunately, 

however, the fusion IL-12 treatment delayed tumor outgrowth but was not curative as a 

monotherapeutic. However, durable tumor regression was seen when a CAR-T cell therapy 

was combined with IL12-MSA-Lumican. This suggests that the partial benefit of CAR T 

cells alone and of IL12-MSA-Lumincan alone were able to act in concert to elicit the 

required level of immune activation and tumor cell destruction [143]. Future studies with 

additional combinations of immunotherapies are needed to determine which combinations 

of drugs are most effective for different tumor types and cancer stages. In another IL-12 

related work, Li and colleagues developed self-replicating RNAs encapsulateded in lipid 

nanoparticles for intratumoral treatment of melanoma. The nanoparticles were used to 

protect the RNA and facilitate entry into the target cells. Additionally, similar to the study 

described above, the IL-12 was fused to the collagen-binding protein lumican. This system 

functions to transfect tumor cells in vivo which indirectly leads to immune cell activation 

and infiltration into the tumor microenvironment. The authors reported that a single injection 

of their system was able to induce tumor reduction in mice but also caused transient weight 

loss in mice which suggests treatment-related toxicity [144]. Unfortunately for the studies 

described here, the necessity to inject treatment directly into the tumor significantly reduces 

the types of cancers that can feasibly be treated with this method.

Algazi and colleagues studied the safety and effectiveness of different dosing regimens of 

IL-12 for treatment of patients with malignant melanoma. In this study, patients received 0.5 

mg/mL plasmid encoding IL-12 (tavokinogene telseplasmid; tavo) intratumorally followed 

by electroporation on days 1, 5 and 8 for 90 days. The authors found the best overall 

response for treated lesions to be 43.8% and 25% for untreated lesions [145]. This treatment 

could be helpful in eliciting local and global immune responses following pro-inflammatory 

cytokine treatment. Future studies with IL-12 could benefit from the development of 

alternative administration strategies, such as electroporation of plasmid-based treatments, 

without causing off-target effects. Several clinical trials focused on local delivery of IL-12 

through electroporation (NCT02345330, NCT01579318) were terminated due to company 

resource constraints, but local IL-12 administration still remains a promising area of 

research for future product development.

2.1.6. Pro-inflammatory cytokine combination therapies—The complexity of the 

immune system suggests that combination approaches may be necessary for the success 

of future treatments. As scientists develop a better understanding of the many feedback 

mechanisms and overlapping signaling pathways, the idea that a heterogeneous disease 
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may require multiple drugs to achieve the right ‘balance’ for efficacy begins to emerge. 

Many groups have also evaluated the effects of administering cytokines in combination 

with other cytokines, chemotherapeutic drugs, and antibodies. In a study of the antitumor 

effects of interleukin-2 and interferon-β combination gene therapy for the treatment of 

colorectal cancer in BALB/C mice, scientists developed a cytokine fusion expression 

plasmid (pcDNA3.1A-IL-2/IFN-β) and a cytokine fusion, carcinoembryonic antigen (CEA) 

expression plasmid (pcDNA3.1ACEA-IL-2/IFN-β). The fusion genes exhibited antitumor 

tumor effects and an 8%−10% increase in apoptosis after being injected into the tumor­

bearing mice. These results suggest that IFN-β and IL-2 combination gene therapy has 

potential for development into a clinical therapeutic strategy for colorectal cancer [146]. 

More recently, Gong and colleagues also investigated the effects of using a recombinant 

mutant human tumor necrosis factor-α (rmhTNF) combined with raltitrexed (RTX) for 

treatment of colorectal cancer in athymic male BALB/c nude mice. The authors combined 

rmhTNF, RTX, and hyperthermic intraperitoneal chemotherapy (HIPEC) and found that 

rmhTNF+RTX+HIPEC was the most effective treatment for in vitro and in vivo. This work 

highlights the importance of elucidating the right combination of therapies to improve the 

treatment of colorectal cancer [147].

In a phase II clinical trial, high dose IL-2 (720,000 IU/kg) has been tested in combination 

with MAGE-A3 cancer immunotherapeutic (MAGE-A3 CI) to evaluate the safety and 

anti-tumor efficacy in eighteen patients with unresectable or metastatic melanoma. The 

authors reported responses in 4/16 (25%) patients and stable disease in 6/16 (38%) 

patients. Unfortunately, the combination treatment had similar toxicities to high dose IL-2 

monotherapy suggesting that other combination therapies may prove more effective and 

less toxic than high dose IL-2 and MAGE-A3 CI [148]. Further, a more recent study 

reported on the collective results of three clinical trials that evaluated adoptive T cell therapy 

in combination with IL-2 for safety and anti-tumor efficacy in patients with metastatic 

melanoma. In these studies, an objective response rate of 38% and a 3-year survival rate 

of 29% were achieved [149]. Although future iterations are needed to increase objective 

response rates and survival percentages, these studies highlight the potential of combination 

therapies.

2.1.7. Anti-inflammatory cytokines—Pro-inflammatory cytokines only represent one 

part of the cytokine story, however. Anti-inflammatory cytokines can also be produced by 

most immune cells and may either inhibit pro-inflammatory cytokine synthesis or control 

pro-inflammatory cytokine-mediated cellular activities in order to suppress inflammation 

[150, 151]. Although there are no current FDA approved anti-inflammatory cytokine 

treatments, cytokines such as IL-10 have been and are being tested in clinical trials for 

treatment of autoimmune diseases such as IBS, rheumatoid arthritis and more [152]. For 

example, Georgescu et al. studied the effects of IL-10 on systemic lupus erythematosus 

(SLE) outcomes in human patients. The authors studied the role of IL-10 in the induction 

of apoptosis in lymphocytes and the effects of neutralizing anti-IL-10 monoclonal antibodies 

on human peripheral blood mononuclear cells (PBMCs). The authors found significantly 

higher concentrations of IL-10 in the PBMCs isolated from patients with active SLE and 

that these high levels of IL-10 contributed to defective T cell immune responses and the 
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generation of self-antigens characteristic of SLE patients. Further, the group treated with 

anti-IL-10 showed a significant reduction in spontaneous cell death, which is a cellular 

outcome of SLE, from 27.5% to 19.8% which provides rationale for further study of the 

IL-10 pathway in the development of new therapies for SLE [152].

IL-2, as discussed above, is a pleiotropic cytokine that is required for activation, growth, 

and differentiation of T cells, B cells, and natural killer (NK) cells. This cytokine is 

even more interesting because it has distinct functions at different concentrations [153]. 

Low dose IL-2 contributes to T cell survival and regulatory T cell proliferation which is 

beneficial for immune system repression [153], but high doses of IL-2 stimulate activation 

and proliferation of cytotoxic T cells that are needed for immune activation in situations like 

cancer as discussed above [106, 153]. For these reasons, however, IL-2 cytokine therapy has 

also been evaluated in the context of autoimmune diseases such as SLE. He and colleagues 

studied the effects of low-dosage IL-2 therapy in treatment of systemic lupus erythematosus 

(SLE) in human patients. The authors developed a recombinant human IL-2 from E. coli 
and demonstrated its safety and efficacy through flow cytometry and intracellular cytokine 

assays. Dosages were administered as seven subcutaneous injections over two weeks. The 

treatment group showed an improvement of disease symptoms (such as skin lesions, fever, 

joint pain) with 76.92% of patients achieving partial remission and 53.85% of patients 

achieving complete remission [85].

Anti-inflammatory cytokines have also been evaluated for immunomodulatory efficacy in 

the context of neurological diseases such as multiple sclerosis (MS) which is characterized 

as a chronic inflammatory disease resulting in central nervous system (CNS) lesions that 

can lead to severe physical or cognitive disability and neurological defects [154]. In 

untreated MS, excessive monocyte, T helper-1 (Th1), T helper-17 (Th17), and B cell activity 

is associated with improper regulatory/suppressor cell function in the brain. These cells 

penetrate the blood-brain barrier, give rise to CNS inflammation and demyelination, and thus 

represent a major challenge for immunologists and neurobiologists [154–156]. In a 2019 

study, Feng and colleagues evaluated the immunoregulatory and neuroprotective effects of 

IFN-β in the treatment of multiple sclerosis (MS) in human patients. The authors studied 

IFN-β-induced transcriptome shifts from patients in the following four categories: IFN-β­

treated MS Complete Responders (CR) who were stable for five years, stable and active 

Partial Responders (PR), stable and active untreated MS, and healthy patients. The authors 

used recombinant IFN-β (self-injected by the patients via two injections of the regular dose 

of 250μg or one double dose of 500μg of recombinant IFN-β in the clinic) and studied 

gene expression at 4 hours, 24 hours, and 4 days post injection. Short-term expression (4 

hours post-injection) of 1,233 coding and 664 non-coding genes was altered in response 

to IFN-β injection. Additionally, genes related to immune regulation and inflammation 

processes were significantly altered. The authors also found that long-term IFN-β treatment 

led to a profound reversal of approximately 6,000 protein-coding genes dysregulated in 

untreated MS. This work uncovers dysregulated genes in MS and provides potential new 

targets for MS treatment [157]. Much of the anti-inflammatory cytokine work to date has 

been focused on dampening the immune response for symptom or pain management and 

therefore long-term solutions to address the physiological cause of the dysregulation are 

needed. Additionally, future work will also be needed to identify the immunological causes 
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of various autoimmune diseases in order to make progress in treating the cause of the 

disease and develop curative treatments instead of symptom management.

2.2. Antibody-based therapies

Monoclonal antibodies (mAbs) are produced by B cells and specifically target antigens. This 

class of drugs is highly effective at binding to, and interfering with, molecular pathways 

that contribute to disease progression. The first monoclonal antibody, muromonab-CD3 

(Orthoclone OKT3), was approved by the United States Food and Drug Administration (US 

FDA) in 1986 as an immunosuppressant for overcoming transplant rejection [158]. This 

was followed by Abciximab in 1994 for the prevention of blood clots in angioplasty and 

rituximab in 1997 for treatment of non-Hodgkin lymphoma. Since then, an additional 95 

antibodies have been approved for treatment of several human diseases [16]. Because mAbs 

are highly specific and can be modified for increased binding as new targets continue to be 

discovered, we expect to see the development and evaluation of new mAbs for generations to 

come.

