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A B S T R A C T   

Despite the success of immune checkpoint blockade for cancer therapy, many patients do not respond 
adequately. We aimed to improve this therapy by optimizing both the antibodies and their delivery route, using 
small monodomain antibodies (nanobodies) delivered locally with a self-amplifying RNA (saRNA) vector based 
on Semliki Forest virus (SFV). We generated nanobodies against PD-1 and PD-L1 able to inhibit both human and 
mouse interactions. Incorporation of a dimerization domain reduced PD-1/PD-L1 IC50 by 8- and 40-fold for anti- 
PD-L1 and anti-PD-1 nanobodies, respectively. SFV viral particles expressing dimeric nanobodies showed a 
potent antitumor response in the MC38 model, resulting in >50% complete regressions, and showed better 
therapeutic efficacy compared to vectors expressing conventional antibodies. These effects were also observed in 
the B16 melanoma model. Although a short-term expression of nanobodies was observed due to the cytopathic 
nature of the saRNA vector, it was enough to generate a strong proinflammatory response in tumors, increasing 
infiltration of NK and CD8+ T cells. Delivery of the SFV vector expressing dimeric nanobodies by local plasmid 
electroporation, which could be more easily translated to the clinic, also showed a potent antitumor effect.   

1. Introduction 

Tumor cells use many strategies to evade the immune system, such as 
engaging immune checkpoint (IC) pathways that induce immunosup-
pressive functions [1]. Among the different IC receptors, Cytotoxic 
T-Lymphocyte Antigen 4 (CTLA-4) and Programmed Death 1 (PD-1) are 
being used as therapeutic targets in different cancers [2]. Several 
monoclonal antibodies (mAbs) blocking these IC pathways (named IC 
inhibitors, or ICIs) have been shown to elicit a powerful antitumor effect 
that translates into significant and long-lasting clinical responses in a 
small fraction of patients [3,4]. So far, the FDA has approved seven 
different ICIs to treat more than 15 different types of cancer [5,6]. 

Nonetheless, most patients do not experience durable clinical bene-
fits from these agents [5]. Furthermore, because these receptors 
constitute a natural mechanism to maintain self-tolerance, the systemic 
administration of ICIs results in an immune-based attack on normal 
tissues in a non-negligible fraction of patients [7]. These 
immune-related adverse events (irAEs) can potentially affect every 
organ of the body, being dermatitis and thyroiditis the most common 
ones, followed by others of major concern such as pneumonitis, colitis, 
hepatitis, hypophysitis, nephritis, myositis, and adrenalitis [8,9]. 
Therefore, there is an evident need to generate safer and more effective 
strategies to improve the treatment outcome in a higher percentage of 
patients. 
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One strategy to limit irAEs could be to administer mAbs locally in 
tumors [10]. An attractive approach for local mAb delivery is the use of 
gene therapy vectors able to express mAbs inside the tumor mass [11, 
12], increasing antibody bioavailability and reducing systemic toxicity 
[13,14]. However, mAbs are large and complex molecules, which often 
leads to poor tissue penetration and low expression levels from gene 
therapy vectors. To overcome these drawbacks, the use of nanobodies 
(Nbs) instead of mAbs could be helpful. 

Nbs (single-domain antibodies derived from the variable fragments 
of heavy-chain antibodies) are the smallest antigen-binding domains 
known so far in nature, with an approximate molecular mass of 15 kDa, 
and present several advantages related to their small size, single-domain 
nature and highly stable structure [15,16]. In the field of cancer therapy, 
some of their features are very attractive to design new therapeuticals: 
they can be easily engineered to dimerize, fuse to other domains that 
prolong their half-life or add new biological activities, without losing 
their high levels of expression from prokaryotic or eukaryotic cells [17, 
18]. Interestingly, Nbs have shown a very low immunogenicity in 
humans, as recently described in two clinical trials [19]. Because of their 
small size, even after being fused to other domains, they show high 
extravasation and tissue penetration [18]. However, their small size 
might also be a handicap, since they are rapidly eliminated from the 
bloodstream through renal clearance [20]. 

In the present study, we generated and characterized an original 
anti-Programmed Death Ligand 1 (PD-L1) Nb able to inhibit the inter-
action of PD-1 and PD-L1 for human and mouse molecules, and used a 
replication-defective alphavirus vector based on Semliki Forest virus 
(SFV) to deliver both anti-PD-1 (previously described by us [21]) and 
anti-PD-L1 Nbs. SFV-based RNA viral vectors have been developed for 
cancer vaccination and immunotherapy, and show several advantages 
over other vectors in preclinical models such as higher expression levels, 
broad tropism, induction of immunogenic apoptosis in tumor cells, and 
the ability to elicit powerful type I interferon (IFN–I) responses [22–24]. 
We reasoned that the SFV vector could not only enable a high and local 
intratumoral expression of the Nb but also elicit an important 
co-adjuvant response, which could synergize with the immunostimula-
tory and antitumoral activity of the Nb. 

This study shows that, although monomeric Nbs conferred limited 
antitumor effect using this strategy, their modularity can be exploited to 
engineer molecules with stronger therapeutic potential. Fusion of Nbs to 
immunoglobulin G (IgG) fragment crystallizable (Fc) domains improved 
the PD-1/PD-L1 inhibition profile and promoted a more potent anti-
tumor activity in a mouse model of colon adenocarcinoma compared to 
conventional antibodies. The feasibility of using SFV encoding a thera-
peutic Nb as a non-viral vector was also evaluated, which could simplify 
the manufacturing process and regulatory requirements for clinical 
translation. 

2. Materials and methods 

2.1. Cell lines and animals 

BHK-21 cells (ATCC-CCL10) were cultured in GMEM-BHK21 
(Thermo Fisher, Waltham, MA) supplemented with 5% fetal bovine 
serum (FBS), 10% tryptose phosphate broth, 2 mM glutamine, 20 mM 
HEPES and antibiotics (100 μg/mL streptomycin and 100 U/mL peni-
cillin) (complete GMEM). HEK-293 (ATCC-CRL-3216) were cultured in 
DMEM (Gibco, BRL, UK) supplemented with 10% FBS, 2 mM glutamine 
and antibiotics. MC38 cells, a kind gift from Dr. Karl E. Hellström 
(University of Washington, Seattle, WA), were cultured in RPMI-1640 
medium (Lonza, Switzerland) supplemented with 10% FBS, 2 mM 
glutamine, 20 mM HEPES, antibiotics and 50 μM 2-mercaptoethanol. 
B16-OVA and B16–F10 melanoma cells were kindly provided by Dr. 
Ignacio Melero (Cima Universidad de Navarra) and cultured in RPMI- 
1640 medium supplemented with 10% FBS, 2 mM glutamine, 20 mM 
HEPES, antibiotics, and 400 μg/mL of Geneticin for B16-OVA cells. Four 

or six-week-old female C57BL/6 mice were purchased from Envigo 
(Barcelona, Spain). Animal studies were approved by the Universidad de 
Navarra ethical committee (study number 078–19) for animal experi-
mentation under Spanish regulations. 

