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Abstract
Almost like a living being in and of itself, tumors actively interact with and modify their environment to escape immune 
responses. Owing to the pre-formation of cancer-favorable microenvironment prior to anti-cancer treatment, the numerous 
attempts that followed propose limited efficacy in oncology. Immunogenicity by activation of immune cells within the tumor 
microenvironment or recruitment of immune cells from nearby lymph nodes is quickly offset as the immunosuppressive 
environment, rapidly converting immunogenic cells into immune suppressive cells, overriding the immune system. Tumor 
cells, as well as regulatory cells, namely M2 macrophages, Treg cells, and MDSCs, derived by the immunosuppressive 
environment, also cloak from potential anti-tumoral factors by directly or indirectly secreting cytokines, such as IL-10 
and TGF-β, related to immune regulation. Enzymes and other metabolic or angiogenetic constituents — VEGF, IDO1, 
and iNOS — are also employed directed for anti-cancer immune cell malfunctioning. Therefore, the conversion of “cold” 
immunosuppressive environment into “hot” immune responsive environment is of paramount importance, bestowing the 
advances in the field of cancer immunotherapy the opportunity to wholly fulfill its intended purpose. This paper reviews 
the mechanisms by which tumors wield to exercise immune suppression and the nanoengineered delivery strategies being 
developed to overcome this suppression.
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Introduction

Tumor development involves a chaotic interplay between 
cancer and immune cells, virtually uncountable complex 
cross-talks between the two to tip over the intricate balance 
between immune suppression and activation [1, 2]. Immune 
cells such as cytotoxic T lymphocytes (CTL), dendritic cells 
(DC), and natural killer (NK) cells attempt to eliminate 
cancer cells by various mechanisms such as perforin and 

granzyme secretion, secretion of proinflammatory cytokines 
such as interferon (IFN)-γ, or recruitment of more T lympho-
cytes to the tumor microenvironment (TME) through produc-
tion of chemokines such as chemokine (CXC motif) ligand 
(CXCL)12 [3–5]. Nevertheless, cancer cells possess their 
own means of immune evasion. Inhibitory molecules such as 
programmed death-ligand 1 (PD-L1) deactivate T cells [6–8]. 
Cancer cells too are capable of secreting cytokines such as 
transforming growth factor β (TGF-β) themselves, thereby 
recruiting regulatory cells to maintain immunosuppression 
within the TME [4, 9]. However, the scale favors tumor cells, 
for immune cells’ activities are limited by time. May it be 
the case that immune cells fail to assassinate tumors acutely, 
chronic inflammation lingers behind, fortifying immunosup-
pression within the microenvironment, fostering tumor devel-
opment, and advancing to malignant metastasis [10–13].

Various attempts targeting different suppressive factors 
that contribute to TME’s immune suppression have shown 
auspicious results. Repolarization of immunosuppressive 
M2 macrophages and myeloid-derived suppressor cells 
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(MDSCs) into proinflammatory M1 macrophages proves 
to be not only effective in hot tumor conversion by itself, 
but also synergetic when combined with other therapeutic 
agents [14–18], while depletion of regulatory T cells (Treg 
cells) has also received spotlight for its potency [19, 20]. 
Vanquishing suppressive cytokines play a crucial role in 
deterring the conversion of anti-tumor cells into suppres-
sive cells or hindering the recruitment of regulatory cells 
[21, 22]. Other factors include angiogenesis prompters for 
tumor growth, such as vascular endothelial growth factor 
(VEGF), and metabolic features that tumor cells employ to 
establish cancer-favorable environments, such as indoleam-
ine 2,3-dioxygenase (IDO)1 and iNOS/arginase 1 [23–31].

The use of nanotechnology provides many advantages in 
designing drugs for such cancer immunotherapy. By engineer-
ing molecules to be released slowly, or to be activated only under 
unique circumstances, nanoengineered drugs allow reduced tox-
icity, while also maintaining drugs at an effective dose level in 
targeted sites. Since nanotechnology deals with engineering at 
molecular levels, it opens doors for enhancements in numerous 
ways. Typically, functionalization of nanoparticles is performed 
by modifying particle surface: conjugating various drugs, lay-
ering multiple surfaces, or modulating surface charges. Fur-
thermore, formulating particles in nanometer sizes itself is an 
advantage. Nanoparticle displays much higher delivery efficacy, 
as it can be more easily taken up by cells; therefore, a lower 
EC50 value can be obtained owing to facilitated cell internaliza-
tion, which ultimately means that nanoengineered drugs propose 
drugs of not only more efficient, but also safer.

