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On murine T cells, mono-ADP ribosyltransferase ARTC2.2 catalyzes ADP-ribosylation of various surface proteins when nicotinamide adenine dinucleotide (NAD+) is released into the extracellular compartment. Covalent ADP-ribosylation of the P2X7 receptor by ARTC2.2 thereby represents an additional mechanism of activation, complementary to its triggering by extracellular ATP. P2X7 is a multifaceted receptor that may represents a potential target in inflammatory, and neurodegenerative diseases, as well as in cancer. We present herein an experimental approach using intramuscular injection of recombinant AAV vectors (rAAV) encoding nanobody-based biologics targeting ARTC2.2 or P2X7. We demonstrate the ability of these in vivo generated biologics to potently and durably block P2X7 or ARTC2.2 activities in vivo, or in contrast, to potentiate NAD+- or ATP-induced activation of P2X7. We additionally demonstrate the ability of rAAV-encoded functional heavy chain antibodies to elicit long-term depletion of T cells expressing high levels of ARTC2.2 or P2X7. Our approach of using rAAV to generate functional nanobody-based biologics in vivo appears promising to evaluate the role of ARTC2.2 and P2X7 in murine acute as well as chronic disease models.
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Introduction

Nicotinamide adenine dinucleotide (NAD+) is a key molecule in cellular metabolism and acts as an intermediate in several essential enzymatic reactions (1). In addition, in response to cellular stress, intracellular NAD+ is released into the extracellular compartment and serves as a substrate for various ectoenzymes (2, 3). Mono-ADP ribosyl transferases (ART) represent a family of ectoenzymes that use extracellular NAD+ to catalyze posttranslational modification of cell surface proteins by the transfer of ADP-ribose to specific amino-acid residues (4, 5). In mice, the ART family comprises six members: ARTC1-5, including two isoforms of ARTC2, termed ARTC2.1 and ARTC2.2 (6). While ARTC2.1 is enzymatically inactive in the absence of reducing agents, ARTC2.2 is active in standard conditions and is able to ADP-ribosylate multiple cell-surface protein-targets when NAD+ is present in the extracellular space (7, 8). ARTC2.2 is localized predominantly on the surface of murine T cells as a 35 kDa GPI-anchored ectoenzyme. Although its levels of expression varies depending on mouse strain and cell-activation status, membrane expression of ARTC2 remains overall higher on CD8+ T cells as compared to CD4+ T cells (9). When murine T cells are exposed to micromolar levels of extracellular NAD+, ARTC2.2 catalyzes the ADP-ribosylation of exposed arginines in several cell surface protein targets, including the purinergic P2X7, a well described protein expressed by immune cells and involved in immune regulation (10, 11).

P2X7 assembles at the cell surface as a homo-trimeric receptor that forms a nonselective ion channel upon gating with high extracellular ATP concentrations (i.e., in the hundreds micromolar range). Depending on ATP concentration and on the extent of cell exposition, activation of P2X7 receptor can lead to multiple cellular events starting by the rapid activation of surface metalloproteases (leading to shedding for instance of CD62L and CD27) and by the externalization of phosphatidylserine (11). Prolonged P2X7 receptor activation induces the formation of nonselective pores and to massive membrane depolarization, ultimately leading to cell death (3). Interestingly, prolonged P2X7 activation can also be triggered by brief exposition to extracellular NAD+. Indeed, in the presence of extracellular NAD+, ARTC2.2 catalyzes covalent ADP-ribosylation of P2X7 at the arginine residue 125, located in the vicinity of the ATP-binding site, and thereby triggers the activation of P2X7 receptor (10). Remarkably, much lower concentrations of extracellular NAD+ (i.e., in the micromolar range) are sufficient to activate P2X7 receptor and to induce cell death (12, 13). This process was termed NAD-induced cell death (NICD) and demonstrated to play a major role in vivo in the fate and regulation of immune cells that express high levels of ARTC2.2 and P2X7, including regulatory T cells (Treg), invariant NKT cells, follicular helper T cells (Tfh), and tissue-resident memory T cells (TRM) (12, 14–18).

Nanobodies are derived from unconventional natural antibodies devoid of light chains that are found in llamas and other camelids (19–21). The single-chain variable fragment of the so-called heavy-chain antibodies is termed VHH or nanobody. Nanobodies exhibit similar specificities and affinities than conventional antibodies but are smaller in size (15 kDa) and present a complementary determining region 3 (CDR3) that is usually longer, with the remarkable propensity to reach protein cavities that are otherwise difficult to target with conventional antibodies, offering opportunities to engineer these molecules into original biologics (22). Such cavities often correspond to functional regions and allosteric sites, conferring to nanobodies the ability to act as modulators of enzyme and receptor activities (e.g., potentiating or blocking). Anti-ARTC2.2 nanobodies have been isolated by phage display from llamas immunized with cDNA expression vectors encoding full-length ARTC2.2 (23). Nanobodies s-14, s+16a, s+16b and l-17 are able to bind with high specificity cell line stably transfected to express ARTC2.2. In addition, T cells can be protected from NICD by ARTC2.2-blocking nanobodies s+16a, s+16b and l-17, but not s-14 (23). In additional studies, intravenous (i.v.) injection of the ARTC2.2-blocking nanobody s+16a prevented NICD in cells co-expressing ARTC2.2 and P2X7 ex vivo as well as in vivo. ARTC2.2 antagonism has hence been recognized as a crucial step for the functional studies of Treg, NKT and TRM subsets (14–16, 24). Anti-P2X7 nanobodies were generated in a similar manner (25, 26). Taking advantage of the single-chain structure of nanobodies, we derived highly specific P2X7-potentiating nanobody 14D5 and P2X7-blocking nanobody 13A7 either as homodimers fused to the Alb8 albumin-binding nanobody (i.e., to provide improved half-life in vivo) or fused to the Fc-region of mouse conventional antibody to reconstitute the bivalent heavy chain antibody (hcAb) format of camelids (25, 27). Nanobody-based hcAb therefore offer the possibility not only to increase their half-life in vivo but also to provide effector functions related to the Fc-region that can bind to Fc-receptors (FcR) at the surface of immune cells or activate the classical complement cascade (26). Depending on the isotype, it is then possible to promote antibody-dependent cell cytotoxicity (ADCC), complement-dependent cell cytotoxicity (CDC) and antibody-dependent phagocytosis (ADCP). Interestingly, hinge and/or Fc-region engineering can further enhance Fc-fused nanobody half-life or fine tune effector properties by enhancing or abolishing FcγR and/or complement related effector functions (28).