One adult female llama (Lama glama) from Montevideo municipal 
zoo (Uruguay) was used for immunization and construction of single- 
domain antibody library. The protocol was approved by the Parque 
Lecocq ethical committee (Montevideo) and manipulation of the llama 
was performed by veterinarians. 

2.2. In vitro PD-1/PD-L1 inhibition assays 

The ability of Nbs to inhibit the binding of PD-1 with PD-L1 was 
evaluated by competitive ELISAs. For human molecules, 96-well plates 
were coated with 100 μL/well of 0.5 μg/mL hPD-1-Fc (R&D, Minneap-
olis, MN) in PBS overnight (o/n) at 4 ◦C. After blocking with 300 μL/well 
of PBS-0.5% bovine serum albumin (BSA) for 1 h at room temperature 
(RT) and washing with PBS-0.05% Tween 20 (PBST), 100 μL of bio-
tinylated hPD-L1 fused to human IgG Fc (BPS Bioscience, San Diego, CA) 
was added at 0.25 μg/mL, diluted in PBST-0.2% BSA, together with 
different concentrations of anti-PD-1 or anti-PD-L1 Nbs (or mAbs). 
Detection of hPD-L1 bound to hPD-1 was performed using streptavidin 
conjugated to peroxidase diluted in PBST-0.2% BSA for 1 h at RT, and 
the assay was developed using tetramethylbenzidine (TMB) substrate 
(BD Biosciences). For mouse molecules, a similar protocol was followed. 
In this case, 100 μL/well of 1 μg/mL mPD-L1-Fc (BioLegend, San Diego, 
CA) in PBS was used to coat the plates, and biotinylated mPD-1-Fc (BPS 
Bioscience) was used at 0.25 μg/mL. Commercial antibodies were 
included in these assays as controls of PD-1/PD-L1 inhibition: anti- 
mouse PD-1 (clone RMPI-14, BioXCell, Lebanon, NH), anti-mouse PD- 
L1 (clone 10F.9G2, BioXCell), nivolumab (Bristol Myers Squibb, New 
York, NY) and atezolizumab (Roche, Basel, Switzerland). The signal of 
wells incubated without Nbs or antibodies were considered 100% of PD- 
1/PD-L1 binding. 

2.3. Production of recombinant SFV viral particles 

SFV RNA was transcribed in vitro from SFV plasmids using SP6 RNA 
polymerase (Promega) and m7G(’)ppp(5’)G RNA Cap Structure Analog 
(New England Biolabs, Ipswich, MA). RNA synthesis and delivery into 
BHK-21 cells by electroporation was performed as described previously 
[25]. To produce SFV viral particles (VPs), two helper RNAs (SFV-hel-
per-C-S219A and SFV-helper-S2) were co-electroporated together with 
the recombinant RNA, providing the SFV capsid and envelope proteins 
in trans, respectively [26]. Forty-eight hours after electroporation, su-
pernatants were harvested, and VPs were purified by ultracentrifugation 
as described [27]. For titration of VPs, BHK-21 cells were infected with 
serial dilutions of the SFV vectors. For SFV-Nb11 and SFV-Nb6p, indirect 
immunofluorescence was performed using a mouse anti-HA primary 
antibody (BioLegend) and a secondary anti-mouse IgG antibody conju-
gated to Alexa-488 (Invitrogen, Waltham, MA). For antibodies with Fc 
domains, a direct immunofluorescence was performed using the same 
anti-mouse IgG antibody. SFV replicase (Rep) was detected with an 
in-house produced rabbit polyclonal antiserum that recognizes the nsp2 
subunit. For SFV-LacZ, infected cells were treated with X-Gal staining 
solution and blue cells were counted as positive. Vector titers ranged 
from 2–6 x 1010 VPs/mL for SFV vectors coding for Nbs or antibodies, 
and 0.5–2 x 1011 VPs/mL for SFV-LacZ. 

2.4. In vitro infection and transfection with SFV vectors for analysis of Nb 
expression 

To analyze expression of Nbs in vitro, BHK-21 cells were infected with 
SFV VPs or transfected with pBK-T-SFV plasmids. After 24h, Nb 
expression was analyzed in cell extracts and supernatants by ELISA and 
Western blot as described in Supplemental Methods. For infection, 106 
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BHK-21 cells were seeded in six-well plates and after 24h they were 
infected with SFV VPs at a multiplicity of infection (MOI) of 20. VPs 
were diluted in 300 μL of MEM supplemented with 2 mM glutamine and 
0.2% BSA and cells were infected for 1 h at 37 ◦C after which infection 
medium was replaced with complete GMEM. To evaluate expression of 
Nb11-Fc from pBK-T-SFV plasmid, 5 × 105 BHK-21 cells/well in 6-well 
plates were transfected with 2 μg of plasmid/well using lipofectamine- 
2000 (Thermo Fisher). 

Supernatants and cell extracts from infected or transfected cells were 
collected after 24 h to evaluate antibody expression. Supernatants were 
centrifuged at 10,000 g for 5 min at 4 ◦C to eliminate cell debris. Cells 
were washed three times with PBS before incubating them with cold 
lysis buffer (50 mM Tris-HCl pH 7.5, 1% NP-40, 150 mM NaCl, 2 mM 
EDTA, and Protease Inhibitor Cocktail, Roche) for 10 min at 4 ◦C. Lysed 
cells were centrifuged at 6000 g for 10 min at 4 ◦C, and supernatants 
(containing proteins from lysed cells) were collected for analysis. Sam-
ples were stored at − 80 ◦C until use. 

2.5. Tumor induction and treatment with SFV viral vectors 

Four-week-old female C57BL/6J mice were subcutaneously (s.c.) 
injected in the right flank with 5 × 105 tumor cells diluted in saline 
solution. Seven-ten days after tumor inoculation, SFV vectors were 
administered intratumorally (i.t.) in a total volume of 50 μL, diluted in 
saline solution. One dose of 3 × 108 VPs/tumor was used in all the ex-
periments, unless otherwise specified. Control untreated mice received 
the same volume of saline solution. 

The efficacy of treatments was evaluated by measuring two 
perpendicular tumor diameters every 2–3 days, and tumor volumes were 
calculated using the formula: volume = (Length x Width2)/2. Mice were 
treated when the average tumor volume was approximately 30 mm3 

(MC38), 50 mm3 (B16-OVA), or 80 mm3 (B16–F10), and humanely 
sacrificed when tumor size reached ~1200 mm3, or when tumor ul-
ceration or evident discomfort were observed. For the bilateral tumor 
experiment, 5 × 105 and 3 × 105 MC38 cells were inoculated in the right 
and left flanks, respectively. The largest tumor was treated with two 
doses of SFV-Nb11-Fc administered 5 days apart (3 × 108 VPs/dose). 

