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The tumor microenvironment of numerous prevalent cancer types is abundantly infiltrated with tumor-associated
macrophages (TAMs). Macrophage mannose receptor (MMR or CD206) expressing TAMs have been shown to be key
promoters of tumor progression and major opponents of successful cancer therapy. Therefore, depleting MMR+ TAMs
is an interesting approach to synergize with current antitumor therapies. We studied the potential of single-domain
antibodies (sdAbs) specific for MMR to target proteins to MMR+ TAMs. Anti-MMR sdAbs were genetically coupled to a
reporter protein, mWasabi (wasabi green, WG), generating sdAb “drug” fusion proteins (SFPs), referred to as WG-SFPs.
The resulting WG-SFPs were highly efficient in targeting MMR+ macrophages both in vitro and in vivo. As we showed
that second mitochondria-derived activator of caspase (SMAC) mimetics modulate MMR+ macrophages, we further
coupled the anti-MMR sdAb to an active form of SMAC, referred to as tSMAC. The resulting tSMAC-SFPs were able to
bind and upregulate caspase3/7 activity in MMR+ macrophages in vitro. In conclusion, we report the proof-of-concept
of an elegant approach to conjugate anti-MMR sdAbs to proteins, which opens new avenues for targeted manipulation
of MMR+ tumor-promoting TAMs.

1. Introduction
It is increasingly recognized that tumor-associated macrophages (TAMs)
in the stroma of most tumor types have a significant impact on tumor
progression. These TAMs form a heterogeneous population of resident and
monocyte-derived cells that adopt a polarization state ranging from classically activated M1 to alternatively activated M2, according to T helper type
1/2 cell paradigm [1–3]. TAMs polarized towards an M1 state are characterized by the ability to stimulate antitumor responses, owing to their
antigen presenting capacity, secretion of pro-inflammatory cytokines like IL6, IL-1β, IL-12, IL-23, TNF-α, release of reactive oxygen species and nitric
oxide. On the other side of the spectrum, M2 TAMs favor tumor progression
by several mechanisms, including stimulation of cancer cell survival and
migration, remodeling of the extracellular matrix to facilitate growth and
invasion, recruitment of additional stroma supporting cells as well as stimulating angiogenesis by secretion of VEGF. M2 TAMs are also able to put a
strong brake on antitumor immunity via the expression of arginase-1, which

profoundly suppresses T cell immune responses via L-arginine depletion,
and secretion of amongst others IL-4, IL-10, IL-13 and TGF-β. Moreover, M2
TAMs are in part responsible for therapy resistance and poor prognosis, not
only in immunotherapy but also conventional therapies like chemotherapy
[4,5].
As M2 TAMs form a crucial barrier to successful antitumor immunity, their depletion and/or functional modulation is an interesting
approach for which several strategies using monoclonal antibodies
(mAbs) [6–9], small-molecule inhibitors [7,10,11] and RNA interference [12] are currently being investigated [2,13–16]. A number of
preclinical and clinical studies showed that depletion of TAMs using
bisphosphonate clodronate encapsulated in liposomes or trabectedin
decreases tumor growth and metastasis [17–21]. Other strategies interfered with TAM numbers by focusing on CCL2:CCR2 or M-CSF:MCSFR signaling, as these pathways are involved in accumulation of
TAMs in the tumor microenvironment. Attempts to repolarize M2 into
M1 macrophages included the use of histidine-rich glycoprotein [22],
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Fig. 1. WG-SFPs that contain anti-MMR sdAbs retain the ability to bind MMR. (A) Schematically annotated representation of WG-SFPs, hIgA; human IgA based hinge
region HA; haemagglutinin-tag, HIS; histidine-tag. (B) 3D model of WG-SFPs containing anti-MMR sdAb as predicted by the Protein Homology/analogy Recognition
Engine Version 2.0. (C) Western blot analysis of the WG-SFPs after fast protein liquid chromatography purification of bacterial periplasmic extracts, L; protein ladder.
(D) Affinity kinetic analysis using SPR of WG-SFPs containing anti-MMR sdAb. The data show one representative of 3 independent WG-SFP productions.

inhibition of transcription factors like NF-κB [23] and STAT3 [24],
prevention of macrophage migration to hypoxic areas [25] or M1 stimulation via TLR7, TLR9 or CD40 agonists. These repolarizing approaches resulted in suppression of tumor development and metastasis
in vivo by induction of macrophage tumoricidal activity and activation
of antitumor activity. Despite these advances, current clinically evaluated depletion and repolarization approaches are not TAM-specific
and can thus have substantial toxicity over time [26]. As such strategies
that specifically target pro-tumoral macrophages and enhance the activity of anti-tumoral ones are the way forward.
In this context, functional modulation of TAM subpopulations has
been performed using drug-loaded nanocarriers, conjugated to mAbs
specific for CD163 [27] and peptides [28] or single-domain antibodies
(sdAbs) [29], specific for the macrophage mannose receptor (MMR,
CD206 or MRC1). While promising, encapsulation of drugs in nanocarriers brings about several challenges in terms of production and
chemistry. More straightforward to generate are the antibody-drug
conjugates (ADCs), which combine the unique targeting traits of antibodies with the cytotoxic traits of their conjugate to achieve specific
tumor cell killing [30]. Currently over 50 ADCs are under clinical development and 4 are already approved by the FDA and EMA.[31–35]
However, ADCs are macromolecules that often use mAbs with high
affinity, which can hamper the ADC's ability to penetrate and deliver its
cargo in a uniform fashion over the tumor [36–39]. In addition, binding
of the Fc-part of mAbs to the Fc-receptor on TAMs has been shown to
induce hyper progressive disease in a subsets of lung cancer patients
[40]. Finally, chemical conjugation can negatively impact on ADC
functionality [34], and suffers from downsides such as variability between batches, drug-to-antibody ratio and/or steric effects.
All the above observations pose generation, efficacy and/or safety
issues on the use of current TAM-modulators and suggest there is still an
urgent need for TAM specific, easily generated and safe moieties that
can deliver pro-inflammatory signals to repolarize and/or deplete the
alternatively activated M2 specifically. Therefore, we designed and
studied gene-derived sdAb fusion proteins (SFPs), that obviated the
need for cumbersome conjugation and generation procedures. To make
them M2-TAM specific, we choose for the anti-MMR sdAb since this was
previously used to image and convey protein cargo to MMRhi M2 TAMs,
even in hypoxic areas [41,42]. In first instance we genetically fused the
reporter mWasabi (wasabi green, WG-SFP) to the anti-MMR sdAb, to
enable the visualization of M2-specific targeting and internalization in
vitro and in vivo. As a proof-of-function, we subsequently fused the pro-

