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Abstract

:

Monoclonal antibodies (mAbs) that recognize glycans are useful tools to assess carbohydrates’ structure and function. We sought to produce IgG mAbs to the human milk oligosaccharide (HMO), lacto-N-fucopentaose III (LNFPIII). LNFPIII contains the Lewisx antigen, which is found on the surface of schistosome parasites. mAbs binding the Lewisx antigen are well-reported in the literature, but mAbs recognizing HMO structures are rare. To generate mAbs, mice were immunized with LNFPIII-DEX (P3DEX) plus CpGs in VacSIM®, a novel vaccine/drug delivery platform. Mice were boosted with LNFPIII-HSA (P3HSA) plus CpGs in Incomplete Freund’s Adjuvant (IFA). Splenocytes from immunized mice were used to generate hybridomas and were screened against LNFPIII conjugates via enzyme-linked immunosorbent assay (ELISA). Three positive hybridomas were expanded, and one hybridoma, producing IgG and IgM antibodies, was cloned via flow cytometry. Clone F1P2H4D8D5 was selected because it produced IgG1 mAbs, but rescreening unexpectedly showed binding to both LNFPIII and lacto-N-neotetraose (LNnT) conjugates. To further assess the specificity of the mAb, we screened it on two glycan microarrays and found no significant binding. This finding suggests that the mAb binds to the acetylphenylenediamine (APD) linker-spacer structure of the conjugate. We present the results herein, suggesting that our new mAb could be a useful probe for conjugates using similar linker spacer structures.
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1. Introduction


Glycans are considered core biological building blocks. Glycans are ubiquitous in nature and exert their effects via their own properties or via the modification of proteins and lipids. Their presence on cell surfaces provide strength and protection, and they also serve as ligands for receptors (i.e., selectins, galectins, C-type lectins, Siglecs, etc.) to modulate signaling [1]. Glycans are crucial for communication between microbial and more complex species (i.e., plants, animals, humans) and are heavily involved in the innate and adaptive immune responses. The biological roles of glycans have been extensively reviewed in Varki (2016) [2].



The field of glycobiology lacks well-developed tools that facilitate a functional analysis. In terms of structure, glycans are more complex than nucleic acids and proteins because of the assortment of known monosaccharides and their ability to be linked in various numbers and fashions (i.e., branched, anomeric) [3]. In this regard, glycan-binding proteins (GBPs) have become fundamental for assessing carbohydrates’ structure and function. Currently, the two most widely used tools for the quantification and/or localization of specific glycans include lectins and glycan-binding antibodies [4]. Various plant and animal lectins have been well-characterized in terms of sequences and binding specificities and are typically available at a low cost [5,6]. Microarrays containing lectins have been developed, being simpler and more sensitive than traditional mass spectrometry (MS) methods [7,8,9,10,11]. The drawback is that lectins bind their determinants with differing affinities that depend on the glycan in question. For example, concanvalin A (ConA) recognizes oligomannose-type-N-glycans with a much higher affinity than more complex biantennary N-glycans [12].



In contrast to lectins, GBPs bind to specific determinants and do not discriminate between O-glycans, N-glycans, or glycolipids [12]. Several approaches have been utilized to generate glycan-binding antibodies and include generating hybridomas using the splenocytes of mice immunized with whole cells or glycan-protein conjugates or mice that have been infected with pathogens [13]. A specific example of this is the generation of the anti-glycan mAb (E.5) from mice immunized with living schistosome eggs or soluble egg antigens (SEA). The E.5 mAb binds the Lewisx trisaccharide, α-L-Fuc-(1→3)-[β-D-Gal-(1→4)]-D-GlcNAc, present on the surface of schistosome eggs, adult tissues, and cancerous tumors [14,15,16,17]. E.5 also binds to the human milk oligosaccharide (HMO) and pre-implantation antigen, lacto-N-fucopentaose III (LNFPIII; β-D-Gal-(1→4)-[α-L-Fuc-(1→3)]-β-D-GlcNAc-(1→3)-β-D-Gal-(1→4)-D-Glc) [17]. A drawback of the E.5. mAb is that it is IgM, which makes it difficult to purify [18]. Herein, we sought to produce IgG mAbs against LNFPIII, which contains the Lewisx antigen. mAbs against the Lewisx antigen are well-reported in the literature, but mAbs recognizing HMO structures are rare [13,17,19]. Previous studies suggest that Lewisx must be presented on adjacent molecules or in a multimeric form to bind to or activate cells [20]. HMOs, such as LNFPIII and Lacto-N-neotetraose (LNnT; β-D-Gal-(1→4)-β-D-GlcNAc-(1→3)-β-D-Gal-(1→4)-D-Glc), are detected in human breastmilk in their free form or are attached to proteins and lipids, and do not induce a mAb response to our knowledge [21].



