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ABSTRACT: Vascular disrupting agents (VDAs) have great potential in cancer treatment. However, in addition to their direct
tumoral vascular collapse effect, VDAs activate host immunological responses, which can remarkably impair their anticancer
efficacy. Here, a VDA nanomedicine, poly(L-glutamic acid)-graf t-methoxy poly(ethylene glycol)/combretastatin A4 (CA4-
NPs), is found to induce the intratumor infiltration of immature plasmacytoid dendritic cells (pDCs), thereby curtailing
anticancer immunity. To overcome this problem, hypoxia-sensitive imiquimod (hs-IMQ) is developed, which is selectively
activated into imiquimod (IMQ) in treated tumors following the catalysis of CA4-NPs-induced nitroreductase (NTR). The
combination of hs-IMQ and CA4-NPs causes a 6.3-fold enhancement of active IMQ concentration in tumors, as compared to
hs-IMQ treatment alone. The in situ-generated IMQ alters the tumor microenvironment from a state of immunosuppression to
immune activation. Hs-IMQ achieves this effect through the conversion of immature pDCs into their active form, leading to the
robust infiltration and priming of natural killer cells and cytotoxic T-lymphocytes in treated tumors. Thus, the CA4-NPs and hs-
IMQ combination treatment synergistically inhibits tumor growth and metastasis in 4T1 tumor-bearing mice. This work offers
new approaches to harness intratumor pDCs to reverse the immune suppression resulting from VDA treatment. These findings
additionally provide a mechanistic rationale for the use of VDAs in combination with TLR agonists to trigger in situ immune
activation and enhance anticancer efficacy.
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The immune system influences cancer formation, develop-
ment, and progression, through both host-protective

(elimination) and tumor-promoting (escape) roles.1−3 The
host immunological responses to anticancer therapy have a
pivotal influence on the therapeutic outcome4−6 and can be
used to predict patient prognosis.7−11 In particular, the host
immunological response is an essential contributor to drug
resistance5,12−15 and can induce a loss of drug-responsiveness
and subsequent tumor regrowth and/or relapse.12,16−19 Since
the host immunological “side” effects of cancer therapy are
undesirable, gaining an in-depth understanding of their
underlying mechanisms facilitates the design of novel
combinatorial regimens with improved clinical efficacy.20−22

The tumor vasculature represents a key target in cancer
therapy due to its critical role in the survival and growth of
solid tumors. Accordingly, vascular disrupting agents (VDAs)
have great therapeutic potential through their ability to
selectively destroy the vasculature of solid tumors, resulting

in extensive tumor necrosis. Several small molecule VDAs are
under investigation in clinical trials,23,24 but tumor regrowth is
frequent,25−27 compromising the efficiency of VDA ther-
apy.25,26,28 TIE2+ tumor-associated macrophages (MΦ) and
endothelial progenitor cells infiltrate tumors after treatment
with small-molecule VDAs such as combretastatin A4
phosphate (CA4P) and OXi-4503, promoting tumor angio-
genesis, outgrowth, and relapse, despite an initial successful
therapeutic outcome.29−31 This indicates that the host
immunological response plays an important role in the failure
of VDA treatment. Further studies in this area will enrich this
knowledge and provide new insights into VDA-based tumor
resistance.
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Figure 1. Preparation and characterization of CA4-NPs. (A) Synthesis process of PLG-g-mPEG/CA4. (B) Schematic image for preparation of
CA4-NPs. (C) 1H NMR spectra of PLG-g-mPEG and CA4-NPs in NaOD/D2O. (D) DLS analyses of PLG-g-mPEG and CA4-NPs in deionized
water. (E) GPC curves of mPEG, PLG, PLG-g-mPEG, and CA4-NPs. (F) UV−vis spectra of CA4 and CA4-NPs in DMF. (G) HPLC curves of
CA4, PLG-g-mPEG, and CA4-NPs. Monitoring was performed with a UV detector at 289 nm. (H) Cumulative CA4 release of CA4-NPs in
different conditions, including water, 0.01 M PBS pH 7.4, and physiological saline. (I) Water solubility of CA4-NPs (1) and PLG-CA4 (2). CA4-
NPs or PLG-CA4 was dissolved with physiological saline or 0.01 M PBS pH 7.4 at a concentration of 1.0 mg/mL (on the CA4 basis). The picture
was taken 30 min after solvent was added to the drugs. (J, K) 4T1 tumor growth curve (J) and body weight change (K) after CA4P or CA4-NPs
(45 mg/kg equiv to CA4, iv injection at Day 1 treatment. (L) CD31 staining for CA4P or CA4-NP-treated tumors.
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Combretastatin A4 (CA4) is a lead agent in VDAs.
However, because of its poor aqueous solubility, CA4 cannot
directly be intravenously administrated. Although many small-
molecule prodrugs of CA4 have been developed to improve its
solubility, the overall therapeutic efficiency is moderate.32 A

key reason for this is the reversible effect that CA4 has on
tubulin as well as its rapid clearance from plasma and tissues.32

