Cell Repo_rts_
Medicine

Thymosin a1 reverses oncolytic adenovirus-induced
M2 polarization of macrophages to improve
antitumor immunity and therapeutic efficacy

Graphical abstract Authors

Kua Liu, Lingkai Kong, Huawei Cui, ...,
NormiUME OVS+T°;1 fat-armed Ovs Xiaosong Gu, Chunping Jiang, Junhua Wu
oL G o;/&
Correspondence
nervegu@ntu.edu.cn (X.G.),
chunpingjiang@163.com (C.J.),
wujunhua@nju.edu.cn (J.W.)
8+T cells Tumor cells
Anti-inflammatory | - .
Tregs cytokines P ' @' In brief
@ N Qo 2NN = Liu et al. report that the type V adenovirus
R . )‘vﬂpfwatory. / ‘E"x (ADV) induces M2 polarization of tumor-
4 cytokines = associated macrophages in a direct cell
< 8 j 5 { i ADVTa contact-dependent manner. Tal
.‘@ . -y : reprograms ADV-induced “M2-like”
f‘[y)[v / i Tat macrophages toward an antitumoral
e g phenotype, thereby reprogramming the
\ umoral// TME into a state more beneficial for
\ “cold” TME [ | antitumor immunity.
) .
(™, Reprogramming /"1
y - o \
7y ~__~ “hot” TME
Highlights

e ADV-infected tumor cells induce M2 polarization of TAMs,
requiring direct cell contact

e Thymosin alpha 1 (Ta1) improves the antitumor efficacy of
oncolytic adenovirus

e Tal orchestrates TAMs to drive antitumor CD8* T cell
immunity during OV treatment

e Potential clinical translation of ADV™ in improving outcomes
for patients with cancer

Liu et al., 2024, Cell Reports Medicine 5, 101751
October 15, 2024 © 2024 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.xcrm.2024.101751

¢? CellPress


mailto:nervegu@ntu.edu.cn
mailto:chunpingjiang@163.com
mailto:wujunhua@nju.edu.cn
https://doi.org/10.1016/j.xcrm.2024.101751
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2024.101751&domain=pdf

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

Thymosin a1 reverses oncolytic adenovirus-induced
M2 polarization of macrophages to improve
antitumor immunity and therapeutic efficacy

Kua Liu,"* Lingkai Kong,'* Huawei Cui,"* Lougian Zhang,-* Qilei Xin,? Yan Zhuang, Ciliang Guo,’ Yongzhong Yao,®
Jingiu Tao,® Xiaosong Gu,?* Chunping Jiang,"->* and Junhua Wu'2-5*

1State Key Laboratory of Pharmaceutical Biotechnology, National Institute of Healthcare Data Science at Nanjing University, Jiangsu Key
Laboratory of Molecular Medicine, Division of Hepatobiliary and Transplantation Surgery, Department of General Surgery, Nanjing Drum
Tower Hospital, the Affiliated Hospital of Medical School, Medical School & School of Life Sciences, Nanjing University, 22 Hankou Road,
Nanjing 210093, China

2Jinan Microecological Biomedicine Shandong Laboratory, Shounuo City Light West Block, Jinan, China

3Division of Breast Surgery, Department of General Surgery, Nanjing Drum Tower Hospital, The Affiliated Hospital of Medical School, Nanjing
University, Nanjing 210000, China

4These authors contributed equally

5Lead contact

*Correspondence: nervegu@ntu.edu.cn (X.G.), chunpingjiang@163.com (C.J.), wujunhua@nju.edu.cn (J.W.)
https://doi.org/10.1016/j.xcrm.2024.101751

SUMMARY

Although oncolytic adenoviruses are widely studied for their direct oncolytic activity and immunomodulatory
role in cancer immunotherapy, the immunosuppressive feedback loop induced by oncolytic adenoviruses re-
mains to be studied. Here, we demonstrate that type V adenovirus (ADV) induces the polarization of tumor-
associated macrophages (TAMs) to the M2 phenotype and increases the infiltration of regulatory T cells
(Tregs) in the tumor microenvironment (TME). By selectively compensating for these deficiencies, thymosin
alpha 1 (Ta1) reprograms “M2-like” TAMs toward an antitumoral phenotype, thereby reprogramming the
TME into a state more beneficial for antitumor immunity. Moreover, ADV'™! is constructed by harnessing
the merits of all the components for the aforementioned combinatorial therapy. Both exogenously supplied
and adenovirus-produced Ta1 orchestrate TAM reprogramming and enhance the antitumor efficacy of ADV
via CD8* T cells, showing promising prospects for clinical translation. Our findings provide inspiration for

improving oncolytic adenovirus combination therapy and designing oncolytic engineered adenoviruses.

INTRODUCTION

Cancer is a major disease affecting human health and has
become the second leading cause of death worldwide.! Over
the past few decades, many cancer immunotherapies, including
monoclonal antibodies, adoptive cell therapies, checkpoint in-
hibitors, and oncolytic viruses (OVs), have emerged as the
most promising therapies for cancer treatment because of their
ability to provide a long-lasting and effective clinical response
for patients with cancer.>®

OVs are a new class of immunotherapy agents that can pro-
mote tumor regression by preferentially replicating in tumor
cells, inducing immunogenic cell death, and stimulating host
antitumor immunity.*® Adenovirus is one of the most studied
and promising OVs, and numerous clinical trials on adenovirus
are currently being conducted.” Unfortunately, oncolytic ade-
noviruses usually produce limited antitumor efficacy due to
some potential limitations of the adenovirus itself, including
antiviral immune responses, off-target infection, and the induc-
tion of an immunosuppressive feedback loop.2'° Many types

of engineered biomaterials have been developed as systematic
delivery tools to protect adenoviruses from immune clearance
in the blood and to enhance tumor homing."'~'® However, the
induction of an immunosuppressive feedback loop by adeno-
virus, as well as the therapeutic strategies to compensate for
these deficiencies, remains poorly studied. In the present
study, we observed that treatment with type V adenovirus
(ADV) (a selective replicating type V adenovirus whose biolog-
ical function has been demonstrated in previous studies'®)
induced macrophages to polarize toward an “M2-like” pro-tu-
moral phenotype and resulted in an expansion of regulatory
T cells (Tregs).

For enhanced antitumor efficacy of oncolytic adenoviruses,
current treatments mainly involve combination with at least one
other treatment or anticancer drug, such as immune checkpoint
inhibitors, cytokines, cell therapy, and cyclophosphamide, or
modification of the adenovirus using genetic engineering.'*"”
Compared with some direct “two-stones-kill-one-bird” treat-
ment strategies, exploring the therapeutic disadvantages of on-
colytic adenoviruses during treatment and then compensating
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for these deficiencies through combination therapy or genetic
modification may be a better prospective therapeutic approach.

Thymosin alpha 1 (Te.1), a thymus-derived immunomodulatory
peptide, is widely believed to regulate the immune activity of
innate immune cells, such as polymorphonuclear leukocytes,
dendritic cells (DCs), and macrophages.'®'® Notably, a recent
study has shown that Ta.1 improves the curative effect of chemo-
therapy by reversing efferocytosis-induced M2 polarization of
macrophages via activation of the TLR7/SHIP1 axis.*°

Based on our findings of the transformation of tumor-associ-
ated macrophages (TAMs) to the M2 phenotype, increased im-
mune infiltration of Tregs within the tumor microenvironment
(TME) after ADV treatment, and the ability of Ta.1 to modulate im-
mune cells in previous studies,’®'® we hypothesize that Ta1
could enhance antitumor efficacy by reversing the ADV-induced
expansion of immunosuppressive cells, and we confirm this hy-
pothesis in a variety of solid tumor models and in vitro cell exper-
iments. Furthermore, we engineer a recombinant oncolytic
adenovirus (ADV™) expressing Ta1, which has superior immu-
nomodulatory effects and antitumor efficacy compared to com-
bination therapy, demonstrating good potential for clinical
application. Collectively, our study identifies the advantages of
oncolytic adenovirus combination immunotherapy and the
design of oncolytic engineered adenoviruses.

RESULTS

ADV inhibits tumor growth and increases immune
infiltration with the expansion of Tregs and “M2-like”
macrophages in the TME
Using a breast cancer model to test the antitumor potential of
ADV (Figure 1A), we found that intra-tumoral injection of ADV effi-
ciently restrained tumor growth in BALB/c wild-type (WT) mice
relative to that of the PBS group (Figure 1B), and no significant
toxicity was observed during the treatment, as shown by mouse
body weight (Figure 1C). In addition, we found that oncolytic
adenovirus therapy effectively prolonged survival (Figure 1D).
The therapeutic effect of ADV in vivo is due not only to its direct
oncolytic function but also to increased immune infiltration in the
TME.?"*? Therefore, we next assessed the systemic immuno-
regulatory consequences of ADV administration throughout tu-
mor development via profiling the immune response at an early,
intermediate, and late time points. With the flow cytometry
gating strategy to analyze immune cells in the 4T1 model and
H22 model (Figures S2A-S2D), we observed that ADV treatment
effectively transformed the tumor from “cold” to “hot,” which
was characterized by increases in the percentages and absolute
number of CD3*CD4" T cells, CD3*CD8" T cells, and CD11b*F4/
80" macrophages at all time points assessed (Figures 1E-1G
and S1B-S1D), However, the ADV group and the PBS group
had comparable populations of natural killer (NK) cells and
DCs at all time points assessed (Figures 1H, 1l, ST1E, and S1F).
Notably, ADV treatment led to an expansion of CD25*Foxp3*
Tregs in the 4T1 model and H22 model at all time points as-
sessed (Figures 1J and S1G). Similarly, ADV treatment reprog-
rammed “M1-like” macrophages into “M2-like” macrophages
within the TME (Figures 1K, 1L, S1H, and S1l). Furthermore,
the percentages and number of CD4* T cells and CD8* T cells
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changed within the spleen only at the early point after ADV treat-
ment, and there were no differences at intermediate and late time
points in the 4T1 model (Figure 1M). Interestingly, the percent-
ages and number of CD4* T cells and CD8"* T cells within the
spleen did not change at all time points assessed in the H22
model (Figures S1J and S1K). Based on these results, we
concluded that ADV selectively mediated immune responses in
the TME, and that changes in CD4" T cells and CD8" T cells in
the spleen at the early point after ADV treatment were due to im-
mune responses triggered by adenovirus infection.

Collectively, ADV treatment has antitumor activity and effec-
tively increases tumor immune infiltration while causing an
expansion of some immunosuppressive cells, such as Tregs
and “M2-like” macrophages.

Ta1 effectively enhances the antitumor effect of ADV in
a variety of solid tumor models

Tregs and pro-tumoral “M2-like” TAMs are involved in tumor
growth, invasion, and metastasis.”>*° Ta1, a 28-amino acid
peptide isolated from thymic tissue, has been shown to be a
Toll-like receptor (TLR)-9 and TLR-2 agonist. Importantly, Ta1
could change macrophage phenotypes and regulate the viability
of T cells.?®" To further explore a more potent antitumor immu-
notherapy for potential clinical application, we attempted to use
Ta1 in combination with ADV therapy to improve antitumor effi-
cacy by compensating for the therapeutic shortcomings of
ADV (Figure 2A). We found that ADV combined with Ta.1 signifi-
cantly delayed tumor growth and prolonged survival in a variety
of solid tumor models, and no drug toxicity occurred during
treatment in any treatment group (Figures 2B-2J and 2M).

