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                                                                                                                        Abstract

                                                            Background While most antibody-based therapies use IgG because of their well-known biological properties, some functional limitations of these antibodies call for the development of derivatives with other therapeutic functions. Although less abundant than IgG in serum, IgA is the most abundantly produced Ig class in humans. Besides the specific targeting of its dimeric form to mucosal areas, IgA was shown to recruit polymorphonuclear neutrophils against certain targets more efficiently than does IgG1.Design and Methods In this study, we investigated the various pathways by which anti-tumor effects can be mediated by anti-CD20 IgA against lymphoma cells.Results We found that polymeric human IgA was significantly more effective than human IgG1 in mediating direct killing or growth inhibition of target cells in the absence of complement. We also demonstrated that this direct killing was able to indirectly induce the classical pathway of the complement cascade although to a lesser extent than direct recruitment of complement by IgG. Recruitment of the alternative complement pathway by specific IgA was also observed. In addition to activating complement for lysis of lymphoma cell lines or primary cells from patients with lymphoma, we showed that monomeric anti-CD20 IgA can effectively protect mice against tumor development in a passive immunization strategy and we demonstrated that this protective effect may be enhanced in mice expressing the human FcαRI receptor on their neutrophils.Conclusions We show that anti-CD20 IgA antibodies have original therapeutic properties against lymphoma cells, with strong direct effects, ability to recruit neutrophils for cell cytotoxicity and even recruitment of complement, although largely through an indirect way.
                                                            
                                                            Introduction
Most of the tumor-directed, unconjugated antibodies employed in clinical trials are currently chosen from the IgG1 isotype, because of their long plasma half-lives1 and their highly effective biological activities.2 However, in spite of many successful results in treating cancers, clinical trials and research are generating a wealth of information about some functional limitations of therapeutic antibodies. Additional research is thus required and many efforts have recently been concentrated towards the development of so-called “third-generation” antibodies.
There have been preliminary studies on the development of antibodies of classes or isotypes other than IgG1, whose specific functions differ from those of IgG. IgA stands as the major Ig class at the mucosal surfaces. Human IgA displays a unique molecular heterogeneity, with various polymerization forms with specific distributions in body fluids. IgA-producing plasma cells found in the human spleen, lymph nodes and bone marrow secrete monomeric IgA (mIgA), mostly of the A1 isotype which is predominant in serum.3 In contrast, the majority of mucosal plasma cells produce polymeric IgA (pIgA), with a relative increase in the proportion of IgA2 in rectal or colonic mucosa in comparison to the upper respiratory tract.3 pIgA include a mix of dimers (dIgA), trimers or higher order polymers bound to the joining chain (J-chain). pIgA produced by the lamina propria plasma cells are transported by the polymeric Ig receptor (pIgR) from basolateral to apical surfaces of the mucosal epithelial cells where the pIgR is then cleaved and processed into the socalled secretory component and stays bound to the secretory IgA (sIgA) in the mucosal lumen.4 It has been well established that sIgA are major players in protection against pathogens at mucosal sites, while the functions of serum IgA are still incompletely understood. Whether and how the IgA class activates complement has been a matter of controversy for years. It is generally presented as unable to recruit C1q and thus to activate the classical pathway,5,6 but this issue is controversial.7 Conversely, many studies have shown activation of the alternative pathway.8,9 IgA has also been suggested to trigger the complement lectin pathway.10 However, there is no report of complement recruitment by IgA against tumor targets. In contrast, several studies concerning the potential therapeutic effect of IgA have focused on its binding to the human FcαRI receptor (CD89), notably expressed on polymorphonuclear neutrophils (PMN)11,12 i.e. on a population with potent antitumor properties.13 FcαRI was demonstrated to promote endocytosis, phagocytosis, cytokine release and cellular cytotoxicity.14,15 In several in vitro models, human IgA effectively triggered PMN-mediated lysis of target cells.16-18 Moreover, studies with anti-EGF-R monoclonal antibodies showed a significantly stronger activity of IgA than IgG1 in recruiting PMN for antibody-dependent cellular cytotoxicity (ADCC), which resulted in greater tumor cell killing in whole blood assays.19,20 Beyond these in vitro studies, in vivo antitumor effects of IgA are still unexplored because of the difficulties in developing relevant animal models, especially because mice do not express FcαRI.