In this study, we report two different strategies for manipulating the ARTC2.2/P2X7 pathway in vivo, with the aim of better addressing the versatile role of NAD+ and ATP in immune cells. For that, we developed a methodology that rely on nanobody-based biologics expressed directly in vivo upon a single intramuscular (i.m.) administration of recombinant AAV vectors (rAAV) encoding the biological constructs. We demonstrated here the ability to durably block the activity of ARTC2.2 enzyme or of the P2X7 ion channel in vivo upon a single i.m. injection of the rAAV encoding a construct containing the ARTC2.2-blocking nanobody s+16a, or a construct containing the P2X7-blocking nanobody 13A7. In addition, we provide evidence that P2X7 can be potentiated in vivo using an rAAV encoding a construct containing the P2X7-potentiating nanobody 14D5. In another strategy, based on the fusion of specific nanobodies to mouse IgG2a, to generate a heavy chain antibody (hcAb) format, we demonstrate durable depletion of cells expressing high levels of ARTC2.2 in vivo. These methodologies represent valuable tools that might be used in future studies to better delineate the role of the NAD+/ARTC2.2/P2X7 pathway in vivo in various pathophysiological situations including inflammatory diseases, and immune responses to infectious pathogens or to tumor cells.



Material and Methods


Mice, Reagents, Antibodies

C57BL/6 wild-type mice obtained from Janvier Labs were used for all experiments. Mice were housed in a specific pathogen-free facility and were aged of 8 weeks at the beginning of experiments. All animal experiments were approved by the local institutional ethic committee.

Adenosine 5’-tri-phosphate disodium salt (A2383) and β-nicotinamide adenine dinucleotide hydrate (N7004) were purchased from Sigma Aldrich. Red blood cell (RBC) lysis/fixation Solution, True-Nuclear transcription factor buffer set, fluorochrome-conjugated streptavidin, and antibodies to CD45 (clone 30-F11), CD4 (RM4-5), CD8 (53-6.7), CD25 (PC-61), CD19 (1D3/CD19), B220 (RA3-6B2), FoxP3 (MF-14), CD27 (LG.3A10), CD62L (MEL-14), CD69 (H1.2F3) or P2X7R (1F11), and purified CD16/CD32 (TruStain FcX) were obtained from Biolegend or Sony Biotechnology. Rabbit polyclonal antibody K1G, specific to mouse P2X7, was described in our previous studies (12, 13). K1G was used to stain P2X7 at the surface of blood myeloid cells as illustrated in Supplemental Figure 3, using a secondary donkey anti-rabbit IgG from Jackson ImmunoResearch. Biotinylated polyclonal antibody specific to mouse IgGa was obtained from Jackson ImmunoResearch and monoclonal antibody to ARTC2.2 (Nika102) from Novus Biologicals.



Flow Cytometry Analyses

For evaluation of P2X7 and ARTC2.2 expression on T cells, splenocytes were collected and single-cell suspensions were prepared and washed using standard procedures. Cells were stained with fluorochrome-conjugated antibodies, including anti-P2X7 and anti-ARTC2.2 or related isotype controls before fixation and red blood cell lysis using the RBC lysis/fixation Solution (Sony biotechnology).

For evaluation of P2X7-dependent shedding of CD27 and CD62L upon ex vivo exposition to NAD+ or ATP, blood samples were collected, washed, resuspended into PBS (without Ca2+ and Mg2+), and divided into 4 tubes. Cells were then treated with 30 µM ATP, 150 µM ATP, or 30 µM NAD+, or left untreated. After incubation for 15 min at 37°C, cells were washed in cold D-PBS containing 10% FBS, and stained on ice with fluorochrome-conjugated antibodies before fixation and RBC lysis. The percentages of cells co-expressing CD27 and CD62L were then evaluated by flow cytometry.

For evaluation of the binding of the dimHLE constructs on liver NKT cells and liver TRM, single cells suspension were prepared and stained with a mouse IgG1 mAb that specifically recognizes the Alb8 nanobody (kindly provided by Dr. Catelijne Stortelers, Ablynx nv, Zwijnarde, Belgium), followed by a secondary mouse IgG1-specific mAb. To evaluate the levels of occupation of the target protein, cells were incubated in vitro with a saturating concentration of the same recombinant nanobody construct as the one produced in vivo, followed by the same secondary detection reagents. This allowed estimation of signal saturation that correlates with target occupation by bounded biologics. Similar MFI were obtained with or without addition in vitro of the corresponding recombinant nanobody construct, confirming that target occupancy reached saturation in vivo (data not shown). To distinguish vascular T cells from liver parenchyma cells, a fluorochrome-conjugated CD45-specific mAb has been injected i.v. (CD45iv) 3 min before sacrifice and preparation of liver lymphocytes. This procedure allowed the staining of vascular T cells in vivo (CD45ivhigh) while liver resident T cells remained mostly unstained (CD45ivlow). Untransduced mice additionally received 50 µg of recombinant s+16a-dim construct (i.e., a dimer of s+16a that does not contain the Alb8 nanobody, and that cannot be detected by the anti-Alb8 mAb77 detection system) 30 min before organ collection to prevent NICD and cell loss ex vivo during cell preparation, as described earlier (15, 18). All cells were counterstained with mAbs directed against CD45 (coupled to a different fluorochrome than CD45iv), CD4, and CD69 (marker of tissue resident lymphocytes). To distinguish the NKT subset, cells were stained with PE-conjugated CD1d-tetramer loaded with, an analogue of α-galatosylceramide (αGal/Cer), kindly provided by the NIH tetramer core facility.

For evaluation of the binding capacity of the nanobody-based hcAb on T cells surface, samples were collected, washed, resuspended into FACS buffer and stained with isotype specific secondary antibodies, i.e. Ab directed against mouse IgG1 (to detect 13A7-IgG1LSF hcAb), or Ab directed against mouse IgG2a (for detection of 7E2-IgG2a or s-14-IgG2a hcAb). Cells were washed and counterstained with fluorochrome-conjugated antibodies directed against the indicated cell surface markers.

Flow cytometry measurements were performed using a LSRFortessa or a FACSCanto-I (BD Biosciences) apparatus and subsequent analyses were performed using FlowJo software (Tree Star, Ashland, OR).



Nanobody Constructs

Some of the constructs used in this study were based on nanobody dimers (“dim” format) fused to the Alb8 anti-albumin nanobody (half-life extended “HLE” format) (25, 29). 14D5-dimHLE and s+16a-dimHLE were constructed by fusing the coding sequences of two 14D5 nanobodies or two s+16a nanobodies using a 35-GS linker (GGGGS)7. These homodimeric bivalent constructs were then fused to the anti-albumin nanobody Alb8 via a 9-GS linker (GGGGSGGGS) (25). The P2X7-blocking 13A7-IgG1LSF hcAb was constructed by fusing the nanobody 13A7 to the hinge region and Fc region of a mutated mouse IgG1 antibody carrying the “LSF” mutations (T252L, T254S, T256F) (30). For the design of the depleting hcAb constructs 7E2-IgG2a and s-14-IgG2a, anti-P2X7 nanobody 7E2 or anti-ARTC2.2 nanobody s-14, were fused to the hinge and Fc-region of a mouse IgG2a using 5-GS linker (GGGGS).