For rechallenge experiments in the MC38 model, mice that rejected 
tumors were injected s.c. with 5 × 105 MC38 cells in the left flank three 
months after the first tumor inoculation. Naïve mice were included as 
controls and development of tumors was evaluated for two months. 

2.6. Non-viral delivery of SFV by electroporation 

Six-week-old female C57BL/6J mice were challenged with 5 × 105 

MC38 cells s.c. in the right flank. After ten days, intratumoral delivery of 
pBK-T-SFV plasmids harboring SFV replicons containing Nb11-Fc or 
LacZ genes was performed by electroporation as described previously 
[28]. Briefly, 2 h before treatment, hyaluronidase type IV (Sigma) was 
injected i.t. (30 units/tumor). 20 μg of pBK-T-SFV endotoxin-free plas-
mid/dose was used, diluted in 25 μL of PBS. Mice were anesthetized, 
plasmid was injected i.t. and, immediately after that, local electropo-
ration was performed using the ECM 830 electroporation system (BTX, 
Holliston, MA) and the following conditions: eight pulses of 1200 V/cm 
of 0.1 ms duration each, with a 5 ms gap between pulses. This procedure 
was performed three times every three days. For the first round of 
treatment, tumors were exposed performing a simple surgery. 

2.7. Statistical analysis 

Data are expressed as the mean ± SD or mean ± SEM, as specified in 
each figure legend. Prism software (GraphPad Software, San Diego, CA) 
was used for statistical analysis. To compare multiple experimental 
groups, one-way ANOVA test and Tukey’s multiple comparison test were 
used. Unpaired t-test was applied to compare two experimental groups. 
For time-series analysis, data were compared using the extra sum-of- 

squares F test and fitted to a second-order polynomial equation. Sur-
vival of tumor-bearing mice is represented by Kaplan–Meier plots and 
analyzed by log-rank test. The p values < 0.05 were considered statis-
tically significant. 

3. Results 

3.1. Isolation and characterization of a new PD-L1-specific Nb 

We have recently described the isolation of an anti-PD-1 Nb (Nb11) 
able to block PD-1/PD-L1 interactions for both human and mouse 
molecules [21]. In the present work we have developed a new Nb 
against PD-L1 from a llama immunized with human PD-L1 ectodomain, 
as described in supplemental methods. Briefly, we obtained cDNA from 
peripheral blood lymphocytes and generated a Nb library in phages, 
which allowed us to select specific clones by phage display (Supple-
mental Fig. 1A). After three rounds of selection, we obtained 21 clones 
able to bind to human PD-L1 as observed by flow-cytometry (Supple-
mental Fig. 1B) and ELISA assays (Supplemental Fig. 1C). By sequencing 
these clones, we identified nine different Nb sequences, which were 
cloned into a plasmid for E. coli expression and purified as described in 
supplemental methods. To evaluate whether the selected clones were 
able to inhibit binding of PD-L1 to PD-1, we performed an inhibition 
ELISA using commercially available PD-1 and PD-L1 ectodomains fused 
to human IgG1 Fc domain. All tested Nbs were able to inhibit binding of 
human PD-1 to PD-L1 (Supplemental Figs. 1D and E). We also evaluated 
the ability of these Nbs to inhibit the binding of murine domains in a 
similar inhibition ELISA and found two candidates able to inhibit 
PD-1/PD-L1 binding by more than 50% at 300 nM (Supplemental 
Fig. 1F). Of these two clones, Nb6p showed a markedly superior inhi-
bition capacity, comparable to an anti-mouse PD-L1 antibody that had 
shown potent antitumor activity in a previous work (Supplemental 
Fig. 1G) [11]. Due to the cross-reactivity of Nb6p for human and murine 
molecules, this Nb was selected for further experiments. 

3.2. Evaluation of SFV vectors encoding monomeric Nbs against PD-1 and 
PD-L1 

We developed SFV vectors expressing both Nb11 and Nb6p in order 
to test their antitumor potential by local delivery to tumors. For that 
purpose, we cloned the Nb11 and Nb6p sequences into SFV, generating 
SFV-Nb11 and SFV-Nb6p vectors, respectively. In both cases the Nb 
sequence was designed with a signal peptide at the amino terminus, to 
allow secretion, and a hemagglutinin tag at the carboxyl terminus for 
detection (Fig. 1A). Nb expression was evaluated in BHK-21 cells 
infected with SFV-Nb11 and SFV-Nb6p VPs at 24h post-infection, and 
SFV-LacZ vector was used as control. Immunofluorescence (IF) analysis 
of infected cells showed co-expression of both Nb and SFV replicase 
(Rep) (Fig. 1B). Western blot analysis showed that both Nbs were 
expressed with the expected size (around 15 kDa) in cell extracts but 
showed a higher molecular weight (MW) in supernatants (Fig. 1C). This 
is in line with previous observations for Nb11 expressed from an AAV 
vector plasmid, in which we demonstrated that this shift was due to 
glycosylation and that it did not affect antigen binding [21]. Quantifi-
cation of Nbs was performed by a specific ELISA against PD-1 or PD-L1, 
and in both cases we confirmed that the secretion was very effective, as 
the majority of the Nb (~85%) was present in supernatants. Expression 
levels were around 20 and 10 μg of secreted Nb11 and Nb6p, respec-
tively, per 106 infected cells (Fig. 1D). 

We then evaluated the antitumor activity of SFV-Nb11 and SFV- 
Nb6p vectors in a colon adenocarcinoma mouse model using MC38 
cells implanted subcutaneously. Tumors were treated with 3 × 108 VPs 
intratumorally, a dose that had previously shown a significant antitumor 
effect in this model using a SFV vector encoding a full-length anti-PD-L1 
mAb (SFV-aPDL1) [11]. However, despite the PD-1/PD-L1 blocking 
activity observed in vitro with Nb11 and Nb6p, only a modest antitumor 
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effect was achieved using SFV-Nb11 and SFV-Nb6p vectors in vivo. A 
slight delay in the rate of tumor growth was observed, but without a 
significant improvement in survival (Fig. 1E and F). We hypothesized 
that the short half-life of Nbs [20] and the short-term expression pro-
vided by the SFV vector could be the reasons behind the low therapeutic 
efficacy of monomeric Nbs in these experimental settings. 