Among therapeutic antibodies, chimeric anti-CD20 rituximab has become a gold standard for the treatment of many lymphomas and its action is probably the most widely studied. Rituximab binding to CD20 causes growth inhibition21 and induction of apoptosis22 in a subset of lymphoma cell lines. Nevertheless, various in vitro and in vivo experiments have reported that elimination of CD20 cells is mainly due to the γ1 constant chain of rituximab, which triggers complement-dependent cytotoxicity (CDC)23,24 and recruits natural killer cells, leading to ADCC.25,26 In vivo experiments in mouse models also showed that direct growth inhibition and apoptosis signaling by CD20 cross-linking were not sufficient to control CD20 grafted tumors.27 In this study, we analyzed the therapeutic potential and mode of action of anti-CD20 IgA by comparison with IgG1. To this purpose, we generated chimeric CD20 antibodies of IgG or IgA class, each featuring the rituximab variable regions, and analyzed their capacity to kill CD20-expressing tumor cells through in vitro or in vivo assays.
Design and Methods
Cell lines and mice
Human B lymphoma cell lines, DHL-4, BL-2, Raji, and the T lymphoma cell line Jurkat were obtained from the American Type Culture Collection (Bethesda, MD, USA). The non-transfected EL4 thymocyte cell line derived from C57BL/6 mice and its hCD20- expressing variant (EL4-CD20) were kind gifts from Pr. H. Watier (Tours University). All cell lines were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 mg/mL streptomycin.
C57BL/6 mice (female, 6 to 8 weeks old) were purchased from Charles River (L'Arbresle, France). RAG2γcmice, kindly provided by Dr. James Di Santo (Institut Pasteur, Paris) and CD89 transgenic mice on a BALB/c background, previously described by Dr. M. van Egmond,15 were used at 8 to 10 weeks of age. All procedures were conducted under an approved protocol according to European guidelines for animal experimentation.
The Online Supplementary Design and Methods section provides details about the production of the anti-CD20 chimeric antibodies and the various classical assays used with these antibodies for evaluating CDC (on cell lines of follicular lymphoma primary cells), cell proliferation, DNA synthesis, cell aggregation, and apoptosis.
In vivo antibody-mediated killing model
In vivo antibody-mediated killing (IVAK) assays28 were performed, using fluorescent probes carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) and CellTrace Far Red DDAO-SE (DDAO-SE) (Molecular Probes). Cells were labeled with 2 μM DDAO/0.1 μM CFDA-SE (control cells) or 2 μM DDAO/2 μM CFDA-SE (target cells). Control and target cells were mixed at a ratio of approximately 1:1 and injected intraperitoneally (i.p.) (10 in 200 μL) into mice, followed by i.p. injection of antibody (2, 20 or 150 μg in 200 μL). Five hours later, mice were euthanized and peritoneal washings were harvested individually. Cells were fixed and analyzed by flow cytometry. Cytograms defined the target and control cell populations and ratios were calculated between the percentage of CD20 cells (CFDA DDAO) and percentage of CD20– cells (CFDAl DDAO). Ratios from individual antibodytreated mice were then normalized to PBS-treated mice, and percent killing was calculated as: [1 – (ratio individual Abtreated mouse) / (mean ratio of the PBSinjected group)] * 100.
Syngeneic lymphoma therapy model
A syngeneic lymphoma model was established in C57/BL6 mice by tail vein inoculation of 8×103 CD20/EL4 cells in 200 μL.24 Twenty-four hours after inoculation of cells, mice received 20 μg of plasmid DNA encoding antibodies (pGTRIO-IgA2-βgal coding for anti-βgal IgGA2, pGTRIO-IgG1-Ritx-H for anti-hCD20 IgG1, pGTRIO-IgA2-Ritx-H for anti-hCD20 IgA2). DNA administration (in 2.5 mL saline buffer per mice) was through high-pressure “hydrodynamic” tail vein (HTV) injection.29
One and 4 days after HTV injection, serum IgG and IgA were titered by enzyme-linked immunosorbent assays using plates coated with goat anti-human IgA or IgG (Southern Biotechnologies).
