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A B S T R A C T   

Immune suppressive microenvironment in tumor emerges as the main obstacle for cancer immunotherapy. In this 
study, we identified that HIF1α was activated in the tumor associated macrophages and acted as an important 
factor for the immune suppressive microenvironment. Epigenetically silencing of Hif1α via histone H3 methyl-
ation in the promoter region was achieved by CRISPR/dCas9-EZH2 system, in which histone H3 methylase EZH2 
was recruited to the promoter region specifically. The Hif1α silenced macrophage, namely HERM (Hif1α 
Epigenetically Repressed Macrophage) manifested as inheritable tumor suppressing phenotype. In the subcu-
taneous B16-F10 melanoma syngeneic model, intratumoral injection of HERMs reprogrammed the immune 
suppressive microenvironment to the active one, reducing tumor burden and prolonging overall survival. 
Additionally, HERMs therapy remarkably inhibited tumor angiogenesis. Together, our study has not only 
identified a promising cellular and molecular target for reverting immune suppressive microenvironment, but 
also provided a potent strategy for reprogramming tumor microenvironment via epigenetically reprogrammed 
macrophages.   

1. Introduction 

Immunotherapy emerges as a promising strategy for cancer treat-
ment and revolutionizes the clinical management of multiple cancers 
including melanoma. The main mechanism of immunotherapy is to 
change the tumor microenvironment so that the immune system can 
function to kill tumor cells [1,2]. In the tumor microenvironment, 
infiltrated immune cells together with stromal cells, contribute to 
increasing immune checkpoints, which inactivate effector T cell and 
have long been considered as the main obstacles for immunotherapy [3, 

4]. 
Among these immune cells, tumor associated macrophages (TAMs) 

represent key regulators of the complex interplay between the immune 
system and cancer [5]. Similar to the normal macrophages, TAMs can 
also be classified as two major polarized states: M1-like TAMs are acti-
vated by Th1 cytokines (such as IFNγ) and have remarkable tumoricidal 
effects and phagocytosis. In contrast, M2-like TAMs are activated by Th2 
cytokines (including IL-4 and IL-13) and generally suppress antitumor 
immunity [6–8]. TAMs have great plasticity in response to variable 
microenvironmental stimuli. Hypoxia, a condition where the oxygen 
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pressure is less than 5–10 mmHg, represents a hallmark feature of 
neoplastic growth and has profound influences on the recruitment, 
migration and gene expression of TAMs [9,10]. For example, hypoxic 
microenvironment has been found to inhibit the anti-tumoral effect of 
macrophage and promotes production of immunosuppressive cytokines 
[11]. 

Currently, targeted depletion of TAMs, inhibiting their recruitment 
and reprogramming of cell polarization are three commonly used stra-
tegies to enhance cancer immunity [8]. Compared with depletion and 
recruitment inhibition, TAMs reprogramming holds the capacity of 
providing an opportunity to revert the immune suppressive microenvi-
ronment to anti-tumoral one [12–14]. Anti-CD47 antibodies with the 
function of blocking the binding of CD47 to SIRPα which greatly in-
crease phagocytosis of cancer cells, present as an efficient strategy of 
TAMs reprogramming [15,16]. Harnessing metabolic interventions 
emerges as a compensatory strategy to reprogram TAMs [17]. Addi-
tional identification of the dominant key factors determining the TAM 
fates is prerequisite for the reprogramming. 

As to the TAM reprogramming, epigenetic engineering emerges as a 
promising strategy. Millions of epigenetic marks have been identified 
across the human genome for many human cell types and tissues [18], 
which become a key to discover plenty of associations at the level of 
gene regulation and expression, cell identity, aging and even disease, 
especially like cancers [19]. Additionally, epigenetic changes of cells are 
inheritable but also reversible [20]. In recent years, epigenome editing 
based on CRISPR/Cas9, an easily programmable genome editing tech-
nology, has renewed epigenetic editing, widen their therapeutic appli-
cations, and provided a safe and steady cell editing strategy [21]. 

In this study, we first identified that HIF1α was activated in the 
tumor associated macrophages and acted as an important factor for the 
immune suppressive microenvironment. Then, we developed a new 
strategy to stably silence HIF1α expression by recruiting EZH2 specif-
ically to the promoter via CRISPR/dCas9 system. In a melanoma syn-
geneic models, we revealed that the engineered macrophages, namely 
HERMs, prevent immune evasion and enhance the anti-tumoral activ-
ities of immune system. 

2. Results and discussion 

2.1. TAMs are featured of Hif1α activation in advanced melanoma 
syngeneic model 

C57BL/6 mice were inoculated with 5 × 105 B16-F10 cells and the 
tumor size was monitored. The tumor mass was small till 8 days, while 
the tumor mass was relatively large at 28 days after tumor implantation 
(Fig. 1A). There were abundant inflammatory cells infiltrated in the 
tumor of large size, compared with that in the tumor of small size 
(Fig. 1B). qPCR analysis revealed that reduced expression of M1 marker 
Nos2 but enhanced expression of M2 marker Mrc1 with the tumor pro-
gression, suggesting increased macrophage, mainly M2, infiltration with 
tumor progression (Figure S1A, B). Furthermore, qPCR analysis revealed 
significantly enhanced Hif1α expression with tumor enlarged 
(Figure S1C). Hypoxia represents a hallmark feature of tumor growth 
[22], raising the possibility that the infiltrated TAMs might be also 
hypoxia in large tumor mass. HIF1α expression in the CD68+ TAMs was 
analyzed by immunofluorescence staining in tumors of different sizes. 
There was an increased expression of Hif1α in TAMs in tumors of large 
size (Fig. 1C and D). We detected 6 clinical melanoma samples with 
different tumor sizes. Consistent with the animal model, there were also 
elevated expression of Hif1α in TAMs in patients with larger tumor size 
(Figure S2A, B). 

