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Abstract: Paclitaxel is a widely used anti-tumor chemotherapeutic drug. Solvent-based paclitaxel causes bone 
marrow suppression, allergic reactions, neurotoxicity and systemic toxicity, which are associated with non-specific 
cytotoxicity and side effects of fat-soluble solvents. Studies have explored various new nano-drug strategies of pa-
clitaxel, including nanoparticle albumin-bound paclitaxel (nab-paclitaxel) to improve the water solubility and safety 
of paclitaxel. Nab-paclitaxel is a targeted solvent-free formulation that inhibits microtubule depolymerization to anti-
cancer. It is easily taken up by tumor and immune cells owing to the nano-scaled size and superior biocompatibility. 
The internalized nab-paclitaxel exhibits significant immunostimulatory activities to promote cancer-immunity cycle. 
The aim of this study was to explore the synergistic effect of nab-paclitaxel in tumor antigen presentation, T cell acti-
vation, reversing the immunosuppressive pattern of tumor microenvironment (TME), and the synergistic effect with 
cytotoxic lymphocytes (CTLs) in clearance of tumor cells. The effects of nab-paclitaxel on modulation of cancer-im-
munity cycle, provides potential avenues for combined therapeutic rationale to improve efficacy of immunotherapy.
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Introduction

Paclitaxel is a natural product derived from 
Taxus and a widely used anti-tumor chemother-
apy drug [1]. In the past two decades, extensive 
research on its structure-activity relationship 
reported that its activity is closely related to  
the C-2, C-10, and C-13 side chains [2]. Notably, 
the active group formed by the side chains 
binds to the β-tubulin site to prevent the depo-
lymerization of tubulin. As a microtubule stabi-
lizer, paclitaxel disrupts microtubule dynamics 
and triggers mitotic arrest, ultimately inducing 
cell apoptosis [3]. Besides this classical mech-
anism, a novel paclitaxel potential has been 
reported in cancer therapy; where it promotes 
anticancer immunity by regulating various func-
tions of immune cells. Based on reported piec-
es of literature, tumor cells pretreated with 
paclitaxel are more likely to exhibit immunoge-
nicity potentially expanding the range of 
responding patients [4]. Nonetheless, paclitax-

el is not a tumor-specific chemotherapeutic 
drug, with apparent tissue cytotoxicity and low 
water solubility. To improve its poor solubility, 
fat-soluble solvents as cremophor are applied 
for injection purposes; this type of paclitaxel 
may cause bone marrow suppression, allergic 
reactions, and neurotoxicity [5, 6]. In clinics, 
paclitaxel requires the administration of anti-
histamines and steroids in advance with a strict 
dose and frequency of administration [7]. 
Reduce the cytotoxicity of paclitaxel while 
maintaining its anti-tumor stimulation to 
immune cells remains challenging. For the 
safety and controllability of paclitaxel, scien-
tists are continually searching for its novel 
nano-drug strategies, focusing on both tumor 
targeting and human tolerance.

Nab-paclitaxel is a 130 nm particle formulation 
comprising albumin nanoparticles and pacli-
taxel with non-covalent bonds [8]. Its lyophi-
lized formulation comprising albumin and pacli-
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taxel is reconstituted in normal saline, forming 
a colloidal suspension for clinical use [7]. Food 
and Drug Administration (FDA) lists nab-pacli-
taxel as a vital drug for the treatment of non-
small cell lung cancer, pancreatic, and breast 
cancers. For many fat-soluble and biologically 
intolerant drugs, albumin nanoparticles are 
efficient carriers that endow the drugs with 
water solubility and tumor-targeting properties. 
In vivo, the albumin receptor gp60 recognizes 
the albumin nanoparticles; nab-paclitaxel pen-
etrates vascular endothelial cells through vesi-
cle transport, enters the tumor tissue, and is 
finally retained in the tumor cells by binding 
secreted protein acidic and rich in cysteine 
(SPARC) [9]. The enriched nab-paclitaxel kills 
tumor cells and releases a colossal amount of 
antigen to stimulate anti-tumor immunity. This 
achieves similar or better responses of pacli-
taxel with appropriate biocompatibility, low tox-
icity, and immune-susceptibility accompanied 

cells are often induced by tumor growth factors 
and chronic inflammatory environment differ-
entiating into inhibitory or tolerogenic immune 
cells, which lose their normal function and even 
inhibit T cells [14-16]. Cancer-associated fibro-
blasts (CAFs) generate growth factors and 
extracellular matrix to assist tumor expansion; 
besides, they also form a physical barrier 
against T cell penetration and drugs [17-19]. 
Notably, these immune escape mechanisms 
are exploited by tumors. Interestingly, nab-
paclitaxel breaks through the barriers estab-
lished by CAFs and other tumor tissues, regulat-
ing the function and expression of various 
immune cells in TME [20]. The mononuclear 
phagocyte system (MPS), including monocytes 
and their developed macrophages, recognize 
albumin nanoparticles via scavenger receptors 
(SRs) and actively uptake nab-paclitaxel [21-
23]. Paclitaxel internalized by monocytes exhib-
its an antigenic response similar to lipopolysac-

Figure 1. Nab-paclitaxel in the cancer-immunity cycle. The cancer-immunity 
cycle is a self-propagating cyclic process, starting from the release of an-
tigen from cancer cells and ending with killing the cancer cells. The figure 
above describes the main seven steps, as well as the main cell types in-
volved and the location of their activities. Nab-paclitaxel mainly involves 
four important steps in cancer-immunity cycle, including enhancing the 
antigen presentation ability of APCs, indirectly promoting T cell activation, 
reversing the immune suppression of TME, and cooperating with CTLs to 
kill tumor cells.

by a dramatic increase in their 
permeability [10, 11].