Interestingly, tumor regression was observed in the ADV group
and the ADV combined with Ta1 group in the H22 model (Fig-
ure 2l). For determination of whether tumor regression mediated
by ADV alone and ADV combined with Ta.1 therapy has immuno-
logical memory, the cured mice underwent the first rechallenge.
No tumor burden was observed in the ADV combined with Ta1
group, whereas all naive mice and ADV group mice were suscep-
tible to challenge with H22 cells (Figure 2K). This finding sug-
gests that ADV combined with Ta1 induces long-term immuno-
logical memory, whereas ADV may lead to tumor regression by
direct oncolytic effects (Figure 2L). Next, mice with immunolog-
ical memory were subcutaneously inoculated with H22 cells and
4T1 cells to verify whether the antitumor immunity of ADV com-
bined with Ta1 is tumor specific. We found that 4T1 cells rapidly
led to the development of solid tumors in all mice, whereas the
ADV combined with Te.1 group mice with immunological memory
were insensitive to H22 cells (Figure 2N).

Given the aforementioned, these data suggest that Ta1 can
significantly enhance the antitumor effect of ADV in a variety of
solid tumor models and that ADV combined with Ta1 induces
long-term immunological memory and that its antitumor effect
is tumor antigen-specific in the H22 model.

Ta1 reverses the phenotype of TAMs and reduces Treg
infiltration during ADV treatment

We hypothesized that Ta1 orchestrates immune infiltration in the
TME to improve the antitumor effect of ADV. Consistent with this
hypothesis, a 4T1 subcutaneous tumor model was constructed,
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Figure 1. ADV treatment showed antitumor activity and effectively increased tumor immune infiltration

(A) Experimental schematic of mice from Figures 1B-1M: 4T1 tumor-bearing wild-type (WT) mice were administered ADV or vehicle control (PBS) starting on day
10 when the tumor volume reached approximately 50-100 mm?®. Tumor-infiltrating leukocytes (TILs) from the tumor and spleen were assessed by flow cytometry
(day 19, day 24, day 35; n = 6 biological replicates); s.c., subcutaneous; i.t., intra-tumoral.

(B-D) 4T1-tumor-bearing WT mice were administered ADV or vehicle control (PBS) starting on day 10 when the tumor reached approximately 50-100 mm? in
volume (n = 10 biological replicates). (B) Tumor growth and individual tumor growth. (C) Body weight. (D) Survival.

(E-L) Percentages (top) and total cells normalized to g (gram) tumor tissue (bottom) of TILs. (E) CD3*CD4"* T cells, (F) CD3*CD8* T cells, (G) CD11b*F4/80*
macrophages, (H) CD3~CD49b* NK cells, () CD11c*CD86" DCs, (J) CD25*Foxp3* Tregs, (K) “M1-like” macrophages, (L) “M2-like” macrophages within the TME
of mice (n = 6 biological replicates).

(M) Percentages (top) and total cells normalized to g tumor tissue (bottom) of CD4™ T cells (left) and CD8" T cells (right) within the spleen of mice (n = 6 biological

replicates). The data are shown as the means + SD. NS, no significant difference; *p < 0.05, *p < 0.01, ***p < 0.001.
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and mice were administered with different immunotherapies
(Figure 3A). On day 24 after subcutaneous injection of 4T1 cells
into the flanks of mice, we found a significant increase in the per-
centages and absolute number of tumor-infiltrating CD3* T cells,
CD11b*F4/80* macrophages, CD3* CD4* T cells, and CD3*
CD8" T cells in the ADV-treated mice compared with the PBS-
treated mice, and ADV combined with Ta1 had the strongest ef-
fect on increasing immune infiltration, including CD3* T cells,
CD11b*F4/80* macrophages, CD3* CD4" T cells, CD3* CD8"*
T cells, and IFN-y-producing CD8" T cells (Figures 3B-3E). In
addition, we found that Te.1 alone could increase the populations
of infiltrating CD3™ T cells, indicating that Ta.1 could modulate im-
mune responses (Figure 3B). Consistent with the previous re-
sults, we found that ADV treatment led to an expansion of
CD25*Foxp3™* Tregs and downregulation of CD86 and upregula-
tion of CD206 in TAMs from the ADV-treated mice compared
with the PBS and Ta1-treated mice (Figures 3F-3H). Surpris-
ingly, the ADV-induced immunosuppressive TME could be re-
programmed by subcutaneous injection of Ta.1. ADV combined
with Te1 caused a notable loss of Tregs compared with the
ADV treatment (Figure 3F). Similarly, the highest expression of
CD86 and the lowest expression of CD206 on TAMs were
observed in the ADV combined with Ta1 group compared with
all other groups (Figures 3G and 3H). Of note, we found that sub-
cutaneous Ta1 alone did not change the populations of Tregs,
CD86" TAMs, or CD206* TAMs in the TME compared with that
of the PBS group (Figures 3F-3H). To further confirm whether
subcutaneous injection of Ta1 could universally reprogram the
ADV-induced immunosuppressive TME, we also analyzed tumor
immune infiltration in the H22 model after different interventions
(Figure S3A). As expected, ADV combined with Ta1 caused the
most beneficial immune infiltration for antitumor immunity
compared with that of the other groups (Figures S3B-S3F).

The ADV we used as a pathogen-associated molecular pattern
can activate innate immunity.?®*° Meanwhile, Ta1 has been re-
ported to activate myeloid cells through the TLR signaling
pathway,'® and ADV combined with Ta1 increased the percent-
age and absolute number of DCs in the 4T1 model (Figure 3B).
Therefore, we utilized CD11c-dtr transgenic mice (CD11c pro-
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moter directs the expression of a diphtheria toxin receptor,
and administration of diphtheria toxin allows for the depletion
of DC populations.) to address the real contribution of DCs (Fig-
ure S3G). Indeed, a single dose of intraperitoneal diphtheria toxin
allows for the depletion of DC populations (Figure S3H). We then
monitored the effect of combination therapy on tumor progres-
sion and found that DCs did not play a major role in the antitumor
effects of ADV combined with Ta1 therapy (Figures S3I-S3K).

In summary, these data clearly demonstrate that Ta1 repro-
grams the TME toward a more beneficial state for antitumor im-
munity during combination therapy.

The antitumor effect of ADV combined with Ta1 is
mediated by macrophages and CD8" T cells
Given the changes in macrophage phenotype and the recruitment
of CD8" T cells induced by ADV combined with Ta1, to confirm
their critical role during treatment, we depleted macrophages or
CD8" T cells in 4T1-bearing mice and H22-bearing mice by
anti-CSF1R or anti-CD8a antibodies, respectively (Figure 4A).
Flow cytometry showed that macrophages and CD8" T cells
were rarely found in the tumor tissue from mice after antibody in-
jection compared with that of the control mice (Figures S4A and
S4C). By observing tumor growth and survival in mice, we found
that depletion of macrophages and CD8* T cells impaired the ef-
ficacy of ADV combined with Ta1 (Figures 4B—4E).
Macrophages can not only control the progression of tumors
through phagocytosis but also secrete some proinflammatory cy-
tokines to favor CD8" T cell-mediated antitumor responses. CD8*
T cells can also affect the phenotype of TAMs by IFN-v.°°2 To
explore the relationship between macrophages and CD8" T cells
during ADV combined with Ta.1 treatment, we subcutaneously in-
jected 4T1 cells into immunodeficient nude mice (Figure 4F). In this
setting, neither subcutaneous injection of Ta1 alone nor intra-tu-
moral injection of ADV alone inhibited tumor growth, and even
the therapeutic effect of Te1 alone was abolished completely (Fig-
ure 4G). In addition, there was no significant difference in tumor
growth between the groups with ADV combined with Ta1
and ADV alone (Figure 4G), indicating the critical role of T cells
in our model. To further explore whether the polarization of

Figure 2. Strong antitumor effect of ADV combined with Ta1 in multiple tumor models

(A) Schematic representation of experimental design and treatment timeline. WT mice were injected subcutaneously with tumor cells. When the tumor volume
reached approximately 50-100 mm?, the mice were randomly divided into different groups and treated with an intra-tumoral injection of 0.1 mL of PBS or ADV
(2 x 108 PFU) every 2 days for a total of three times. Ta1 (0.25 mg/kg) was injected subcutaneously into the peritumoral site once daily starting with the first dose of
ADV; s.c., subcutaneous; i.t., intra-tumoral.

(B-D) 4T1 tumor-bearing mice were treated with different administrations, starting on day 10 after tumor injection (n = 6-9 biological replicates). (B) Tumor growth.
(C) Survival. (D) Body weight.

(E-G) CT26 tumor-bearing mice were treated with different administrations, starting on day 10 after tumor injection (n = 9-10 biological replicates). (E) Tumor
growth. (F) Survival. (G) Body weight.

(H-J) H22 tumor-bearing mice were treated with different administrations, starting on day 5 after tumor injection (n = 10 biological replicates).

(H) Tumor growth.

() Individual tumor growth.

(J) Body weight.

(K) Experimental schematic of H22 model, the first rechallenge model, and bilateral tumor-bearing model: The cured mice administered immunotherapies were
injected subcutaneously with 5 x 10° H22 cells. The cured mice with immunological memory were again rechallenged with 5 x 10° H22 cells and the opposing
flank was injected subcutaneously with 5x10° 4T1 cells on day 90 after the first rechallenge, naive mice were used as a control.

(L) Tumor growth of H22 model mice in the first rechallenge model (n = 3-6 biological replicates); CR, complete response.

(M) Survival of mice from Figures 2H-2J (n = 10 biological replicates).

(N) Tumor growth of the bilateral tumor-bearing model (n = 4-6 biological replicates); CR/IM, complete response with immunological memory.

The data are shown as the means + SD. NS, no significant difference; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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macrophages can be regulated in the absence of T cells, we pro-
filed TAM populations and phenotypes in 4T1 breast cancer tu-
mors on day 14 after different treatments. The percentage of
4T1 tumor-infiltrating TAMs was similar among all groups (Fig-
ure 4H). Strikingly, we found that ADV alone still induced TAMs
in the pro-tumoral “M2-like” phenotype, characterized by down-
regulation of CD86 and upregulation of CD206 in TAMs, compared
with PBS (Figure 4l). Concordantly, CD86 and CD206 expression
in TAMs regulated by ADV could be reversed by Ta1 (Figure 4l).
We next investigated whether ADV combined with Ta1 regu-
lated CD8* T cell by macrophages and whether this regulatory
capacity is impaired in mice treated with anti-CSF1R (Figure 4J).
In contrast to ADV combined with Ta1, ADV combined with Ta1
mice treated with anti-CSF1R were insufficient to recruit and
activate CD8* T cells, characterized by reducing tumor-infil-
trating CD3" CD8"* T cells, CD25" CD8" T cells, CD69* CD8*
T cells, and IFN-y* CD8" T cells (Figures 4K-4N). Interestingly,
there was no difference in PD1* CD8™ T cells across all treatment
groups, yet the percentage of TIM3* CD8" T cells in the tumor
was reduced after ADV combined with Ta1 (Figures S4F and
S4G). In summary, these findings confirm that the tumor-sup-
pressing efficacy of ADV combined with Ta1 requires macro-
phages and CD8* T cells and suggest that ADV combined with
Tal mediates a better antitumor immune response than ADV
alone by reprogramming TAMs and then activating CD8" T cells.