Production of rAAV and Muscle Transduction

For the production of rAAV, all constructs were cloned into a pFB plasmid under the control of either a CBA promoter (for rAAV1 constructs encoding 14D5-dimHLE, 13A7-IgG1LSF and s+16a-dimHLE) or under the related CASI promoter (for rAAV8 constructs encoding 7E2-IgG2a and s-14-IgG2a) (31, 32). Production, purification, and titration of rAAV1 and rAAV8 were performed by Virovek (Hayward, California, USA) using the baculovirus expression system in Sf9 insect cells (31). For muscle transduction, mice hind legs were shaved under anesthesia and 100 µL diluted rAAV were injected into 4 gastrocnemius muscle sites to reach a total dose of 1011 viral genomes (vg) per mouse.



NAD+ Treatment In Vivo

Injections of rAAV encoding either 13A7-IgG1LSF hcAb or 14D5-dimHLE were performed i.m. on day 0 and followed 28 days later by the i.v. injection of 30 mg NAD+ diluted in 200 μL PBS (pH adjusted to 7.4) as described earlier (24). Splenocytes were collected 24 h later and single-cell suspensions were prepared on ice and stained with fluorochrome-coupled antibodies. After fixation, RBC lysis, permeabilization and intracellular staining, single cell suspensions were analyzed by flow cytometry. Absolute cell numbers collected for each spleen was evaluated by direct enumeration using an automated cell counter (ADAM-MC apparatus). Percentages of CD4+ and CD8+ T cells were determined by flow cytometry and compared to CD19+ B cells taken as an NAD+-insensitive reference population.



Statistical Analysis

All data are shown as mean values and error bars represent standard error of the mean (SEM). Statistical comparison between experimental groups was performed using one-way analysis of variance (ANOVA). Differences were considered statistically significant when p values were less than 0.05 (*), 0.01 (**), or 0.001 (***). All calculations were performed using the Prism software (Graphpad, La Jolla, CA).




Results


Nanobody Constructs and rAAV Used to Study the Role of ARTC2.2 and P2X7 In Vivo

The ARTC2.2/P2X7 axis regulates murine T cell function, differentiation and cell fate. Both proteins are expressed on T cell subsets but at different cell surface levels. Consistent with previous studies (12, 13, 24), P2X7 and ARTC2.2 were detected on CD4+CD25+ Treg, CD4+CD25- conventional CD4+ T cells (Tconv), and on CD8+ T cells. P2X7 is expressed at higher level on the surface of Treg and to a lesser extent on CD4+ Tconv and on CD8+ T cells (Figure 1A, upper panels). ARTC2.2 is expressed at higher levels on CD8+ T cells as compared to CD4+ T cell subsets (Figure 1A, lower panels). To explore the role of P2X7 and ARTC2.2 in vivo, we developed a methodological approach based on rAAV encoding various formats of P2X7-specific or ARTC2.2-specific nanobody-based constructs. To increase their half-life and avidity, we developed bivalent nanobodies fused to the albumin-specific nanobody Alb8 (dimer Half-Life Extended format, termed “dimHLE”) (Figure 1B). In a second approach, we fused nanobodies to the hinge and Fc region of conventional IgG antibodies (heavy-chain antibodies format, “hcAb”) (Figure 1B). Mouse IgG1 Fc subclass is known to only mediate low, if any, effector functions as it binds to the inhibitory FcγRIIB and to only one member of the activating receptors, the low affinity FcγRIII (33). IgG1 also binds to the neonatal FcRn involved in antibody recycling and persistence in vivo. To further increase the half-life of our constructs, we took advantage of the described “LSF” point mutations (i.e., T252L, T254S, T256F), known to further ameliorate in vivo persistence by increasing the binding to FcRn (30), to generate the mIgG1LSF hcAb construct (Figure 1B). In contrast to mouse IgG1, mIgG2a subclass binds all mouse activating FcγR and triggers Fc-related effector functions (Figure 1B) (33).




Figure 1 | AAVnano methodological approach to study the role of P2X7 or ARTC2.2 in vivo. (A) Expression of ARTC2.2 and P2X7 T cell subsets. Splenocytes from C57BL/6 mice were stained with fluorochrome-conjugated monoclonal antibodies directed against P2X7 (clone 1F11), or ARTC2.2 (clone Nika102), or with the corresponding isotype controls (grey), and were analyzed by flow cytometry. Cells were gated on CD4+CD25- T cells (Tconv, depicted in blue), on CD4+CD25+ (Treg, depicted in red), or on CD8+ T cells (depicted in green) to evaluate the cell surface levels of P2X7 or ARTC2.2 on each subset. The numbers in the upper right quadrants indicate the mean fluorescence intensity (MFI). Staining was performed using fluorochrome conjugated antibodies specific to CD45 (coupled to BV510), CD4 (BV786), CD8 (BV605), CD25 (PE-Cy7), P2X7 (BV421) and ARTC2.2 (AF647). (B) Schematic representation of nanobody-based constructs. ARTC2.2-specific and P2X7-specific nanobodies (VHH) are engineered either as bivalent dimers fused to the albumin-specific nanobody Alb8 (dimer half-life extended, termed “dimHLE”), or as heavy-chain antibodies (termed hcAb) when fused to the hinge and Fc-region of conventional mouse IgG antibodies. For the latter, nanobodies were fused to either a mouse IgG1 hinge/Fc-region bearing the LSF mutations (i.e., T252L, T254S, T256F) to produce hcAb with no/low Fc-effector functions, or to the hinge/Fc-region of mouse IgG2a to generate cell-depleting hcAb. (C) Schematic representation of the AAVnano methodological approach and the structure of the transgenes incorporated in the rAAV (of serotype 1 or 8). The illustrated transgenes encode the nanobody-based constructs depicted in (B) Upon a single i.m. injection of the rAAV, the nanobody-based biologics are produced in vivo by the transduced muscle cells under the control of a CBA (rAAV1) or a CASI (rAAV8) promoter (Prom.).



In our methodological approach to target ARTC2.2 and P2X7 on T cells in vivo, implemented and evaluated here, we injected rAAV1 or rAAV8 encoding nanobody-based constructs instead of the corresponding purified recombinant proteins. Both rAAV1 and rAAV8 serotypes are known to efficiently transduced muscle cells upon i.m. injection. We aimed at eliciting directly in situ the long-term and stable production of the selected construct following a single administration of the corresponding rAAV. This approach was termed AAVnano (Figure 1C).

We explored here two complementary strategies for manipulating in vivo the NAD+ pathway dependent on ARTC2.2 and P2X7. (Figure 2). The first strategy relies on the propensity of nanobodies to bind to functional sites and thereby modulate their enzymatic activity or receptor functions. We used constructs based on nanobodies selected for their remarkable ability to block ARTC2.2 enzymatic activity (nanobody s+16a, used here as a dimHLE format), to inhibit gating of the P2X7 ion channel (nanobody 13A7, used as IgG1LSF hcAb format), or to potentiate P2X7 activity (nanobody 14D5, used as dimHLE format) (Figure 2A). The choice of the format for each biological construct (i.e., dimHLE, or IgG1LSF hcAb formats) was based on preliminary experiments comparing the efficacy of each formats (data not shown). The second strategy relies on the possibility to deplete target cells expressing high levels of ARTC2.2 or P2X7. For that, we used hcAb engineered to contain the mIg2a Fc-region, known to promote binding to FcR on immune cells and to promote ADCC by NK cells, ADCP by macrophages, and to facilitate CDC upon engagement on the classical complement pathway (Figure 2B). To facilitate the interpretation of their effect in vivo, these latter constructs were based on other nanobodies that do not modulate the functional activity of their target (i.e., ARTC2.2-specifc nanobody s-14 (23) and P2X7-specifc nanobody 7E2 (25)) that were fused to the hinge and Fc-region of mouse IgG2a (Figures 1B, C).