2.2.1. Antibody therapies for cancer treatment—Several types of monoclonal 

antibodies have been evaluated for antitumor effects. In this section we will highlight 

clinical and pre-clinical studies centered on cytokine signaling pathways and in the next 

section we will discuss immune checkpoint inhibitors for cancer treatment. Dominguez and 

colleagues studied the antitumor effects of an anti-IL-8 monoclonal antibody, HuMax-IL8, 

for treatment of triple negative breast cancer in C.B-17 SCID mice. The mice received 

either 2 IP injections of the control hIgG or HuMax-IL8 at 200 ug/mouse every two days. 

The authors found that there was an increase in epithelial markers E-cadherin and ZO-1 

and a reduction of mesenchymal vimentin, fibronectin, and ALDH1A1 suggesting that 

HuMax-IL8 treatment has the potential to revert tumor phenotype to an epithelial-like state 

[159]. This antibody is also being evaluated in a phase I clinical trial testing the safety 

and efficacy of HuMax-IL8 (BMS-986253) in patients with metastatic or unresectable solid 

tumors (NCT02536469) and an ongoing clinical trial testing HuMax-IL8 (BMS-986253) in 

combination with immune checkpoint inhibitors nivolumab or nivolumab plus ipilimumab in 

advanced cancers (NCT03400332).

Clinical studies focused on neutralizing signaling pathways through antibodies targeting 

transforming growth factor-beta (TGF-β) and TNF-α have also been conducted. In a phase 

I clinical trial, Morris and colleagues studied the safety and activity of fresolimumab, 

a monoclonal antibody directed against TGF-β for treatment of patients with renal cell 

carcinoma or malignant melanoma. The authors reported that no dose-limiting toxicity was 

observed and that there was a median progression-free survival of 24 weeks for these 

7 patients [160]. In a placebo-controlled, double-blind trial of infliximab, a monoclonal 

antibody directed against TNF-α, for cancer-associated weight loss, patients received 

either infliximab/docetaxel or placebo/docetaxel [161]. Unfortunately, the authors found no 

statistical difference between the groups in terms of tumor response rate or overall survival. 

The clinical trial was closed because infliximab did not prevent cancer-associated weight 

loss. Further studies are needed to determine if this treatment has the potential to lessen the 

side effects of chemotherapy in other cancer types or treatment regimens.
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Ishida and colleagues studied the efficacy, safety, and pharmacodynamic profile of 

mogamulizumab, a monoclonal antibody directed against C-C chemokine receptor 4 

(CCR4), for treatment of patients with CCR4-positive adult T-cell leukemia-lymphoma 

(ATL). Patients received intravenous infusions of 1 mg/kg mogamulizumab (KW-0761) once 

per week for 8 weeks. The authors report an objective response from 13 out of 26 evaluable 

patients and a complete response from 8 out of the 48 patients enrolled [162]. These 

results highlight the clinical antitumor activity of mogamulizumab in patients with relapsed 

ATL. Finally, Shanafelt and colleagues studied the efficacy of administering ofatumumab, a 

monoclonal antibody directed against CD20, with chemotherapeutic drugs pentostatin and 

cyclophosphamide for treatment of patients with untreated chronic lymphocytic leukemia 

or small lymphocytic lymphoma. Patients received a combination of chemotherapy and 

ofatumumab treatment every 21 days for a total of 6 cycles. The overall response rate 

was 96% out of the 48 patients enrolled, and the CR rate was 46%. The authors report 

that ofatumumab-based chemoimmunotherapy was more efficacious and less toxic than 

rituximab-based chemoimmunotherapy suggesting further development and translation of 

ofatumumab.

Antibody-drug conjugates (ADC) have also been a major area of research in the field 

of immunology and were as recently expertly reviewed by Criscitiello and colleagues. 

Briefly, an antibody-drug conjugate consists of a targeted antibody, a drug payload, and 

a linker connecting the antibody and the payload [163]. A few of the most effective 

ADCs include trastuzumab emtansine (anti-HER2 positive), trastuzumab deruxtecan (anti­

HER2 positive), enfortumab vedotin (anti-nectin-4) and sacituzumab govitecan (anti-trop2). 

For example, Hurvitz and colleagues studied trastuzumab emtansine safety and efficacy 

of treating patients with HER2-positive metastatic breast cancer and found trastuzumab 

emtansine treatment showed a 41% reduction in progressive disease compared to standard 

treatment and significant improvement in progression-free survival for these patients [164]. 

Tamura and colleagues studied trastuzumab deruxtecan (DS-8201a) antitumor efficacy in 

patients with HER2-positive advanced-stage breast cancer that had previous trastuzumab 

emtansine treatment. The authors found 93% of the 110 patients had measurable tumor 

shrinkage, suggesting that trastuzumab deruxtecan is effective for advanced HER2-positive 

breast cancer [165]. Similar clinical results have also been seen in advanced HER2­

expressing colorectal cancer earlier this year (NCT03384940) and clinical trials for HER2­

mutated non-small cell lung cancer are underway (NCT03505710). Further, clinical trials 

evaluating enfortumab vedotin (NCT03474107, NCT03288545) and sacituzumab govitecan 

(NCT01631552, NCT02574455) have also shown promising results including prolonged 

survival in treatment groups [166, 167]. These studies highlight the benefit of ADCs and 

importance of developing combination strategies specific to various cancer types in the 

future.

2.2.2. Immune checkpoint inhibitors for cancer treatment—A transformative 

new type of antibody was discovered and characterized in the late 1990s [168]. The T 

cell immune checkpoint is located on the cell surface and functions as a safety mechanism 

to inhibit the over-activation of T cells. Under normal circumstances, this mechanism helps 

prevent autoimmune disease or inflammation-based tissue damage, but during cancer the 
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immune checkpoint can prevent T cells from attacking the tumor, thus weakening the 

ability of the immune system to recognize and destroy tumor cells [169]. To overcome this 

challenge, immune checkpoint inhibitors were developed and have revolutionized cancer 

immunotherapy. The discovery of the CTLA-4 antibody blockade led to a Nobel Prize in 

Physiology or Medicine awarded to James P. Allison and Tasuku Honjo in 2018 [170]. 

These molecules prevent repression of T cell activation thus re-establishing the T-cell 

mediated anti-tumor immune responses [169, 171, 172]. Clinical immunotherapy with 

monoclonal antibodies to block the CTLA-4 (cytotoxic T-lymphocyte-associated protein 

4) or the programmed cell death protein 1 (PD-1)–PD-1 ligand (PD-L1) axes have been 

FDA-approved for the treatment of cancers such as melanoma, non-small cell lung cancer, 

Hodgkin lymphoma, Merkel cell carcinoma, carcinoma of the bladder and a few others 

[100]. In a 2017 phase II clinical trial with unresectable stage III or IV malignant melanoma, 

Geoerger and colleagues studied the efficacy and safety of ipilimumab (anti-CTLA-4 

monoclonal antibody) in adolescents between 12–17 years of age. They developed a human 

IgG1 monoclonal antibody, anti-CTLA-4, which has been approved for the treatment of 

advanced melanoma in adults and tested the safety and efficacy of this treatment on 

adolescents. Two ipilimumab dose groups, 3 or 10 mg/kg every 3 weeks, were established. 

The authors found that 11 of 12 patients produced serum ipilimumab concentrations that 

reached the threshold to inhibit CTLA-4 binding to CD80 and CD86 previously seen 

in adults [173]. This work demonstrates that ipilimumab has a similar safety profile as 

previously seen in adults and could be a viable treatment option for younger patients 

with advanced melanoma [173] [NCT01696045]. Unfortunately, this trial was eventually 

stopped due to slow accrual which is a major challenge with developing therapeutics for rare 

diseases.

In a four-year phase 3 clinical trial, Ascierto and colleagues report on the efficacy of 

nivolumab (anti-PD-1 monoclonal antibody) when compared to ipilimumab (anti-CTLA-4 

monoclonal antibody) in the prevention of recurrence of melanoma after complete resection 

of stage IIIb/c or stage IV melanoma. Human IgG4 monoclonal antibodies against PD-1 

have been previously approved for the treatment of metastatic melanoma as either a 

monotherapy or combination therapy. Patients received intravenous (IV) injections of 

nivolumab at a dose of 3 mg/kg every 2 weeks or IV injections of ipilimumab at a 

dose of 10 mg/kg every 3 weeks for four doses, and then every 12 weeks for 1 year of 

treatment, disease recurrence, unacceptable toxicity, or withdrawal of consent. The authors 

found that after 4 years, the relapse-free survival (RFS) benefit was approximately 10% 

higher in patients treated with nivolumab but several adverse events were reported for both 

treatment groups. Diarrhea, diabetic ketoacidosis, and pneumonitis were reported for the 

nivolumab group, and pneumonitis, colitis (two patients), and two treatment-related deaths 

were reported for the ipilimumab group. These findings suggest that adjuvant therapy using 

nivolumab for resected stage IIIb/c or IV melanoma patients was safer and more effective 

than with ipilimumab [174] [NCT02388906].

Recent animal studies have also tested combinations of checkpoint inhibitors and shRNA 

therapy to determine if the sum individual therapeutic potentials provide a greater overall 

antitumor response. Imbert et al. investigated the effect of combined checkpoint inhibitor 

therapies anti-CTLA-4 or anti-PD-1 with SK1 silencing in treating melanoma models 
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in C57BL/6 mice. The authors developed SK1 silenced Yumm1.7 melanoma cells by 

transfecting with SK1 shRNA and demonstrated that intraperitoneal injection of 3 doses 

of checkpoint inhibitor (200 μg per mouse on day 7 and 100 μg per mouse on day 10 and 

13 with anti-CTLA-4, or 200 μg per mouse on day 5, 7 and 10 with anti-PD-1) significantly 

increased tumor rejection rate and overall survival in mice inoculated intradermally with 

SK1 silenced melanoma cells. Compared to the checkpoint inhibitor treatment of control 

melanoma, the treatment of SK1 silencing melanoma reached 100% and 67% tumor 

rejection rate for anti-CTLA-4 and anti-PD-1 treatment, respectively. The authors also found 

that the therapy also resulted in the decrease of Treg cell infiltration, higher CD8+/Treg ratio 

in the melanoma tumors, and long-term memory immune response in treated mice using 

flow cytometry and RT-qPCR. This work rationalized the development of SK1 targeting 

combined with checkpoint inhibitor immune therapies to increase the therapy response rate 

[175].