To further study the correlation between TAMs polarization and 
tumor progression, we profiled the macrophage polarization with flow 
cytometry. The analysis revealed that a great population of macrophages 
express high CD86 (M1 marker) from day 4 to day 12 after tumor im-
plantation (Fig. 2A and Figure S1D), which reached a maximum of about 

47% on the fourth day (Fig. 2B and Figure S1E). However, there were 
more macrophages with high expression of CD206 from day 12 after 
tumor implantation (Fig. 2A and Figure S1D), reaching a maximum of 
about 70% (Fig. 2C and Figure S1F). In agreement, the mRNA expression 
of M1 markers Tnfα, Il-1β, Nos2 were significantly higher in tumor with 
small size (day 8) while M2 markers including Arg1, Fizz1, and Mrc1 
presented higher levels in the tumor with large size (day 28) (Fig. 2D, 
Figure S1A and Figure S1B). 

Of note, the expression of Hif1α changed even earlier than the 
macrophage polarization markers (Figure S1). To explore whether Hif1α 
alters the function of macrophage under hypoxic condition, we added 
tumor conditioned medium to RAW264.7 cells to mirror the tumor 
microenvironment, followed by cobalt chloride (CoCl2) treatment 
(Figure S3A). As expected, the protein levels of Hif1α was significantly 
elevated under hypoxic condition (Figure S3B). Moreover, hypoxia led 
to a slight elevated percentage of CD206 positive cells, with a maximum 
of about 90% (Figure S3C, E). In contrast, the percentage of CD86 pos-
itive cells was mildly downregulated under hypoxic condition 
(Figure S3C, D). Furthermore, the expression of Vegfa, Vegfc, growth 
factors related to angiogenesis and tumor progression, had a pronounced 
increase, while there was no significant difference of Pdgf expression 
(Figure S3F-H). Together, these data indicate that elevated expression of 
Hif1α of macrophage under hypoxic condition might contribute to 
tumor progression through these angiogenic factors. In other words, 
Hif1α could be a candidate to reprogram macrophage for reverse im-
mune suppressive microenvironment. 

2.2. Epigenetically silencing of HIF1α via the CRISPR/dCas9-EZH2 
system 

Epigenetic modification including histone methylation plays an 
essential role in transcription. Enhancer of zeste 2 polycomb repressive 

Fig. 1. Expression of HIF1α in TAMs during tumor progression in B16-F10 
melanoma model. (A). Schematic of experimental design. Mice were subcu-
taneously injected with 5 × 105 B16-F10 cells. Tumors around 8 days post 
implantation were defined as small tumor size (STZ), while tumors at 28 days or 
later were defined as large tumor size (LTZ). (B). H&E staining of STZ and LTZ. 
The area circled by dotted yellow line indicates inflammatory cells and the area 
circled by dotted green line represent the tumor. Scale bars measure 100 μm 
(left) and 20 μm (right). Representative image of 4–6 mice of each group. (C). 
Immunofluorescence assay for co-localization of TAMs (red) and Hif1α (green). 
Nuclei were counterstained with DAPI. Scale bar, 20 μm (left) and 5 μm (right). 
(D). Hif1α mRNA expression in tumor tissues from early stage or late stage. Data 
are expressed as mean ± S.E.M. of three different experiments. *p < 0.05 by t- 
test. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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complex 2 (EZH2), a histone H3K27 methyltransferase, is the enzymatic 
component of the polycomb repressor complex 2 (PRC2), which controls 
chromatin condensation and represses gene expression [23]. Recently, 
structure-guided engineering of Cas9 and sgRNA based on crystallog-
raphy expanded the application of CRISPR/Cas9 to activate or repress 
transcription [24]. We thus engineered CRISPR/Cas9, with sgRNA 
bearing RNA stem-loop PP7, while the interacting RNA binding protein 
(PCP) fused with EZH2. The resultant CRISPR/dCas9-EZH2 epigenetic 
editing system consisted of three components: (i) sgRNA contains two 
copies of PP7 stem loops embedded in the scaffold; (ii) a deactivated 
Cas9 surrounded by two nuclear localization signals (NLS); (iii) PCP 
fused with EZH2 (Fig. 3A and B and Figure S4A). The PP7 modified 
sgRNA scaffold can thus be recognized by PCP, which in turn recruits 
EZH2 to the specific DNA region targeted by the sgRNA (Fig. 3B). To test 
the efficiency of CRISPR/dCas9-EZH2 epigenetic editing system, mac-
rophages were treated with dCas9-, PCP-EZH2-, and sgRNA-HIF1α-PP7-, 
expressing lentivirus or the controls. Western blot analysis revealed that 
dCas9 and PCP-EZH2 were substantially expressed in the groups infec-
ted with the corresponding lentiviruses (Fig. 3C). Meanwhile, sgRNA 
was extremely overexpressed after infection as expected (Figure S4C and 
Figure S4D). With the sgRNA targeting Hif1α, CRISPR-dCas9-EZH2 
editing system could effectively repress Hif1α transcription (Fig. 3D 
and E). Moreover, the decrease of Hif1α by the CRISPR/dCas9-EZH2 
targeting Hif1α system was stable (Figure S5). Altogether, these exper-
iments show that the expression of Hif1α in macrophages could be 

efficiently and persistently repressed by CRISPR/dCas9-EZH2 epigenetic 
editing system. Hereafter, the resultant macrophages were named as 
HERMs (Hif1α epigenetically repressed macrophages). 