apoptotic protein, active second-mitochondria derived activator of
caspases genetically to the anti-MMR sdAb (tSMAC-SFP). We opted for
tSMAC as we previously showed its potential to induce cell death by
releasing caspases from the inhibitor of apoptosis (IAP) [43]. Furthermore, SMAC-mimetics have been shown to activate the NF-kB pathway,
resulting in TNF-α upregulation which could lead to M2 repolarization
as well as an increase of cell death in an autocrine way [44].
In brief, we report on the proof-of-concept of targeting MMR+
TAMs using SFPs that consist of an anti-MMR sdAb genetically fused to
mWasabi. Furthermore, we could demonstrate functional modulation of
MMR+ TAMs using SFPs fused to the pro-apoptotic protein tSMAC.
2. Results and discussion
Alternatively activated M2 TAMs represent superior targets for most
cancers treatments as they are often abundantly present in the tumor
microenvironment and exert multiple functions that promote cancer
progression as well as resistance to therapy.
To this end, MMR represents an appealing target as it has been
linked to the protumoral activity of alternatively activated M2 TAMs in
the tumor microenvironment of several tumor models [45–47]. Hence,
we previously developed a sdAb that binds MMR+ TAMs within the
hypoxic tumor microenvironment [41]. Due to their small size
( ± 15 kDa), single domain structure, and rapid penetration into tumors, sdAbs represent ideal candidates for the development of sdAb
fusion proteins that can deliver a modulator to M2 TAMs within the
dense tumor microenvironment. Moreover, these characteristics are
retained when coupled to a cytotoxic moiety [48], opening avenues to
target cancer cells and the tumor microenvironments, including hypoxic areas of the tumor [49].
2.1. WG-SFPs that contain anti-MMR sdAbs retain the ability to bind MMR
As an initial proof-of-concept, we genetically coupled the M2 TAM
specific anti-MMR or anti-β-lactamase sdAb (BCII10, control) to the
reporter protein mWasabi, a.k.a. wasabi green (WG). We chose the rigid
human IgA based hinge region over a flexible linker to couple the sdAb
genetically to WG, as rigid linkers tend to be better at separating protein domains and as such reduce steric hindrance. The resulting cDNA
encoding sequences of these WG-SFPs were cloned into the pHEN6
plasmid for protein production (Fig. 1A–B). Next, WG-SFPs were purified from transformed WK6 E. coli lysates using fast protein liquid
108
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Fig. 2. WG-SFPs that target MMR are selectively bound and internalized by MMR+ macrophages in vitro. (A–K) In vitro generated M1 or M2 macrophages derived
from bone marrow of wild-type mice (MMRWT, (A), n = 5), after MMR cleavage with trypsin (B, n = 3) or MMR knock out mice (MMRKO, C, n = 5) were incubated
with WG-SFPs containing the anti-MMR or anti-β-lactamase sdAb at 37 °C (A–K) or 4 °C (D, n = 5) for 30 to 60 min or as indicated in the graph. When indicated
chloroquine (CQ, F, n = 3), MG132 (J, n = 4) or PEI (K, n = 4) was added. Flow cytometry was performed to determine the percentage of WG+ cells while confocal
fluorescence microscopy (G–H) visualized intracellular co-localization (yellow, λ em. 509 nm,) of WG-SFPs (green channel, λ ex. 488 nm) with pHrodo™ Red dextran
endosomal tracker (red channel λ ex. 560 nm, λ em. 585 nm). Hoechst 33342 (multi photon, λ ex. 790 nm, λ em. 350–400 nm) was used as nuclear counterstain.
Magnifications are indicated on the images, opt.; optical zoom, dig.; digital zoom. The bar graphs in A–J summarize the results of at least 3 independent experiments
as mean ± SEM. Statistical analysis was performed by the Student's t-test, and asterisks represents a p-value < .05 (*), < 0.01 (**) and < 0.001 (***). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

chromatography based on the histidine-tag (HIS), charge and size of the
WG-SFP protein. Size-exclusion chromatography (SEC) did not indicate
aggregation nor visible precipitation while it enabled successful separation of the small fraction that was cleaved during the purification
process (Suppl. Fig. 1A). Spectrophotometry at a wavelength of 280 nm
and the endosafe®-PTS™ portable test were performed to determine the
yield and endotoxin levels respectively, showing > 50 mg WG-SFP per
liter bacterial culture without detectable endotoxin. In addition, western blot showed pure WG-SFPs with a size of ± 46,5 kDa (Fig. 1C).
Importantly, surface plasmon resonance (SPR) on immobilized recombinant MMR protein showed MMR-specific binding of the antiMMR sdAb, but not anti-β-lactamase sdAb containing WG-SFPs with a
KD of 1.4 × 107 (Fig. 1D).

and as such M2 macrophages.
To validate MMR-specific binding of WG-SFPs to M1 or M2 polarized macrophages, we incubated the cells for 30 min at 37 °C with
2.5 μg of WG-SFPs containing the anti-MMR or anti-β-lactamase sdAb.
Flow cytometry showed significantly more WG+ M2 than WG+ M1
macrophages when incubated with WG-SFPs containing anti-MMR
sdAbs while WG-SFPs containing anti-β-lactamase sdAb were not able
to significantly bind M1 or M2 macrophages (Fig. 2A). To confirm
MMR-mediated binding, we further evaluated WG-SFP binding to M2
polarized macrophages in two ways. First we tested M2 polarized
macrophages from which the MMR receptor was cleaved after a 15 min
0,5% trypsin treatment, as described by Napper et al. (Suppl. Fig. 3)
[50]. When M2 polarized macrophages pre-treated with or without
trypsin were incubated with 2.5 μg anti-MMR sdAb containing WG-SFPs
for 30 min, we showed that MMR cleaved macrophages mostly lost
their capacity to internalize WG-SFP while macrophages treated with
trypsin after the internalization process, did not lose their WG positivity
(Fig. 2B). Secondly, MMR-mediated targeting was demonstrated by the
significant decrease in WG positivity upon incubation with WG-SFPs if
the M2 macrophages were derived from MMR knock out (MMRKO) mice
(Fig. 2C).
Next cellular internalization and cytosolic trafficking of WG-SFPs
within M2 polarized macrophages was evaluated. As all cellular internalization pathways are blocked at 4 °C, the significantly lower fluorescence intensity in M2 macrophages at 4 °C compared to 37 °C, suggested that WG+ M2 macrophages are the result of WG-SFP
internalization (Fig. 2D, Suppl. Fig. 4). This was further supported by
the gradual and accumulative uptake profile of WG-SFPs when incubated at 37 °C and followed over a period of 2 h (Fig. 2E). To test the
involvement of endocytosis in WG-SFP uptake, we incubated M2

2.2. WG-SFPs that target MMR are bound and internalized by MMR+
macrophages in vitro
We studied whether WG-SFPs containing anti-MMR sdAbs could
deliver WG to MMR+ cells in vitro. Therefore, we generated murine
bone marrow-derived macrophages in vitro using M-CSF and polarized
them towards a M1 or M2 status with IFN-γ or IL-4, respectively. Realtime qPCR demonstrated that the panels of previously described markers typical for M1 (TNF-α, IL-1β, IL-12β and MHC-IIhi) or M2 (MMR,
arginase-1, Fizz1, IRF4) macrophages, were upregulated on cells cultured in the presence of IFN-γ or IL-4, respectively (Suppl. Fig. 2A).
Flow cytometry additionally showed that the macrophages were over
99% pure, based on the expression of CD11b and F4/80. In contrast to
M2 macrophages, M1 macrophages were characterized by high expression of CD40, CD80, CD86 and MHC-II (Suppl. Fig. 2B). The expression of MMR (CD206) was most pronounced on the IL-4-polarized,
109