Notably, anti-tumor immunity 
aims to amplify and broaden T 
cell responses. It is a self-prop-
agating cyclic process; this 
includes signal transmission 
between immune cells and 
accumulation of immune-stim-
ulatory factors [12]. First, anti-
gen-presenting cells (APCs), 
which primarily comprise mac-
rophages and dendritic cells 
(DCs), capture, process the 
antigens, and present them to 
T cells via the major histocom-
patibility complex class I/II 
(MHC I/II), thereby activating 
the naive T cells. The effector T 
cells then migrate to and infil-
trate the tumor, where they 
recognize and kill tumor cells. 
Eventually, the dead tumor 
cells release additional anti-
gens to activate immune cells. 
This cyclic process is widely 
known as the cancer-immunity 
cycle (Figure 1) [12, 13]. 
However, the interaction be- 
tween cancer and the human 
immune system is complex 
and diverse. In TME, immune 
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charide (LPS), which triggers maturation and 
cytokine expression of APCs [24-28]. Additi- 
onally, nab-paclitaxel blocks the immunosup-
pression of myeloid-derived suppressor cells 
(MDSCs) and regulatory T (Treg) cells, helping 
CD8+ T cells differentiate into effector T cells 
and cooperates with CTLs to achieve apoptosis 
of tumor cells [29-31]. In summary, nab-pacli-
taxel might promote the cancer-immunity cycle 
by regulating the interaction between cancer 
and the immune system (Figure 1). This article 
reviews the unique immunomodulation mecha-
nism of nab-paclitaxel. We also propose future 
perspectives in the research of nab-paclitaxel 
as a potential immunomodulator promoting the 
cancer-immunity cycle.

Nab-paclitaxel enhances the function of APCs

APCs are a class of messenger cells that trans-
mit signals in adaptive immune response. 
Professional APCs are mainly composed of 
DCs, macrophages and B lymphocytes [32, 
33]. In the process of antigen presentation, 
macrophages and DCs recognize and take up 
tumor antigens then process them into antigen 
peptides [34, 35]. The antigen peptide com-
bines with MHC I/II on the surface of APCs to 
form an antigen-MHC complex, which is recog-
nized by the T cell receptor (TCR) and passed to 
CD4+/CD8+ T cells [36, 37]. The intensity of T 
cell activation depends on the level of antigen-
MHC complexes on APCs (signal 1), the expres-
sion of costimulatory molecules (signal 2) and 
cytokines such as IL-12 (signal 3) [38, 39]. 
Under the influence of chronic inflammatory 
environment and tumor growth factors, macro-
phages and DCs easily develop into immuno-
suppressive cells such as M2 macrophages 
and tolerogenic DCs, thereby losing the poten-
tial to activate T cells [40, 41]. MPS highly 
expresses SRs to identify and eliminate abnor-
mal albumin, so nab-paclitaxel is easily taken 
up by monocytes (DCs/macrophage precur-
sors) and macrophages [21, 22, 42]. The inter-
nalized paclitaxel acts as a positive stimulating 
factor to macrophages and DCs in TME.

Selective uptake of nab-paclitaxel by macro-
phages

Due to its superior water solubility and biocom-
patibility, human serum albumin is often used 
as a natural carrier of hydrophobic molecules 
[43, 44]. Nab-paclitaxel formulation is pro-

duced from high-pressure homogenization, 
where albumin and paclitaxel are combined to 
produce particles with an average diameter of 
130 nm [45, 46]. When the albumin-paclitaxel 
complexes enter TME, the macrophages play-
ing an anti-inflammatory and homeostatic role 
internalize the mutated serum albumin via 
phagocytosis. The selective uptake and inter-
nalization of nab-paclitaxel by these cells pro-
mote the accumulation of paclitaxel, which 
might awaken the immune function of these 
immunosuppressive macrophages [5, 23, 47].

Macrophages quickly detect and eliminate 
damaged or heterogeneous proteins, lipopro-
teins, and cells to maintain tissue homeostasis 
[22, 48]. Therefore, when nab-paclitaxel enters 
the blood and tissues, they might be cleared by 
macrophages in a specific approach to main-
tain homeostasis. SRs are expressed on the 
surfaces of macrophages and DCs; they are 
used to identify damaged cells and proteins 
[49, 50]. The affinity of SRs to endogenous 
components is implicated in the pathogenesis 
of many diseases by identifying and removing 
modified or damaged proteins, lipoproteins, 
and lipids [50]. Normally, macrophages do not 
clear serum albumin from blood tissue. Ne- 
vertheless, macrophages easily absorb serum 
albumin microspheres accumulated in sur-
rounding tissues. Since the binding of drugs to 
serum albumin alters the structure of serum 
albumin, serum albumin forms a special domain 
as the SRs ligand [22, 51]. For instance, macro-
phages recognized malonylated bovine serum 
albumin by nucleolar proteins exhibiting scav-
enger receptor-like activity [49]. Reports indi-
cate that nab-paclitaxel is internalized by mac-
rophages mainly via phagocytosis [47]. None- 
theless, mechanisms by which SRs of macro-
phages recognize nab-paclitaxel remain unclar-
ified. In TME, macrophages are often in an 
immunosuppressive state. Nab-paclitaxel up- 
take upregulates the expression of immunos-
timulatory cytokines in macrophages and syn-
ergizes with IFN-γ to promote expression of 
inducible nitric oxide synthase (iNOS), which 
enhances antigen presentation and tumor kill-
ing [23, 26, 47].