To validate antibody specificity, sera from HTV-injected mice (or control anti-CD20 IgG or IgA monoclonal antibodies) were incubated with EL4 cells or EL4-CD20 cells for 30 min at 4°C, washed, incubated with fluorescein isothiocyanate (FITC)-conjugated anti-human IgG antibodies or FITC-conjugated anti-human IgA antibodies for 30 min at 4°C and washed. Specific CD20 staining was evaluated by flow cytometry.
Recruitment of leukocytes on lymphoma target cells by recombinant anti-CD20 antibodies
EDTA anticoagulated blood from healthy volunteers was mixed (4:1, v/v) with 6% dextran T500 (Pharmingen) and incubated for 45 min at room temperature. Supernatant was collected and residual erythrocytes were lysed. After washing, human leukocytes, containing potential effector cells, were adjusted to 10/mL in PBS/2% fetal bovine serum. Target DHL-4 cells were re-suspended at 10 cells/mL and labeled with 0.5 μM CFSE (Invitrogen). Cells were washed twice, adjusted to a concentration of 10/mL with PBS/2% fetal bovine serum and incubated with 20 μg/mL anti-CD20 antibodies at 4°C. Labeled target cells were then mixed with leukocytes at a 1:1 ratio. For inhibition assays, leukocytes were pre-incubated with 1 ng to 10 μg/mL of an anti-human CD89 monoclonal antibody (clone MIP8a, AbD serotec). DHL-4 and leukocytes were incubated for 30 min at 4°C, and then stained with ECD-conjugated anti-human CD45 antibody (Beckman) and phycoerythrin (PE)-conjugated anti-human CD16 (Beckman), washed and fixed. Cells were labeled with draq5 (Coger) just before acquisition. For each sample, 5000 images were analyzed using an ImageStream apparatus (Amnis). The percentage of DHL-4 cells associated with at least one CD16 effector corresponds to the formula: % of aggregated targets = (count of CFSE cells bound with CD16 cells)/(total count of CFSE+ cells) * 100.
Results
Structural and functional characteristics of chimeric anti-CD20 antibodies
The integrity and purity of anti-CD20 antibodies were checked by sodium dodecylsulfate polyacrylamide gel electrophoresis and western blotting. Under reducing conditions, they all showed the expected bands at ˜50-60 kDa for H chains and 25 kDa for L chains (Online Supplementary Figure S1A). Western blotting under reducing conditions using anti-human Cγ or Cα (Online Supplementary Figure S1B) confirmed the expected identity of these bands. Under non-reducing conditions, anti-CD20 IgA demonstrated bands of ˜160 kDa and ˜120 kDa, corresponding respectively to entire monomeric antibodies or only H chain homodimers (characteristic of the IgA2m(1) isotype in which H chains are not covalently linked with L chains).30 The pIgA sample showed main bands over 300 kDa, corresponding to polymeric IgA (Online Supplementary Figure S1C). IgA polymerization was also evaluated by size exclusion chromatography, distinguishing Distinguishing two retention peaks (polymers in Peak 1, monomers in Peak 2) (Online Supplementary Figure S1D). Comparison of the monoclonal antibody profiles with that of human serum (mostly monomeric) IgA confirmed that our “mIgA2” sample mostly included monomers whereas “pIgA2” assembled in the presence of J chain showed a higher amount of IgA in a polymeric form.
Antigen specificity of the assembled antibodies was confirmed on h-CD20 transfected EL4 cells by indirect immunofluorescence using anti-κ chain antibody. All four variants readily bound h-CD20 transfected cells (Online Supplementary Figure S1E), while irrelevant control IgA did not (not shown).
IgA is more efficient than IgG1 for direct effector mechanisms
We investigated the direct effects of our antibodies and their abilities to inhibit proliferation of CD20 cell lines in vitro. Irrelevant control mIgA2 did not inhibit proliferation of any cell line. After 48 h of culture, growth of DHL-4 or BL2 cells was significantly reduced with all CD20-specific antibodies whereas Raji cell proliferation was unaffected (Figure 1A). Overall, IgA, and especially pIgA2, was more effective than IgG1 in inhibiting proliferation. The superiority of pIgA2 with regard to growth inhibition was observed regardless of the dose used. At a low dose (1 μg/mL), only anti-CD20 pIgA2 significantly inhibited proliferation (Figure 1B).