Ta1 reverses the M2 polarization of macrophages
induced by ADV in vitro

To investigate the effects of ADV treatment on the polarization of
macrophages, we used 4T1 cells, ADV, ADV-infected 4T1 cells
(4T12%V cells), conditioned medium obtained from 4T1 cell cul-
tures (4T1-CM), or 4T1°PV-CM to stimulate the RAWZ264.7
macrophage-like cell line in vitro. Subsequently, changes in the
phenotypic markers of macrophages were investigated by quan-
titative PCR and flow cytometry. Interestingly, macrophages dis-
played changes in multiple transcriptional programs only under
4T1APV cell stimulation, including downregulation of M1 markers
(CD86, iNOS, IL-1B, and IL-6) and upregulation of M2 markers
(CD206, Arg-1, and IL-10) (Figures S5A and S5B). Additionally,
the degree of macrophage polarization was affected by chang-
ing the ratio of 4T1°PV cells to macrophages (Figure S5C).

To evaluate the effect of Ta1 on the phenotypic reprogram-
ming of macrophages, we incubated macrophages with Ta1,
4T1A% cells, or 4T14PV cells with Ta1 (4T14PY & Tat) (Figure 5A).
As expected, increased downregulation of M1 markers (CD86,
iNOS, and IL-1B) and reduced expression of upregulated M2
markers (CD206, Arg-1, and IL-10) were observed in the macro-
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phages stimulated by 4T1°PV & Ta1 (Figures 5B-5D). Notably,
4T1APY & Ta1 could not increase the expression of IL-6 in mac-
rophages (Figure 5D), but this finding is not unexpected, as many
studies have shown the ability of IL-6 to drive tumor progression
and evade immune responses.>>** Furthermore, we did not
detect significant differences in phagocytosis and Ki67 expres-
sion levels of macrophages across all treatment groups (Fig-
ure S5E). Similar results were obtained in the THP-1 macro-
phages and the MDA-MB-231 cell line (Figures S5F-S5H).
Based on these results, we further confirmed this phenomenon
by intraperitoneally injecting 6% starch broth into BALB/c mice
to recruit macrophages to better mimic the role of ADV and
Ta1 in the TME (Figure S50). Intraperitoneal injection of 4T14PY
cells increased the expression of M2 markers in peritoneal mac-
rophages but decreased the expression of M2 markers and
increased the expression of M1 markers in peritoneal macro-
phages after Ta1 intervention (Figure S5J).

We next sought to understand the mechanisms by which ADV
and Tol regulate macrophages. First, we performed RNA
sequencing (RNA-seq) on 4T1 cells treated with ADV and ADV
combined with Ta1. Although ADV infection can impact 4T1
gene signature, these differentially expressed genes (DEGs) do
not appear to be significantly associated with macrophage pheno-
type or function (Figure S5K). Additionally, analysis of RNA-seq
data from 4T1 cells showed that the transcriptomes of ADV-
treated 4T1 cells were almost identical to those of 4T1 cells treated
with ADV combined with Ta1 (Figure S5L). Then, we performed
RNA-seq of macrophages after different stimulation. Principal
components analysis (PCA) and the heatmap of differential genes
showed that macrophages cocultured with 4T14PY cells showed a
substantial shift in transcriptomic levels, which was partially
reversed by the intervention of Ta1 (Figures 5E and 5F). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis of DEGs showed that cytokine-cytokine receptor
interaction and PI3K/Akt signaling pathway were significantly en-
riched in macrophages treated with 4T1"V cells (Figure 5G). Acti-
vation of the PIBK/Akt pathway is critical in restricting pro-inflam-
matory responses in TLR-stimulated macrophages and has been
considered as a negative regulator of TLR and nuclear factor kB
signaling in macrophages.®® In contrast, we observed that TLR
signaling pathway and NOD-like receptor (NLR) signaling pathway
were significantly enriched in 4T14"Y & Ta1-treated macrophages
compared to 4T14"V-treated macrophages. TLRs and NLRs play
vital roles in regulating the pro-inflammatory responses of macro-
phages.*® Furthermore, IFN-stimulated genes (Ifit1bl1, Iit3, 1fi206,
and Ifi208) and function genes (CXCL10, CCL5, IL33, and
SLAMF?7) were significantly upregulated in 4T12PV & To1-treated

Figure 3. Ta1 can further increase immune infiltration while reversing the phenotype of TAMs and reducing Treg infiltration

(A) Schematic representation of experimental design and treatment timeline. WT mice were injected subcutaneously with 5 x 10° 4T1 cells. When the tumor
volume reached approximately 50-100 mm?, the mice were randomly divided into different groups and treated with an intra-tumoral injection of 0.1 mL of PBS or
ADV (2 x 108 PFU) every 2 days for a total of three times. Ta1 (0.25 mg/kg) was injected subcutaneously in the peritumoral site once daily starting with the first
dose of ADV. TILs from the tumor were assessed by flow cytometry (day 24; n = 7 biological replicates); s.c., subcutaneous; i.t., intra-tumoral.

(B) Percentages (left) and total cells normalized to g (gram) tumor tissue (right) of CD3* T cells, TAMs, NK cells, and DCs within the TME of mice (n = 6 biological

replicates).

(C-H) Representative plots (left), percentages (top), and total cells normalized to g tumor tissue (bottom) of TILs. (C) CD3*CD4* T cells, (D) CD25*Foxp3™* Tregs, (E)
CD3*CD8* T cells, (F) IFN-y*CD8" T cells, (G) “M1-like” macrophages, and (H) “M2-like” macrophages within the TME of mice (n = 6 biological replicates).
The data are shown as the means + SD. NS, no significant difference; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

Cell Reports Medicine 5, 101751, October 15, 2024 7




¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

Anti-mouse CSFIR (Lp.) F
M v A
Day |]| z? 1\;2 NI+4 ,\;s Body weight Day 1|) 1In 1Iz ||4 2|4
Tumor growth
A 4 4 Survival 4 4 4 A
BALB/c ¢ Tumor injection (s.c.) Adenovius injection (i.t.) BALB/cnunu  Tumor injection (s.c) Adenovius injection (L) ‘Tumor tissue
6-8 weeks 4T1: 5X 105 cells/mouse 2X10% pfu/mouse, 3 doses 4-6 weeks 4T1: 5X 105 cells/mouse 2X10° pfu/mousc, 3 doscs FCM
Tal (s.c) 0.25mg/kg daily Tal (s.c) 0.25mg/kg daily
PBS -@- ADV+Tal i — - - -
o pesanicnsald|z O ADVaTat-amicoss 3 |¢ o ﬁ‘ggmlcmalﬁ|5 - ﬁng‘;},mcmaﬁl: TAM (CD11b°F4/80° cells)
-@- PBS-AntiCSFIR —@— ADV+Tal-AntiCSFIR — — &
2000- ’ PBS-AntiCSF1R ADV+Ta1-AntiCSFIR™ 1* 750 o PBS |z . 40
100~ - Ta1 1 |§ " NS
-@- ADV -
1500 z - "o noveTarl® I
g 1o £ 80 E @ n
E 5] E 500 3 a m
H % & g i’ =
3 1000 H 3 2 20 !I!
s z s 13}
g g 40 8 250 5 L
2 500 L. 2 =10 M
T T T 1 T T T T T T T T T T
20 30 40 50 60 0 12 14 17 20 23 PBS Tal ADV ADV+Tat
D Days after tumor injection(days) E Days after tumor injection(days) | Days after tumor injection(days)
-o- PBS 13| & ADVsTat It — eBs S — ADV#Tat ® M1 (CD8s" TAMs)
-©- PBS-ANtiCD8a !| ,-O- ADV+Tal-Anti CD8a »l: — PBSAnicDsa 18]z — ADWTm.Am.CD&a';l? Gated on TAM (CD11b*F4/80* cells) 20 =
-@- PBS-AntiCSFIR | @-@- ADV+Tal-Anti CSFIR — PBSANCSFIR 1% — ADVTa1-CSFIR * o0z
2000 PBs Tat AoV AoveTat ™
100 L
— - 3 ]
% 1500 £ 804 gnl B $
g 2 60 e & R
2 1000 3
= €
5 § 40 ol
g g [P ——
2 500 L. e ns
=
1 S
20 60 E
] u
Days after tumor injection(days) Days after tumor injection(days) 4N . N o I e g
: s 2 e 7 e ¥ &
J Anti-mouse CSFIR (i.p.) b 3 0] 8 ]
AaiEmenes CIFIN i : e Tk & B ° op
,_&" Day 0 8 10 12 14 24 e .
1 1 1 1 1 1 PBS Tl ADVADVeTat
S L3 A 4+ A A
BALB/c Tumor injection (s.c.) Adenovius injection (i) “Tumor tissue K —_ SCSFIR
6-8 weeks 4T1: 5X 105 cells/mouse 2X 105 pfu/mouse, 3 doses FCM: (CD+T cells)
Tal (s.) 025 dail, 1435
(v 025mpig aely L N
M 2 o
PBS PBS-aCSF1R ADV+Ta1 ADV+Ta1-aCSF1R ] PN 5
w * ' w* 2
Y30 5 :I! 2 axton
688 3 —_— 2
- - > ] 3
E axon
« ' 20 -
o H a - E %
9 . ’ 3 g
a * %ﬂ 00
S X 27.33 . 17.60 10 & r
W . E . ‘, > s
[ -
% 5 °
o i ot S YR RS R T TR T - 2 mvera - - . AveTal - -+
; & S S amcsrR - o+ -+ AMiCSFIR -+ -+
3 w Y
g - “ - T—»cm
a8
g, 0 . N
T J 0 PBS
S — « 0208 =
o ¥ o4 ¥ '_‘. B PBS-aCSFIR
o “ o s B ADV+Tat
2 0] PR . o
fnl — 1 R
Ns i [
884 3 [] % mm
5 10 L =]
gt X
S |. o5 ‘6 BF Bl
. 1}
T T T T
CD25 CD69 IFN-y

Figure 4. Macrophages and CD8* T cells mediate the antitumor activity of combination therapy

(A) Experimental schematic of mice from Figures 4B-4E and S4A-S4D: tumor-bearing mice were administered different immunotherapies and treated with
intraperitoneal injections of anti-CSF1R or anti-CD8a; s.c., subcutaneous; i.t., intra-tumoral; i.p., intra-peritoneal.

(B and C) 4T1 model. (B) Tumor growth and (C) survival of 4T1 tumor-bearing mice (n = 10 biological replicates).

(D and E) H22 model. (B) Tumor growth and (C) survival of H22 tumor-bearing mice (n = 10 biological replicates).

(F-1) The nude mice model. (F) Experimental schematic of mice from Figures 4G—-4l: 4T1-bearing immunodeficient nude mice were administered different im-
munotherapies starting on day 10. Tumor-associated macrophages (TAMs) were assessed by flow cytometry (n = 6 biological replicates). (G) Tumor growth. (H)
The proportion of TAMSs. (I) Representative plots (left) and percentages (right) of “M1-like” macrophages (top) and “M2-like” macrophages (bottom) within the
TME of mice.

(J) Experimental schematic of mice from Figures 4K-4N and S4J-S4L: 4T1-bearing mice were administered different interventions and treated with intraperi-
toneal injections of anti-CSF1R or anti-CD8a. Tumor-infiltrating CD8* T cells were assessed by flow cytometry (n = 6 biological replicates); s.c., subcutaneous; i.t.,
intra-tumoral; i.p., intra-peritoneal.

(Kand L) Representative plots (K), percentages, and total cells (L) normalized to g (gram) tumor tissue of CD3* CD8™ T cells within the TME of mice (n = 6 biological
replicates).

(M and N) Representative plots (M) and percentages (N) of CD25* CD8" T cells, CD69* CD8" T cells, and IFN-y* CD8" T cells within the TME of mice (n = 6
biological replicates).