Journal of Controlled Release 299 (2019) 107–120

Y. De Vlaeminck, et al.

Fig. 2. (continued)

polarized macrophages in the presence of 2.5 μg anti-MMR sdAb containing WG-SFPs in combination with increasing concentrations of the
endocytosis inhibitor chloroquine. The observed dose-dependent decrease in WG positivity suggests a significant role for endocytosis in the
internalization process of SFPs (Fig. 2F, Suppl. Fig. 7B). In addition we
visualized internalization and endosomal colocalization of the MMR
targeting WG-SFP using confocal microscopy together with the pHsensitive pHrodo™ Red dextran. Early endosomes, with a pH between
6.5 and 7, only revealed green fluorescence indicating that the bulk of
the WG-SFPs was localized in endocytic vesicles and early endosomes.
A minor fraction however, was situated in the late endosome (pH 5.5,
yellow = green + red, Fig. 2G–H). Of note, no colocalization was detected in the lysosomes since WG loses its fluorescence at a pH below
4.5 as previously described by Zou et al. [51]
Finally, we evaluate SFP degradation during 6 h post-incubation
with 2.5 μg anti-MMR sdAb containing WG-SFPs. While loss of WG
positivity was most pronounced within the first hour after incubation
(decrease to 57.5 ± 3.3% positivity from the saturated signal), this
remained stable with a residual positivity of 42.2 ± 2.6% in the following 5 h (Fig. 2I). Upon demonstration of internalization and partial
degradation, we hypothesized that a fraction of WG-SFPs are translocated to the cytosol and targeted for proteasomal degradation. To test

this hypothesis, we incubated M2 polarized macrophages for 60 min
with 2.5 μg anti-MMR sdAb containing WG-SFPs and cells were washed.
Next, we incubated the cells for an additional hour in the presence of
2.5 μM of the proteasome inhibitor MG132. In contrast to the previous
experiment, flow cytometric analysis did not show any significant reduction in WG intensity one hour later, with 97.1 ± 5.4% of cells remaining WG+ when compared to 65.7 ± 8.7% WG+ cells in cultures
without the proteasome inhibitor. (Fig. 2J, Suppl. Fig. 7A) Furthermore,
we explored whether we could boost endosomal escape using the
branched cationic polymer (PEI, polyethyleneimine) in combination
with blocking cytosolic degradation by the proteasome. We therefore
incubated M2 polarized macrophages with 2.5 μg anti-MMR sdAb
containing WG-SFPs for 30 min and compared this condition to incubation in the presence of 10 μg/mL PEI, 2.5 μM MG132 or a combination of both. We detected an increase in WG+ cells in the presence of
PEI which might be explained by the proton-sponge effect and/or its
direct endo/lysosomal membrane rupture capacity [52–54]. Incubation
of WG-SFPs in the presence of MG132 resulted in an increased WG
signal while the combination of both did only result in a minor increased accumulation (Fig. 2K). This is most likely explained by the
proteasome that is still performant enough to degrade the additional
cytosolic fraction.
110

Journal of Controlled Release 299 (2019) 107–120

Y. De Vlaeminck, et al.

Fig. 3. WG-SFPs that target MMR are selectively
bound and internalized by MMR+ M2 TAMs. (A–B)
Sorted M2 TAMs from tumor bearing mice were incubated with WG-SFPs containing the anti-MMR or
anti-β-lactamase sdAb at 37 °C for 30 min and were
evaluated for (A) WG positivity or (B) permeabilized
and intracellular stained for the PE containing HAtag attached to the WG-SFPs. The bar graphs summarize the results of 3 independent experiments as
mean ± SEM. Statistical analysis was performed by
the Student's t-test, and asterisks represents a pvalue < .05 (*), < 0.01 (**).

These data validate that a significant part of the WG-SFP fraction is
translocated to the cytosol where it is partially degraded by the proteasome. Of note, proteasome inhibitors like bortezomib have been
used for the treatment of hematological malignancies (e.g. multiple
myeloma) and are increasingly explored for the treatment of solid
cancers (e.g. of the lung, pancreas, breast, et cetera). We therefore
contend that the combination of bortezomib with SFPs represents a
potentially synergistic combination therapy.

mice or injected with anti-β-lactamase sdAb containing WG-SFPs
(Fig. 4A–B). These findings are in line with our in vitro results (Fig. 4A &
B) and previous in vivo MMR imaging studies [41,42]. The CD11b+
fraction was further divided over an MHC-IIHigh (M1 TAMs) and MHCIILow (M2 TAMs) population to show that anti-MMR sdAb containing
WG-SFPs were mainly, though not exclusively targeted to M2 TAMs
(Fig. 4C). However, since the majority of TAMs within immunosuppressed tumors are M2 TAMs, no serious side effects are expected from this intratumoral off-targeting.

2.3. WG-SFPs can target MMR+ cells in vivo

2.4. SFPs can deliver an active form of SMAC to MMR+ cells in vitro

Recently, intralesional therapy approaches are gaining more attention. ‘Inject locally, treat globally’ is becoming the new mantra in
cancer immunotherapy. Intratumoral injection of agents focused on
changing the tumor microenvironment, thereby allowing cytolytic immune cells to exert their function, are increasingly used in an intratumoral setting. The SFPs fall in this category. The rationale for the
intratumoral approach is manifold: (i) achieve a high concentration of
the immunomodulatory agent in situ using small amounts of drugs and
linked herewith lower costs, (ii) prevent systemic exposure and as such
potential off-target effects, (iii) re-activate existing tumor-infiltrating
cytolytic immune cells and as such stimulate a broad immune response
and abscopal anti-tumor immunity, and (iv) in practice allow sequential
and multifocal biopsies at every intratumoral injection of the immunomodulatory agent. [55,56] Therefore, we focused the following
studies on the tumor, evaluating the potential of WG-SFPs to deliver
WG to M2 TAMs sorted from or present in in vivo grown tumors. To
assess the potential of WG-SFPs containing anti-MMR sdAb to target
MMR+ cells within tumors, we opted for the Lewis lung carcinoma
(LLC-OVA) model as it is characterized by a high infiltration of CD45+
CD11b+ MMR+ cells (Suppl. Fig. 5). Wild-mice were engrafted subcutaneously with LLC-OVA cells. When tumors reached volumes of
1000 mm3, CD11b+, Ly6G−, Ly6CLow/−, MHC-IILow macrophages (M2
TAMs) were sorted and incubated for 30 min at 37 °C with 2.5 μg of
WG-SFPs containing the anti-MMR or anti-β-lactamase sdAb. Flow cytometry showed significantly more WG+ M2 TAMs when compared to
M2 TAMs incubated with WG-SFPs containing anti-β-lactamase sdAb.
Permeabilization and intra-cytoplasmic staining of the WG-SFPs
through the HA-tag revealed the intracellular localization of anti-MMR
WG-SFPs while only a minor amount of anti-β-lactamase sdAb WG-SFPs
was detected (Fig. 3A–B).
Next, we subcutaneously engrafted MMRWT and MMRKO mice with
LLC-OVA cells. When palpable tumors were present, these were injected
with 100 μg WG-SFPs containing anti-MMR or anti-β-lactamase sdAbs
and isolated 4 h later, after which the presence of WG+ cells was
evaluated within the CD11b+ single cell fraction. We observed WG+
cells within tumors grown in MMRWT mice and inoculated with antiMMR sdAb containing WG-SFPs, but not in tumors grown in MMRKO

Previously we showed that intratumorally delivery of lentiviral
vectors (LVs) encoding the SMAC mimetic tSMAC, resulted in immunogenic tumor cell death [43]. Interestingly, SMAC mimetics have
also been shown to induce cell death of mouse primary and bone
marrow-derived macrophages. [58,59] Accordingly, we hypothesized
that the tSMAC protein could serve as a suitable protein to deliver a
proof-of-function for our M2 targeted SFPs. Therefore, we first addressed whether the SMAC mimetic birinapant and the in-house developed LV-tSMAC induced macrophage cell death in vitro. Bone
marrow derived M2 macrophages or sorted M2 TAMs were treated with
0.125 to 4 μM birinapant and/or 10 particles of LV-tSMAC per cell.
Subsequently, caspase 3/7 activation was analyzed in real-time
using the IncuCyte® technology while cell viability was determined
using the endpoint Cell Titer-Glo® assay. We observed significant upregulation of caspase 3/7 in M2 polarized macrophages with 1 to 4 μM
birinapant or LV-tSMAC (Fig. 5A and C, Suppl. Fig. 6A). Importantly,
sorted primary M2 TAMs required higher doses birinapant (2–4 μM)
and were less responsive to the drug (Fig. 5B and Suppl. Fig. 6B).
Although caspase 3/7 was upregulated in M2 polarized macrophages treated with SMAC mimetics, we observed that a significant
fraction of the cells survived the treatment (Suppl. Fig. 7C). This observation prompted us to evaluate the phenotype and functionality of
the surviving M2 macrophages. Therefore, we treated M2 macrophages
with 0.5 μM birinapant as > 50% of them survived this treatment, allowing further analysis. Using qPCR, we first evaluated the transcriptional levels of cytokines involved in an inflammatory response such as
TNF-α, IL-1β, IL-12β and surface molecules such as CD80, MHC-II and
MMR. Relative fold expression was calculated for M2 macrophages
treated with birinapant versus vehicle. Birinapant treatment showed a
significant increase in TNF-α and IL-1β expression and significantly
lower expression of MMR, while expression of IL-12β, CD80 and MHC-II
was unchanged (Fig. 6A). Flow cytometry further showed that the expression of the activation marker CD86 increased in M2 macrophages
treated with birinapant (Fig. 6B). The increase in production of TNF-α
by M2 macrophages upon treatment with birinapant was further evaluated in ELISA, showing a dose-dependent increase in secretion of TNF111
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α, which is in line with the RT-qPCR data (Fig. 6C). These experiments
show that surviving macrophages adopt characteristics typical for M1
macrophages. Indeed, our findings confirm the previously described
reversion of pro-tumoral M2 TAMs to a pro-inflammatory M1-like state
after treatment of tumor bearing mice with a SMAC mimetic [60].

