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Abstract

:

Simple Summary


Multiple myeloma is a hematological malignancy of antibody-producing plasma cells in the bone marrow. Nucleotides released from cells in the tumor microenvironment act as inflammatory danger signals. CD38 and other enzymes on the surface of cancer cells hydrolyze these nucleotides to immunosuppressive mediators, thereby hampering anti-tumor immune responses. Daratumumab and other CD38-specific antibodies mediate killing of tumor cells by natural killer cells, macrophages, and the complement system. Here, we investigated whether CD38-specific antibodies also inhibit the enzyme activity of CD38-expressing tumor cells, thereby providing a potential second mode of action. Our results showed that daratumumab and nanobody-based heavy chain antibodies inhibit the ADPR cyclase but not the NAD+ hydrolase activity of CD38. Thus, there remains a need for better CD38-inhibitory antibodies.




Abstract


The nucleotides ATP and NAD+ are released from stressed cells as endogenous danger signals. Ecto-enzymes in the tumor microenvironment hydrolyze these inflammatory nucleotides to immunosuppressive adenosine, thereby, hampering anti-tumor immune responses. The NAD+ hydrolase CD38 is expressed at high levels on the cell surface of multiple myeloma (MM) cells. Daratumumab, a CD38-specific monoclonal antibody promotes cytotoxicity against MM cells. With long CDR3 loops, nanobodies and nanobody-based heavy chain antibodies (hcAbs) might bind to cavities on CD38 and thereby inhibit its enzyme activity more potently than conventional antibodies. The goal of our study was to establish assays for monitoring the enzymatic activities of CD38 on the cell surface of tumor cells and to assess the effects of CD38-specific antibodies on these activities. We monitored the enzymatic activity of CD38-expressing MM and other tumor cell lines, using fluorometric and HPLC assays. Our results showed that daratumumab and hcAb MU1067 inhibit the ADPR cyclase but not the NAD+ hydrolase activity of CD38-expressing MM cells. We conclude that neither clinically approved daratumumab nor recently developed nanobody-derived hcAbs provide a second mode of action against MM cells. Thus, there remains a quest for “double action” CD38-inhibitory antibodies.
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1. Introduction


The tumor microenvironment promotes the growth of multiple myeloma cells in bone marrow niches and hampers anti-tumor immune responses [1,2]. The tumor microenvironment is characterized by hypoxia, acidic pH, high concentration of disulfide reducing agents, and enzymes that convert the endogenous danger signals ATP and NAD+ into immunosuppressive adenosine [3,4,5].



CD38 is the first enzyme within the purinergic signaling cascade that, together with CD203 and CD73, catabolizes extracellular NAD+ to adenosine [6,7], whereas CD39 and CD73 catabolize ATP to adenosine [5]. Hence, CD38 is one of the enzymes implicated in catabolism of NAD+ to generate immunosuppressive adenosine [3]. The main activity of CD38 is the hydrolysis of NAD+ to ADP-ribose (ADPR) and nicotinamide [8,9,10]. Minor activities include the water-independent conversion of NAD+ to cyclic ADP-ribose (cADPR), an intramolecular reaction that uses the high energy bond between nicotinamide and the “northern” ribose to generate an intramolecular bond, while releasing nicotinamide. CD38 can also hydrolyze this newly formed bond, converting cADPR to ADPR. In intracellular compartments, CD38 can also catalyze a base exchange reaction using either NAD+ or NADP, by replacing the nicotinamide moiety with nicotinic acid. All these reactions are mediated by the same active site encompassing E226 W125 and W189 of the CD38 molecule [11,12]. CD38 is structurally related to an invertebrate enzyme, Aplysia californica cyclase [13,14,15,16,17]. In contrast to CD38, the cyclase rather than the hydrolase is the main activity of the Aplysia enzyme. Both enzymes share five conserved intramolecular disulfide bridges, while CD38 contains an additional disulfide bridge.