Here, we report the development and characterization of a novel IgG mAb (F1P2H4D8D5) generated from the splenocytes of mice immunized with LNFPIII glycan conjugates. LNFPIII conjugates are composed of 10–12 molecules of LNFPIII conjugated to a 40 kDa dextran (P3DEX) or to human serum albumin (P3HSA) via an acetylphenylenediamine (APD) linker. The combined use of a carrier (DEX or HSA) and this linker method increases the concentration of LNFPIII in the conjugates and allows each molecule to rotate in space to bind to cellular receptors. Unlike free LNFPIII, these LNFPIII conjugates have been shown to act on B cells, macrophages, dendritic cells, hepatocytes, and adipocytes in vivo [22,23,24,25,26].



The initial screening of mAb F1P2H4D8D5 showed binding to LNFPIII conjugates and to conjugates containing the structurally similar tetrasaccharide, LNnT. LNnT conjugates are also conjugated to a 40 kDa dextran (NTDEX) or to human serum albumin (NTHSA). The results of additional screens suggested that the mAb might be binding to the linker spacer of the conjugate and this possibility was partially confirmed when the mAb failed to bind to any glycan structures on both human milk and general glycan structure microarrays. Since APD linkers are used to produce a wide array of conjugates, an anti-APD mAb is valuable to the research community as a probe for any structures produced using the same linker [27,28]. The advantage of this IgG mAb is that it could be used in laboratory settings as a functional probe for chemically synthesized glycoconjugates.




2. Materials and Methods


2.1. Chemicals and Parasite Extracts


LNFPIII was synthesized by Dr. George Wang (Georgia State University, Atlanta, GA, USA). LNnT was synthesized by Neose Technologies, Inc. LNFPIII and LNnT were sent to Dr. Thomas Norberg (Uppsala University, Suppsala, Sweden) for conjugation to carriers, dextran from Leuconostoc mesenteroides (Sigma Aldrich, St. Louis, MO, USA, Cat. No. D1662), or human serum albumin (Millipore Sigma, St. Louis, MO, USA, Cat. No. A3782) using proprietary APD linker-spacers. On average, each conjugate had 10–12 HMO monomers per 40 kDa dextran or HSA.



Soluble schistosome egg antigen (SEA) was prepared as described previously [14]. Briefly, Swiss Webster mice were infected with Schistosoma mansoni (PR strain) cercariae obtained from infected snails provided by BEI Resources, the NIAID Schistosomiasis Resource Center. Mice were infected with 100–150 infectious cercariae of S. mansoni via intraperitoneal injection. 7–8 weeks post-infection, parasite eggs were harvested from livers. SEA was prepared by homogenizing purified eggs in phosphate-buffered saline (PBS), pH 7.4, for 1 h at 4 °C. The egg homogenate was then centrifuged at 15,000× g for 1 h at 4 °C, and the supernatant was collected as SEA. Protein was quantified via the Pierce™ BCA Protein Assay Kit (Thermofisher Scientific, Waltham, MA, USA, Cat. No. 23227) and stored at −80 °C until use.