Therefore, switching the immune battlefield by converting 
“cold” immunosuppressive TME into “hot” immune respon-
sive territory is a promising strategy in overcoming the cur-
rent limitations of cancer immunotherapy [32–34] (Fig. 1). 
Of the numerous routes immunotherapy can take to enhance 
anti-tumoral efficacy, this review has focused specifically on 
nanoengineering-based drug delivery systems that does so by 
overcoming immunosuppression within the TME.

Nanoengineered drug delivery for targeting 
cell‑mediated immunosuppression in TME

Macrophages

Macrophages are one of the representative figures when it 
comes to innate immunity. As the name implies, their main 
function is to respond to pathogens, dead cells, and various 
debris by phagocytosis. They also partake in adaptive immu-
nity through cytokine secretion and surface interaction [35]. 
Cytokines secreted by M1 macrophages, such as interleukin 
(IL)-1, IL-6, IL-12, and tumor necrosis factor (TNF)-α, dif-
ferentiate and proliferate various immune cells in a proin-
flammatory fashion [36]. Major histocompatibility complex 

(MHC) II and T cell receptor (TCR) interaction [37], accom-
panied by cluster of differentiation (CD)86-CD28 interaction 
between macrophages and T cells, results in T cell activation 
[38]. Nonetheless, their participation can easily be neglected 
through direct cell–cell contact mechanisms in anti-tumor 
activity. The interaction between CD47 expressed on tumor 
cells and signal regulatory protein (SIRP)-α expressed on 
macrophages delivers the so-called don’t eat me signal, by 
which tumor cells escape macrophages’ immunosurveillance 
[39]. In addition, macrophages are double-edged swords 
when it comes to immune regulation; IL-10 and TGF-β can 
reshape M1 into M2 macrophages, which in turn can also 
be released from M2 macrophages themselves, leading to 
immune suppression and tumor growth. Thus, redirecting 
M2 macrophages within the TME is salient in subduing its 
immune suppression [40].

Polarization (naïve macrophages into M1 or M2) and 
repolarization (M2 macrophages into M1) of macrophages 
were significantly affected via the introduction of TLR7/8 
agonists (TLR7/8a), known to stimulate NF-κB. Wei et al. 
have harmonized bacterial therapy, M2 repolarization ther-
apy, and immunogenic cell death (ICD) therapy into a single 
treatment, demonstrating synergy between all three factors. 
Resiquimod (R848) and doxorubicin (DOX) were separately 
encapsulated in poly(lactide-co-glycolide) (PLGA) parti-
cles, formulated via nanoengineering procedures involving 
emulsion solvent evaporation method, forming PR848 and 
PDOX. PR848 attached to the Escherichia coli (E. coli) 
surface through electrostatic interaction, and the conju-
gated result was co-treated with PDOX in mice bearing 4T1 
tumor cells (Fig. 2A). The combination showed remarkable 
performance compared to the adjuvant, drug, or bacteria-
only groups. An M1/M2 ratio of 1.34 was recorded when 
cancer cells were treated with R848 conjugated to E. coli, 
and this was further improved to 1.59 through the involve-
ment of PDOX (Fig. 2B, C). Establishing a proinflamma-
tory environment is crucial for M1 polarization [41]. On that 
account, pre-constructing such macrophage-exclusive micro-
environment through cellular “backpacking” and adoptively 
transferring modified macrophage to TME has emerged as 
a novel mechanism of macrophage-mediated suppression 
reversal. The retarded release of cytokines constantly sur-
rounds engineered macrophages, facilitating M1 retention 
among tumor cells and consequently promoting M2 repolari-
zation [42]. Shields et al. found that the attachment of IFN-γ 
onto macrophages retains the M1 phenotype. Phenotypic 
comparisons were made between IFN-γ “backpacked” M1 
macrophages and blank backpacked M1 macrophages that 
have been incubated under tumor mimicking conditions. 
After 48 h, MHC II expression in the IFN-γ backpacked 
group was 6.3 folds higher compared to the control group, 
whereas it was only 1.4 folds higher in the blank backpacked 
group. A massive 629.3-fold higher expression was seen, 
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while only a 2.4-fold higher level was seen with inducible 
nitric oxide synthase (iNOS). When analyzed after 5 days, 
iNOS levels decreased by 89.1% in macrophages with blank 

backpacks, while a 59.1% decrease was observed in IFN-
γ-backpacked macrophages. MHC II and CD80 expression 
was decreased by 30.1% and 37.6%, respectively, in the 

