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Immune checkpoint inhibitors have clinical success in prolong-
ing the life ofmany cancer patients. However, only aminority of
patients benefit from such therapy, calling for further improve-
ments. Currently, most PD-L1 checkpoint inhibitors in the
clinic do not elicit Fc effector mechanisms that would substan-
tially increase their efficacy. To gain potency and circumvent
off-target effects, we previously designed an oncolytic adeno-
virus (Ad-Cab) expressing an Fc fusion peptide against PD-L1
on a cross-hybrid immunoglobulin GA (IgGA) Fc. Ad-Cab eli-
cited antibody effector mechanisms of IgG1 and IgA, which led
to higher tumor killing compared with each isotype alone and
with clinically approved PD-L1 checkpoint inhibitors. In this
study, we further improved the therapy to increase the IgG1
Fc effector mechanisms of the IgGA Fc fusion peptide (Ad-
Cab FT) by adding four somaticmutations that increase natural
killer (NK) cell activation. Ad-Cab FTwas shown to work better
at lower concentrations compared with Ad-Cab in vitro and
in vivo and to have better tumor- andmyeloid-derived suppres-
sor cell killing, likely because of higher NK cell activation. Addi-
tionally, the biodistribution of the Fc fusion peptide demon-
strated targeted release in the tumor microenvironment with
minimal or no leakage to the peripheral blood and organs in
mice. These data demonstrate effective and safe use of Ad-Cab
FT, bidding for further clinical investigation.

INTRODUCTION
Our immune system has a significant role in maintaining the integrity
of our health. Besides its role in protecting against pathogens, it is also
crucial in cancer prevention and defense. Research has indicated that
immunocompromised individuals have an increased risk for devel-
oping certain cancers1 and that mouse models with defective T cells
and natural killer (NK) cells bear higher susceptibility for the disease.2

Moreover, the tumor microenvironment in patients with cancer has
been shown to be immunosuppressive, with tumor cells able to
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develop multiple immune evasion strategies.3 Therefore, a major
target in drug development for the treatment of cancer has been to
boost the immune system.

An integral inhibitory pathway, the checkpoint pathway, exists within
our body to modulate activation of the immune system. These check-
points prevent the immune response from overactivation, with poten-
tial consequences being autoimmune and autoinflammatory diseases
and collateral immune-mediated tissue damage. One strategy tumor
cells exhibit to evade an immune response is to overexpress the negative
checkpoint regulator PD-L1.4,5 PD-L1 is a PD-1 ligand that, upon
interaction, leads to T cell exhaustion and tumor evasion. Clinical trials
with PD-L1 inhibitors have demonstrated enhanced overall survival
outcomes with melanoma, non-small cell lung cancer, renal cell carci-
noma, and bladder cancer.5 However, a substantial group of patients,
66%, do not respond to such therapy, and some responders develop ac-
quired resistance during the course of treatment.6 Hence, a crucial
improvement in PD-L1 checkpoint inhibitors is required.

Currently, the majority of the PD-L1 inhibitors in the clinic are
monoclonal antibodies (of the immunoglobulin G [IgG] isotype)
that mainly act as antagonizing agents. Their pertinent effector mech-
anisms, such as complement-dependent cytotoxicity (CDC) or anti-
body-dependent cell cytotoxicity (ADCC)/antibody-dependent cell
phagocytosis (ADCP), are limited or abrogated. The subsequent lim-
itation in Fc effector mechanisms is mostly due to safety issues
because PD-L1 expression is ubiquitous and can lead to killing of
healthy cells. However, such effector mechanisms of many antibodies
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omto.2023.01.006
mailto:vincenzo.cerullo@helsinki.fi
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2023.01.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
are required for full tumor clearance. Moreover, addition of Fc
effector mechanisms has been shown to increase efficacy with PD-
L1 antibodies.7,8 This has also been shown with the approval of ave-
lumab, which is the only IgG1 PD-L1 checkpoint inhibitor with Fc
effector mechanisms in the clinic.

We previously developed a novel PD-L1 checkpoint inhibitor consist-
ing of a PD-1 ectodomain connected to an IgGA cross-hybrid Fc,
comprising regions of an IgG1 and IgA (termed Ad-Cab).9 All ther-
apeutic anti-cancer antibodies in the clinic are of the IgG isotype,
which is excellent in activating the complement system and NK cells.
However, they fail to activate the most abundant leukocyte popula-
tion, neutrophils, because of the expression pattern of Fc gamma re-
ceptors (Fc-g). Although neutrophils express the activating receptor
Fc-gRIIA (CD32A), they have far more abundant expression of the
non-signaling Fc-gIIIB (CD16B)10 and some expression of inhibitory
Fc-gIIB (CD32B).11 Contrary to IgG antibodies, IgA antibodies are
able to exploit neutrophils because of expression of the activating
Fc-a (CD89) receptor.10,12,13 However, they cannot activate the com-
plement system (because of a lack of a C1q binding site) or NK cells
(which do not express Fc-a). Therefore, the IgGA cross-hybrid Fc is
able to generate effector functions of IgG1 and IgA, which leads to
enhanced tumor killing and a decrease in immune effector population
exhaustion.9,14

Here, to further improve such therapy, we added certain point muta-
tions in the IgG1 region of the IgGA Fc to increase NK cell activation
(called Ad-Cab FT). Moreover, to circumvent toxicity issues, we
cloned such a construct into an oncolytic adenovirus genome. Onco-
lytic adenoviruses have been shown to be ideal gene therapy vehicles
because of their selective tropism and replication toward tumor cells
while leaving healthy cells unharmed.15,16 This allows local and
controlled release of our enhanced PD-L1 Fc fusion inhibitor in the
tumor bed.