As CA4 is difficult to directly encapsulate and CA4P is water-
soluble, we previously designed a covalent bonding CA4
nanodrug (PLG-CA4) that exhibited high distribution and

Figure 2. Host immunological responses 5 days post-treatment. The 4T1 tumor-bearing mice were injected with CA4-NPs (45 mg/kg equiv to
CA4) or PBS via the tail vein. (A−F) Intratumoral CD4+ T cells/CD3+ T cells (A, left panel), CD8+ T cells/CD3+ T cells (A, right panel), Treg
cells/CD4+ T cells (B), NK cells/CD45+ cells and NKG2D on NK cells (C), macrophages/CD3−CD19− cells and CD86 on macrophages (D),
mDCs/CD3−CD19− cells and CD86 on mDCs (E), pDCs/CD3−CD19− cells and CD86 on pDCs (F) were analyzed by flow cytometry. The
levels of the indicated activation markers were expressed as the mean fluorescence intensity (MFI). Data are shown as the mean ± SEM.
Representative data from one of three independent experiments are shown. Paired t tests were used for all statistical comparisons (*p < 0.05).
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gradual release around tumor blood vessels, resulting in
prolonged vascular disruption and markedly enhanced
therapeutic efficiency compared to CA4P.32 However, the
solubility of PLG-CA4 in saline is still poor. In this study, we
assessed CA4-NPs with a higher mPEG content than the PLG-
CA4 to improve solubility. We further investigated the host
immunological response after CA4-NPs treatment in meta-
static 4T1 breast carcinoma model. The host immunological
side effects were converted to a selective treatment advantage
using the combined regimen of CA4-NPs and a novel hypoxia-
sensitive imiquimod.
The nanoparticle preparation was shown in Figure 1A,B.

The 1H NMR spectrum (300 M, NaOD/D2O) of CA4-NPs
was shown in Figure 1C. Typical peaks in the 1H NMR
spectrum at δ 6.53 (k + l + m), 6.41 (j), and 6.26 (h + i) ppm
should be assigned to the protons of CA4 in the CA4-NPs.
Thirty-eight percent of glutamic acid moieties was conjugated
with CA4. The CA4-NPs had a hydrated size of 72.5 ± 2.5 nm,
smaller than poly(L-glutamic acid)-graf t-methoxy poly-
(ethylene glycol) (PLG-g-mPEG, 148.5 ± 10.3 nm) (Figure
1D). In view of the composition of PLG-g-mPEG, the side
groups in deionized water would exist in the format of
−COOH, making the PLG moiety hydrophobic, so PLG-g-
mPEG tended to form relatively unstable micelles, while the
micelles became more compact after CA4 was covalently
bonded. The Mn and Mw/Mn of CA4-NPs determined by GPC
were 114 kDa and 1.20, respectively. The GPC spectra showed
that the average molecular weight varied as PLG-g-mPEG/
CA4 (CA4-NPs) > PLG-g-mPEG > PLG (Figure 1E),
indicating that mPEG and CA4 were successfully conjugated
to the PLG. UV−vis spectra indicated that the wavelength of
the CA4 maximum absorbance had a red shift after grafting to
PLG-g-mPEG. The CA4-NPs in DMF showed an absorption
peak at 289 nm in the UV−vis spectrum, while CA4 had an
absorption peak at 308 nm (Figure 1F). As shown in Figure
1G, the CA4-NPs showed only modest free CA4 signals in the
HPLC curve with UV-detector monitoring at 289 nm,
suggesting that the purity of the obtained CA4-NPs exceeded
99%. The release profiles of CA4-NPs were shown in Figure
1H. The CA4-NPs were stable in pure water, while significant
CA4 release was observed in PBS pH 7.4, which indicated
CA4-NPs could release CA4 in physical pH condition. The
accumulative release of CA4-NPs in physical pH condition at 4
h was 6.5 ± 0.49%. Given that the blood circulation of a drug
administrated by iv injection was fast, we inferred that CA4-
NPs would be the major format of total CA4 that arrived at
tumors. Moreover, the water solubility of CA4-NPs was
markedly higher than that of PLG-CA4 in physiological saline,
indicating the CA4-NPs was more suitable for clinical
application (Figure 1I). According to the release and solubility
data, we can conclude that CA4-NPs were more stable in
physical saline and pure water, as weakly alkaline ion could
catalyze the release of CA4 when CA4-NPs were dissolved in
PBS pH 7.4. As to the tumor inhibition ability, the therapeutic
efficacy of CA4-NPs (45 mg/kg, equiv to CA4) was
significantly improved compared to that of CA4P (45 mg/
kg, equiv to CA4) without obvious body weight loss (Figure
1J,K). Furthermore, endothelial cells were identified by
immunofluorescence labeling of tumor sections using a
platelet−endothelial cell adhesion molecule (CD31), which
indicated that tumor vessel was reduced to a deeper extent in
the CA4-NPs group than in the CA4P group (Figure 1L).
Thus, the above synthesized CA4-NPs had accurate structures,

