
Vol.:(0123456789)1 3

Biomedical Engineering Letters (2021) 11:183–195 
https://doi.org/10.1007/s13534-021-00197-6

REVIEW ARTICLE

Engineered immune cellswith nanomaterials to improve adoptive cell 
therapy

Na Yeon Kim1 · Ji‑Ho Park1 

Received: 5 April 2021 / Revised: 29 May 2021 / Accepted: 25 June 2021 / Published online: 1 July 2021 
© Korean Society of Medical and Biological Engineering 2021

Abstract
Cell-based cancer immunotherapy is mainly performed to re-stimulate or boost the anti-tumor immunity by leveraging 
the anti-tumoral functions of infused cells. Although conventional adoptive cell therapy with T cells and DC vaccines had 
potentiated the use of ex vivo engineered cells for cancer immunotherapy, these approaches had a low success rate and some 
off-target side effects. Recent developments on this intervention are adopting nanoengineering to overcome limitations 
imposed by the environment the therapeutic cells would be in and the natural characteristics of the cells; thus, enhancing 
the efficacy of therapies. For this purpose, T cells, NK cells, DCs, and macrophages are engineered to either maintain anti-
tumoral phenotypes, target tumor efficiently, or improve the innate functionalities and viability.
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1  Cancer immunotherapy

Cancer immunotherapy has opened a new paradigm for 
cancer treatment by providing durable clinical responses. 
The purpose of cancer immunotherapy is to re-stimulate or 
boost the anti-tumor immunity of a patient to combat can-
cer. The anti-tumor immunity is based on acquiring tumor-
specific antigens by antigen-presenting cells (APCs) within 
the tumor tissues to prime and activate T cells in lymph 
nodes [1]. By doing so, activated cytotoxic T lymphocytes 
(CTLs) infiltrate into tumors and kill the antigen-specific 
tumor cells. As tumor progresses, such immunity cycle is 
interrupted with factors associated with proliferating tumor 
cells [2]. The factors range from the direct and indirect 
effects of pro-tumoral cells to tumor cells themselves [3–6]. 
These factors create the environment in a complex manner 
to favor tumor progression. For this reason, it is necessary 
to alleviate the inhibition of the anti-tumor immunity in a 
multiplex and simultaneous manner for successful cancer 
immunotherapy.

Initial studies on cancer immunotherapy focused on 
blocking checkpoint proteins on either T cells or cancer 
cells which prevent immune responses when bound so that 
T cells in the tumor tissues are able to recognize the tumor 
cells as “foreign” and be activated. However, the efficacy 
of immune checkpoint inhibitors (ICI) is solely dependent 
on the presence of tumor antigen-specific cytotoxic lym-
phocytes in the tumor tissues; ICI treatment cannot play its 
part in tumor regression if the frequency of antigen-specific 
T cells is scarce. For this reason, the focus of studies on can-
cer immunotherapy moved to adoptive cell therapy (ACT) 
involving ex vivo stimulation and proliferation of antigen-
specific cytotoxic lymphocytes [7–9]. Transfusion of ex vivo 
engineered effectors cells can be advantageous since spe-
cific engineering of cells for enhanced or novel functionality. 
After the development of early ACT, T cell-based therapies 
evolved by adopting T cell receptor (TCR) engineering and 
chimeric antigen receptor (CAR) for increased specificity 
towards tumor-associated antigens (TAAs) [10]. Based on 
the success of immunotherapy with transfusion of ex vivo 
engineered therapeutic cells, the advantage of employing 
effector cells for appropriate uses into immunotherapy. For 
this purpose, similar methods were applied to engineering 
natural killer cells (NK cells) and macrophages for more 
effective immunotherapy [11–15]. Immunotherapy utilizing 
engineered effector cells such as T cells and dendritic cells 
(DCs) have been acknowledged and approved by FDA for 
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their anti-tumor efficacy and a growing number of studies 
are being performed to develop more effective platforms 
(Fig. 1).