Nab-paclitaxel regulates the polarization of 
tumor-associated macrophages

Tumor-associated macrophages (TAMs) are 
the most abundant lymphocytes in tumor, pri-
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marily differentiated from myeloid monocytes 
[52]. They are generally divided into two types, 
i.e., typical activated M1 macrophages and 
selectively activated M2 macrophages [53]. As 
innate immune cells, M1 macrophages directly 
eliminate tumor cells by secreting cytotoxic 
molecules and phagocytosis, while inducing 
adaptive anti-tumor immunity through T cell 
activation; however, M2 macrophages promote 
tumor growth and immune escape by secreting 
various growth factors (Table 1). Noteworthy, 
the functional phenotypes of macrophages are 
alternately activated and regulated by their 
exposure to different environments to maintain 
a balance between immune function and 
inflammatory inhibition [53, 54].

Nab-Paclitaxel regulates tumor-associated ma- 
crophage polarization due to the similar effect 
of LPS in stimulating macrophage activation 
[26]. One pathway suggests that paclitaxel 
directly binds to myeloid differentiation factor 2 
(MD2) and TLR4, then the complex binds to 
myeloid differentiation factor88 (MyD88), pro-
moting its activation [24, 25]. The activation of 
the MD2/TLR4/MyD88 pathway promotes the 
secretion of tumor necrosis factor (TNF) and 
NO by M1-like macrophages [23, 25]. In the pro-
duction of inflammatory mediators, paclitaxel 
shares a TLR4-dependent/MyD88-independ- 
ent pathway causing MAPK activation and 
nuclear translocation of NF-κB [26]. Evidence 
suggests that nab-paclitaxel upregulates the 
expression of immunostimulatory cytokines in 
macrophages, and synergizes with IFN-γ to pro-
mote iNOS expression in a TLR4-dependent 
manner [47]. Nab-paclitaxel uptake by M2-like 
macrophages is beneficial to the expression of 
M1-like phenotypic functional molecules in 
macrophages. Whether singly or combined with 
gemcitabine, nab-paclitaxel increases the MHC 
II+ CD80+ CD86+ M1 Phagocyte population [25, 
47]. Moreover, paclitaxel blocks the IL-4/STAT6-
dependent M2 polarization, while driving cells 
to M1-profile via NF-κB activation [5, 47]. These 
phenomena reveal that nab-paclitaxel is impli-
cated in the M1 polarization of macrophages. 
The ability of antigen recognition and presenta-
tion of TAMs is enhanced by up-regulating MHC 
II (first signal) and CD86, CD80 (costimulatory 
molecule, second signal). Meanwhile, nab-
paclitaxel promotes the polarized M1 macro-
phages to secrete TNF and NO, causing tumor 
cell death and exposure of tumor-specific anti-

gens. This expands the response of the cancer-
immunity cycle.

Nab-paclitaxel enhances antigen presentation 
through regulation of DCs

Immature DCs phagocytize apoptotic cells, and 
then mature under the stimulation of factors 
such as interferon regulatory factor 8 and 
GMCSF [55]. Mature DCs process antigens 
then migrate to nearby lymph nodes, activating 
naive T cells in the lymph nodes [55]. Specific 
antigen peptides from tumor cells are usually 
presented with MHC II on DCs to CD4+ T cells. 
When expressing appropriate costimulatory 
molecules, DCs present tumor antigen signals 
to CTLs, exerting their killing effect, closely 
related to the cross-presentation ability of DCs 
[56, 57]. In addition, the activation of NK cells 
is also related with DCs [58]. Mature DCs play 
an important role in anti-tumor immunity as a 
bridge between innate immunity and adaptive 
immunity (Table 1). In TME, due to the induc-
tion of immunostimulatory and tumor immuno-
suppressive factors, immature DCs may differ-
entiate into tolerogenic rather than classical 
type DCs [56, 59]. Interestingly, myeloid-
derived DCs are likely to absorb nab-paclitaxel 
like other members of MPS. Moreover, previous 
studies established that paclitaxel potentially 
promotes the maturation and antigen presen-
tation ability of DCs.

Paclitaxel is implicated in the realization of 
three types of signals required by DCs to acti-
vate T cells, including antigen presentation, 
expression of costimulatory molecules, and 
IL-12 secretion. At a non-cytotoxic concentra-
tion, paclitaxel directly up-regulates the expres-
sion of antigen processing machinery compo-
nents in DCs, improving the level of antigen 
processing by DCs [60]. Also, paclitaxel in a 
non-toxic dose increases the activity of Rac  
and RhoE, both derived from the Rho family of 
guanosine triphosphatases (Rho GTPases) in 
DCs [61]. Low molecular weight Rho GTPases 
regulate the migration and endocytosis of DCs 
and are vital actin regulators of DCs [62]. At a 
therapeutic dose, paclitaxel increases the level 
of phosphatidylserine (PS) exposure of tumor 
cells [63]. PS stimulates cells to induce Rac1 
translocation and activation, then promotes 
the activation of Cdc42 and phosphorylation of 
mitogen-activated protein kinase via the Rac1/
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Table 1. Roles of immune cells regulated by nab-paclitaxel in the cancer-immunity cycle
Cell types Functional phenotype Cytokines Immune mechanism Effects on tumor cells Ref.
M1 macrophage MHC II, CD14, CD80, 