Fig. 1   Schematic illustration of nanoengineered strategies for over-
coming immunosuppression within TME. Mainstream methods, as 
illustrated, include repolarizing or depleting suppressive cells (i.e., 

M2 macrophage, MDSC, and Treg cell), or inhibiting suppressive fac-
tors (e.g., ARG1, IL-10, VEGF). Such mechanisms enhance tumor 
immunogenicity, expediting successful immunotherapy
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Fig. 2   M1-M2 conversion efficacy of nanoparticle/bacteria complex 
in tumor regression. A  Schematic illustration of enhanced immuno-
therapeutic efficacy via M2 macrophage repolarization into M1. B Mac-
rophage repolarization effect tested in  vitro. Decrease of M2 mac-
rophages (F4/80+ CD206+), along with increase of M1 macrophages 

(F4/80+ CD80+) shows successful repolarization as percentage. C M1, 
M2, and M1/M2 ratio in tumor microenvironment analyzed show a sig-
nificant increase in anti-tumor M1 macrophage and decrease in M2 mac-
rophage. The figures were adapted with permission from Wei et al. [41]
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blank backpacked group, while a 95.7% and 248.4% increase 
was observed in the IFN-γ backpacked group. Decisively, 
the tendencies exhibited no major difference in standard 
culture conditions, suggesting compelling M1 retention and 
repolarization capacity of engineered macrophage adoptive 
cell transfer [43].

Regulatory T cells (Treg cells)

Treg cells are essential in dictating balanced immune reac-
tions, playing a key role in suppressing autoimmune diseases 
[44]. This very functionality is exploited by tumor cells, 
overriding Th1 responses through Treg cell interactions, 
manipulated to greatly contribute to TME’s immunosup-
pression [45]. Thus, depletion of Treg cells from suppres-
sive environments has been acknowledged as an eloquent 
mechanism through which cancer can be treated. For target 
specificity is of utmost importance in Treg cell depletion, 
monoclonal antibodies (mAbs) targeting CD25 expressed 
on Treg cells are used.

Antibody–drug conjugate (ADC) is an emerging tech-
nique involving high level nanoengineering. Consisting of 
antibody as the delivery vehicle, molecules to be delivered 
are grafted onto the carrier through nanoscale engineering, 
forming a target-specific drug delivery system. For the case 
of Treg cell depletion, cytotoxic warhead is attached to CD25 
antibodies [46]. While the warheads lead to cell death, CD25 
binding cripples IL-2 starving immunosuppression mecha-
nism of Treg cells; consequently, not only are suppressive 
factors removed, an opportunity for improved immune acti-
vation solely through Treg cell depletion can also be expected 
[47]. Zammarchi et al. explored the possibility of conjugat-
ing SG3199 warheads to an anti-CD25 mAb (Fig. 3A). The 
average drug-to-antibody ratio (DAR) of 2.3 ADC brought 
about rapid anti-tumor response against the MC28 colon 
cancer model (Fig. 3B). Studies on its mode of action have 
reported that depletion of CD8+ cells annihilated anti-tumor 
activity (Fig. 3C), advocating CD8+ effector T (Teff) cell-
dependent tumor killing prompted by Treg cell depletion. 
Conversion from “cold” to “hot” tumors was enhanced when 
combined with anti-PD-1 immune checkpoint blockade ther-
apy (ICBT) as well (Fig. 3C) [48].

Myeloid‑derived suppressor cells (MDSCs)