Schistosomula membrane protein (SMP) was prepared as described previously [14]. In brief, S. mansoni cercariae were mechanically transformed into schistosomula using a Vortex mixer. Parasite bodies were then separated from tails via centrifugation on a Percoll gradient and incubated for 24 h in Corning™ Cellgro™ RPMI 1640 (Corning™, Cat. No. 10-040-CV) enriched with 5% Corning™ Regular Fetal Bovine Serum (FBS) (Corning™, Cat. No. 35010CV). Surface extracts of schistosomula were prepared by incubating mechanical schistomula in 50 mM phosphate buffer, pH 8.0, containing 4 mM deoxycholate in detergent solution on ice for 30 min (100 parasites/µL). Soluble SMP was collected via centrifugation of the detergent extract at 15,000× g for 1 h at 4 °C. Deoxycholate was removed from SMP by desalting on Pierce™ Polyacrylamide Spin Desalting Columns, 7K MWCO, 0.7 mL (ThermoFisher Scientific, Waltham, MA, USA, Cat. No. 89849). Protein was quantified via the Pierce™ BCA Protein Assay Kit (Thermofisher Scientific, Waltham, MA, USA, Cat. No. 23227) and stored at −80 °C until use.




2.2. Mouse Immunizations


Glycoconjugates were dissolved in 0.9% sterile saline and stored at −80 °C until use. 200 µg of P3DEX plus 50 µg of CpG ODN 1826 (InvivoGen, San Diego, CA, USA, Cat. No. tlrl-1826) were added to 1% w/v VacSIM™ (Vaccine Self-Assembling Immune Matrix) [29], then injected subcutaneously into 4 BALB/c mice at D1. At D21, mice received a second dose containing 200 µg of P3HSA plus 50 µg of CpG ODN 1826 and an equivalent volume of incomplete Freund’s adjuvant. A third dose of P3HSA plus 50 µg of CpG ODN 1826 and an equivalent volume of incomplete Freund’s adjuvant was injected intraperitoneally three days prior to the removal of spleens (D42). Mice were sacrificed on D45, and the spleens were collected for cell fusion and the production of hybridomas, as described in Section 2.3. Serum was collected at D0, D21, and D35 for screening against LNFPIII conjugates.




2.3. Cell Fusion, Hybridoma Selection, & Screening


Mice were sacrificed on D45 for spleen removal and the preparation of splenocytes. Red blood cells (RBCs) were lysed by adding 2 mL of RBC Lysis Buffer (Sigma, St. Louis, MO, USA, Cat. No. R7757) and incubating for 3 min, followed by two washes in HyClone™ Dulbecco’s Modified Eagles Medium (DMEM) (HyClone™, Cat. No. SH30081.01). Sp2/0-Ag14 cells (ATCC® CRL-1581™) were grown to 100% confluence in DMEM containing 20% FBS + 8 mM L-glutamine + 100 µg/mL penn/strep at 37 °C in 5% CO2. Splenocytes were mixed with Sp2/0-Ag14 cells at a ratio of 8:1 splenocytes per Sp2/0-Ag14 cell and then pelleted by centrifugation. The supernatant was removed, and cells were dislodged by thwacking the tube. Cell fusion was induced by adding 0.7 mL of 50% polyethylene glycol (PEG, MW 1500; Sigma, St. Louis, MO, USA, Cat. No.) for 1 min at 37 °C. Cells were pelleted, the supernatant was removed, and cells were gently resuspended by slow addition of 7 mL of warm (37 °C) DMEM. Then, cells were diluted with an additional 43 mL of hybridoma HAT media (DMEM supplemented with Gibco™ HAT Supplement (50X) (Gibco™, Cat. No. LS21060017)) + 15% FBS + 1% oxaloacetate-pyruvate-insulin (OPI) (Millipore Sigma, St. Louis, MO, USA, Cat. No. O5003-1VL) + 100 µg/mL penn/strep and plated into 96-well plates at 100 µL/well. 7D post-fusion, 100 µL/well of hybridoma HT media (DMEM) supplemented with hypoxanthine-thymidine (HT) + 15% FBS + 1% OPI + 100 µg/mL penn/strep was added. Plates were screened for hybridoma growth and the cell supernatants were tested by ELISA against P3DEX. Hybridomas positive for P3DEX and IgG, but not HSA and DEX, were cloned via flow sorting on a MoFlo Astrios Cell Sorter. In brief, cells were stained using a LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Invitrogen, Waltham, MA, USA, Cat. No. L10119), resuspended in hybridoma HT media, and sorted into a single cell per well. The determination of Ig subtypes was performed with the SBA Clonotyping System-HRP (Southern Biotech, Birmingham, AL, USA, Cat. No. 5300-05) via indirect ELISA, in order to determine the specific immunoglobulin subclass. Positive hybridomas were propagated and stored in liquid nitrogen.