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Figure 1.Direct effects of anti-CD20 monoclonal antibodies on human lymphoma B cells. Control IgA2 is an anti-βgal mIgA2. (A) Growthinhibitory effect on lymphoma cell lines was measured by the MTS assay. After 48 h with 10 μg of anti-CD20 antibodies, amounts of viable cells were measured for three lymphoma cell lines. (B) Growth inhibition of DHL4 at 48 h was analyzed in the presence of serial dilutions of CD20 antibodies. (C) Apoptosis induction. After 5 h with 10 or 1 μg/mL of each anti-CD20 antibody or control, DHL-4 cells were stained with annexin V-FITC and propidium iodide (PI). The graph shows the percentages of early (Ann+/PI−) or late (Ann+/PI+) apoptotic cells. (D) DHL- 4 cells were cultured with 1 μg/mL of anti-CD20 IgG1, pIgA2 or control. At 24 h, BrdU incorporation vs. DNA content (PI) showed the percentage of cells in G0/G1 (BrDU–/PIn), S (BrDU+), or G2/M phases (BrDU-/PI2n). Data are presented as mean ± SEM of four independent experiments (Asterisks indicate statistically significant differences between values observed for each form of IgA and IgG1 with an unpaired t-test : *P<0.05, **P<0.01, *** P<0.001).
CD20-induced growth inhibition may result from either cell cycle arrest or apoptosis.21 Since all antibody variants induced DHL-4 apoptosis similarly, as measured by annexin V staining (Figure 1C), the observed variation in growth inhibition was likely at the level of cell cycle arrest. Indeed, analysis after 24 h of culture of DHL-4 in the presence of a low concentration of anti-CD20 pIgA2 only induced minimal apoptosis but caused accumulation of cells in the G1 phase (to a greater extent than cells incubated in the presence of anti-CD20 IgG1) (Figure 1D).
We also checked that both IgG1 and IgA1 anti-CD20 antibodies induced cell aggregation of target cells cultured in vitro (Online Supplementary Figure S2).
Complement activation by anti-CD20 IgA partly results from late indirect C1q recruitment
CDC is considered a major property of anti-CD20 antibodies, alongside ADCC and direct signaling.24,31 We evaluated our anti-CD20 antibodies for their capacity to trigger CDC against human lymphoma cell lines (Figure 2A). Surprisingly, all forms of IgA monoclonal antibodies showed strong cytotoxicity against DHL-4 (>80% cells killed in the presence of human serum). Serum heat inactivation abrogated lysis, highlighting its CDC-dependence. Similarly, IgA anti-CD20 monoclonal antibody triggered CDC of Raji cells. This IgA-mediated CDC was not restricted to cell lines established in vitro and could be confirmed by using primary cells from four patients with follicular lymphoma as the target cells (Online Supplementary Figure S3). A study on DHL-4 with serial dilutions of mono clonal antibodies showed that IgA-mediated CDC was dependent on the antibody concentration (Figure 2B) and that, irrespective of its state of polymerization, IgA was less effective than IgG1 for CDC. In these assays, none of the anti-CD20 antibodies induced lysis of cells from the BL2 cell line.
[image: ]

Figure 2.Antibody-complement dependent cytotoxicity against lymphoma cell lines. (A) CDC by anti-CD20 antibodies. DHL-4, BL-2 or Raji cells were incubated with monoclonal antibodies (10 μg/mL) in fresh (open bars) or heat inactivated (gray bars) human serum at 37°C for 4 h. CDC was evaluated by the percentage of propidium iodide-positive cells detected by cell cytometry. (B) Dose-dependence of CDC on DHL-4. The various anti-CD20 monoclonal antibodies were diluted from 10 to 0.1 μg/mL and incubated with DHL-4 for 4 h as above.