3.3. Generation of SFV vectors encoding dimeric Nbs 

Given the low antitumor activity observed with SFV vectors 
expressing Nb11 and Nb6p, we proceeded to modify these vectors by 
fusing each Nb sequence to an IgG Fc domain to promote their dimer-
ization. The use of Nb dimers is usually more effective than the use of 
monomers [29], and fusion to IgG Fc domains has shown to provide a 
significant increase in the serum half-life of these molecules [30], sug-
gesting that this modification could improve the performance of our 
vectors. For this purpose, Nb11 was fused to mouse IgG1 Fc domain 
(generating SFV-Nb11-Fc), an isotype with no secondary functions as 
PD-1 is expressed mainly on T cells (Fig. 2A). Nb6p was fused to mouse 
IgG2a Fc domain, generating SFV-Nb6p-Fc (Fig. 2A). This last isotype 

elicits strong antibody-dependent cellular cytotoxicity (ADCC) and 
complement-dependent cytotoxicity (CDC), which could be advanta-
geous since PD-L1 is expressed on many tumor cells [31]. 

Expression of the Nb-Fc fusion molecules was first analyzed in BHK- 
21 cells infected with SFV-Nb11-Fc and SFV-Nb6p-Fc vectors. In this 
experiment we used as controls SFV vectors expressing conventional 
mAbs against murine PD-1 and PD-L1 (SFV-aPD1 and SFV-aPDL1 [11], 
respectively). As observed before, infected cells showed co-expression of 
both Nb-Fc and SFV Rep by IF (Fig. 2B). Quantification of antibodies 
from infected cells was performed by ELISA, observing a significantly 
higher expression of Nb-Fc molecules compared to mAbs (Fig. 2C). 
Nevertheless, the expression levels of dimeric Nbs were two to four-fold 
lower than those observed for the monomeric versions (Fig. 1D), 
although they were also efficiently secreted (Fig. 2C). Both Nb11-Fc and 
Nb6p-Fc were able to dimerize when analyzed by Western blot using 
non-reducing conditions (Fig. 2D, lower panel). Under reducing condi-
tions, both Nb-Fc molecules showed the expected size (approximately 
40 kDa, Fig. 2D, upper panel). 

The fusion of Fc domains to Nb could have an impact on their 
antigen-binding properties, as dimerization could increase their avidity. 

Fig. 1. Expression of anti-PD-1 and anti-PD-L1 Nbs from SFV vectors in vitro and evaluation of their antitumor activity. (A) Diagram of SFV vectors encoding 
monomeric Nbs, showingthe protein product on the right (not to scale). The subgenomic promoter (sgPr) that allows the transcription of the subgenomic RNA 
encoding the Nb is shown in yellow. (B-D) BHK-21 cells were infected with SFV VPs expressing the indicated transgenes using a MOI of 20, or mock infected, and 
analyzed at 24h by immunofluorescence using antibodies against HA tag and SFV replicase (B), Western blot, using anti-HA antibody (C), and specific PD-1 or PD-L1 
binding ELISA for quantification (the percent of each fraction is indicated above bars) (D). (E and F) The antitumor activity of SFV vectors encoding monomeric anti- 
PD-1 (SFV–Nb11) (E) and anti-PD-L1 (SFV–Nb6p) (F) Nbs was evaluated in the MC38 subcutaneous tumor model using SFV-LacZ and saline as controls. Mice bearing 
⁓30 mm3 MC38 tumors received one intratumoral dose of 3 × 108 VPs. Left graphs, tumor growth after treatment. Data represent mean ± SEM (n = 6-7 per group), 
a representative experiment out of two with similar results is shown. Right graphs, survival curves of treated animals. UTR, untranslated region; HA, hemagglutinin 
tag; S, supernatant; CE, cell extract; ns, not significant; **, p < 0.01. Magnification in B, 400×. 
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To test whether this was the case, inhibition curves for PD-1/PD-L1 
binding were compared using monomeric Nbs or the Fc-fused ver-
sions, which were previously purified from SFV-transfected cells as 
described in supplemental methods. Interestingly, fusion to Fc domains 
improved the inhibition potential of Nbs for mouse and human mole-
cules with an approximate 40- and 8-fold IC50 reduction for Nb11-Fc 
and Nb6p-Fc, respectively (Fig. 3). We also included commercially 
available mAbs in these assays and observed that Nb6p-Fc had similar 
IC50 compared to both atezolizumab and clone 10F-9G2, an anti-mouse 
PD-L1 mAb commonly used in preclinical studies [32]. In the case of 
Nb11-Fc, we observed a 10- and 700-fold IC50 reduction when 
compared with nivolumab and clone RMPI-14, respectively. This last 

clone is an anti-mouse PD-1 mAb which has shown potent antitumor 
activity in preclinical studies [32,33]. 

3.4. Antitumor activity of SFV vectors encoding Nb-Fc 

Since Nb-Fc fusions led to a decrease in the IC50 values for PD-1/PD- 
L1 inhibition, we reasoned that these molecules could have a better 
performance than monomeric Nbs in vivo. SFV vectors encoding Nb11-Fc 
and Nb6p-Fc were evaluated in the MC38 subcutaneous tumor model, 
including vectors encoding monomeric Nbs (SFV–Nb11 and SFV-Nb6p) 
and conventional mAbs (SFV-aPD1 and SFV-aPDL1) for comparison. 
SFV-Nb11-Fc and SFV-Nb6p-Fc showed a very potent antitumor effect, 

Fig. 2. Expression of Nb-Fc fusion proteins from SFV vectors in vitro compared to conventional antibodies. (A) Schematic diagrams of SFV vectors encoding 
Nbs against PD-1 and PD-L1 fused to the indicated mouse IgG (mIgG) Fc domains (SFV–Nb11-Fc and SFV-Nb6p-Fc, respectively), and conventional full-length 
antibodies (mAb) against mouse PD-1 and PD-L1 (SFV-aPD1 and SFV-aPDL1, respectively). On the right, schematic diagrams of the different antibodies and their 
estimated molecular weights are shown. (B–D) BHK-21 were infected with SFV VPs expressing the indicated transgenes using a MOI of 20, or mock infected, and 
analyzed at 24h by immunofluorescence using antibodies against mIgG and SFV replicase (B), specific IgG ELISA for quantification (the percent of each fraction is 
indicated above bars) (C), and Western blot using antibodies against mIgG, SFV replicase, and α-actin (D). UTR, untranslated region; sgPr, subgenomic promoter; 
DTT, dithiothreitol; HC, IgG heavy chain; LC, IgG light chain. Magnification in B, 400×. 
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delaying tumor growth and significantly improving survival compared 
to control groups (saline and SFV-LacZ) (Fig. 4, left panels). Treatment 
with SFV-Nb11-Fc and SFV-Nb6p-Fc led to 53% and 60% long-term 
survival, respectively, in contrast to only 20% and 28% obtained with 
SFV-aPD1 and SFV-aPDL1, respectively (Fig. 4, middle panels). As 
observed before, monomeric Nbs showed a modest antitumor effect, 
which was similar or lower to that obtained with conventional anti-
bodies. Treated animals that had complete remissions remained tumor- 
free after being rechallenged with MC38 cells (Fig. 4, right panels), 
suggesting that these treatments were able to generate an efficient 
memory immune response. 