Although immune checkpoint inhibitors are commonly tested for treatment of melanoma, 

other inclinations have also been evaluated. In a 2010 study, Chung and colleagues reported 

on the safety and efficacy of tremelimumab (anti-CTLA-4 monoclonal antibody) in patients 

with treatment-refractory colorectal cancer. Patients enrolled in this study received 15 mg/kg 

tremelimumab injected IV every 90 days until progression. Unfortunately, 44 out of 45 

response-evaluable patients did not reach the second dose (43 due to progressive disease 

and one due to discontinuation). Further, only mild adverse events were reported including 

diarrhea (n = 5; 11%), ulcerative colitis (n = 1; 2%), fatigue (n = 1; 2%), autoimmune 

thrombocytopenia (n = 1; 2%), and hypokalemia (n = 1; 2%). Although the authors found 

that tremelimumab did not demonstrate meaningful antitumor activity in colorectal cancer, 

because very few toxicities were reported, this treatment could still be promising for 

combination therapies with chemotherapies or other drugs in patients with solid tumors 

[176] [NCT00313794].

More recently, Liu et al. studied anti-PD-1 therapy in BALB/c and C57BL/6J mice with 

colorectal cancer. The authors identified miR-15b-5p as a target that retards tumorigenesis 

and further discovered IL-17A as a down regulator for miR-15b-5p. The combined 

administration of anti-IL-17A antibodies and anti-PD-1 antibodies significantly slowed 

tumor growth and prolonged survival in mice inoculated with either CT26 or MC38 cells. 

The authors found an increase in CD8+ T cells and a decrease in MDSCs in mice treated 

with combined therapy, suggesting that targeting IL-17A is a promising strategy to sensitize 

colorectal cancer to immune checkpoint inhibitors and encourages further studies to translate 

IL-17A antibodies into clinical treatments [177]. Antibody blockade treatments have the 

potential to inhibit the suppression of immune cells caused by anti-inflammatory molecules 

present in the tumor microenvironment as well as provide partial therapeutic efficacy 

in combination therapeutics. Interestingly, Wu and colleagues studied how sex correlates 

with the effectiveness of patients treated with immune checkpoint inhibitors. The authors 

found a significant sex-related efficacy difference between female and male melanoma 

patients suggesting that dose regimens, monotherapies, and combination treatments should 

be closely evaluated for males and females in the future [178]. These results also suggest 

that grouping the results of clinical and pre-clinical studies may be affecting the results of 

cancer treatments.
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2.2.3. Antibody therapies for autoimmune diseases—Apart from immune 

checkpoint inhibitor treatments for cancer patients, several antibody therapeutics have also 

been developed and tested in the context of autoimmune diseases such as systemic lupus 

erythematosus (SLE). For example, Wallace et al. studied the effects of neutralizing IL-6 

in treatment of SLE in human patients in a 2016 phase II clinical trial. The authors 

developed a recombinant human monoclonal antibody expressed in Chinese hamster ovary 

cells (CHO) binding to human IL-6 and demonstrated its safety and efficacy through 

electrochemiluminescence immunoassays to visualize antidrug antibodies (ADAbs) and 

neutralizing antibodies. Enrolled patients received either placebo (n=45), 10 mg hIL-6 

(n=45), 50 mg hIL-6 (n=47), or 200 mg hIL-6 (n=46) administered as two subcutaneous 

injections over a 24-week treatment period. The 200 mg dose was discontinued due to 

toxicity findings and was not included in the primary efficacy analysis. Three deaths 

occurred in patients that were administered 200 mg hIL-6. The 10 mg and 50 mg hIL-6 

treatment groups combined showed a reduction in SFI flares (a clinical outcome that 

increases mortality in SLE patients) when compared to the placebo group. Additionally, 

these treatments resulted in improvements in SF-36 physical component summary scores, 

which is a standardized measure of health status, but no significant improvement in the 

SLE Responder Index, which was the primary efficacy endpoint. Although this monoclonal 

antibody trial did not show sufficient efficacy in this SLE trial, the results demonstrated 

in this study support the need for further study of IL-6 targeting pathways and potential 

combination treatments for increased therapeutic efficacy in SLE patients in the future [179].

Several combination administration methods were also evaluated for RA patients. Lipsky 

and colleagues studied infliximab, a chimeric monoclonal antibody against TNF-α, in 

combination with methotrexate (DMARD) on 428 patients who had active arthritis despite 

methotrexate therapy. The combination treatment of infliximab + methotrexate reduced 

serum rheumatoid factor values by approximately 40% at 54 weeks and approximately 

20% increase in the physical and social component of the SF-36. However, certain adverse 

effects occurred more frequently in the combination treatment such as upper respiratory 

tract infection, sinusitis, pharyngitis, and headache. Eight deaths also occurred in the 

methotrexate and the combination groups of this trial. Overall, this work supports further 

studies of infliximab + methotrexate treatment that targets TNF-α to treat RA, but extensive 

improvement in safety considerations is needed [180].

A 2008 phase III clinical trial studied the efficacy and safety of tocilizumab (anti-IL-6 

receptor monoclonal antibody) in patients with rheumatoid arthritis refractory to tumor 

necrosis factor antagonist therapy. The authors used a combination treatment of tocilizumab 

(humanized anti-IL-6R monoclonal antibody) and methotrexate (DMARD) on patients with 

moderate to severely active RA and intolerance or failure to respond to TNF antagonists in 

a phase III, randomized, double-blind, placebo-controlled, parallel-group study. Over half of 

the patients that received 8 mg/kg Tocilizumab + Methotrexate achieved DAS28 < 3.2, and a 

third achieved DAS28 < 2.6 at 24 weeks. DAS28 is a measure of disease activity RA. DAS 

stands for ‘disease activity score’ and a DAS28 of greater than 5.1 implies active disease, 

less than 3.2 implies low disease activity, and less than 2.6 implies remission. This work 

provides rationale for further studies of Tocilizumab + Methotrexate combination treatment 
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for rheumatoid arthritis with inadequate response to TNF antagonists, and further studies 

can examine the potential of using combination therapies with TNF antagonists to achieve 

remission for RA patients earlier and increase their quality of life [181].

Clinical studies have also evaluated the ability of antibodies treatments to provide disease 

improvement for patients with MS. Hauser and colleagues studied the efficacy and safety 

of ocrelizumab, a monoclonal antibody directed against CD20 which depletes B cells, in 

patients with relapsing MS. The patients were given 600 mg of ocrelizumab every 24 weeks 

intravenously. The authors found that the percentage of patients with disability progression 

confirmed at 12 weeks and 24 weeks were significantly lower with ocrelizumab than with 

interferon beta-1a treatment [182]. A similar study found that ocrelizumab is also more 

cost-effective than subcutaneous interferon beta-1a for the treatment of relapsing MS [183]. 

Additionally, Mellion and colleagues studied the efficacy of various doses of opicinumab, 

a monoclonal antibody that targets LINGO-1, a protein that suppresses the redevelopment 

of axons, in patients with MS. In this study, opicinumab was given concurrently with 

intramuscular interferon (IFN) beta-1a. The authors found improvement responses of 51.6% 

for placebo, 51.1% for 3 mg/kg opicinumab, 65.6% for 10 mg/kg, 68.8% for 30 mg/kg, 

and 41.2% for 100 mg/kg [184]. These results suggest that there is a dose responsiveness 

between the 10–30 mg/kg range, but the criteria of the clinical trial were not met and 

thus also highlights the need for further studies focused on development of effective MS 

treatments.

Finally, Furie et al. studied the effects of belimumab, a recombinant human IgG-1λ 
monoclonal antibody that works to inhibit B-cell activating factors, in treatment of active 

lupus nephritis in human patients. The authors assayed safety and efficacy in a phase 

III clinical trial. Patients received either IV injections of belimumab at a dose of 10 mg 

per kilogram of body weight or placebo, in addition to standard therapy (mycophenolate 

mofetil or cyclophosphamide-azathioprine injections). Dosages were administered on days 

1, 15, 29, and then every 28 days until week 100. The belimumab treatment group 

showed an improvement of renal-related disease symptoms with 43% of patients having 

a primary efficacy renal response and 30% of patients having a complete renal response. 

Unfortunately, a total of 11 patients died during the trial (6 out of 224 in the belimumab 

group and 5 out of 224 in the placebo group). These results are consistent with previous 

clinical trials involving belimumab [185, 186] and provide rationale for further study of 

belimumab in conjunction with standard therapy (cyclophosphamide or mycophenolate 

mofetil) as an overall therapy for SLE [187]. Antibody therapies have been revolutionary for 

managing flare ups of inflammation in autoimmune diseases and newer and more specific 

antibodies are continuously being developed and evaluated.

2.3. Oncolytic virus therapies

Oncolytic viruses represent a novel drug class of genetically engineered or naturally 

occurring viruses that selectively replicate in and kill cancer cells without harming normal 

cells or tissues [188]. There is only one currently FDA-approved oncolytic virus therapy: 

T-Vec (talimogene laherparepvec), a second-generation oncolytic herpes simplex virus type 

1 (HSV-1) engineered with GM-CSF, which was approved in 2015 for treatment of advanced 
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melanoma [189, 190]. T-VEC selectively replicates in tumor cells and is designed to express 

GM-CSF, which promotes the maturation and function of dendritic cells, which activate 

anti-tumor T cells through antigen presentation of tumor derived antigens. Activated T 

cells specifically attack and eliminate tumor cells with matching antigen profiles, leading to 

enhanced anti-tumor effects [191]. The concept of oncolytic virus therapy has been around 

for many years and tumor regression has also been observed during or after a systemic 

viral infection [192]. Many clinical trials were performed in attempts to treat cancer with 

viruses but were not deemed effective as therapeutic reagents because there was no known 

method to simultaneously control the virulence and retain viral replication in cancer cells 

[193]. Modern technology has afforded the development of cancer cell-specific replication 

by engineering the virus genome [188].