In this study, we demonstrated that the oncolytic adenoviruses were
able to release substantial amounts of the Fc fusion peptides when in-
fecting tumor cells. Our improved Ad-Cab FT was more potent in NK
cell activation at lower concentrations comparedwith Ad-Cab but had
a similar potency with activating the complement system and neutro-
phils. This also translated to higher potency with Ad-Cab FT when all
effector components were added, mimicking physiological parame-
ters. Ad-Cab FT also showed a good safety profile in vivowith human-
ized mouse models; mice did not lose weight, and release of the Fc
fusion peptide was limited to the tumor with no leakage to the periph-
eral blood. Interestingly, other than superior tumor control, Ad-Cab
FT was also able to remodel the suppressive microenvironment by
reducing the presence of myeloid-derived suppressor cells (MDSCs).

RESULTS
Cab FT activates higher ADCC with peripheral blood

mononuclear cells (PBMCs) at lower concentrations than Cab

Previously, we designed a novel Fc fusion peptide (Cab) consisting of
a PD-1 ectodomain (binding to PD-L1) connected to a cross-hybrid
IgGA Fc via a GGGS linker. This Fc fusion peptide was able to display
effector mechanisms of IgG1 and IgA, which increased tumor killing
compared with clinically approved PD-L1 antibodies or IgG1 or IgA
backbones alone. To further improve Cab, four point mutations
(H268F/S324T/S239D/I332E) were added to the IgG1 portion of
the cross-hybrid IgGA Fc (Cab FT) to increase activation of NK
cells.17We performed ADCC experiments with isolated PBMCs using
different concentrations (20–0.15625 mg/mL) of Cab and Cab FT.
These experiments were performed with two murine (B16F10 and
B16K1) and two human cell lines (A549 and MDA-MB-439) because
the PD-1 ectodomain is able to bind to murine and human PD-L1.
Moreover, we have previously tested the expression of PD-L1 and
correlated the expression to specific lysis.9 With all cell lines, a clear
trend can be observed in which Cab FT was more potent at lower con-
centrations (between 2.5–0.3125 mg/mL) compared with Cab (Fig-
ure 1A). However, at high concentrations of 5–20 mg/mL, Cab and
Cab FT had similar efficiency in tumor killing (Figure 1A).

We then repeated the experiments using polymorphonuclear leu-
kocytes (PMNs) as the effector population. No difference in killing
was observed between Cab and Cab FT because IgG1 sub-opti-
mally activates neutrophils (Figure 1B). No increase in tumor
killing was observed when serum was added, even though the
point mutations in Cab FT have been shown to increase C1q bind-
ing17 (Figure S1).

After seeing increased NK cell activation with Cab FT, we wanted
to see whether we could observe such an effect under more phys-
iological conditions where PBMCs and PMNs would be present.
Similar to previous data, Cab FT was again superior to Cab at
lower concentrations, further emphasizing the added gain in tu-
mor killing (Figure 1C). Overall, the data demonstrate that the
point mutations in Cab FT increase ADCC killing with PBMCs
at lower concentrations.

Cab and Cab FT do not induce leukocyte killing and block the

PD-L1/PD-1 axis

PD-L1 expression is not limited to tumor cells but can also be ex-
pressed by many immune cells, such as macrophages, dendritic cells
(DCs), andmonocytes. However, expression of PD-L1 has been docu-
mented to be lower compared with tumor cells. This is to our advan-
tage because the copy number of a target epitope on the cell mem-
brane is an essential requirement for antibody effector mechanisms
to be activated. Hence, despite expression of PD-L1 on immune cells,
Cab and Cab FT could not induce killing of such cell populations. To
test that Cab and Cab FT do not harm crucial immune cells, we per-
formed a whole-blood assay where unmanipulated blood from three
different donors was incubated with 20 mg/mL of both Cab and Cab
FT. In the presence of all effector populations, we analyzed whether a
decrease in cell percentage or absolute number was observed with
T cells, NK cells, DCs, monocytes, and neutrophils (Figure 2A). No
significant differences in percentages (Figure 2B) or absolute numbers
(Figure 2C) were observed among samples treated with Fc fusion pep-
tides, trastuzumab (binding to Her-2 and not found on immune cells)
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Figure 1. Cab versus Cab FT in inducing ADCC with different effector populations

(A–C) Cells were treated with different concentrations of Fc fusion peptides and had either PBMCs (A; 100:1, E:T), PMNs (B; 40:1, E:T), or PBMCs and PMNs (C) added for a

4-h incubation. Lysis was then quantified by measuring release of endogenous LDH. All n R 3, and significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001. Error bars represent SEM.
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or untreated samples. This indicates that, even though Cab and Cab
FT induce high tumor killing, they do not kill low-PD-L1-expressing
immune cells.
266 Molecular Therapy: Oncolytics Vol. 28 March 2023
Some studies have shown that increasing Fc effector functions of PD-
L1 checkpoint inhibitors can lead to a higher disruption of the PD-L1/
PD1 axis.18 To test whether the enhanced killing of Ad-Cab FT was
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Figure 2. Whole-blood and mixed-leukocyte assay with Cab and Cab FT

Unmanipulated blood from 3 donorswas treated with 20 mg/mL of Fc fusion peptides and incubated for 24 h. (A–C) Immune populations were then gated (A) and quantified by

percentage (B) and absolute number (C). DCs and CFSE-labeled PBMCs from different donors were incubated with 10 mg/mL of Fc fusion peptides or antibody for 5 days. (D)