2  Immune cells for effective adoptive cell 
therapy

2.1  T cell

T cells have been considered to be the most important effec-
tor cells for restoring anti-tumor immunity [16]. For this 
reason, the majority of studies on cell-based therapy were 
focused on utilizing T cells. Early studies on T cell-based 
adoptive cell therapy were initiated by isolating tumor infil-
trated lymphocytes (TILs) and re-stimulating or expanding 
the cells to transfuse them back into the body. Then the focus 
moved to ex vivo transduction with either T cell receptor 
(TCR) or chimeric antigen receptor (CAR) onto peripheral 
T cells. These attempts were made for either re-gaining the 
cytotoxicity or enhancing the ability to recognize specific 
antigens. However, T cell-based therapies pose shortcomings 

of possible cytokine release syndrome and the fact that these 
are MHC-restricted and antigens are rarely known.

2.2  NK cell

NK cells are effector cells similar to CTLs in terms of exert-
ing cytotoxicity by producing a large number of cytokines 
but more effective than CTLs in terms of recognizing abnor-
mal cells [17]. The ability to distinguish abnormal cells from 
healthy cells can be advantageous since it reduces off-target 
toxicity, often suggested as a limitation of T cell-based 
therapies [18, 19]. Current studies on NK cell-based immu-
notherapy are focused on cytokine supplement, modifica-
tion of internal signal pathway for in vivo intervention, and 
adoptive transfer of genetically engineered NK cells [17]. 
In recent clinical trials, CAR-NK cells are being developed 
and have shown potential in lysing target cells similarly 
to CAR-T cells but with fewer side effects [20]. However, 
the development of effective NK cell-based therapies still 
requires enhanced targeting ability, recognition, and resist-
ance against the TME.

Fig. 1  Overview of different strategies utilized for engineering immune cells with nanomaterials to improve adoptive cell therapy. Created with 
BioRender.com
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2.3  DC

DC is another key compartment of the anti-tumor immu-
nity for its role in presenting antigens and T cell activation 
and differentiation. Naturally, DCs capture and process 
antigens to present them on the MHC molecules so that 
antigen-specific T cells are primed and expanded for effec-
tive T cell-mediated immunity [21]. In order to utilize the 
function of antigen-presenting, ex vivo engineering of DCs 
is routinely performed by loading TAAs into immature 
DCs (iDCs) or partially matured DCs. For this purpose, 
iDCs are derived from peripheral blood CD14 + precursors 
with granulocyte-macrophage colony-stimulating factor 
and interleukin-4. Such pulsed DCs have been referred 
to as DC vaccines and expected to stimulate and educate 
naïve T cells by introducing the loaded antigens.

2.4  Macrophage

Macrophage is another antigen-presenting cell with 
the ability to secrete pro-inflammatory cytokines and 
chemokines that create an immunostimulatory environ-
ment [22]. In addition, pro-inflammatory macrophages 
are capable of releasing tumoricidal agents such as nitric 
oxide (NO). As antigen-presenting cells, macrophages 
can also phagocytose dead tumor cells to process tumor-
associated antigens. For this reason, macrophages were 
believed to kill tumor cells, process tumor-associated 
antigens, and activate adaptive anti-tumor immunity upon 
tumor cell encounter. Since these tumoricidal functions 
were observed with pro-inflammatory macrophages, early 
studies were conducted by transfusing ex vivo generated 
pro-inflammatory macrophages [12, 23–25]. However, the 
plasticity of macrophages led to re-polarizing into anti-
inflammatory phenotypes when the macrophages end up 
in the TME, even though pre-conditioned into pro-inflam-
matory phenotypes.

3  Limitations of adoptive cell therapy 
and windows for improvement

3.1  Environment: immunosuppressive tumor 
microenvironment

Transfusion of isolated and engineered T cells faces a criti-
cal obstacle that the immunosuppressive TME inhibits the 
infiltration of T cells into tumor tissues. Such hardship 
applies to all immune cell transfusions for therapy, since 
macrophages, T cells, DCs, and NK cells are all in need of 
encountering tumor cells for them to play their roles in the 

anti-tumor immunity. Tumors can be classified into various 
states in terms of infiltration of immune cells into the tissues.

Especially when the target tumor is classified as an 
immune-excluded tumor, infused immune cells are highly 
likely to encounter hardship in terms of infiltrating into 
tumor tissues. Immune-excluded tumors are known to inhibit 
T cell infiltration and limit contact of T cells and tumor cells 
[26]. Such barriers are created by altered chemokine net-
works and tumor vasculature [27]. For example, successful 
T cell recruitment to peripheral tissue requires inflamma-
tory chemokines such as CCL19, CCL21, CXCL12, CCR5, 
and CXCR3. After recruitment, infiltration into tumors is 
also necessary and this requires expression of CCL2, CCL3, 
CCL4, CCL5, CXCL9, and CXCL10. However, immune-
excluded tumors lack these chemokines and tend to secrete 
more chemokines that attract pro-tumoral suppressor cells 
such as tumor-associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSCs), and regulatory T (Treg) 
cells.