Figure 2 | Strategies used to manipulate ARTC2.2 or P2X7 functions in vivo or to deplete T cells expressing these proteins. (A) Modulation of ARTC2.2 and P2X7 activity using nanobody-based constructs. Two pathways can lead to the activation of P2X7 at the surface of mouse T cells. The ATP pathway involves direct gating of P2X7 ion channel by extracellular ATP. The NAD+ pathway involves a post-translational modification of P2X7 catalyzed by the ectoenzyme ARTC2.2 resulting in its covalent ADP-ribosylation. The 14D5-dimHLE construct probably binds to an allosteric site on P2X7 and potentiates gating of the ion channel triggered by either ATP or NAD+. The s+16a-dimHLE construct was designed to block ARTC2.2 enzymatic activity in vivo and thereby to inhibit activation of P2X7 by the NAD+ pathway (but not the ATP pathway). The 13A7-IgG1LSF hcAb construct inhibits P2X7 gating and can be used to inhibit both ATP and NAD+ pathways. (B) Other nanobody-based constructs were designed to favor depletion of their target cells in vivo. For that, nanobodies s-14 and 7E2, that bind respectively to ARTC2.2 and P2X7 but do not modulate their functions, were fused to the hinge and Fc-region of mIgG2a. The resulting mIgG2a hcAb could mediate cell depletion through different mechanisms such as complement-dependent cytotoxicity (CDC), antibody-dependent cell cytotoxicity (ADCC) that rely on NK cells, and antibody-dependent cell phagocytosis (ADCP) involving macrophages.





Functional Modulation of ARTC2.2 or P2X7 Using rAAV Coding for Biologics With Blocking or Potentiating Properties

To evaluate our AAVnano approach and the ability of our constructs to modulate their target proteins, we first indirectly studied the activity of P2X7 and ARTC2.2 on T cells harvested from AAVnano injected mice. Exposure of T cells to ATP or NAD+ induces the shedding of CD27 and CD62L by metalloproteases and this can be used as a sensitive assay to monitor P2X7 receptor activation (13, 24). For that, we injected rAAV1 encoding 13A7-IgG1LSF hcAb (i.e., to inhibit P2X7), 14D5-dimHLE (i.e., to potentiate P2X7), or s+16a-dimHLE (i.e., to inhibit ARTC2.2). Blood cells were collected 17-120 days after rAAV injection, incubated at 37°C in the absence or in the presence of NAD+ (30 µM) or ATP (30 μM or 150 μM) to assay ex vivo P2X7-dependent shedding of CD27 and CD62L. Representative data obtained 30 days after AAVnano injection are shown in Figure 3. Comparable results were obtained from the earliest studied time point at day 17 to the last time point of the study at day 120. The results show that T cells from untransduced mice displayed P2X7-dependent shedding of CD27 and CD62L within 15 min after incubation with ATP or NAD+ (Figures 3A, B). This was noticeably more pronounced on CD4+CD25+ Treg that express higher levels of P2X7 as compared to Tconv and to CD8+ T cells (Figure 3B). Injection of AAVnano coding for 14D5-dimHLE sensitized T cells to P2X7-dependent shedding, notably also on the T cell subsets that express the lowest levels of P2X7 (i.e., Tconv and CD8+ T cells) as compared to untransduced control mice. In contrast, mice injected with the AAVnano coding for 13A7-IgG1LSF hcAb were almost completely protected from NAD+- and ATP-induced P2X7 activation, and only Treg cells displayed limited CD27 and CD62L shedding when incubated with the highest dose of ATP (Figure 3B). T cells from mice injected with the AAVnano coding for s+16a-dimHLE were protected from NAD+-induced, but not from ATP-induced shedding of CD27 and CD62L, as expected from a nanobody construct that inhibits ARTC2.2 activity (Figure 3B). For comparison, we also evaluated the effects mediated by recombinant nanobody-based biologics added directly in vitro on cells from untreated animals (Supplemental Figure 1). We observed in dose-response experiments that each recombinant construct used at saturating doses in vitro induced a comparable effect that the one observed ex vivo on cells collected from AAVnano transduced mice. These data hence suggest that i.m. injection of AAVnano induce in vivo production of each encoded construct in sufficient quantity to substantially inhibit or potentiate the functional activity of their target, at a level that appears to be similar to the one obtained in vitro with saturating doses of each given recombinant nanobody construct.




Figure 3 | AAVnano modulate P2X7-dependent shedding of CD27 and CD62L ex vivo. C57BL/6 mice were injected i.m. with PBS (control) or with rAAV1 encoding P2X7-potentiating 14D5-dimHLE, P2X7-blocking 13A7-IgG1LSF hcAb or ARTC2.2-blocking s+16a-dimHLE. Blood samples were collected at different time points ranging from day 17 to day 120 after rAAV injections. Cells were then incubated for 15 min at 37°C with PBS, 30 µM ATP, 150 µM ATP or 30 µM NAD+ to induce P2X7-dependent shedding of CD27 and CD62L on T cells. Representative results obtained 30 days after rAAV injection are shown. (A) Representative flow cytometry plots illustrating shedding of CD27 and CD62L on gated CD4+CD25- T cells harvested from control mice. Numbers indicate percentages of CD27+CD62L+ cells. (B) Mean percentages of CD27+CD62L+ cells among gated CD4+CD25+, CD4+CD25- and CD8+ T cells after incubation with PBS (grey), 30 µM NAD+ (red), 30 µM ATP (cyan) or 150 µM ATP (blue). Staining was performed using fluorochrome conjugated antibodies specific to CD45 (coupled to APC-Cy7), CD4 (FITC), CD8 (PE-Cy7), CD25 (PE), CD27 (PerCP-Cy5.5) and CD62L (APC). Errors bars represent the SEM, n=3.