The means applied by MDSCs to prevent immunogenic event 
occurrence within the TME are applicable to most immune 
cells; however, as MDSCs primarily target T cells, inhibi-
tion of MDSC functioning can be pivotal in empowering Teff 
cells in suppressive environments [49]. Thus, extinguishing 
MDSCs from the TME can dispatch cancer cells by simul-
taneously reducing suppression and enhancing activation. 
This cornerstone mechanism has fascinated many researchers 

to deplete MDSCs, achieving a milestone in the history of 
oncology [50]. A strategy proposed by Zhang et al. oblit-
erates MDSCs through nanoprodrug embodying two differ-
ent oncolytic agents. Through combination of photosensitizer 
(PS) indocyanine green (ICG) and ferric ions (Fe3+) in the 
presence of tadalafil (TAD), ICG and Fe3+ form a nanopar-
ticle through self-assembly mechanism, around which TAD 
interacts to form a FIT nanoparticle (Fig. 4A). The particle 
is degraded through photothermal therapy at the tumor site 
with near-infrared (NIR). Disintegration of FIT nanoparti-
cles liberates ICG, which performs photodynamic therapy 
(PDT), generating antigens for T cell activation. TAD release 
would lead to alleviation of MDSCs, resulting in lowered 
immunosuppression together with enhanced CTL response 
(Fig. 4A). When administered intravenously, this system 
has successfully led to tumor regression with minimum side 
effects as shown by tumor volume and body weight change 
(Fig. 4B). Significant decrease of MDSCs was observed in 
tumor site, along with increase of mature DCs (Fig. 4C). 
ARG1, a crucial factor for T cell exhaustion, was shown to 
be dramatically decreased (Fig. 4C); thus, it is deduced that 
with reduced MDSC and Arg1, along with increased mature 
DC in the tumor, T cell activation must have been increased, 
proven by anti-tumor efficacy [51].

Nanoengineered drug delivery 
for modulating immunosuppressive 
cytokines in TME

Interleukin (IL)‑10

IL-10, one of the key immunosuppressive cytokines. is 
involved in numerous tumor-favorable activities [52, 53]. 
Its activities include polarizing macrophages into M2 types, 
directing CD4+ cells to Treg cell differentiation, and down-
regulating antigen presentation by DCs, all of which are 
important in strengthening the tumor environment [54–56].

One mechanism through which IL-10 levels are abated 
is the introduction of an artificially generated IL-10 recep-
tor (IL-10R) into the TME, which is often called the “IL-
10 trap.” Nanoscale modifications at genetic level to cells 
on the TME circumference are implemented. Silva et al. 
intentionally mutated genes in muscle cells surrounding the 
tumor by injecting a plasmid vector encoding IL-10R (pIL-
10R). The plasmid vector was co-administered with human 
papillomavirus (HPV-16) E7 oncoprotein fused with gly-
coprotein D of a herpes simplex virus (HSV) (pgDE7H)-
encoded DNA vaccine. The genetic material was injected 
intramuscularly and uptaken by tibialis anterior muscle 
cells near the tumor tissue, leading to secretion of unbound 
IL-10R in cells neighboring the tumor. The reinforcement 
of the IL-10 trap from nearby cells significantly reduced 



2020	 Drug Delivery and Translational Research (2023) 13:2015–2031

1 3

free IL-10 within the tumor-friendly environment, mitigat-
ing the possibility of its interaction with naïve or immuno-
genic cells and, thus, empowering them to differentiate and 
function as anti-tumor effector cells [57]. While adminis-
tration of pgDE7H induced higher CD8+ T cell levels, as 
well as IFN-γ levels, leading to tumor regression at early 
stages of cancer, its effect was dwindled at more advanced 
stages [58]. However, synergy with pIL-10R exceeded such 
limitations, displaying increased survival rates and various 

anti-tumor effects in advanced stages. Similarly, Shen et al. 
developed a system that synergizes with IL-10 trap intro-
duction into the TME. In their study, IL-10R encoding 
genes were delivered intravenously within a liposome-pro-
tamine-DNA (LPD) nanoparticle (NP) platform formulated 
through nanoengineered thin-film technique (Fig. 5A). The 
IL-10 trap formulation’s anti-tumor efficacy was amplified 
by loading CXCR12 receptor (CXCR12R) encoding genes 
together with IL-10R encoding genes, for CXCR12 is a 

Fig. 3   Effect of Treg cell depletion by nanoengineered ADC in cancer 
immunotherapy. A  Schematic illustration of CD25 mAb antibody–
drug conjugate (ADC). B  Anti-tumor efficacy of Treg cell depletion 
through CD25-ADC shown by tumor regression volume. C  Immune 

activation represented by elevated CD8+ population level, and immu-
nosuppression within TME overcame as shown by greater CD8+/Treg 
cell ratio. ADC’s synergy with anti-PD-1 demonstrated as well. The 
figures were adapted with permission from Zammarchi et al. [48]
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well-known chemokine whose function is to hamper T cell 
infiltration into the TME. Notable curtailment of immuno-
suppressive cells, which in return surged pro-inflammation 
through the activation of cytotoxic T lymphocytes (CTLs), 
activated DCs, and NK cells (Fig.  5B). Additionally, 
mRNA expression of IL-10 was reduced after treatment 
of LPD NP in TME of 4T1 tumor-bearing mouse model 
(Fig. 5C). The results showed higher efficacy when IL-
10R encoding genes were delivered along with CXCR12R 

encoding genes, proving synergetic with CXCR12R encod-
ing genes (Fig. 5D) [59].