2.4. Enzyme-Linked Immunosorbent Assay (ELISA)


Nunc MaxiSorp™ flat-bottom plates (Invitrogen™, Cat. No. 44-2402-21) were coated at 100 µL/well with one of the following: (1) 5 μg/mL DEX, (2) 5 μg/mL HSA, (3) 50 μg/mL P3DEX, (4) 100 μg/mL P3HSA, (5) 50 μg/mL NTDEX, (6) 100 μg/mL NTHSA, (7) 5 μg/mL SEA, or (8) 5 μg/mL SMP in 0.05 M carbonate bicarbonate buffer, pH 9.6, and incubated for 16 h at 4 °C. Plates were then washed 6× in PBS with 0.05% Tween-20 (PBST) and blocked via the addition of 300 µL/well of 2.5% milk in PBST at room temperature (RT) for 2 h. After additional washing, 100 µL/well of mice serum (1:100 in PBS) or hybridoma supernatant was added to the plate and incubated at RT for 2 h. Plates were washed and horseradish peroxidase-conjugated anti-mouse IgG (H+L) and IgM (Roche, Cat. No. 0311693001) or a panel of isotyping antibodies (IgG1, IgG2a, IgG2b, IgG3, and IgA; Southern Biotech, Birmingham, AL, USA, Cat. No. 5300-05) were added as required to the wells at a dilution of 1:4000 in PBST at RT for 1 h. Plates were washed four times, and color was developed using 3,3′,5,5′-tetramethylbenzidine (TMB; Sigma, St. Louis, MO, USA, Cat. No. T0440). ELISA reactions were stopped after 10 min of incubation in the dark at RT with 50 µL of sulfuric acid. The optical density (OD) was determined using the SPECTROstar Nano Microplate Reader at 450/570 nm.