PBMCs were then collected, and CD8+ T cells had their expansion index calculated based on CFSE staining. All n R 3, and significance levels were set at *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars represent SEM.
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due to the point mutations and not increased PD-L1/PD1 disruption,
we performed a mixed leukocyte reaction assay. In this assay, the PD-
L1/PD1 axis is analyzed by co-incubating monocyte-derived DCs
from one donor with carboxyfluorescein succinimidyl ester (CFSE)-
stained PBMCs from another donor. Because of the presence of
PD-L1 and PD1, we expect to see very little proliferation. However,
in the presence of a PD-L1 checkpoint inhibitor, an increase in the
expansion should be observed. Cab and Cab FT had expansion
indices very similar to each other and to the clinically approved
PD-L1 checkpoint inhibitor atezolizumab (Figure 2D). Hence, Cab
and Cab FT have similar levels of PD-L1/PD-1 axis inhibition.

Ad-Cab and Ad-Cab FT have similar oncolytic activity and

expression levels of the Fc fusion peptide

To reduce safety concerns, Cab and Cab FT were cloned into an on-
colytic adenovirus-5/3 named Ad-Cab and Ad-Cab FT, respectively.
After isolating the cloned viruses, a colorimetric method for deter-
mining cell viability (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium [MTS] assay) was
performed to assess oncolytic fitness. In human cell lines (MDA-
MB-436 and A549), clear cell lysis was observed as the multiplicity
of infection (MOI) increased up to 100. Ad-Cab and Ad-Cab FT
had very similar levels of cell lysis, also when compared with unarmed
Ad-5/3 D24 (Figure 3A), which is identical to Ad-Cab viruses but
lacks the Fc fusion peptide gene. This indicated that Ad-Cab and
Ad-Cab FT had similar oncolytic fitness and that the gene manipula-
tion did not affect fitness/oncolysis/functionality. As expected, no cell
lysis was observed in any of the murine cell lines (B16F10, B16K1, and
4T1) (Figure 3A). This is due to the lower replication of human Ad-5
viruses in murine cells.

We then tested whether Ad-Cab and Ad-Cab FT could express and
secrete the Fc fusion peptides into the supernatant. Cab and Cab
FT had a His tag, allowing such quantification. When A549 cells
were infected at 100 MOI, a clear secretion of Fc fusion peptide was
observed. This secretion level increased until reaching day 3 post
infection, when around 7 mg/mL of released peptides was detected
(Figure 3B). Similar results were shown with B16K1 but with lower
Molecular Therapy: Oncolytics Vol. 28 March 2023 267
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Figure 3. Oncolytic fitness and expression of Ad-Cab and Ad-Cab FT

(A–C) Different cell types were infected with the indicated MOIs of virus and incubated for 3 days. Using an MTS assay, cell viability (A) was determined. A549 (B) and B16K1

(C) cells were infected with 100 MOI of virus, and the amount of Fc fusion peptides was measured using a His tag ELISA.
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amounts of secreted peptide (Figure 3C). Lower peptide levels in
B16K1 are mostly due to lower adenoviral replication of Ad-5 in mu-
rine cells compared with human cells19 (Figure 3C). Together, these
results indicate that Ad-Cab and Ad-Cab FT are able to express
and secrete adequate levels of the Fc fusion peptide in human andmu-
rine settings.

Ad-Cab FT induces higher levels of killing at lower

concentrations when PBMCs are added

To test whether the secreted Fc fusion peptides from the adenovirus
were functional, we infected target cells with Ad-Cab and Ad-Cab FT
and again performed ADCC assays. When human cells were infected
at different MOIs ranging from 10–100, Ad-Cab FT outperformed
Ad-Cab when PBMCs were added as an effector population at lower
MOIs (Figure S2A). Moreover, no death was observed with Ad-5/3
D24, indicating that cell lysis was due to the Fc fusion peptide and
not because of viral oncolysis. With murine cells, higher MOIs were
added because secretion of the Fc fusion peptide is lower compared
with human cells. Similar to human cells, higher specific cell lysis
could be observed with Ad-Cab FT at lower MOIs compared with
268 Molecular Therapy: Oncolytics Vol. 28 March 2023
Ad-Cab. We then repeated the same experiments by adding either
PMNs (Figure S2B) or complement-active serum (Figure S2C). As ex-
pected, when PMNs or serum was added, clear cell lysis was observed
among Ad-Cab and Ad-Cab FT but not Ad-5/3 D24. Additionally,
similar specific cell lysis levels were seen with Ad-Cab and Ad-Cab
FT at different MOIs.

We then performed the same experiments but with effector popula-
tions combined: PBMCs and PMNs (Figure 4). Ad-Cab FT demon-
strated higher tumor cell killing levels compared with Ad-Cab at
lower concentrations. Hence, Ad-Cab FT can secrete functional
Cab FT and induce high tumor killing at lower MOIs when PBMCs
are used as effector cells.