The observation that delivery of SMAC mimetics induces macrophage cell death to a certain extent and that macrophages that escape
the cell death pathway show properties of tumor rejecting macrophages, encouraged us to generate SFPs in which the anti-MMR sdAb
was genetically coupled to tSMAC (Fig. 7A). We designed SFPs

(caption on next page)
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Fig. 4. WG-SFPs can target MMR+ cells in vivo. (A–C) LLC-OVA cells were inoculated subcutaneously in MMRWT and MMRKO mice. Tumors were injected with 100 μg
WG-SFPs containing anti-MMR or anti-β-lactamase sdAbs when they reached a size of 250–750 mm3. Flow cytometry analysis on single cell suspensions was
performed 4 h later. (A) Dot plots depict the gating strategy used to select viable CD11b+ single cells based on side (SSC) and forward (FSC) scatter properties. (B)
The histograms show the shift in WG+ cells gated within the CD11b+ fraction of the tumor cell suspension. The left panel shows the overlap in histograms of tumors
that were injected with PBS (grey) or WG-SFPs containing anti-β-lactamase sdAbs (black). The right panel shows the overlap of tumors injected with WG-SFPs
containing anti-β-lactamase sdAbs (black) versus WG-SFPs containing anti-MMR sdAbs in MMRKO (blue) or MMRWT mice (green). (C) The dot plot depicts M1
(orange) versus M2 (red) TAMs gated as LY6CLow and MHC-IILow versus MHC-IIHigh, within the CD11b+ population. In addition, the WG mean fluorescence intensity
(MFI) within the M1 or M2 TAM population is depicted as bar graph on the right. The bar graph summarizes the results of 2 independent experiments with 5 mice per
group (sdAb BCII10-WG and sdAb MMR-WG) for each treated condition (MMRKO and MMRWT) as mean ± SEM. Statistical analysis was performed by the Student's
t-test, and asterisks represent a p-value < .01 (**), < 0.001 (***). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

containing tSMAC to deliver a proof-of-concept that SFPs containing
anti-MMR sdAbs can shuttle proteins with functional activity into M2
macrophages. Similar to the WG-SFPs approach, we designed SFPs,
consisting of an anti-MMR or anti-β-lactamase sdAb, coupled to tSMAC
(referred to as tSMAC-SFPs). The cDNA encoding these tSMAC-SFPs was
cloned into the pHEN6C plasmid to generate tSMAC-SFP proteins
(Fig. 7A–B). The yield of tSMAC-SFPs was > 50 mg per liter bacterial
culture and endotoxin levels were undetectable after the endotoxin
removal procedure. The latter resulted in sufficient amounts of tSMACSFPs for in vitro experiments. However, in vivo experiments require

higher yields, which cannot be obtained using the current production
method. Therefore, alternative production/purification methods needs
to be developed to increase the yield for in vivo testing. The SEC indicated partial aggregate formation, which we could isolate from the
monomeric fraction (Suppl. Fig. 1B). Aggregation could further be
limited by shortening the time between bacterial lysate generation and
purification. This observation is in line with the report of Mastrangelo
et al., who demonstrated that SMAC can adopt dimeric and tetrameric
assemblies in solution which promote aggregation [61]. After purification, western blot showed highly pure tSMAC-SFPs with a size
Fig. 5. Caspase 3/7 activity in M2 polarized macrophages is upregulated when
treated with birinapant or tSMAC. (A–C)
M2 polarized macrophages (A) and sorted
M2 TAMs (B) were treated with vehicle or
0.125 to 4 μM birinapant analyzed by
Incucyte® (left graph, n = 3) or the
Caspase-Glo® 3/7 Assay (right bar graph,
n = 4). C. M2 polarized macrophages were
transduced with LV-OVA (negative control)
or LV-tSMAC at 10 particles per cell. The
left graphs shows the counted caspase 3/7+
cells as fold change relative to untreated
cells analyzed with the Incucyte® technology. The right graphs shows the relative
light units (RLU) obtained during the
Caspase-Glo® 3/7 Assay that correlates
with the caspase 3/7 activity and is depicted as fold change relative to untreated
cells. The bar graphs depict the
mean ± SEM of at least 3 independent experiments. Statistical analysis was performed by the Student's t-test, and asterisks
represent a p-value < .01 (**).
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Fig. 6. M2 macrophages that survive the treatment with birinapant are phenotypically and functionally activated. Birinapant affects the expression of macrophage
M2 specific markers. In vitro generated M2 macrophages were treated with 0.5 μM birinapant. Analyses were performed 8 h later. (A) Gene expression was analyzed
in RT-qPCR. The fold change in expression of M1 associated genes TNF-α, IL-1β, IL-12β, CD80, MHC-II and the M2 associated gene MMR are shown (n = 4). (B) Flow
cytometry was performed to assess the expression of CD80, CD86 and MHC-II. The graphs show the fold increase in percentage CD86 expressing cells or fold increase
in MFI of CD80 and MHC-II expressing cells. (C) M2 polarized macrophages were treated with increasing amounts of birinapant. Supernatants were analyzed for the
presence of TNF-α using ELISA. The graphs summarize the results of at least 3 independent experiments as mean ± SEM. Statistical analysis was performed using the
Student's t-test. The asterisks represent a p-value < .01 (**).

Fig. 7. tSMAC-SFPs that contain anti-MMR sdAbs retain the ability to bind MMR. (A) Schematic annotated representation of the tSMAC-SFPs, hIgA; human IgA based
linker, HA; haemagglutinin-tag, HIS; histidine-tag. (B) 3D model of the tSMAC-SFPs containing the anti-MMR sdAb as predicted using the Protein Homology/analogy
Recognition Engine Version 2.0. (C) Western blot analysis of the tSMAC-SFPs after fast protein liquid chromatography purification of bacterial periplasmic extracts, L;
Protein ladder. (D) Affinity kinetic analysis using SPR of tSMAC-SFPs containing the anti-MMR sdAbs. The data shown are representative of 3 independent WG-SFP
productions.

