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malignant cells. Immune checkpoint 
inhibitors (ICIs), such as anti-PD1 and 
anti-CTLA4 antibodies, are among the 
most successful immunotherapy modali-
ties that have shown therapeutic benefits 
in various types of cancers, from mela-
noma to lung cancer.[1] However, only a 
minority of cancer patients are respon-
sive to ICIs therapy, depending on their 
immunophenotype and cancer genotype.[2] 
Chemo-immunotherapy is a combina-
tion of “standard-of-care” chemotherapy 
with immunotherapy, mostly ICIs such 
as nivolumab and pembrolizumab that 
shows therapeutic benefit in the clinic 
and success in phase III trials.[3] Yet, many 
patients are still poorly responsive to this 
combination therapy and nanothera-
peutics could be a novel strategy for the 
improvement of chemo-immunotherapy.

The tumor immune microenvironment 
is enriched with various immune cells 
from myeloid cells to lymphocytes. Tumor 
myeloid cells including monocytes and 
macrophages are recruited by the inflamed 
cancer cell niche and paradoxically induce 
“immunosuppressive” status in solid 

tumors.[2b,4] In particular, tumor-associated macrophages (TAM) 
that are originated from tumor-infiltrated monocytes[5] directly 
remodel the tumor immune microenvironment by physically 
impeding infiltration of cytotoxic CD8+ T lymphocytes and 
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1. Introduction

Cancer immunotherapy reinvigorates the suppressed immune 
system, which induces antitumoral immune responses against 
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promote their exclusion from the tumor microenvironment.[6] 
This is a major cellular determinant of immunologically “Hot” 
and “Cold” status of solid tumors, and is correlated with the 
responsiveness of cancer patients to immunotherapy.[2a] Thus, 
tumor myeloid cell-targeted therapy is a promising strategy for 
immunotherapeutic enhancement, especially for the potential  
transition from “Cold” to “Hot” tumor. Due to its ease of surface 
modification, the capacity of drug loading, and passive tumor 
targeting, nanoparticles have been employed for tumor-targeted 
drug delivery.[4] Recently, various types of nanoparticles have 
been developed for cancer chemo-immunotherapy combina-
tion.[7] However, their preparation includes multiple components  
and complicated steps that are unrealizable for large-scale  
production and make them clinically irrelevant. Furthermore, 
different solubility and release kinetics could be a serious 
obstacle for clinical-grade preparation of multiple drug-loaded 
formulations for chemo-immunotherapy.[8] Hence, a simple 
and practical strategy is required to improve the current chemo-
immunotherapy treatments.

Heme oxygenase-1 (HO1) is a stress-inducible, cytoprotective, 
and antioxidative enzyme, which catalyzes heme degradation 
into carbon monoxide (CO), biliverdin, and iron. HO1-produced 
CO is known as a major immunomodulatory, immune sup-
pressive mediator. HO1 has been previously reported to have 
protumorigenic characteristics,[9] as its induction leads to chem-
oresistance in various human and mouse cancer cell lines.[10] 
Moreover, in recent studies HO1 was shown to mediate M1/
M2 macrophage polarization in part, and myeloid cell lineage-
specific knockout of HO1 induces antitumor immunity through 
tumor-myeloid reprogramming and cytotoxic T cell activation. 
This suggests HO1 as a novel immune checkpoint molecule in 
tumor myeloid cells, as shown both in mouse tumor models 
and human samples.[11] Collectively, HO1 is a novel therapeutic 
target and HO1-targeted drug delivery could be a cost-effective 
and optimal strategy to boost chemo-immunotherapy. A recent 
study reported a “proof-of-concept” of HO1-targeted nanothera-
peutics by using Tin mesoporphyrin (SnMP)-loaded nanopar-
ticles.[12] However, small molecule inhibitors of HO1, such as 
SnMP and zinc protoporphyrin (ZnPP), have nonspecificity 
issue with HO2,[13] an isoform of HO1 with more constitutive 
expression in various tissues including the brain. In addition, 
ZnPP showed HO1-inhibition independent effect in cellular 
pathways,[14] and the FDA approval for compassionate use of 
SnMP in hyper bilirubinemia was terminated and has been 
rejected for FDA approval since 2018.

RNA-interference (RNAi)-based modalities offer a more 
specific strategy, preferable to small molecule inhibitors for 
pharmacological inhibition of HO1. In addition, the previously 
reported nanoparticle approach is clinically irrelevant due to the 
obstacles of batch-to-batch variation and large-scale preparation 
issues.[12] Lipid nanoparticles (LNPs) are the most advanced and 
clinically approved nonviral delivery of nucleic acid therapeu-
tics as evident by the FDA approval of Patisiran and COVID19 
mRNA vaccines. To date several nucleic acid therapeutics 
based on LNP systems are in clinical trials for human diseases 
including cancers.[15] Furthermore, microfluidics-based prepa-
ration of LNPs yield homogeneous, uniform LNPs suitable for 
large-scale production, a critical factor for designing clinically 
relevant cancer-targeted RNAi drug delivery.[16] We previously 

reported several novel ionizable lipids demonstrating improved 
nucleic acid delivery compared to the current gold standard 
lipid, DLin-MC3-DMA, in cancer cells.[17] In addition, we previ-
ously described a unique lipoprotein linker system, anchored 
secondary scFv enabling targeting (ASSET), that facilitates 
an efficient modification of LNPs with a targeting antibody 
of choice for in vivo-targeted delivery of LNPs to specific cell 
population.[18] Here, we entrapped siRNA against HO1 in lipid 
nanoparticles (ionizable lipid nanotherapeutic boost (iLNTB)) 
and modified their surface with anti-PD-L1 antibody to generate 
cancer- and tumor myeloid cell-targeted lipid nanotherapeutic 
boost (T-iLNTB) for dual effect of chemotherapeutic enhance-
ment (“chemoboost”) and immunological reprogramming 
(“immunoboost”) in tumors. Finally, we combined the T-iLNTB 
with conventional chemotherapy and ICI for chemo- and 
immunotherapeutic boost of cancer therapy (Scheme 1).