Ad-Cab FT induces faster killing than Ad-Cab

To further elucidate the advantages of Ad-Cab FT, we examined the
kinetics of tumor killing using an impedance-based real-time quanti-
tative analysis (XCELLigence). A549 cells were infected at 30 MOI
and co-incubated with PBMCs and PMNs (Figure 5A). Cell killing
was analyzed in real time, and at around 18 h, killing could be



Figure 4. ADCC of Ad-Cab and Ad-Cab FT in the presence of PBMCs and PMNs

Cells were infected at various MOIs with virus and incubated for 48 h. PBMCs (100:1, E:T) and PMNs (40:1, E:T) were then added. After 4 h, lysis was quantified based on

endogenous LDH release.
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observed in A549 cells with Ad-Cab FT. No death was recorded at this
time point with either Ad-Cab or Ad-5/3 D24. Cell killing for Ad-Cab
and Ad-5/3 D24 started at around 32 and 40 h, respectively. More-
over, within 24 h, Ad-Cab FT had reached its final cell killing capacity,
much earlier than the effects of viral oncolysis that were recorded with
Ad-5/3 D24 or Ad-Cab, for which it took more than 36 h. The level of
cell killing was superior with Ad-Cab FT compared with Ad-Cab,
which corresponds with our previous data. In agreement with the
A549 data, similar kinetics were also observed with B16K1 (Fig-
ure 5B). However, cell killing was observed later, at around 27 h for
Ad-Cab FT, while for Ad-Cab, it was seen at around 42 h. These
data clearly indicate that Ad-Cab FT not only kills tumor cells at a
higher efficiency but also does so at a faster pace than Ad-Cab.

Ad-Cab FT controls tumor growth in vivo with B16K1 and 4T1

Following the in vitro data, we assessed the efficacy of Ad-Cab and
Ad-Cab FT in vivo with different tumor models. For the first tumor
model, we used B16K1 because of its high expression of PD-L1.
Mice were sub-divided into five treatment groups receiving different
treatments: PBS (mock), Ad-5/3 D24, Ad-Cab, Ad-Cab FT, and
mPD-L1. Four injections of each treatment were given intratumorally
(viruses or PBS) or intraperitoneally (antibodies), with a 2-day break
between the injections (Figure 6A). Usually, 109 viral particles are
administered per mouse for oncolytic adenovirus therapy. However,
because Ad-Cab FT was shown to work at lower MOIs, each mouse
was administered a one-tenth lower dose, 108 viral particles. As ex-
pected, Ad-Cab FT outperformed all other treatment groups
(Figures 6B and S4A). Two days after the last dose, mice were sacri-
ficed to investigate the tumor microenvironment. Interestingly, as
in vitro, higher NK cell activation was seen with Ad-Cab FT, explain-
ing better tumor control than with Ad-Cab (Figure 6C). High upregu-
lation of CD107a was observed with NK cells from the Ad-Cab FT
group, which signifies a release of cytotoxic molecules such as perfor-
ins and granzymes. Upregulation of CD107a was also seen with CD8+
T cells in the Ad-Cab, Ad-Cab FT, and mPD-L1 groups because of
PD1/PD-L1 inhibition (Figure 6D). Analyzing the tumor microenvi-
ronment indicates a clear increase in NK cell infiltration in Ad-Cab
FT-treated groups (Figure S4B), while similar levels of CD8+
T cells (Figure S4C) and CD4+ T cells (Figure S4D) can be seen in
all groups. We then tested the biodistribution of the Fc fusion peptide
in the tumor and liver. In both Ad-Cab andAd-Cab FT treated groups
(Figure 6E), 1mg/mL of Fc-fusion peptide could be observed in the tu-
mor and undectable levels were measured in the liver (Figure 6F).
Overall, Ad-Cab FT was able to control tumor growth at lower dos-
ages than Ad-Cab, with a safe biodistribution.

After observing the added benefit of Ad-Cab FT with B16K1, we
repeated the same experiment but with a highly immunosuppressive
and fast-growing tumor model, 4T1. Similar groups, schedules, and
dosages were used (Figure 6G). Comparable with B16K1, Ad-Cab
FT groups had the best tumor control compared with other groups
(Figures 6H and S5A). Ad-Cab was also able to control tumor growth
better than mPD-L1 or mock. After sacrificing the mice, we evaluated
different immune cell populations. One of the main reasons why 4T1
Molecular Therapy: Oncolytics Vol. 28 March 2023 269
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Figure 5. Real-time killing of A549 and B16K1 cells with Ad-Cab and Ad-Cab FT

(A and B) A549 (A) and B16K1 (B) cells were first seeded for 24 h. Then viruses were added at 30MOI (A549) and 100MOI (B16K1), along with PBMCs (100:1, E:T) and PMNs

(40:1, E:T). The cell index was then measured every 30 min for the indicated times.

Molecular Therapy: Oncolytics
tumors are immunosuppressive is high infiltration of MDSCs. A
decrease in MDSC granulocytic (Figure 6I) and MDSC monocytic
(Figure 6J) cells can be seen in Ad-Cab FT groups, most likely because
of the high expression of PD-L1. Furthermore, an increase in NK cells
(Figure S5B) can be seen in Ad-Cab FT-treated groups, along with
high activation (CD107a+) (Figure S5C) of such cells. Nevertheless,
no changes in infiltration were seen with other immune populations,
like CD8+ (Figure S5D) or CD4+ (Figure S5E) T cells, among the
treated groups. Finally, a similar biodistribution was observed with
around 1 mg/mL of Fc fusion peptide in the tumor microenvironment
(Figure 6K) and below-detection levels in the liver (Figure 6L). In
conclusion, Ad-Cab FT was able to control 4T1 tumor growth, mostly
because of NK cell activation and downregulation of MDSC
populations.