CD38 has attracted attention as a target for therapeutic antibodies and nanobodies in MM because it is highly expressed on the cell surface of most multiple myeloma cells [18,19,20]. Daratumumab, a monoclonal antibody isolated by Genmab from a CD38-immunized human IgH transgenic mouse [21], showed clinical efficacy in MM patients [22,23,24,25,26,27]. Several other CD38-specific antibodies have entered clinical trials, including isatuximab, MOR202, and TAK-079 [28,29,30,31]. Moreover, CD38-specific nanobodies and nanobody-derived humanized heavy chain antibodies, as well as nanobody-based chimeric antigen receptors (CARs) showed promising results in preclinical experiments [32,33,34,35,36]. Therapeutic antibodies directed against specific antigens on the myeloma cell surface are thought to promote anti-tumor immune responses via Fc-mediated effector functions, i.e., complement dependent cytotoxicity (CDC), antibody dependent cellular cytotoxicity (ADCC), and antibody dependent cellular phagocytosis (ADCP) [21,37,38,39,40,41]. In addition, some antibodies can directly induce apoptosis, e.g., by crosslinking of the target antigen. Others might block binding of a growth factor or checkpoint receptor on the surface of immune cells. Recently, the concept was endorsed that inhibition of adenosine-producing enzymes could help turn the tumor microenvironment from “cold”, i.e., immunosuppressive, to “hot” i.e., pro-inflammatory [7,42,43,44,45,46]. Moreover, it was proposed that CD38-specific antibodies that inhibit the enzymatic activity of CD38 might provide a second mode of action [3,19,38,47,48,49].



A fluorometric enzyme assay is commonly used to assess the effects of antibodies on the enzymatic activity of CD38 [3,49,50,51]. This assay uses NGD+ (which carries a guanine nucleobase instead of adenine) instead of NAD+ as substrate. The increased fluorescence of the product cGDPR can be measured simply by fluorimetry [52]. The product cGDPR is more stable than cADPR, since CD38 does not hydrolyze cGDPR as efficiently as cADPR. However, an inhibitory effect measured in this assay does not necessarily imply a similar inhibitory effect on the NAD-hydrolase activity of CD38, i.e., the activity that feeds directly into the adenosine generation pathway. It is thus unclear, whether this assay is sufficient to validate the conclusion that isatuximab and daratumumab display a second mode of action, by blocking the generation of adenosine in the tumor microenvironment.



The goal of our study was to establish appropriate assays for monitoring the different enzymatic activities of CD38 on the cell surface of tumor cells, and to assess the effects of CD38-specific antibodies on these activities. To this end, we adapted the fluorometric cGDPR assay as well as a high-pressure liquid chromatography (HPLC) assay to monitor the enzyme activities of living tumor cells expressing CD38. Our results indicated that daratumumab and some nanobody-based heavy chain antibodies do effectively inhibit the ADPR cyclase activity of CD38 but not its NAD+ hydrolase activity.




2. Results


2.1. CD38-Expressing Tumor Cells Display More NAD-Hydrolase than ADPR Cyclase Activity


To analyze the enzymatic reactions catalyzed by CD38-expressing tumor cells, we adapted an HPLC assay to measure the concentrations of NAD+, ADPR, and cADPR, after incubation of cells with NAD+ or cADPR (Figure 1). Cell surface levels of CD38 and of other nucleotide-metabolizing ecto-enzymes and receptors were measured on living cells by flow cytometry, using the fluorochrome-conjugated CD38-specific nanobody JK36 (Figure 1A). The results confirmed high cell surface levels of CD38 on both HEK cells stably transfected with CD38 and on LP-1 multiple myeloma cells endogenously expressing CD38, but only marginal levels of CD39, CD73, P2X7, or Adora2a. Consistently, neither LP-1 cells nor HEK_CD38 cells showed any detectable ATP-hydrolysis activity. Incubation of LP-1 cells with NAD+ resulted in a time-dependent decrease of extracellular NAD+, with a concomitant appearance of extracellular nicotinamide, ADPR, and cADPR (Figure 1B). Note that the levels of generated ADPR were approximately 100-fold higher than the levels of generated cADPR, consistent with the reported more potent NAD+ hydrolase activity of recombinant CD38, than its ADPR cyclase activity [12,14,53]. Pre-incubation of cells with the highly specific, irreversible, small molecule inhibitor of CD38, ara-F NAD+ [54], resulted in an almost complete inhibition of NAD+ hydrolase, ADPR cyclase, and cADPR-hydrolase activities, strongly suggesting that these activities are largely due to CD38.