Moreover, tumor cells or the tumor microenvironment 
(TME) often induce apoptosis of cells or alter the function 
of these cells. It is widely known that the immunosuppres-
sive TME can repolarize pro-inflammatory macrophages 
into anti-inflammatory phenotypes, as known as tumor-
associated macrophages (TAMs) [28]. This tendency is 
also observed for NK cells; the immunosuppressive TME 
can induce polarization of transfused NK cells into tumor-
promoting phenotypes [29]. Tumor-induced dysfunction can 
occur for T cells and DCs as well, undermining the anti-
tumor responses of the transfused cells. Tumor-derived gan-
gliosides and cytokines such as high mobility groupbox-1 
(HMGB1) exemplify components that inhibit the function 
of DCs or induce apoptosis of the cells [30].

3.2  Delivery: tumor targeting and recognition

For effective cell-based therapies, tumor-targeting and rec-
ognizing ability of therapeutic cells is another important 
aspect. Therapeutic cells should accumulate and remain 
in tumor sites for a certain period of time—long enough 
for the cells to exert their functions. Also, precise localiza-
tion within tumor sites is necessary for reduced off-target 
responses and optimal clinical outcomes. Although some 
therapeutic cells are capable of active recruitment or cir-
culating until they encounter cancer cells, others have lim-
ited ability to migrate towards tumor cells. For example, 
monocytes and neutrophils are easily recruited toward tumor 
sites since they are circulating leukocytes and are known 
to be highly infiltrative [31, 32]. Specifically, monocytes 
are specialized for circulating and detecting environment 
changes and differentiating into DCs and macrophages in 
target areas. Such cells can be somewhat limited in terms 
of efficient recruitment so that engineering them to have 
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improved migrating ability was adopted. Li et al. have intro-
duced macrophages decorated with hyaluronic acid-coated 
superparamagnetic iron oxide nanoparticles which outper-
form normal macrophages in terms of targeting efficacy and 
intratumoral retention [33]. This work has demonstrated that 
increasing the delivery efficiency can improve adoptive cell 
therapy by showing that the engineered macrophages are 
more effective in eliminating tumors compared to normal 
macrophages.

Along with precise and efficient localization of therapeu-
tic cells in target areas, how well the cells recognize their 
target cells is another important aspect for effective adop-
tive therapy. NK cells are potential effector cells for cancer 
therapy since they can be safer than T cells in terms of side 
effects but they lack cell-specific receptors [34]. Attempts to 
increase the targeting ability have been performed by either 
strengthening the activating receptors or enhancing the affin-
ity [35]. It has been demonstrated that empowering the tar-
geting ability improves clinical outcomes. For example, Liu 
et al. engineered NK cells with CARs to enhance the engage-
ment with target cells and showed improved homing ability 
to a tumor and tumoricidal ability as a result compared with 
NK cells without CARs [36]. For these reasons, an increas-
ing number of studies underscore the importance of effective 
targeting and recognition of tumor cells by therapeutic cells 
and develop methods to improve this.

3.3  Cell: proliferation and expansion

Expansion and proliferation of therapeutic effector cells 
have been considered essential for therapies leveraged by T 
cell immunity [37]. In the case of T cell-mediated adoptive 
cell therapies, it is important to generate a sufficient amount 
of T cells ex vivo for significant clinical activity of thera-
peutic T cells [38]. Moreover, ex vivo pre-conditioning for 
expansion and proliferation is suggested to correlate with the 
persistence of CAR-T cells and consequently inversely with 
clinical remissions with cancers [39]. However, expansion 
of T cells before infusion can be problematic for a limited 
number of harvested TILs or naïve T cells [40]. Next, in 
the case of APC-mediated adoptive cell therapies, its role 
in inducing T cell activation, proliferation, and expansion 
is considered crucial for significant clinical outcomes [41]. 
However, T cell activation, proliferation, or function is often 
inhibited by inhibitory cells or receptors, such as Treg cells, 
CTLA4, and PD-1 [37]. Specifically, CTLA4 restrains T 
cell activation via disturbing T cell-APC immune conjuga-
tion, and PD-1 binds with PD-L1 on APCs to induce T cell 
exhaustion. This may indicate that the efficacy of adoptive 
therapies utilizing APCs, such as DCs and macrophages, 
is also highly dependent on how efficiently T cells can be 
activated and proliferated.