appropriate sizes, good solubility properties, and potential
anticancer capabilities.
The immune responses of CA4-NPs-treated 4T1 tumors

(initial tumor volume 500 mm3) were analyzed by flow
cytometry, including the detection of CD4+ T cells, CD8+ T
cells, Treg cells, natural killer (NK) cells, and NKG2D on NK
cells, macrophages and CD86 on macrophages, myeloid
dendritic cells (mDCs) and CD86 on mDCs, and pDCs and
CD86 on pDCs. As shown in Figure 2, pDCs were significantly
recruited to the tumors after 5 days of CA4-NPs treatment
while other immune cells showed no obvious changes.
Recruited pDCs were mainly in the immature form, as the
fold increase of the mean fluorescence intensity of CD86 on
pDCs (CD86 is a marker of active pDCs) in whole tumors was
much lower than that of the pDCs percentage. These indicated
that CA4-NPs treatment inducing the intratumor infiltration of
immature pDCs.
We further analyzed the factors contributing to the

recruitment of pDCs to CA4-NPs-treated tumors. Consid-
erable evidence has emerged that CXCL12/CXCR4 influences
pDC tumor migration.33 CXCL12 is upregulated in hypoxic
conditions,34 and its plasma levels are increased in CA4P-
treated patients.35 The tumor expression of CXCL12 increased
24 h after CA4P treatment.36 In the present study, the
CXCL12 signal was significantly elevated in the tumors of
4T1-bearing Balb/c mice after 5 days of treatment with 45 mg/
kg CA4-NPs (equiv to CA4), as determined by enzyme-linked
immunosorbent assays (Figure S1). These data suggested that
the increased CXCL12 levels accounted for the homing of
pDCs to the CA4-NPs-treated tumors.
As one of the major populations of dendritic cells (DCs),

pDCs bridge the innate and adaptive immune systems.37−39

Immature pDCs contribute to the establishment of an
immunosuppressive tumor microenvironment by promoting
tumor cell growth.40−42 However, upon activation, pDCs
undergo phenotypic changes that result in the upregulation of
MHC II43 and costimulatory molecules including CD40,
CD80, and CD86.44 These active pDCs activate NK cells and
mDCs promote the survival, memory, and IFN-γ production of
T-cells and induce B-cell differentiation into plasma cells.45

Clinical studies have demonstrated an inverse correlation
between the number of infiltrating pDCs and patient
prognosis.46 Active pDCs can effectively eliminate tumors.47,48

CA4-NPs treatment led to a significant mobilization of
immature pDCs to tumors, potentially explaining its
therapeutic efficacy. Thus, the regulation of immature pDCs
could potentially improve the therapeutic efficacy of CA4-NPs.
To achieve this, the infiltrated immature pDCs in tumors after
CA4-NPs treatment should be converted to an active form.
To circumvent the adverse effects of immature pDC

infiltration into CA4-NPs-treated tumors, while maintaining
in situ pDCs, we focused on the Toll-like receptor 7 agonist
IMQ, a widely used topical immune response modifier that
converts immature pDCs into tumor-killing effector
cells.47,49,50 IMQ is a U.S. Food and Drug Administration-
approved drug for external genital warts, actinic keratoses, and
superficial basal cell carcinomas. However, IMQ is only locally
administered as a cream51 and is unsuitable for systemic
administration due its lack of tumor targeting and side
effects.52−54