The efficacy of SFV-Nb11-Fc and SFV-Nb6p-Fc was also validated in 
melanoma tumor models (B16-OVA and B16–F10), where stabilization 
of disease and improvement in survival was observed in comparison 
with saline and SFV-LacZ groups, although no complete remissions were 
achieved in these models (Supplemental Figs. 2A and B). For B16 tu-
mors, it has been described that a moderate liver damage is induced 
when they reach a certain size [34]. Serum transaminases were reduced 
in mice receiving SFV vectors indicating that our treatment can decrease 
liver damage (Supplemental Fig. 2C). In addition, amylase, which is a 
biomarker for pancreatic damage, was also significantly reduced in mice 
receiving SFV-Nb11-Fc. Although reduction in toxicity markers is likely 
a result of the antitumor effect induced by the SFV vector, it also in-
dicates that no toxicity related to Nb expression was taking place. In fact, 
no significant differences in body weight were observed between mice 
receiving SFV vectors and saline, being control mice slightly heavier due 
to their larger tumor mass (Supplemental Fig. 2C). 

One of the challenges for local immunotherapies is to trigger sys-
temic antitumor effects. To evaluate whether SFV expressing dimeric 
Nbs could lead to abscopal effects in non-treated tumors, we used a 
bilateral subcutaneous MC38 tumor model. Mice received two intra-
tumoral doses of SFV-Nb11-Fc vector (3 × 108 VPs/dose), five days 
apart, in one of the nodules. Although the vector led to a significant 
reduction in the size of the treated tumor, it had a more modest effect in 
terms of controlling the growth of non-treated nodules. A slight delay in 
growth from day nine onwards was observed in untreated tumors from 

mice that received SFV-Nb11-Fc compared to control mice that received 
saline, however, differences were not significant (Supplemental Figs. 3A 
and B). Nevertheless, treating only one tumor nodule with SFV-Nb11-Fc 
was enough to significantly increase the survival of mice compared to 
controls (Supplemental Fig. 3C). 

3.5. In vivo expression of Nbs from SFV vectors 

We then evaluated the levels and persistence of the different Nbs 
expressed from SFV administered locally in MC38 tumors using the same 
dose as in therapeutic experiments. We only observed expression of 
monomeric and Fc-fused Nbs in tumor tissue on day one post-treatment, 
while on day five Nb levels were undetectable in all mice (Fig. 5A). This 
is in line with previous observations using SFV vectors [11,35], and 
verifies the short-term expression attained by this non-propagative 
vector. In most cases Nbs were not detected in blood, but a significant 
leakage to systemic circulation was observed for Nb11-Fc on day one 
post-injection, with levels around 180 ng/mL (Fig. 5B). This might be 
due to the higher intratumoral expression obtained for this Nb compared 
to Nb6p-Fc, or to the fact that anti-PD-L1 Nbs could be retained more 
efficiently in the tumor microenvironment than anti-PD-1 Nbs due to the 
high PD-L1 expression in MC38 tumors [11]. We were also able to detect 
monomeric Nbs in urine, with a slight increase at day one, suggesting 
that these small molecules could be eliminated from circulation through 
renal clearance (Fig. 5C), while Nb11-Fc was detected at very low levels 
in urine at day one (Fig. 5D). 

Although the immunogenicity of nanobodies is considered to be low 
[19], we evaluated the induction of anti-Nb11 antibodies in 
MC38-tumor bearing mice treated with two i.t. doses of SFV-Nb11-Fc (3 
× 108 VPs/dose). Antibodies against Nb11 and SFV VP were measured 
by specific ELISAs fifteen days after the first dose. We observed induc-
tion of antibodies against Nb11 with a moderate titer (approx. 1350) in 
these animals (Supplemental Fig. 4A). As expected, the antibody titer 
against SFV were considerably higher (>12000). To test whether this 
immunogenicity could have been enhanced by the strategy of delivery, 
we administered Nb11 as recombinant purified protein in tumor-free 

Fig. 3. Inhibition of PD-1/PD-L1 binding in vitro. Inhibition curves were performed using purified Nbs against PD-1 (A) and PD-L1 (B). Monomeric Nbs (orange), 
Nbs fused to Fc domains (blue), or commercially available antibodies (gray) were included in each assay. Mouse (left) or human (right) PD-1/PD-L1 ectodomains 
were used. Data represent mean ± SD of the percentage of PD-1/PD-L1 binding, considering the signal of wells with no blocking antibody as 100% of binding. 
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mice, using three i.p. doses of 30 μg each, mimicking a standard treat-
ment schedule. In this case, antibody titers against Nb11 measured 
fifteen days after the first dose were lower (approx. 150), suggesting that 
SFV could be playing a role in the development of anti-Nb11 antibodies 
(Supplemental Fig. 4B). Although anti-Nb11 antibodies may reduce the 
efficacy of subsequent doses of SFV-Nb11-Fc, the antitumor effect of a 
single dose showed to be very potent in the MC38 tumor model (Fig. 3). 

3.6. Antitumor immune responses elicited by SFV encoding dimeric Nbs 

To evaluate the antitumor immune responses elicited by SFV vectors 
encoding Nb-Fc fusion proteins, mice bearing MC38 tumors were treated 
with SFV-Nb11-Fc and SFV-Nb6p-Fc vectors, as well as with SFV-LacZ 
and saline as controls, and sacrificed five days later. Tumors and 
draining lymph nodes (dLNs) were processed and analyzed by flow- 
cytometry using different antibodies. In the case of SFV-Nb11-Fc, mice 
had very small tumors at the moment of sacrifice (with three complete 
remissions) and could not be included in this analysis (Fig. 6A). How-
ever, we did analyze changes in dLNs for both Nb groups. 

A significant increase of total CD8+ T cells was observed in tumors 
treated with SFV-Nb6p-Fc, which expressed higher levels of the activa-
tion marker ICOS and a trend to express higher levels of CD137 and 
granzyme B (Fig. 6B and Supplemental Figs. 5A–C). Although no rele-
vant changes were observed in total MuLV tetramer-specific CD8+ T 
cells in the SFV-Nb6p-Fc group, these cells showed a significant increase 
of the exhaustion marker TIM-3, suggesting a stronger activation state in 

this group (Fig. 6C and Supplemental Fig. 5D). No significant changes in 
PD-1 expression were observed in total and MuLV-specific CD8+ T cells 
in tumors (Fig. 6D), as well as no global changes in the CD4+ T cell 
population (data not shown). A higher percentage of NK cells (NKp46+

cells) and myeloid cells (CD11b+ cells) were found in tumors treated 
with SFV-Nb6p-Fc compared to saline and SFV-LacZ groups (Fig. 6E and 
Supplemental Figs. 5E and F). However, no changes were seen for 
macrophages (F4/80+CD11b+ cells), while there was a significant 
decrease in granulocytes (Ly6G+CD11b+ cells) (Fig. 6E). 