2.3. Phenotype change of HERMs upon hypoxia 

In view of above data, we then explored whether HERMs displayed 
different expression profile of the angiogenic factors. BMDMs with 
different lentivirus infection (Ctrl, dCas9+EZH2, dCas9+EZH2+sg-Luci, 
dCas9+EZH2+sg-Hif1α) were exposed to tumor conditioned medium 
and CoCl2. Then, IFNγ and LPS were additionally added for M1-like 
polarization (Fig. 4A). Significant increase of the frequency of CD86+

cells was observed in HERMs (with the lentivirus expressing dCas9, PCP- 
EZH2, and sg-Hif1α), compared with other groups (Fig. 4B and C). For 
M2-like polarization, IL-4 was added (Fig. 4D). Flow cytometry revealed 
a substantial lower of population CD206+ cells in HERMs under hypoxic 
tumor microenvironment (Fig. 4E and F). Furthermore, a lower 
expression of growth factor Vegfa, Vegfc, and Pdgf were observed in 
HERMs compared with other groups (Fig. 4G–I). These data indicated 
that HERMs had significant difference with the control macrophages, 
and might have potent tumor-suppressive function in hypoxic tumor 
microenvironment. 

The detection and clearance of malignant cells via macrophage 
phagocytosis are interfered by the tumor microenvironmental cues such 
as hypoxia. To explore whether the HERMs unleash the macrophage 

Fig. 2. Differences of TAMs in tumors with varied sizes. (A). Representative flow cytometry analysis of CD86+ and CD206+ macrophages in the tumor tissues of 
small size (STZ) and large size (LTZ). (B and C). Quantification of CD86+ (B) or CD206+ (C) cells (n = 5 mice/group). *p < 0.05. (D). Expression levels of M1 and M2 
markers in the tumor tissues of STZ and LTZ. Data are expressed as mean ± S.E.M. of three different experiments. *p < 0.05 by t-test. 

Fig. 3. Epigenetic repression of Hif1α via 
CRISPR/dCas9-EZH2 system. (A). Compo-
nents of the CRISPR/dCas9-EZH2 targeting 
Hif1α system. The CRISPR/dCas9-EZH2 tar-
geting Hif1α system consists of three com-
ponents: (i) sgRNA with PP7 stem loops (in 
yellow) embedded in the scaffold (in orange) 
targeting Hif1α promoter or luciferase gene; 
(ii) a deactivated Cas9 (in green) surrounded 
by two nuclear localization signals (NLS) (in 
deep yellow); (iii) PP7 binding protein (in 
blue) combined with EZH2 (in grey). (B). 
Schematic illustration of the CRISPR/dCas9- 
EZH2 targeting Hif1α system. The sgRNA 
scaffold contains two copies of PP7 stem 
loops that protrude out of the dCas9-sgRNA 
complex. Dimerized PCP recognizes one 
PP7 stem loop which recruits four molecules 
of EZH2 (sgRNA + 2×PP7 + 4×PCP-EZH2). 
(C). Western blot analysis of dCas9 and PCP- 
EZH2 expression in macrophages treated as 
indicated. β-actin served as internal control. 
Images are representative of three indepen-
dent experiments. (D). Expression of Hif1α 
mRNA in the bone marrow-derived macro-
phages (BMDMs) treated as indicated. Data 

are expressed as mean ± S.E.M. of three different experiments. **p < 0.01 by one-way ANOVA. (E). Western blot analysis of HIF1α expression in BMDMs treated as 
indicated. Images are representative of three independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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phagocytosis, control or HERMs were labeled with DiI, while the B16- 
F10 cells were labeled with DiO, followed by incubation with pirar-
ubicin. Then, the DiI-labeled control or HERMs were cocultured with the 
DiO-labeled B16-F10 cells (Figure S6A). Fluorescent staining revealed 
more colocalization of HERMs with B16-F10 cells (Figure S6B), sug-
gesting that epigenetically repress Hif1α robustly promoted phagocy-
tosis of macrophage. All of these data indicated that HERMs displayed 
enhanced M1-like polarization and phagocytosis, suggesting a stronger 
anti-tumoral function of macrophage in vivo. 

2.4. HERMs suppress tumor progression in vivo 

Given the potent ex vivo effect of HERMs, we evaluated the efficacy 
of intratumor adoptive transfer of HERMs in the B16-F10 mouse mela-
noma model. To trace the cell distribution after intratumor adoptive 
macrophage transfer, GFP labeled bone marrow-derived macrophages 

from C57BL/6-Tg(CAG-EGFP)1Osb/J transgenic mice were used. As 
expected, GFP-MΦ were found substantially accumulated in the tumor 
till 12 d after intratumor injection (Figure S7A-C). Furthermore, there 
were some injected macrophages redistributed to the spleen and liver 
after intratumoral injection (Figure S8A-B). However, there were no 
obvious toxicity observed in the organs for all the control and HERMs, as 
revealed by HE staining (Figure S9). 

Since increased Hif1a expression occurred at about day 12 while 
macrophage polarization changed at about day 16 in the syngeneic 
model (Figure S1), we thus injected the control macrophages and 
HERMs at day 12 after inoculation (Fig. 5A). At day 32 after tumor 
implantation, the total amount of macrophages per tumor were gener-
ally comparable (Figure S10). However, there were robustly more M1 
and less M2 macrophages in HERMs treated group, when compared with 
that in MΦCtrl, MΦdCas9+EZH2, MΦdCas9+EZH2+sg− Luci groups (Fig. 5B–D). 
Together, these data show that HERMs were inclined to revert the tumor 