Incubation of LP-1 cells with cADPR resulted in a time-dependent decrease of extracellular cADPR, with a concomitant appearance of extracellular ADPR (Figure 1C). The rate of cADPR hydrolysis was much slower than the rate of NAD+ hydrolysis (half of the input nucleotide turned over into ADPR within 12 h or 60 min, respectively), consistent with the reported more potent NAD+ hydrolase vs. cADPR hydrolase activity of CD38 [8,9].



We also assessed the GDPR cyclase activity of LP-1 cells using a fluorometric assay with NGD+ as substrate, instead of NAD+ (Figure 1D) [52]. The increased fluorescence of cGDPR vs. NGD+ can be monitored conveniently by fluorimetry, in a plate reader. The results showed a time-dependent increase of cGDPR. This was completely abrogated in the presence of the irreversible small molecule inhibitor of CD38, araF-NAD [54].




2.2. CD38-Specific Heavy Chain Antibodies Inhibit the GDPR Cyclase Activity of CD38-Expressing Tumor Cells More Potently than Daratumumab


We previously selected CD38-specific nanobodies from immunized llamas that recognize three independent epitopes, designated epitope 1, 2, and 3 [50]. We observed that daratumumab blocks binding of epitope 1 nanobodies and vice versa, and that some epitope 2 nanobodies potently inhibited the GDPR cyclase activity of recombinant CD38 [50]. To analyze the effects of daratumumab and of nanobody-based hcAbs on the GDPR cyclase activity of living CD38-expressing tumor cells, we incubated CD38-transfected HEK cells or LP-1 cells with CD38-specific hcAbs, daratumumab, or araF-NAD, before addition of NGD+ (Figure 2).



The results showed a continuous increase of cGDPR during incubation of tumor cells with NGD+ in the absence of antibodies (green curves). Addition of araF-NAD effectively abrogates the increase of cGDPR, indicating that this is largely due to CD38 expression on the surface of the tumor cells (red curves). Addition of daratumumab slightly inhibited the GPDR cyclase activity of HEK cells but had little if any effect on the enzyme activity of LP-1 cells, whereas addition of epitope 2 hcAbs MU523 or MU1067 showed a potent inhibitory effect in both cell lines. Addition of the epitope 3 hcAb JK36 partially inhibited the increase of cGDPR in both cell lines. For better quantitative comparison, the slope of the curves during the linear phase, e.g., from t = 500 seconds to t = 1200 seconds was calculated at two different concentrations of antibodies (10 µg/mL, 100 µg/mL for hcAbs, 20 µg/mL, and 200 µg/mL for daratumumab) (Figure 2, right panels). The results showed that daratumumab, which binds epitope 1, did not have any detectable effect on the cyclase activity of LP-1 cells, even at a dose of 200 µg/mL. JK36-hcAb slightly reduced GDPR cyclase activity in both cell lines, whereas the epitope 2 hcAbs MU523 and MU1067 strongly inhibited GDPR cyclase activity in both cell lines.




2.3. CD38-Specific hcAb MU1067 Inhibits the CD38 Cyclase and cADPR Hydrolase Activities of the CD38 Expressing Tumor Cells but not their NAD+ Hydrolase Activity


In order to determine the effects of daratumumab and hcAbs on the enzyme activities of CD38-expressing tumor cells, we applied the HPLC assay described in Figure 1, to analyze the conversion of NAD+ to ADPR and cADPR, in the absence or presence of antibodies. In contrast to the NGDR cyclase assay described in the previous section, the HPLC assay is an end point assay and does not permit continuous monitoring of the substrate and reaction products. The reaction needs to be stopped by cooling the cells on ice, followed by a centrifugation step to separate the cells and the cell supernatants. Based on the kinetic analyses presented in Figure 1, we chose 60 min as the endpoint of analysis for NAD+, and 180 min as the endpoint of analysis for cADPR.