of ± 40,5 kDa (Fig. 7C). Using immobilized recombinant MMR protein
in SPR, tSMAC-SFPs containing the anti-MMR sdAb revealed a KD of
2.6 × 10−9 (Fig. 7D). We further observed that tSMAC-SFP is slowly
released from its target while tSMAC-SFPs containing anti-β-lactamase
sdAb did not bind MMR.
To evaluate surface absorption, internalization and translocation of
tSMAC-SFPs containing anti-MMR sdAbs to the cytosol, we used a similar approach as described for the WG-SFPs. We observed that tSMACSFPs specifically bound MMR+ cells and reached a plateau already after
10 min (Fig. 8A–D). Interestingly, these uptake kinetics differed from
the WG-SFPs, which reached this plateau after 110 min (Fig. 2D & 9D).
Whether this is intrinsic to the SFPs or the method of detection (tSMAC
detection required additional staining with a PE-labeled anti-HA antibody) remains to be determined. Similar to the WG-SFPs, the tSMACSFPs seemed to be degraded in the first hour after their removal.
However, the reduction in percentage SFP containing cells was more
pronounced for tSMAC-SFP with a drop to 43.7 ± 2.2% of the saturated
signal in the first hour of the assay and a further decline to
20.1 ± 1.2% after 4 h (Fig. 8E) compared to WG-SFP (Fig. 2E) treated

macrophages. It has been described that SMAC is regulated by inhibitor
of apoptosis family members. These could induce ubiquitination and
subsequent degradation of SMAC, which might account for the higher
degradation level observed [62]. Addition of the proteasome inhibitor
MG132 partially inhibited tSMAC-SFPs degradation, as 56.0 ± 9.3% of
the cells were positive for tSMAC-SFP, while cells cultured without the
proteasome inhibitor showed positivity in only 40.0 ± 7.1% of cells
(Fig. 8F). This suggests that the tSMAC-SFPs are at least in part translocated to the cytosol. Since degradation was only partially reversed, it
might imply that other cellular degradation mechanisms are contributing to tSMAC-SFP's intracellular instability.
To address the function of tSMAC upon targeted delivery by antiMMR sdAb containing SFPs, we incubated in vitro generated M2 macrophages or sorted M2 TAMs with 5 or 10 μg tSMAC-SFPs containing
anti-MMR or anti-β-lactamase sdAbs and monitored upregulation of
caspase 3/7 in real time with the IncuCyte® technology. Upregulation of
caspase 3/7 was only observed when 10 μg tSMAC-SFPs was used and
was stably upregulated in MMR+ M2 macrophages and M2 TAMs incubated with tSMAC-SFPs containing anti-MMR sdAbs and not with
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Fig. 8. tSMAC-SFPs that target MMR are selectively bound and internalized by MMR+ macrophages in vitro. (A–F) In vitro generated M1 or M2 polarized macrophages derived from bone marrow of wild-type (MMRWT, A) or MMR knock out (MMRKO, B) mice were incubated with tSMAC-SFPs containing the anti-MMR or antiβ-lactamase sdAbs at 37 °C (A – F) or 4 °C (C) for 30 to 60 min or as indicated in the graph. When indicated MG132 (F) was added. Flow cytometry was performed to
determine the presence of HA+ cells after staining with an anti-HA-phycoerythrin (PE) labeled antibody and is shown as fold increase compared to the isotype
control. The bar graphs in A-F summarize the results of at least 3 independent experiments as mean ± SEM. Statistical analysis was performed by the Student's t-test,
and asterisks represent a p-value < .05 (*).

control tSMAC-SFPs (Fig. 9A–B, Suppl. Fig. 6A and B). As we previously
observed that macrophages surviving treatment with SMAC mimetics
were characterized by high secretion of TNF-α, which served as marker

for M2 to M1 polarization, we tested whether this was also the case in
the presence of MMR-tSMAC-SFP. We observed that in vitro generated
bone marrow derived M2 macrophages but not primary M2 TAMs,

Fig. 9. SFPs that target MMR and deliver an active form of SMAC modulate MMR+ cells in vitro. (A–C) M2 polarized macrophages (A) or sorted M2 TAMs (B) treated
with 10 μg tSMAC-SFPs containing anti-β-lactamase or anti-MMR sdAbs were analyzed by the IncuCyte® technology. The graph shows the counted caspase 3/7+ cells
as fold change relative to untreated cells and (C). TNF-α levels of M2 polarized macrophages incubated with 10 μg SFP in DMEM or in the presence of 2.5 μM MG132
in DMEM. The bar graph in C summarizes the results of 3 independent experiments as mean ± SEM. Statistical analysis was performed by the Student's t-test, and
asterisks represent a p-value < .05 (*).
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produced higher amounts of TNF-α when incubated with anti-MMR
sdAb containing tSMAC-SFPs in the presence of the proteasome inhibitor MG132 (Fig. 9C).
This is most likely explained by the higher levels of tSMAC-SFPs in
the macrophages when using a proteasome inhibitor (Fig. 8F) and
suggests that a threshold of SMAC mimetic needs to be intracellularly
delivered to exert its activity. This is also inferred by the observation
that caspase 3/7 upregulation was only observed when 10 μg but not
5 μg of tSMAC-SFPs was used and by the data obtained with birinapant
for which we also observed dose-dependent effects (Fig. 5A). It is not
surprising that M2 TAMs presented lower caspase 3/7 levels without
TNF-α secretion when treated with SFP-tSMAC. Their lower caspase 3/
7 upregulation compared to bone marrow derived M2 macrophages at
the same birinapant concentration already gave a hint for their lower
responsiveness (Fig. 5A–B).
A possible explanation for their lower responsiveness can be found
in the fact that the primary cells differ from bone marrow derived
macrophages by their tissue origin (bone marrow versus tumor microenvironment) as well as their isolation process from this environment
[63,64].

Polyethyleneimine (PEI, MW 25000) was ordered from Polysciences
Inc. (Eppelheim, Germany) and dissolved in water for injection (Baxter,
Eigenbrakel, Belgium) according to the manufacturer's instructions. The
XIAP/cIAP1 antagonist birinapant (TL32711) was purchased from
APExBIO (Houston, USA), the proteasome inhibitor MG132 and chloroquine was ordered from Merck (Darmstadt, Germany) and were dissolved in dimethyl sulfoxide (Sigma-Aldrich) and water, respectively
according to the manufacturer's instructions. Protamine sulfate was
ordered at LEO Pharma (Lier, Belgium).
4.3. Generation and polarization of murine macrophages
Bone marrow cells were isolated from C57BL/6 MMRWT or MMRKO
mice by flushing tibiae and femurs through a 40 μM cell strainer with
cold phosphate buffered saline (PBS, Sigma-Aldrich). Red blood cells
were lysed using Tris-buffered ammonium chloride. Cells were neutralized and seeded at 5 × 105 cells/mL in 100 μL DMEM+. To generate
macrophages, 50 ng/mL murine M-CSF (Immunotools, Friesoythe,
Germany) was added to the cultures and replaced after 72 h under the
same conditions. Macrophage polarization was carried out after another
96 h by replacing the medium with fresh DMEM+ containing 5 ng/
mL M-CSF with 200 ng/mL IFN-γ (Immunotools) or 40 ng/mL IL-4
(Immunotools) during 24 h for M1 (MMRlow) or M2 (MMRhigh) polarized macrophages, respectively.

3. Conclusion
In conclusion, we report on the design, production and function of
SFPs that target MMR. More specifically we demonstrate that anti-MMR
sdAbs coupled to WG are delivered to MMR+ macrophages in vitro and
in vivo, and that anti-MMR sdAbs coupled to tSMAC induce upregulation of caspase 3/7 and M2 to M1 polarization, provided that a certain
threshold is reached. As such, we provide a proof of concept on targeted
functional modulation of macrophages using SFPs. Virtually any modulating protein can be linked to a desired sdAb to generate SFPs.
However, some proteins are difficult to produce and are not stable
during the purification process. In that case, this local protein delivery
approach can be easily translated to a local genetic approach such as
mRNA or lentiviral delivered therapeutic SFPs. Macrophages play critical roles as innate immune cells in a variety of diseases. In particular,
M2 polarized macrophages have been linked to diseases such as chronic
infection, fibrosis, allergy and cancer [65]. Therefore, the SFPs described in this study could be broadly applicable.