Fig. 4. Phenotype change of HERMs. (A). Schematic of ex vivo effect of CRISPR/dCas9-EZH2 targeting Hif1α system on M1-like polarization. Firstly, CoCl2 was 
added in BMDMs cultured in conditioned medium for 24 h before lentivirus infection (Ctrl, no sgRNA, sg-Luci or sg- Hif1α). After 3 days, IFN-γ and LPS were added 
for induction of M1-like polarization. (B). Flow cytometry analysis of CD86+ macrophages in BMDMs treated above. (C). Quantification of CD86+ macrophages in 
BMDMs treated as above. Data are expressed as mean ± S.E.M. of three different experiments. **p < 0.01. (D). Schematic of ex vivo effect of CRISPR/dCas9-EZH2 
targeting Hif1α system on M2-like polarization. CoCl2 was added in BMDMs cultured in conditioned medium for 24 h before lentivirus infection (Ctrl, dCas9+EZH2, 
dCas9+EZH2+sg-Luci, dCas9+EZH2+sg-HIF1α). After 3 days, IL-4 was added for M2-like polarization. (E). Flow cytometry analysis of CD206+ cells among CD11b+
and F4/80+ cells in BMDMs treated above. (F). Quantification of CD206+ cells among CD11b+ and F4/80+ cells in BMDMs treated above. Data are expressed as 
mean ± S.E.M. of three different experiments. *p < 0.05, **p < 0.01 by one-way ANOVA. (G–I). Expression level of Vegfa, Vegfc, Pdgf in BMDMs treated same as 
above. Data are expressed as mean ± S.E.M. of three different experiments. *p < 0.05, **p < 0.01 by one-way ANOVA. 
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suppressive microenvironment. 
To further analyze the effects of HERMs on tumor progression, 

luciferase expressing B16-F10 cells were inoculated in C57BL/6J mice 
(Fig. 6A). Bioluminescence imaging revealed that all mice injected with 
the HERMs had a visible decrease of tumor size compared to control 
macrophages (Fig. 6B). Consistently, the tumor mass was much smaller 
after HERMs treatment (Fig. 6C). Notably, the tumor showed no more 
growth in mice injected with the HERMs (Fig. 6D). And the mice treated 
with HERMs had much larger survival rate (Fig. 6E). To study the further 
immunotherapeutic activity of HERMs, we inoculated B16 melanoma 
cells bilaterally in syngeneic mice and injected HERMs into the left 
tumor lesion (Fig. 7A). As expected, injection of HERMs could also 
initiate anti-tumor immunization and remove remote tumors in the 
contralateral side (Fig. 7B and C). These data suggest that the HERMs 
dramatically repress tumor progression. 

2.5. Functional mechanisms of HERMs in inhibiting tumor progression 

In the following experiments, we asked whether intratumor transfer 
of the HERMs has positive effects on the immune response to the tumor. 
To this end, HERMs and control macrophages were injected at 12 days 
after tumor cell inoculation as mentioned above and the immune 
response was systemically analyzed at day 32 (Fig. 8A). There were 
elevated levels of inflammatory cells in tumor injected with the HERMs 
(Figure S11A-B). Immunofluorescence showed that HERMs treatment 
significantly enhanced a notable elevation of CD3 positive T cells in 
tumors (Fig. 8B and C). Similarly, the expression of T cell-related cyto-
kines Ifn-γ, Il-2, and Tnfβ were strikingly increased in the HERMs 
treatment group (Fig. 8D). Furthermore, flow cytometry results 
demonstrated that treatment of HERMs led to a significant increase of 
total T cells, CD8+ T cells (Fig. 8E–I), while the fraction of CD4+ T cells 
slightly reduced (Fig. 8F, J). Notably, the proliferation marker Ki67 in 
CD3+ T cells from the tumors was much higher in HERMs group (Fig. 8G, 
K). 

Immune checkpoints and Treg can mediate an immunosuppressive 
microenvironment and hence significantly limit the efficacy of anti- 
tumor immune effects [25,26]. We hypothesized that HERMs could 
unleash the immune suppression by negative regulation of the immune 
checkpoints and Tregs. Remarkably, treatment of HERMs significantly 
decreased the expression of PD1 (Fig. 9A, C). Additionally, intratumor 
adoptive transfer of HERMs decreased the fraction of FOXP3

+ Treg cells 
(Fig. 9B, D). These data indicated that the HERMs remarkably activate 
effective T cells and reverse immune suppression via inhibiting immune 
checkpoint PD-1 and suppressing Tregs. Additionally, treatment of 
HERMs had significantly reduced blood vessels (Fig. 10A–F). These 
findings indicate that the HERMs might suppress angiogenesis of mel-
anoma in addition to unleash the tumor immune response. 

In this study, we first demonstrated that activated Hif1α in TAMs 
promoted tumor progression by altering the anti-tumoral effect of 
macrophage. Next, we have engineered macrophages with Hif1α 
silenced via CRISPR/dCas9 mediated EZH2 recruitment on the promoter 
region. The resultant HERMs significantly repress tumor progression in 
the following three ways: 1) rescuing the tumoricidal effect of macro-
phage and promoting phagocytosis of macrophages; 2) activating 
effective T cells and unleashing immune suppression in the tumor 
microenvironment; 3) inhibiting tumor angiogenesis (Fig. 10G). 

TAMs are the most abundant inflammatory immune cells in the TME, 
which secret various cytokines, growth factors, chemokines as well as 
inflammatory mediators. With these factors, TAMs enhance the process 

Fig. 5. HERMs treatment remodel the macrophage profile in vivo. (A). 
Schematic of experimental design. Mice were transplanted with 5 × 105 B16- 
F10 by subcutaneous injection. Macrophages were intratumor injected at 12 
days after tumor cell implantation and the phenotype of macrophage was 
measured at 32 days after implantation. (B). Flow cytometry analysis of CD86+

and CD206+ cells among CD11b+ and F4/80+ cells in tumor tissues injected 
with Ctrl-MACs, free sgRNA-MACs, sg-Luci-MACs or HERMs. (C and D). 
Quantification of CD86+ (C) or CD206+ (D) cells among CD11b+ and F4/80+

cells in tumor tissues treated as above (n = 5 mice/group). *p < 0.05. 