Ad-Cab FT is effective in controlling the A549 tumor xenograft

model in vivo

As a final tumor model to assess efficacy, we used nonobese diabetic
(NOD)/severe combined immunodeficiency (SCID) (NS)-deficient
mice with a reconstituted human immune system and A549 tumor
xenografts. NS mice were first implanted with A549 tumor cells
and then injected with freshly isolated PBMCs from a healthy donor
(Figure 7A). Before treatment, two mice injected with or without
PBMCs were sacrificed. Mice injected with PBMCs could be seen to
have engrafted human CD45+ cells and human CD3+ T cells (Fig-
ure 7B). Mice were then treated with PBS (mock), Ad-5/3 D24, Ad-
Cab, or Ad-Cab FT for a total of two injections. Two injections
were given instead of four, as done previously with B16K1 and 4T1
tumor models, because a higher amount of Fc fusion peptide can be
obtained with the human cell line A549 compared with murine cells
because of replication kinetics. As expected, mice receiving Ad-Cab
FT had the best tumor control compared with any of the other groups
(Figures 7C and S6). Ad-Cab did exert a therapeutic effect, but it was
low and comparable with mice receiving Ad-5/3 D24. When exam-
ining the tumor microenvironment, the Ad-Cab and Ad-Cab FT
groups had upregulation of CD107a on NK cells, indicating activation
(Figure 7D). This upregulation was nevertheless higher for Ad-Cab
270 Molecular Therapy: Oncolytics Vol. 28 March 2023
FT compared with Ad-Cab, which coincides with in vitro data. As
for CD8+ T cells, similar levels of CD107a (Figure 7E) and PD1 (Fig-
ure 7F) can be seen between Ad-Cab and Ad-Cab FT. These levels
were higher compared with the Ad-5/3 D24 group, indicating an in-
crease in T cell activation and exhaustion. Finally, we checked the bio-
distribution of the Fc fusion peptides. No Fc fusion peptides were
found in the blood (Figure 7G), but a high amount could be observed
in the tumor (Figure 7H) and very minimal levels in the liver (Fig-
ure 7I). This indicated that most of the Fc fusion peptide can be found
in the tumor microenvironment, with no leakage to the blood and
liver. Thus, xenograft data further showed the effectiveness of
Ad-Cab FT.

DISCUSSION
Previously, we engineered a cross-hybrid Fc fusion peptide binding to
PD-L1 that consisted of an Fc region made up of an IgA1- and IgG1-
constant heavy domain.9 The inclusion of IgA1 and IgG1 supple-
mented the Fc fusion peptide with Fc effector mechanisms of both
isotypes, resulting in higher tumor killing in vitro, in vivo, and
ex vivo. To further improve this therapy, we supplemented the
IgG1 region with four point mutations shown previously to increase
NK cell killing17 (Ad-Cab FT). Ad-Cab FT was shown to activate
higher NK cell tumor killing than Ad-Cab and to result in better
in vivo tumor control with various tumor models when lower
amounts were administered.

The attribute of efficacy in antibody therapy for cancer has been the
ability to elicit Fc effector mechanisms.20 Checkpoint inhibitors (ate-
zolizumab and durvalumab) in the clinic have a reduced ability to
elicit such mechanisms because of the antibody isotype or single-
point amino acid mutations. However, in vitro and in vivo data
have shown that cancer therapeutic antibodies require Fc effector
mechanisms to be effective.8 This does not seem to apply to all check-
point inhibitors and primarily depends on the checkpoint receptor.
For example, when CTLA-421 and PD-L17,8 checkpoint inhibitors
had a competent Fc able to elicit effector mechanisms, it enhanced
anti-tumor efficacy in vivo. However, for PD-1 checkpoint inhibitors,
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Figure 6. In vivo efficacy of Ad-Cab and Ad-Cab FT

(A) Schematic of B16K1 tumor implantation and the treatment schedule. Micewere implanted with 500,000 cells in the right flank and then treated either with PBS (mock), Ad-

5/3 D 24, Ad-Cab, Ad-Cab FT, or mPD-L1. (B) Tumor growth was then recorded. (C and D) After mice were sacrificed, NK cell activation (C) and T cell activation (D) were

measured with flow cytometry. (E and F) Biodistribution of the Fc fusion peptide was then checked in the tumor (E) and liver (F). (G) Schematic of the treatment schedule for

mice implanted with 300,000 4T1 cells. The same treatment groups as for the 4T1 tumor model were used with B16K1 mice. (H) Tumor growth was recorded for 17 days.

(I and J) After mice were sacrificed, suppressive immune cell populations, MDSC-granulocytic (I) and MDSC-monocytic (J), were analyzed with flow cytometry. (K and L) The

biodistribution of Fc fusion peptides was analyzed in the tumor (K) and liver (L). All n R 3, and significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001. Error bars represent SEM.
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having a competent Fc had negative effects on efficacy because of a
reduction of effector CD8+ T cells.8 The contrasting effects can be
attributed to expression patterns of immune checkpoints that differ
among immune cells.

Coinciding with previous results, we show that incorporating effector
mechanisms into PD-L1 immune checkpoint inhibitors (ICIs) in-
creases efficacy and enhances tumor killing. Moreover, in syngeneic
mouse models, PD-L1 ICIs with ADCC capabilities did not reduce
or deplete neutrophils, DCs, NK cells, T cells, or B cells despite ex-
pressing PD-L1.8 Nevertheless, the enhanced efficacy was due to
depletion of two major immunosuppressive populations: MDSCs
and F4/80+ tumor-associated macrophages (TAMs). Contrary to
our results, we did not see a decrease in TAMs. This can be explained
by the fact that TAMs are a heterogeneous group of cells that can be
polarized to either M1 or M2.22 M1 cells usually express a lower
amount of PD-L1 compared with M2, and the frequency of infiltra-
tion among these cell types can differ from that of tumor models.
However, our results confirm that Fc-competent PD-L1 checkpoint
inhibitors lead to a decrease in MDSC populations.