We further explored which pathway was involved, since CDC-mediated tumor cell lysis by IgA has never been reported. We checked the cytotoxic capacity of anti- CD20 IgA in the presence of sera depleted of C1q, C2 or factor B. Unexpectedly, we observed an important decrease of IgA-mediated CDC with these sera (Table 1), with at least partial restoration upon complementation by the “depleted” C1q or factor B (Figure 3A), suggesting that both the alternative and the classical complement pathways were involved. To support this hypothesis, we measured recruitment of C1q on DHL-4 cells pre-incubated with mIgA2. These experiments were performed with recombinant C1q in the absence of serum, in order to avoid any indirect interaction between C1q and recombinant IgA. We found that after pre-incubation for 2 h with anti-CD20-mIgA2 or anti-CD20-IgG1 at 37°C, only a subpopulation of the mIgA2-treated cells were covered by C1q, whereas C1q was found on virtually all the IgG1- treated cells (Figure 3B). C1q binding did not occur at 4°C in the presence of anti-CD20-mIgA2. Dynamic evaluation of C1q binding after incubation of DHL-4 cells with anti- CD20 monoclonal antibodies showed that C1q binding increased over time for IgA, but that the increase was delayed in comparison with that of IgG1 (Online Supplementary Table S1). Unlike for IgG1, C1q binding in the presence of mIgA2 was restricted to annexin V cells (Figure 3C). Taken together, these results showed that anti-CD20-IgA did not bind C1q directly but that their pro-apoptotic activity against tumor cells was through secondary recruitment of C1q on those cells engaged in apoptosis.
[image: ]

Table 1.Evaluation of CDC induced by anti-CD20 IgA in the presence of depleted human sera. DHL-4 cells were incubated with monoclonal antibodies (10 μg/mL) in either normal human serum (NHS), heat inactivated serum or specifically depleted sera (serum lacking C1q−, C2− or factor B−) at 37°C for 4 h. CDC was evaluated as the percentage of propidium iodide-positive cells. Data are presented as mean ± SEM of three independent experiments (asterisks indicate statistically significant differences between values observed for each depleted serum and NHS with an unpaired t test : *P<0.05, **P<0.01, ***P<0.001, ns: not significant).
[image: ]

Figure 3.Complement activation by anti-CD20 IgA. (A) Complement depletion studies. DHL-4 cells were incubated with anti-CD20 mIgA2 or IgG1 (10 μg/mL) in normal human serum (NHS), heat inactivated NHS, C1q-depleted serum or factor B-depleted serum at 37°C for 4 h. In control experiments, human exogenous C1q (60 μg/mL) or factor B (300 μg/mL) was added to the depleted serum in order to complement the defect. CDC was evaluated by the percentage of propidium iodide-positive cells by cell cytometry. Data are presented as mean ± SEM of three independent experiments (asterisks indicate statistically significant differences between values tested by an unpaired t test: *P<0.05, **P<0.01). (B) Recruitment of recombinant C1q factor. DHL-4 cells were incubated with 20 μg/mL of anti-CD20-antibodies at 37°C for 2 h. Subsequently, cells were washed and incubated at 4°C for 1 h with 10 μg/mL of recombinant C1q. The attachment of C1q was then revealed by staining with anti-human C1q factor. (C) C1q recruitment and apoptosis. DHL-4 cells were incubated with 20 μg/mL of anti-CD20-antibodies at 37°C for 20 min, 2 h or 5 h. Cells were washed and incubated successively with C1q and anti-human C1q before staining with annexin V (the lower right dot plot appears under-estimated because many cells were completely negative and thus stuck on the horizontal axis).
Anti-CD20 IgA protects animals from the development of lymphoma tumor
As both direct effects on cell growth and CDC were observed for anti-CD20-IgA in vitro, we sought to evaluate their anti-lymphoma activity in vivo. Short-term IVAK assays were used to measure in vivo cytotoxicity of anti- CD20 IgG1, mIgA2 and pIgA2 by injecting human lymphoma cells into the peritoneal cavity of RAG2γc mice (Figure 4A). Both mIgA2 and pIgA2 forms proved able to kill lymphoma cells, but the specific lysis always remained incomplete and below that achieved by IgG1.