Given the hypoxic status of the tumor microenvironment of
VDAs treatment,55 we synthesized a hypoxia-sensitive
derivative of IMQ (hs-IMQ) (Figure 3A and Figure S2) that
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permitted systemic administration. Further, the hs-IMQ
derivative could convert intratumor immature pDCs to their
active form, thereby enhancing the antitumor efficacy of CA4-
NPs treatment. In vitro experiments confirmed that hs-IMQ is
catalyzed to its active form in the presence of nitroreductase
(NTR) (Figure 3B,C). Pimonidazole is a hypoxia probe that
forms adducts with thiol-rich macromolecules in a complex
series of bioreductive reactions catalyzed by cellular NTR
enzymes in hypoxic conditions.56,57 Pimonidazole also serves
as an NTR reporter.58−60 We coadministered Pimonidazole
with 45 mg/kg CA4-NPs to (equiv to CA4)-treated 4T1-

bearing Balb/c mice and imaged frozen tumor slices through
confocal microscopy. Elevated NTR levels after CA4-NPs
treatment were observed, indicating that the tumor micro-
environment became markedly hypoxic (Figure 3D,E). In
addition, IMQ release in ex vivo pDCs and the tumor
selectivity of hs-IMQ in vivo were assessed. The hs-IMQ was
added to pDC culture media under normoxia and hypoxia for
24 h, and free IMQ and hs-IMQ in cells were analyzed by
HPLC. The levels of active IMQ were 4.86-fold higher under
hypoxia compared to normoxia (Figure 3F). The combination
of hs-IMQ and CA4-NPs led to a 6.3-fold increase in the active

Figure 3. Synthesized hs-IMQ is responsive to nitroreductase (NTR) and CA4-NPs-induced hypoxia. (A, B) Synthesis routes (A) and activation
mechanisms (B) of hs-IMQ. (C) IMQ and hs-IMQ concentrations for hs-IMQ release under NTR catalysis (1, 3, 6, and 20 h). (D, E) Confocal
microscope images (D) and quantification (E) of hypoxia induction in tumors after CA4-NPs (45 mg/kg equiv to CA4) treatment for 24 h. (F)
HPLC analyses for hs-IMQ release ex vivo under normoxia or hypoxia. (G) Quantification of active IMQ for drug distribution in tumors subjected
to 8 mg/kg hs-IMQ (equiv to IMQ) with 45 mg/kg CA4-NPs (equiv to CA4, n = 6 mice/group) or without CA4-NPs (n = 5 mice/group). (H, I)
Toxicity of IMQ and hs-IMQ in normal rats. Level change of lymphocytes (H, n = 3 rats/group) and ALT (n = 4 rats/group) level (I) at different
times after IMQ (8 mg/kg) and hs-IMQ (8 mg/kg equiv to IMQ) treatment. For (H), each number of lymphocytes at different time points was
normalized by its own initial number of lymphocytes (0 h). One-way ANNOVA was used for statistical comparisons (*p < 0.05, **p < 0.01). For
(I), the average ALT at 0 h was noted as “normal”. One-way ANNOVA was used for statistical comparisons (*p < 0.05, **p < 0.01, ***p < 0.001
for different time points) and normal comparison (#p < 0.05 for IMQ and hs-IMQ comparison).
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form of IMQ (Figure 3G). These data demonstrate that hs-
IMQ is hypoxia-sensitive and that CA4-NPs-treatment
promotes tumor hypoxia.
According to previous reports,52−54 IMQ can cause

lymphopenia and abnormal liver function (including alanine
aminotransferase, ALT, a classic inflammation marker of liver
function) and other inflammation marker increases. Thus,
levels of lymphocytes and ALT were tested in normal 8 week
old (180−200 g) female rats after 8 mg/kg IMQ or 8 mg/kg
hs-IMQ (equiv to IMQ) i.p. injection after various times
during the study. Compared with the 0 h time point, the level
of lymphocytes at the 6 and 12 h time points were significantly
reduced in the IMQ group, whereas there was no significant
change at different time point in the hs-IMQ group, relative to
0 h (Figure 3H). Meanwhile, ALT levels at 3, 6, and 12 h in
the IMQ group significantly increased, compared to the ALT
level in normal rats, while ALT levels in the hs-IMQ group at
the 3 and 6 h time points increased and then were back to the
normal level at 12 h. At the 12 h time point, the hs-IMQ group
had a significantly lower level of ALT, compared with the IMQ
group. The ALT level was numerically higher in the IMQ
group than that in hs-IMQ (Figure 3I). Collectively, the
systemic toxicity reduced after IMQ was modified to hs-IMQ.
To evaluate the ability of hs-IMQ to activate pDCs, ex vivo