Transforming growth factor (TGF)‑β

TGF-β is a master coordinator of immunity. Despite the com-
mon rationale that TGF-β is an immune-inhibiting cytokine, 
it is also necessary for immune activation [60]. Nevertheless, 
their drawbacks outweigh these benefits. TGF-β has a general 

Fig. 4   Enhanced anti-tumor efficacy via MDSC reduction by FIT 
nanoparticle prodrug. A  Schematic illustration of FIT nanoprodrug. 
B  Anti-tumor efficacy and low toxicity demonstrated by tumor vol-
ume regression and consistent body weight. C  MDSC and mature 
DC population within tumor site analyzed by flow cytometry show 

reduced MDSC population, as well as increased DC population. 
Immunohistochemistry shows significant reduction of Arg-1 level, 
indicating improved T cell activation via FIT nanoprodrug treatment. 
The figures were adapted with permission from Zhang et al. [51]
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inhibitory effect on the development and function of most 
other cells, such as DCs, NK cells, and macrophages [60]. 
For example, TGF-β signaling in NK cells reduces IFN-γ 
production, as well as T-box expression in T cell (T-bet) 
regulation, ultimately leading to Th1 activity inhibition.

Frustrating TGF-β production by tumors can be detri-
mental for tumor growth. Inhibiting the TGF-β receptor has 
boosted chemodrug’s potency as exhibited by Cai et al. In 
this research, molecular modifications at nanoscale have 
been conducted to thiolate TGF-β antibodies in order to 
transform it into CuS attachable form. The final product 
used in this research was TGF-β attached CuS particle, 
which encapsulates ataxia telangiectasia mutated (ATM) 
inhibitor as anti-tumor drug (Fig. 6A). This particle, when 

administered intravenously, was accumulated in the TME, 
resulting in anti-tumor response shown by proinflammatory 
effector cell populations as the parameter. As shown by 
Fig. 6B, CD3+CD4+ and CD3+CD8+ population has sig-
nificantly increased, notably in the group containing TGF-β 
antibody attached to the NP’s surface, leading to remark-
able tumor regression (Fig. 6C) [61]. Zhou et al. have also 
demonstrated the importance of TGF-β blockade in cancer 
immunotherapy, as in a hydro-xyethyl starch-polylactide 
(HES-PLA) nanoparticle containing DOX and TGF-β 
receptor inhibitor (Fig. 6D). There are limitations to the 
drug delivery efficiency of LY2157299, TGF-β receptor 1 
inhibitor (LY). LY is a hydrophobic small molecule that is 
administered via organic solvent and self-aggregates after 

Fig. 5   Anti-tumor efficacy of pIL-10R as IL-10 blockade. A Scheme 
of LPD NP encapsulated IL10 trap and CXCL 12 trap. B  Increased 
activated innate immune cells (DC, NK) after treatment of combi-
nation blockades. C  mRNA expression of IL-10 was reduced after 

LPD NP treatment at TME in 4T1 model. D  Tumor regression and 
enhanced survival rate after treatment of blockade combination. The 
figures were adapted with permission from Shen et al. [59]
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Fig. 6   Anti-tumor efficacy of nanoparticle encapsulated TGF-β inhib-
itor, TGF-β antibody, and LY2157299. A Scheme of the preparation 
of ATM inhibitor-loaded and anti-TGF-β-modified CuS NPs for low-
temperature PTT in hepatocellular carcinoma model. B  Increasing 
percentage of CD3+CD4+ and CD3+CD8+ cells of tumor-bearing 
mice in CuS-ATM@anti-TGF-β-treated groups measured by flow 
cytometry. C Regression of tumor size in hepatoma model (H22 cell 