The data are shown as the means = SD. NS, no significant difference; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

8 Cell Reports Medicine 5, 101751, October 15, 2024



Cell Reports Medicine @ CelPress

OPEN ACCESS

o
ek ek

‘ Adenovirus
-9 =
ELISA

48 hours 0.5 hours - 18 hours
aTim e
Ly ~ qPCR

4T1 cells RAW264.7 cells

* wxk

Tal-Medium

C
IL1B (pgimL)
3 B
|
= _]
7 —
°
°
IL10 (pg/mL)
g g
3 I
T

AT1AY _ _ & " 4TI = _ = i

Isotype i = Tal - + = + Tat - + - +
40 e

o

Cc

—— [ep—
- o 3 = Tal
— ] 2 -1 0 &
CTRL 2420%| g 304 N g |[= mrvta T Lt s
! 7 g, . iNOS-| 4
. H g 3 :
" 3
Tat L 2220%| G 504 [© 2 e wane Hi 2
- = 3 *wx Frgpe ok H ;
L6
oo 8 o s eb [0 R[] & ] e ]
o E g Arg-1-{
AT1 A0V 4+ Tad . 30.90 % s - i I:
L 5 g b o
T T T T
— v
£ngs 411 = - ¥ + iNOS LB L6 Arg-1 IL-10

.

11 |

g 154 N , s

eTRL A =] . I T I s
‘ o o L0 10 1 10 L

i 211 % = 7 T 25 CTRL-1

LA z : |5 (LT

Lo 3 iz . |
e 1690% | 8 5 NS H = e {1 A I | | || ova
at A 8 5 —— 5o (W] 5 0L
ﬁ £ = ot \ 1 O woven >
AT1A0V + Tal L 5.69 % N i Wil v
T 254"

ADVTal-1

—— = CD206 4T - - R ™Y At
Tal - + - - N, = =t
3 g 10
PC1(34 8%variance)
G KEGG enrichment analysis H KEGG enrichment analysis
(ADV vs. CTRL) (ADV+Ta1 vs. ADV)
Virl protein interaction with cytokine and . Virs!protsin nceracton with ytokine anc Py
Etosine receptor Etokine receptor |
T signaiing pathway | . Tk receptr signaing pathway .
Tight junction . THF signaing pathway | °
ontluncter sy patisy Downregulated Upregulated
Smalicallng cancer|  ® RIG-Hike receptor signalng pattway | +
Rheumatold arthritis: . Rheumatold arthritis- . .
Proteoglycans in cancer: . Pyrimidine metabolism i ’
Pr3K Ak signaling pathway ® | ount Osteociast diferentiation . (@)
osteociast diterentsion| @ 10 NOD ke recepor signaiing pathay . Count - 200 - )
- 10 .
Malaria: Necroptosis: . e 15 2 .
®20 s 5
JAKSSTAT signaling pathway{ ° Upid and atherosclerosis- . ®2s o
117 signaiing patiway | . fluerza A . padj ‘°§
0.0009 2
Focal adhesion . 117 signaiing patiway{ . 01000
Fluid shear stress and atherasclerosis | . 000025 Human papillomavirus infection . 0.0003
ECMreceptor interaction] . Human cytomegalovirus infection | .
Cytoskeleton in muscle cells{ ° Hepatits C+ . e
o)
Cytekine.cytosine receptor interaction | ° Hepatits 6] . by o 3 &
o ikaace) % Cptosoic ONAsensing pacrway | ° l0g,FC (ADV+Tad vs. ADV
4 g
Amospiass | . Cyroine-cytoking receptor nteracton ° 0g:FC ( alive )
AGR-RAGE sgnaiig patiay In bt | . Chemakine signaling pathway | °
Adberens jurction:+ Chagas discase! .
G050 oo 100 [ 012 016
GeneRatio GeneRatio
CD4+T cells co-cultured with
129
FMO M-CTRL M-Ta1 N-4T1"¢ M-4T1*%4Tat e = 16 40 ns
- o - » = e oy
i 3 o n = -
i ns £ "
4 . | = | . i P [T i =
F - . E E ks r K
2 % o £q 5 . !
3 £ 58 8w
et} o - . 5 & £ 4 \e
g o ¢ :
T., ¢ . . v ® =10 m
T F IR e B R R S R s e e T ) v
— T T
+CD4* T T T T T T T T T T
(gated on CD3'CDA*T cells) CDBT cells co-cultured with 40 &8 S S e &8 S &S
& & & BN
FMO MCTRL M-Tal MATY MATH*%4Ta1 OV, & & &F & '&é&"’ls}s‘ & <& «f 'e“’@ P;;ﬁ{
: x . . o] & FE L FEL s
3 ] &. & ¥ &
B o « - - 2 20
8
> §
[ - B P2 &
) 10
g‘ ’
‘ - B B :
T AT AT T W T e e e W T T T T
"> cpsg & & &
A >
(gated on CD3*CD8*T cells) é}”y & "gx &
&
&

(legend on next page)

Cell Reports Medicine 5, 101751, October 15, 2024 9



¢ CellPress

OPEN ACCESS

macrophages compared to 4T1°PV-treated macrophages (Fig-
ure 5l). These results suggested that ADV-infected tumor cells
and/or Ta1 may regulate macrophages through the PI3K/Akt
pathway and TLR signaling pathway, respectively.

Next, we investigated the effects of different interventions
(including 4T1 cells, ADV, 4T12P cells, and Ta1) on the Tregs,
but there was no difference across all treatment groups (Fig-
ure S5M). Some previous studies have shown that macrophages
can promote Foxp3 expression in CD4* T cells.®” To test the hy-
pothesis that ADV combined with Ta1 affected Tregs through
macrophages, we stimulated macrophages with different inter-
ventions to alter the phenotype of macrophages, which were
then co-cultured with CD4* T cells. In fact, macrophages stimu-
lated by 4T1PV cells increased Foxp3 expression in CD4* T cells
in the coculture system, but Foxp3 expression levels were
reversed when macrophages stimulated with 4T14PV4+To1
were cocultured with CD4* T cells (Figure 5J). To test whether
macrophages can produce this effect in a way independent of
cell contact, CD4* T cells were respectively cocultured with
macrophages (M-CTRL, M-4T1%%V and M-4T12% 4+ Tal), or
conditioned medium of macrophages (M-4T1APV-CM, and
M-4T145Y + Ta1-CM) or conditioned medium of macrophages
with added Ta1 (M-4T1%PV-CM+Ta1). The results showed that
the conditioned medium had similar effects to macrophages,
but the conditioned medium added to the Tal (M-4T14PV-
CM+Ta1) did not change the number of CD4*Foxp3™* T cells (Fig-
ure 5K). Moreover, macrophages stimulated by 4T14PV cells
reduced the proportion of IFN-y* CD8" T cells, and IFN-y*
CD8" T cells increased when Ta1 intervened (Figure 5J). Macro-
phage conditioned medium also had similar effects on CD8*
T cells (Figure 5K). From these experiments, we conclude that
there is an “immune response pathway” during ADV combined
with Ta1 therapy: first, TAM phenotype is reprogrammed by
ADV-infected 4T1 cells (and Ta1), and then CD4* T and CD8*
T cells are affected by TAMs. Finally, CD8" T cells play the major
role of antitumor immune response.

The Ta1-armed recombinant adenovirus was
constructed and characterized

To maximize the function of Ta1 in reprogramming macrophages
within the TME during ADV treatment, we engineered ADV with

Cell Reports Medicine

genetic modification and constructed a recombinant adenovirus
expressing Ta1, which was termed ADV™*! (Figure 6A). First, we
detected the secretion of Tal1 in the supernatants from the
ADV™'-infected 4T1 cells by western blotting (Figure 6B).
Next, we evaluated the oncolytic ability and replicative capacity
of ADV™'. We infected 4T1, MDA-MB-231, CT26, HCT116,
H22, HepG2, and MET-5A cells with ADV or ADV™', and then
measured the oncolytic ability using CCK-8 assays and
measured the replicative capacity using TCIDso assays. ADV
and ADV'™! presented similar selective oncolytic ability and
replicative capacity in tumor cells (Figures 6C, 6D, S6A, and
S6B). Compared with the control, both ADV and ADV'™" effec-
tively induced early and late apoptosis (and/or necrosis) of tumor
cells (Figure 6E). We also observed EGFP expression of the two
adenoviruses in multiple cell lines (Figure 6F). Finally, we tested
whether the ADV'*'-infected 231 cells could have a similar effect
on the polarization of macrophages as 2312°Y and Ta1 (Fig-
ure 6G). Interestingly, we found the upregulation of M1 markers
(CD86, iNOS, and IL-1p) and the downregulation of M2 markers
(CD206, Arg-1, and IL-10) in macrophages after stimulation by
ADV''-infected MDA-MB-231 cells (Figures 6G-6K). Further-
more, we did not detect significant differences in phagocytosis
and Ki67 expression levels of macrophages across all treatment
groups. (Figures 61 and S6l). Similar results were obtained in the
RAW264.7 macrophages and 4T1 cell line (Figures S6C-S6H).
Taken together, these results indicate that Ta1 gene insertion
does not impair the replicative or oncolytic capabilities of the vi-
rus and that Ta1 is functional in ADV™'-infected cells in vitro.

ADVT*! effectively recruits and activates CD8* T cells to
control tumor progression

We used the 4T1 model and H22 model to investigate the anti-
tumor activity of ADV™ in vivo; ADV™' significantly suppressed
tumor growth and prolonged survival in mice, and its antitumor
efficacy was no less than that of ADV combined with Ta1
(Figures 7A-7D, S7A-S7D). Then, we further addressed whether
ADV™! produced immune responses similar to those produced
by ADV combined with Ta1 by regulating macrophage polariza-
tion. We observed that ADV™' had comparable effects on re-
programming TAMs, CD25*Foxp3* Tregs, and CD3*CD8*
T cells in the 4T1 model (Figures 7E-7H). Moreover, we found

Figure 5. ADV-infected tumor cells induce M2 polarization, and Ta1 can reverse the phenotype of macrophages

(A) Experimental schematic of cell coculture from Figures 5B-5D: Macrophages (RAW264.7 cells) were stimulated by different interventions (Ta1, 4T

1AV cells, or

4T1APV cells with Te1) for 18 h, followed by analysis of macrophage polarization (n = 3 biological replicates).

(B) IL-1B and IL-10 concentrations in the supernatants were measured by ELISA (n = 3 biological replicates).

(C) Expression of CD86 and CD206 in macrophages was measured by flow cytometry (FCM) (n = 3 biological replicates).

(D) The expression (left) of INOS, IL-1, IL-6, Arg-1, and IL-10 in macrophages was measured by qPCR (n = 3 biological replicates and 3 technical replicates), and
the mRNA expression level of iNOS, IL-1B, IL-6, Arg-1, and IL-10 was showed as heatmap (right).

(E) PCA plot of macrophages after different treatments.
(F) Heatmap of DEGs in all macrophage groups.

(G) KEGG pathway enrichment analysis of DEGs between 4T1APV.

-treated macrophages and control group.

(H) KEGG pathway enrichment analysis of DEGs between 4T1PV with Ta1-treated macrophages and 4T1PV-treated macrophages.

(I) Volcano plot showing the DEGs between 4T14"V-treated macrophages and 4T12PY with Ta1-treated macrophages. DEGs with an absolute log-transformed
fold change >1 and a p value < 0.05 (determined by two-sided Wilcoxon rank-sum test) were considered significant.

(J) Representative plots and percentages of CD4* Foxp3* T cells (top) and IFN-y*CD8* T cells (bottom) from cell coculture system (n = 3 biological replicates).
(K) CD4* T cells and CD8* T cells were respectively cocultured with macrophages, or conditioned medium of macrophages or stimulated with Te.1. Expression of
Foxp3 in CD4" T cells (top) and IFN-y in CD8"* T cells (bottom) was measured by FCM (n = 3 biological replicates).