In order to assess whether the treatment of cells with the CD38-specific antibodies could induce internalization of CD38 and thereby contribute to the inhibition of enzyme activity, we incubated LP-1 cells for 3 h at 4 °C or at 37 °C with hcAb MU1067 or daratumab. Cells were then washed and assessed for cell surface levels of CD38, by staining with fluorochrom-conjugated hcAb JK36, an hcAb that binds to CD38 independent of both, MU1067 and daratumumab. The unabated high degree of cell surface staining with hcAb JK36 indicates that neither hcAb MU1067 nor daratumuab induce any significant internalization of CD38 during the time course of the experiment.



CD38-transfected HEK cells and LP-1 cells were preincubated with araF-NAD, hcAbs, or daratumumab for 15 min, before addition of NAD+ or cADPR, and further incubation to monitor NAD+ hydrolase and ADPR cyclase, or cADPR hydrolase activities, respectively. The cell supernatants were then analyzed by HPLC (Figure 3). The results showed that addition of araF-NAD completely prevented conversion of NAD+ to ADPR in both cell lines. However, neither daratumumab nor hcAbs showed any detectable inhibitory effect on the production of ADPR (A, B, first panel). Daratumumab, however, did slightly inhibit the production of cADPR (A, B, second panel) but not the hydrolysis of cADPR to ADPR (A, B, third panel). In contrast, hcAb MU1067 strongly inhibited both, the production and hydrolysis of cADPR, albeit not as effectively as araF-NAD (A, B, second and third panel, respectively).




2.4. The Reducing Agent Glutathione (GSH) Affects the Production of cADPR and ADPR by LP-1 Myeloma Cells in a Dose-Dependent Manner


CD38 has six disulfide bonds, five of which are conserved with the structurally-related ADPR cyclase of the Californian hermaphrodite sea slug, Aplysia californica (Figure 4). The extra non-conserved disulfide bond between C119 and C201 of CD38 (Figure 4A, shown in red) is located near the surface of the molecule on the opposite side of the NAD+-binding active site crevice. Akin to the redox-sensitive disulfide bonds on other membrane proteins, it is conceivable that this disulfide is sensitive to reduction in an inflammatory or tumor microenvironment. Glutathione (GSH) is a natural tripeptide (Glu-Cys-Gly), with a gamma peptide linkage between the carboxyl group of the glutamate side chain and cysteine. Cells maintain a high concentration of GSH (0.5–10 mM) in the cytosol and organelles, which can be released from cells during inflammation or tissue damage. We therefore used our HPLC assay to determine whether addition of glutathione could influence the enzymatic activities of CD38 expressing LP-1 cells. We incubated LP-1 with GSH for 10 min at 37 °C, followed by addition of NAD+ and further incubation for 60 min (Figure 4B). At concentrations below 1 mM, GSH had little if any effect on NAD+ catalysis by LP-1 cells. Treatment of cells with GSH at concentrations of 1–5 mM, however, resulted in an elevated production of cADPR, with a concomitant reduction in ADPR (Figure 4B). These effects were confirmed in three independent experiments, albeit with a high variability in the degree of elevated cADPR, as reflected by the large error bar in Figure 4B.




2.5. The Denaturing Reducing Agent DTT Inhibits the Conversion of NAD+ to ADPR and cADPR by CD38-Expressing Tumor Cells in a Dose-Dependent Manner


Dithiothreitol (DTT) is a potent reducing agent commonly used in biochemistry to reduce disulfide bonds in proteins, e.g., during denaturing gel electrophoresis. DTT is also used to denature and inactivate CD38 on erythrocytes [55]. Treatment of CD38-expressing tumor cells with DTT, indeed, resulted in a dose-dependent inhibition of the conversion of NAD+ to both, ADPR and cADPR (Figure 5). At an intermediate concentration of 1 mM, treatment of cells with DTT resulted in a slightly elevated production of cADPR, with a concomitant reduction in ADPR, reminiscent of the effects of high concentrations of GSH (Figure 4B).