Fig. 6. HERMs inhibit tumor progression in 
B16-F10 melanoma model. (A). Schematic of 
experimental design. Mice were transplanted with 
5 × 105 B16-F10 transfected with luciferase 
plasmid by subcutaneous injection. Macrophages 
were intratumor injected at 12 days after tumor 
cells implantation and analysis was measured at 48 
days after implantation. (B). In vivo fluorescence 
imaging of C57BL/6 mice injected with B16-F10 
cells transfected with luciferase plasmid. Data are 
expressed as mean ± SEM (n = 5 mice/group). (C). 
Direct observation of the tumor size treated with 
MΦCtrl, MΦdCas9+EZH2, MΦdCas9+EZH2+sg− Luci, the 
MΦdCas9+EZH2+sg− HIF1α (HERM), respectively. Data 
are expressed as mean ± SEM (n = 8 mice/group). 
**p < 0.01. (D). Tumor growth over time following 
intratumor injection of MΦCtrl, MΦdCas9+EZH2, 
MΦdCas9+EZH2+sg− Luci, the MΦdCas9+EZH2+sg− HIF1α 

(HERM), respectively. (n = 10 mice/group). *p <
0.05, **p < 0.01. (E). Mouse survival curve 
following injection of cells like in (D). (n = 10 
mice/group). *p < 0.05.   
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Fig. 7. HERMs inhibit contralateral tumor 
progression in B16-F10 melanoma model. (A). 
Schematic of experimental design. Mice were 
transplanted with B16-F10 cells bilaterally. Mac-
rophages were intratumorally injected into the left 
tumor at 12 days after tumor cells implantation. 
(B). Tumor growth in the treatment side over time 
following intratumoral injection of MΦCtrl, 
MΦdCas9+EZH2, MΦdCas9+EZH2+sg− Luci, the 
MΦdCas9+EZH2+sg− HIF1α (HERM), respectively. (n =
5 mice/group). *p < 0.05 by two-way ANOVA. (C). 
Tumor growth in the contralateral side. (n = 5 
mice/group). *p < 0.05, **p < 0.01 by two-way 
ANOVA.   

Fig. 8. HERMs activate T cells in the tumor microenvironment. (A). Schematic representation of the experimental design. Mice were transplanted with 5 × 105 

B16-F10 by subcutaneous injection. Macrophages were intratumor injected at 12 days after tumor cells implantation and immunophenotype was measured at 32 days 
after implantation. (B). Immunofluorescence assay of CD3 in tumor tissues treated with MΦCtrl, MΦdCas9+EZH2, MΦdCas9+EZH2+sg− Luci, the MΦdCas9+EZH2+sg− HIF1α 

(HERM). Images are representative of three independent experiments. Scale bar: 50 μm. (C). Quantification data of B (n = 3 mice/group). *p < 0.05 by one-way 
ANOVA. (D). Expression level of T cell activation cytokines Ifnγ, Il-2, Tnfβ in tumors treated like in B. Data are expressed as mean ± S.E.M. of three different ex-
periments. *p < 0.05, **p < 0.01 by one-way ANOVA. (E–G). Flow cytometry analysis of CD3 (E), CD4, CD8 (F) and proliferation marker Ki67 (G) in tumor tissues 
injected with cells like in B. Images are representative of eight independent experiments. (H-K). Quantification data of E-G (n = 8 mice/group). *p < 0.05, **p < 0.01 
by one-way ANOVA. 
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of angiogenesis, invasion, metastasis, and immunosuppression, which 
allow tumor progression. In situ reprogramming of endogenous TAMs 
provides an opportunity to rebalance the tumor microenvironment for 
enhanced cancer immunity. For example, studies have shown that anti- 
CD47 antibodies [27,28], toll-like receptor agonist [29], anti-CD40 an-
tibodies [30], histone deacetylase inhibitors [31], anti-MARCO antibody 
therapy [32], PI3Kγ inhibitors [33] and inhibition of related miRNAs 
[34] are intensively studied strategies for TAMs repolarization [16]. 
Recently, adoptive macrophage transfer exhibit an effective therapeutic 
way for liver fibrosis [35], opioid-mediated neuropathic pain [36], 
multidrug-resistant bacterial sepsis [37], and tuberculosis [38]. What’s 
more, studies demonstrated that injection of ex vivo educated macro-
phages would hijack existent macrophage recruiting signals and activate 
immune system to destroy the tumor [39–41]. The macrophage can also 
be considered as delivery vehicles for loading modified therapeutic 
micro and nanomaterials for cancer therapy [39,42]. Our study here has 
further confirmed that adoptive transfer of HERMs into tumor tissues 
significantly alters TME from immune-suppressive to 
immune-promoting for enhanced cancer immunotherapy. 

Hypoxia is emerging as a hallmark factor of the tumor microenvi-
ronment in regulation of glucose metabolism, tumor cell proliferation, 
differentiation, apoptosis, and angiogenesis [43]. The hypoxia-inducible 
transcription factors HIF1 and HIF2 are activated under low oxygen 
tensions associated with tumor progression, metastasis, and therapeutic 
resistance [44,45]. It has been revealed that HIF1α mediated lactic acid 
production is able to induce VEGF expression and M2-like polarization 
in TAMs [46,47]. Beyond hypoxia, some other studies demonstrated that 
metabolites of tumor microenvironment can stabilize HIF1α, and thus 
activate M2-polarized macrophages [47,48]. Consistently, we here 
confirmed that silence of HIF1α could revert the tumor suppressing 
microenvironment. 