4.4. Regular and quantitative real-time polymerase chain reaction (PCR)
Wild-type or transgene MMRKO mice were genotyped using the
KAPA2G Robust HotStart PCR mix (Merck) in the presence of a
common primer (5’-CCT TTT CAG TCA GGC AGC TC-3′) combined with
the MMRWT (5’-CCC CCA CCT CAA AAC AGA C-3′) and mutant primer
(5′-GTA GGT CAG GGT GGT CAC GA-3′) and analyzed on a 1.2%
agarose gel. M1 or M2 polarized macrophages were generated starting
from 106 bone marrow cells in a 6 well plate in 2 mL DMEM+ and were
treated with 0.5 μM birinapant in the presence of 5 ng/mL murine MCSF. Total RNA was extracted using the RNeasy mini kit according to
manufacturer's protocol (Qiagen, Hilden, Germany). Real-time quantitative PCR was carried out using a CFX96™ Real-Time PCR detection
system (Biorad, Hercules, CA) on the total RNA fraction converted to
cDNA using the Verso™ cDNA Synthesis kit (Thermo Fisher Scientific,
Asse, Belgium). Each PCR reaction contained 5 μL iQ SYBR™ Green
Supermix (Bio-Rad), 250 nM of each primer and 20 ng template DNA in
water to a total volume of 10 μL. Each PCR reaction was carried out
with an initial incubation of 95 °C for 3 min followed by 40 cycles of
denaturation at 95 °C for 10 s and combined annealing and extension at
55 °C for 30 s. The primer sequences are listed in Table 1. The target
gene expression was calculated using the comparative threshold
method and was normalized to the housekeeping gene hypoxanthineguanine phosphoribosyltransferase (HPRT1).

4. Materials and methods
4.1. Mice
Six to 12-week-old female C57BL/6 mice were purchased from
Charles River (France, Belgium) and C57BL/6 MMRKO mice were a kind
gift of Etienne Pays (Université Libre de Bruxelles) and bred in-house.
All animals were handled according to the institutional guidelines.
Experiments were approved by the Ethical Committee for use of laboratory animals of the Vrije Universiteit Brussel (ECD n° 15–214-5 and
16–214-3).

4.5. Cloning of plasmids encoding the single domain antibody-drug fusion
proteins

4.2. Cell cultures and reagents

The sequence of the anti-MMR sdAb clone 1 and anti-β-lactamase
sdAb (a.k.a. BCII10) was previously described [41]. The genes encoding
for these sdAbs were recloned from the pHEN4 vector in the bacterial
expression vector pHEN6 using restriction enzymes PstI and BstEII
(Thermo Fisher Scientific). This vector was a kind gift of Steve
Schoonooghe and contains a human immunoglobulin A (hIgA) based
hinge (GSPSTPPTPSPSTPPASG) coupled to mWasabi (wasabi green,
WG, Sequence from Addgene, the nonprofit plasmid repository). In
addition, a haemagglutinin tag (YPYDVPDYA) for detection and HIS6
tag (HHHHHH) for immobilized metal affinity chromatography (IMAC)
purification are present. To generate the tSMAC-SFPs, WG was removed
from the pHEN6 vector and replaced with the gBlock® Gene fragment
(Integrated DNA Technologies, Leuven, Belgium) encoding for tSMAC

Human embryonic kidney 293T cells (HEK 293T) were obtained
from the American Type Culture Collection (ATCC, Molsheim Cedex,
France) and the mouse LLC-OVA cell line was derived from the Lewis
lung carcinoma cell line, LLC (ATCC) by transfection with chicken OVA
cDNA and was a kind gift from Prof. J. Van Ginderachter (VUB,
Belgium). HEK 293T and bone marrow derived macrophages were
cultured in Dulbecco's modified Eagle medium (Sigma-Aldrich,
Zwijndrecht, Belgium) while sorted primary TAMs were cultured in
RPMI-1640 (Sigma-Aldrich). Both were supplemented with 10% fetal
bovine serum (FBS, Harlan, Horst, The Netherlands), 100 μg/mL penicillin, 100 μg/mL streptomycin (Sigma-Aldrich) and 2 mM L-glutamine
(Sigma-Aldrich) (DMEM+ and RPMI+).
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Table 1
Overview of the primers used to evaluate gene expression in M1 or M2 polarized macrophages.
TNF-α
IL-1β
IL-12β
MHC-II
MMR
Arg1
Fizz1
IRF4
CD80
HPRT1

5′-CCT TCA CAG AGC AAT GAC TC-3′
5′-GTG TGG ATC CAA AGC AAT AC-3’
5′-GAA AGA CCC TGA CCA TCA CT-3′
5′-CAG CAA GGA CTG GTC TTT CTA T-3’
5′-GCA AAT GGA GCC GTC TGT GC-3’
5′-CCA CAC TGA CTC TTC CAT TCT T-3’
5′-CCC AGT GAA TAC TGA TGA GAC C-3’
5′-CCC ACT CAC TTC TTA GCT CTT C-3’
5′-CTG GGA AAA ACC CCC AGA AG-3’
5′-AGC AGG TCA GCA AAG AAC TTA-3’

using the restriction enzymes EcoRI and BamHi (New England BioLabs,
Leiden, The Netherlands) and the Gibson Assembly Master Mix (New
England BioLabs). The resulting pHEN6 WG or tSMAC-SFP plasmids
were transformed with the Transform Aid Bacterial Transformation Kit
(Thermo Fisher Scientific) in E. coli WK6 cells allowing the selection of
recombinant clones in the presence of 100 μg/mL ampicillin (S.A.
Bristol-Myers Squib, Brussels, Belgium) enriched agar plates.

5′-GTC TAC TCC CAG GTT CTC TTC-3′
5′-GTC TGC TCA TTC ATG ACA AG-3′
5′-CCT TCT CTG CAG ACA GAG AC-3’
5’-AAC TCT GCA GGC GTA TGT AT-3’
5′-CTC GTG GAT CTC CGT GAC AC 3’
5′-GTC CCT AAT GAC AGC TCC TTT C-3’
5′-GGA GGG ATA GTT AGC TGG ATT G-3’
5′-ACA CGT TAC CAC TCC AGA TTA C-3’
5′-TGA CAA CGA TGA CGA CGA CTG-3’
5′-CGA GAT GTC ATG AAG GAG ATG G-3’

centrifugation at 3000 rpm for 5 min followed by filtration through a
0.22 μM pore-sized filter. Supernatants were stored at −80 °C until
further processing. Next, the supernatant was concentrated 1000-fold
by ultracentrifugation in a Beckman SW28 rotor (Optima LE-80 K ultracentrifuge; Beckman Coulter, Palo Alto, USA) for 90 min at
22000 rpm and 4 °C. The pelleted lentiviral vectors were resuspended in
PBS containing 10 μg/mL protamine sulfate and stored at −80 °C. The
lentiviral vectors were titrated by seeding 105 HEK 293 T cells in 2 mL
DMEM+ in wells of a 6-well plate the day before transduction. A serial
dilution of the lentiviral vectors was prepared in DMEM+ containing
10 μg/mL protamine sulfate. The cells of three wells were collected and
the average amount was determined by cell counting. The cells of the
other 5 wells were either not transduced or transduced with the 1/500,
1/5000, 1/10000 or 1/50000 dilution of the lentiviral vector stock.
After 72 h, the transduction efficiency was determined by flow cytometry. The percentage truncated nerve growth factor receptor (tNGFR)
positive cells was used to calculate the average amount of transducing
units (TUs) per μL lentiviral vector stock using the following equation:
(number of transduced cells x percent of transduced cells) / (volume
used for transduction x 100) x factor of the dilution used [66,67].