IgG antibodies can orchestrate immune cell killing of tumor cells by
binding to their respective receptors, Fc-g receptors. Six of these re-
ceptors are found in humans and can be divided into activating and
inhibitory receptors. The mutations added in Ad-Cab FT selectively
increase the binding of two activating Fc-g receptors, Fc-gIIa
(CD32A) and Fc-gIIIA (CD16A).17 NK cells only possess two Fc-g
receptors, CD16A and CD32C, which are both activating. This could
potentially explain why Ad-Cab FT outperformed Ad-Cab at lower
concentrations in lysing tumor cells in the presence of PBMCs.
This phenomenon was not seen when PMNs were added, despite
expression of CD32A on such cells. This is most likely because the
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Figure 7. Efficacy of Ad-Cab and Ad-Cab FT in xenograft in vivo models

(A) Schematic of treatment schedules given to NS mice. Mice were first implanted in the right flank with 5 � 106 A549 cells subcutaneously and 5 � 106 PBMCs intra-

peritoneally. Treatment groups were divided into mice receiving Ad-5/3 D24, Ad-Cab, or Ad-Cab FT. (B) Before treatment, two mice implanted with PBMCs or not were

sacrificed, and human CD3+ and CD45+ cells were analyzed in the peripheral blood. (C) Tumor growth was recorded. (D–F) After mice were sacrificed, NK cell activation (D),

T cell activation (E), and T cell exhaustion (F) were analyzed in the tumor microenvironment. (G–H) Biodistribution of the Fc fusion peptide was then checked in the blood (G),

tumor (H), and liver (I). All n R 3, and significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars represent SEM.
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mutations in Ad-Cab FT also increase the affinity toward inhibitory
receptor CD32B by 9.9-fold.17 Moreover, PMNs also express a higher
level of CD16B, which does not possess a signaling motif but has been
seen to serve as an inhibitory receptor in cancer therapy. Similarly, no
increase in CDC activation was observed with Ad-Cab FT, despite the
mutations being reported to increase the affinity for C1q. Induction of
the classical pathway in complement activation does not solely
require the Fc; the Fab regions are required, too.23 The Fc fusion pep-
tides lack the Fab regions, and this could explain why an increase in
CDC activation was not observed.

Studies have demonstrated that the armamentarium of the immune
system in the fight for cancer is finite.23 The phenomenon of immune
cell exhaustion has renderedmany cancer immunotherapies ineffective
in tumor clearance. Hence, activation of multiple immune effector
populations seems to be a viable solution to overcome exhaustion.
Along with previous studies,9,24 activation of multiple effector popula-
tions by simultaneously stimulating Fc-g and Fc-a receptors has led to
272 Molecular Therapy: Oncolytics Vol. 28 March 2023
higher tumor killing and less immune cell exhaustion. This study
further confirms such findings as well as builds on the use of point mu-
tations to further increase Fc effector mechanisms and tumor killing.
Nevertheless, administering such potent Fc fusion peptides intrave-
nously could be very toxic because PD-L1 is expressed all over healthy
cells. Hence, to increase efficacy while maintaining the safety of PD-L1
checkpoint inhibitors, use of oncolytic viruses is favorable. In this
study, we have shown that Ad-Cab and Ad-Cab FTwere able to release
the Fc fusion peptides and maintain them in the tumor. Very minimal
or low detection levels of the Fc fusion peptides were found in the
blood or liver. Usually, IgG antibodies have a half-life of 4–6 days in
mice because of the presence of neonatal Fc receptors.25 However,
the Fc fusion peptides lack the binding domain to these neonatal Fc re-
ceptors, explaining why they were not detected in the blood.Moreover,
Ad-Cab FT requires low doses to be effective, leading to low levels of
the Fc fusion peptide being released. However, as mentioned, Ad-5 vi-
ruses do not replicate efficiently in murine settings, which could
explain why the Fc-fusion peptide was not found outside of the tumor.
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Further biodistribution studies are required, using more appropriate
models, such as Syrian gold hamsters and non-human primates. These
data show an encouraging safety profile of Ad-Cab andAd-Cab FT and
encourage clinical testing.

One of the main advantages of using adenoviruses as a therapeutic
treatment is the feasibility of upscaling large amounts for clinical ther-
apy. However, the purification process of adenoviruses has been an
issue because the amount of adenovirus increases. For a therapeutic
effect, 1013 viral particles of oncolytic viruses are given per patient,
which causes purification to be an obstacle. In this study, we have
shown that Ad-Cab FT requires a lower concentration to be admin-
istered to mice to control tumor growth. This could also translate
into lower dosages of Ad-Cab used in the clinic with patient and as
result ease purification issues with adenovirus production. In the
future, Ad-Cab FT shoudl undergo phase I/IIb clinical testing to
investigate whether lower dosages of the virus is as effective compared
to higher dosages of Ad-Cab.

One of the main limitations of Ad-Cab and Ad-Cab FT is long-term
tumor control because oncolytic adenoviruses are usually adminis-
tered intratumorally. For tumor types such as melanoma or other
easily accessible tumors, repeated injections can be possible and can
help with long-term tumor control. However, for tumors that are in
deep tissues, this can pose a problem; guided surgical instruments
are required, and repeated injections might be inconvenient for pa-
tients and pose a possible health risk. As for metastatic tumors, Ad-
Cab or Ad-Cab FT would have very little effect because of the poor
biodistribution of the Fc fusion peptides. One way to overcome this
limitation is by adding a vaccine effect to the platform, such as attach-
ment and/or genetic cloning of tumor peptides.