line) after CuS-ATM@anti-TGF-β treatment. D  Schematic prepara-
tion process of DOX/LY@HES-PLA. E Decreasing of TGF-β expres-
sion in serum by DOX/LY@HES-PLA NP treatment. F  Regression 
of 4T1 tumor growth after DOX/LY@HES-PLA NP treatment. The 
figures were adapted with permission from Cai et al. [61] and Zhou 
et al. [62]
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injection. As a result, the hydrophobic LY becomes toxic 
and its distribution is hindered. For overcoming, they use 
strategies that deliver both anti-cancer drug (DOX) and LY 
synchronously to in vivo using polymeric nanoparticles. 
It has significantly dropped TGF-β level in mouse serum 
after DOX/LY@HES-PLA NP treatment, which is in con-
trast with DOX + LY group (Fig. 6E). Eventually, DOX/
LY@HES-PLA NP treatment leads up to regression of 4T1 
tumor model in mice (Fig. 6F) [62].

Nanoengineered drug 
delivery for modulating VEGF 
and immunosuppressive metabolic 
byproducts in TME

Vascular endothelial growth factor (VEGF)

Cancer arises from mutations in genes instructing the cell 
growth. Mutations in cell cycle checkpoints permit uncon-
trolled cell growth and division, and immature cells do not 
mature into differentiated cells with specific roles, thus 
ever growing and ever dividing. Originating from normal 
cells, cancer cells have the same requirements as healthy 
cells: oxygen, minerals, and vital substances. Nonethe-
less, as cancer grows at an unprecedented rate, the regu-
lar supply of such substances is inadequate to keep up 
with cancer cell growth [63–65]. To secure supplies for 
the unmanageable growth, cancer cells secrete signaling 
proteins for the construction of new blood vessels [66, 67]. 
VEGF is a signaling molecule that is secreted to build new 
blood vessels in a process termed angiogenesis.

Confronting such hurdles placed on effective cancer 
immunotherapy methods, Zhao et al. used VEGF as the 
target to be modulated. Poly[bis(ε-Lys- polyethylenimine)
Glut-polyethylene glycol] (PLEGP) was nanoengineered at 
optimized polymer: PEI ratio, and synthesized into siRNA/
PLEGP nanocomplex, which was employed as the vehicle 
for VEGF siRNA delivery to triple negative breast cancer 
(TNBC) (Fig. 7A). siRNA attached onto the linear poly-
mer PLEGP formed a low-molecular-weight nanocom-
plex, favorable for delivery under high pressure without 
inducing cytotoxicity. Delivery of VEGF siRNA into the 
TME silenced the VEGF gene in VEGF-producing cells 
and significantly reduced VEGF levels within the TME by 
72% (Fig. 7B, C). Ultimately, suffocating the TME through 
reduced angiogenesis by reducing VEGF secretion was an 
efficient tool against cancer, resulting in reduced tumor 
volume (Fig. 7D) [68].

Indoleamine 2,3‑dioxygenase (IDO)1

Tryptophan is an essential amino acid that is metabolized to mel-
atonin and serotonin [69]. Serotonin serves an immunoregulatory 

role by activating various immune cells during inflammation via 
binding to serotonin receptors. This can threaten the survival of 
cancer cells [70, 71]. To fight against their extinction, cancer 
cells induce IDO production within the TME. IDO1 catalyzes 
the breakdown of tryptophan, transforming tryptophan into 
kynurenines. This starves immune cells, especially T cells, of 
tryptophan, dramatizing immunosuppression [72–75].

Ameliorated anti-tumor activity stemming from IDO1 
inhibition can be achieved through TLR7/8 agonist and 
anti-cancer drug combinations [23, 25]. Jin et al. assembled 
paclitaxel (PTX), R848, and epacadostat (EPT), each func-
tioning as an ICD mediator, adjuvant, and IDO1 inhibitor, 
into oil-in-water (O/W) nano-emulsions respectively, and 
combination at optimized ratios of each showed remarkable 
anti-tumoral effect (Fig. 8A, B). This system, coined AIMS 
(assemblable immune modulating suspension), forms an 
in situ depot when administered intratumorally. The acti-
vated DCs in the TME migrated to nearby tumor-draining 
lymph nodes (TDLNs), granting more options for tumor 
killing by differentiating, proliferating, and recruiting CTLs 
(Fig. 8A). Consequently, not only was this method effective 
in local tumor eradication, but also robust in distant tumors, 
as well as in confining metastases (Fig. 8C, D). AIMS has 
also been demonstrated to be compatible for combination 
with ICBT and superior anti-tumor results were obtained 
when synergized with anti-PD-L1 mAb (Fig. 8E) [76].