Evaluation of Tissue Resident T Cells In Vivo Following Administration of rAAV Coding for Biologics

To determine whether our methodological approach could be used to reach ARTC2.2 and P2X7 on tissue resident T cells, we next sought to detect the presence of the biologics on resident liver T cells 120 days after rAAV injection. For that, we focused at the end of the experiment (i.e., upon sacrifice of animals) on liver tissue-resident memory T cells (TRM) and for comparison on liver vascular T cells as well. Liver TRM co-express higher levels of ARTC2.2 and P2X7 than conventional T cells (18) (Figure 4). In order to discriminate tissue resident from vascular lymphocytes, we intravenously injected a fluorochrome-conjugated CD45-specific mAb 3 min before sacrifice. In this short period of time, the injected antibody stains vascular, but not tissue resident lymphocytes (34). In order to detect the rAAV-encoded s+16a-dimHLE or 14D5-dimHLE, we used a monoclonal antibody (mAb77) that specifically recognizes the Alb8 nanobody, and for detection of 13A7-IgG1LSF, we used a mouse IgG1-specific secondary antibody. We further stained cells with a CD4-specific mAb and an αGal/Cer-loaded CD1d tetramer to distinguish NKT cells from other CD4+ T cells. NKT cells are also known to co-express high levels of ARTC2.2 and P2X7 and to be highly sensitive to NAD+ induced cell death (NICD) (18). Cells were counterstained with a fluorochrome-conjugated mAb against CD69, a marker that is highly expressed by many tissue resident T cells but by only few if any vascular T cells (35, 36). Untransduced mice were used as control and were given recombinant s+16a-dim 30 min before sacrifice to prevent NICD and cell loss during preparation as described before (15, 18). The results confirmed the higher level of ARTC2.2-specific s+16a-dimHLE bound at the surface of CD69+ TRM as compared to tissue resident CD69- CD4+ T cells and to vascular CD4+ T cells (Figures 4B, C, panels 3). Also, higher expression of P2X7 was detected at the surface of CD69+ TRM compared to other CD4+ subsets (Figures 4B, C panels 4). In mice injected with rAAV1 encoding the ARTC2.2-specific s+16a-dimHLE, we observed high proportions of NKT cells and CD69+ TRM as expected from an ARTC2.2-blocking biologics that protect from NICD that occurs during cells preparation (Figures 4A, B, panels 3). In contrast, liver lymphocytes obtained from mice injected with rAAV1 encoding the P2X7-potentiating 14D5-dimHLE show markedly reduced percentages of tetramer-stained NKT cells and of CD69+ TRM (Figures 4A, B, panels 2), i.e. a cell populations that display high cell surface level of P2X7 (Figure 4B, panel 4). This likely reflects 14D5-dimHLE enhanced cell death of these subsets due to NAD+ released during liver collection and cell preparation (34). Liver lymphocytes recovered from mice injected 120 days earlier with rAAV1 encoding the P2X7-blocking 13A7-IgG1LSF, contained high proportion of NKT cells (Figure 4A, panel 1) and of CD69+ TRM (Figure 4B, panel 1), indicating that binding of 13A7-IgG1LSF rendered these subpopulations resistant to NICD during cell preparation. However, the low level of staining with the IgG1-specific secondary antibody (Figure 4B, panel 1) suggests that this hcAb induced down modulation of cell surface P2X7, possibly by hcAb-induced endocytosis. This was not due to low binding of 13A7-IgG1LSF at the surface of these cells as incubation of the cells ex vivo with a saturating dose of recombinant 13A7-IgG1LSF followed by IgG1-specific secondary antibody did not increased the staining (data not shown). Similarly, in mice injected with rAAV1 encoding 14D5-dimHLE or s+16a-dimHLE, incubation of cells ex vivo with a saturating dose of the corresponding recombinant protein, followed by the appropriate secondary detection reagent, did not increased the staining intensity (not shown). This data indicate that each of these nanobody-based constructs produced in vivo achieved full occupancy of their respective target proteins expressed on vascular and tissue resident CD4+ T cells, as expected from their continuous endogenous production mediated by rAAV1 injection 120 days earlier.




Figure 4 | Nanobody-based biologics produced in vivo following rAAV injection reach ARTC2.2 and P2X7 expressed at high levels by TRM located in the liver parenchyma. C57BL/6 mice were injected i.m. with rAAV1 encoding P2X7-blocking 13A7-IgG1LSF hcAb, P2X7-potentiating 14D5-dimHLE, or ARTC2.2-blocking s+16a-dimHLE, or with PBS (untransduced). 120 days after rAAV injection mice received an intravenous injection of fluorochrome-conjugated CD45-specific mAb (CD45iv) 3 min before sacrifice. Untransduced mice additionally received 50 µg of recombinant s+16a-dim construct 30 min before organ collection to prevent NICD and cell loss ex vivo during cell preparation, as described earlier (15, 18). Cells extracted from the liver were then counterstained with mAbs directed against CD45, CD4, and CD69 (i.e., a marker of tissue resident lymphocytes) and with a CD1d-tetramer (CD1dtet) loaded with αGal/Cer (specifically labels the invariant T cell receptor of NKT cells). (A) Representative flow cytometry plots illustrating liver CD4+ T cells and CD4+CD1dtet+ NKT cells (panels 1-4), and the gating of parenchymal (CD45ivlow) and vascular (CD45ivhigh) CD4+CD1dtet- lymphocytes (panel 5). (B, C) Representative flow cytometry plots illustrating the detection of the nanobody-based constructs on the cell surface of tissue resident CD45ivlow (B) and vascular CD45ivhigh (C) CD4+CD1dtet- T cells. To detect cell surface bound dimHLE constructs, cells were stained with Alb8-specific mAb77 (mouse IgG1) followed by an mIgG1-specific secondary mAb. To detect cell surface bound 13A7-IgG1LSF, cells were stained directly with the secondary mIgG1-specific mAb. Positive (pos) control staining was performed with liver cells from untransduced mice using the P2X7-specific 13A7-dimHLE, mAb77, and the mIgG1-specific secondary mAb. Negative (neg) control staining was performed with the secondary detection reagents alone. Numbers indicate the percentages of cells in the respective quadrants or gates (A, panel 5). Staining was performed using fluorochrome conjugated antibodies specific to CD45 (coupled to PerCP-Cy5.5 for the one injected i.v. and to AF700 for the one added in vitro), CD4 (APC), CD69 (FITC), mouse IgG1 (BV421) and CD1dtet (coupled to PE).





Functional In Vivo Modulation of ARTC2.2 or P2X7 by rAAV Encoded Biologics

We next evaluated the effect of these biological constructs in vivo. First, we confirmed the absence of cell depletion using these AAVnano by evaluating the percentages of CD4+CD25+ Treg, CD4+CD25- Tconv, and CD8+ T cells, throughout the study (data not shown). We then injected NAD+ i.v. and evaluated in vivo the modulating effect of the P2X7-specific constructs. As we previously demonstrated that the injection of 60 mg NAD+ provokes the depletion of 80% of Treg (24), we injected here a limited dose of 30 mg of NAD+ in order to evaluate the potentiating effect of 14D5-dimHLE. For that, mice were injected again with each AAVnano, followed 28 days after by the i.v. injection of 30 mg NAD+. Depletion of cell subsets was evaluated by collection and analyses of splenocytes one day after. As expected, untransduced mice showed a limited yet significant depletion of splenic Treg (Figures 5A, B), but not of other T cell subsets that express lower levels of P2X7. In contrast, mice injected with the AAVnano encoding 13A7-IgG1LSF hcAb were protected from NAD+-induced Treg depletion. Remarkably, mice injected with the vector encoding the P2X7-potentiating construct 14D5-dimHLE showed significantly enhanced cell depletion, not only for Treg but also for the less sensitive Tconv and CD8+ T cell subsets, confirming the potentiating effect observed ex vivo (Figures 3B, 5B). These data provide evidence that P2X7 activity at the surface of T cell subsets can be modulated in vivo following a single injection of a rAAV1 encoding blocking or potentiating anti-P2X7 nanobody-based biologics.