CD86, CD11c, TLR4
IL-1, IL-6, IL-12, IL-23, ROS, 
iNOS/NO, TNF-α, IFN-I

defenses against pathogens, antigen 
uptake and presentation, activates 
Th1-type response

induces tumor cells 
apoptosis, phagocytoses 
apoptotic tumor cells

[48, 54]

M2 macrophage SRs, CD204, CD206, 
CD11b, TLR4

IL-10, TGF-β, arginase/
ornithine, EGF/VEGF

promotes cell proliferation and repair, 
activates Th2-type response

promotes tumor immune 
escape, tumor angiogen-
esis, tumor growth 

[35, 52, 54]

Classical type DC MHC I/II, CD8, CD14, 
CD40, CD80, CD86, 
CD103, TLR4

IL-15, IL-12, IL-27, IFN-α presents antigen to CD4+/CD8+ T 
cells, activates NK cells, promotes 
activation and proliferation of CTLs, 
enhances the cytotoxicity of Th1 cells

phagocytoses apoptotic 
tumor cells

[35, 58, 112, 113]

MDSC CD11b, Ly6G, PD-1, 
PD-L1, CTLA-4, CD80

NO, Arg-1, ROS, TGF-β, IL-
10, CCL4, CCL5

attracts Tregs to the tumor, inhibits 
T cell proliferation, induces T cell 
apoptosis

promotes tumor immune 
escape, tumor growth

[72, 76]

Treg cell CD4, CD25, Foxp3, 
CTLA-4

IL-4, IL-10, IL-25, TGF-β, 
VEGF

induces DCs tolerance, inhibits effec-
tor T cells and NK cells

promotes tumor immune 
escape, tumor angiogen-
esis, tumor growth

[114, 115]

NK cell CD16, NKp30, NKp44, 
NKp46, NKG2, DNAM1

CCL-5, XCL-1, XCL-2, IFN-γ, 
perforin, granzyme, TNF-α

recruits DCs to tumor, activate DCs, 
promotes Th1 cells polarization, 
induces CD4+ T cell proliferation

induces tumor cells 
apoptosis

[86, 87, 116]

CTL TCR, FasL, CX3CR1, 
CXCR5, CCR, PD-1

perforin, granzyme, TNF-α, 
IFN-γ

recruits additional myeloid cells, kills 
target cells specifically

kills tumor cells in rapid 
succession

[117, 118]
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PS pathway [61]. This affects the changes in 
the actin skeleton within the cell. Paclitaxel 
potentially enhances the migration and endocy-
tosis of DCs by influencing PS and low molecu-
lar weight Rho GTPases, hence promoting the 
activation of T cells in the nearby lymph nodes. 
Paclitaxel induces the expression of MHC II on 
DCs, which may be due to the effects of pacli-
taxel on mitochondrial function or tubulin 
arrangement [27]. Low-dose paclitaxel up-regu-
lates the expression of costimulatory mole-
cules including CD80, CD86 and CDc11 throu- 
gh the signal of TLR4/MD2. This prevents DC 
precursors (preDCs) from developing into 
tolerogenic DCs and promotes the maturation 
of DCs [28, 64]. Moreover, a low concentration 
of paclitaxel upregulates IL-12 expression from 
DCs via STAT4. When blocking the expression of 
IL-12, the ability of paclitaxel to upregulate 
MHC, CD80, CD86, and CD40 on the surface of 
DCs is significantly inhibited [60].

At present, intratumorally injection of DCs is a 
potential therapeutic strategy to induce an 
anti-tumor response. Nevertheless, due to the 
resistance of TME to immune response, DCs 
alone hardly produce a radical anti-tumor 
effect. As such, a combined treatment scheme 
is necessary to enhance the effect of DCs anti-
gen presentation ability. Choi GS et al. previ-
ously combined intratumoral injection of DCs 
and paclitaxel in treating mouse fibrosarcoma. 
Consequently, the combination of paclitaxel 
chemotherapy and DC injection potentially trig-
gered complete tumor regression. This was 
unlike using chemotherapy or DC alone to erad-
icate partial tumors [65, 66]. Paclitaxel pro-
motes the maturation of DCs, ensuring that 
antigens are cross-presented to CD8+ T cells. A 
high paclitaxel concentration initiates an effec-
tive mechanism of cytotoxic apoptosis, prompt-
ing tumor cells to release antigens; however, it 
also exhibits immunosuppressive effects. Nab-
paclitaxel targets tumors via gp60 and SPARC, 
reduces the concentration of paclitaxel in 
peripheral blood/lymph and bone marrow, 
thereby reducing adverse reactions including 
bone marrow suppression. Nab-paclitaxel has 
a linear pharmacokinetic curve, providing safe 
and controllable clinical administration [7, 9]. 
These observations suggest that the combina-
tion of nab-paclitaxel and DCs exhibit a broader 
prospect for tumor treatment.