4.6. Production of single-domain antibody fusion proteins in WK6 E. coli
E. coli WK6 cells were transformed with sdAb encoding pHEN6
plasmids and cultured in terrific broth containing 100 μg/mL ampicillin
at 37 °C till mid-log phase of growth (Optical density (600 nm) between
0.6 and 0.8). Single-domain antibody fusion protein expression was
induced overnight with 1 mM isopropyl-1-β-D-thiogalactopyranoside
(IPTG, Sigma-Aldrich) while shaking at 200 rpm at 25 °C. Cultures were
centrifuged and lysed in lysozyme (Sigma-Aldrich) containing lysis
buffer (Tris-EDTA, MgCl2 and PMSF obtained from Sigma-Aldrich) and
froze-thawn at −80 °C. The resulting lysate was centrifuged at
14000 rpm, treated with 5 Units/mL DNase I (Thermo Fisher Scientific),
filtered over an 0.22 μM filter and purified using immobilized metal
affinity chromatography (HisTrap™ HP, GE Healthcare) followed by ion
exchange (HiTrap™ Q FF, GE healthcare) and size-exclusion chromatography (superdex 26/60 pg200 GE healthcare) driven by an ÄKTA
avant FPLC (GE Healthcare) using the Unicorn 6.3 software. After each
purification step, a sample was separated using a 15% sodium dodecyl
sulfate-polyacrylamide (SDS) gel electrophoresis under reducing and
denaturating conditions and stained with Coomassie blue (SigmaAldrich). Residual endotoxins were removed using the Pierce™ high
capacity endotoxin removal resin (Thermo Fisher Scientific). The endotoxin concentration of purified samples was assessed using the
Endosafe®-PTS™ test system (Charles River). A western blot was performed on 50 ng purified SFPs. The SFPs were loaded on a 10% SDS gel,
transferred to a nitrocellulose membrane (GE Healthcare) and were
detected with a chicken polyclonal antibody to HA-tag conjugated with
horseradish peroxidase (Abcam, Cambridge, UK). The chemiluminescent signal (Biorad) was measured using the LI-COR Odyssey Imaging
System and analyzed with the Image Studio™ software (Bad Homburg,
Germany).

4.8. In vitro SFP binding studies on macrophages
Studies to assess in vitro SFP binding were performed on M1 or M2
polarized macrophages starting from 50,000 mouse bone marrow cells
cultivated in 96 well plates. The experiments to evaluate MMR specificity on M1 versus M2 and MMRKOvs MMR MMRWT were performed at
4 or 37 °C for 30 min with 2.5 μg SFP. The involvement of MMR on SFP
internalization was studied by incubating M2 polarized macrophages
for 15 min in the presence of trypsin at 37 °C prior to 30 min incubation
with 2.5 μg SFP. To study uptake kinetics, every 10 min a new well of a
96 well plate containing 50,000 cells was incubated with 3.5 μg SFP at
37 °C during 120 min. For degradation kinetics, 3.5 μg SFP was incubated for 60 min at 37 °C. M2 polarized macrophages were incubated
with 1 or 10 μM chloroquine in the presence 2.5 μg SFP to study endocytosis. To address intracellular localization and proteasomal degradation, M2 polarized macrophages were incubated with 2.5 μg SFPs
for 60 min, washed with PBS and treated with 2.5 μM MG132 for an
additional hour. Experiments to boost the SFP accumulation were
performed by incubating 2.5 μg SFP in the presence of 2.5 μM MG132
and/or 10 μg/mL PEI during 30 min. Al SFP binding studies were performed in 50 μL DMEM+ and cells were washed three times with cold
PBS after each incubation. The macrophages were gently detached from
the wells by up/down pipetting with macrophage detachment solution
DXF (PromoCell, Heidelberg, Germany) on ice for 15 min. Finally, cells
were resuspended in PBS containing 1% BSA and 0.02% sodium azide
for analysis in flow cytometry.

4.7. Lentiviral vector production
The packaging plasmid pCMVΔR8.9 and VSV.G encoding plasmid
pMD.G were a gift from Dr. D. Trono (University of Geneva, Italy). The
plasmid pSINT-CMV-huli80-OVA-Ires-tNGFR and pSINT-CMV-tSMACIres-tNGFR were previously described [43]. To produce lentiviral particles, HEK 293 T cells were seeded at 15 × 106 cells per 175 cm2 with
15 mL DMEM+ and incubated at 37 °C, 5% CO2. Twenty-four hours
later, cells were transfected using PEI (2 μg for each μg DNA) (Polysciences, Eppelheim, Germany) with 15, 30 and 45 μg of the envelope
(pMD.G), gag/pol (pCMVΔR8.9) and transgene encoding plasmids, respectively. The supernatant containing lentiviral particles was harvested 48 and 72 h after transfection. Cell debris was removed by

4.9. Surface plasmon resonance
The binding characteristics of MMR specific sdAbs were determined
using a Biacore T200 device (GE Healtcare) at 25 °C and using Hepesbuffered saline (HBS; 0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA,
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0.005% Tween 20) as running buffer. Recombinant MMR (R&D systems) was diluted to 10 μg/mL in 10 mM Na-acetate pH 5.0 for immobilization on a CM5 sensor chip using primary amine linkage
chemistry
with
1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide
(EDC) and N-hydroxy-succinimide (NHS) to a density of 2263 RU.
Unreacted EDC-NHS linkers were blocked with 1 M ethanolamine-HCl.
For all measurements, SPR signals in the flow cell with immobilized
protein were subtracted with those in a flow cell that underwent the
same manipulations but where the recombinant protein was absent, to
obtain specific binding signals. For all measurements and between each
cycle, the chip was regenerated with two pulses of a 0.5 M NaCl, 15 mM
NaOH solution, each time for 10 s at 40 μL/min. A two-fold dilution
series of the sdAb MMR or SFPs was prepared in duplo in HBS. A buffer
blank injection was included in the series. The SFP dilutions were allowed to bind to the target protein for 180 s and dissociation was
monitored for 220 s, with a flow speed of 10 μL/min. The equilibrium
dissociation constant KD was determined by fitting the data with a ‘1:1
(antigen:analyte)’ binding model using the Biacore T200 Evaluation
software.

tissue were prepared using the GentleMACS single cell isolation protocol (Miltenyi Biotec, Leiden, Netherlands). Briefly, tumors were isolated and minced into small pieces followed by a mechanical dissociation step using the GentleMACS dissociator. Samples were then
incubated for 40 min at 37 °C with the following enzymes: 150 μL collagenase I (10,000 U/mL, Sigma-Aldrich), 150 μL dispase II (32 mg/mL,
Sigma-Aldrich) and DNase I (10 U/mL, Sigma-Aldrich). After a last
mechanical disruption step, the digested tumors were harvested, filtered over a 70 μM nylon filter and red blood cells were lysed by using
Tris-buffered ammonium chloride. The single cell suspensions for FACS
analysis were finally washed in PBS containing 1% bovine serum albumin and 0.02% sodium azide. Single cell suspensions for sorting of
M2 TAMs were generated starting from subcutaneous injected LLC-OVA
cells when they reached a tumor volume of 1000 mm3. Cells were resuspended in Lymphoprep (Axis-shield, Alere Technologies AS, Oslo,
Norway) covered with RPMI to obtain a two-phase gradient. After
centrifugation, the interphase containing the living cells enriched with
myeloid cells were collected, washed in MACS buffer (0,5% FBS, 2 mM
EDTA) and resuspended in sorting buffer (0,5% FBS, 5 mM EDTA) at a
concentration of 108 cells/mL in round-bottom tubes precoated with
FBS.