[image: ]

Figure 4.In vivo protective effects of anti-CD20-IgA. (A) RAG2γc-/- were injected intraperitoneally with 106 DHL-4 cells. Various quantities of anti-CD20 or control monoclonal antibodies were also administered i.p. just after cell injection. DHL- 4 specific killing in individual mice was calculated as the ratio of DHL-4 cells and Jurkat reference cells. Data are presented as mean ± SEM of three independent experiments. (B) Human Ig titers were evaluated by ELISA on serum of mice at days 1 and 4 after hydrodynamic injection of plasmid coding for anti-human CD20 antibodies. (C) Western blot analysis of human IgA detected in serum of three different mice 1 day after hydrodynamic tail vein (HTV) injection of pGTRIOIgA2- Ritx-H compared to purified human CD20 IgA in non-reducing conditions with an HRP-linked goat anti-human IgA antibody. (D) Survival curves of C57BL/6 mice (groups of 6 to 7 mice) injected i.v. with 8×103 EL4-CD20+ cells and treated on day 1 with naked plasmid DNA encoding anti-hCD20 antibodies administered by HTV injection (pGTRIO-IgA2-βgal coding for anti-βgal IgA2, pGTRIO-IgG1-Ritx-H for anti-hCD20 IgG1, pGTRIO-IgA2-Ritx-H for anti-hCD20 IgA2). Asterisks indicate statistically significant differences between survival observed for each form of anti-CD20 antibody and anti-βgal IgA2 treatment with a log-rank test: **P<0.01.
We subsequently assessed the therapeutic potential of IgA by using long-term in vivo assays, i.e. the EL4 immunotherapy model developed in C57BL/6 by Gaetano et al.24 In order to obtain strong infusion of therapeutic Ig, this assay was not performed by administering antibodies i.v., but using DNA administration: mice injected with tumor cells were thus treated through a protocol known to induce hepatic production of proteins encoded by nonintegrative plasmids after HTV injection. This protocol of DNA injection rather than direct antibody administration was chosen because procedures for purifying IgA to a quality grade sufficient for prolonged in vivo administration are not yet available. Figure 4B shows human antibody serum concentrations in mice 1 and 4 days after DNA injection. The CD20 specificity of human antibodies present in mice sera after HTV injection was also checked by flow cytometry on target cells (Online Supplementary Figure S4). Plasmids were injected at the same concentration and only differed by the class of the encoded Ig, so that the Ig production rates were expected to be similar. However, IgA has a shorter half-life than IgG, resulting in a lower serum concentration on both days 1 and 4. Western blot analysis of serum samples after HTV injection showed that synthesized IgA2 were correctly assembled, mostly as monomers of ˜ 120 kDa (with the expected loss of non-covalently linked L chains upon such analysis) (Figure 4C).
Injection of 8×10 hCD20-EL4 in C57BL/6 syngeneic animals constantly yielded lethal tumors within 30-60 days. As for injection of rituximab,24 IgG1 expression led to survival of the entire treated cohort. Surprisingly, anti- CD20 IgA2, despite its short half-life in serum, induced survival in over 80% of injected mice (Figure 4D).
CD89+ effector recruitment can contribute to the therapeutic activity of IgA in vivo
One limitation of our lymphoma therapy model is the lack of a murine FcαRI/CD89 receptor homologue. Indeed, in most previous in vitro studies, the anti-tumor effects of IgA seemed to be mediated predominantly through an interaction with this receptor. We, therefore, initially tested the capabilities of antibodies to recruit human effector cells on target cells. CFSE-labeled DHL-4 cells were incubated with anti-CD20 antibodies and mixed with purified human leukocytes for analysis on a flow imager. Figure 5A shows a representative example of the images observed. An analysis of these images provided the percentage of target cells associated with one or more human CD16 effector leukocytes (Figure 5B), showing that monomeric IgA2 bound to target cells recruit leukocyte effector cells around B lymphoma targets with a higher efficacy than that of IgG (50%±4.8 of target aggregates for mIgA2 versus 40.5%±3.2 for IgG1). Conversely, in this context, the polymeric form of IgA appeared to be less effective with only 30.7% (± 4.9) of target cell aggregation with effector. It was confirmed that this phenomenon was CD89-dependent by pre-incubating human leukocytes with an inhibitory anti-human CD89 antibody,32 then strongly reducing the percentage of DHL-4/CD16 effector aggregation (Figure 5C). We then performed additional IVAK assays using transgenic mice which expressed functional human CD89 receptor on their neutrophils. In such mice, mIgA2 was clearly more effective at killing EL4-CD20 cells than in wild-type animals (Figure 5D). This result shows that anti-CD20 mIgA2 is able to recruit neutrophils via CD89 for specific lysis of target cells.