2.6. Daratumumab and CD38-Specific hcAb MU1067 Protect CD38 against the Denaturing Effects of DTT


In order to determine whether antibodies bound to CD38 could influence DTT-mediated denaturation of CD38, we incubated CD38-expressing tumor cells with 5 mM DTT and NAD+, in the presence or absence of daratumumab or hcAb MU1067 and analyzed the reaction products by HPLC (Figure 6). The results showed that pretreatment of cells with either daratumumab or hcAb MU1067 effectively protected CD38 from the detrimental effects of DTT. A protective effect was still discernible, albeit much weaker, when the antibodies were added 20 min after DTT.





3. Discussion


Antibodies that inhibit the enzyme activity of CD38 could help modulate the microenvironment of MM by preventing the conversion of pro-inflammatory NAD+ to immunosuppressive adenosine [3,37,50,51]. To better assess the inhibitory potency of CD38-specific antibodies, here we report the successful adaptation of HPLC and fluorimetric assays to monitor the enzyme activity of living CD38-expressing tumor cells, i.e., CD38-transfected HEK cells and the LP-1 multiple myeloma cell line.



The fluorimetric assay using NGD+ as a substrate was used in previous studies with recombinant CD38, because it allows the convenient use of a plate reader to monitor enzyme activity over time [37,50,51]. A drawback of this assay was that it provides information only about the GDPR cyclase but not the NGD+ hydrolase activity of CD38. By inference, this assay provides information only about the ADPR cyclase activity of CD38, but not its major NAD+ hydrolase activity. The HPLC assay has the drawback that it is more cumbersome to set up and that it allows only end-point measurements. The advantage of the HPLC assay is that it provides information about both, the major NAD+ hydrolase and the minor ADPR cyclase activity of CD38 [8,9,10,53]. Furthermore, the HPLC assay can also be used to assess the other minor activity of CD38, i.e., the hydrolysis of cADPR. The results of previous studies with the fluorimetric assay suggested that daratumumab is a weak antagonist and that epitope 2 nanobodies are strong antagonists of the cyclase activity of CD38 [50,51]. The results of our HPLC assay presented here support this conclusion. However, our results also revealed that neither daratumumab nor hcAb MU1067 inhibit the hydrolysis of NAD+ to ADPR by CD38, i.e., its major enzyme activity.



Nanobodies reportedly display a propensity to bind to the active site crevice of enzyme antigens [56,57]. This was attributed to the longer CDR3 loop of nanobodies compared to the V-domains of conventional antibodies. Co-crystal structures of nanobodies with different enzymes revealed that the nanobody CDR3 loop can form a finger-like extension that reaches into and blocks the active site crevice [58]. However, available co-crystal structures of CD38 in complex with isatuximab or nanobodies (pdb codes 5f21, 5f1o, and 4cmh) show distinct binding sites at substantial distances away from the NAD-binding active site crevice (Figure 7). A co-crystal structure of daratumumab is not yet available, but peptide mapping and our own crossblockade analyses indicate that daratumumab also binds an epitope far from the active site crevice (overlapping with epitope 1 nanobodies). The co-crystal structure of CD38 in complex with the Fab fragment of isatuximab also indicates a binding site far from the active site crevice [37]. Isatuximab was shown to potently inhibit the GDPR cyclase activity of CD38. Unfortunately, isatuximab was not available for the current study, so that its effect on the NAD+ hydrolase activity of CD38 remains to be determined. The co-crystal structure of CD38 in complex with the inhibitory epitope 2 nanobody 523 [50] also suggests a binding site far from the active site crevice. Taken together, these results indicate that the inhibitory effect of these antibodies against the ADPR cyclase activity is through an allosteric mechanism, e.g., by stabilizing the structure of CD38, so as to prevent conformational changes that are required for its ADPR cyclase but not its NAD+ hydrolase activity.



CD38 contains an extra pair of cysteine residues compared to the Aplysia ADPR cyclase [14]. These cysteines form a disulfide bond on the surface of the molecule. It is tempting to speculate that this disulfide bond is sensitive to changes in the reducing conditions of the tumor microenvironment. We observed that treatment of MM cells with the reducing agent GSH stimulates the ADPR cyclase activity and concomitantly inhibits the NAD+ hydrolase activity of CD38-expressing LP-1 cells. Considering that the intracellullar levels of GSH lie in the range of 0.5–10 mM, millimolar concentrations of extracellular GSH might be expected only in the immediate vicinity of the lysed cells. Further studies should address the question whether the reducing conditions and other physicochemical features of the tumor microenvironment (pH, hypoxia) similarly effect the enzyme activities of CD38.