2. Results and Discussion

2.1. Physicochemical Characterization of iLNTB

We used an ionizable LNP/RNAi approach, which is the most 
advanced nonviral RNAi delivery platform for human use and 
also highly potent for HO1-specific inhibition.[15b] In addition, 
we incorporated an anti-PD-L1 antibody on the surface of the 
LNP by using the ASSET system for dual targeting of cancer  
and tumor myeloid cells (Figure 1a).[19] We used a novel  
ionizable lipid designed in our lab, lipid 8 (see Figure S1a,  
Supporting Information), that previously showed efficient nucleic 
acid delivery for siRNA and mRNA.[17,20] LNPs entrapping RNAi 
were generated using a microfluidic mixing device (see the 
Experimental Section, Supporting Information). We prepared 
two different LNPs encapsulating either HO1 siRNA (iLNTB) 
or nonspecific control siRNA (iLNC). As shown in Figure 1b, 
our preparation method produced homogeneous LNPs with 
narrow size distribution of 61.46  ± 8.54  nm for iLNC and 
66.66 ± 10.16 nm for iLNTB, and ζ-potential of 3.07 ± 0.95  and 
3.5 ± 1.51 mV for iLNC and iLNTB, respectively, as measured by 
dynamic light scattering (DLS). Next, we evaluated the stability 
of RNA in the LNPs over time, as undesirable drug release and 
instability of nanoparticles hamper their clinical translation. 
The RNA entrapment (% to total RNA in the sample) in iLNTB 
was determined as 95.85% ± 2.13% 1 day after preparation and 
mildly decreased to 91.52% ± 2.86% at 30 days postpreparation, 
demonstrating the stability of the LNPs when stored at 4 °C 
(Figure 1c). In addition, we observed the encapsulation efficiency 
(normalized to the original RNA amount used) of 95.69%  ± 
2.73%. We then coated the LNPs with the lipidated secondary 
single-chain Fv fragment (ASSET), that binds to the Fc region 
of Rat IgG2a with dissociation constant (Kd) of ≈22.7 × 10−9 m,  
and  enables  noncovalent  modification  of  LNPs  with  various 
antibodies for cell type-specific targeting.[18] To optimize 
the amount of ASSET on the surface of LNPs, three dif-
ferent amounts of ASSET, 2,  4,  and  8 µg  were  incorporate 
into iLNTB. As shown in Figure 1d, ASSET-incorporation  
increased the size distribution of LNP from 73.26  nm 
(ASSET 0 µg)  to  95.5  nm  (ASSET  2 µg),  93.13  nm  (ASSET  
4 µg),  88.83  nm  (ASSET  8 µg),  and  decreased  ζ-potential of 
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LNP to −4.38 mV (ASSET 2 µg), −4.83 mV (ASSET 4 µg), and 
−9.95 mV (ASSET 8 µg). In addition, polydispersity index (PDI) 
was increased from ≈0.04 for iLNTB to ≈0.12 for ASSET-incor-
porated iLNTBs. Upon incorporation of different amounts of 
ASSET, their size and PDI did not change for a month except 
the ASSET 8 µg-incorporated iLNTB, which showed an increase 
in size distribution from 21 days post ASSET incorporation, 
and therefore, excluded from further experiments (Figure 1e; 
Figure S1b, Supporting Information). ASSET-incorporated 
iLNTB showed a slight increase in size distribution measured 
by transmission electron microscopy, in comparison with 
iLNTB, which is in agreement with the DLS results (Figure 1f; 
Figure S1b, Supporting Information).

2.2. In Vitro Chemoboosting Effect of iLNTB in Cancer Cells

An antioxidant and cytoprotective induction of HO1 has been 
reported to induce a chemoresistance in cancer cells (both in 
solid tumors and blood cancers[10b,c]). To validate the chemo-
boosting effect of iLNTB, murine melanoma (B16F10) and 
murine breast cancer cells (E0771) were treated with iLNTB. 
Cy5-labeled iLNTB showed a rapid cellular uptake for both 
type of cells upon 30 min incubation of iLNTB (Figure 2a). The 
iLNTB mostly distributed in the cytosolic and perinuclear com-
partment. Next, B16F10 and E0771 cells were treated with iLNC 
and iLNTB in the presence of “standard-of-care” chemotherapy, 
Doxorubicin (Dox). Dox, an anthracycline drug, is being used 
for chemo-immunotherapy in the clinic,[3] and is known for 
inducing immunogenic cell death in cancer cells,[21] which is an 

important trigger for antitumor immune response in chemo-
immuno combination therapy. In addition, Dox has shown 
strong therapeutic effect in combination with immunotherapy 
in comparison with other anticancer drugs.[3] In a preliminary 
experiment, we screened the best HO1 siRNA sequence from 
three different candidates based on the HO1 gene silencing 
effect as reflected by the mRNA levels. Candidate 2 was chosen 
to prepare iLNTB (Figure S2a, Supporting Information). Com-
pared to untreated and iLNC-treated cells, iLNTB treatment 
significantly decreased HO1 mRNA levels and suppressed Dox-
responsive HO1 upregulation (Figure 2b). As expected, HO2 
mRNA levels were not reduced by iLNTB treatment (Figure 
S2b, Supporting Information). The protein levels of HO1 were 
upregulated in response to Dox and completely suppressed by 
iLNTB treatment in B16F10 cells (Figure 2c). E0771 cells showed 
a higher basal level of HO1 protein expression compared to 
B16F10 cells, which were slightly increased by Dox treatment but 
completely suppressed by iLNTB treatment. E0771 cells show 
higher HO1 mRNA level compared to B16F10 which was in 
agreement with the protein expression (Figure S2c, Supporting 
Information). The iLNTB-mediated HO1-inhibition in both 
types of cancer cells increased the sensitivity of cells to Dox in 
a dose-dependent manner, with decreased cell viability in com-
parison with control and iLNC group (Figure 2d; Figure S2d,  
Supporting Information). At the Dox concentration of 0.5 × 10−6 m,  
B16F10  and  E0771  shows  1.47-  and 1.6-fold higher respon-
siveness to Dox in the T-iLNTB group compared to control. 
Although there is a direct effect of HO1 silencing on cancer 
cell viability, it is very weak compared to other types of cyto-
toxic, anticancer agent such as Dox. Compared to Dox, which 
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Scheme 1. Schematic diagram of dual-targeted ionizable lipid nanotherapeutic boost (T-iLNTB) for chemo-immunotherapy. T-iLNTB is actively targeted 
to PD-L1-experssing cells, including cancer cells and tumor-associated myeloid cells. HO1 silencing by T-iLNTB sensitizes cancer cells to chemotherapy 
for “chemoboosting” and reprograms tumor myeloid cells for “immunoboosting.”
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showed less than 25% cell viability in all concentration range 
(0.125 to 1.5 µg  mL−1), T-iLNTB-treated cancer cells showed 
higher than 80% cell viability in the same concentrations of 
HO1 siRNA (Figure S2e, Supporting Information). Addition-
ally, iLNTB treatment did not induce apoptosis in cancer  
cells (Figure S2f, Supporting Information). A previous study 
reported the mild antiproliferative effect of HO1-silencing 
in cancer cell and this study could explain our results.[9b] 
Next, we analyzed the damage-associated molecular pattern 
(DAMP) to evaluate whether iLNTB treatment might increase 
Dox-induced immunogenic cell death of cancer cells.[22] Only 
Dox treatment induced surface calreticulin (CRT) level and 
increased extracellular release of ATP, HMGB1 compared to 
control group which indicating immunogenic cell death, and 
iLNC treatment in combination with Dox shows comparable  