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Figure 5.Cytotoxic recruitment of CD89+ effector cells by CD20-IgA. (A-C) The ability of anti-CD20 antibodies to mediate human leukocyte recruitment on lymphoma target cells was assessed using the ImageStream® Imaging Flow Cytometer. CFSE-labeled DHL-4 cells were pre-incubated with 20 μg/mL of each CD20 antibody, mixed with human leukocytes and stained with anti-human CD16 PE, anti-human CD45 ECD and DRAQ5 as a nuclear marker. Analyses were performed using the Amnis IDEAS software to evaluate the percentage of CFSE+ targets associated with CD16+ effector leukocytes. (A) Fluorescence and bright field images of representative CFSE+ cells alone or in aggregates with leukocytes. (BF; bright field) (B) Percentage of DHL-4 cells associated with one or more CD16+ effector leukocytes. Asterisks indicate statistically significant differences with a paired t test **P<0.01. (C) Inhibition of mIgA2-mediated target/CD16+ effector aggregation in the presence of antihuman CD89 antibodies. (D) ADCC induced by mIgA2 in human CD89-transgenic or wild-type (WT) mice as evaluated by IVAK; 106 mixed labeled target (EL4-CD20) and reference (EL4 WT) cells were injected i.p. before injection of 20 μg anti-CD20 IgG1, mIgA2 or control. Five hours later, hCD20 -specific killing was calculated from ratios of target to reference cells in the peritoneal washings from individual mice. Data are representative of at least six mice for each condition (asterisks indicate statistically significant differences between values observed for transgenic mice compared to WT mice with an unpaired t test **P<0.01).
Discussion
Until now, only IgG monoclonal antibodies have been used for anti-cancer immunotherapy, thereby restricting the spectrum of therapeutic applications. In this context, new strategies could emerge from a better understanding of how other antibodies work and could potentially enable new effector activities and different pharmacokinetics to be exploited. The IgA class stands out as an interesting candidate for numerous reasons including its potential to recruit PMN18 and its specific ability to target mucosal surfaces. The anti-viral and anti-bacterial properties of IgA have been widely studied and may lead to the emergence of new therapeutic candidates.33,34 In contrast, no in vivo data are available regarding the potential use of IgA monoclonal antibody in cancer therapy. In this context we created monomeric and polymeric chimeric human IgA class variants of rituximab and sought to evaluate their therapeutic potential against CD20-expressing tumor targets.
Using in vitro assays, we found that all the cytotoxic pathways documented for rituximab were also active for the anti-CD20 IgA, including (somewhat surprisingly) CDC. Ligation and cross-linking of CD20 with antibodies initiate signaling pathways and growth arrest or cell death. In vitro experiments have shown that the signal yielded by rituximab is enhanced by hyper-cross-linking using either anti-Ig antisera, anti-CD20 monoclonal antibody multimers or FcγR-bearing cells.35 In our experiments, anti- CD20 IgA proved more effective for growth inhibition than IgG1 (Figure 1). By analogy to anti-CD20 multimers,36 this effect might also be related to polymerization. Indeed, even anti-CD20 IgA produced in the absence of J-chain included IgA polymers (Figure 1D), and our ‘pIgA’ preparation assembled together with J chain was enriched in polymers and proved the most efficient for inducing growth inhibition of lymphoma cells. Anti-EGFR pIgA were also recently shown to be more effective than mIgA in receptor blockade and down-modulation as well as in growth inhibition of an EGFR cell line.20 The T-shape of the IgA molecule instead of the Y-shape of IgG might also limit steric hindrance and increase the ability to cross-link targets expressed at the cell surface. Some studies with IgG have shown in mouse models that direct effects were not sufficient to control tumor growth when ADCC was absent.27 IgA might, however, be of interest in cases in which mainly direct signaling is desired, especially for lymphomas displaying resistance to CDC or ADCC mediated by rituximab.