It should be noted that a recent excellent study suggested that hyp-
oxia is fine-tune regulator rather than a driving force of TAM subset 
differentiation in mouse lung carcinoma tumors [49]. In their study, the 
found that hypoxia is not a major driver of TAM subset differentiation, 
but rather specifically fine-tunes the phenotype of M2-like MHC-IIlo 

TAM, while the latter is consistent with our study that HERMs enhance 
the tumor immunity [49]. In another study, hypoxia promoted macro-
phage polarization towards the M2 phenotype via p38 signaling rather 
than HIF [50]. The inconsistence might be due to the differences of the 
tumor type. It is also important to note that hypoxia and glycolysis 
promotes M1 polarization in sterile inflammation and infection at least 
via HIF1α [44,51], suggesting the specific role of HIF1α in TAMs. 
Further clarification of the detailed mechanisms governing the differ-
ences would be possibly reveal novel target for macrophage remodeling 
towards high efficacy and low off-target effects. 

In this study, we have revealed that HERMs with HIF1α silenced 
significantly revert the suppressive immune microenvironment. Beyond 
skewing the balance between M1 and M2, there should be some other 
mechanisms for the enhanced cancer immunity. It is widely accepted 

that TAMs affect immune microenvironment in multiple ways. TAMs- 
induced immunosuppression is mediated by the expression of inhibi-
tory receptors, including PD-L1, PD-L2 and non-classical major histo-
compatibility complex (MHC) class I (MHC-I) molecules which inhibit T 
cells and NK cells functions [26]. TAMs also secrete several cytokines 
with the function of maintaining a strong immunosuppressive micro-
environment by inducing regulatory T (Treg) cell expansion. Further-
more, although antibody-dependent cellular phagocytosis (ADCP) by 
macrophages functions importantly in the antibody based cancer im-
munity, ADCP could also induce immunosuppression by inhibiting NK 
cell-associated antibody-dependent cellular cytotoxicity (ADCC) and T 
cell-related cytotoxicity, as seen in breast cancers and lymphomas [52]. 
It is thus interesting to test whether HIF1α interacts with the above 
molecules or pathways. Notably, HERMs inhibit angiogenesis signifi-
cantly via VEGF inhibition. It is reasonable to deduce that the remodeled 
TME might be involved in the role of HERMs reverting the tumor sup-
pressive microenvironment. 

As to the engineering strategy, we applied CRISPR/dCas9 based 
epigenome editing strategy to silence the transcription of HIF1α in 
macrophages. It is widely accepted that epigenome plays a central role 
in regulating gene expression associated with numerous disorders 
including various types of cancers [53]. As more and more epigenetic 
marks discovered, studies have revealed ubiquitous applicability of 
epigenetic editing in manipulating gene expression. Engineering of zinc 
finger proteins (ZFPs) and transcription activator-like effectors (TALEs) 
are considered as the first gene-editing molecules for site-specific 
chromatin modifications. However, these protein-DNA inter-
action-based programmable control requires laborious engineering of 
different proteins which limits its large-scale applications [54]. Recently 
developed CRISPR/(d)Cas9 system is becoming the most commonly 
employed epigenetic editing tool with the advantages of high efficiency, 
specificity, versatility, and ease of use [55]. In the current study, we 
silenced HIF1α in macrophages by recruiting H3K27 methyltransferase 
EZH2 to Hif1α promoter with the CRISPR/Cas9 system. Of note, the 
resultant HERMs are reluctant to hypoxia and the feature could be 
inheritable to the daughter cells, making the strategy good candidate for 
adoptive transfer in immunotherapy. 

3. Conclusion 

In summary, we here identified that HIF1α was activated in the 
tumor associated macrophages and acted as an important factor for the 
immune suppressive microenvironment. Moreover, we have developed 
an epigenetically reprogrammed macrophage (HERMs) by targeted 
silencing Hif1α epigenetically in macrophages via CRISPR/dCas9 
mediated recruitment of EZH2. Intratumoral injection of the HERMs 
remarkably restores both the innate and adaptive immune defense, re-
verts immunosuppression and destroys the tumor. Together, the pro-
posed HERMs set a good example reverting the immune suppressive 
microenvironment for cancer immunotherapy. 

Fig. 9. HERMs unleash immune suppres-
sive microenvironment. (A). Flow cytom-
etry analysis of immune checkpoint PD1 in 
tumor tissues treated with MΦCtrl, 
MΦdCas9+EZH2, MΦdCas9+EZH2+sg− Luci, the 
MΦdCas9+EZH2+sg− HIF1α (HERM). Images are 
representative of eight independent experi-
ments. (B). Flow cytometry analysis of Treg 
marker FOXP3 in tumor tissues treated with 
MΦCtrl, MΦdCas9+EZH2, MΦdCas9+EZH2+sg− Luci, 
the MΦdCas9+EZH2+sg− HIF1α (HERM). Images 
are representative of eight independent ex-
periments. (C and D) Quantification data of 
A and B (n = 8 mice/group). *p < 0.05 by 
one-way ANOVA.   
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Fig. 10. HERMs inhibit tumor angiogenesis in B16-F10 melanoma model. (A). Representative immunofluorescence images of CD31 expression in tumors injected 
with MΦCtrl, MΦdCas9+EZH2, MΦdCas9+EZH2+sg− Luci, MΦdCas9+EZH2+sg− HIF1α (HERM). n = 3. Scale bar: 50 μm. (B and C). Quantification data of A (n = 3 mice/group). 
*p < 0.05, **p < 0.01 by one-way ANOVA. (D–F). Expression level of Vegfa, Vegfc, Pdgf in tumor tissue treated above. Data are expressed as mean ± S.E.M. of three 
different experiments. *p < 0.05, **p < 0.01 by one-way ANOVA. (G). Graphic illustration of the study. Under hypoxia microenvironment, macrophages are educated 
to promote cancer progression via inhibiting cancer immunity and enhancing angiogenesis. In contrast, the engineered HERMs (Hif1α Epigenetically Repressed 
Macrophages) are reluctant to the hypoxic microenvironment and significantly repress tumor progression via unleashing immune suppression and inhibiting tumor 
angiogenesis. 
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4. Materials and methods 

4.1. Human melanoma samples 

Human melanoma samples were obtained from 6 patients with 
newly diagnosed melanoma. All the patients signed an informed consent 
form. All specimen acquisition was approved by the Ethics Committee of 
Fourth Military Medical University. 