2.5. mAb Purification


We selected a hybridoma clone secreting IgG1: mAb F1P2H4D8D5 for further analysis. Hybridomas were grown to 80% confluency in DMEM containing 20% FBS + 8 mM L-glutamine + 100 µg/mL penn/strep at 37 °C in 5% CO2. Supernatants were recovered at 100% confluence and stored at 4 °C until purification. In order to isolate IgG antibodies, hybridoma culture supernatants were purified via ammonium sulfate precipitation according to Fishman and Berg (2018), with some modifications [30]. In brief, hybridoma cell culture supernatants were centrifuged at 3000× g for 30 min at 4 °C. Supernatants were then slowly mixed with saturated ammonium sulfate for a final w/v concentration of 25% and incubated at 4 °C overnight. The solution was then centrifuged again at 3000× g for 30 min at 4 °C. Saturated ammonium sulfate was then added to reach a final w/v concentration of 50% and was incubated at 4 °C overnight. The solution then underwent a third round of centrifugation at 3000× g for 30 min at 4 °C. The supernatant was discarded, and the remaining pellet was resuspended in 30% of the original volume of 1× PBS. The sample was dialyzed against three changes of 1× PBS using 10 K Slide-A-Lyzer™ cassettes (ThermoFisher Scientific, Waltham, MA, USA, Cat. No. 66456). The protein concentration was determined using a Nanodrop 2000 spectrophotometer. Following ammonium sulfate precipitation, eluted proteins were further purified using HiTrap protein G columns (GE Healthcare Life Sciences, Chicago, IL, USA, Cat. No. 29-0485-81) according to the manufacturer’s protocol. After protein quantification, 2.5 or 5 µg of purified antibody was loaded into two identical 4–20% SDS-PAGE gels. Gels were run for 2 h at 50 V, 3.00 A, 300 W using the PowerPac™ HC High-Current Power Supply (BioRad, Hercules, CA, USA, Cat. No. 1645052). One gel was stained with Coomassie Brilliant Blue R-250 (Bio-Rad, Hercules, CA, USA, Cat. No. 1610436), and the other was transferred to a PVDF membrane after electrophoresis using the Trans-Blot Turbo RTA Mini 0.45 µm LF PVDF Transfer Kit (BioRad, Hercules, CA, USA, Cat. No. 1704274). Gels were transferred using the Trans-Blot Turbo Transfer System (BioRad, Hercules, CA, USA, Cat. No. 1704150) programmed for mixed molecular weight proteins at 2.5 A and 25 V for 7 min. The membrane was blocked at 4 °C for 16 h in 5% milk in tris-buffered saline plus 0.05% Tween (TBST). Subsequently, the membrane was incubated with peroxidase-conjugated anti-mouse IgG and IgM diluted in 3% milk in TBST at RT for 1 h. The membrane was washed 5× and revealed using the ECL Plus Western Blotting Detection System (GE Healthcare, Chicago, IL, USA, Cat. No.), and images were captured using chemiluminscence detection on a Bio-Rad imager.




2.6. RAW 264.7 Cell Culture


RAW 264.7 (ATCC® TIB-71™) cells were grown in DMEM plus 10% FBS, 4 mM L-glutamine, and 100 U/mL + 100 µg/mL penn/strep. For the experiments, 3 × 105 cells/well were plated in a 6-well plate. Once 70–80% confluent, cells were stimulated with (1) sterile saline, (2) 50 µg/mL DEX, (3) 50 µg/mL HSA, (4) 50 µg/mL P3DEX, (5) 50 µg/mL NTDEX, (6) 50 µg/mL P3HSA, or (7) 50 µg/mL NTHSA. Cells were stimulated for 60 s, washed, and lysed using NP-40 buffer (ThermoFisher Scientific, Waltham, MA, USA, Cat. No. FNN0021). Protein was quantified using a Nanodrop, and lysates were stored at −80 °C until use.




2.7. Characterization of Monoclonal Antibody


mAbs were characterized in terms of: (1) specificity to different antigen targets in ELISAs and Western blots, and (2) a microarray analysis conducted at Harvard’s Center for Functional Glycomics (NCFG). ELISAs were performed according to Section 2.4 with the following modifications. For the characterization of mAb, 100 µL of hybridoma supernatant from clone F1P2H4D8D5 was added to the plate and incubated at RT for 2 h. Plates were washed and Goat Anti-Mouse Ig, Human ads-HRP (Southern Biotech, Birmingham, AL, USA, Cat. No. 1010-05) was added to the wells at a dilution of 1:4000 in PBST at RT for 1 h. For Western blots, 5 or 10 µg of treated RAW 264.7 cell lysates were run on a 4–20% Mini-PROTEAN® TGX™ Precast Protein Gel (BioRad, Hercules, CA, USA, Cat. No. 4561096) and transferred to a PVDF membrane, as described in Section 2.5, with the following modifications. After the protein transfer, the membrane was incubated with peroxidase-conjugated anti-mouse IgG and IgM diluted in 3% milk in TBST at RT for 1 h. For the microarray analysis, purified mAb F1P2H4D8D5 was sent to Harvard’s NCFG, and 200 µg was run on both the Human Milk Glycan and NCFG arrays. The methods and structures present on these arrays are found at https://ncfg.hms.harvard.edu/microarrays and are described in [31].