The data are shown as the means + SD. NS, no significant difference; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 6. Construction and characterization of the recombinant adenovirus ADV™!

(A) Schematic diagram of a recombinant adenovirus expressing Ta1, AE1 contains E1B55K-deletion. The expression of EGFP and Ta1 is driven by inserting CMV
and EF-1a promoters in the E1 region, respectively.

(B) 4T1 cells were infected with ADV or ADV™' (MOI = 2) for 48 h, and the secretion of Ta1 was confirmed by western blotting.

(C) 4T1 cells and MDA-MB-231 cells were infected with ADV™' or ADV at different MOls, and cell viability was measured 48 h later by CCK-8 assay (n = 3
biological replicates).

(D) 4T1 cells and MDA-MB-231 cells were infected with ADV'™' or ADV at an MOI of 1. The virus titers were measured by TCID50 assay at different time points
after infection (n = 3 biological replicates).

(E) Infection of 4T1 cells with ADV or ADV™! (MOI = 10) for 24 h. Early apoptotic cells were confirmed as Annexin-V*/PI~ cells, and late apoptotic (and/or necrotic)
cells were confirmed as Annexin-V*PI* cells (n = 3 biological replicates).

(F) 4T1 cells, CT26 cells, H22 cells, MDA-MB-231 cells, HCT116 cells, HepG2 cells, and MET-5A cells were infected with ADV'™*' or ADV at an MOI of 1. The
expression of EGFP in the cells was measured by FCM.

(G-K) Macrophages (THP-1 cells) were cocultured with 2314V (ADV), 231PV cells with Ta1 (ADV + Ta1), or ADV'™'-infected MDA-MB-231 cells (ADV™"),
followed by analysis of macrophage polarization. (F) Schematic representation of experimental design. (H) Expression of CD86 (top) and CD206 (bottom) in
macrophages was measured by FCM (n = 3 biological replicates). (I) Expression of Ki67 was measured by FCM in CD86* macrophages or CD206* macrophages
(n = 3 biological replicates). (J) Expression of iNOS, IL-1B, IL-6, Arg-1, and IL-10 in macrophages was measured by qPCR (n = 3 biological replicates and 3
technical replicates). (K) The mRNA expression level of INOS, IL-1B, IL-6, Arg-1, and IL-10 (from Figure 6J) was showed as heatmap.

The data are shown as the means + SD. NS, no significant difference; *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.
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Figure 7. The antitumor activity of ADV"™' is mediated by macrophages and CD8" T cells, and ADV'*! can reprogram the TME toward a more
beneficial state for antitumor immunity

(A) Experimental schematic of mice from Figures 7B-11: 4T1 tumor-bearing WT mice were administered different immunotherapies or vehicle control (PBS)
starting on day 10 when the tumor volume reached approximately 50-100 mm?. TILs from the tumor were assessed by flow cytometry on day 24; s.c., sub-
cutaneous; i.t., intra-tumoral.

(B-D) 4T1 tumor-bearing WT mice were administered different immunotherapies or vehicle control (PBS) starting on day 10 when the tumor reached approxi-
mately 50-100 mm? in volume (n = 10 biological replicates). (B) Tumor growth. (C) Body weight. (D) Survival.

(legend continued on next page)
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that the expression of CD25, CD69, and IFN-y was highest in
the CD8" T cells of the ADV™" mice, indicating that ADV™" treat-
ment could effectively promote the activation of CD8" T cells
(Figure 71).

Next, we used antibody depletion to determine the impor-
tance of macrophages and CD8* T cells during ADV™' treat-
ment. 4T1 tumor growth inhibition was sharply diminished
by the depletion of macrophages and/or CD8* T cells
(Figures 7J-7M). To further explore whether ADV™ treatment
can inhibit metastasis, we used triple-negative 4T1 orthotopic
mammary carcinoma that will have spontaneous lung metas-
tasis. ADV'™®' not only inhibited the primary tumor growth but
also reduced the formation of metastasis 4T1 foci in the lung
on day 24 and 35 (Figures S7E-S7G). In addition, ADV'™' dis-
played broad antitumor efficacy with suppressed tumor growth
and prolonged survival in the humanized TNBC (triple-negative
breast cancer) model and the HCC model (Figures 7N-7Q and
S7H-S7K). More importantly, ADV™' treatment also inhibited
tumor growth in the patient-derived xenograft (PDX) TNBC
model (Figures 7R-7U).

In summary, the recombinant oncolytic adenovirus ADV™'
can effectively orchestrate the reprogramming of TAMs and acti-
vate CD8* T cells to exert superior antitumor activity in vivo.

DISCUSSION

In this study, we have found that the induction of an immunosup-
pressive feedback loop by ADV diminishes antitumor immunity.
More specifically, ADV-infected tumor cells stimulate macro-
phages to polarize toward an “M2-like” pro-tumoral phenotype,
resulting in an expansion of Tregs within the TME. To compen-
sate for the shortcomings of ADV treatment, we attempt to
reverse the M2 phenotype of macrophages and reduce Treg
numbers in the TME during ADV treatment through the interven-
tion of Ta1, and the results have demonstrated that the strategy
is feasible. Additionally, based on the superior antitumor efficacy
of ADV and Ta1 combined therapy, we also construct a recom-
binant oncolytic adenovirus expressing Ta.1, which could effec-
tively reprogram the TME into a state more beneficial to anti-
tumor immunity.

OVs are an attractive immunotherapy because of their ability
to reprogram the TME and activate antitumor immune re-
sponses.”’"*> However, the existence of immunosuppressive
feedback loops induced by OVs during therapy has been poorly
studied. Major players in immune suppression are Tregs, “M2-
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like” TAMs, and innate tumor-associated suppressive myeloid
cells.®®9 In this study, we have demonstrated that ADV treat-
ment could effectively transform the tumor from “cold” to
“hot,” while a significantly increased number of “M2-like” pro-
tumoral TAMs and Tregs in the TME is induced by ADV treatment
at all time points assessed in the 4T1 and H22 model. In addition,
Ta1 demonstrates a strong immunomodulatory capacity that re-
programmed the phenotype of macrophages in both mouse and
human cell models in vitro. With respect to the relationship be-
tween viruses and macrophages, previous studies have reported
that WT adenovirus-infected tumor cell corpses exhibit cell
contact-dependent repression of macrophage inflammatory
response.” In this work, we further identify that ADV treatment re-
sults in increased “M2-like” pro-tumoral TAMs and Treg infiltra-
tion within the TME.

TAMs in the TME can be roughly divided into two groups,
namely, classically activated “M1-like” antitumoral macro-
phages and alternatively activated “M2-like” pro-tumoral mac-
rophages.*’ Classical “M1-like” polarization has been defined
as the expression of CD80, CD86, MHCII, and iNOS, which is
related to the tumoricidal function of TAMs. M1-like TAMs can
phagocytose cancer cells and produce proinflammatory cyto-
kines to activate CD8" T cells to coordinate antitumor immunity.
In contrast, “M2-like” TAMs are characterized by high expres-
sion of CD206, VEGF, CD163, Arg-1, and IL-10 and recruit Tregs
to suppress antitumor immunity.*>*" Moreover, IL-10* TAMs
have been found to be associated with immunosuppressive
TMEs, where IL-10* TAMs lead to cytotoxic CD8* T cell dysfunc-
tion and promote immune evasion.*>*> In this research, we
have found that in vitro, direct contact of ADV-infected tumor
cells with macrophages results in high IL-10 expression in
macrophages.

Many therapeutic strategies for targeting TAMs have been
developed, and the reprogramming strategy is undoubtedly
the best choice compared with other therapies, which can
not only retain the phagocytic function and antigen presenta-
tion of macrophages but also enhance their potential immune
stimulatory function.?* Tal, a thymus-derived peptide, is a
therapeutic immunomodulator for the adjuvant treatment of in-
fections, malignant diseases, and efferocytotic macrophage
polarization.?®?®** In our study, Tal reprograms “M2-like”
pro-tumoral macrophages to “M1-like” antitumoral macro-
phages and reduces Treg infiltration in the TME during ADV
treatment. Additionally, the combination therapy shows supe-
rior antitumor effects in a variety of solid tumors compared

(E-1) Representative plots (left), percentages (top), and total cells normalized to g (gram) tumor tissue (bottom) of TILs. (E) “M1-like” macrophages, (F) “M2-like”
macrophages, (G) CD25*Foxp3* Tregs, and (H) CD3*CD8* T cells within the TME of mice. (I) Representative plots and percentages of CD25* CD8* T cells, CD69*
CD8" T cells, and IFN-y* CD8" T cells within the TME of mice (n = 6 biological replicates).

(J-M) 4T1 tumor-bearing mice were administered different immunotherapies and treated with intraperitoneal injections of anti-CSF1R or anti-CD8a; s.c., sub-
cutaneous; i.t., intra-tumoral; i.p, intra-peritoneal. (J) Schematic diagram of the timeline of the antibody depletion experiment in the 4T1 model. (K) Tumor growth.
(L) Body weight. (M) Survival (n = 10 biological replicates).

(N-Q) Tumor-bearing NCG mice were intravenously injected with human peripheral blood mononuclear cells on day 1, and then mice were administered different
immunotherapies; s.c., subcutaneous; i.t., intra-tumoral; i.v., intravenous. (N) Schematic representation of experimental design and treatment timeline. (O) Tumor
growth. (P) Body weight. (Q) Survival (n = 5 biological replicates).

(R-U) The PDX tumor cells were injected into the fourth mammary fat pads of NCG mice, and these tumor-bearing mice were intravenously injected with human
peripheral blood mononuclear cells on day 1, followed by differentimmunotherapies starting on day 10; s.c., subcutaneous; i.t., intra-tumoral; i.v., intravenous. (R)
Schematic representation of experimental design and treatment timeline. (S) Tumor growth. (T) Body weight. (U) Survival (n = 5 biological replicates).

The data are shown as the means + SD. NS, no significant difference; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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with monotherapy and results in complete elimination of tumors
and long-term immunological memory in H22 tumor-bearing
mice. Therefore, we also construct a recombinant adenovirus
that introduces all the elements of combination therapy and is
functional, with no less antitumor efficacy than combination
therapy, and at the same time has a lighter administration
burden.

Ta1 has been approved in more than 35 countries for the treat-
ment of chronic hepatitis B and C.?° Ta1 is not recommended in
oncolytic adenovirus therapy because it can induce antiviral im-
mune responses, while we do not find that Ta1 affects the onco-
lytic ability and replicative capacity of ADV'™'. Of note, Ta.1 alone
delays tumor growth and prolongs survival to a certain extentin a
variety of solid tumor models, but no changes in the phenotypic
markers of macrophages and CD4" T cells are observed
following treatment with Ta1 alone, either in vitro or in vivo. There
is no significant difference between the subcutaneous injection
of Ta1 alone and treatment with PBS in immunodeficient nude
mice, indicating that the antitumor effect of Ta1 alone may be
mediated by T cells.

Generally, T cells play a key role in antitumor immuno-
therapy.”>“® In our study, compared with ADV alone, ADV com-
bined with Ta1 and ADV™' significantly increase the number of
tumor-infiltrating T cells in the TME. The expression of CD8*
T cell activation markers (CD25, CD69, and IFN-v) is highest after
treated with ADV™', which is mainly underpinned by the ability of
ADV™ to effectively reprogram TAMs to secrete proinflamma-
tory cytokines, thereby activating CD8* T cells and reducing
the number of Tregs in the TME. In addition, we have demon-
strated that macrophages and CD8" T cells were indispensable
in the antitumor immune responses induced by combination
therapy and ADV'™'. For the ADV and ADV™*" usage, we confirm
their replication and lytic effect in murine and human cell lines,
and we validate their antitumor effect in various mouse model
and peripheral blood mononuclear cell-humanized solid tumor
models.