Anti-tumor efficacy of ZD55-IL-24 (an oncolytic adenovirus ZD55 harboring IL-24) in 

treating pancreatic cancer was evaluated in C57BL/6 mice by He et al. in 2013 [194]. 

The authors constructed ZD55-IL-24 recombinant virus and infected panc-o2 cells, which 

were used to inoculate C57BL/6 mice by subcutaneous injection. The ZD55-IL-24 infected 

panc-o2 cells displayed significantly less tumor growth than a control group where panc-o2 

cells were infected with ZD55-EGFP control virus. The authors further evaluated the effect 

of the therapy in inducing tumor apoptosis and increasing CTL secretion of γ-IFN and 

IL-6 using flow cytometry, cytotoxicity assay, and ELISA. Overall, this work demonstrated 

the feasibility of an oncolytic IL-24 virus for reducing the survival rate of tumor cells in 
vivo and highlights a first step towards clinical translation of oncolytic virus therapies. 

However, a demonstration of safety in mice does not readily transfer to safety in humans 

so a larger animal model is needed to justify dosing and treatment feasibility, which 

rationalizes this therapy as a candidate therapeutic approach for treating pancreatic cancer 

[194]. Another example of pre-clinical oncolytic viral therapy for immunotherapy was 

described by Wang and colleagues in 2017. This group evaluated the efficacy of a newly 

designed IL-12 in decreasing cytokine-mediated toxicity and reducing pancreatic cancer 

tumor burden in Syrian hamsters. The authors developed this IL-12 platform by deleting 

the N-terminal signal peptide and delivered the therapy using a tumor-targeted oncolytic 

adenovirus (Ad-TD-nsIL-12) via intratumoral or intraperitoneal injection. Six doses of the 

therapy were needed to successfully eradicate subcutaneous HPD1NR pancreatic tumors in 

the hamsters. The Ad-TD-nsIL-12 also significantly increased the survival rate in murine 

SHPC6 dissemination and HapT1 pancreatic cancer orthotopic models without causing 

severe toxicity. The authors further explored the effect of Ad-TD-nsIL-12 on various 

T-cell functions and activation states as well as the ability to reduce the release of pro­

inflammatory cytokines in vivo using flow cytometry, and immunohistochemical staining. 

This work demonstrated a potential means of delivering IL-12 as an immunomodulatory 

therapy for pancreatic cancer and supports further analysis of the long-term effects and 

toxicology of the drug as it is potentially translated into a clinical-stage product [195].

A major hurdle for the field of oncotherapies is the inability to overcome the 

immunosuppressive tumor microenvironment of many tumor types. Researchers have 

developed many creative strategies in efforts to overcome this barrier including mechanical 

stimulation and targeted proteases. This topic has been recently reviewed by Aghlara­
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Fotovat and colleagues [196]. Controlled modulation of the tumor microenvironment has 

the potential to revolutionize oncotherapeutics in the future.

2.4. Cell-based therapeutics

Autologous cell therapies are one of the most rapidly expanding sectors of immuno­

oncology and are leading the next generation of immunotherapy approaches. However, one 

of the biggest limitations of these therapies is their inability to persist within the body for 

extended periods of time [197, 198]. Even in the case of cancers where the immune system 

is repressed, cell therapies are often rejected by the host immune system within a few days, 

rendering them ineffective as long-term therapeutics [198]. Nevertheless, there have been 

some major cell-engineering and delivery feats that have proved beneficial for modulating 

the immune system.

2.4.1 CAR-T cell therapies—Among these advances is the development of engineered 

T-cells with tumor-targeting receptors, the chimeric antigen receptor (CAR)-T cell therapies 

[199, 200]. Briefly, T cells are isolated from a patient and modified ex-vivo. During this 

process, the T cell receptor (TCR) is replaced by CAR which includes an extracellular 

and an intracellular domain. The extracellular domain is typically a single-chain antibody 

fragment (scFv) that is against a specific cell surface antigen, while the intracellular domain 

includes fused signaling domains from a natural TCR complex and costimulatory molecules 

[201]. Different intracellular domains correspond to the various CAR-T cell generations 

[197, 202, 203]. The structure ranges from CD3z signaling domain alone in first-generation 

CARs (lack of costimulatory signal) to those that possess the signaling endo-domains of 

costimulatory molecules like CD28, CD134 (OX40) or CD137 (4–1BB), which are fused 

with CD3z, in second and third generation CARs [197, 203]. These engineered T cells are 

then expanded ex-vivo and then infused back into the patient with enhanced tumor-targeted 

capabilities. There are currently four CAR-T cell therapies FDA approved for the treatment 

of B cell malignancies based on their efficacy in clinical trials [204]. These include 

tisagenlecleucel (Kymriah), axicabtagene ciloleucel (Yescarta), brexucabtagene autoleucel 

(Tecartus), and, most recently, lisocabtagene maraleucel (Breyanzi) [204, 205]. These CAR­

T cell products target CD19 and have induced durable clinical responses in refractory B cell 

malignancies.

Many groups have tested CAR-T cells in clinical trials and seen varying degrees of success. 

In 2014, Maude and colleagues studied the efficacy of CAR-modified T cells targeting 

CD19 in patients with refractory disease (relapsed acute lymphoblastic leukemia). The 

authors infused autologous T cells with CD19-directed CAR lentiviral vector (CTL019) and 

demonstrated the efficacy of the treatment using flow cytometry and PCR assays. CTL019 

treatment led to complete remission in 27 patients (90%) including 2 with blinatumomab­

refractory disease and 15 who had stem-cell transplantation. The sustained remission was 

also achieved with an overall survival rate of 78% up to 24 months [206].

In a 2018 phase I/IIa clinical trial, Enblad et al. studied the safety and efficacy of third­

generation CAR T cells targeting CD19 in a Phase I/IIa trial for fifteen patients with 

relapsed, or refractory, B-cell lymphoma or leukemia. Of the fifteen, eleven patients had 

Nash et al. Page 22

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lymphoma and the remaining four had acute lymphoblastic leukemia (ALL). In phase I, the 

patients were treated with increasing doses of CAR-T cells ranging from 2 × 107 to 2 × 108 

cells/m2. If no serious toxicity occurred at lower dose levels, patients were treated with 2 × 

108 cells/m2 in phase IIa. The CAR-T cells were moderately toxic and a total of 154 related 

adverse events (between grade 1 and 4) were recorded, and four patients were hospitalized 

due to adverse reactions. Also, there was no apparent correlation between the CAR-Tcell 

dose and patient response. CAR-T treatment showed an initial complete response in 6 of 

the 15 treated patients (4 of 11 for lymphoma patients and 2 of 4 for ALL) but this trend 

did not persist throughout the study. Two of the lymphoma patients that did not respond to 

CAR-T treatment despite persisting CAR-T cells in blood were given one dose of anti-PD1 

antibody therapy (nivolumab), but this did not convert progression. Overall, 2 of the 15 

patients are surviving long-term but with persistent disease (>27–36 months). It is worth 

noting that the remission rates of this third-generation CAR-T clinical trial are very similar 

to second-generation CAR-T cells. Additional studies are needed to determine what, if any, 

appropriate dose/combination of immunotherapies will work in combination with CAR-T 

cell treatment to provide a robust and reproducible anti-tumor response for patients with 

lymphoma or ALL [207].

The development of new and improved generations of CAR-T cells is continuously 

evolving. In 2020, Gu and colleagues reported on the safety and feasibility of chimeric 

antigen receptor-modified T cell therapy in both pediatric and adult patients with relapsed/

refractory acute lymphoblastic leukemia. The authors developed a new CD19 CAR T cell 

(HI19α-4-1BB-ζ CAR T) called CNCT19 and demonstrated the anti-leukemic activities in 

a human clinical study (open-label, single-center, and single-arm pilot study) by using flow 

cytometry, surface marker staining, Lee’s grading system for cytokine release syndrome, 

and complete remission (CR) rate and relapse measured by National Comprehensive Cancer 

Network (NCCN) guidelines. CNCT19 showed potent anti-leukemic activities with 90% 

of 20 patients reaching complete remission or complete remission with incomplete count 

recovery (CRi) within 28 days. A patients’ disease status was classified as CRi if blood 

counts met the requirements of complete remission with the exception of platelet and 

neutrophil counts below normal thresholds. The study results (Figure 6) provide a strong 

rationale for the ability of CAR-T cells to function as potent immunostimulants and 

suggest that further development of CNCT19 modified CAR-T cell therapy for patients 

with relapsed/refractory acute lymphoblastic leukemia could show increased patient survival 

[208]. CAR-T therapy has also been tested in combination with other treatments such as pro­

inflammatory cytokines. For example, the antitumor CAR-T cell response in combination 

with mesenchymal stem cells (MSCs) engineered to release pro-inflammatory cytokines 

IL-7 and IL-12 for treatment of colorectal cancer in NOD-scid gamma (NSG) mice. The 

authors developed a gamma-retroviral vector to generate a human IL-7/IL-12 construct, 

engineered CARs with a modified CD28-CD3ζ signaling domain, and modified T cells 

for CAR expression in a murine colorectal cancer model. They found that CAR-T cells 

and IL-7/IL-12 MSCs were tumor-free and prolonged survival in comparison to CAR-T 

cells in the presence or absence of MSCs and IL-7/IL-12 secreting MSCs. This work 

shows that combination cell therapies can be used to modulate the inflammatory tumor 
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microenvironment and can form an interaction between modified MSCs and CAR-T cells 

for anti-tumor effects for colorectal cancer [209].