Future studies are required to determine whether daratumumab, nanobody-based heavy chain antibodies, or other CD38-specific therapeutic antibodies affect the enzymatic activities of CD38 in clinical settings. Importantly, our results showed that daratumumab and epitope 2 hcAbs stabilize CD38 against the detrimental effects of the biochemical reducing agent DTT. These results raise the possibility that daratumumab and other CD38-specific Abs might actually promote an immunosuppressive tumor microenvironment, i.e., by promoting CD38-mediated hydrolysis of NAD+, a crucial step in the pathway that generates adenosine from NAD+ [3,43].



In summary, we showed that daratumumab and hcAb MU1067 inhibit the ADPR cyclase but not the NAD+ hydrolase activity of CD38-expressing MM cells. Our results underscore the need for careful assessment of the different effects of therapeutic antibodies on the enzyme activities of CD38 on living MM cells. We conclude that neither clinically approved daratumumab nor recently developed nanobody-derived hcAbs provide a second mode of action against MM cells and that therefore there remains a quest for double action CD38-inhibitory antibodies. The assays reported here provide a basis for such studies.




4. Materials and Methods


Cell lines and antibodies: The human multiple myeloma cell line LP-1 was obtained from DSMZ (Braunschweig, Germany). HEK cells stably transfected with human CD38 were generated in our lab. Recombinant human CD38-specific heavy chain antibodies and an irrelevant toxin-specific heavy chain antibody were generated in our lab, as described previously [50,59]; araF-NAD (ara-2′-F-NAD+) was obtained from BioLog (Bremen, Germany), and GSH and DTT was obtained from Sigma (Frankfurt, Germany). The following antibodies were used to assess the expression of CD38 (HIT2, Biolegend, San Diego, CA, USA), CD39 (eBioA1, eBioscience, San Diego, CA, USA), CD73 (AD2, Becton Dickinson, Franklin Lakes, NJ, USA), CD203a (ab240832, Cambridge, UK), P2X7 (Nb 1C113, patent WO2013178783), and Adora2a (7F6-G5-A2, Novus Biologicals, Littleton, CO, USA).



CD38 internalization assay: LP-1 cells were incubated for 3 h at 4 °C or at 37 °C in the presence of hcAb MU1067 or daratumumab (10 µg/mL). Cells were washed and incubated for 15 min at 4 °C, with the Alexa647-conjugated hcAb JK36 [50], before analysis by flow cytometry (FACS Calibur, Becton Dickinson, Franklin Lakes, NJ, USA).



Fluorometric enzyme assays: CD38-transfected HEK or LP-1 cells (1 × 105 cells/well) were incubated at 37 °C in the dark for 20 min, with daratumumab (20 or 200 µg/mL), hcAbs (10 or 100 µg/mL), or araF-NAD (10 µM), before fluorescence measurements. After recording for 20 cycles, NGD+ (50 µM, Sigma, St Louis, MO, USA) was added, followed by further incubation in the dark at 37 °C. Production of cGDPR was monitored continuously for 50 min at 410 nm (emission wavelength), with the excitation wavelength set to 300 nm, using a Tecan Infinite M 200 microplate fluorimeter. Readings (EX300/EM410) from wells without cells were subtracted from all sample readings and the values were plotted as the Relative Fluorescence Units (RFU) vs. time. As an estimate for the rate of cGDPR production, the slope of the curves (RFU/s) during the linear phase of the reaction, i.e., t = 500–1200 s, was calculated.



Luminometric assay for ATP-hydrolysis: CD38-transfected HEK or LP-1 cells (2 × 104 cells/well) were incubated at 37 °C in the dark for 30 min with ATP (50 µM, Sigma, St Louis, MO, USA). The cells were removed by centrifugation and the supernatants were mixed with an equal volume of celltiter glo 2.0 reagent (Promega, Madison, WI, USA), incubated for 10 min luminometry, on a Victor microplate reader. CD39-transfected HEK cells were used as the positive control.