3.4  Cell: innate functionality

Functions of transfused cells must be maintained or 
enhanced within target areas for effective anti-tumor immu-
nity. This is important since adoptive immunotherapy 
is solely dependent on the innate functions of transfused 
immune cells for tumoricidal responses as presented in 
Fig. 2. T cells and NK cells are responsible for cytotoxic 
responses against tumor cells [14]. T cells and NK cells are 
similar in terms of cytotoxic responses but they are different 
in terms of activation and recognition mechanism; T cells 
are activated and primed by DCs in lymph nodes and recog-
nize tumor cells with antigens while NK cells are activated 
based on the balance between activating and inhibitory sig-
nals and recognizing “missing self” [34]. DCs are especially 
important for adaptive immunity in terms of activating and 
priming the effector cells [21, 30]. They uptake and process 
tumor-associated antigens to present them as MHC-peptide 
complexes. Then these antigen-presenting DCs migrate to 
lymph nodes for T cell education. Macrophages are for kill-
ing tumor cells both directly and indirectly [22]. Especially, 
the pro-inflammatory macrophages are capable of engulf-
ing the tumor cells and secreting tumoricidal cytokines and 
chemokines such as nitric oxide (NO), reactive oxygen spe-
cies (ROS), TNF-α, and IFN-γ. These major roles of the 
therapeutic cells can be utilized for the remission of tumors 
but may be minute for significant effect. For this reason, sev-
eral approaches have demonstrated that enhancing the func-
tionalities of cells can improve therapeutic efficacy [42, 43].

4  Nanoengineering for enhanced 
functionalities of transferred cells

4.1  T cell

T cell engineering for improved cancer immunotherapy has 
been focused on improving viability, ability to expand and 
proliferate, and tumor targeting (Table 1). In 2010, Stephan 
et al. developed synthetic nanoparticle-conjugated T cells for 
improved viability and proliferation as well as function [44]. 
Nanoparticles were loaded with IL-15Sa and IL-21, and con-
jugated to the surfaces of T cells via cell surface thiols for 
engineering. It was demonstrated that the engineered T cells 
proliferated robustly in vivo, and eradicated B16 melano-
mas effectively. Another work by Stephan et al., proposed 
in 2012, conjugated maleimide-functionalized nanoparticles 
to the cell surface in attempts to promote a greater T-cell 
expansion in tumor sites [45]. It demonstrated that the Shp1 
and Shp2 inhibitors, encapsulated in the conjugated nano-
particles, modulated the activation and fate of the engineered 
T cells for more effective cancer immunotherapy.
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Enhancing the tumor-targeting ability of adoptively trans-
ferred T cells has been another area of interest for devel-
oping T cell-based tumor immunotherapies (Table 1). In 
2019, Nie et al. utilized PD-1 antibodies-armed magnetic 
nanoclusters to decorate CTLs or TILs for a more effec-
tive adoptive T cell therapy [46]. Conjugation of magnetic 
nanoclusters enabled improved recruitment towards tumor 
sites upon magnetization and superparamagnetism with MRI 
guidance. Additional to overcoming the limitation of tumor 
targeting, the spatiotemporal effect of the adoptive T cells 
and PD-1 antibodies inhibited tumor growth by alleviating 
the suppressiveness; thus, enhancing the T cell infiltration. 
Engineering T cells for adoptive transfer with magnetic nan-
oparticles was performed by Sanz-Ortega et al. as well for 
enhanced tumor-targeting ability and retention in the region 
of interest [47]. Magnetic nanoparticle-loaded T cells were 
specifically targeted by an external magnetic field so that T 
cells accumulate in the lymph nodes. The study potentiated 
the possible modulation of immune responses in any regions 
of interest by targeting via an external magnetic field. On the 
other hand, in 2020, Liu et al. have introduced the method 

that utilizes aptamer for targeting and binding to tumor cells 
[48]. The aptamer-T cells induced significant regression of 
tumor because the enhanced targeting ability allowed the 
transferred cells to become enriched in the TME. Moreover, 
it was demonstrated that the aptamer-conjugated T cells have 
a strong anti-tumor effect with enhanced perforin, granzyme 
B, CD107a, and FasL expression.