effect with only Dox group. Compared to only Dox and iLNC 
+ Dox group, iLNTB-treatment in combination with Dox 
increased all DAMPs (CRT, extracellular ATP, HMGB1) in 
both B16F10, E0771 cells (Figure 2e–g). Overall, these results 
demonstrate the chemoboosting effect of iLNTB in cancer 
cells, and consequently increases Dox-induced immunogenic 
cancer cell death.

2.3. In Vivo Tumor-Targeted Delivery and Dual Cell-Targeted 
Internalization of T-iLNTB

The expression of programmed death ligand 1 (PD-L1) has been 
reported not only on cancer cells, but also on myeloid cells in 
the tumor microenvironment.[19,23] Therefore, an anti-PD-L1 
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Figure 1. Physicochemical characterization of iLNTB and ASSET incorporation. a) Schematic illustration of microfluidic preparation of iLNTB, ASSET-
incorporation, and targeting antibody modification. iLNTB was produced using HO1 siRNA, ionizable lipid 8, and helper-lipids, Chol: Cholesterol. 
b) Size and ζ-potential measurements of iLNTB and iLNC. c) Stability of RNA encapsulation in iLNTB. iLNTB-encapsulated RNA was quantified by 
RiboGreen assay and normalized to total RNA. d) DLS analysis of ASSET-incorporated iLNTB. iLNTB was incorporated with various amount of ASSET 
protein and analyzed for its size and ζ-potential. e) Stability of ASSET-incorporated iLNTB. ASSET-incorporated iLNTB was analyzed by DLS at indi-
cated days after preparation to analyze its nanosize and polydispersity. f) Transmission electron microscopy image of ASSET-incorporated iLNTB. Bar 
indicates 100 nm scale. Data are presented as mean ± SD, n = 12–15 per group for (b), n = 6–9 per group for (c), n = 12 per group for (d), n = 6–9 per 
group for (e).
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antibody was employed for cancer- and tumor myeloid-dual cell-
targeted delivery of iLNTB (Figure 3a). First, PD-L1 expression 
on tumor cells was analyzed in vivo, in a B16F10-bearing tumor 
model. Tumor myeloid cells were gated based on their expression  

of CD11b, Ly6C, Ly6G, and F4/80, and T cells were gated by 
the expression of CD3, CD8, and CD4 (Figure S3a, Supporting 
Information). Cells that were negative for CD31 and CD45 
expression were gated as B16F10 cancer cells. B16F10 cancer  
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Figure 2. In vitro chemoboosting effect of iLNTB in cancer cells. a) Confocal microscopy imaging of cancer cell uptake for iLNTB. Intracellular 
localization of iLNTB (Cy5-siRNA) is visualized at indicated time point upon treatment of B16F10 melanoma and E0771 breast cancer cell. Magenta: 
siRNA, Green: CD44, cell membrane, Blue: nucleus. b) Chemoresponsive HO1 upregulation and iLNTB-mediated HO1 gene silencing in cancer 
cell. HO1 mRNA level was quantified by RT-PCR 72 h post iLNTB treatment. Cells were treated with Dox (1 × 10−6 m) 48 h post iLNTB treatment 
and incubated for additional 24 h before RNA extraction and analysis. c) Western blot image of HO1 suppression by iLNTB. d) Cell viability assay 
for iLNTB-mediated chemosensitization effect. Cancer cells were treated with iLNTB in combination with different concentrations of Dox, followed 
by cell viability assessment. ***P < 0.001 by two-way ANOVA with Bonferroni's post hoc test, n.s. = not significant compared to control group. 
e–g) iLNTB-mediated increase of Dox-induced immunogenic cell death. Cells were treated with iLNTB in combination with Dox (1 × 10−6 m) and 
(e) surface calreticulin (CRT) expression was analyzed in propidium iodide negative cells (PI− cells) by flow cytometry. (f) extracellular ATP and (g) 
HMGB1 levels were measured in cell culture medium. Data are presented as mean ± SD (n = 6 per group for (b), n = 4–8 per group for (d), n = 
5–6 per group for (e) and (f)). Data are presented as Box & Whiskers for (g) (n = 7–8 per group). *P < 0.05, ***P < 0.001 by one-way ANOVA with 
Tukey's post hoc test, n.s. = not significant.
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cells showed the highest PD-L1 expression with 91.5% of cells 
followed by tumor-associated monocytes (TAMo, 72.8%), TAM 
(52.5%), tumor-associated neutrophils (TAN, 40.6%), and  

tumor T cells that showed lower than 20% expression of PD-L1 
(Figure 3b). To evaluate tumor-targeted delivery, ASSET 2 µg- 
and ASSET 4 µg-incorporated iLNTBs were modified with  