HPLC enzyme assays: CD38-transfected HEK-cells or LP-1 cells (1 × 105 cells/well) were pre-incubated with antibodies, araF-NAD, GSH, or DTT, at the indicated concentrations and at times before addition of NAD+ (500 μM) or cADPR (500 μM) for 60 and 180 min, respectively, and further incubation at 37 °C with mild shaking at 300 rpm. To stop the reaction, cell suspensions were placed on ice. Cells were then removed by centrifugation (1000× g for 5 min at 4 °C). Cell supernatants were clarified of proteins using a centrifugal filter device with a 10 kDa cut-off (Vivaspin). Clarified supernatants were split into twin samples (50 µL of the original cell supernatant containing 25 nmol of NAD+ or cADRP) and analyzed by reversed-phase HPLC, with and without an ion-pair reagent on the 1200 and 1260 Series systems from Agilent Technologies. cADPR was analyzed by the reversed-phase HPLC on a C-8 Luna column (Phenomenex) with buffer A (20mM KHPO4, pH 6), a flow rate of 0.8 mL/min, and the following gradient: 0–5 min, 0% MeOH; 27.5–30 min, 50% MeOH; 32–43 min, 0% MeOH. All other metabolites were analyzed by reversed-phase HPLC with the ion-pair reagent tetrabutylammonium dihydrogen phosphate (TBAHP) on a Multohyp BDS C18 column (250 mm, 4.6 mm, particle size 5 μm; Chromatographie Service) with buffer A (20 mM KHPO4, 5 mM TBAHP, pH 6), and the following gradient: 0 min, 15% MeOH; 3.5 min, 15% MeOH; 11–15 min, 31.25% MeOH; 25–27 min, 50% MeOH; 29–38 min, and 15% MeOH. In both cases, the flow rate was 0.8 mL/min. Absorbance was measured at 260 nm using the DAD detector of the Agilent systems and data were processed using the ChemStation (Rev. C.01.05; Agilent Technologies, Santa Clara, CA, USA). Peaks were identified by comparing their retention time to standards. For NAD+, ADPR, and cADPR, the standard curves were constructed by plotting the “area under the curve” against the amount of substance for three to five standards with different concentrations. Using the slope from these standard curves, the amount of nucleotides in the samples was determined.




5. Conclusions


Daratumumab and hcAb MU1067 inhibit the ADPR cyclase but not the NAD+ hydrolase activity of the CD38-expressing MM cells. We conclude that neither clinically approved daratumumab nor recently developed nanobody-derived hcAbs provide a second mode of action against MM cells. Thus, there remains a quest for “double action” CD38-inhibitory antibodies.