CAR-T cell therapy is an improved platform of adoptive T 
cell therapy which is endowed with enhanced ability to rec-
ognize certain tumor antigens (Table 1). However, the sup-
pressive TME easily causes hypofunction of CAR-T cells, 
and studies are being conducted to develop CAR-T cells 
with enhanced abilities to proliferate, expand, and kill tumor 
cells. To this end, in 2018, Siriwon et al. engineered the cell 
surface by conjugating nanoparticles, in which A2aR-spe-
cific small molecule antagonist SCH-58261 is encapsulated 
as shown in Fig. 3a [49]. The SCH-loaded multilamellar 
liposomal vesicles increased proliferation (Fig. 3b and c) 
and prevented CAR-T cell hypofunction (Fig. 3d and e). 
Consequently, adoptive therapy of engineered CAR-T cells 
suppressed tumor growth when compared to conventional 

Fig. 2  Major roles of immune 
cells in anti-tumor immunity. 
Dendritic cells uptake, process, 
and present tumor antigens as 
MHC-peptide complexes to 
educate T cells in lymph nodes. 
Activated T cells and NK cells 
kill tumor cells by secreting 
perforin, granzyme B, IFN-γ, 
and TNF-α. Macrophages 
engulf tumor cells or kill them 
with IFN-γ, TNF-α, nitric oxide 
(NO), and reactive oxygen spe-
cies (ROS). Created with BioRe 
nder. com

https://biorender.com/
https://biorender.com/
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CAR-T cells. Moreover, for increased efficiency of expan-
sion and specific tumor-killing ability, Tang et al. employed 
protein nanogels as backpacks for ex  vivo engineered 
CAR-T cells [50]. For engineering, synthesized IL-14Sa-
containing nanogels were conjugated via CD45. It was 
demonstrated that the method allowed a greater expansion 
of the transferred T cells and secretion of granzyme and 
effector cytokines. A similar application with nanogels was 
adopted by Xie et al. for IL-2 backpacking [51]. To adjuvant 
anti-tumor adoptive T-cell immunotherapy, IL-2/Fc nano-
gels were synthesized and backpacked to the cell surface 

of adoptively transferred T cells. By doing so, transferred 
tumor-reactive T cells expanded at a greater rate than those 
without backpacks. Also, it was demonstrated that the sus-
tained release of IL-2/Fc promoted memory precursor dif-
ferentiation and induced less T cell exhaustion.

4.2  NK cell

For more effective NK cell-based therapies, the focus of 
engineering has been on improving tumor-targeting ability 
(Table 1). Since NK cells lack the innate ability to target 

Fig. 3  Engineering T cells with liposomes to inhibit T cell hypofunc-
tion. a Schematic diagram of A2AR small-molecule inhibitors-loaded 
cMLV conjugated on the surface of CAR-T cells. Enhanced prolifera-
tion represented by b the percentage of CART.tEGFR cells and c the 
expression level of Ki-67 in CART.tEGFR. Ameliorated hypofunc-
tion by d the expression level of IFNγ and e the expression level of 

CREB in CART.tEGFR. Mean ± SD (n/s: not significant, *P < 0.05, 
**P < 0.01, ***P < 0.001). Reprinted from Cancer Immunol Res, 
6(7), Siriwon  N, Kim  YJ, Siegler  E, Chen  XH, Rohrs  JA, Liu  YR, 
Wang  P, CAR-T Cells Surface-Engineered with Drug-Encapsulated 
Nanoparticles Can Ameliorate Intratumoral T-cell Hypofunction, 
812–24 [49]
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tumor cells specifically, it is important to endow the abil-
ity to localize in the region of interest and interact with 
target cells. Yang et al. engineered NK cells with aptam-
ers as shown in Fig. 4a so that the NK cells can bind to 
the aptamer-specific tumor cells [52]. The resulting speci-
ficity allowed NK cells to trigger higher apoptosis of tar-
geted tumor cells than those without aptamer engineering 
(Fig. 4b). For the same purpose, Kim et al. [53] and Li et al. 
[54] developed cationic nanoparticle-loaded NK cells and 
antibody-decorated NK cells, respectively. The cationic 
nanoparticles activated NK cells for enhanced recognition 
ability of tumor cells so that the cytotoxicity of NK cells can 
eliminate tumor cells more efficiently. Similarly, antibody-
decorated NK cells allowed specific targeting of tumor cells, 
and the efficacy of lysing antibody-specific tumor cells was 
increased.