Figure 5 | AAVnano modulate in vivo the sensitivity to NAD+-induced cell death. C57BL/6 mice were injected i.m. with PBS (control) or with rAAV1 encoding the P2X7-potentiating 14D5-dimHLE construct or the P2X7-blocking 13A7-IgG1LSF hcAb construct. 28 days later mice were injected i.v. with PBS or 30 mg NAD+. Splenocytes were collected one day after and analyzed by flow cytometry to evaluate the levels of P2X7-dependent T cell depletion induced by NAD+ injection. (A) Representative flow cytometry plots showing the relative percentages of cells in each group. In the upper panels, CD4+, CD8+ and CD19+ lymphocytes were concatenated in the same subpopulation and analyzed together to visualize the level of depletion of CD4+ and CD8+ (CD4-/CD19-) T cells as compared to NAD+-insensitive CD19+ B cells. In the lower panels, the gated CD4+ cells were analyzed for both, expression of Foxp3 and CD25 to evaluate the percentages of Treg depletion in each group. Numbers indicate the percentage of cells in each indicated gate. (B) Absolute numbers of cells collected from spleen of untransduced control mice (grey) or from mice injected with rAAV encoding 14D5-dimHLE (red) or for 13A7-IgG1LSF hcAb (blue). Each group was injected i.v. either with PBS (-) or with 30 mg of NAD+ (+). Error bars represent the SEM. The statistical analysis was performed using one-way ANOVA (n=3 in each group, *p < 0.05, **p < 0.01). Staining was performed using fluorochrome conjugated antibodies specific to CD45 (coupled to BV510), CD4 (APC-Cy7), CD8 (BV605), CD19 (PerCP-Cy5.5), CD25 (PE) and FoxP3 (BV421).





Depletion In Vivo of Cells Expressing ARTC2.2 or P2X7 Using rAAV Coding for Nanobody-Based hcAb

Upon binding, conventional antibodies can promote target cell depletion through their Fc-related effector functions. We aimed here at evaluating P2X7-specifc and ARTC2.2-specific hcAb that contain a neutral nanobody (i.e., a nanobody that bind to its target but does not modulate its function) fused to the mouse IgG2a Fc-region, for their capacity to promote cell depletion in vivo. For that, we used again rAAV coding for these constructs that we termed 7E2-IgG2a hcAb for the one targeting P2X7, and s-14-IgG2a hcAb for the one directed against ARTC2.2. First, we evaluated the binding of each of these constructs to the surface of mouse T cell subsets. For that, serum from mice injected 63 days earlier with hcAb-encoding rAAV8 were collected and used as a source of hcAb. These sera were then incubated with splenocytes harvested from untreated naive mice and bound hcAb were detected by a IgG2a-specific secondary antibody (Figure 6A). Results confirmed higher binding of s-14-IgG2a hcAb on the surface of the CD8+ T cell subsets in agreement with the higher expression of its ARTC2.2 target on this subset (Figure 1A). 7E2-IgG2a hcAb was found to bind at lower levels than s-14-IgG2a hcAb at the surface of each studied T cell subsets, in agreement with the lower expression of P2X7 as compared to ARTC2.2 on these cell populations. Yet, 7E2-IgG2a hcAb was found to bind better on Treg than on Tconv and CD8+ T cells (Figure 6A), in agreement with the higher expression of P2X7 on Treg (Figure 1A). Titration analyses indicated that around 1 μl of serum contained saturating amounts of hcAb (Figure 6B). These results indicate that 7E2-IgG2a and s-14-IgG2a hcAb are produced in saturating amounts in vivo at least 63 days following a single i.m. injection of rAAV.




Figure 6 | AAVnano encoding nanobody-based IgG2a hcAb mediate depletion of cells expressing high levels of P2X7 or ARTC2.2. C57BL/6 mice were injected with PBS (untransduced, grey) or with rAAV8 encoding 7E2-IgG2a (blue) or s-14-IgG2a (red) hcAb. (A, B) Sera were collected 63 days post rAAV8 i.m. injection. To monitor the levels of hcAb in serum, splenocytes from an untreated naive C57BL/6 mouse were incubated with diluted serum, washed and bound hcAb were detected with an IgG2a-specific secondary antibody. (A) Flow cytometry analyses illustrating the binding of each nanobody-based IgG2a hcAb on the indicated subset of splenic cells from an untreated mouse when using 10 μl of pooled sera collected from rAAV injected mice. (B) Splenocytes from an untreated mouse were incubated with serial dilutions of sera to titrate the relative abundance of the two hcAb. For both hcAb, serum volumes between 1-10 µL were enough to saturate the signal. (C) To evaluate depletion of T cell subsets in vivo, blood samples were collected 25 days and 82 days after i.m. injection of rAAV encoding the indicated IgG2a hcAb. Cells were stained with fluorochrome-conjugated antibodies and analyzed by flow cytometry. Normalized percentage of CD4+CD25-, CD4+CD25+ and CD8+ T cells are shown, as compared to the percentages of cells found in the control group taken as 100%. Staining was performed using fluorochrome conjugated antibodies specific to CD45 (coupled to PerCP-Cy5.5), CD4 (APC-Cy7), CD8 (PE-Cy7), CD25 (PE) and biotinylated antibody to mouse IgGa and streptavidin-APC. Errors bars represent the SEM and statistical analyses were performed using one-way ANOVA (n=7 in each group, *p < 0.05, **p < 0.01, ***p < 0.001).



For comparison, and to evaluate the kinetic and relative abundance of hcAb production in vivo, we also used sera (or plasma) collected at different time points from another experiment to stain HEK293-ARTC2.2 or HEK293-P2X7 cell lines expressing high and stable levels of surface ARTC2.2 or P2X7, obtained by retroviral transduction of the parental HEK-293 cell line (Supplemental Figure 2). The data confirm that 7E2-IgG2a hcAb and s-14-IgG2a hcAb are detectable in the circulation at the earlier time point studied (i.e., at day 13 post rAAV8 i.m. injection), are produced in all animals that were studied at a rather similar level, and slowly accumulate to reach a maximum concentration between 45 and 66 days post rAAV8 injection and remains stable thereafter (Supplemental Figure 2).