Contrary to what has already been described so far for IgA with regards to other anti-tumor therapy models, the anti-CD20 IgA triggered the complement cascade leading to target cell death in both lymphoma cell lines and primary follicular lymphoma cells (Figures 2 and Online Supplementary Figure S3). This was particularly true for DHL-4 cells in which anti-CD20 IgA2 induced CDC almost as efficiently as rituximab. In addition to the alternate complement pathway, we demonstrated that C1q unexpectedly contributed to CDC by anti-CD20-IgA. Unlike IgG, IgA does not recruit C1q directly; rather, the direct pro-apoptotic activity exerted by the antibody appears to induce deposition of C1q secondarily on the surface of target cells, thus leading to an accelerated lysis dependent on the classical complement pathway (Figure 3). This result is reminiscent of reports suggesting a contribution of the classical pathway to the clearance of apoptotic cells.37,38 However, CDC by anti-CD20-IgA does not depend only on the indirect recruitment of C1q, and we found that CDC of mIgA2 against DHL-4 cells was also dependent on factor B and the alternative complement pathway. Sensitivity to C2-depletion also suggests that the lectin pathway might be involved. While not described previously and less complete with anti-CD20 IgA than with IgG, this IgA-mediated CDC might be of interest for therapeutic applications. With regards to the usually strong CDC induced by rituximab, it is also worth noting that the benefits of massive complement recruitment in patients have recently been questioned,39 especially considering the secondary effects that this mechanism has.40
In addition to the in vitro analysis of various effects of IgA against target cells, we tested the in vivo therapeutic efficacy of anti-CD20 IgA in an immunotherapy mouse model of grafted T-cell lymphoma expressing human CD20 (Figure 4).24 The therapeutic monoclonal antibodies were obtained by a gene therapy protocol yielding strong hepatic production of the antibodies. In this experiment, the levels of expression of IgA were much lower than those for IgG, probably because of the shorter half-life of the IgA class in serum. However, while injection of the IgA2 expression plasmid resulted in a very low concentration of human IgA2 in blood, it proved sufficient to protect 80% of mice against CD20 tumor development, demonstrating the potency of this molecule.
Although the IgA2 isotype of anti-CD20 was less effective than IgG1 at extending survival of tumor-bearing mice, the difference between human IgG and IgA in a mouse model should be interpreted with caution particularly because mice do not express FcαRI. Indeed, one of the cytotoxic effects expected from the IgA class in humans would be its strong ability to recruit and activate PMN via the FcαRI receptor, as was highlighted by several previous studies with tumor cells.18,19,41 We showed that monomeric anti-CD20-IgA was better than IgG1 at recruiting human effector cells on target cells. While it is known that the affinity of FcαRI is identical for both mIgA and pIgA,42 in our aggregation assays, polymeric anti- CD20-IgA showed a restricted capacity for effector recruitment compared to that observed with the monomeric form (Figure 5). It is likely that the availability or accessibility of IgA bound at the surface of target cells is better for monomeric than for polymeric IgA. We, therefore, chose monomeric IgA2 to test the ADCC of this isotype on a CD20 tumor target and showed in vivo that PMN recruitment via the FcαRI receptor could result in specific lysis of a tumor target. Indeed, using transgenic mice whose neutrophils strongly and constitutively expressed human FcαRI,15 mIgA2 proved able to specifically kill much higher quantities of CD20 cells in transgenic mice than in wild-type mice.
Our results show that anti-CD20 IgA has an original “therapeutic” potential against lymphoma targets, highlighting the various therapeutic capacities of the different forms of IgA. Although it is difficult to infer the final in vivo effect of a prolonged infusion of anti-CD20 antibodies from short-term in vitro experiments, it is interesting to observe that IgA antibodies show significant growth inhibitory or cytotoxic effects in various conditions, including against primary human tumor cells. As for IgG1, these effects were occasionally variable in cell lines such as Raji which does not undergo growth inhibition or BL2 which is resistant to CDC. The strong direct signaling induced by pIgA might be of benefit in situations in which the therapeutic antibody is used as an agonist, for example when targeting the TRAIL receptor43 or T-cell CD28 for treatment of acute graft-versus-host disease.44 Furthermore, pIgA binds to the pIgR, and is, therefore, actively transported into secretions,4 thus being a good candidate to treat diseases associated with mucosa. In contrast, monomeric IgA2 appears to be the best candidate for the establishment of indirect cytotoxicity and recruitment of effector cells against a tumor target.
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