3. Results


4 BALB/c mice were immunized using the prime-boost regimen depicted in Figure 1a. Mice were primed via the subcutaneous route with 200 µg P3DEX plus 50 µg of CpG ODN 1826 delivered in VacSIM™ (Vaccine Self-Assembling Immune Matrix) w/v [27]. At D21, mice were boosted with 200 µg of P3HSA plus 50 µg of CpG ODN 1826 and an equivalent volume of incomplete Freund’s adjuvant to enhance the mAb response. Mice were boosted again on D42 using the same formula. Serum was collected on D0, D21, and D35, and screened via ELISA. Anti-P3 conjugate responses were detected in sera post-prime and post-boost. The anti-P3 conjugate immunoglobulin (Ig) levels were significantly higher post-prime and post-boost (p < 0.001) compared to the pre-prime levels (Figure 1b).



Upon sacrifice and 30D post-cellular fusion, 75/384 wells (19.5%) contained hybridomas. The screening of hybridomas generated from one mouse yielded three hybridomas (3/75) producing antibodies to LNFPIII conjugates. We isotyped these hybridomas and determined that F1P2C8 was IgG subclass, while F1P2D8 and F1P2H4 were both IgG and IgM (Figure 2). F1P2H4 was cloned via flow cytometry and screened again, yielding mAbs F1P2H4D8A7 (IgM) and F1P2H4D8D5 (IgG1) (Figure 3). Supernatants from clone F1P2H4D8D5 were picked for purification and subsequent experiments.



Following ammonium sulfate precipitation and protein G column purification, supernatants from clone F1P2H4D8D5 were run via SDS-PAGE electrophoresis. Table 1 lists the protein concentrations and 260/280 ratios following each purification step. Figure 4a presents an SDS-PAGE gel stained with Coomassie Blue, demonstrating that we were able to eliminate various protein contaminants using protein G column purification. Figure 4b depicts a Western blot of purified F1P2H4D8D5 probed with anti-mouse IgG (H+L). This particular Western blot shows the heavy (~50 kDa) and light (~25 kDa) IgG chains of the purified antibody detected post-protein G column purification. Overall, this demonstrates that we were able to successfully purify and concentrate mAb F1P2H4D8D5.



Next, we performed another screen of the purified mAb via ELISA against each of the sugar conjugates, the carrier structures (DEX and HSA), as well as against schisosome egg antigen (SEA) and schistosomula membrane protein (SMP). In this ELISA, our positive control mAb E.5 recognized P3DEX, P3HSA, SEA, and SMP (as expected) and did not bind to NTDEX or the carriers. The sole difference between LNFPIII and LNnT is the presence/absence of an α1,3-linked fucose residue, as depicted in the chemical structures shown in Figure 5a. The structure of the conjugates is given in Figure 5b, where 10–12 molecules of LNFPIII or LNnT are conjugated to DEX or HSA via the APD linker. Unexpectedly, purified mAb F1P2H4D8D5 recognized P3DEX and NTDEX, as well as P3HSA via ELISA (Figure 6a). Therefore, we initially believed that mAb F1P2H4D8D5 bound to a smaller structure within LNFPIII and LNnT. mAb F1P2H4D8D5 did not bind to DEX or HSA carriers, supporting this initial hypothesis. To further characterize mAb F1P2H4D8D5, RAW 264.7 cells were treated with HSA, P3HSA, or NTHSA. Lysates of the treated RAW 264.7 cells were prepared, run on an SDS-PAGE gel, and then transferred to a PVDF membrane, where they were probed with the mAb.