Adv. Mater. 2022, 2106350

Figure 3. In vivo tumor-targeted delivery and tumor cell uptake study in murine melanoma model. a) Experimental scheme for in vivo tumor-targeted 
biodistribution study. B16F10 cells were subcutaneously injected to C57BL/6 mice and tumor-targeted delivery experiments were performed 15 days post cell 
injection. b) Bar graph for PD-L1-expression in tumor cells. Data is presented as mean ± SD, n = 6–7 mice. c) Representative whole-body images of in vivo 
tumor-targeting effect of T-iLNTB. Fluorescence intensity of Cy5-labeled siRNA in the tumor was quantified at 2, 5, and 24 h post intravenous injection of 
PD-L1 Ab-modified iLNTB (T-iLNTB) and isotype Ab-modified iLNTB (I-iLNTB). “A, 2 µg” and “A, 4 µg” indicate 2 µg and 4 µg of ASSET incorporation for 
iLNTB, respectively. d) Bar graph for average radiant efficiency of tumor-localized iLNTB in (c). Data are presented as mean ± S.E.M., *P < 0.05, **P < 0.01 by  
one-way ANOVA with Tukey's post hoc test, n.s. = not significant, n = 4–5 mice per group. e) Representative organ images for biodistribution study of 
iLNTB. Organs were harvested from mice 24 h post injection of T-iLNTB and I-iLNTB. f) Bar graph for average radiant efficiency in organs. g) Tumor cell 
uptake of T-iLNTB, analyzed by flow cytometry. Tumor cells were digested to achieve a single-cell suspension and analyzed for T-iLNTB uptake at 2 h post 
intravenous injection. Data are presented as mean ± S.E.M., **P < 0.01 by nonparametric Kruskal Wallis-test, n.s. = not significant, n = 4–5 mice per group.
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anti-PD-L1 antibody (PD-L1 Ab) or isotype antibody (IsoAb) at a 
1:2 weight ratio of ASSET to antibody and were injected intrave-
nously into B16F10 tumor-bearing mice (Figure 3a). In Table S1 
of the Supporting Information, all IsoAb- and PD-L1 Ab-mod-
ified iLNTBs show 1–2.5 nm  increase of size in comparison 
with only ASSET-incorporated iLNTBs. Moreover, IsoAb- and 
PD-L1 Ab-modified iLNTBs show slight increase of ζ-potential 
depending on the amounts of antibodies. Anti-PD-L1-modified 
iLNTB (T-iLNTB, ASSET 4 µg)  showed  higher  tumor  locali-
zation than other treatment at 2, 5, and 24 h post injection 
(Figure 3c,d). At 2 h post injection, IsoAb-modified iLNTBs 
(I-iLNTB, 2 and 4 µg ASSET) showed 6.52- and 6.08-fold higher 
average radiant efficiency in tumor region compared to non-
injected control, which is attributable to the passive tumor-
targeted delivery of LNP system. Moreover, the average radiant 
efficiency of anti-PD-L1 modified iLNTB (T-iLNTB, ASSET  
4 µg) in the tumor region at 2 h post injection was 11.85-, 1.81-,  
and 1.94-fold higher than noninjected control, I-iLNTB 
(ASSET 2 µg)  and  I-iLNTB  (ASSET  4 µg),  respectively.  How-
ever,  T-iLNTB (ASSET 2 µg)  showed  no  significant  enhance-
ment for tumor-targeting in comparison with I-iLNTBs, which 
could be explained by insufficient targeting effect using the  
2 µg ASSET with concomitant amount of anti-PD-L1 antibody. 
Tumor localization of all, I- and T-iLNTB was the highest at 2 h 
post injection and decreased over time. As for organ distribution, 
the strongest fluorescence signal was observed in the spleen, fol-
lowed by the liver, which is the major clearance organ for LNPs. 
These results are in agreement with our previous studies that 
demonstrated a high accumulation of lipid 8-LNPs in the spleen 
compared to other organs, in healthy mice (Figure 3e,f).[17]  
Next, the tumor myeloid- and cancer-cell-targeted uptake of 
T-iLNTB was analyzed by flow cytometry at 2 h post injec-
tion. Anti-PD-L1-modified iLNTB (T-iLNTB, ASSET 4 µg)  
were taken up by 7.2%, 33.3%, 39.7%, and 32.1% of cancer cells, 
TAMo, TAM, and TAN, respectively. This was compared to 
2.1%, 21%, 22.3%, and 19.2% of internalization for IsoAb-mod-
ified iLNTB (I-iLNTB, ASSET 4 µg)  (Figure 3g; Figure S3b, 
Supporting information), demonstrating the highest increase 
(3.45-fold) for cancer cell uptake by the targeted delivery in 
comparison with the 1.58- to 1.78-fold increase for tumor 
myeloid cells uptake. However, cellular uptake rate for cancer 
cells is still lower than that of tumor myeloid cells which can 
be explained by limited ability of LNPs to penetrate the tumor 
efficiently. Also, the phagocytic character of myeloid cells can 
explain the basal uptake of I-iLNTB in tumor myeloid cells. 
Many of the tumor myeloid cells are recruited and distributed 
in perivasculature, and thus can easily meet the nanoparticles 
in tumor vessels (which were not analyzed here).[24] Tumor 
T cells did not show any uptake of T-iLNTB or I-iLNTB. On 
the high deviation in cellular uptake study, heterogeneity and 
variability of tumor microenvironment structure has led to 
higher deviation on the level of cellular uptake than on the 
level of tumor tissue accumulation. In addition, variable cel-
lular density of the tumors (although tumors in a narrow 
range of size were used) could drive to the high deviation 
of cellular uptake. In conclusion, PD-L1 Ab-modified iLNTB 
(T-iLNTB) increased tumor-targeted delivery and cellular 
uptake of iLNTB for tumor myeloid- and cancer cells in com-
parison with I-iLNTB.