2.4.2 CAR-NK cell therapies—Similar to CAR-T cells discussed above, NK cells can 

also be engineered to express receptors that enable enhanced recognition and cytotoxicity 

towards specific cells or antigens using CAR technology [210]. Recent CAR constructs 

designed for NK cells have shown increased cytotoxicity and pro-inflammatory cytokine 

production, which highlights their potential for use as a cancer therapeutic [210]. The 

engineered receptors allow for CAR-NK cells to recognize the absence of HLA-proteins, 

which allows them to specifically identify malignant or virally infected cells and become 

activated [211]. Once stimulated, CAR-NK cells produce interferon-gamma (IFN-γ) and 

granulocyte-macrophage colony-stimulating factor (GM-CSF) to activate the immune 

response [210]. However, there are some limitations, such as safety and efficacy concerns. 

Scientists have attempted to mitigate these limitations through the integration of suicide 

genes into CAR constructs, or silencing NK inhibitory receptors, which will make the 

CAR-NK cells more resistant to tumors [212]. Although CAR-NK cells are most commonly 

interrogated for the anti-tumor potential, these engineered cells have also shown promise 

as a therapeutic intervention in autoimmune diseases like lupus to specifically target 

autoreactive immune cells [213]. To function as an immune cell attacker, CAR-NK cells can 

be equipped with specific ligands to bind to and deplete autoreactive B cells via cytolysis 

[213].

Oelsner and colleagues studied the effects of CAR-NK cells on pre-B cell acute 

lymphoblastic leukemia (B-ALL) using NSG mice. The authors engineered NK-92 cells 

by lentiviral gene transfer to express an FMS-like tyrosine kinase 3 (FLT3)-specific CAR 

with a composite CD28-CD3ζ signaling domain (overexpression of FLT3 has been reported 

in B-ALL). Mice were treated using an intravenous injection of 1 × 107 CAR-NK or control 

cells once a week for 4 weeks. The authors reported inhibited disease progression in mice 

treated with CAR-NK cells, which suggests that this treatment is feasible for future studies 

and development. To increase the safety and address any toxicity concerns or potential off­

target effects, the authors also incorporated and evaluated an inducible caspase-9 (iCasp9) 

suicide switch. Excitingly, after the administration of iCasp9 chemical dimerizer AP20187 

to the CAR-NK- cells, rapid iCasp9 activation, and cell death were observed, highlighting 

the feasibility of the suicide switch safety feature in cell therapy applications [214].

Liu and colleagues studied the antitumor effects of NK cells modified to express anti-CD19 

CAR for the treatment of B-cell cancers such as non-Hodgkin’s lymphoma and CLL. The 

authors engineered NK cells to express anti-CD19 CAR, IL-15, and inducible caspase 

9 in 11 adult patients. Patients received a single infusion of one of the three doses, 

1×105, 1×106, or 1×107 cells. They found that CAR-NK cells were not associated with 

the development of cytokine release syndrome, neurotoxicity, or graft-versus-host disease 

and that 8 of 11 patients (73%) had an objective response as early as 30 days after infusion. 

This work showed that the engineered NK cells could help treat patients with relapsed or 

refractory CD19-positive cancers [215]. Prior to this work, Liu and colleagues also evaluated 

cord blood NK (CB-NK) cells modified to express iC9/CAR.19/IL-15 in a xenograft Raji 

lymphoma murine model. The authors transduced CB-NK cells to incorporate the genes for 
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iC9, CAR-CD19, and IL-15 and demonstrated the efficacy and safety of using their modified 

NK cells using IVIS, flow cytometry, and SNP microarray analysis. They found they could 

eliminate the potential toxicities with the inducible suicide gene and could prolong the 

survival of murine models with their modified NK cells [216]. NK cell therapies have 

rapidly emerged and shown promise as immunotherapeutics, but there is much work left to 

do in order to improve the safety and efficacy of these cell-based treatments.

2.4.3 Dendritic cell therapies for cancer treatment—Dendritic cells (DCs) have 

also been targeted for the development of novel anti-cancer therapeutics for nearly two 

decades [217]. DCs are antigen-presenting cells that are essential in the initiation of an 

immune response [217, 218]. In a normal steady condition, DCs concomitantly process 

and present antigens on major histocompatibility complex (MHC) class I and II [218]. Due 

to their superior ability to activate CD8+ T-cells, DCs have recently been used to elicit 

powerful immune responses against tumor cells. In such DC therapies, DCs are obtained 

from a patient and presented with cancer antigens ex vivo. The primed cells are then 

re-administered in order to provoke an immune response toward tumor elimination, acting as 

a therapeutic vaccine [219].

Dendritic cell vaccines have been used to treat several aggressive cancers including 

pancreatic ductal adenocarcinoma (PDAC) [217]. PDAC is a metastatic cancer with a 5-year 

survival rate of less than 5% [220]. In 2019, Yang et al conducted a study to improve the 

therapeutic efficacy of dendritic immunotherapy in a transgenic mouse model of PDAC 

[217]. The authors extracted immature dendritic cells from harvested bone marrow cells, 

which they then primed with pancreatic tumor cell lysates. The cells were subsequently 

injected intraperitoneally in tumor-bearing mice. The authors reported that their dendritic 

cell vaccine resulted in an overall reduction in tumor volume, and extension of survival in 

both transgenic KPC and orthotropic KPC models of PDAC. Additionally, they concluded 

that intraperitoneal injection of the DC vaccine improved migration to the draining lymph 

nodes, which is critical for induction of cytotoxic T lymphocytes. Despite their therapeutic 

results, the authors were not able to achieve complete tumor eradication and observed 

tumor metastasis to the lungs, liver, and pancreatic draining lymph nodes indicating that 

improvements still need to be made to this therapy before it can be considered curative 

[217].

Prostate cancer is another aggressive cancer that has the potential to benefit from dendritic 

cell immunotherapy [221]. In 2000, Lodge et al. reported a phase II clinical trial where 

107 patients were infused with autologous dendritic cells, pulsed with two human leukocyte 

antigens (HLA)-A2 binding prostate cancer derived peptides, once every week for six 

weeks. The authors evaluated the immune status of the patients to both non-specific and 

peptide specific antigens. They found that based on both delayed type hypersensitivity 

responses to recall antigens, and cytokine secretion, their dendritic cell infusion did not 

cause a significant peptide specific response. However, based on the non-specific response, 

they were able to conclude that low IFN-γ production in response to antigen presentation 

correlated with poor clinical response, highlighting the importance of a functional immune 

system in the treatment of cancer. Of all the participants included in the study, the authors 

reported one complete responder who demonstrated a Th-1 type immune response to the 
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immunizing peptides. Overall, the vaccine elicited poor therapeutic efficacy; however, this 

may be a result of the antigen selected. At the time of this publication, there were no reports 

on the T-cell reactivity against prostate-specific membrane antigen-derived peptides. This 

highlights one of the drawbacks of dendritic cell therapy, which is the identification of the 

optimal anti-tumor antigen [221].

Since 1998 when Nestle et al. first reported the efficacy of dendritic cell vaccines in treating 

melanoma, several studies and clinical trials have been conducted [222]. In 2012, a phase 

2 clinical trial reported that injection of DCs pulsed HLA-A24 or A2 melanoma-associated 

synthetic peptides could be an effective therapy against metastatic melanoma. In the study, 

pulsed dendritic cells were injected subcutaneously in the inguinal region of 24 patients 

expressing either HLA-A24 or A2 melanoma. Patients received up to 10 injections over the 

span of 5 months. At the end of the study, of the 24 participants, 1 had partial remission, 

7 had stable disease, and 16 had progressive disease. 75% of the participants had positive 

ELISPOT reactions against all melanoma antigen-related peptides, which is indicative of the 

number of positive cytotoxic T cell (CTL) responses. Overall, compared to non-vaccinated 

patients, vaccinated patients had significantly longer average survival times (13.6 months vs 

7.3 months respectively). However, despite the ability of the vaccine to prolong survival, 

several questions remain unanswered including information regarding prognostic factors. 

Interestingly, the authors found that the anti-MAGE-A1 antibody titer before vaccination 

was a good prognostic factor, while dendritic cell processing-related parameters such as the 

number of injected DCs, and the presence of surface markers, such as CD83 and CCR7, 

was not. CD8 and IL-17 were also reportedly not involved in prognosis, in contrast to other 

studies that found close involvement in the prognosis of solid cancer patients. Additional 

studies that address these questions are critical in the improvement of dendritic cell therapy 

[223].

Glioblastoma, which is one of the most aggressive primary malignant brain tumors, has also 

reportedly been treated with dendritic cell therapy. In a phase III clinical trial conducted in 

2018, autologous dendritic cells pulsed with tumor lysate were injected into patients who 

had previously undergone surgical resection and chemotherapy, which is the standard of 

care for glioblastoma [224]. The vaccine was administered intradermally 6 times in the first 

year and twice a year thereafter and was co-administered with a temozolomide adjuvant. At 

the time of publication, the study was ongoing, but the median overall survival for patients 

was 23.1 months, suggesting that patients are living longer than expected; reported median 

overall survival of 16 and 17.4 months has been previously observed in standard of care 

clinical trials. Despite being incomplete, the data at the time of publication indicates the 

potential of this vaccine to extend the survival of patients with glioblastoma. Importantly, 

only 7 out of 331 patients experienced any adverse events related to the treatment, which 

highlights the safety profile of this technique. The combination of dendritic cell vaccine 

and temozolomide therapy utilized in this clinical trial also indicates the potential for the 

therapeutic efficacy of dendritic cell vaccines to be improved by combining treatment with 

immune checkpoint inhibitors or other immunotherapies, an area that researchers should 

explore further [224].
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2.4.4. Dendritic cell therapies for autoimmune diseases—Though there are 

several applications of dendritic cell therapy in cancer, autoimmune diseases have also 

seen benefits from DC therapy. Specifically, tolerogenic DCs (tolDCs) are essential in 

maintaining immune tolerance [225]. Studies have shown that complete depletion of DCs 

can result in fatal autoimmunity [226]. It is thought that tolDCs exercise their function 

through several characteristics, including their lack of co-stimulatory molecules [227]. 

Without co-stimulatory molecules, tolDC interactions with T-cells result in T-cell anergy 

and decreased proliferation [225]. Thus, delivery of tolDCs is being investigated for the 

treatment of various autoimmune diseases.