In conclusion, ADV-infected tumor cells induce macrophages
to adopt an “M2-like” pro-tumoral phenotype in a cell contact-
dependent manner, and the intervention of Ta1 can effectively
orchestrate macrophage reprogramming, thereby enhancing
T cell-mediated antitumor responses. Our study provides inspi-
ration for oncolytic viral combinatorial therapeutic strategies and
the design of oncolytic engineered viruses. In addition, our
findings have translational potential given that (1) adenovirus is
one of the most frequently employed OVs in immunotherapy,
(2) Te1 has been clinically approved in over 30 countries world-
wide as an immunomodulator, (3) the antitumor activity of the
combination therapy and ADV™' has been shown in multiple
murine and humanized tumor models,**%*" and (4) the ability
of ADV & Ta1 and ADV™ to regulate macrophages is applicable
to human cell lines.

Limitations of the study

There are several limitations to our study. No patient samples
have been obtained from existing oncolytic adenovirus clinical
trials to demonstrate an immune feedback loop mediated by
QV treatment, which is critical for clinical translational prospects.
In addition, it is undefined whether the antigen-presenting func-
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tion of macrophages changes after different treatments. Finally,
although we have found that ADV-infected tumor cells and addi-
tional Ta1 may regulate macrophage function to affect antitumor
immune responses through the PI3K/Akt pathway and TLR
signaling pathway, the precise mechanism by which ADV-in-
fected tumor cells cause M2 polarization in TAMs and Ta1 repro-
grams TAMs during ADV treatment also remains to be investi-
gated and should be the focus of future studies.
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Antibodies

APC anti-mouse CD45.1 Antibody BioLegend Cat#110714; RRID:AB_313503
FITC anti-mouse CD3 Antibody BioLegend Cat#100204; RRID:AB_312661
PE anti-mouse CD4 Antibody BioLegend Cat#100408; RRID:AB_312693
FITC anti-mouse CD4 Antibody BioLegend Cat#100406; RRID:AB_312691
PerCP/Cyanine5.5 anti-mouse CD8a Antibody BioLegend Cat#100734; RRID:AB_2075238
FITC anti-mouse CD11b Antibody BioLegend Cat#101206; RRID:AB_312789
PE anti-mouse CD86 Antibody BioLegend Cat#159203; RRID:AB_2832567
PE/Cyanine7 anti-mouse CD11c Antibody BioLegend Cat#117318; RRID:AB_493568
PE anti-mouse IFN-y Antibody BioLegend Cat#163504; RRID:AB_2890730
PE anti-mouse FOXP3 Antibody BioLegend Cat#126404; RRID:AB_1089117
PE/Cyanine7 anti-mouse F4/80 Antibody BioLegend Cat#123114; RRID:AB_893478
PE/Cyanine7 anti-mouse CD69 Antibody BioLegend Cat#104512; RRID:AB_493564
PerCP/Cyanine5.5 anti-mouse CD206 (MMR) Antibody BioLegend Cat#141716; RRID:AB_2561992
PE anti-mouse CD49b Antibody BioLegend Cat#103506; RRID:AB_313029
PerCP/Cyanine5.5 anti-mouse CD25 Antibody BioLegend Cat#101912; RRID:AB_10613643
PE/Cyanine7 anti-mouse/human Ki67 Antibody BioLegend Cat#151217; RRID:AB_2910305
PerCP/Cyanine5.5 anti-human CD206 (MMR) Antibody BioLegend Cat#321122; RRID:AB_10899411
PE anti-human CD86 Antibody BioLegend Cat#381010; RRID:AB_3083375
InVivoMADb anti-mouse CD8a BioXCell Cat#BE0061; RRID:AB_1125541
InVivoMADb anti-mouse CSF1R(CD115) BioXCell Cat#BE0213; RRID:AB_2687699
6x-His Tag Monoclonal Antibody Invitrogen Cat#4E3D10H2/E3; RRID:AB_2536841
Goat anti-Mouse IgG (H + L) Secondary Antibody, HRP Invitrogen Cat#31430; RRID:AB_228307

Biological samples

Human PBMC Blood from the healthy donor N/A
Human TNBC tumor Tumor sample from the TNBC patients N/A

in Nanjing Drum Tower Hospital
Chemicals, proteins, and recombinant proteins
Dulbecco’s modified Eagle’s medium (DMEM) Invitrogen Cat#10564011
Fetal Bovine Serum (FBS) Invitrogen Cat#A4766801
Streptomycin/penicillin Invitrogen Cat#15140122
Opti-MEM Invitrogen Cat#31985070
Roswell Park Memorial Institute (RPMI) 1640 Invitrogen Cat#21875034
293 Pro BasalMedia Cat#F431166
Foxp3 fixation/permeabilization buffer eBioscience Cat#00-5523-00
Permeabilization kit eBioscience Cat#00-5523-00
DNAse | Roche Cat#10104159001
Collagenase A Roche Cat#10103586001
Lipofectamine 2000 Invitrogen Cat#11668019
Geltrex™ Basement Membrane Matrix Invitrogen Cat#A1413202
Perteinase K Solution Invitrogen Cat#25530049
Kananmycin Invitrogen Cat#11-815-024
Ampicillin Bioreagents Cat#BP1760-25
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

HiScript Reverse Transcriptase reagent kit Vanzyme Cat#R101-02
HiScript Il One Step RT-PCR Kit Vanzyme Cat#P611-01
Adeno-X™ rapid titer kit Clontech Cat#632250
CD4* T cell isolation kit, mouse Selleck Cat#B90000
CD8* T cell isolation kit, mouse Selleck Cat#B90011
Mouse IL-18 ELISA kit Elabscience Cat#E-EL-M0046¢c
Human IL-1B ELISA kit Elabscience Cat#E-EL-H0149
Mouse IL-10 ELISA kit Elabscience Cat#E-EL-H0149c¢
Human IL-10 ELISA kit Elabscience Cat#E-EL-H6154
Deposited data

4T1 cells RNA sequencing GEO database GEO: GSE271046
Macrophages RNA sequencing GEO database GEO: GSE271202
Experimental models: Cell lines

4T1 cells ATCC Cat#CRL-2537
CT26 cells ATCC Cat#CRL-2638
H22 cells This paper N/A

B16-F10 ATCC Cat#CRL-6475
MDA-MB-231 cells ATCC Cat#CRM-HTB-26
HCT116 cells ATCC Cat#CCL-247EMT
HepG2 cells ATCC Cat#HB-8065
MET-5A cells ATCC Cat#CRL-9444
THP-1 cells ATCC Cat#TIB-202
HEK 293T cells ATCC Cat#CRL-1573
RAW264.7 cells ATCC Cat#TIB-71
Experimental models: Organisms/strains

Mouse: BALB/c GemPharmatech SN#000651
Mouse: Outbred athymic nude GemPharmatech SN#007850
Mouse: C57BL/6J GemPharmatech SN#000664
Mouse: CD11c-dtr Jackson Laboratory SN#004509
B6.FVB-1700016L21Rik'9(t9ax~HBEGF/EGFP)S7Lan,

Mouse: NCG mice GemPharmatech SN#T001475
NOD/ShiLtJGpt-Prkdc®m26¢d52)|prgem26Cd22/ Gt

DH5¢. Vanzyme Cat# C502-02
GFP* Escherichia coli This paper N/A
Oligonucleotides

See Table S1 for primers N/A N/A

Recombinant DNA

pAd-DEST This paper N/A

pAd-Tal This paper N/A

Software and algorithms

GraphPad Prism 9 N/A N/A

FlowJo 10.7.1 Tree Star N/A

Adobe lllustrator Adobe N/A

BioRender BioRender N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Four-to 8-week-old mice were used for the experiments. WT BALB/c mice, WT C57BL/6J mice, immunodeficient BALB/c-nude
mice, CD11c-dtr mice (Jackson Laboratory, B6.FVB-1700016L21Rik9t9ax~HBEGF/EGFRIS7Lan, )y and NCG mice (GemPharmatech,
NOD/ShiLtJGpt-Prkdc®m26C952||2r¢em26Cd22/Ght) were housed under specific pathogen-free conditions at a temperature of
~18°C-24°C with water and food and kept on 12-h light/dark cycles. All animal experiments were approved by the Ethics Committee
of The Affiliated Drum Tower Hospital, Medical School of Nanjing University.

Cell lines

The mouse breast cancer cell line 4T1, human breast cancer cell line MDA-MB-231, mouse colorectal cancer cell line CT26, human
colorectal cancer cell line CT116, human HCC HepG2 cells, mouse macrophage-like cell line RAW264.7 and human embryonic kid-
ney 293T cells were cultured in DMEM with 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin, and mouse HCC H22 cells
and THP-1 cells were cultured in RPMI 1640 medium. All cells were incubated at 37°C with 5% CO..

METHOD DETAILS

Construction of recombinant adenovirus

As described in a previous study, ' the adenovirus shuttle plasmid encoding the Ta1 domains of PTMA was purchased from Sino
Biological. For the secretion and detection of Ta1, the IL-2 signal peptide (MYRMQLLSCIALSLALVTNS) was designed upstream
of the Ta1 sequence, and the His-tag (HHHHHH) was designed downstream of the Ta1 sequence. The ENTR plasmid was further
recombinant with the pAd-DEST human adenovirus type 5 backbone to generate a recombinant adenovirus expression vector. After
digestion with the restriction enzyme Pacl, the recombinant adenovirus was generated and amplified in 293T cells. The recombinant
adenoviruses were purified by sucrose gradient ultracentrifugation and titrated using the Adeno-X rapid titer kit according to the man-
ufacturer’s instructions.

Viral oncolysis and replication

A total of 2x10% 4T1, CT26, and H22 cells were seeded into 96-well plates and cultured overnight prior to treatment with different
adenoviruses for 48 h. Cell viability was evaluated by CCK-8 assays. The expression of EGFP in cells infected with adenoviruses
was measured by flow cytometry. The TCIDso assay was used to calculate the replication of the adenoviruses, Briefly, cells were
seeded into 24-well plates and infected with different adenoviruses. The medium containing viruses was removed, and fresh medium
was added 2 h after infection. Cells were harvested at serial time points as indicated (24, 48, 72, and 96 h after infection). Then, the
adenovirus titers were measured by TCIDsg assay.

Western blot

First, 4T1 cells were seeded into 6-well plates and infected with ADV or ADV™' at an MOI of 2 for 48 h. Supernatants from infected
cells were harvested and mixed with loading buffer. The following experimental steps of Western blotting were performed according
to previously described procedures.*® The antibodies used were anti-6x-His tag monoclonal (Invitrogen, 4E3D10H2/E3) and goat
anti-mouse IgG (H + L) (Invitrogen, 31430).

qRT-PCR

Total cellular RNA was collected and then reverse transcribed to cDNA, mRNA expression levels were analyzed using SYBR Green
PCR master mix and an ABI QuantStudio 5 real-time PCR system (Thermo Fisher Scientific) and normalized to GAPDH expression.
Primer sequences are listed in Table S1.

ELISA

The supernatants of RAW264.7 cells and THP-1 cells stimulated with different interventions were collected (1000 xg, 20 min, 4°C)
respectively, and then concentrations of human and/or mouse IL-18 and IL-10 were detected by related ELISA kits (Elabsicence)
according to the manufacturer’s instructions.