experiments were performed. The pDCs were extracted from
the bone marrow of Balb/c mice and cocultured with CA4-
NPs, hs-IMQ, or CA4-NPs + hs-IMQ. Phosphate-buffered
saline (PBS) was used as a control. Following activation by hs-
IMQ, the cell surface expression of MHC II, CD40, and CD86
on pDCs significantly increased, with greater effects observed

under hypoxia (Figure 4A). Accordingly, the pDCs displayed
significantly enhanced cytokine secretion including IFNα, IL-6,
and IL-12p70 in hypoxic conditions (Figure 4B). These results
indicate that hs-IMQ promotes the maturation and activation
of pDCs more efficiently in hypoxic conditions.
The in vivo antitumor effects of combined hs-IMQ and CA4-

NPs were then evaluated in 4T1 tumor-bearing female Balb/c
mice. When the tumors reached 200 mm3, mice were
administered PBS, 45 mg/kg CA4-NPs (eq to CA4), 8 mg/
kg hs-IMQ (eq to IMQ), or 45 mg/kg CA4-NPs (eq to CA4)
+ 8 mg/kg hs-IMQ (eq to IMQ) (Figure 5A). Notably, the
tumor inhibition rates reached 87% in mice receiving the
combination treatment, which were significantly higher than all
other groups (Figure 5B). The tumor inhibition efficacy was
also compared by H&E staining, which showed a diffuse tumor
cell growth without signs of apoptosis or necrosis in untreated
tumors (PBS group), most confluent areas of dead cells with
typical loss of nuclei could be found in tumor cells of the CA4-
NPs + hs-IMQ group (Figure S3). Moreover, no significant
change in body weight occurred during the treatment period
(Figure 5C) and the histological staining showed that all the
treatments did not have obvious toxicity to tissues like heart,
spleen, and kidney (Figure S4). As expected, India ink assays
showed that lung metastasis was significantly inhibited by the
combination treatment (Figure 5D). The histological staining
showed that lung and liver metastasis were significantly
inhibited by combination treatment (Figures S5 and S6).
Ultimately, the survival of 4T1-bearing mice in the different
treatment groups was monitored, revealing that the combina-
tion of CA4-NPs + hs-IMQ significantly extended the overall

Figure 4. pDC activation by hs-IMQ ex vivo. pDCs (0.5 × 106) were treated with saline, CA4-NPs, hs-IMQ, or CA4-NPs + hs-IMQ under
normoxia or hypoxia conditions for 48 h. Hs-IMQ (eq 1 mg/mL IMQ), CA4-NPs (eq CA4: IMQ 15:8). (A) Flow cytometry results reflecting the
expression of the indicated activation molecules. (B) ELISA results for the detection of the indicated secreted cytokines. One-way ANNOVA was
used for statistical comparisons (*p < 0.05, **p < 0.01, ***p < 0.001).
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survival and increased the mean survival of mice compared to
all other groups (Figure 5E,F).
Next, the in vivo host immunological response to CA4-NPs

and hs-IMQ cotreatment in 4T1 tumors (initial tumor volume

= 200 mm3) were studied. Analysis of the tumors 5 days post-
treatment showed that the percentage of infiltrated pDCs
increased significantly, while the signal intensity of active
molecules (CD86) on pDCs in whole tumors of the CA4-NPs

Figure 5. 4T1-bearing Balb/c mice were injected with 45 mg/kg CA4-NPs (equiv to CA4) intravenously on day 1 and/or with 8 mg/kg hs-IMQ
(eq to IMQ) intraperitoneally on days 1, 3, and 5. (A) Schematic of the drug treatment. (B, C) Tumor growth curves (B, n = 6 mice/group) and
body weight changes (C, n = 6 mice/group) after drug injection. (D) Representative images and quantification of lung metastasis nodules with
positive India ink staining (n = 3 mice/group). (E, F) Survival curves (E, n = 9 mice/group) and mean survival days (F, n = 9 mice/group) upon
drug treatment. (G−I) Infiltration of pDCs/CD3−CD19− cells and CD86 on pDCs (G), CTLs/CD45+ cells (H), NK cells/CD45+ cells and
NKG2D on NK cells (I) in the tumor microenvironment was determined by flow cytometry at 5 days after administration (n = 3 mice/group). The
levels of the indicated activation markers were expressed as the mean fluorescence intensity (MFI), which represented the expression of the
activation marker on each subset. In panels B and D−I, data shown are expressed as mean ± SEM. A paired t test was used for statistical
comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Nano Letters Letter