In dLNs, although no global changes were observed for total CD8+ T 
cells, this population showed significant lower levels of PD-1 and ICOS 
in mice treated with both SFV-Nb-Fc vectors, which might indicate a less 
activated phenotype in this location at the analyzed time point 
compared to controls (Supplemental Fig. 6A). In contrast to what was 
observed in tumors, CD11b+ cells in dLNs showed a tendency to be 
decreased in response to both Nb-Fc treatments with no changes in PD- 
L1 expression (Supplemental Figs. 6B and C). A significant increase in 
Ly6C+CD11b+ cells was observed for SFV-Nb6p-Fc, and SFV-Nb11-Fc 
also showed a similar trend. Interestingly, these cells expressed lower 
levels of PD-L1 in both Nb-Fc groups (Supplemental Figs. 6B and C). 
Gating strategies are shown in Supplemental Fig. 7. 

Tumor samples from animals treated with SFV-Nb11-Fc, SFV-LacZ or 
saline were used for bulk RNA sequencing analysis to gain a deeper 
insight into immune-related altered pathways. Several genes were found 
to be differentially expressed in tumors treated with SFV-Nb11-Fc 
compared to tumors injected with saline (Supplemental Fig. 8A). SFV- 

Fig. 4. Antitumor activity of SFV vectors encoding Nb-Fc fusion proteins. The antitumor activity of SFV vectors expressing Nbs or mAbs against PD-1 (A) and 
PD-L1 (B) was tested in the MC38 subcutaneous tumor model. When tumors reached a size of approximately 30 mm3, a single intratumoral dose of 3 × 108 VPs of the 
indicated vectors was administered. SFV-LacZ and saline were used as controls. In A and B: left graphs, tumor growth evolution (mean ± SEM, a representative 
experiment out of two with similar results is shown, n = 6–8 per group); middle graphs, survival (pooled data from two independent experiments, n = 13–15 per 
group); right graphs, tumor growth evolution in cured mice rechallenged after 3 months with 5 × 105 MC38 cells in the left flank. Naïve untreated mice were 
included as controls. *, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, not significant. 
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LacZ vector was also able to induce important changes in the tran-
scriptome in three out of five analyzed tumors, underlying the signifi-
cance of SFV vector in immune modulation. However, changes were 
more homogenous and therefore more significant for tumors treated 
with SFV-Nb11-Fc. As expected, several viral-stress inducible genes 
(Sting1, Batf2, Nod1, Tirap, Ikbke, Clec4d, Clec4e, Irf1) were found 
upregulated in SFV-treated tumors. In addition, SFV-Nb11-Fc treatment 
generated an upregulation of different immunostimulatory genes, 
including cytokines (Il2g, Il2ra, Il15ra, Il18rap, Ifng, Tgfa), chemokines 
(Cxcl9, Cxcl10, Cxcl11), and IFN-I response genes (Stat1). The upregu-
lation of molecules involved in cell adhesion and motility (such as 
Icam1, Itgal, Selp), suggests an increase in the recruitment of immune cell 
populations to the tumor site. Several genes associated with enhanced 
activity of NK cells and cytotoxic CD8+ T cells (Ncr1, Nkg7, Prf1, Gzma, 
Gzmb, Gzmk), and genes expressed upon TCR stimulation (Nfatc2, Lat, 
Cd6, Cd5) were also upregulated, suggesting an increase in the infil-
tration and activation of these effector cells. Increased expression of 
genes related with apoptosis (Cd40, Cd40lg, Fasl, Ripk1) was also 
observed. Finally, SFV-Nb11-Fc treatment led to a downregulation of 
genes related with angiogenesis (Vegfa and Jmjd8), and pro-metastatic 
factors (Cxcr4, Mmp11, Macc1). The later are known markers of poor 
prognosis in different cancer types, including colorectal cancer [36–38]. 

Transcriptome differences between tumors treated with SFV-Nb11- 
Fc and SFV-LacZ were analyzed more extensively using the gene set 
enrichment analysis (GSEA) tool [39] and the C7 database, to compare 
changes in the immunologic signatures. Important differences were 
found for both treatment groups, and many of the altered gene sets were 
related to CD8+ T cell activation, NK function, and IFN-γ signaling in 

different cells (Supplemental Fig. 8B). 
In order to get a deeper insight into the immune responses mediated 

by SFV-Nb11-Fc, we also performed a side-by-side comparison of this 
therapy with systemic mAb administration, using a commercial anti-PD- 
1 antibody (clone RMPI-14). The antitumor effect was very similar for 
both treatments in the MC38 tumor model (Supplemental Fig. 9A). 
Fifteen days after the beginning of treatments, mice were sacrificed to 
characterize the tumor-infiltrating lymphocytes. We observed some 
differences between both groups, especially in the CD8+ compartment. 
Animals treated with SFV-Nb11-Fc presented a trend to have higher 
numbers of CD8+ T cells, and a significant increase in the number of 
tumor-specific T cells (measured by MuLV tetramer p15E) compared to 
untreated controls. Although a similar trend was observed in animals 
treated with anti-PD-1 mAb, no significant changes were achieved in this 
case compared to the saline group. We also observed a significant in-
crease in effector CD8+ T cells (CD44high CD62L− ) in animals treated 
with SFV compared to saline (Supplemental Fig. 9C). The percentage of 
CD8+ T cells co-expressing PD-1, TIM-3 and LAG-3 was higher in ani-
mals that received anti-PD-1 mAb, which could indicate a more 
exhausted phenotype in these cells (Supplemental Figs. 9C and D). SFV- 
Nb11-Fc treatment seemed to induce downregulation of LAG-3 and 
upregulation of TIM-3 compared to saline and anti-PD-1 mAb (Supple-
mental Fig. 9D), suggesting a difference in the mechanism of action of 
both therapies. 