Targeting tumors can be done not only by providing a 
means to bind but also by utilizing magnetic particles and 
external magnetic fields (Table 1). Jang et al. conjugated 
 Fe3O4/SiO2/shell nanoparticles so that limited infiltration 
into target tumor tissues can be ameliorated [55]. By doing 
so, NK cells are capable of being enriched in the region of 
interest and consequently exert cytotoxic responses against 
tumor cells with less off-target activities. Wu et al. pointed 
out that a higher infiltration rate of NK cells can be clini-
cally beneficial and thus developed  Fe3O4@polydopamine 
nanoparticle-loaded NK cells [56]. It was demonstrated that 

the NK cells were able to accumulate in the tumor site with 
an external magnetic field and inhibited tumor growth as a 
result.

4.3  DC

Engineering DCs for enhanced anti-tumor immunotherapy is 
focused on improving immunomodulatory effect, migration, 
and innate functionality as APCs (Table 1). In order forDC 
vaccines to modulate the immunosuppressive TME which 
impairs the anti-tumor efficacy, Liu et al. employed quantum 
dots to pulse the DC vaccines [57]. To this end, the quantum 
dots were engineered as fluorescence nanoprobes, immu-
nomodulatory adjuvants, and nanocarriers of tumor antigens 
and Toll-like receptor 9 agonists and internalized into DCs. 
The engineered DC vaccines alleviated the immunosuppres-
sive TME and promoted improved antigen presentation and 
T cell activation. Enhancing the anti-tumoral efficacy can 
also be achieved by improving the migration or targeting 
ability of DCs. Additional to the quantum dot-pulsed DC 
vaccine, chloroquine was administrated in combination to 
repolarize TAMs. Thus, the combination therapy syner-
gistically amplified the efficacy of cancer immunotherapy. 
Kim et al. developed synthetic vaccine nanoparticles con-
taining antigen for uptake, and adjuvant for immunostimu-
lation to improve migration and cross-presentation at the 
same time as in Fig. 5a[58]. As a result, tumor regression 

Fig. 4  Engineering NK cells 
with aptamers to endow tumor-
targeting ability. a Schematic 
diagram of ApEn-NK effects on 
target cells. b Specific killing 
effect on lymphoma cell lines 
and no significant killing effect 
on off-target cells. Mean ± SD 
(NS: not significant, *P < 0.05, 
**P < 0.01). Reprinted from 
Small, 15(22), Yang SH, 
Wen JG, Li H, Xu L, Liu YT, 
Zhao NX, Zeng ZH, Qi JJ, 
Jiang WQ, Han W, Zu YL, 
Aptamer-Engineered Natural 
Killer Cells for Cell-Specific 
Adaptive Immunotherapy [52]
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and prolonged survival were observed owing to enhanced 
cytokine secretion, lymph node homing, and cross-presenta-
tion. Specifically, significant enhancements were observed in 
CTL activity (Fig. 5b) and proliferation of antigen-specific 
 CD8+ T cells (Fig. 5c). Dusoswa et al. engineered DCs for 
improved cross-presentation with glycan-modified extra-
cellular vesicles (EVs) [59]. Glycoengineering of EVs was 
performed so that DCs can uptake sources of antigens fol-
lowed by antigen presentation more efficiently. Introducing 
antigens can also be performed via nanoparticles for more 
efficient ex vivo antigen pulsing [60]. Yazdani et al. synthe-
sized peptide-decorated liposomes to pulse DC vaccine and 
demonstrated enhanced anti-tumor immunity based on the 
infiltration of antigen-specific  CD4+ and  CD8+ T cells. The 
engineered DC vaccine was shown to be more effective in 
inducing specific CTL responses. This approach also dem-
onstrated the enhanced efficacy of cell-based intervention 
and PD-1 antibody combination therapy.