We next analyzed the level of target cell depletion overtime induced by the production of ARTC2.2-specific or P2X7-specific hcAb in vivo. Results obtained with the P2X7-specific 7E2-IgG2a hcAb showed a modest depletion of Treg, reaching 18 ± 4% at day 25 post rAAV injection. The proportions of CD4+CD25- Tconv and CD8+ T cells were only slightly decreased in mice producing 7E2-IgG2a hcAb, consistent with lower levels of P2X7 on these subsets (Figures 6A–C). In contrast, in mice producing ARTC2.2-specific s-14-IgG2a hcAb, we found a substantial depletion of the three T cell subsets analyzed. Depletion was most pronounced for CD8+ that express the highest level of ARTC2.2. This construct was indeed found to deplete 85 ± 3% of CD8+ T cells, 65 ± 6% of Tconv, and 66 ± 5% of Treg 25 days post rAAV8 injection. The level of depletion was slightly higher at day 82 post rAAV8 injection (Figure 6C). For comparison, CD19+ B cells (that do not express P2X7 nor ARTC2.2) and myeloid non-granulocytic CD11b+ cells (that do express very little, if any, ARTC2.2 and low level of P2X7) were also enumerated in the blood at the same time point. Data demonstrated the absence of depletion of these subsets in agreement with their absence of expression or low expression of ARTC2.2 and/or P2X7 (Supplemental Figure 3). These findings illustrate the long-term and stable depleting effects of the target T cells elicited by these IgG2a hcAb upon a single i.m. injection of the corresponding hcAb-encoding rAAV8.




Discussion

Surface expression of the ectoenzyme ARTC2.2 is restricted to T cells and is found at higher levels on murine CD8+ T cells as compared to CD4+CD25+ Treg or CD4+CD25- Tconv (Figure 1A) (9). P2X7 is expressed by multiple cells, including immune cells of the myeloid and lymphoid compartments. On murine T cells, P2X7 is differentially expressed on T cell subsets, and was found to be expressed at higher levels on NKT cells, Treg, Tfh, and TRM (12, 14–18). The homotrimeric P2X7 receptor is known to form an ATP-gated ion-channel connected to multiple signaling pathways that regulate cell phenotype, functions, differentiation and survival (11). For murine T cells, P2X7 activation can be triggered by two complementary pathways. As in myeloid and non-immune cells, the P2X7 receptor can be gated by the presence of relatively high concentrations of extracellular ATP (i.e., 30 to 300 µM range) that can be released from dying or stressed cells. In addition, in murine T cells, extracellular NAD+ was found to trigger activation of the P2X7 receptor at low micromolar concentrations (12, 24). The mechanism involves the ARTC2.2 catalyzed covalent ADP-ribosylation of P2X7 on R125 in the vicinity of the ATP-binding site (23). Although much was learnt during the last years on the multifaceted P2X7 receptor, the relative contribution of the ATP and NAD+ pathways their activation in vivo, their precise immunoregulatory roles, and their contribution in pathophysiological conditions, remain to be better addressed and studied. The AAVnano approach described here uses rAAV for durable production of nanobody-containing biologics in vivo. This could be used in future studies to better delineate ARTC2.2 and/or P2X7 functions in animal models of acute as well as chronic diseases.

Our results show that a single injection of rAAV1 or rAAV8 encoding P2X7-specific or ARTC2.2-specific nanobody-based constructs (Figure 1) can inhibit or in contrast potentiate ATP- or NAD+-induced activation of P2X7 ex vivo on splenic T cells harvested from these mice. As one hallmark associated with P2X7 receptor activation, we used a sensitive ex vivo assay based on metalloprotease-dependent shedding of CD27 and CD62L from the T cell surface. Our data demonstrate that a single injection of a rAAV encoding the P2X7-blocking 13A7-IgG1LSF hcAb protects T cells from NAD+- as well as ATP-induced CD27 and CD62L shedding (Figure 3B). Similarly, injection of a rAAV encoding the ARTC2.2-blocking s+16a-dimHLE completely inhibits NAD+- but not ATP-induced shedding of CD27 and CD62L (Figure 3B). Remarkably, the P2X7-potentiating 14D5-dimHLE sensitized T cells to NAD+- as well as ATP-induced shedding of CD27 and CD62L. This is noticeable also for Tconv and CD8+ T cells that express low levels of P2X7 and are therefore less sensitive to activation of P2X7 than Treg (Figure 3B).

Analysis of vascular and tissue resident liver T cells from mice sacrificed 120 days after injection of AAVnano revealed full occupancy of ARTC2.2 by s+16a-dimHLE on CD4+ T cells in the vasculature and liver parenchyma (Figures 4B, C and data not shown). Moreover, the high recovery of CD69+ TRM indicates that this cell population is fully protected from NAD-induced cell death (NICD) during cell preparation in these mice (Figure 4B). Much lower numbers of NKT cells and CD69+ TRM (i.e., the cell populations with the highest cell surface levels of P2X7) were recovered from mice injected with the rAAV1 encoding 14D5-dimHLE, consistent with its P2X7-potentiating activity that might enhance cell death in vivo and/or during cell preparation. High numbers of liver TRM were recovered from mice expressing in vivo the P2X7-blocking 13A7-IgG1LSF hcAb, consistent with its protective role on NICD. The low staining of these cells with the IgG1-specific secondary Ab, possibly reflects hcAb induced endocytosis of P2X7 by these cells.

We next evaluated directly in vivo the potential of these endogenously produced constructs to modulate P2X7 receptor activation. We previously reported that a single i.v. injection of 60 mg NAD+ depletes about 80% of CD4+CD25+Foxp3+ Treg following ARTC2.2-dependent activation of P2X7 (24). We injected here a lower dose of 30 mg NAD+ to better evaluate the potentiating effect of 14D5-dimHLE. The results indeed demonstrate that this dose depletes 41 ± 18% of the Treg cells in untransduced control mice, while 68 ± 9% Treg cells are depleted by the same treatment in animals whose muscle cells had been transduced with rAAV1 coding for 14D5-dimHLE (Figure 5B). Even the less sensitive Tconv and CD8+ T cells, which were not affected by 30 mg NAD+ in untransduced mice, were significantly depleted in animals expressing 14D5-dimHLE (although to a lesser degree than Treg). These results are consistent with the data obtained ex vivo, that 14D5-dimHLE potentiates P2X7 function also in T cell subsets that display lower P2X7 surface expression. Taken together, these data demonstrate that the AAVnano approach described here is a feasible approach to reproducibly modulate ARTC2.2 or P2X7 functional activities in vivo.

Several small molecules P2X7 blockers have been developed by pharmaceutical and biotechnology companies in the past years since P2X7 is a potential target in inflammatory diseases and in cancer (37–41). Several studies have indeed evidenced that pharmacological blockade of P2X7 is associated with therapeutic benefits in pre-clinical animal models of inflammation, pain, autoimmune and neurodegenerative diseases, and cancer. Given that many cancer cells express high levels of P2X7 receptors (notably mutated, truncated, or splice variants that are not able to trigger P2X7-dependent cell death), and that its tonic activation in the tumor microenvironment is associated with tumor proliferation and invasiveness, P2X7-blockade was envisioned as a possible cancer therapy. This was demonstrated in several animal studies (42, 43). Using our AAVnano approach, coding for the P2X7-blocking 13A7-IgG1LSF hcAb, we recently reported a similar finding (44). This suggests that the AAVnano methodological approach, in addition to knock-out models and small molecule inhibitors, represents an alternative and complementary possibility to validate in vivo the importance of P2X7 target in various animal models.