T1D was the first autoimmune disease to be targeted via tolDCs in a clinical trial in 

2007 [228]. Patients in the trial were dosed with either control DCs or immunosuppressive 

DCs-grown ex vivo with antisense oligonucleotides targeting CD40, CD80, and CD86 co­

stimulatory molecules. Overall, the study results showed that tolDCs are tolerated well, with 

no adverse events observed, outlining the safety profile of this novel therapy. Additionally, 

the authors noted that in 57% of participants (4/7), there was an emergence of detectable 

C-peptide, a surrogate marker for functional beta cells [229]. This suggests that tolDC 

therapy may restore insulin production, outlining a promising area for further research.

Rheumatoid arthritis is another promising target for tolDC therapy. Approximately 70% 

of RA patients have anti-citrullinated peptide autoantibodies in their serum that target 

citrullinated proteins, causing chronic inflammation [230]. In 2012, the first-in-human 

clinical trial using tolDCs for RA was reported whereby autologous DCs were modified with 

a nuclear factor kb (NF-kB) inhibitor and exposed to various citrullinated peptide antigens 

before administration. Eighteen participants received intradermal injections of either a low 

dose or high dose of the therapy, Rheumavax. Aside from the excellent safety profile, 

the results of the study also showed promising biological activity. The authors reported a 

25% decrease in T effector cells and a 25% increase in T regulatory cells one month after 

treatment [231]. Other clinical trials have also reported utilizing dexamethasone (Dex), a 

synthetic glucocorticoid with anti-inflammatory effects, to reduce symptoms associated with 

RA (NCT01352858). Specifically, tolDCs cultured with Dex are characterized by a decrease 

in the expression of co-stimulatory molecules CD40, CD86, CD83, as well as MHC II 

expression. Additionally, they express high concentrations of anti-inflammatory cytokine 

IL-10.

Clinical trials have also began to evaluate the feasibility and safety of myelin-derived 

peptide-pulsed tolDCs in MS patients (NCT02618902). In a 2015 study, the myelin peptide 

pre-loaded tolDCs are treated with vitamin D3, which induces resistance to maturation 

(low expression of co-stimulatory molecules) [232]. The manipulated cells are then 

injected intradermally every two weeks for a total of three injections. The study is set 

to be completed by November 2021; however, their pre-clinical results show that T-cells 

stimulated with myelin-derived peptide-pulsed vitamin D3-treated tolDCs are unresponsive 

to the myelin peptide but maintain responsiveness to unrelated antigens such as CMV, 

highlighting the potential mechanism for therapeutic efficacy [233–235].
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Crohn’s disease, a gastrointestinal autoimmune disease, has similarly been targeted by 

tolDC therapy. In 2015, a phase I clinical trial aimed at determining the safety and 

tolerability of autologous tolDCs was reported. Participants were injected intraperitoneally 

with either a single dose of tolDCs generated ex vivo at escalating doses or bi-weekly 

injections at the same escalating doses. The patients were evaluated for up to 1 year for 

adverse effects. In this instance, tolDCs were cultured with Dex and Vitamin A, along 

with a cocktail of cytokines to develop semi-mature tolDCs with high IL-10 production in 

response to inflammatory stimuli (i.e., lipopolysaccharide). Vitamin A is normally converted 

to retinoic acid by retinaldehyde dehydrogenase (RALDH) positive DCs, which helps 

maintain tolerance to GI cells and tissue, which may explain its inclusion in the tolDC 

culture conditions [236]. Overall, tolDC therapy was not associated with any adverse events, 

and of participants treated, clinical remission was seen in 11%, and clinical response was 

seen in 22%.

Finally, tolDCs are also being utilized to improve transplantation outcomes and reduce the 

risk of allograft rejection. The primary immunological mechanism through which allograft 

rejection occurs is the innate non-specific reaction and the donor-specific adaptive response 

[237]. Donor APCs migrate to the lymphoid organs and interact with T-cells to promote 

differentiation into effector T-cells, which travel to the graft and elicit their immunological 

effect [238]. The inflammation that occurs during transplant helps to maintain the adaptive 

T-cell response, perpetuating the risk of rejection. Though immunosuppressive drugs have 

significantly improved 1-year graft survival, long-term immunosuppression can increase the 

risk of developing, outlining a space for alternatives [239]. Cell-based therapies are an 

innovative approach that may promote the long-term acceptance of transplanted grafts.

At the University of Pittsburgh, a phase I, dose-escalation trial that aims to evaluate 

the effect of a single infusion of autologous tolDCs along with a immunosuppressive 

drug regimen prior to renal transplant is on-going [240]. Two other phase I/II trials are 

investigating the safety and efficacy of a single infusion of tolDCs one week before liver 

transplant with primary data collection set for 2023 (NCT03164265, NCT04208919).

Overall, there are several advantages of using dendritic cells as a form of immunotherapy. 

Considerable progress has been made in understanding the immune system and the 

involvement of dendritic cells in T cell activation. However, several challenges remain 

that must be considered before dendritic cell vaccines can take the place of conventional 

treatment approaches. Some of these challenges include the identification of optimal anti­

tumor antigens and adjuvants, determining the best route of administration, and the timing of 

treatment to achieve therapeutic efficacy. Addressing these limitations will help improve the 

overall translation of dendritic cell immunotherapy into the clinic.

2.4.5. Cells for payload delivery—In addition to being engineered to express CAR 

receptors, cells can also be modified to “carry” payloads to a destination. One of the biggest 

advantages of using non-T cell-based cell delivery is that a specific target antigen is not 

required. Antigen presenting cells, for example, survey many types of cells and pathogens 

and can interact with their surroundings more efficiently than T-cells. In a 2020 report, 

scientists developed soft discoidal particles referred to as cell “backpacks”, composed of a 
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cell-adhesive poly(lactic-co-glycolic) acid (PLGA) layer, a polyvinyl alcohol (PVA) layer, 

and a second PLGA layer which allowed for adherence to macrophage cell surfaces without 

being phagocytosed for several days. These backpacks encased the pro-inflammatory 

cytokine IFN-γ and were as reported to cause preferential maintenance of M1 macrophage 

phenotypes in healthy and tumor-bearing mice demonstrating precise immunomodulation 

(Figure 7). Treatment of 50ng of IFN-γ worth of backpacks in mice with metastatic breast 

cancer led to delays in tumor growth when compared with control mice. The authors report 

that 37 days after inoculation, tumors of mice receiving IFN-γ backpack therapy were 

51.9% smaller than those of mice receiving injections of saline [95].

The future of autologous cell therapy lies in their ability to persist within the body long 

enough to impart the necessary therapeutic effect and minimize toxicities such as treatment­

related cytokine release syndrome and neurologic toxicity, which limit patients’ ability 

to complete treatment regimens [200, 204, 241]. These challenges will be essential to 

overcome for future generations of CAR-T, CAR-NK, dendritic cells therapies, and more as 

they move towards clinical translation.

2.5. Multiple therapies in combination

Combination therapies have tremendous potential to revolutionize the future of 

immunotherapies, but it is imperative to determine the correct existing therapies to 

administer together and the most appropriate dosing scheme for a particular ailment. A 

few recent studies have shown early success. Hu et al. designed a triple combination 

regimen to enable long-term survival in mice bearing colorectal cancer. The therapy was 

composed of relaxin (RLN), FOLFOX (combination of 5-fluorouracil, leucovorin, and 

oxaliplatin), and IL-12 plasmid DNA. Lipid nanoparticles surface modified with aminoethyl 

anisamide were used to encapsulate RLN and the IL-12 plasmid, which were delivered 

intravenously. The FOLFOX, however, was delivered intraperitoneally. The RLN gene 

therapy was administered first, followed by the combination of FOLFOX and IL-12 gene 

therapy in a span of 17 days. The authors discovered that triple combination therapy resulted 

in tumor regression and completely blocked liver metastases in 50% of the mice. The 

triple combination therapy was able to preferentially increase the percentage of CD3+CD8+ 

cytotoxic T cells without causing Treg cell expansion. This work proposed a rational 

combination strategy that results in tumor regression after colorectal cancer metastasis and 

thus provides a framework for future development of combination therapies for colorectal 

cancer in future clinical translations [242].

In a recent combination therapeutic study, Hu and colleagues developed a hyaluronic-acid­

based reservoir encapsulating a triple combination treatment. These gels consisted of human 

chondroitin sulfate proteoglycan 4-targeted CAR-T cells (CSPG4; CSPG4.CAR), IL-15 

loaded nanoparticles, and human platelets conjugated with the anti-PDL1 blocking antibody 

(aPDL1). The authors explain that surgery-induced inflammation triggers the activation 

of platelets which leads to the release aPDL1 antibodies. This combination treatment 

was tested for anti-tumor efficacy in NOD-scid Il2rgnull (NSG) mice inoculated with 

subcutaneous WM115 tumors. The luminescent signal (which was used as an in vivo 
surrogate for tumor burden) was found to be ~60-fold lower in mice treated with the 
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triple combination therapy than control mice when quantified 3 weeks post-treatment [243]. 

Although relatively complex, these combination studies are imperative for elucidation of 

treatment modalities that function well together for various tumor types.

In a phase Ib clinical trial, Montfort and colleagues studied the safety and efficacy of 

Nivolumab and Ipilimumab (immune checkpoint inhibitors) in combination with Infliximab 

or Certolizumab (monoclonal anti-TNFα antibodies) for treatment of patients with advanced 

melanoma. Patients received nivolumab (1 mg/kg) and ipilimumab (3 mg/kg) combined 

with infliximab (5mg/kg) or certolizumab (400/200 mg). The authors reported four complete 

responses and three partial responses in the certolizumab combination treatment and one 

complete response and two partial responses for the infliximab combination treatment [244]. 

These results further highlight the importance of determining the most effective combination 

of drugs for a particular disease.

3. The Transition from Discovery to FDA-regulated Preclinical Studies and 

Clinical Grade Manufacturing

Before a new therapy can be tested in people, an Investigational New Drug (IND) 

Application must first be submitted, containing manufacturing and nonclinical data to 

support the safety of the proposed First-in-Human (FIH) trial [246]. The development of 

immunomodulatory therapies may present unique challenges for meeting FDA expectations, 

as outlined by the examples below.