2.4. Antitumor and Immune Reprogramming Effect of iLNTB in 
combination with “Standard-of-Care” Chemotherapy

The ASSET 4 µg-incorporated iLNTB were employed in an in 
vivo therapeutic study based on our results from tumor targeted 
delivery study (Figure 3). In a previous study, human AML-
bearing immunodeficient mice were used for “proof-of-concept” 
of HO1-targeted nanotherapeutics.[12] However, T cell deficiency 
in NSG mice hampers the ability to evaluate cytotoxic T cell-
mediated immunotherapeutic effect, which is a major cellular 
compartment of the antitumor immune response. Herein, we 
used B16F10 melanoma-bearing mice, which represents solid 
tumor and metastatic stage of cancer depends on the route of 
administration. Moreover, melanoma is known for its immune 
suppression by the tumor myeloid cells infiltration.[2b] To this 
end, B16F10 syngeneic melanoma model was used to study the 
therapeutic effect of our approach and to prove the hypothesis 
of “Nanotherapeutic Boost” for chemo-immunotherapy. Mice 
were injected with iLNTB (siRNA, 2 mg kg−1) twice a week com-
bined with Dox (2.5 mg kg−1, accumulative dose 7.5 mg kg−1 for 
2  weeks) (Figure 4a). Combination therapy of iLNTB and Dox 
significantly suppressed B16F10 tumor growth compared to 
other treated groups (Figure 4b). T-iLNTB together with Dox 
showed higher antitumor effect than I-iLNTB combined with 
Dox, with a decrease of 0.56-fold tumor size, attributed to the 
tumor-targeted delivery (Figure S4a–c, Supporting Information). 
Prolonged median survival of 30.5 days for T-iLNTB in combina-
tion with Dox was observed compared to 22, 24, 25, and 23.5 days 
for PBS, Dox, T-iLNC + Dox, and T-iLNTB groups, respectively 
(Figure 4c). The combination therapy of iLNTB with Dox at the 
indicated doses did not significantly alter the body weight of the 
mice during the treatment, which was monitored as a general 
indicator for treatment toxicity (Figure S4d, Supporting Informa-
tion). To evaluate the immune reprogramming effect of iLNTB, 
tumor immune cells were analyzed by flow cytometry (Figure 
4d–i). All iLNTB treatment reduced CD11b+ myeloid cell popula-
tion in total tumor cells from 16.8% in PBS group to 5.4%, 8.1%, 
8.5% in T-iLNTB, I-iLNTB + Dox, T-iLNTB + Dox group, respec-
tively (Figure 4d). Detailed analysis of tumor myeloid cells dem-
onstrated a significant decrease of TAM (CD11b+ Ly6G− F4/80+ 
Ly6C−low) with the highest “TAMo-to-TAM” ratio in T-iLNTB  + 
Dox group (Figure 4e). Also, the M2-like TAMs (defined as 
F4/80+ CD206−high) were highly decreased in all iLNTB-treated 
groups (Figure S4e, Supporting Information). The ratio of 
matured neutrophils, defined as CD11b+ Ly6G−high cells,[25] was 
highly increased in T-iLNTB combined with Dox treatment 
group (Figure 4f). TAM are considered the major immune-sup-
pressive cell populations, that impedes cytotoxic T cell migration 
into tumor tissue.[6] TAM-exclusion following T-iLNTB combined 
with Dox treatment explains the increase in CD8+ cytotoxic T cell 
population (out of CD3+ total T cells) and ratio of CD8 to CD4 
in T-iLNTB + Dox treated mice (Figure 4g). However, total CD3+ 
T cell % did not show significant difference between groups 
(Figure S4f, Supporting Information). Regulatory T cells (Treg) 
are major immune suppressive cells and thus decreased number 
of Treg cells indicates an antitumor immune responses.[26] Treg 
cells (defined as CD3+ CD4+ CD25+) were significantly decreased 
in all iLNTB-treated groups (Figure S4g, Supporting Informa-
tion). Compared to the only Dox group, T-iLNC combined with 
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Dox group shows the difference only in the Treg cell ratio with 
a slight increase of CD8 to CD4 ratio, but no significant effects 
on the tumor myeloid cell parameters and tumor growth. This 
effect could be mediated by anti-PD-L1 Ab, the targeting ligand 

on the surface of T-iLNC, but did not show therapeutic benefit 
due to the small amount (targeting antibody dose: 10 µg  per 
mouse). Overall, iLNTB and combination treatment reprograms 
tumor myeloid cells by decreasing TAMs and increasing the 

Adv. Mater. 2022, 2106350

Figure 4. In vivo antitumor and immune reprogramming effect of iLNTB in combination with chemotherapy. a) Experimental scheme for in vivo thera-
peutic study of iLNTB. B16F10 tumor-bearing mice were treated with iLNTB (siRNA 2 mg kg−1, twice a week, total 4 doses) and Dox (2.5 mg kg−1, total  
3 doses). b) Tumor growth curve. Size of tumor was measured at days 10, 13, 14, 17, 19, and 21 post cancer cells injection. Data presented as mean ± S.E.M.,  
*P < 0.05, **P < 0.01, ***P < 0.001 by two-way ANOVA with Bonferroni's post hoc test, n.s. = not significant, n = 7–12 mice per group. c) Survival graph. 
**P < 0.01 by log-rank (Mantel Cox) test. d) Percentile of CD11b+ myeloid cells in tumor. Tumor cells were digested and analyzed by flow cytometry to 
quantify the ratio of CD11b+ myeloid cell to total cell. e) Flow cytometry analysis of CD11b+ Ly6G− tumor myeloid cells. Representative plots from each 
group indicate differences in TAM (CD11b+ Ly6G− F480+ Ly6C−) and TAMo (CD11b+ Ly6G− F4/80− Ly6C+) populations. Percentile of TAM and TAMo-to-TAM 
ratio is presented. f) Flow cytometry analysis of CD11b+ Ly6G–high tumor-associated neutrophils. g) Flow cytometry analysis of CD4+ and CD8+ T cells in the 
tumor. CD8+ cytotoxic T cell ratio to CD4+ helper T cell is presented. h) Intracellular IL12p40 levels in TAMo and TAN. i) Intracellular TNFα level in TAMo 
and TAN. Intracellular IL12p40 expression was analyzed by flow cytometry and presented as a bar graph. j) Experimental scheme for in vivo therapeutic 
study in a metastatic melanoma model. Mice were injected with B16F10 cells through tail vein and treated with iLNTB in combination with Dox, and lung 
metastasis was evaluated at day 17 post cell infusion. k) Representative lung image and bar graph of metastatic nodule count. Mice were sacrificed at day 
17 post cell infusion and number of lung metastatic nodules was counted. Data are presented as mean ± S.E.M., *P < 0.05, **P < 0.01, ***P < 0.001 by 
one-way ANOVA with Tukey's post hoc test, n.s. = not significant, n = 3–5 mice per group for (d–i), n = 6–7 mice per group for (k).
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ratio of TAMo and TAN cells. Also, cytotoxic T cells were highly 
recruited in the combination treatment groups. The exclusion 
of TAMs and recruitment of CD8+ T cells are general features 
in an immunotherapeutic effect, but the function of recruited 
TAMo and TAN is heterogeneous. The myeloid cell-targeted 
immunotherapies have reported that the antitumor immune 
responses via the recruitment of inflammatory TAMo.[27] Also, 
the heterogeneity of TANs and their antitumoral function has 
been reported.[25a,28] The expression level of cytokines such as 
IL12 and TNFα was used to evaluate the inflammatory/antitu-
moral phenotype of the TAMo and TAN cells.[27] To this end, we 
characterized the antitumoral phenotype of TAMo and TAN cells 
by intracellular cytokine staining. Flow cytometry analysis dem-
onstrated that the percentile of TAMo and TAN cells expressing 
the proinflammatory cytokines TNFα and IL12p40 are highly 
increased in T-iLNTB with the Dox-treated group (Figure 4h,i; 
Figure S5a,b, Supporting Information). This result indicates 
the proinflammatory and antitumoral phenotype of TAMo and 
TAN cells in the combination treatment. In the case of only 
T-iLNTB treatment, a control representing the sole effect of HO1 
siRNA in target/tumor cells, the reconstitution of CD11b+ tumor 
myeloid cells was observed. Compared to the combination treat-
ment groups, only T-iLNTB treatment shows comparable TAM 
decrease (ratio to total cells), but a lower recruitment of TAMo 
and TAN cells which is in line with the lowest percentile of 
total myeloid cell and higher TAM ratio (Figure 4d,e). Also, only 
T-iLNTB treatment shows a modest effect on CD8+ cytotoxic  
T cell recruitment. These observations highlight that the immu-
notherapeutic effect is indeed initiated by T-iLNTB-mediated 
reprogramming of tumor myeloid cells, but it is not sufficient 
to have a significant antitumor immune response alone. This 
could be correlated to the mild antitumor effect of only T-iLNTB 
group in Figure 4b. While a weak antiproliferative effect of HO1-
silencing in cancer cells was observed in Figure 2d, that effect is 
translated to a smaller effect on tumor growth in vivo due to the 
limitation for tumor penetration (only less than ≈15% cellular 
uptake for cancer cells was shown in Figure 3g).  Compared  to 
I-iLNTB + Dox, the T-iLNTB + Dox group showed higher 
tumor growth inhibition effect with differences in immune cell 
ratios, especially for Ly6G−high TAN and inflammatory cytokine-
expressing cells. This could be attributed to the higher cancer 
cell targeting effect by PD-L1 Ab (3.45-fold increased uptake 
for cancer cells), consequently, increased Dox-induced immu-
nogenic cell death for the stimulation of the immune cells to 
exhibit a more inflammatory phenotype. In conclusion, T-iLNTB 
initiates immunotherapeutic effect by tumor myeloid cell repro-
graming with modest T cell recruitment, and Dox-induced 
immunogenic cancer cell death and the chemoboosting effect 
amplifies antitumoral immune responses via recruitment of 
inflammatory TAMo, TAN cells, and higher number of cytotoxic 
T cells, consequently demonstrates the immunologically “Cold” 
to “Hot” transition.[2a] Finally, tumor-targeted delivery improves 
the antitumoral effect of iLNTB and combination therapy.