Conclusion

In this work, we further improved a previously designed PD-L1 Fc
fusion peptide consisting of a cross-hybrid IgGA Fc (Ad-Cab) by add-
ing four point mutations (Ad-Cab FT), leading to an increase in IgG
effector mechanisms. At low concentrations, Ad-Cab FT was shown
to secrete adequate levels of the Fc fusion peptide able to induce
higher tumor killing when PBMCs were added compared with Ad-
Cab. Moreover, other than higher tumor killing, Ad-Cab FT was
able to induce tumor cell death faster than Ad-Cab. The effectiveness
of Ad-Cab FT was also seen in different in vivo models, displaying
better tumor control and higher activation of NK cells. Other than tu-
mor control, Ad-Cab FT was also able to downregulate MDSC pop-
ulations that have been correlated with poor prognosis and tumor
growth. Finally, biodistribution analysis revealed that the oncolytic
adenoviruses restricted release of the toxic Fc fusion peptides to the
tumor, reducing safety concerns. In conclusion, the efficacy and safety
profile of Ad-Cab FT prompt further investigation for clinical use.

MATERIALS AND METHODS
Cell lines

All cell lines in this study were purchased from the American Type
Culture Collection (ATCC) and cultured in appropriate medium at
37�C and 5% CO2. Cell lines used in this study were human lung can-
cer A549, human triple negative breast cancerMDA-MB-436, murine
triple negative breast cancer 4T1, and murine skin cancer B16K1 and
B16F10. All cell lines were cultured until reaching passage 15 and
routinely checked for mycoplasma infection.

Virus transgene modifications

Adenoviruses were made to be conditionally replicating, using proto-
cols described previously.26 All adenoviruses are of serotype 5 with a
fiber of serotype 3 (Ad-5/3) and contain a 24-bp deletion in the E1A
region. The Fc fusion peptide transgenes were produced using the
GeneArt gene synthesis service (Thermo Fisher Scientific). The Fc
fusion peptide genes were then added to the adenovirus genome using
protocols described previously.27 In short, the gp19K + 7.1k region
was substituted with the Fc fusion peptides using Gibson assembly.
Moreover, the Fc fusion peptides were under a cytomegalovirus
(CMV) promoter.

Cell viability assays

Cell viability was assessed by plating 10,000 cells and infecting them
with various MOIs (0.01–100) for 3 days. Death was then assessed by
MTS according to the manufacturer’s protocol (Cell Titer 96
AQueous One Solution Cell Proliferation Assay, Promega, Nacka,
Sweden). Spectrophotometric data were read using the Varioskan
LUXMultimode Reader (Thermo Scientific, Carlsbad, CA, USA).

Serum collection

Ten volunteers had 40 mL of their blood taken in BD Vacutainer
collection tubes (BD Bioscience), which was left to clot for 30 min
at room temperature. Following clotting, blood samples were centri-
fuged for 5 min at 2,500 rpm. Serum was then collected and frozen at
�80�C until further use.

PBMC, PMN, and monocyte collection

PBMCs and PMNs were separated and isolated from buffy coats as
described previously28 and cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium (Gibco, catalog number 21875034). From
PBMCs, monocytes were further collected as described previously.13

Mixed leukocyte reaction

Monocytes were first differentiated into DCs by cultureing in
DMEM low glucose supplemented with 10% fetal bovine serum
(FBS), 500 U/mL of interleukin-4 (IL-4) (PeproTech, 200-04), and
250 U/mL (Abcam, ab88382) for 7 days. After differentiation,
PBMCs from a different donor were labeled with CFSE (Thermo
Fisher Scientific) according to the manufacturer’s protocol, co-
cultured at a 1:10 ratio, and treated with 1 mg/mL of either atezolizu-
mab (InvivoGen) or Fc fusion peptide. After 5 days, supernatants
were collected, and CFSE was measured in gated CD3+ CD8+
T cells by flow cytometry.

CDC assay

CDC assays were performed either with purified Fc fusion peptides or
viruses. For viruses, 100,000 cells were plated and infected at the
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indicated MOIs for 48 h. For Fc fusion peptides, different concentra-
tions as indicated were added and incubated for 30 min. After incu-
bation, 15.5% of complement-active serum was added for 4 h. Cells
were then stained with 7-aminoactinomycin D (7-AAD) (eBio-
science), and lysis was measured using flow cytometry.

ADCC assays

ADCC assays were performed using either purified Fc fusion peptides
or viruses. Similar to the CDC assays, 15,000 cells were infected with
the indicated MOIs for 48 h, while for Fc-fusion peptides, the indi-
cated concentration was added for 30 min. After incubation, effector
cells were added at a ratio of 100:1 and 40:1 (effector:target) for
PBMCs and PMNs, respectively. After 4 h of incubation at 37�C,
cell lysis was measured by calculating the release of endogenous
lactate dehydrogenase (LDH) using a commercial kit (CyQUANT
LDH Cytotoxicity Assay, catalog number C20303). Specific
percent cell lysis was calculated using the following formula: (“exper-
imental LDH release” – “effector plus target spontaneous”)/(“target
maximum” – “effector plus target spontaneous”) � 100. “Experi-
mental LDH release” corresponds to the signal measured by the
treated samples, “effector plus target spontaneous” corresponds to
the release of LDH when effectors and targets are incubated, and
“target maximum” corresponds to when target cells are treated with
cell lysis buffer.