3.1. Challenges for Preclinical Pharmacology and Toxicology Studies

The path to a FIH clinical trial can be complex for the translation of new immunotherapies. 

Small molecules and some of the first biologics developed, such as monoclonal antibodies, 

often have a single, clearly defined, mechanism of action and a well-established regulatory 

path to the clinic. By contrast, many new immunotherapies are increasingly complex and 

impact biology by multiple mechanisms and overlapping signaling pathways [247–249]. 

This complexity can present challenges in demonstrating pharmacology and safety either in 

vitro or in animal models.

For example, development of human-derived biologics, such as human cytokines and 

cellular therapies, can face hurdles in preclinical development because these therapies 

are often not compatible with immune competent animal models and require immune 

suppression or immunodeficient species for in vivo studies [250]. Therefore, preclinical 

development of complex human-derived biologics often requires (1) extensive preclinical 

characterization of cross-reactivity with multiple species; (2) generation of a suitable 

‘surrogate’ product that is compatible with rodents or other species; and/or (3) testing 

the intended clinical product in immunocompromised animals [251]. These approaches 

naturally come with challenges. Preliminary assessment of species cross-reactivity may be 

overlooked during early-stage development when research efforts are focused on identifying 

a good model to demonstrate Proof-of-Concept. The use of immunocompromised animals 

may allow for in vivo testing of the intended clinical product but could generate data 

that is not clinically relevant, especially for products that rely on interactions with an 
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intact immune system for their biological activity. The use of surrogate products (e.g., 

murine-derived cells or proteins) may help demonstrate proof-of-mechanism in relevant 

disease models, but the surrogates may be significantly different from the intended clinical 

product such that it is difficult to obtain relevant safety data in preclinical models. A solid 

regulatory strategy is therefore needed early in the transition from research to IND-enabling 

studies in addition to well-timed discussions with the FDA. Sponsors should take advantage 

of the opportunity to discuss the nonclinical studies at both an INTERACT meeting [252] 

and a pre-IND meeting [253] if possible. The Office of Combination Products can also 

be consulted to obtain feedback on whether a novel therapy will be regulated as a drug, 

biologic, device, or any combination thereof [254].

Since biologics have the potential to induce an immune response that is species-specific, the 

immune system response to a new drug product must be carefully characterized in animal 

models. While preclinical assessment of immunotoxicity may be more straightforward for 

small molecules and recombinant proteins [255], there are limitations to the assessment of 

immunotoxicity of complex biologics such as cell and gene therapies. A xenogeneic immune 

response to human proteins or cells may limit the use of a particular species in preclinical 

studies, and may not be predictive of the potential immune response expected in human 

patients [256].

3.2 Transitioning to Clinical Grade Manufacturing

In parallel to generating the required pharmacology and safety data, development of 

immunotherapies must also confront several challenges in ensuring tightly controlled 

manufacturing of clinical-grade material. Biologics in particular, such as recombinant 

proteins or more complex cellular therapies require much more specialized manufacturing 

processes [257, 258]. The use of cell lines or cell-culture systems to generate biologics 

is also time-consuming and labor-intensive and carries a high regulatory burden for the 

control of materials used in the manufacturing process. Manufacturing that requires genetic 

engineering, through viral vectors or other newer methods such as CRISPR/Cas9, also must 

be tightly controlled from start to finish.

Regardless of the specific manufacturing process, a set of release criteria must also be 

established for the clinical-grade product [246]. Release criteria for the clinical product 

should be considered early in development when preclinical material is being manufactured 

for pharmacology and safety studies. Release criteria must be designed to address potential 

issues of impurities or variability in the clinical grade manufacturing process. Addressing 

variability in manufacturing may be particularly difficult with autologous cell therapy 

products since the starting material for each lot is patient specific. Release criteria must 

also include a potency assay, which is often tied to the primary mechanism of action of 

the product. For complex immunotherapies with multiple mechanisms of action, potency 

assay development can be a major challenge, and this is also an area of evolving regulatory 

requirements [259].

While early preclinical development can occur in parallel with manufacturing development, 

every therapeutic program will reach a point where the manufacturing process should be 

locked down and accurately represented in pivotal safety studies to be included in the IND. 
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Changes in manufacturing, even during preclinical development, may require additional 

studies to support a future marketing application [260]. Preclinical planning must therefore 

consider both manufacturing issues (such as the use of clinical-grade reagents and the 

development of the clinical formulation) as well as the availability of material for pivotal 

nonclinical studies that are sufficiently representative of the intended clinical product.

4. Considerations for Clinical Development and Marketing Approval

4.1 Patient Monitoring and Biomarkers

Once clinical trials are started under an IND, immunomodulatory therapies require extensive 

monitoring of patients as a key component of understanding both the safety profile and 

efficacy of the product. Some immunotherapies are very effective in only a portion of 

patients, and therefore the success of new immunomodulatory therapies will be enhanced 

by development of relevant biomarkers for the prediction of which patients will exhibit a 

beneficial response [261].

Monitoring the immune response during clinical trials is also key to supporting the safety 

of the product. For example, the measurement of cytokine levels in patients is a critical 

tool for measuring immune response during immunotherapy [262]. Additionally, testing 

for anti-drug antibody products during early and late-stage clinical trials is imperative to 

understand the extent of the potential impact on the immune system [263]. Production 

of neutralizing anti-drug antibodies by the immune system in response to administration 

of biologic drugs remains a major hurdle for biologic drugs and thus must be carefully 

understood and assessed during development. Several groups are developing screening/

identification methods as well as prediction models and clinical programs to test for, and 

hopefully develop strategies to avoid, the formation of anti-drug antibodies.

Bharadwaj and colleagues, for example, have implemented a high throughput, tiered 

assay approach to measure anti-drug antibodies. The authors optimized their high 

throughput approach using five antibodies (3NC117, 3BNC117-LS, 10–1074, PGT121, 

and PGDM1400) and demonstrate modularity and sufficient sensitivity to be used as 

an identification method for a range of biologics that are advancing to the clinic. The 

authors show that a positivity cut point, competition threshold, and dilution step size can 

be implemented to define response titers for each drug product according to established 

guidance [264]. Another group developed a prediction model using machine learning 

methods based on quantified serum metabolites and lipids for patients with MS that were 

treated with IFNβ. The authors showed that their method could predict future anti-drug 

antibody status at baseline or month 3 with F1 score (a measure of accuracy) > 0.735 and 

specificity > 0.83, suggesting that this technique, if able to translate to other diseases, could 

be used as a low invasive method for predicting drug efficacy [265]. The success of these 

efforts, and others like it, have the potential to provide the field with a tool for predicting the 

success of biologics early on to reduce attrition of critical therapeutic drugs.
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4.2 Regulatory Considerations in Late-Phase Development

Many of the challenges that arise during clinical development, which can impact the design 

of pivotal clinical trials, can be discussed at milestone meetings with the FDA. An End of 

Phase 1 meeting gives the sponsor an opportunity to discuss multiple development topics, 

which may include proposed Phase 2 controlled trials, optimal dose selection, potential 

biomarker development, and PK/PD. An End of Phase 2 meeting can be held to determine 

if it is safe to proceed to Phase 3 trials and gain FDA feedback on the Phase 3 plan and 

protocols [266].

Following the completion of human clinical trials, a new drug or biologic must be evaluated 

by the FDA in the form of a New Drug Application (NDA) or Biologic Licensing 

Application (BLA) [245] before it can be legally marketed. The role of the FDA is to ensure 

that new therapeutics are both safe and effective for the proposed indication. This evaluation 

begins with an in-depth review of the manufacturing process and controls, nonclinical 

data, and clinical data supporting the safety and effectiveness of the drug for the proposed 

indication and at the intended dose.

The FDA utilizes a structured framework for the drug approval process to ensure that drugs 

prescribed to human patients are both safe and effective. The clinical review for FDA 

approval takes into account the available treatments for an indication, the severity of the 

intended illness along with whether there is a current unmet medical need for the condition. 

Sponsors must provided clinic data to demonstrate both safety and effectiveness in human 

patients in order to allow the FDA to make an assessment of potential risks and benefits of 

the new product [245]. Unfortunately, this process is often very time and resource-intensive, 

which limits many products from becoming widely available to the general population. 

Figure 8 shows average timelines for product approval from research and development 

through FDA approval [267]. It has been estimated that it takes, on average, 14 years and 

$2.6 billion to develop a new medicine from the start of research and development to FDA 

approval [268, 269]. While this is generally beneficial for the overall safety of patients, it 

may also result in the rejection of products that could potentially save lives.

4.1. Opportunities for Expedited Drug Development

Recent trends in the development of complex biologics have often resulted in a much 

smaller nonclinical package compared to other product classes such as small molecules and 

mAbs, due to the limitations of what types of nonclinical studies can be conducted for these 

new product classes. As a result, some development timelines can be much shorter than 

described in the previous section. In addition, the FDA has established several opportunities 

for expedited development (Figure 9) of novel therapies that are for treatment of life­

threatening conditions and show therapeutic benefit beyond products currently available 

[270].

4.1.1. Accelerated Approval—The first of these approval pathways was established in 

1992 and is called Accelerated Approval [271–273]. In this pathway, a “surrogate endpoint” 

can be used by FDA reviewers as a measurement of clinical benefit to make a preliminary 

ruling on a drug that meets a clinically unmet need. This allows, for example, a drug that 
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causes tumor reduction to be approved before data is collected to demonstrate extended 

survival time in clinical trial patients. The surrogate endpoint is used if the FDA agrees that 

it is “reasonably likely to predict the clinical benefit of the drug”. The clinical studies would 

still have to be continued and completed by the drug company to prove the long-term effects 

and benefits and the drug could still be withdrawn if it does not demonstrate sufficient 

clinical benefit to justify any identified risks.