4.4  Macrophage

Macrophage engineering has been performed to overcome 
the limitations of its plasticity within the immunosuppres-
sive TME by maintaining the anti-tumoral phenotype for a 

prolonged time period (Table 1). Shields et al. developed cel-
lular backpacks which adhere to the surface of macrophages 
and aid phenotype regulation in vivo [61]. The backpacks 
were synthesized with microcontact printed biodegradable 
polymers, in which interferon-γ (IFN-γ) was encapsulated 
as in Fig. 6a. The particle-based engineering allowed adop-
tively transferred pro-inflammatory macrophages to main-
tain their phenotypes in the immunosuppressive milieu of 
solid tumors (Fig. 6b). Hence, with the backpack-loaded 
macrophages, tumor growth suppression and overall survival 
improvement were demonstrated.

Alongside the vulnerability to the immunosuppressive 
TME, another limitation suggested for the adoptive transfer 
of macrophages is that macrophages have limited tumor-tar-
geting ability (Table 1). To provide macrophages with abili-
ties to target tumors and to generate tumoricidal components 
more efficiently, Li et al. have engineered patient-derived 
macrophages with hyaluronic acid-decorated superparamag-
netic iron oxide nanoparticles (HIONs) [33]. HION-loaded 
macrophages exhibited tumor-specific cytostatic effect and 
became more resistant to the immunosuppressive TME. 
Interestingly, adoptively transferred engineered macrophages 
repolarized in situ anti-inflammatory macrophages into pro-
inflammatory phenotypes in a paracrine-like manner. Thus, 

Fig. 5  Engineering DCs with polymer nanoparticles to enhance 
cross-presentation. a Schematic diagram of ex vivo engineered DCs 
for efficient anti-tumor immunity. b CTL activity represented by the 
mean percentage of tumor cell lysis. c Proliferation of antigen-spe-
cific CD8 + T cells. Mean ± SD (*P < 0.05, **P < 0.01).   Reprinted 

from Adv Funct Mater, 26(44), Kim SY, Phuengkham H, Noh YW, 
Lee HG, Um SH, Lim YT, Immune Complexes Mimicking Synthetic 
Vaccine Nanoparticles for Enhanced Migration and Cross-Presenta-
tion of Dendritic Cells, 8072–82 [58]
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loading HION enabled macrophages to reprogram the TME 
and suppress tumor growth with the enhanced functionali-
ties. Similarly, Tang et al. regulated macrophages via par-
ticle-based engineering with polyhydroxylated fullerenols 
for more effective adoptive immunotherapy [62]. Fuller-
enols enhanced mitochondrial metabolism, phagocytosis, 
and cytokine secretion of engineered macrophages so that 
the activated macrophages inhibit tumor growth and sup-
press metastasis. It was clearly demonstrated that loading 
nanoparticles for adoptive macrophage therapy improved 
the functionality and consequently enhanced the efficacy of 
cancer immunotherapy.

5  Concluding remarks

An increasing number of studies on cell-based cancer 
immunotherapy are focusing on adopting nanomedicine-
based interventions to overcome limitations imposed by 
the environment and nature of the therapeutic cells. Gene-
based engineering is also performed for this purpose mainly 

by editing genetic information of the cells permanently to 
produce therapeutic agents, such as anti-tumoral cytokines 
[64]. It also faces safety issues where the location of gene 
insertion and consequent mutagenesis cannot be controlled 
easily [65]. On the other hand, nanoparticle-based engineer-
ing is considered advantageous over genetic engineering of 
cells in terms of its specificity and simplicity in engineering 
processes. It includes conjugation of nanoparticles onto the 
surface of cells and intracellular-loading of nanoparticles 
to enhance the efficacy of cell-based therapies. To this end, 
the engineered therapeutic cells—T cells, NK cells, DCs, 
and macrophages—are expected to either maintain anti-
tumoral phenotypes, target tumor efficiently, or improve the 
innate functionalities and viability. Some recent works have 
employed multi-functional nanoparticles for simultaneous 
and synergistic improvement of clinical outcomes where 
nanoparticles can influence the therapeutic cells as well as 
their surroundings [33, 46, 48, 51] and some have introduced 
particle-based engineered therapeutic cells in combinations 
with conventional anti-tumor therapies such as anti-PD-1 
therapy [57, 60]. It is believed that growing interests in 