In addition to P2X7-blockers, some compounds were recently identified as positive allosteric modulators of P2X7 activation (45–47). As for the 14D5-dimHLE biologics described here, these molecules offer the interesting perspective to potentiate P2X7 only in the microenvironment in vivo where NAD+ and/or ATP are present in the extracellular space in sufficient quantities to trigger P2X7-gating, as for instance in the tumor microenvironment (48). One such small-molecule positive allosteric modulator of P2X7, named HEI3090, has recently shown promising results in mouse models of non-small cell lung cancer and melanoma (49). Interestingly, the mechanism involves the stimulation of immune cells (i.e., dendritic cells, NK cells, and CD4+ effector T cells), and production of IL-18. This finding underscores the notion that P2X7 stimulation may indeed be beneficial in certain circumstances. Since both, blocking or potentiating P2X7 seems to be beneficial in some cancer models, the AAVnano approach described here, allowing both modalities to be studied using the same approach, might be used in future studies as a tool to extend our knowledge on the positive and negative functions of P2X7 in different disease models.

Another potential application that we explored here is the development and use of nanobody-based hcAb to promote cell depletion in vivo. We exploited the natural ability of Fc-region to bind to FcR on immune cells and to mediate Fc-related effector functions and/or to induce the activation of the classical complement pathway. For that, we fused P2X7-specific or ARTC2.2-specific nanobodies to the hinge and Fc region of mouse IgG2a to generate nanobody-based hcAb. We then evaluated the capacity of these biologics to mediate the depletion of target-expressing cells in vivo following i.m. injection of rAAV8 that encode these constructs. In line with the cell surface levels of ARTC2.2 and P2X7 on T cell subsets, our results revealed that the ARTC2.2-specific s-14-IgG2a hcAb mediated considerably higher cell depletion than the P2X7-specific 7E2-IgG2a hcAb (Figure 6C). Also, when considering each construct individually, the relative level of cell depletion of each T cell subset was found to correlate with the relative abundance of the target protein at the cell surface. Thus, the ARTC2.2-specific s-14-IgG2a hcAb depleted the CD8+ subset more efficiently than the other two subsets (Figures 6A, B). Similarly, although at lower levels, the P2X7-specific 7E2-IgG2a hcAb depleted Treg more efficiently than the other two subsets (Figures 6A–C). Hence, cell depletion appeared in our models to depend on the level of the target antigen at the surface of each T cell subset. Higher target antigen levels might indeed promote higher FcγR cross-linking on the surface of effector cells, as well as a higher propensity to bind C1q and to activate the complement cascade. However, we cannot exclude that other factors may contribute to the differences observed in the level of depletion with these two hcAb. Factors such as the location of the epitope recognized by the nanobody, the lateral mobility of the target protein at the cell surface (i.e., ARTC2.2 is GPI-anchored protein while P2X7 is a two-transmembrane domain protein), its degree of oligomerization (ARTC2.2 is a monomer while P2X7 forms a homotrimeric ion channel), may also influence the level of cell depletion. Nonetheless, high levels of cell depletion that reached up to 85% of CD8+ cells were reproducibly obtained in vivo using the rAAV coding the ARTC2.2-specific s-14-IgG2a hcAb and this level of depletion was remarkably maintained throughout the study until the latest time point studied (Figure 6C). We propose that this strategy may be used to deplete cells that express the highest levels of ARTC2.2 in vivo and provides a tool for studying the NAD+/ARTC2.2 signaling pathways. In parallel, increasing the depleting efficiency of P2X7-specific hcAb may also be of interest for translational preclinical cancer studies. As mentioned earlier, P2X7 is expressed at the surface of many cancer cells. Depleting P2X7-specific hcAb may thus be used directly to eliminate tumor cells and additionally to deplete Treg (i.e., T cells expressing higher levels of P2X7) potentially resulting in the induction of two synergistic anti-tumor mechanisms.

In this proof-of-principle study, we illustrated the potential of two methodological approaches to study ARTC2.2 and P2X7 function in animal model using rAAV. The aim of AAVnano is to bypass the need to produce and characterize recombinant proteins in vitro, to avoid protein injections every 1-2 days, and to favor a stable concentration and bioavailability. We demonstrate that a single i.m. injection of a rAAV encoding a nanobody-based biologic was sufficient to elicit long-term modulation of ARTC2.2 or P2X7 activity, or depletion of the cells expressing these proteins at high cell density. We propose that the AAVnano methodology may be used in future studies for further evaluating the role of ARTC2.2 and/or P2X7 in animal models of various diseases where these proteins have been implicated.

Although this methodological approach have many advantages, including the possibility to explore in parallel potential long-term side effects in vivo (i.e, on-target long-term effects as well as off-target effects), AAVnano have also some limitations. Considering the potential long-term side effects, animals remained healthy in our studies during the entire observation period (until day 120) and we did not observed any conspicuous signs of disease or side effects. We cannot however ruled-out that the biologics that were evaluated here induce other effects that we did not fully explored. The P2X7-specific hcAb that we evaluated here may for instance deplete or influence other cells than the studied T cells as for instance myeloid cells or microglial cells known to also express P2X7. Even if we did not notice any significant depletion of CD11b+ myeloid cells in blood during our analyses (Supplemental Figure 3), more detailed investigations will be required in future studies to evaluate this possibility, notably in tissue-resident cells as well as in diseased animal models. Apart from unanticipated side effects, one obvious limitation of our AAVnano approach is the difficulty to evaluate the candidate nanobody-based biologics in therapeutic schemes. Indeed, AAV-based transgenic expression in vivo usually require 10 to 14 days before the biologics can be significantly produced and detected in the circulation. This period can however be reduced to 2 to 4 days using a “self-complementary” (sc) transgene instead of the “single-stranded” (ss) transgene packaged in classical rAAV vectors. Production and use of scAAV may represent therefore an interesting alternative to the ssAAV used in this study when rapid production of the biologics is required (as in therapeutic protocols or for treating tumors). Hence, AAVnano represents at least a method of choice in chronic situations and as a first in vivo approach to evaluate efficacy and absence of long-term side effects before evaluation of the corresponding selected recombinant biologics in therapeutic and translational models.

Interestingly, the rAAV encoding P2X7-specific constructs described here represent to our knowledge the first tools that can be used in vivo to either inhibit or potentiate the P2X7 receptor durably, offering the possibility of evaluating the role of P2X7 in various pathophysiological animal models. This methodical approach may be particularly promising for the reevaluation of the role of P2X7 in cancer as well as in inflammatory and neurodegenerative diseases where conflicting results have been obtained so far using knock-out models and/or repetitive administration of small-molecule inhibitors.
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