Nab-paclitaxel promotes activation of CD8+ T 
cells by regulating related immune cells

CTLs are differentiated from CD8+ T cells and 
play a specific killing role in tumor immunother-
apy. When CD8+ T cells are activated, they pro-
liferate and differentiate into memory T cells 
and CTLs [67, 68], relying on FasL (a surface 
apoptotic protein-ligand) and cytotoxic factors 
including perforin and granzyme to achieve 
specific tumor-killing [69, 70]. Nonetheless, the 
activation and differentiation of CD8+ T cells 
are regulated by numerous pathways. The num-
ber of CD8+ T cells is significantly correlated 
with APCs because antigen presentation and 
costimulatory signals play a vital role in the pro-
liferation and differentiation of CD8+ T cells. 
Besides, IL-4, IL-12, TNF, and other cytokines 
secreted from related immune cells promote 
the function of CD8+ T cells [37, 38, 71]. NK 
cells secrete cytokines including perforin to kill 
tumor cells and stimulate the maturation of 
CD8+ T cells [41]. Conversely, MDSCs block the 
development of myeloid CD8+ T cells by com-
petitively consuming L-arginine and secreting 
NO, whereas Treg cells secrete IL-10 and TGF-β 
to inhibit differentiation and maturation of  
CD8+ T cells [72, 73]. Reports indicate that 
paclitaxel at a low concentration is sufficient to 
regulate the functions of MDSC, Treg, and NK 
cells, thereby indicating a positive effect on 
CD8+ T cell activation. However, the clinical 
therapeutic dose of paclitaxel suggests a con-
centration-dependent inhibition of CTLs and 
NK cells [74, 75]. In contrast with the solvent-
based paclitaxel, nab-paclitaxel is easier to 
adjust the dosage of administration hence play-
ing an immunomodulatory role. Therefore, the 
regulatory effect of nab-paclitaxel on MDSCs, 
Treg, and NK cells might actively promote the 
activation of CD8+ T cells.

Nab-paclitaxel inhibits the function of MDSCs

Nab-paclitaxel is often associated with bone 
marrow suppression; however, bone marrow 
suppression is not completely equivalent to 
immunosuppression. The bone marrow hema-
topoiesis changes in cancer, causing the expan-
sion of relatively immature and activated 
myeloid cells, known as MDSCs [72]. A low con-
centration of paclitaxel dose not significantly 
inhibits the proliferation of myeloid cells; how-
ever, it regulates the differentiation and immu-
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nosuppressive function of MDSCs [30]. Imm- 
unosuppression from MDSCs plays a signifi-
cant role in relieving acute inflammation, but in 
chronic inflammatory diseases, they aggravate 
cancer progression and chronic inflammation 
by inhibiting innate and adaptive immune 
responses [76]. Notably, aggregation of MDSCs 
is induced by various growth factors and pro-
inflammatory cytokines (GM-CSF, M-CSF, IL-6, 
IL-1β, IL-13, etc.). Many transcription factors are 
implicated in the amplification of MDSCs, 
including STAT3 and CEPα [72, 77]. The immu-
nosuppressive functions of MDSCs are linked 
to high levels of arginase 1 (ARG-1), NO, and 
ROS, which block T cell proliferation and even 
induce T cell apoptosis (Table 1). Therefore, 
therapeutic depletion of MDSC represents an 
attractive approach to cancer therapy. Pacl- 
itaxel is regarded as an important immunomod-
ulator for depletion therapy of MDSCs.

Alexandra Sevko et al. discovered that the 
application of ultra-low concentration paclitax-
el (mice were weekly injected i.p. with 1 mg/kg 
paclitaxel in 0.2 ml PBS three times) could sig-
nificantly reduce the accumulation and immu-
nosuppressive activity of tumor-infiltrating 
MDSCs without affecting bone marrow hemato-
poiesis. They found that paclitaxel could 
increase the frequency of total CD8+ T cells in 
TME. This was believed to be related to the inhi-
bition of p38MAPK activity, production of TNF-
α, and the expression of S100A9 in MDSCs 
[30]. Furthermore, paclitaxel in ultra-low con-
centrations (0.5-1 nM) neither increases 
MDSCs apoptosis nor blocks MDSCs genera-
tion, but stimulates MDSCs differentiation 
towards DCs in vitro [29]. This mechanism is 
consistent with the expression of MHC II and 
costimulatory molecules induced by paclitaxel 
in preDCs and tolerogenic DCs. The above stud-
ies confirm that a low concentration of pacli-
taxel ensures the activation of T cells by inhibit-
ing MDSCs and even promoting the conversion 
of MDSCs to mature DCs. In contrast with sol-
vent paclitaxel, nab-paclitaxel has enhanced 
osmotic capacity and retention effect; it primar-
ily accumulates in TME so as to relieve the inhi-
bition of paclitaxel on bone marrow cells and 
peripheral immune cells. Moreover, nab-pacli-
taxel has a larger therapeutic window and lin-
ear pharmacokinetic characteristics [9], which 
make it more controllable to maintain a stable 
low concentration of paclitaxel in the blood and 
tumor peripheral tissues to inhibit MDSCs.

Nab-paclitaxel reverses immunosuppression 
by inducing apoptosis of CD4+25+Foxp3+ Treg 
cells

Treg cells are a type of CD4+ T cell subsets that 
highly express CD25 and Foxp3, accounting for 
about 3%-5% of CD4+ T cells. They primarily 
maintain peripheral immune tolerance and pre-
vent over immunity in the body [78]. Moreover, 
Treg cells inhibit the anti-tumor immune 
response by restraining tumor-specific effector 
T cells during tumor proliferation. This occurs 
through cell-to-cell contact and the production 
of cytokines IL-10 and TGF-β which significantly 
inhibit the differentiation and maturation of 
CD8+ T cells [79]. Additionally, TGF-β promotes 
the growth of tumor interstitial fiber cells, which 
is not conducive to tumor immunotherapy [80]. 
An increase in the amount of Treg cells in TME 
promotes apparent tumor immune escape. For 
these reasons, the depletion of Treg cells might 
improve the response of the immune system on 
various tumors.