2.5. Antitumor Effect of iLNTB in a Metastatic Melanoma Model

In advanced stages of melanoma, patients’ mortality sharply 
increases due to metastasis of the cancer cells to other organs. 

Tumor myeloid cells, including TAMs, are known for their pro-
metastatic role by accelerating cancer cell extravasation and 
pre-metastatic niche formation.[4] In a recent publication, HO1 
expression level in myeloid cells showed a significant correla-
tion with survival of metastatic cancer patients, and myeloid lin-
eage-specific HO1-deletion attenuated metastasis of melanoma 
by myeloid- and lymphoid-cell reprogramming.[11d] To test the 
anti-metastatic effect of iLNTB and combination therapy, mice 
were injected with B16F10 cells through the tail vein to estab-
lish a metastatic disease, and treated with iLNTB together with 
Dox (Figure 4j). Combination therapy of T-iLNTB with Dox sig-
nificantly decreased the number of the lung-metastatic nodule 
with an average count of 2 in comparison with 14.1, 20.3, 8.8, 
10.1, 6.1 in PBS, Dox, T-iLNC + Dox, T-iLNTB, I-iLNTB + Dox 
groups, respectively (Figure 4k). Of note, Dox treated mice 
demonstrated a higher number of metastatic nodules than 
mice injected PBS (although there is no statistical significance), 
a phenomenon that could be explained by a previous report on 
chemotherapy-induced cancer metastasis.[29] Overall, combi-
nation treatment of T-iLNTB with Dox was found to have an 
effective anti-metastatic outcome in a melanoma model, which 
would have a therapeutic benefit for the treatment of advanced 
melanoma patients.

2.6. Triple Combination Therapy with Immune Checkpoint 
Inhibitor and Mechanistic Study of iLNTB-Mediated Tumor 
Myeloid Cell Reprogramming Effect