Arginase (ARG)1/inducible nitric oxide synthase 
(iNOS)

L-Arginine is a critical regulator of lymphocyte function, 
essential for T cell survival and proliferation; its absence 
results in anergy of effector T cells and suppression of NK 
cells [77]. ARG1 metabolizes l-arginine to l-ornithine and 
urea. Hence, its abundance within the TME directly corre-
lates with the l-arginine famine, thereby obstructing lympho-
cyte proliferation and function [13, 28, 78, 79]. Pharmaco-
logical inhibition of ARG1 could facilitate the replenishment 
and recovery of effector immune cells within a tumor-friendly 
environment, capsizing it into a tumor-eradicating environ-
ment [28, 80–84].

To topple the suppressive environment, Grzybowski 
et al. introduced OATD-02, a boronic acid derivative which 
functions as ARG1 inhibitor, to the CT26 tumor model. As 
shown by Fig. 9A, OATD-02 has proven its anti-tumor effi-
cacy at results even better than the reference inhibitor group, 
showing higher levels of arginine within the TME, leading to 
greater tumor regression. When compared to other renowned 
oncologic drugs, such as EPT and anti-PD-L1, OATD-02 
proved to be either comparable, or showed superior tumor 
regression results (Fig. 9B). Furthermore, combination of 
OATD-02 with EPA and anti-PD-L1 showed synergetic 
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results (Fig. 9B). After testing OATD-02 in Renca model, 
cellular analysis has shown the drug’s capability of overcom-
ing immunosuppression, for anti-inflammatory cells such 
as MDSC and Treg cell has decreased in population size, 
resulting in high CD8+/Treg cell ratio (Fig. 9C). For such 
promising results, OATD-02 is expected to go on to clinical 
trials in the short future [85].

Along with arginase metabolism, l-arginine is involved in 
NO and NOS. NOS catalyzes the conversion of l-arginine to 
l-citrulline and NO [13, 86]. NO, a lipophilic gas molecule, 
mediates several biological functions, among which anti-
inflammatory effects are prominent [78]. A specific isoform 
of NOS, iNOS, is expressed by various inflammatory cells 
and generates high amounts of NO for a longer period than 

Fig. 7   Anti-tumor activity by VEGF siRNA-loaded PLEGP nano-
particle. A Synthesis reaction of PLEGP and production of the VEGF 
siRNA/PLEGP nanocomplex. B VEGF silencing activity of nanocom-
plexes in MDA-MB-231 cells (HER2+ human breast cancer cells). 
C Mean fluorescence intensity of the z-stacked confocal images by the 

distance from the periphery of the spheroids. D  Relative tumor vol-
ume of orthotopically implanted MDA-MB-231 cells. VEGF siRNA/
PLEGP1800 nanocomplex showed significant inhibition of tumor 
growth. The figures were adapted with permission from Zhao et al. [68]
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Fig. 8   Anti-tumor efficacy of the nano emulsion AIMS system. A Sche-
matic representation of the AIMS system and function, incorporating 
ICD mediator, adjuvant, and IDO1 inhibitor. B IDO1 activity of AIMS 
(EPT, R848) in TME and TDLN. C Tumor weight in local and distant 
site. D Number of metastatic lung nodules corresponding to lung metas-

tasis. E Tumor volume and survival rate in AIMS (EPT, R848, PTX) 
group and effectiveness of combination with ICBT. The figures were 
adapted with permission from Jin et al. [76]
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neuronal NOS or endothelial NOS [29]. The relationship 
between NOS, NO, and tumor progression is rather compli-
cated, for the NOS and NO level is a tipped balance which 
can determine pro-tumor or anti-tumor character of TME 
[31]. Therefore, the concentration and duration of residual 
NO, differences in types of tumors, and balance between 
NOS and ARG1 all mediate tumorigenesis [30, 78].

Conclusion

Conventional chemotherapies are performed with the hope 
that each session would kill more tumor cells than the host’s 
red or white blood cells, and cumulatively would free the 
host from the cancer’s grasp [87]. Although it is a gamble 
the patients take to overcome the disease, severe side effects 
are a certainty [88]. Cancer immunotherapy aims to rescue 
patients from the losing game that they are forced to play. 
It stimulates the host’s own immunity so that anti-tumor 
activities occur in a much more specific, efficient, and safe 
manner [89].