Paclitaxel selectively down-regulates the ex- 
pression of an anti-apoptotic molecule as Bcl-
2, upregulates the expression of an apoptotic 
molecule as Bax, then promotes the apoptosis 
of Treg cells. The difference in the response 
between Treg cells and effector T cells to pacli-
taxel is eliminated when blocking the Bcl-2 
pathway [81]. Moreover, paclitaxel selectively 
reduces the size of the Treg cell population in 
lymphocyte subpopulations, rather than other 
subpopulations including effector T cells. As a 
result of paclitaxel treatment, the expression of 
cell death receptor Fas on the surface of Treg 
cells is upregulated, whereas the expression 
density of Foxp3 is significantly downregulated. 
This impairs the number and suppressive func-
tion of Treg cells [31]. In contrast, Th1 cells 
cytokines (IFN-γ and IL-2) production and the 
expression of the intercellular activation mark-
er CD44 are enhanced [82, 83]. Th1 cells 
recruit macrophages and NK cells to the tumor 
site. More importantly, they significantly 
enhance the tumor recognition of NK cells and 
CTLs, and have a profound influence on the for-
mation of CD8+ memory T cells [37]. These find-
ings strongly confirm that paclitaxel contributes 
to reversing the immune suppression from Treg 
cells, and indicate that paclitaxel plays a posi-
tive role in the proliferation and differentiation 
of effector T cells.
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Nab-paclitaxel enhances the activity of NK 
cells

NK cells belong to granular lymphocytes and 
share common precursor cells with T/B lympho-
cytes [84]. They quickly dissolve tumor cells, 
virus-infected cells, and cells coated with anti-
bodies, while catalyze the development of 
adaptive immunity (Table 1), thus the develop-
ment of their anticancer function has been the 
focus of cancer research in recent years [85]. 
As non-specific killer cells, NK cells show a pow-
erful killing effect on tumor cells deficient in 
MHC expression, compensating for the immu-
nodeficiency of CTLs. NK cells generally identify 
tumor cells then secrete cytotoxic factors (per-
forin, granzyme, NK cytotoxic factor et al.), 
which induce apoptosis of susceptible targets 
[86]. As an effective inducer of the adaptive 
immune response, TNF and IFN-γ secreted 
from NK cells help CD4/8+ T cells to obtain 
tumor specificity and amplifies the pro-inflam-
matory cytokine production of DCs [86, 87]. 
Paclitaxel destroys the binding of human NK 
cells to target cells by inhibiting the expression 
of adhesion molecules [88]. In patients with 
non-small cell lung cancer, weekly paclitaxel 
therapy reduces the function of NK cells, which 
persists during the first cycle but then gradually 
recovers [89]. Paclitaxel potentially inhibits  
the killing pathway of target cells recognized  
by NK cells; notably, this inhibition is dose- 
dependent.

Nonetheless, paclitaxel increases the cytotox-
icity of human NK cells in vitro by initiating the 
production of mRNA and protein of perforin, an 
effector molecule of cytotoxicity mediated by 
NK cells. A significant correlation exists be- 
tween increased perforin production and NF-κB 
activation in NK cells [90]. Besides, the activity 
of NK cells and CTLs is enhanced in patients 
with advanced breast cancer treated with pacli-
taxel or docetaxel [91]. Pretreatment of tumor 
targets with paclitaxel also causes increased 
cell lysis mediated by NK cells in vitro, and a 
non-toxic dose of paclitaxel might promote can-
cer cells to up-regulate the expression of MIC-
A/B ligand, thereby enhancing tumor sensitivity 
to NK cell-mediated cytotoxicity [92, 93]. This 
provides potential options for combinational 
therapy, like the combination of F8-IL-2 and 
paclitaxel in the treatment of melanoma, induc-
ing the recruitment of NK cells to tumors [94]. 

When paclitaxel is combined with a DNA-based 
cellular vaccine to treat mice, the combined 
treatment induces a powerful breast cancer 
cell immunity mediated by CD8+ T cells and 
NK/LAK cells [95]. The activation of NK cells 
promotes tumor cell apoptosis and releases 
numerous specific antigens. At the same time, 
NK cells secrete perforin, TNF, and other cyto-
kines thereby enhancing the tumor-specific kill-
ing effect of CTLs.

Nab-paclitaxel promotes activated T cells 
infiltration into TME

Stimulated by the signals of APCs and tumor 
antigen, T cells proliferate and differentiate into 
memory cells and effector T cells, which then 
migrate to and infiltrate TME [41]. TME is a type 
of acidic hypoxic place full of immunosuppres-
sive factors, which cooperate with tumor and 
stromal cells (TAMs, MDSCs, CAFs, etc.) to pro-
mote tumor immune escape [41, 96]. The rela-
tive lack of effector T cell is largely due to the 
immune rejection features of TME [97]. Nab-
paclitaxel targets TME via the abundant albu-
min receptor SPARC in tumors; it consumes the 
tumor stroma and softens the tumor by inhibit-
ing the proliferation of CAFs, thereby promoting 
immune cells and drugs to enter into TME. In 
addition, paclitaxel inhibits tumor-infiltrating 
M2 macrophages, tolerogenic DCs, MDSCs, 
and other immunosuppressive cells, which 
secrete immunosuppressive factors including 
IL-10, TGF-β, and vascular endothelial growth 
factor (VEGF). Nab-paclitaxel might reverse the 
immunosuppressive trend of TME, thereby 
ensuring that effector T cells infiltrate the tumor 
and exert specific cytotoxicity (Figure 2).