As previously described, combination of “standard-of-care” 
chemotherapy with immune checkpoint inhibitor is a com-
monly used regimen of chemo-immunotherapy, and most of 
the phase III clinical trials were reported on the Pembroli-
zumab, Nivolumab, and Atezolizumab.[3] Hence, we choose the 
anti-PD1 antibody (anti-PD1α) for triple combination therapy in 
our study. While the chemo-immunotherapy showed thera-
peutic benefits in the clinic, it still needs to be optimized in 
terms of the chemotherapeutic and immunotherapeutic admin-
istrations timing. The iLNTB and combination with Dox 
induced CD8+ T cells recruitment to the tumor, which suggests 
that combination of iLNTB with Dox should be a pretreatment 
regimen for the improvement of therapeutic response to anti-
PD1α therapy (Figure 4g).  To  this end, B16F10 tumor-bearing 
mice were treated with T-iLNTB in combination with Dox, fol-
lowed by anti-PD1α injection to validate the nanotherapeutic 
boost effect for chemo-immunotherapy (Figure 5a). Mice body 
weight was monitored throughout the experiment as an indica-
tion for possible toxicity of the treatment, and was found to be 
consistent in all treatment groups (Figure 5b). T-iLNTB in com-
bination with Dox treatment significantly suppressed tumor 
growth compared to Dox treatment at 21 days post tumor injec-
tion (Figure 5c; Figure S6a, Supporting Information). However, 
once iLNTB + Dox treatment is halted, the tumors show rapid 
growth, which is in agreement with the moderate therapeutic 
benefit in the survival study (Figure 4c). The addition of anti-
PD1α to the T-iLNTB + Dox treatment regimen slowed the 
growth rate of the tumor, with 0.51-fold smaller tumor size on 
day 27, compared to T-iLNTB + Dox group (Figure 5c). Of note, 
day 19 marks the initiation of the anti-PD1α injection; 
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comparing the tumor volume between day 19 and day 27 high-
lights the effect of iLNTB on the “improved responsiveness of 
tumor” to anti-PD1α therapy in contrast to the nonsignificant 
differences observed between Dox with/without anti-PD1α 
therapy (Figure 5d; Figure S6b, Supporting Information). We 
next examined the survival of the mice treated with this triple 
combination. Prolonged survival for the triple combination 
group was observed with 50% survival rate compared to 16.6% 
survival for T-iLNTB + Dox group at day 36 (Figure 5e). Finally, 
ex vivo study was performed to understand the mechanism of 
iLNTB-mediated tumor myeloid reprogramming. As described 
in Figure 4, total myeloid cells and TAMs were significantly 
decreased and “TAMo-to-TAM” ratio was increased in all 
iLNTB-treated groups. The macrophages in the tumor vicinity 
mostly originate from the tumor-infiltrated monocytes, and 
M-CSF/CSF1R axis has been reported as a major signaling cue 
for TAMs differentiation/recruitment.[5a,30] To this end, the 
effect of iLNTB was analyzed in bone marrow cells in the pres-
ence of M-CSF which recapitulates the TAMo-to-TAM differen-
tiation. Compared to nondifferentiated control group (without 
M-CSF), M-CSF treatment increased F4/80 expression on 
monocytic cells (from “Ly6C–high, F4/80−–” to “Ly6C−high, 
F4/80+”), indicating macrophage differentiation. iLNTB-treated 
cells showed significantly different F4/80 expression, similar to 
nondifferentiated control group, demonstrating iLNTB-medi-
ated inhibition of macrophage differentiation (Figure 5f). In 
addition, live cell gating result (FSC, SSC-based gating strategy) 
shows that iLNTB treatment in bone marrow cells did not 
induce significant cell death compared to other groups  
(Figure S7a, Supporting Information). This result demonstrates 
that the effect of HO1 siRNA in bone marrow cells is not cyto-
toxic, consequently, suggests noncytotoxic for the tumor mye-
loid cells. In Figure 5g, RT-PCR showed different 
proinflammatory-M1/anti-inflammatory-M2 gene expression 
between iLNC- and iLNTB-treated cells in the presence of 
M-CSF. Specifically, mRNA levels of inflammatory cytokines 
such as TNFα, IL12p40 was increased and the anti-inflamma-
tory cytokine IL10 was decreased in iLNTB group compared to 
iLNC group. Additionally, M1-like markers inhibin A (Inhba), 
prolyl hydroxylase (EGLN3) and interferon regulatory factor 8 
were upregulated in iLNTB group. The F4/80 mRNA levels 
were decreased in the iLNTB group, in line with flow cytometry 
results. However, the M1/M2 gene expression panel did not 
accurately represent the difference between inflammatory 

monocyte and TAM, and it should be further analyzed with a 
different panel of genes. Figure 5h summarizes the proposed 
therapeutic mechanism of T-iLNTB in combination with 
chemo-immunotherapy. The T-iLNTB treatment sensitizes 
cancer cells to conventional chemotherapy which increases 
chemo-induced immunogenic cell death (1) and directly repro-
grams tumor myeloid cells by mechanisms related to inhibition 
of TAM-differentiation from monocyte, as well as an increase of 
inflammatory TAMo and TAN cells (2). Furthermore, this 
approach leads to cytotoxic T lymphocytes recruitment to the 
tumor, which improves the therapeutic response to anti-PD1α 
therapy (3) and synergizes with the other indicated mecha-
nisms for therapeutic enhancement. Lastly, we analyzed adverse 
effect of T-iLNTB in vivo. As we previously reported,[17] injection 
of lipid 8-based LNP did not induce toxic effects at 24 h post 
injection. Here, toxicity of T-iLNTB was evaluated at 72 h post 
injection to test any adverse effects induced by PD-L1-targeted 
LNP and HO1 gene silencing. Healthy C57Bl/6 mice were 
injected with 2 doses of T-iLNC or T-iLNTB and analyzed for 
the toxicity in major organs and blood enzymes (Figure S8a, 
Supporting Information). In histology images (hematoxylin 
and eosin staining) of major organs, no significant tissue 
lesions and immune cell infiltrations were observed in T-iLNTB 
or T-iLNC groups, compared to control (Figure S8b, Supporting 
Information). In addition, blood liver enzymes (SGOT, SGPT, 
ALP), urea, creatinine, and total protein levels did not show sig-
nificant difference between the groups (Figure S8c, Supporting 
Information). Collectively, organ histology and liver enzyme 
analysis demonstrate the safety of T-iLNTB at the indicated 
dose. However, the maximum tolerated dose and immune-
related toxicity should be addressed in our future work with 
experimental models, which would more accurately recapitu-
late human immune system, such as humanized mice-based 
PDX models. Ionizable lipid nanoparticle (ionizable LNP) is the 
most advanced nonviral nucleic acid drug delivery system, 
which is commercialized and clinically available for human dis-
eases. RNA interference strategy could be an alternative due to 
its high target specificity, compared to small molecule inhibi-
tors. However, tumor-targeted delivery is still a major challenge 
for clinical application of nanomedicine, including the use of 
LNPs in cancer patients. Recently, Ouyang et al. demonstrated 
that the number of injected nanoparticles directly influences 
solid tumor-targeting efficiency, the observation termed “dose 
threshold.”[31] Specifically, it was found that a dose of more than 