In vitro macrophage coculture experiment

4T1 cells and MDA-MB-231 cells were infected with ADV or ADV™' at 37°C for 48 h. ADV-infected tumor cells (4T1APY; 231APY),
ADV"™'-infected tumor cells (ADV'™') and ADV-infected tumor cells were preincubated with Ta1 (4T12PY & Ta1; 231APY & Taut) for
30 min. Afterward, RAW264.7 macrophages were cocultured with 4T1°PV cells at ratio of 10:1 (THP-1 macrophages were cocultured
with 2312PV cells at a ratio of 10:1). The medium containing adenoviruses and tumor cells was removed, and fresh medium was
added 2 h after incubation. After 18 h, the macrophages and their supernatants were collected and ready for investigating changes
in the phenotypic and proliferative markers of macrophages.
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In vitro CD4 T cell and CD8 T cell stimulation with macrophage (culture supernatant)

CDA4 T cells and CD8 T cells derived from spleen of WT mice were purified with CD4™ T cell isolation kit (Selleck, 90000) and CD8*
T cell isolation kit (Selleck, B90011). As described in the previous methods, macrophages stimulated with different interventions and
their culture supernatants (conditioned medium) were harvested. CD4* T cells and CD8* T cells were respectively cocultured with
macrophages (M-CTRL, M-Ta1, M-4T1APY, and M-4T1%PY +Ta1), or conditioned medium of macrophages (M-CTRL, M-4T1APV-
CM, and M-4T14PY +T41-CM) or conditioned medium of macrophages with added Ta1 (M-4T12PV-CM+ Ta1). After 48 h later, the
percentages of CD4*Foxp3* T cells and IFN-y*CD8" T cells in the coculture system were assessed by flow cytometry.

Escherichia coli phagocytosis experiment

As described in the previous methods, macrophages were stimulated with different interventions. Macrophages (RAW264.7 cells
and/or THP-1 cells) were cocultured with GFP+ Escherichia coli, and were harvested after 3 h. Then, macrophages were washed
three times with PBS to remove the GFP+ Escherichia coli, and the EGFP levels in macrophages were measured by flow cytometry
to assess phagocytosis efficiency. Macrophages from different intervention groups were mixed together to be used as a control to
exclude interference from adenovirus EGFP fluorescence.

Flow cytometry

Samples were run on a FACSCaliber cytometer (BD) and Beckman Coulter Cytoflex S and analyzed with FlowJo 10. For the apoptosis
analysis, tumor cells were incubated with viruses (MOI 10 or 20). After 24 h, cells were collected and stained with Annexin-V/PI for
20 min. For the immune cells in the TME and in the spleen, tissues from mice were collected and filtered to make single-cell suspen-
sions by digestion with collagenase IV (50 ng/mL) for 1 h at 37°C. For the peritoneal macrophages, cells were collected by peritoneal
lavage solution centrifugation at 1000 rpm for 5 min. For the polarization of macrophages in vitro, cells were collected at the indicated
time points after different treatments. The harvested cells were stained with different antibodies. To exclude dead cells, 4’,6-diami-
dino-2-phenylindole (DAPI) were added shortly before analysis or sorting. Alternatively, fixable viability dye eFluor520 or LIVE/DEAD
Near IR Fixable Stain was used to determine live cells. Fluorescent antibodies recognizing murine CD45-APC, CD3-FITC, CD4-PE,
IFN-y-PE, FoxP3-PE, CD11b-FITC, F4/80-PE/Cy7, CD86-PE, CD206-PerCP/Cy5.5, CD8-PerCP/Cy5.5, CD69-PE/Cy7, CD49b-PE,
CD25-PerCP/Cy5.5, CD11c-PE/Cy7, and Ki67-PE/Cy7 were used in this assay and acquired from BioLegend.

Cell gating strategies: lymphocytes (FSC-H and SSC-H), single cells (SSC-A and SSC-H), CD45" cells (CD45* gated single cells),
CD3" T cells (CD3" gated CD45* cells), CD4* T cells (CD4* gated CD45* cells), CD8* T cells (CD8* gated CD3* cells), activated CD8*
T cells (CD25*CD8*, or CD69*CD8*, or IFN-y*CD8* gated CD3* CD8" cells), Tregs (CD25"FoxP3" gated CD4" T cells), macro-
phages (CD11b*F4/80" gated CD45" cells), “M1-like” macrophages (CD86* gated macrophages), “M2-like” macrophages
(CD206" gated macrophages), DCs (CD11c*CD86™ gated CD45" cells), and NK cells (CD3~CD49b* gated CD45* cells).

RNA sequencing

4T1 cells were treated with different interventions, including ADV, ADV combined with Te.1, or vehicle control at 37°C for 48 h. Mac-
rophages were co-cultured with 4T1 cells after different stimulation for 18 h, and then macrophages were collected to perform tran-
scriptome RNA-seq analysis. Total RNA of these samples was extracted using TRIzol (Vazyme) and stored at —80°C. Transcriptome
analysis of these samples was performed using the lllumina NovaSeq 6000 sequencing platform (Majorbio). These data are available
at the GEO accession number GSE271046 (4T1 cells) and GSE271202 (macrophages).

In vivo experiment

Subcutaneous tumor model

Exponentially growing 4T1, CT26, H22, or B16-F10 cells were harvested and then injected subcutaneously into the flanks of mice.
Tumor volume was calculated using the formula (length X width?x0.5). Once the tumor volume reached approximately 50-100 mm?,
the mice were randomly divided into different groups. Then, 0.1 mL of PBS, ADV or ADV™*! (2 x 108 PFU) was injected intratumorally
every other day for a total of three times, and 0.25 mg/kg Ta1 was injected subcutaneously once daily into the peritumoral site.*®
Tumor volume was measured three times per week during the treatment. For survival experiments, mice were sacrificed when
the tumor volume reached >1500 mm?. For flow cytometry analysis of tumor and/or spleen, mice were euthanized at related
time points.

Rechallenge model and bilateral tumor bearing model

For the rechallenge model, the cured mice administered immunotherapies were injected subcutaneously with 5 x 108 H22 cells on
day 0. For the bilateral tumor bearing model, the cured mice with immunological memory were rechallenged with 5 x 10° H22 cells
and the opposing flank was injected subcutaneously with 5x10° 4T1 cells on day 90 after the first rechallenge, naive mice were used
as a control. Mice were sacrificed when the tumor volume reached >1500 mm?®.

4T1 orthotopic tumor model

4T1 cells were injected into the fourth mammary fat pads of NCG mice on day 0. When the tumor volume reached approximately
50-100 mm?, the mice were randomly divided into different groups and treated with immunotherapies. Mice were euthanized and
lung tissue samples of 4T1 tumor-bearing mice were collected on day 24 (n = 6 mice/group) and day 35 (n = 6 mice/group) to assess
the antitumor effects of ADV combined with Ta1 and ADV™".
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PBMC-humanized CDX model

Exponentially growing MDA-MB-231 and/or HepG2 cells were harvested and then injected subcutaneously into the flanks of NCG
mice (GemPharmatech, NOD/ShilLtJGpt-Prkdc®m26C492||2rg®m26Cd22/G 1) on day 0. PBMCs (it’s obtained from human peripheral
blood) were inoculated into the mice on day 1. When the tumor volume reached approximately 50-100 mm?, the mice were randomly
divided into different groups. Then, 0.1 mL of PBS, ADV or ADV™*' (2 x 108 PFU) was injected intratumorally every other day for a
total of three times, and 0.25 mg/kg Tal was injected subcutaneously once daily into the peritumoral site. Tumor volume was
measured three times per week during the treatment. For survival experiments, mice were sacrificed when the tumor volume
reached >1500 mm?.

PBMC-humanized PDX model

The TNBC tumor cells were resuspended in 50% volume Matrigel (Invitrogen, A1413202) and were injected into the fourth mammary
fat pads of NCG mice on day 0. PBMCs (it’s obtained from human peripheral blood) were inoculated into the mice on day 1. When the
tumor volume reached approximately 50-100 mm?, the mice were randomly divided into different groups. Then, 0.1 mL of PBS, ADV
or ADV™ (2 x 108 PFU) was injected intratumorally every other day for a total of three times, and 0.25 mg/kg T«1 was injected sub-
cutaneously once daily into the peritumoral site. Tumor volume was measured every other day.

For the generation of PDX model, the breast tumor of patients diagnosed with TNBC was maintained on ice and brought to the
laboratory within 1 h, after which they were harvested and dissociated into single cells and/or organoids by mechanical mincing
and digestion. Cells were filtered through a 70 um sterile filter. A total of 5x10° viable tumor cells were resuspended in 50% volume
Matrigel and injected into the fourth mammary fat pads of NCG mice. When tumors reach about 1000 mm?, they were harvested and
dissociated into single cells as previously described. The initial tumor (which reaches a volume of 1000 mm? in NCG mice) is termed
‘passage 0’ (P0), and passages continued to be tracked with each generation. The oncolytic adenovirus (ADV+Ta1 and ADV'™) treat-
ment of PDX model used mice at passage 3.

In vivo immune cell depletion
For macrophage and CD8" T cell depletion, BALB/c mice were intraperitoneally injected with 500 pg of anti-CD8a (Bioxcell, West
Lebanon, NH, USA) or anti-CSF1R (Bioxcell, West Lebanon, NH, USA) every other day for a total of three times at related time points
(n =10 mice/group). For confirming the cell depletion, tumors from the mice injected with anti-CD8a or anti-CSF1R were harvested
and flow cytometry confirmed the anti- CD8a and anti- CSF1R depletion effects at related time points.

For dendritic cell depletion, CD11c-dtr mice were administered 100 ng of diphtheria toxin the day before tumor injection (n = 6
mice/group). For confirming the cell depletion, tumors from the mice injected with diphtheria toxin were harvested and flow cytometry
confirmed the depletion effects on day 10.

QUANTIFICATION AND STATISTICAL ANALYSIS
The statistical significance of differences in multiple groups was analyzed using GraphPad Prism by one-way ANOVA. The survival of
tumor-bearing mice was analyzed using the Kaplan—Meier method with the log rank test. Student’s t test or paired t test was used to

compare two independent or matched groups. Data distribution was assumed to be normal, but this was not formally tested. Data are
shown as the mean + SD (NS, no significant differences; *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001).
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Figure S1. ADV treatment effectively increased tumor immune infiltration while induced an

immunosuppressive feedback loop in HCC model. Related to Figure 1.

(A) Experimental schematic of mice from (Figures S1B-S1K): H22-tumor-bearing wild-type (WT) mice were

administered ADV or vehicle control (PBS) starting on day 5 when the tumor volume reached approximately 50



to 100 mm?. Tumor-infiltrating leukocytes (TILs) from the tumor and spleen were assessed by flow cytometry
(day 14, day 19, day 30; n=6 biological replicates); s.c., subcutaneous; i.t., intratumoral. (B-I) Percentages (top)
and total cells normalized to g tumor tissue (bottom) of Tumor-infiltrating (B) CD3*CD4* T cells, (C)
CD3"CD8" T cells, (D) CD11b"F4/80" macrophages, (E) CD3-CD49b" NK cells, (F) CD11¢*CD86" DCs, (G)
CD25"Foxp3* Treg cells, (H) “M1-like” macrophages, (I) “M2-like” macrophages within the TME of mice
(n=6 biological replicates). (J and K) Percentages (left) and total cells normalized to g tumor tissue (right) of
CD4" T cells (J) and CD8" T cells (K) within the spleens of mice (n=6 biological replicates). The data are

shown as the means + SD. NS, no significant difference; *p<0.05, **p<0.01.