Fig. 6  Engineering mac-
rophages with polymer back-
pack for phenotype maintenance 
in the TME. a Schematic 
diagram of macrophage and 
polymer patch loaded with 
IFN-γ. b Highly expressed 
M1 markers on adoptively 
transferred macrophages bound 
to backpacks. BMDMs were 
polarized ex vivo with IFN-γ 
(i), unpolarized and injected 
with free IFN-γ (ii) or unpolar-
ized, bound to IFN-γ backpacks 
and injected (iii). Mean ± SD 
(*P < 0.05, **P < 0.01, 
***P < 0.001).  Reprinted from 
Sci Adv, 6(18), Shields CWt, 
Evans MA, Wang LL, Baugh N, 
Iyer S, Wu D, Zhao Z, Pusu-
luri A, Ukidve A, Pan DC, 
Mitragotri S, Cellular backpacks 
for macrophage immunotherapy 
[61]
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Table 1  Overview of different strategies utilized for engineering immune cells with nanomaterials to improve adoptive cell therapy

Purpose Cell type Engineering Expected outcome

Resistance to the immunosuppressive 
TME

T cell ShpI-loaded liposome conjugated on the 
cell surface

Blocked tumor-induced suppression in 
the synapse for expansion and inhib-
ited TRP-SIY prostate tumor

[45]

T cell PD-1 antibody-armed magnetic nano-
cluster on the cell surface

Efficiently blocked PD-1 and inhibited 
4T1 carcinomas

[46]

T cell SCH-58261 encapsulating multilamel-
lar liposome conjugated on the cell 
surface

Rescued hypofunctional cells in 
SKOV3.CD19 tumors and reduced 
the tumors

[49]

DC Intracellular loaded quantum dot-CpG 
complex

Enhanced DC activation and stimula-
tion and reduction of EG7-OVA 
tumor

[57]

Macrophage IFN-γ encapsulating polymer patch on 
the cell surface

Pro-inflammatory phenotype mainte-
nance and reduction of 4T1 carcino-
mas

[61]

Macrophage Intracellular loaded hyaluronic acid-
decorated superparamagnetic iron 
oxide nanoparticles (HIONs)

Repolarized TAMs and reduction of 
4T1 carcinomas

[33]

Tumor targeting/recognition ability T cell PD-1 antibody-armed magnetic nano-
cluster on the cell surface

Enhanced T cell recruitment in tumors 
and inhibited 4T1 carcinomas

[46]

T cell Aptamer conjugated on the cell surface Target and bind to SFC-7901 gastric 
cancer cell and CT26 colon carcinoma 
cell for tumor regression

[48]

T cell Magnetic nanoparticle on the cell 
surface

Enhanced T cell homing to lymph 
nodes

[47]

NK cell Aptamer conjugated on the cell surface Target and bind to lymphoma cells for 
tumor regression

[52]

NK cell Cationic nanoparticle on the cell surface Recognize MDA-MB-231 cells for 
tumor regression

[53]

NK cell Antibody conjugated on the cell surface Target and bind to BT474, SKBR3, and 
MDA-MB-435/ HER2 + by Hercep-
tin-labeled NK-92MI

[54]

NK cell Fe3O4/SiO2/shell nanoparticles conju-
gated on the cell surface

Infiltrated into RPMI8226 human B cell 
lymphoma for tumor regression

[63]

NK cell Intracellular loaded  Fe3O4@polydopa-
mine nanoparticle

Infiltrated into A549 adenocarcinoma 
for tumor regression

[56]

Macrophage Intracellular loaded hyaluronic acid-
decorated superparamagnetic iron 
oxide nanoparticles (HIONs)

Infiltrated into 4T1 carcinoma for tumor 
regression

[33]

Proliferation and expansion T cell IL-15Sa and IL-21 encapsulating lipo-
some conjugated on the cell surface

Robustly proliferated in vivo and eradi-
cated established B16 melanomas

[44]

T cell ShpI-loaded liposome conjugated on the 
cell surface

Blocked tumor-induced suppression in 
the synapse for expansion and inhib-
ited TRP-SIY prostate tumor

[45]

T cell IL-14Sa nanogel on the cell surface Expanded 16-fold more and inhibited 
B16F10 melanoma

[50]

T cell IL-2/Fc nanogel on the cell surface Expanded 80-fold more and inhibited 
B16F10 melanoma

[51]
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cell-based cancer immunotherapy and attempts to combine 
effective therapies for synergy will allow the development of 
more robust nanoengineered cell-based therapies.
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