4.1.2. Fast Track—The FDA fast track process was designed to advance the review of 

new drugs that treat serious conditions and fill an unmet medical need, based on promising 

animal or human data [245]. If a new drug product meets these criteria, a Fast Track 

designation can be assigned; however, the FDA can remove the designation if emerging 

data no longer supports the original designation [271]. Benefits of Fast Track designation 

include earlier and more frequent communication with the FDA, and the option for a rolling 

NDA/BLA submission to speed up the marketing application review.

4.1.3. Breakthrough Therapy—The Breakthrough Therapy designation applies to a 

new drug product if it “is intended, alone or in combination with 1 or more other drugs, 

to treat a serious or life-threatening disease or condition, and preliminary clinical evidence 

indicates that the drug may demonstrate substantial improvement over existing therapies 

on 1 or more clinically significant endpoints” [271]. The FDA has specified “preliminary 

clinical evidence” to mean evidence from Phase 1 or 2 clinical trials that are “sufficient 

to indicate that the drug may demonstrate substantial improvement in effectiveness or 

safety over available therapies, but in most cases is not sufficient to establish safety 

and effectiveness for purposes of approval.” Benefits of this designation also include 

engagement with FDA reviewers on clinical trial designs as part of earlier and more 

frequent communications, as well as the option for rolling review. In most cases, a drug 

with Breakthrough Therapy designation is also eligible for the Fast Track process [271].

4.1.4. Priority Review—The FDA decides on either a standard or priority review 

designation for every application. Priority review is a designation for new products that 

are intended to treat a serious or life-threatening condition and “provide significant 

improvements in the safety or effectiveness of the treatment, diagnosis, or prevention of 

serious conditions compared to available therapies,” if approved [271] and applications 

assigned to priority review are reviewed four-months faster than products assigned to 

standard review. The FDA may consider evidence pertaining to increased effectiveness, 

substantial reduction of a treatment-limiting toxicity, or evidence of safety or effectiveness 

in a new subpopulation and decides whether a new drug product represents a significant 

improvement on a case-by-case basis [274]. A Priority Review application secures a 

commitment from FDA to shorten the review time to 6 months.

4.1.5. Regenerative Medicine Advanced Therapy (RMAT)—A newer opportunity 

for expedited development was established by the designation of Regenerative Medicine 

Advanced Therapies. RMAT products are cell therapies (or combination products with cell 

therapies) and can receive the same benefits as Breakthrough products. However, while 

clinical data is needed for an RMAT application, the eligibility criteria is different from 
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Breakthrough designation in that RMAT products only need evidence that indicates the 

therapy has the potential to address an unmet medical need, whereas Breakthrough products 

also need to demonstrate a substantial improvement over existing therapies.

5. Emerging opportunities for future therapies

Pro- and anti-inflammatory diseases have a major impact on the lives of people around 

the world. Clinical advances and the next generation of immunotherapeutic drugs require 

a deeper understanding of existing targets and more advanced technologies for screening 

and identification of new immunological targets. One of the most promising opportunities 

for the future of targeted immunotherapies is to decrease host rejection during organ 

transplantation [275]. Decreasing the percentage of transplanted organs that are attacked 

by the host immune system using immunomodulatory drugs has the potential to save lives 

and increase the quality of the future of medicine. For cancer immunotherapy specifically, 

the possibilities are numerous. The heterogeneity of the tumor microenvironment suggests 

the need for the development of unique treatment regimens with a combination of 

immunostimulants and thus offers countless possibilities for future drug treatments. In-depth 

animal and human studies will be needed to determine which specific combinations are 

the most appropriate for different tumor microenvironments and different immune systems. 

Several recent reviews also highlight the potential of the field of ‘immunometabolism’ and 

suggest that because cancer cells rely heavily on metabolic pathways to fuel their rapid 

proliferation, in-depth studies to understand the complexities of many of these pathways 

will lead to novel targets for future intervention [276]. Additionally, a successful cytokine 

modification or delivery strategy that is efficacious for extended timeframes without causing 

toxicities would be transformative for immunoncology.

To translate new products into the clinic, the next generation of biologics must also 

consider manufacturing challenges and FDA requirements for approval during the research 

and development stage. Building on and enhancing previously FDA-approved products to 

make them more efficacious, less toxic, and/or last longer will allow for rapid testing and 

development. The development of advanced high-throughput in vitro and in vivo screening 

methods to assess the unique pharmacokinetic properties, biodistribution, and mechanisms 

of action of new therapies may offer a more efficient approach to evaluate as many 

combination treatments as possible. The success of these screening methods could aid in 

the selection of the drug candidates to test in clinical trials in the future.

6. Conclusion

In the future development of clinical therapeutics, two key aspects must be considered: 

therapeutic efficacy of immunomodulators must be increased without increasing the 

toxicities and large-scale manufacturing must not compromise the safety and efficacy of the 

products. We anticipate that as the understanding and investigation of the immunological 

landscape deepen, the next generation of immunomodulatory agents will be more 

sophisticated, less toxic, and therapeutically efficacious such that scientists can optimize 

kinetic properties and gain temporal and spatial control of dosing. Combination therapies, 

as well as collaborative efforts of interdisciplinary research, will likely drive a majority of 
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the innovation seen in the next decades. We predict that solving biological problems that 

remain unaddressed by simpler treatments may require not complex treatment strategies, but 

instead, innovative delivery vehicles and dosing strategies.
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Figure 1. 
Diagram highlighting the main types of immunomodulators. Immunosuppressants (left) 

including vaccines, antibodies, cytokines, and cell-based therapies have been used to 

exogenously activate the immune system for treatment of diseases such as cancer. 

Immunosuppressants (right) including antibodies, cytokines, NSAIDs, glucocorticoids, 

DMARDs, and cell-based therapies have been used to repress overly active immune systems 

for treatment of autoimmune diseases such as multiple sclerosis, rheumatoid arthritis, 

irritable bowel disease, systemic lupus erythematosus, and more. Schematic was made using 

BioRender.com
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Figure 2. 
Schematic of the branches and function of the immune system. a) The innate immune 

system consists primarily of natural killer cells, monocytes, macrophages, neutrophils, 

basophils, eosinophils, and dendritic cells. Macrophages can identify and phagocytose 

foreign particles and pathogens. Upon stimulation, antigen presenting cells such as dendritic 

cells can activate T cells of the adaptive branch of the immune system via MHC II 

and CD40 receptors. The adaptive branch of the immune system consists of T cells and 

their associated subsets, and memory and plasma B cells. Memory B cells express B 

cell receptors and can differentiate into long-lived plasma B cells upon binding of the B 

cell receptor (BCR). Plasma B cells are short-lived B cells that rapidly produce pathogen­

specific antibodies to neutralize the effects of a pathogen. Naïve T cells, upon binding to 
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antigen presenting cells, can divide into CD4+ or CD8+ T cell lineages. CD8+ T cells are 

commonly referred to as cytotoxic T cells and typically last the duration of a particular 

immune response and then undergo apoptosis. The CD4+ T cells can further differentiate 

into a number of helper T cell subsets discussed below. b) Graphical depiction of the cyclical 

nature of a healthy immune system (1), a chronically suppressed immune system that is 

unable to mount a full immune response (2), and a chronically stimulated immune system 

subject to random “flare-ups” which may lead to tissue damage. Schematic was made using 

BioRender.com
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Figure 3. 
Major immunomodulatory strategies used to induce tumor regression. These include pro­

inflammatory cytokine treatments such as interleukin-2 administration for T cell activation, 

antibody therapies such as anti-CTLA4 checkpoint blockade to reverse cytotoxic T cell 

repression, oncolytic virus therapy to induce tumor cell lysis and subsequent T cell 

activation, mRNA-based therapies to activate antigen presenting cells to induce T cell 

proliferation and engineered cell therapies such as CAR-T or CAR-NK therapy to enhance 

cell targeting and tumor destruction. Schematic was made using BioRender.com
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Figure 4. 
Common cytokine modifications. Cytokines are low molecular weight proteins and can 

be attached to other proteins or molecules easily. Here we describe cytokines attached to 

collagen-binding proteins via glycineserine linkers (commonly), fused to one or more chains 

of a monoclonal antibody, protected within charged molecules, pegylated, or administered as 

mRNA from within lipid nanoparticles. Schematic was made using BioRender.com
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Figure 5. 
Interaction of interleukin-2 (IL-2) with its receptors to induce downstream signaling. 

Secreted IL-2 binds to IL-2Rα and subsequently forms the high affinity heterotrimeric 

receptor complex allowing the activation of downstream signaling. IL-2 receptor binding 

triggers the phosphorylation of the Janus kinase (JAK) signal transducer and activator 

of transcription (STAT) pathway. Phosphorylated STAT molecules dimerize and then 

translocate into the nucleus to regulate the transcription of target genes. Different immune 

cells express various versions of the IL-2 receptor, each with different dissociation constants 

affecting the ability of IL-2 to bind and activate the associated cells. Schematic was made 

using BioRender.com
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Figure 6. 
The expansion and percentage of CD4+ or CD8+ T cells over time in peripheral blood after 

CAR infusion. Reprinted with permission from ref. [190].
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Figure 7. 
Bone marrow–derived macrophages were cultured for 5 days with free IFN-γ, blank 

backpacks, or IFN-γ backpacks. Expression of representative (A) M1 markers (iNOS, 

MHCII, and CD80) and (B) M2 markers [vascular endothelial growth factor (VEGF), 

hypoxia-inducible factor 1α (HIF-1α), and CD206], relative to unpolarized macrophages. 

Graphs are logarithmic (n = 10,000 events per data point). Reprinted with permission from 

ref. [96].
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Figure 8. 
Approximate timelines for FDA drug approval. Based on information in ref. [212]. The 

average time spent on basic research is 2–5 years followed by 1–2 years of advanced clinical 

testing and nearly a decade of clinical trials. Average times for each stage of clinical trials 

are listed in the inset. Finally, the FDA approval process takes roughly 2 additional years. 

Schematic was made using BioRender.com
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Figure 9. 
FDA IND Pathways. Four potential pathways for new drug products to be expedited during 

the FDA approval process. These include accelerated approval, fast track designation, 

breakthrough therapy designation, and priority review. Adapted from ref. [217]. Schematic 

was made using BioRender.com
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