Paclitaxel inhibits CAFs proliferation and 
promotes immune cells and drugs to invade 
tumor tissues

The CAFs located in the tumor stroma are the 
major non-parenchymal cells in the tumor; they 
are associated with excessive stroma forma-
tion and interact with cancer cells [17]. 
Fibroblasts are stimulated on the tumor wound 
to differentiate into CAFs. For instance, cancer 
cell-derived cytokines activate pancreatic stel-
late cells to form the CAFs phenotype, which 
cause extensive abnormal proliferation of the 
pancreas in pancreatic cancer [19, 98]. CAFs 
secrete various extracellular stroma compo-
nents, cytokines, growth factors, and proteas-
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es which promote tumorigenesis, growth, and 
angiogenesis [18]. Furthermore, CAFs promote 
tumor invasion and metastasis, which are relat-
ed to IL-6 secretion and the promotion of epi-
thelial-mesenchymal transition markers in can-
cer cells [17, 80]. Therefore, blocking the 
interaction between cancer cells and CAFs is a 
novel target for tumor therapy.

As a first-line drug for solid tumors represented 
by pancreatic cancer, nab-paclitaxel acts on 
tumor stroma and inhibits tumor invasion and 
expansion. R Alvarez et al. reported the destruc-
tion of pancreatic cancer tumor stroma by nab-
paclitaxel combined with gemcitabine. By mea-
suring the collagen content, structure, and 
density of CAFs, nab-paclitaxel reduced colla-
gen proliferation by changing the structure of 
collagen, thereby reducing the proliferation of 
CAFs [20]. Rui Feng et al. discovered that nab-
paclitaxel upregulated the expression of C-X-C 
motif chemokine 10 (CXCL10) in cancer cells 

The currently recognized TME cells include 
tumor cells, CAFs, vascular endothelial cells, 
and immunosuppressive cells including MDSCs,  
TAMs, Treg cells, and tolerogenic DCs. Imm- 
unosuppressive cells including TAMs secrete 
molecules including VEGF, TGF-β, and stroma 
metalloproteinase, which down-regulate the 
IL-12 expression and limit T cell tumor infiltra-
tion and cytotoxicity of CTLs [80, 96, 97]. TME 
is considered a complex tumor ecosystem that 
supports tumor growth and immune escape. 
Therefore, the current immunotherapy and che-
motherapy need undergo extensive immuno-
modulation to reverses tumor immunosuppres-
sion, thereby potentiating host anti-tumor 
immune responses.

In the previous sections, we introduced pacli-
taxel regulating immunosuppressive cells 
including M2 macrophages, MDSCs, and tolero-
genic DCs. Nevertheless, fat-soluble paclitaxel 
and other chemotherapeutic drugs are often 

Figure 2. The regulatory mechanisms of nab-paclitaxel on the main cell 
types in TME. Nab-paclitaxel binds to gp60 receptor to penetrate vascular 
endothelial cells, and combines with SPARC expressed by tumor cells to 
be finally enriched in TME. Nab-paclitaxel reverses the immunosuppressive 
trend of TME by regulating the functions of various immune cells. The mod-
ulation of nab-paclitaxel on major immune cells and corresponding signal-
ing pathways are described above.

and downregulated the expres-
sion of cancer cells epithelial-
mesenchymal transition mark-
ers. Reports indicate that 
CXCL10 blocks the expression 
and secretion of IL-6 by CAFs. 
This ultimately attenuated the 
migration and invasion of CAFs 
as well as cancer cells [99]. In 
addition, low-dose paclitaxel 
relieved pulmonary fibrosis  
by up-regulating miR-140 to 
inhibit TGF-β1/Smad3/MAPK 
pathway [100]. Based on the 
depletion of CAFs by nab-pacli-
taxel, VEGF and TGF-β produc-
tion are also reduced; this 
improves abnormal blood ves-
sel development in TME [101, 
102]. In summary, nab-pacli-
taxel effectively improves the 
dense immune isolation envi-
ronment within the tumor and 
promotes T cell tumor infiltra-
tion and drug delivery by inhib-
iting the proliferation and func-
tion of CAFs.

Dense distribution of nab-pa-
clitaxel reverses the immuno-
suppressive trend of TME
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limited by administration difficulties and dose 
toxicity, hence unable to enrich tumor tissue for 
a long time. Nab-paclitaxel is known as novel 
solvent-free paclitaxel because it has albumin 
nanoparticles, a natural carrier of hydrophobic 
molecules. Nab-paclitaxel is cleaved in vivo into 
soluble albumin drug complex molecules and 
binds to gp60 receptors on endothelial cells. As 
a result, vesicles are formed on the target cell 
membrane carrying the albumin complex 
across the endothelial cell membrane into the 
surrounding tissue [9]. The binding of albumin-
bound paclitaxel to the abundant SPARC in the 
tumor enriches paclitaxel in TME [8]. Immune 
cells accumulate in the periphery of the tumor 
and differentiate into multiple types due to the 
influence of tumor growth factors. Different 
degrees of immune response have been re- 
ported in TME; this results in various classes  
of tumor immune microenvironments (TIME) 
[103]. In terms of tumor immune escape, TIME 
is summarized into two main types. A major 
subtype is manifested by chronic inflammation, 
including infiltrating immune cells, extensive 
chemokine profiles, and type I interferon expre- 
ssion [16, 41]. These tumors seemingly resist 
immune attack via a dominant suppressive 
effect of an inhibitory pathway of the immune 
system. Another major phenotype lacks T cells 
and inflammatory responses, and tumors 
appear to resist immune attack via immune 
system rejection or neglect [80, 104]. Nab-
paclitaxel blocks the inhibitory effect of M2 
macrophages, MDSCs, and Treg cells on CD8+ T 
cells, thereby reversing the immune suppres-
sion trend of TME. On the other hand, nab-
paclitaxel inhibits the growth of CAFs and tumor 
cells, helping the CTLs tumor infiltration, and 
reduces the immune tolerance of tumors. Nab-
paclitaxel effectively limits the tumor immune 
escape caused by these two types of TIME.