Figure S2. Flow cytometry gating strategy for the identification of immune cells within the tumor and

spleen. Related to Figure 1 and Figure S1.

(A) Flow cytometry gating strategy for the identification of immune cells within the tumor in 4T1 model. (B)

Flow cytometry gating strategy for the identification of immune cells within the spleen in 4T1 model. (C) Flow



cytometry gating strategy for the identification of immune cells within the tumor in H22 model. (D) Flow

cytometry gating strategy for the identification of immune cells within the spleen in H22 model.
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Figure S3. Tal intervention can reprogram the TME during ADV treatment. Related to Figure 3.
(A) Schematic representation of experimental design and treatment timeline. Wild-type mice were injected

subcutaneously with 5x10° H22 cells. When the tumor volume reached approximately 50 to 100 mm?, the mice



were randomly divided into different groups and treated with an intratumoral injection of 0.1 mL of PBS or

ADV (2x10%PFUs) every 2 days for a total of three times. Tal (0.25 mg/kg) was injected subcutaneously into

the peritumoral site once daily starting with the first dose of ADV. Tumor-infiltrating leukocytes (TILs) from the

tumor were assessed by flow cytometry (day 19; n=7 biological replicates); s.c., subcutaneous; i.t., intratumoral.

(B) Percentages (left) and total cells normalized to g tumor tissue (right) of CD3* T cells, CD4" T cells and

TAMSs within the TME of mice (n=6 biological replicates). (C-F) Representative plots (left), percentages (top)

and total cells normalized to g tumor tissue (bottom) of Tumor-infiltrating (C) CD3"CD8" T cells, (D)

CD25*Foxp3* Treg cells, (E) “M1-like” macrophages and (F) “M2-like” macrophages within the TME of mice

(n=6 biological replicates). (G-K) Wild-type (WT) mice and CD11c-dtr mice were administered diphtheria toxin

the day before tumor injection. B16 tumor-bearing mice were administered different immunotherapies starting

on day 10 when the tumor volume reached approximately 50 to 100 mm? (n=6 biological replicates). s.c.,

subcutaneous; i.t., intra-tumoral; i.p., intra-peritoneal. (G) Schematic representation of experimental design and

treatment timeline. (H) Tumor tissue samples of B16 tumor-bearing mice were collected on day 10, and flow

cytometry confirmed the depletion effect of diphtheria toxin on CD11c-dtr mice. (I) Tumor growth. (J) Survival.

(K) Body weight. The data are shown as the means + SD. NS, no significant difference; *p<0.05, **p<0.01,

#44p<0.001.
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Figure S4. The antitumor activity of ADV combined with Tal was mediated by macrophages and CD8" T

cells. Related to Figure 4.

(A) Tumor tissue samples of 4T1 tumor-bearing mice (from Figure 4B) were collected on day 15, and flow

cytometry confirmed the anti-CSF1R and anti-CD8a depletion effects. (B) Body weight of 4T1 tumor -bearing

mice (from Figures 4B and 4C) was monitored every 2 or 3 days (n=10 biological replicates). (C) Tumor tissue

samples of H22-bearing mice (from Figure 4C) were collected on day 15, and flow cytometry confirmed the

anti-CSF1R and anti-CD8a depletion effects. (D) Body weight of H22-bearing mice (from Figures 4C and 4D)

was monitored every 2 or 3 days in the H22 model (n=10 biological replicates). (E) Tumor tissue samples of

4T1-bearing mice (from Figure 4J) were collected on day 15, and flow cytometry confirmed the anti-CSF1R



depletion effect. (F and G) Representative plots (F) and percentages (G) of PD1"CD8* T cells and TIM3* CD8*

T cells within the TME of mice (from Figure 4J; n=6 biological replicates). The data are shown as the means

+ SD. NS, no significant difference; *p<0.05.
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Figure S5. Tal reversed the phenotype of macrophages induced by ADV-infected tumor cells. Related to

Figure 5.

(A and B) Macrophages (RAW264.7 cells) were cocultured with 4T1 cells, ADV, ADV-infected 4T1 cells

(4T14PV cells), conditioned medium obtained from 4T1 cell cultures (4T1-CM), or 4T14PV-CM, followed by

analysis of macrophage polarization (n=3 biological replicates). (A) Expression of CD86 and CD206 was

measured by FCM in macrophages. (B) Expression of iNOS, IL-1p, IL-6, Arg-1 and IL-10 was measured by

qPCR in macrophages (n=3 biological replicates and 3 technical replicates), and the mRNA expression level of



iNOS, IL-1p, IL-6, Arg-1 and IL-10 was showed as heat map. (C) Expression of CD206 was measured by FCM

in macrophages stimulated by 4T14DV cells at different E:T ratios (n=3 biological replicates). (D) After different

interventions, macrophages (from Figure 5SA) were cocultured with GFP+ Escherichia coli for 3 hours. Then,

the EGFP levels in macrophages were measured by flow cytometry to assess phagocytosis efficiency.

Macrophages from different intervention groups were mixed together to be used as a control to exclude

interference from adenovirus GFP fluorescence (n=3 biological replicates). (E) Expression of Ki67 was

measured by FCM in CD86" macrophages or CD206" macrophages (from Figure 5C). (F-H) Macrophages

(THP-1 cells) were cocultured with stimulated by different interventions, followed by analysis of macrophage

polarization (n=3 biological replicates). (F) IL-1p and IL-10 concentrations in the supernatants were measured

by ELISA. (G) The expression of CD86 (top) and CD206 (bottom) in macrophages was measured by FCM. (H)

The expression of iNOS, IL-1p, IL-6, Arg-1 and IL-10 in macrophages was measured by qPCR, and the mRNA

expression levels of iNOS, IL-1p, IL-6, Arg-1 and IL-10 are shown as heatmaps. (I and J) BALB/c mice were

intraperitoneally injected with 1 mL of 6% starch broth once a day for three days to recruit macrophages. On

day 4, PBS, Tal, 4T14PV cells, or 4T14PV & Tal were intraperitoneally injected into mice. On day 5, the mice
Y

were euthanized, and the peritoneal macrophages were harvested. (I) Schematic representation of experimental

design. (J) Expression of CD86 and CD206 in peritoneal macrophages was measured by FCM (n=3 biological

replicates). i.p., intraperitoneal. (K) Volcano plot showing the DEGs between ADV-treated 4T1 cells and

vehicle-treated 4T1 cells. DEGs with an absolute log-transformed fold change >1 and a P value <0.05

(determined by two-sided Wilcoxon rank-sum test) were defined as significant. (L) Heatmap of DEGs in all 4T1

cell groups. (M) CD4" T cells from mouse spleens were cocultured with 4T1 cells, ADV, or ADV-infected 4T1

cells (4T1APY cells) or stimulated with Tal. The expression of Foxp3 in CD4" T cells was measured by FCM

(n=3 biological replicates). The data are shown as the means + SD. ns, no significant difference; *p<0.05,



#4p<0.01, **#%p<0.001, ****p<0.0001.
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Figure S6. ADV™! has replication and oncolytic efficacy similar to that of ADV. Related to Figure 6.

(A) CT26 cells, HCT116 cells, HepG?2 cells, H22 cells and MET-5A cells were infected with ADVT™! or ADV at

different MOls, and cell viability was measured 48 h later by CCK-8 assay (n=3 biological replicates). (B) CT26

cells, HCT116 cells, HepG2 cells, H22 cells and MET-5A cells were infected with ADVT™ or ADV at an MOI

of 1. The virus titers were measured by TCIDS50 assay at different time points after infection (n=3 biological

replicates). (C-H) Macrophages (RAW264.7 cells) were cocultured with 4T1APY (ADV), 4T14PV cells with Tal

(ADV + Tal), or ADV™l-infected 4T1 cells (ADVT™), followed by analysis of macrophage polarization (n=3

biological replicates). (C) Schematic representation of experimental design. (D) The expression of CD86 (left)

and CD206 (right) in macrophages was measured by FCM. (E) IL-1p and (F) IL-10 (right) concentrations in the



supernatants were measured by ELISA. (G) The expression of iNOS, IL-1p, IL-6, Arg-1 and IL-10 in

macrophages was measured by gPCR (n=3 biological replicates and 3 technical replicates). (H) The mRNA

expression levels of iNOS, IL-1p, IL-6, Arg-1 and IL-10 (Figure S6G) are shown as heatmaps. (I) After different

interventions, macrophages (from Figure 6G) were cocultured with GFP+ Escherichia coli for 3 hours. Then,

the EGFP levels in the macrophages were measured by flow cytometry to assess the phagocytosis efficiency.

Macrophages from different intervention groups were mixed together to be used as a control to exclude

interference from adenovirus GFP fluorescence (n=3 biological replicates). The data are shown as the means

+ SD. NS, no significant difference; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure S7. ADVT is superior to ADV in producing a better antitumor immune response. Related to

Figure 7.

(A-D) H22-tumor-bearing wild-type (WT) mice were administered different immunotherapies or vehicle control

(PBS) starting on day 5 when the tumor volume reached approximately 50 to 100 mm?; s.c., subcutaneous; i.t.,

intra-tumoral. (A) Schematic representation of experimental design and treatment timeline. (B) Tumor growth.

(C) Body weight. (D) Survival (n=10 biological replicates). (E-G) 4T1 cells were injected into the fourth

mammary fat pads of NCG mice, and these 4T 1-bearing mice were administered different immunotherapies

starting on day 10; s.c., subcutaneous; i.t., intratumoral. (E) Schematic representation of experimental design

and treatment timeline. Primary tumor growth (F) and metastasis to the lung (G) in 4T1 tumor -bearing mice

after immunotherapies (day 19, 24; n=6 biological replicates). (H-K) Tumor-bearing NCG mice were

intravenously injected with human peripheral blood mononuclear cells on day 1, and then PBMC-humanized

mice were administered different immunotherapies; s.c., subcutaneous; i.t., intra-tumoral; i.v., intravenous. (H)

Schematic representation of experimental design and treatment timeline. (I) Tumor growth. (J) Body weight. (K)

Survival (n=5 biological replicates). The data are shown as the means + SD. NS, no significant difference;

#p<0.05, **#p<0.01, ***p<0.001, ***%p<0.0001.



Target Name

Forward primer (5' — 3")

Reverse primer (5' — 3")

mArg-1 CAGATATGCAGGGAGTCACC CAGAAGAATGGAAGAGTCAG
miNOS CCACCCGAGCTCCTGGAAC CCCTCCTGATCTTGTGTTGGA
mlIL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
mlIL-6 ACAAAGCCAGAGTCCTTCAGAGAG TTGGATGGTCTTGGTCCTTAGCCA
mlIL-1B TCTTTGAAGTTGACGGACCC TGAGTGATACTGCCTGCCTG
mGAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
hArg-1 TTGGCTTGAGAGACGTGGAC ACACTTGCTTCTCTATTACCTCAGA
hiNOS ATGGAACATCCCAAATACGA GTCGTAGAGGACCACTTTGT
hIL-10 ACCACGCTTTCTAGCTGTTGA GCTCCCTGGTTTCTCTTCCTA
hIL-6 TGCCTCTTTGCTGCTTTCACA TCGGTCCAGTTGCCTTCTCCC
hIL-1pB GGATATGGAGCAACAAGTGG ATGTACCAGTTGGGGAACTG
hGAPDH GGACCTGACCTGCCGTCTAG GTAGCCCAGGATGCCCTTGA

Table S1: Primers used in Real-time quantitative PCR analyses. Related to Figures 5, 6, S5, and S6.
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