DOI: 10.1021/acs.nanolett.9b03214
Nano Lett. 2019, 19, 8021−8031

8027

http://dx.doi.org/10.1021/acs.nanolett.9b03214


group were similar to those of the PBS group, confirming that
CA4-NPs could induce immature pDC infiltration into treated
tumors. As hs-IMQ can recruit pDCs, the CA4-NPs + hs-IMQ
group led to the highest number of pDCs in all groups (Figure
5G, left panel). CD86 expression on pDCs in both the hs-IMQ
and CA4-NPs + hs-IMQ groups were significantly higher than
other groups, particularly for combination treatment, as hs-
IMQ converted the infiltrated immature pDCs into active
pDCs (Figure 5G, right panel). The percentage of infiltrated
NK, the signal intensity of active molecules (NKG2D) on NK
and percentage of infiltrated CTL (CD8+ T cells) did not
increase in the CA4-NPs group, relative to the PBS group.
Upon hs-IMQ treatment, the percentage of infiltrated NK, the
signal intensity of active molecules (NKG2D) on NK and
percentage of infiltrated CTL increased significantly, which
means NK cells and CTLs were primed and infiltrated the
tumors after hs-IMQ treatment. Further, the CA4-NPs + hs-
IMQ group had a significantly higher percentage of infiltrated
NK, the signal intensity of active molecules (NKG2D) on NK
and percentage of infiltrated CTL, compared to hs-IMQ group.
Together, CA4-NPs made immature pDCs infiltrated to
tumors, and combining with hs-IMQ, the immature pDCs
became active and NK cells and CTLs were primed and
robustly infiltrated the tumors (Figure 5H and I). Tumor
immunity was therefore activated, including natural and
adaptive immunity as a result of CA4-NPs + hs-IMQ
treatment.
These results clearly demonstrated that CA4-NPs have a

synergistic effect with hs-IMQ through a series of processes
including the activation of tumor immunity (Figure 6). This
can be summarized as follows: (1) following CA4-NPs
treatment, (2) the tumors become hypoxic, leading to NTR
overexpression and the infiltration of immature pDCs to
establish an immunosuppressive microenvironment. (3) When
hs-IMQ is converted into IMQ by NTR, (4) pDCs are
recruited and activated and produce IFNα, which recruits and
activates NK cells and CTLs to create an immune-activated
tumor microenvironment. (5) These processes lead to effective
tumor cell killing via necrosis and apoptosis, ultimately
inhibiting tumor growth and metastasis.
The identification of immature pDC infiltration following

CA4-NPs treatment clarifies the mechanisms underlying the
repopulation process. Immature pDC infiltration is a side effect
of the host immunological response to CA4-NPs treatment,
while hs-IMQ selectively activates CA4-NPs-induced hypoxic
tumors, enhancing antitumor efficacy. From another aspect,
CA4-NPs can serve as tools to recruit intratumoral pDCs,
achieving pDC-targeted antitumor therapy. Exploiting these

side effects, particularly for pDCs, can enhance therapeutic
efficacy given the critical role of pDCs in bridging the natural
and adaptive immune systems.
In conclusion, this is the first demonstration of immature

pDC recruitment to tumors following VDA treatment. The
newly synthesized hs-IMQ activates pDCs to induce IFNα, IL-
6, and IL-12p70 secretion, along with infiltration and activation
of NK cells and CTLs. The combination of CA4-NPs and hs-
IMQ activated both natural and adaptive immune responses
conferred by the hypoxia sensitivity of hs-IMQ and the tumor-
selective hypoxia induced by CA4-NPs treatment. This
resulted in enhanced antitumor effects and metastasis
inhibition in vivo. This innovative synergistic combination of
CA4-NPs and hs-IMQ therefore represents a new paradigm for
the modulation of host immunological responses. This potent
approach provides further insight for clinical research, expands
our understanding of the VDA-related immune side effects,
and offers an alternative dosing regimen for IMQ.
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