Figure 5. Triple combination therapy and mechanistic study of iLNTB-mediated tumor myeloid cell reprogramming effect. a) Experimental scheme 
of triple combination therapy. B16F10 tumor-bearing mice were treated with iLNTB and Dox for 2 weeks, followed by anti-PD1α (5 mg kg−1) injection.  
b) Body weight monitoring throughout the experiment. c) Tumor growth curve. Size of tumor was measured at days 10, 14, 17, 19, 21, 23, 25, and  
27 post cell injection. Data presented as mean ± S.E.M., **P < 0.01 by two-way ANOVA with Bonferroni's post hoc test, n = 5–6 mice per group.  
d) Tumor volume ratio between day19 and day27. Data are presented as Box & Whiskers, P = 0.051 by Unpaired t-test, n = 6 mice per group. e) Survival 
graph. ***P < 0.001 by log-rank (Mantel Cox) test. f) Experimental scheme and flow cytometry analysis of ex vivo myeloid reprogramming. Bone marrow 
cells were harvested from the tibia and femur, and treated with iLNTB in presence of M-CSF (25 ng mL−1) for 3 days. CD11b+ Ly6G− F4/80− Ly6C+ cell 
and CD11b+ Ly6G− F4/80+ cell are defined as undifferentiated monocyte and macrophage differentiating monocyte, respectively. Data are presented as 
Box & Whiskers, ***P < 0.001 by one-way ANOVA with Tukey's post hoc test, n = 4–6 per group. g) RT-PCR results for inflammatory (M1)/anti-inflam-
matory (M2) gene expression. The mRNA levels of each gene are normalized to the mRNA levels of iLNC. N.D. (nondetectable). Data are presented 
as mean ± S.E.M., **P < 0.01, ***P < 0.001 by one-way ANOVA with Tukey's post hoc test, n = 5–6 per group. h) Mechanistic summary for chemo- 
and immunoboosting effect of T-iLNTB. HO1-inhibiton by T-iLNTB sensitizes cancer cells to chemotherapy for enhancement of immunogenic cell 
death (1) and reprograms tumor myeloid cells by suppressing tumor macrophage differentiation and inducing inflammatory monocytes/neutrophils 
(2). Tumor myeloid cell reprogramming by iLNTB recruits CD8+ cytotoxic T cells to the tumor region, consequently improving the responsiveness to 
immune checkpoint inhibitor (3).
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a trillion nanoparticles injected over the clearance capacity of 
Kupffer cells in the liver, with increased circulation time and 
improved solid tumor delivery of nanoparticles such as 
liposomes and gold nanoparticles. These findings have impor-
tant implications on LNP and ionizable LNP for future cancer 
therapeutics, and a “dose threshold” study with ionizable LNPs 
would directly validate its potential. The immune reprogram-
ming effect of HO1 inhibition, mainly the decreased TAMs and 
increased “TAMo-to-TAM” ratio, can be partially explained by 
the ex vivo study in bone marrow cell (Figure 5e,f). However,  
it is still unclear how HO1-inhibition modulates and increases 
Ly6G+ TANs. As shown in Figure 4f; Figure S5, Supporting 
Information, iLNTB + Dox increased Ly6G−high TAN population 
(regarded as matured neutrophils). Previous studies reported 
that neutrophil function in cancer is heterogeneous, depending 
on the cell's maturity level.[25a] Matured neutrophils generally 
show higher phagocytic capacity and ROS production; 
Markman et al. reported an antitumoral effect of matured neu-
trophils in metastatic melanoma model.[28] Another limitation 
of our study is the apparent “mild tumor myeloid cell depend-
ency” in our experimental models, especially regarding TAMs 
in the B16F10 melanoma model. In some type of human can-
cers, TAMs consist of up to 50% of total tumor mass, whereas 
in our model ∼20% of CD11b+ myeloid cell and lower TAM 
population were observed. This could be correlate to the rapid 
tumor growth upon termination of iLNTB + Dox treatment 
(Figures 4b and 5c). Overall, future studies in tumor models 
recapitulating human pathology such as human immune 
system, in patient-derived cell grafted mice would validates its 
therapeutic potential for human application of iLNTB. Previ-
ously, various chemo-immunotherapeutic nanoparticles were 
developed[7b,8] and many of them encapsulates multiple drugs 
such as immune activators and chemotherapeutics in one nan-
oparticle. However, different loading & release kinetics of the 
drugs, instability of nanoparticle and large-scale production 
method would be major obstacles for the translation of such 
types of nanoparticles. Phase III clinical trials and approval of 
the current usage of chemo-immunotherapy suggests nano-
therapeutics as a separate regimen in the context of a boosting/
enhancing agent for chemo-immunotherapy,[3] and this could 
be a more practical approach for the clinical use. Here, we 
applied the targeted-LNP and RNAi strategy for the therapeutic 
inhibition of HO1 to boost chemo-immunotherapeutic effect. 
Compared to other previous nanoparticles, ionizable LNP-based 
RNA therapeutics are highly potent for the human application 
which is evident by the approval of COVID19 mRNA vaccine 
and Patisiran. The dual-function of HO1 gene in cancer cells 
and tumor myeloid cells enable it as an optimal target to boost 
chemo-immunotherapy. In addition, RNAi-mediated HO1-inhi-
bition overcomes current limitations of small molecule inhibi-
tors and the ASSET system has a strong potential for 
tumor-targeted delivery of LNPs. Collectively, the targeted-LNP/
RNAi and HO1 gene could be the best combination in the con-
text of “nanotherapeutic boost” for chemo-immunotherapy and 
this could be a more practical and stronger strategy in compar-
ison with the other previous studies. On the therapeutic poten-
tial of our system, T-iLNTB-induced therapeutic effect is derived 
from the two-independent mechanisms of action: the first 
being chemoboosting in cancer cells and the second is cancer 

type-independent, tumor myeloid cell reprogramming effect. 
To the best of our knowledge, chemoresistant function of HO1 
has been reported in various type of cancer cells.[10c] Also, TAM 
accumulation is broadly observed feature in many types of can-
cers, not only in melanoma.[4] Therefore, our therapeutic 
strategy is most likely applicable to other type of tumor models 
based on its mechanisms of action.

3. Conclusions

Herein, an advanced and practical HO1-targeted nanomedicine 
was developed based on ionizable lipid and RNAi strategy to 
boost chemo-immunotherapy of cancer. Dual-cancer and -mye-
loid cell targeting by PD-L1 antibody increased tumor localiza-
tion of iLNTB and nanotherapeutic effect. The iLNTB-mediated 
HO1 inhibition enhanced sensitivity to chemotherapeutics, Dox 
in cancer cells which increases Dox-induced immunogenic cell 
death (chemoboost), and reprogramed tumor myeloid cells with 
higher monocyte and neutrophil ratio and reduced macrophage 
accumulation (Immune reprogramming effect). T-iLNTB-
mediated tumor myeloid reprograming and increased immu-
nogenic cell death consequently induced infiltration of CD8+ 
cytotoxic T cell for “Cold” to “Hot” transition in tumor micro-
environment, which was correlated with improved response to 
anti-PD1α therapy in triple combination study (immunoboost).  
Intriguingly, ex vivo study in bone marrow cells proves that 
HO1-inhibition directly affects TAMo-to-TAM differentiation 
and suggests cancer type-independent myeloid cell repro-
gramming mechanism. In addition, iLNTB demonstrates  
anti-metastatic effect in advanced stage melanoma model 
and could be a promising therapeutic strategy in melanoma 
patients. Overall, dual-targeted T-iLNTB is a novel, optimal, and 
practical therapeutic modality for boosting the current usage of 
chemo-immunotherapy.
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