4.2. Mice 

C57BL/6 (8–12 weeks old) male mice were obtained from Fourth 
Military Medical University. C57BL/6-Tg (CAG-EGFP)1Osb/J mice 
(stock No: 003291) were purchased from “The Jackson Laboratory”. 
Housing and experimental animal procedures were approved by Animal 
Experimentation and Ethics Committee of Fourth Military Medical 
University. 

4.3. Bone marrow-derived macrophages (BMDMs) isolation and 
stimulation 

Carbon dioxide was used to euthanize C57/BL6 male mice aged 8–12 
weeks. The muscles surrounding the tibia and femur were stripped. The 
intact tibia and femur were collected in DMEM supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin (Hyclone). Then, the 
ends of bones were cut and the bone marrow was flushed in a 10 cm 
plate. The ACK lysis buffer (Sangon Biotech) were added in the plate for 
5 min and followed centrifugation of 1000 rpm × 5 min. Next, Bone 
marrow single cell suspension was plated in a 10 cm plate with bone 
marrow macrophage generated media (Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum, 1% 
penicillin/streptomycin (Hyclone), and 20 ng/ml M-CSF (Sino Biolog-
ical Inc. Beijing)). Three days after seeding, an extra 10 mL of fresh 
media was added and incubated for an additional 3 days. To stimulate 
BMDMs to M1-or M2-like macrophages, lipopolysaccharide (LPS, 50 ng/ 
ml, Sigma) and IFN-γ (20 ng/ml) or IL-4 (20 ng/ml, PeproTech, Rocky 
Hill, CT) was added and incubated for 24 h. 

4.4. Cell culture 

B16-F10 cells, HEK293T cells and RAW 264.7 cells were originally 
purchased from ATCC. Cell lines were cultured in complete media 
containing high glucose Dulbecco’s modified Eagle medium (DMEM) 
with 10% fetal bovine serum and 1% penicillin/streptomycin (Hyclone) 
in a humidified incubator with 5% CO2 at 37 ◦C. For hypoxia induction, 
RAW264.7 or BMDMs were cultured in conditioned DMEM medium 
containing 150 μM CoCl2 for 24h. 

4.5. Plasmid construction 

Lentiviral U6-driven sgRNA-PP7 plasmid was generated by replacing 
sgRNA-MS2 cassette of lenti sgRNA(MS2)_zeo backbone (Addgene 
#61427) with sgRNA-PP7. The sgRNAs for luciferase gene or Hif1α 
employed in this study were designed according to the SAM protocol 
(http://sam.genome-engineering.org/protocols/) and can be found in 
Supplementary Table 1. The nuclease-null dCas9 with point mutations 
D10A and H840A was amplified from lenti dCAS-VP64_Blast (Addgene 
#61425) and subcloned into pWPI (Addgene #12254). The plasmid 
expressing PCP-EZH2 was synthesized in Genscript and subcloned into 
pWPI plasmid under the EF1α promoter. The sequences and primers 
used were listed in Supplementary Table 1. 

4.6. Lentivirus packaging 

HEK293T cells were seeded in 6-well plates and incubated at 60%– 
80% confluency. Cells were respectively transfected with the target PCP- 

EZH2, dCas9, sgRNA-luciferase-PP7 and sgRNA-Hif1α-PP7 plasmids, 
and the standard packaging plasmid (psPAX2), envelope plasmid 
(pMD2.G), and at a 4:3:1 mass ratio by Lipofectamine 2000 (Thermo 
Fisher) according to the manufacturer’s protocol. Cells were then 
incubated at 37 ◦C, 5% CO2 and the lentiviruses in supernatants were 
collected after 48 h. 

4.7. Virus infection and macrophage engineering 

RAW 264.7 cells or BMDMs were seeded in 6-well plates and incu-
bated at 37 ◦C, 5% CO2 overnight. While approximately 60%–70% were 
confluent, cells were infected with the lentiviruses expressing PCP- 
EZH2, dCas9 and sgRNA-PP7 at a 1:1:1 ratio, and medium containing 
8 μg/mL polybrene (Sigma, St. Louis, USA). After 24 h infection, cells 
were replaced with fresh medium. 

4.8. Tumor model and intratumor macrophage injection and treatments 

C57BL/6 mice were inoculated s. c. with 5 × 105 B16 cells into the 
right side of the ventral armpit and 1 × 105 B16 cells into the contra-
lateral side The engineered 3 × 106 macrophages were intratumoral 
injected at the left side 12 days after the construction of the tumor- 
bearing mouse model. Tumor growth was monitored by measuring 
tumor length (L) and short (S) with a sliding caliper (tumor size = L × S2 

× 0.5). At the end of the experiments, the mice were sacrificed, and the 
tumors were excised for further analysis. 

4.9. Western Blotting 

Samples were lysed by RIPA buffer with phenylmethylsulfonyl 
fluoride (PMSF) protease inhibitor (Thermo Fisher). Protein samples 
were resolved by SDS-PAGE and transferred onto NC membrane. The 
membrane was first incubated with primary antibodies against HIF1α 
(1:1000) (Cell Signaling Technology, Danvers, USA), Cas9 (1:1000) 
(Abcam, Cambridge, UK), PCP (1:1000) (Abcam, Cambridge, UK), or 
internal control β-actin (Abcam, Cambridge, UK). Then, the membrane 
was incubated with the secondary antibody (Cell Signaling Technology, 
Danvers, USA). The bands were visualized by enhanced chem-
iluminescence assay (ECL, Thermo). 