Nab-paclitaxel improves CTLs recognition and 
clearance of tumor cells

T cell tolerance plays an important role in tumor 
escape and limits efficacy of tumor immuno-
therapy [36]. T cell tolerance is attributed to 
immunosuppressive cells, for instance, MDSCs 
produce ROS and peroxynitrite thus inducing 
modification of TCR and CD8 molecule [72]. 
These changes cause loss in the ability of CD8+ 
T cells to bind to the antigen-MHC complex and 
induce peripheral blood CD8+ T cells antigen 
anergy [105]. Moreover, CTLs are highly differ-

entiated cytotoxic T cells and generally cannot 
exist in tumor tissues for a long time. CTLs 
express the programmed death protein 1 (PD-
1), therefore, some tumor cells express PD- 
L1 extracellularly causing apoptosis of CTLs 
[69, 106]. In addition, exposure of memory T 
cells are to a low antigenic TME for a long time, 
significantly changes the process of memory T 
cell differentiation (T cell failure) owing to insuf-
ficient antigen stimulation or persistent inflam-
mation. T cell failure is manifested by several 
characteristics, such as gradual loss of effector 
functions, continuous up-regulation and co-
expression of multiple inhibitory receptors, 
changes in expression and function of key tran-
scription factors, metabolic disorders, and ulti-
mately failure in conversion to CTLs [69, 106]. 
Therefore, use of chemotherapeutic drugs to 
assist CD8+ T cells to obtain tumor-specific anti-
gens and to rapidly clear tumor cells can 
improve anti-tumor immunity [107].

Nab-paclitaxel is a microtubule stabilizer that 
induces G2/M stage tumor cell cycle arrest and 
inhibits expression of cyclin B1, causing fora-
tion of unstable micronucleus and damage to 
tumor cells [108, 109]. Damaged tumor cells 
are gradually exposed to specific molecular 
patterns, such as High-mobility group box 1, 
calreticulin, PS, and DNA [4]. In addition, pacli-
taxel, a cytotoxic anticancer drug can induce 
tumor cell apoptosis by up-regulating expres-
sion of Fas and modulation of Bcl-2 family pro-
teins in tumor cells [110, 111]. Apoptotic cells 
release high amounts of tumor-associated and 
specific antigens, maintain the tumor’s inflam-
matory environment, and stimulate prolifera-
tion and differentiation of CD8+ T cells. Due to 
the stimulation of cytokines (IFN-γ, TNF-α, etc.) 
and tumor antigens, CTLs cells express high 
levels of FasL, which bind to Fas on the surface 
of tumor cells to trigger programmed cell death 
[36]. These indicate that nab-paclitaxel pro-
motes the proliferation and differentiation of 
CD8+ T cells, and further cooperates with CTLs 
to achieve tumor clearance.

Conclusion and perspectives

Nab-paclitaxel shows the potential to promote 
anti-tumor immunity by regulating the immune 
system. High biocompatibility and immuno-sus-
ceptibility of nab-paclitaxel improves targeted 
delivery, therefore, tumor cells can be recog-
nized and eliminated by induction of immune 
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system by nab-paclitaxel with a high degree of 
specificity and low toxicity. In this review, modu-
lation of cancer-immunity cycle by nab-paclitax-
el was explored under four facets including 
enhancing antigen presentation ability of APCs, 
indirectly promoting T cell activation, reversing 
immune suppression of TME, and cooperating 
with CTLs to kill tumor cells. The multi-faceted 
induction of nab-paclitaxel in the cancer-immu-
nity cycle may provide new avenues for tumor 
treatment. Mechanisms of the cancer-immuni-
ty cycle are still being updated; it suggests nab-
paclitaxel may also have novel immunomodula-
tory mechanism worth exploring. Further 
studies should explore the regulatory role of 
nab-paclitaxel in innate and adaptive immune 
activation, for instance, the stimulating effect 
of paclitaxel on peripheral immune cells, which 
helps in avoiding cancer metastasis. In addi-
tion, immune checkpoint inhibitors (such as 
antibodies of PD1/PD-L1 or CTLA-4) and intra-
tumoral injection of DCs or CAR-T cells are 
important immunotherapy, however, single 
immunotherapy generally results in extreme 
effect, un-responsiveness or overreaction. The 
combination of nab-paclitaxel and immunother-
apy holds great promise for cancer therapy. 
Studies should focus on how and what syner-
gistic effects of nab-paclitaxel in combination 
with other immunotherapy and tumor vaccines 
may achieve anti-tumor immunity and prevent 
excessive immune response. Additionally, 
attention should be paid to the adverse reac-
tions and drug resistance associated with nab-
paclitaxel, and methods to alleviate these limi-
tations should be developed. Antibody con- 
jugation may be a good way to expand targeting 
capacity and enhance cytotoxic efficiency of 
nab-paclitaxel. Albumin nanoparticles have 
excellent modifiable properties and provide 
various potential options for reducing the side 
effects and drug resistance of nab-paclitaxel. 
Screening new paclitaxel-related compounds 
based on structure-activity relationships for the 
development of unique albumin-conjugated 
drugs can help in obtaining better safety doses 
and increase immunomodulatory ability, which 
are conducive to the personalized treatment of 
cancer patients.
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