6. Patents


The CD38-specific nanobodies reported here are covered by the patent WO2017081211A2.
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Figure 1. CD38-expressing tumor cells display potent NAD+ hydrolase activity and weak ADPR cyclase and cyclic-ADPR hydrolase activities. (A) HEK cells stably transfected with human CD38, untransfected HEK cells, and human LP-1 multiple myeloma cells were analyzed for cell surface levels of CD38, by incubation with Alexa647-conjugated CD38-specific nanobody JK36, before analysis by flow cytometry. (B,C) LP-1 cells were incubated at 37 °C in the presence of 500 μM NAD+ (b) or cADPR+ (c). The reaction was stopped at the indicated time points and NAD+ and its metabolites were quantified using reversed-phase HPLC. (D) LP-1 cells were incubated at 37 °C with 50 µM NGD+ and fluorescence intensity (ex/em: 300/410 nm) was determined using a microplate reader. (E) Schema summarizing the enzyme activities catalyzed by CD38. 
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Figure 2. CD38-specific hcAbs MU523 and MU1067 potently inhibit the NGDR cyclase activity of human CD38-expressing tumor cells. The NGDR cyclase activity of CD38 expressing HEK cells (A) and LP-1 myeloma cells (B) was measured by the fluorimetric assay, as described in Figure 1D. Epitopes of daratumumab and hcAbs were assigned as described in [50]. Cells (1 × 105 cells/well) were incubated with the indicated hcAbs (10 μg/mL or 100 μg/mL), daratumumab (20 μg/mL or 200 μg/mL), or araF-NAD (10 µM) for 20 min at 37 °C, before the measurement was started. After the first 20 cycles, 50 μM NGD+ was added and kinetic fluorescence reading (ex/em: 300/410 nm) was continued for 50 min. Cyclase activity was quantified by calculating the slope of curves of (A, B, left panel) during the linear phase, i.e., from t = 500 seconds to t = 1200 seconds (n = 3). Statistical analysis was performed using one-way ANOVA, followed by a Tukey post-hoc test for multiple comparisons. * p < 0.05; *** p < 0.001, **** p < 0.0001. 
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Figure 3. CD38-specific hcAb MU1067 and daratumumab inhibit the ADPR cyclase but not the NAD+ hydrolase activity of CD38-expressing LP-1 myeloma cells. HEK cells (A) or LP-1 cells (B) were pre-incubated for 15 min with the indicated antibodies or araF-NAD at 37 °C, before addition of NAD+ or cADPR, and further incubation for 60 min or 180 min at 37 °C, respectively. Nucleotide concentrations were measured by HPLC as in Figure 1. Toxin-specific L-15-hcAb was used as the control. Dots indicate values obtained in two independent experiments. 
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Figure 4. Glutathione enhances the production of cADPR by LP-1 myeloma cells in a dose-dependent manner. (A) Schematic illustrating the disulfide bonds in the extracellular domain of CD38. The five conserved disulfide bonds are depicted in yellow, the non-conserved disulfide bridge at C119/C201 is depicted in red. The N-terminal amino acid of the ectodomain of CD38 is shown in transparent dark red-five amino acids that separate this residue from the transmembrane domain of CD38. NAD+ in the active site crevice is depicted as an orange stick model. The model was made using the Pymol program and the coordinates of human CD38 in complex with NAD+ (pdb 2i65). (B) LP-1 cells were incubated for 10 min with the indicated concentrations of GSH before addition of NAD+ (500 μM) and further incubation for 60 min at 37 °C. Concentrations of ADPR and cADPR in cell supernatants were determined by HPLC, as in Figure 1. 
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Figure 5. DTT inhibits the production of ADPR and cADPR by LP-1 cells in a dose-dependent manner. LP-1 cells were incubated for 10 min with the indicated concentrations of DTT before addition of NAD+ (500 μM) and further incubation for 60 min at 37 °C. Concentrations of ADPR and cADPR in cell supernatants were determined by HPLC, as in Figure 1. 
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Figure 6. Daratumumab and hcAb MU1067 protect the NAD+ hydrolase and ADPR cyclase activities of the CD38-expressing tumor cells from inactivation by DTT. CD38-transfected HEK cells (A) and LP-1 cells (B) were pre-incubated with 5 mM DTT for 20 min before addition of antibodies and further incubation for 15 min, or vice versa. NAD+ was then added and incubation continued for 60 min at 37 °C. Concentrations of ADPR and cADPR were determined by HPLC, as in Figure 1. Toxin-specific L-15-hcAb was used as control. 
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Figure 7. 3D models of CD38 with bound nanobodies MU375, MU523, and a Fab fragment of isatuximab. 3D-models of CD38 in complex with the epitope 1 nanobody MU375 (green), epitope 2 nanobody MU523 (magenta), and the Fab fragment of isatuximab (heavy chain dark blue, light chain lighter blue) were generated by PyMol, using data from PDB files 5f21, 5f1o, and 4cmh. CD38 is depicted in the same orientation and color coding as in Figure 4 (with 5 conserved disulfide bonds in yellow, the non-conserved disulfide bond at C119/C201 in red, NAD+ in the active site crevice in orange, and the N-terminal amino acid of the extracellular domain in transparent red). The N-terminal cytosolic domain and transmembrane domain are depicted schematically. The models in (A) show CD38 as viewed in the plane of the cell membrane, the model in (B) shows CD38 as viewed from the “top” with the cell membrane “below” CD38. 
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