3.7. Non-viral delivery of SFV vector encoding Nb11-Fc 

The use of SFV VPs for clinical use has not been approved so far, 

Fig. 5. Expression of Nbs in vivo from SFV vectors administered intratumorally. Mice bearing ~40 mm3 subcutaneous MC38 tumors were injected intra-
tumorally with 3 × 108 SFV VPs encoding monomeric or Fc-fused Nbs (n = 4–5 per group). Mice were sacrificed one or five days later to evaluate Nb expression in 
vivo. Nb levels in tumors (normalized by total protein content) (A) and in serum (B). Levels of monomeric Nb11 and Nb6p (C) and Nb11-Fc (D) in urine samples. *, p 
< 0.05; ****, p < 0.0001; ns, not significant. 
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Fig. 6. Characterization of the immune cell infiltration in MC38 tumors treated with SFV vector encoding Nb6p-Fc. Mice bearing ⁓50 mm3 MC38 tumors (n 
= 5–6/group) received one intratumoral dose of 3 × 108 SFV VPs, and five days later they were sacrificed to analyze the immune cell infiltrate by flow-cytometry. (A) 
Tumor growth curves until sacrifice. (B–D) Analysis of the CD8+ T cell population in tumor samples. (B) CD8+ T cell infiltration and expression of activation markers. 
(C) Analysis of MuLV-specific CD8+ T cells. (D) PD-1 expression on CD8+ T cells and MuLV-specific CD8+ T cells. (E) Analysis of different innate immune cell 
populations in tumor samples. Asterisks above bars indicate comparisons to saline group. One sample from SFV-LacZ and one from SFV-Nb6p-Fc were excluded from 
this analysis due to low viability. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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although a clinical trial has already been safely performed with this 
vector [40]. A possibility that could facilitate the clinical translatability 
of this strategy could be to use a non-viral approach to deliver SFV 
vectors into tumors. In fact, we have recently shown that SFV 
self-amplifying RNA can be delivered intratumorally by electroporation 
[28]. SFV can also be delivered as DNA using a plasmid in which the SFV 
vector sequence is placed under an eukaryotic promoter [41]. In this 
DNA/RNA layered system, the SFV RNA is transcribed in transfected 
cells, leading to high transgene expression levels and apoptosis in a 
similar way to SFV-infected cells. To test whether this delivery system 
could be used for SFV vectors expressing dimeric Nbs, we generated a 
plasmid containing the SFV-Nb11-Fc replicon under the transcriptional 
control of the CMV promoter (pBK-T-SFV-Nb11-Fc) (Fig. 7A). Expres-
sion of Nb11-Fc from this plasmid was confirmed in vitro by Western blot 
analysis of transfected BHK-21 cells (Fig. 7B). We also confirmed in vivo 
expression by electroporating pBK-T-SFV-Nb11-Fc into MC38 tumors, 
using SFV-Nb11-Fc VPs as control, and analyzing Nb11-Fc and SFV 
replicase expression by RT-qPCR at 24 h (Supplemental Fig. 10A). We 
observed very similar levels of both RNAs in DNA-electroporated and 
VP-infected tumors, suggesting that both methods of delivery could have 
a similar efficacy. Nb11-Fc levels detected in serum by ELISA were 
slightly higher in mice that received DNA electroporation, although 
differences were not significant (Supplemental Fig. 10B). 

As schematized in Fig. 7C, mice bearing MC38 subcutaneous tumors 
received three doses of pBK-T-SFV-Nb11-Fc plasmid (20 μg/dose) every 
three days, followed by local electroporation as described previously by 
us [28]. This treatment protocol led to a significant reduction in tumor 
growth compared to untreated controls or mice that received SFV-LacZ 
plasmid by electroporation (Fig. 7D). A significant increase in survival 
for animals that received pBK-T-SFV-Nb11-Fc compared to untreated 
mice was also achieved (Fig. 7E). Similar to mice treated with viral 
vectors, this strategy led to 100% of protection after MC38 tumor 
rechallenge, suggesting that this non-viral delivery system is also able to 
promote long-lasting antitumor immune responses. The safety of DNA 
electroporation was confirmed in a similar experiment in which we 
observed that mice receiving pBK-T-SFV-Nb11 did not show hepatic or 
pancreatic toxicity, as indicated by the presence of normal transaminase 
and amylase levels, respectively (Supplemental Fig. 11A), or a decrease 
in body weight compared to control mice (Supplemental Fig. 11B). The 
therapeutic efficacy of pBK-T-SFV-Nb11-Fc was also confirmed in this 
study (Supplemental Fig. 11C). 

4. Discussion 

Antibodies able to block the PD-1/PD-L1 axis, such as nivolumab, 
pembrolizumab, and atezolizumab, are showing remarkable therapeutic 
effects in patients with different types of tumors [42]. However, 
frequent adverse effects observed in patients treated with ICIs, as well as 
the lack of responses in some tumor types, makes necessary the 
improvement of these therapies [43]. In this work, we have addressed 
these issues by developing a strategy based on local intratumoral de-
livery of Nbs using a self-amplifying RNA vector that can induce IFN-I 
responses and apoptosis in tumor cells, sensitizing tumors to ICIs [24]. 

The use of Nbs could offer some advantages over conventional an-
tibodies, mainly due to their smaller size, which can allow these mole-
cules to enter and be distributed more efficiently in tumors [20]. In 
addition, it has been described that Nbs can recognize conformational 
epitopes more efficiently than conventional antibodies due to their 
longer complementarity-determining region (CDR) 3 loop, which can 
form finger-like structures, allowing binding to small cavities or concave 
epitopes [44]. We have developed new Nbs against PD-L1 (Nb6p) and 
PD-1 (Nb11) [21] able to block the interactions of PD-1 and PD-L1 for 
both mouse and human molecules. The inhibition efficacy of Nb6p and 
Nb11 was improved by homo-dimerization using an IgG Fc domain, 
which resulted in a considerable IC50 reduction in PD-1/PD-L1 binding 
assays (approximately 8- and 40-fold reduction for Nb6p and Nb11, 

respectively, for both murine and human interactions). Remarkably, 
Nb11-Fc showed an IC50 that was 8.6-fold lower than nivolumab, and 
Nb6p-Fc had an IC50 very similar to atezolizumab. These results indi-
cate that the newly described dimeric Nbs could have clinical potential 
as recombinant proteins, although they would need to be tested in hu-
manized mouse models to evaluate their efficacy against human tumors. 
A similar anti-PD-L1 camel-derived Nb fused to a human IgG1 Fc, named 
envafolimab, has been recently approved for the treatment of various 
solid tumors in China, and it is being tested for soft tissue sarcomas and 
biliary tract cancer in the USA [45]. Interestingly, envafolimab is 
administered subcutaneously and has demonstrated a favorable safety 
profile. Envafolimab has shown an IC50 of 5.25 nM for blocking the 
PD-L1/PD-1 interaction [45], which is about 10-fold higher than the one 
we have observed for Nb6p-Fc, although a side by side study should be 
made to compare these two Nbs. 

Despite the fact that dimeric Nbs are larger than their corresponding 
monomeric versions, their size is approximately half of conventional 
antibodies, which could endow them with a better penetrability in tu-
mors, as it has been observed for envafolimab in animal models [46]. An 
additional advantage is the possibility to modulate the functions of Nbs 
using different Fc domains [47]. 