4.10. Confocal microscopy

4.13. Flow cytometry

To evaluate binding and intracellular localization, 300,000 mouse
bone-marrow derived macrophages were seeded on round glass slides
in 24 well plates with 300 μL DMEM+. Incubation of 15 μg WG-SFPs
was performed at 4 or 37 °C for 30 min. The cells were washed three
times with PBS, fixed with 4% paraformaldehyde/PBS (Sigma-Aldrich)
and mounted on a coverslip using DAPI containing mounting medium
(Vectashield, Labconsult, Brussels, Belgium).
Colocalization studies of 2.5 μg anti-MMR sdAb containing WG-SFPs
with 20 μg/mL pHrodo™ Red Dextran (Thermo Fischer Scientific) was
evaluated by seeding 50,000 cells/well in μClear® 96 well plates
(Greiner Bio-one, Vilvoorde, Belgium). After a 30 min incubation step at
37 °C in 50 μL DMEM+, fluorescence was analyzed with a Carl Zeiss
LSM710 Multiphoton Confocal Laser Scanning microscope (Jena,
Germany) in the presence of DAPI nuclear staining for fixed cells
(Sigma-Aldrich) or Hoechst 33342 (Thermo Fisher Scientific) for living
cells. The excitation/emission wavelengths used for the fluorescent
molecules were 488/509 nm, 560/585 nm and 790/350–400 nm (multi
photon) for wasabi green, pHrodo™ Red dextran, and DAPI/Hoechst
33342, respectively.

Flow cytometry was performed to analyze expression of surface
markers, internalization of SFPs and sorting of TAMs. The antibody
stainings were performed on ice in PBS containing 1% BSA and 0.02%
sodium azide for regular FACS and in PBS containing 10% FBS for cell
sorting. The first step of each staining was performed in the presence of
10% normal goat serum (Sigma-Aldrich) to reduce non-specific antibody binding. The allophycocyanin (APC) conjugated antibodies specific for tNGFR (clone ME20.4), F4/80 (clone BM8) and MHC-II (clone
M5/114.15.2), the phycoerythrin (PE) conjugated antibodies specific
for CD11b (clone M1/70) and MMR (clone C068C2), the fluorescein
isothiocyanate (FITC) conjugated antibody specific for CD11b (clone
M1/70), the peridinin-chlorophyll cyanin5.5 (PerCP-Cy5.5) conjugated
antibodies specific for F4/80 (clone BMB) and CD11c (clone N418) and
the phycoerythrin-cyanin7 (PE-Cy7) conjugated antibody specific for
MMR (clone C068C2) were purchased from BioLegend (IMTEC
Diagnostic, Antwerp, Belgium). The Horizon V450 conjugated antibody
specific for CD45 (clone 30-F11), the Brilliant Violet 421 (BV421)
conjugated antibody specific for CD80 (clone 16-10A1) and FITC conjugated antibody specific for CD86 (clone GL-1) was ordered at BD
Biosciences (Aalst, Belgium). Cells stained with isotype-matched control antibodies were used as a control.
Presence of WG-SFPs in or on macrophages was visualized in the
FITC channel. Presence of WG- or tSMAC-SFPs was assessed by staining
the macrophages with the PE-conjugated polyclonal antibody specific
for hemagglutinin (HA) (AbCam, Cambridge, UK) after permeabilization and fixation with BD Cytofix/Cytoperm according to manufacturer's protocol (BD Biosciences). Stained cells were acquired on an LSR
Fortessa flow cytometer (Beckton Dickinson, San Jose, USA). Analyses
were performed on viable cells as determined by light scatter properties
using FACSDiva software (Becton Dickinson) and FlowJo software
(Tree Star, Inc., Ashland, OR, USA). Tumor-associated macrophages
were sorted with a FACSAria II (BD Biosciences) using the FITC conjugated antibody specific for Ly6G (clone RB6-8C5), APC conjugated
Ly6C (clone HK1.4), PerCP-Cy5.5 conjugated with MHC-II (clone M5/
114.15.2) and Pe/Cy7 conjugated with CD11b (clone M1/70) and were
purchased from BioLegend. Sorted M2 TAMs were collected in roundbottom polystyrene tubes precoated with FBS containing 2 mL RPMI+.

4.11. Treatment of M2 polarized macrophages or sorted M2 TAMs with LVtSMAC or tSMAC-SFPs
M2 polarized macrophages were generated starting from 50,000
bone marrow cells in 100 μL DMEM+ while 50,000 sorted M2 TAMs
were seeded in 100 μL RPMI+. Macrophages were treated with 0.125 to
4 μM birinapant or 5 to 10 μg tSMAC-SFPs in DMEM+ or RPMI+ for
16 h in the presence of 5 ng/mL murine M-CSF. For lentiviral delivery of
tSMAC, macrophages were transduced with 5 × 105 TUs cultured in
20 μL DMEM+ or RPMI+ with 10 μg/mL protamine sulfate. Four hours
later, macrophages were washed with PBS and 100 μL DMEM+ or
RPMI+ was added. The transduction efficiency was assessed 48 h later
via tNGFR expression using flow cytometry.
4.12. Preparation of a single cell suspension from tumors
All mice were anesthetized by inhalation of isoflurane (Vetflurane®,
Virbac, Leuven, Belgium) and inoculated with 3 × 105 LLC-OVA tumor
cells administered by subcutaneous injection in the lower back. To
characterize the tumor microenvironment, tumors were isolated at the
indicated size. To study the binding of SFPs in vivo, mice were treated
with an intratumoral injection of 100 μg WG-SFPs at a tumor size of
250–750 mm3. Mice were sacrificed 4 h after intratumoral injection and
tumors were isolated. Single cell suspensions from LLC-OVA tumor

4.14. Caspase 3/7 activity
M2 macrophages were generated in 96 well plates starting from
50,000 bone marrow cells in 100 μL DMEM+ and 50,000 sorted M2
118
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TAMs were seeded in 100 μL RPMI+. The macrophages were incubated
with vehicle (DMSO), 0.125 to 4 μM birinapant, LV-tSMAC at MOI 10,
or 5 to 10 μg tSMAC-SFPs and evaluated for caspase 3/7 activity 8 h
later using the Caspase-Glo® 3/7 Assay (Promega) and in real-time
using the IncuCyte® Caspase 3/7 Apoptosis Assay (Essen Bioscience).
The amount of luminescence generated by caspase cleavage of de DEVD
substrate is proportional to the amount of caspase activity for the endpoint Caspase-Glo® 3/7 Assay. The real-time IncuCyte® Caspase 3/7
Apoptosis Assay monitors the caspase-cleaved DEVD motif that releases
a DNA binding dye that fluorescently labels the nuclear DNA of apoptotic cells. Treated wells were normalized to untreated viable cells as
determined by the CellTiter-Glo® assay. All procedures were performed
as recommended by the manufacturer.

[2]
[3]

[4]
[5]
[6]

[7]

4.15. Cytokine analysis
M2 polarized macrophages were generated starting from 50,000
bone marrow cells in DMEM+ and 50,000 sorted M2 TAMs were seeded
in 50 μL RPMI+ in 96 well plates. Macrophages were incubated with
vehicle (DMSO), 0.125 to 4 μM birinapant, or 5 to 10 μg tSMAC-SFPs.
Supernatants were collected 16 h later and analyzed by ELISA for the
presence of TNF-α (Thermo Fisher Scientific). The ELISA was performed according to the manufacturers' instructions.

[8]

[9]

4.16. Statistical analyses
Statistical analysis was performed by the student t-test using the
GraphPad Prism 7.0 software. Sample sizes were calculated to determine the minimal needed amount of animals using the G*Power
statistical analysis software developed by Faul et al. [68] Sample sizes
and the number of times experiments were repeated are indicated in the
figure legends. Number of asterisks in the figures indicates the level of
statistical significance as follows: * for p < .05; ** for p < .01 and ***
for p < .001. The results are shown in a column graph as the
mean ± SEM.

[10]
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