4.10. qRT-PCR assay 

Total RNA was isolated from cells of tumor tissues by Tripure 
Isolation Reagent (Roche, Basel, Switzerland) according to the manu-
facturer’s instructions. Transcriptor Reverse Transcriptase Kit (Roche) 
was used for total RNA reverse transcription. qRT-PCR was performed 
using FastStart Essential DNA Green Master Kit (Roche). The sgRNA- 
luciferase-PP7 and sgRNA-HIF1α-PP7 were measured by qRT-PCR 
using miRcute miRNA First-Strand cDNA Synthesis Kit and miRcute 
miRNA SYBR Green qPCR Detection Kit (Tiangen). Data were collected 
and analyzed using Roche LightCycler 96 qPCR system (Roche). RNA 
expression was normalized to β-actin or U6 respectively. Relative 
expression was calculated with the 2− ΔΔCt method. The primers used 
were listed in Supplementary Table 2. 

4.11. Flow cytometry analysis 

For flow cytometry, Zombie Violet™ Fixable Viability Kit (Bio-
Legend) or 7AAD Viability Kit (BioLegend) were used as a live/dead 
marker. The surface stained with the following antibodies obtained from 
BioLegend: the matching isotype controls, APC/Cyanine7 anti-mouse 
CD45 Antibody, PE-anti-mouse CD3e, FITC anti-mouse CD4, PE/Cy7 
anti-mouse CD8a, Alexa Fluor® 647 anti-mouse CD279 (PD-1), APC- 
anti-mouse CD11b, FITC-, Percp/Cyanine-anti-mouse-F4/80, PE-anti- 
mouse CD86, PE-anti-mouse CD206. The intracellular staining cells 
were firstly permeabilized after surface staining with Intracellular 
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Staining Perm Wash Buffer (BioLegend) for 20 min according to the 
manufacturer’s instructions and then stained with Alexa Fluor® 647 
anti-mouse/human Ki-67, Alexa Fluor® 647 anti-mouse FOXP3. 

For flow cytometry of RAW264.7 cells or BMDMs, the CD11b posi-
tive and F4/80 positive cells were firstly identified and gated by the 
expression of CD86 or CD206. Tumor tissues were excised and made into 
single cell suspensions, the CD45 positive cells were initially identified 
and gated by the expression of CD4 and CD8, PD1, Ki67, or FOXP3. All 
samples were performed by the FACS Canto II (BD Biosciences) or 
CytoFLEX (Beckman Coulter) cytometers. Data were further analyzed by 
FlowJo V10 software. 

4.12. Bioluminescence imaging 

The B16-F10 luciferase cell line was generated by stably transfected 
with luciferase expressing vector pSBbi-pur (Addgene #60523) and 
pCMV (CAT)T7-SB100 (Addgene #34879) by Lipofectamine 2000 
(Thermo Fisher). C57BL/6 (8–12 weeks old) male mice were inoculated 
with 5 × 105 B16-F10 cells. Twelve days later, mice were injected with 
engineered macrophages. Four days after macrophage injection, Xeno-
Light D-Luciferin Potassium Salt (PerkinElmer) was intra-peritoneally 
injected at 10 μL/g of body weight for each mouse. Images were 
detected by an IVIS Lumina II in vivo imaging system (PerkinElmer, 
Thermo Fisher, US) 10–15 min after injection. 

4.13. Examination of macrophage phagocytosis 

The RAW 264.7 cells were infected with lentivirus expressing PCP- 
EZH2, dCas9 and sgRNA-PP7 plasmids. Three days later, pretreated 
RAW264.7 cells were labeled with 5 μM DiI (Life Technologies). 
Meanwhile, B16-F10 cells were labeled by incubation with 5 μM DiO 
(Life Technologies). And then, 10 μM pirarubicin (Sigma) was added in 
B16-F10 cells for 2 days. The DiI-labeled RAW264.7 cells were scraped 
from the plate, followed by addition into the plate with DiO-labeled B16- 
F10 cells. After 4 h co-culture, cells were washed and fixed in 4% PFA 
(Sigma) for 15 min before labeled nuclei by DAPI (Sigma). Samples were 
observed by a Nikon A1 Spectral Confocal Microscope (Nikon). 

4.14. H&E staining and immunofluorescence 

Mice were sacrificed and tissues of interest were dissected. Tissues 
were fixed in 4% PFA (Thermo Fisher), mounted in paraffin blocks, and 
sliced at 8 μm. The sections of the tissues were stained with H&E. For 
antibody blockade, the sections were blocked with 5% normal goat 
serum (Gibco) or CD68 (Abcam), HIF1α (CST) F4/80 (Abcam), CD31 
(Abcam), CD3 (Abcam). Images were observed by a Nikon A1 Spectral 
Confocal Microscope (Nikon). 

4.15. Statistics 

Results were expressed as mean ± SD or mean ± SEM as indicated 
and analyzed by student’s t-test for two-group comparison or ANOVA 
for more than three groups. Significance for survival was analyzed by 
Kaplan-Meier with log-rank analysis. Differences were considered to be 
significant at P < 0.05. 
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R. Besla, B. Mazer, I.L. King, A. Nijnik, C.S. Robbins, L.B. Barreiro, M. Divangahi, 
BCG educates hematopoietic stem cells to generate protective innate immunity 
against tuberculosis, Cell 172 (1–2) (2018) 176–190, e19. 
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