Whole-blood assay

Whole blood was collected from three healthy volunteers in BD Va-
cutainer heparin plasma tubes (BD Bioscience). Healthy volunteers
were defined as volunteers with no underlying pathologies. 200 mL
of unmanipulated blood was then incubated with 20 mg/mL of anti-
body or Fc fusion peptides for 24 h at 37�C. After 24 h, samples
were treated with ammonium-chloride-potassium (ACK) buffer to
lyse red blood cells and then stained with CD3, CD15, CD14,
CD56, and CD11c (BioLegend) to differentiate immune populations.
Counting beads were then added before performing flow cytometry to
calculate absolute numbers (BioLegend, catalog number 424902).

Animal experiments

For syngeneic mouse experiments, 4- to 8-week-old BALB/c or
C57BL/6 immunocompetent mice, purchased from Envigo, were in-
jected with 300,000 4T1 or 500,000 B16K1 cells in the right flank,
respectively. After 9 days, tumors were palpable, and then followed
a treatment schedule of 4 treatments separated by 2 days of break be-
tween. Viruses or PBS were injected intratumorally at a final volume
of 25 mL, while antibodies were administered intraperitoneally at a
final volume of 100 mL. Viruses were administered at a concentration
of 1 � 108 viral particles per mouse, while 100 mg of antibody was
administered per mouse. Tumor size was calculated using the
following formula: (long side) � (short side)2/2.

For xenograft mice models, 4- to 6-week-old immunodeficient Nod.
CB17-Prkdcscid/NCrCrl mice were purchased from Charles River
Laboratories. For tumor implantation, mice were injected with
5 � 106 A549 cells subcutaneously in the right flank. On the same
274 Molecular Therapy: Oncolytics Vol. 28 March 2023
day, 5 � 106 PBMCs extracted from the same donor were injected
intraperitoneally for engraftment. After tumors were palpable, mice
were given 2 doses of virus at a concentration of 1� 108 viral particles
per mouse.

All animal experiments were approved and reviewed by the Experi-
mental Animal Committee of the University of Helsinki and Provin-
cial Government of Southern Finland (license ESAVI/11895/2019).
Tumor growth across all experimental groups was regularly measured
throughout the experiment. All injections and tumor measurements
were performed under isoflurane anesthesia.

Biodistribution analysis

After animals were sacrificed, tumors, livers, and peripheral blood
were collected for processing. Tumors and livers were passed through
a 0.22-mm cell strainer to create a single-cell suspension. Samples
were then centrifuged for 10 min at 500 � g to pellet cells and collect
the supernatant for further processing. For blood, samples were
centrifuged for 30 min at 500 � g, and serum was collected. Because
the Fc fusion peptides contain a C-terminal His tag, a His tag ELISA
was used to determine concentrations from the supernatant and
serum samples collected (Cell Biolabs, catalog number AKR-130).

Flow cytometry analysis

All flow cytometry samples were run either with the BD Accuri 6 plus
(BD Bioscience) or Fortessa (BD Bioscience). Human and murine
samples had two antibody panels each that were used. Panel 1 in-
cludes fluorescein isothiocyanate (FITC) anti-mouse NK1.1 (Thermo
Fisher Scientific, catalog number 11-5941-85, RRID: AB_465319),
phycoerythrin (PE) anti-mouse PD-1 (BioLegend, catalog number
135206, RRID: AB_1877231), PeCy7 anti-mouse CD4 (Thermo
Fisher Scientific, catalog number 25-0041-82, RRID: AB_469576),
PerCp/Cy5.5 anti-mouse CD107a (BioLegend, catalog number
121626, RRID: AB_2572055), and Pacific Blue anti-mouse CD3
(BioLegend, catalog number 100214, RRID: AB_493645). Panel 2
included allophycocyanin (APC) anti-mouse Ly6C (BioLegend, cata-
log number 128015, RRID: AB_1732087), PE anti-Ly6G (BD Biosci-
ences, catalog number 551461, RRID: AB_394208), PerCPCy5.5 anti-
mouse CD11b (Thermo Fisher Scientific, catalog number 45-0112-82,
RRID: AB_953558), BV650 anti-mouse F4/80 (BD Biosciences, cata-
log number 743282, RRID: AB_2741400), and PECy7 anti-mouse
CD11c (Thermo Fisher Scientific, catalog number 25-0114-829,
RRID: AB_469590). For humans, the first panel included FITC
anti-human CD56 (BioLegend, catalog number 304604, RRID:
AB_314446), PerCP anti-human CD8alpha (BioLegend, catalog
number 300922, RRID: AB_1575072), PE-Cy5 anti-human CD4
(Thermo Fisher Scientific, catalog number 15-0049-42, RRID:
AB_1582251), PE-Cy7 anti-human CD3 (BioLegend, catalog number
300316, RRID: AB_314052), Pacific Blue anti-human PD-1
(BioLegend, catalog number 329915, RRID: AB_1877194), and
APC anti-human CD107a (BioLegend, catalog number 328620,
RRID: AB_1279055). The second panel for human samples included
PE-Cy7 anti-human CD3 (BioLegend, catalog number 300316, RRID:
AB_314052), APC anti-human CD11c (BioLegend, catalog number
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371505, RRID: AB_2616901), Pacific Blue anti-human CD15
(BioLegend, catalog number 323021, RRID: AB_2105361), and PE
anti-human CD14 (BioLegend, catalog number 301805, RRID:
AB_314187).

Statistical analysis

All statistical analysis were performed with GraphPad Prism 7
(GraphPad, La Jolla, CA, USA). Statistical tests used were either
unpaired t test or two-way ANOVA with a post hoc test (Tukey’s
multiple comparisons tests). All n R 3, and significance levels were
set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Error
bars represent standard error of the mean (SEM).
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