The improved blocking activity shown by dimeric Nbs in vitro was 
recapitulated in vivo when expressed from SFV vectors delivered intra-
tumorally. Although SFV vectors encoding monomeric Nbs showed a 
modest antitumor activity in MC38 colon adenocarcinoma tumors, 
vectors encoding either Nb11-Fc or Nb6p-Fc had a potent antitumor 
effect in both colon and melanoma murine tumors, leading to more than 
50% complete regressions in the first model. This effect was better than 
the one obtained with SFV vectors expressing anti-PD-L1 and anti-PD-1 
conventional mAbs, although these vectors also showed significant 
antitumor effects, as previously described by us in the case of the SFV- 
aPDL1 [11]. One possible reason for the better performance of SFV 
vectors harboring dimeric Nbs could be the significantly higher 
expression levels of these molecules compared to mAbs, as it was 
observed in vitro in infected cells (Fig. 2C). In vivo, Nb expression was 
very transient with all vectors, being detected mainly one day after 
treatment. Although expression seemed to be restricted to tumors, in the 
case of Nb11-Fc a relatively high level was transiently observed in 
serum, suggesting that part of the dimeric Nb was able to leak out of the 
tumor. This effect was not observed for Nb6p-Fc, maybe due to the high 
expression of PD-L1 in MC38 tumors, previously reported by us and 
others [11,48], which might retain this Nb inside the tumor. Although in 
our study Nbs were expressed locally, it was also expected that for 
monomeric Nbs the fraction leaking out of the tumor would be elimi-
nated rapidly through urine, as it seems to be the case since very low 
levels were detected in serum. Urine elimination of Nbs has been 
described as the main reason behind their short half-life in vivo [20]. 
Nb11-Fc was detected at higher levels in serum but at extremely low 
levels in urine, indicating that the Fc domain is preventing its elimina-
tion through renal clearance. 

Despite being considered poorly immunogenic, antibodies against 
Nb11 were detected after administration of SFV-Nb11-Fc vector, which 
could decrease the efficacy of the treatment if subsequent doses are 
needed. However, the fact that circulating antibodies have low pene-
trability into tumors could mitigate this effect. In fact, we have previ-
ously shown that an SFV vector can efficiently reinfect tumors in the 
presence of high titers of circulating anti-SFV neutralizing antibodies 
[49]. Furthermore, in a previous study we were able to express Nb11 
systemically in mice from an AAV vector during several months, which 
conferred protection against tumor challenge. This study suggested that, 
if they were present, anti-Nb11 antibodies were not able to completely 
block Nb11 activity [21]. In addition, strategies to decrease immuno-
genicity of nanobodies have been described [50,51] and could be tested 
in the future. 

A remarkable feature of this SFV-based therapy is that a single dose 
of the vector expressing the dimerized Nb locally for a short period of 
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Fig. 7. Antitumor activity of a DNA/RNA layered SFV vector expressing Nb11-Fc delivered by local electroporation. (A) Schematic representation of pBK-T- 
SFV DNA plasmid vector harboring under the CMV promoter the SFV replicon encoding Nb11-Fc (pBK-SFV-Nb11-Fc). (B) Expression of Nb11-Fc from pBK-T-SFV- 
Nb11-Fc plasmid was confirmed in vitro by Western blot from transfected BHK-21 cells, including pBK-T-SFV-LacZ and pBK-T-SFV-Nb6p-Fc in this analysis. (C) 
Experimental design used for delivery of pBK-T-SFV plasmids into tumors. Mice bearing ⁓30 mm3 MC38 subcutaneous tumors were injected intratumorally at the 
indicated times with 20 μg of SFV plasmids and electroporated as described in Materials & Methods. (D) Tumor growth curves. Data represent mean ± SEM (n =
6–7). Treatment days are indicated by arrows. (E) Survival curves for the treated animals. (F) Survival after MC38 tumor rechallenge in animals that had complete 
remissions after treatment. Naïve untreated mice were included as controls. *, p < 0.05; ****, p < 0.0001; ns, not significant. 
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time was able to promote potent and long-lasting antitumor responses. 
In fact, this antitumor effect was superior to the one induced by systemic 
and local administration of an anti-PD-L1 mAb, which was previously 
described by us in the same tumor model [11] and similar to the one 
obtained by systemic administration of an anti-PD-1 mAb (Supplemental 
Fig. 9). In previous studies we have shown that SFV vectors are able to 
induce type I IFN responses, which are very important to elicit efficient 
antitumor immune responses [11,52]. Here, we observed changes in 
different immune cell populations within tumors treated with SFV 
expressing Nb6p-Fc and Nb11-Fc, including NK and CD8+ T cells, which 
are crucial effector cells in the antitumor response. As observed from 
RNAseq of total tumor samples, several immunostimulatory genes were 
significantly upregulated in tumors treated with SFV-Nb11-Fc compared 
to saline control group. In addition, the SFV control vector used in this 
study was also able to induce immunological changes within the tumor, 
highlighting the role of the self-amplifying RNA vector in this therapy. 
Despite this effect, the expression of dimerized Nbs able to block the 
PD-1/PD-L1 axis seemed to be crucial to trigger a curative immune 
response. 

SFV viral particles can be produced quite efficiently [26] and a recent 
clinical trial in cervical cancer patients with SFV vectors expressing 
human papilloma (HPV) virus E6 and E7 proteins has demonstrated that 
they can be safely administered in humans [40]. However, clinical 
implementation of viral particles will be more difficult compared to the 
use of non-viral vectors, which are less expensive to produce at GMP 
levels and could have a higher safety profile. The SFV system has the 
advantage that it can also be used in a non-viral mode, either as RNA or 
as a DNA/RNA layered plasmid vector [41]. We have chosen this last 
option to evaluate one of the two SFV vectors expressing dimeric Nbs 
(pBK-T-SFV-Nb11-Fc). Interestingly, local delivery of this plasmid into 
MC38 tumors by electroporation resulted in antitumor effects compa-
rable to those obtained with viral particles. In vivo electroporation of 
DNA has been evaluated in several clinical trials using a plasmid 
encoding IL-12 to treat melanoma, Merkel cell carcinoma, and 
triple-negative breast tumors, being able to induce tumor regressions 
[53–55]. Given the growing evidence that this technique is safe and able 
to provide antitumor effects, we believe that it could be a promising 
approach to deliver self-amplifying RNA vectors, either as RNA or DNA, 
as we have used in this work. An additional advantage of this strategy is 
that no neutralizing antibodies against SFV capsid will be induced, 
allowing for multiple administrations. 

In summary, we believe that this short-term therapy based on the 
delivery of a self-amplifying RNA expressing dimeric Nbs to tumor cells, 
either as viral particles or DNA, could represent a promising new way to 
administer ICIs to cancer patients. The fact that both Nbs developed in 
this work are also able to block human PD-1/PD-L1 interactions makes 
these vectors potential new tools for clinical evaluation. 
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