A major hurdle in the efficacy of cancer immunother-
apy is that cancer cells actively construct a tumor-friendly 
environment for their survival [90]. Therefore, reverting 
such suppressive factors is of chief eminence in escalat-
ing oncological immunotherapeutic potency. M2 mac-
rophages, Treg cells, and MDSCs are momentous figures 
in discussing immunosuppressive cells in the TME. Anti-
inflammatory cytokine secretion by these cells saturates 
the TME with suppressive proteins; therefore, a reduction 
in the population of these cells is a necessity in overcom-
ing TME immune suppression [91]. Depleting these cells 
through nanoengineered antibodies and surface-modified 
nanoparticles has been proven to be efficient, as shown 
in various studies, including those mentioned above. Not 
only removal can be done, but conversion of M2 mac-
rophages into M1 types by hydrogel containing TLR7/8a 
with nanoscale modulation for controlled release, or cell 
surface engineering via backpacking IFN-γ onto M1 mac-
rophages has been shown to further enhance therapeutic 
efficacy, as reduction of M2 and expansion of M1 occurs 
simultaneously [92].

Fig. 9   Anti-tumor efficacy of boronic acid-based ARG1 inhibi-
tor, OATD-02. A  OATD-02 inhibited tumor growth in size, as well 
as maintained arginine level with the TME. B  Tumor regression lev-
els compared with other renowned anti-tumoral drugs have shown 
OATD-02’s superior capacity, and potential for combinational therapy. 

C OATD-02’s arginase inhibition led to downsized immunosuppressive 
cell population, leading to higher CD8+/Treg ratio, creating a cancer-
hostile environment. The figures were adapted with permission from 
Grzybowski et al. [85]
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The secreted products themselves can be preyed upon 
to deny them from exerting their effects. Research on 
the inhibition of IL-10 and TGF-β has shown promising 
results. Artificial “IL-10 traps” created by IL-10 recep-
tor encoding genes delivered via nanoparticles to function 
as nanoengineered “IL-10 sink” are interposed within the 
TME, pocketing IL-10 instead of effector cells and allow-
ing effector cells to retain their purpose [57]. TGF-β can 
be blocked using TGF-β inhibitor or monoclonal antibody 
within immunosuppressive or tumor cells directly, and their 
extermination results in more vigorous activation of CD8+ 
T cells, leading to shrinkage in tumor volume [61, 62].

Other angiogenic and metabolic factors such as VEGF, 
IDO1, and ARG1 are potential candidates for abatement to 
decorate anti-tumor efficacy through immune stimulation 
[68, 76, 85]. Downregulation of VEGF using nanoparticles 
encapsulating VEGF silencing siRNA shackles angiogen-
esis, which is indispensable for tumor growth. Without 
the support of vascular generation and growth, tumors are 
deprived of essential nutrients and eventually starve to death 
[68]. Blocking IDO1 enzymes with nano-emulsions contain-
ing epacadostat (EPT) prior to their interaction with tryp-
tophan is another means of targeting metabolic byproducts. 
This paves way for production of serotonin, which in turn 
sets the ground for more fervent immune activation to take 
place [76].

As mentioned, immunotherapy has made its entrance to 
oncology with the promise of not simply relieving patients 
from conventional chemotherapy’s excruciating side effects, 
but also of improved efficacy in both therapy and relapse 
prevention [87–89]. However, current immunotherapy 
applied in oncology is dulled by the TME’s suppressive 
mechanisms through cells, cytokines, angiogenetic factors, 
or other metabolic factors; therefore, it is not sufficiently 
potent to substitute current chemotherapy [93]. Neverthe-
less, it is not entirely disappointed. Progressions are being 
made with advancements in nanotechnology, as nanoengi-
neered drug delivery systems are showing promising results 
in terms of both efficiency and safety, earning its deserved 
attention as a necessity in taking oncology to the next level. 
Although current nanoengineered drugs remain to be used 
in combination with conventional chemotherapy, promising 
enough results that nanoengineered drugs will completely 
replace current chemotherapy in near future. To achieve so, 
combining the means by which tumor immunosuppressive 
activities are inhibited by other immune activation or tumor 
eradication methods lies at the center of importance for 
improving the anti-tumor performance of the current clini-
cal state of the art.
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