In Figure 6b, we found that, unlike proteins, the dextran conjugates did not run properly on an SDS-PAGE, nor could they be visualized. mAb F1P2H4D8D5 recognized both P3HSA and NTHSA on the Western blot, while it did not recognize NTHSA via ELISA. This led us to believe that the denaturing and reducing conditions generated via the use of β-mercaptoethanol and SDS-PAGE exposed specific epitopes on NTHSA, which allowed it to be recognized by mAb F1P2H4D8D5. Nonetheless, mAb F1P2H4D8D5 recognized both sugars in both conjugate forms. At this point, we altered our hypothesis, suggesting that mAb F1P2H4D8D5 potentially binds the APD linker of the conjugate.



To further characterize mAb F1P2H4D8D5 and determine if it recognized any common glycan structures, we sent aliquots of purified mAb to Harvard’s National Center for Functional Glycomics to be tested for binding on a Human Milk Glycan Microarray [31]. Surprisingly, mAb F1P2H4D8D5 did not bind to any of the glycans (1–34) present on the Human Milk Glycan Microarray (Figure 7a). mAb F1P2H4D8D5 was then tested for binding to the NCFG Defined Glycan Array (Figure 7b). This array contains various glycan structures, including the Lewisx trisaccharide. Again, we were surprised to see that mAb F1P2H4D8D5 did not bind to any of the glycans (1–159) present on the array. This result supported our hypothesis that mAb F1P2H4D8D5 likely binds to the APD linker, since it did not recognize DEX (ELISA), HSA (ELISA/Western blot), or the sugar monomer/structures (LNnT, Lewisx).




4. Discussion


We attempted to produce mAbs binding to LNFPIII by immunizing mice with LNFPIII conjugates. We detected anti-LNFPIII conjugate antibodies in the sera of immunized mice after the prime. We boosted with the aim of generating IgG antibodies (Figure 1). Initial screens suggested that 3/75 hybridomas produced mAbs that bound to LNFPIII conjugates. It is important to note that the generation of antibodies to LNFPIII and other glycans is difficult. This is expected, as saccharide antigens are known to induce short-lived B cells that produce IgM antibodies independent of T cell help. This is in contrast to protein antigens, which stimulate long-lived B cells that produce IgG antibodies and lead to affinity maturation and memory B cells [18]. In this regard, we believe that the immunization of mice with LNFPIII conjugates, which present multiple LNFPIIIs in a manner that can cross-link cellular receptors, may be responsible for the observed anti-LNFPIII conjugate antibody responses, as B cells mature and develop an increased affinity for highly immunogenic antigens with multivalent displays. Unfortunately, despite a strong antibody binding to LNFPIII conjugates from the sera of immunized mice, mAb F1P2H4D8D5 did not bind to LNFPIII, but rather seemed to be specific for the APD linker spacer that was used to produce conjugates. We initially chose to clone F1P2H4, as it produced the highest IgG and IgM mAb responses. We have yet to screen in detail the other two hybridomas that were positive for binding to LNFPIII: F1P2C8 and F1P2D8 (Figure 2). However, we hypothesize that, as the majority of anti-Lewisx antibodies are IgM and hybridoma F1P2D8 contained IgM mAbs, this hybridoma is more likely to be specific for LNFPIII (Figure 3). This could also be the case for clone F1P2H4D8A7 (Figure 3). Future studies will further investigate these hybridomas and clones.



The lack of available tools in glycan biology presents some important limitations. Based on our findings, we deduce that F1P2H4D8D5 binds to the linker spacer of the conjugate because it does not recognize the 40 kDa dextran or HSA carrier (Figure 6a,b) or any related glycan structure present on both the Human Milk Glycan Array (Figure 7a) or the NCFG Defined Glycan Array (Figure 7b) available via Harvard’s National Center for Functional Glycomics. While the arrays did not specifically contain LNFPIII, we were able to rule out that F1P2H4D8D5 did not bind to LNnT or LNFPI on the Human Milk Glycan Array. F1P2H4D8D5 also did not bind to the structures present on the NCFG Defined Glycan Array, including Lewisx. Taken together, these results further led to the conclusion that F1P2H4D8D5 binds to the linker spacer of the glycan conjugates.



Overall, this is important because mAb F1P2H4D8D5 recognized LNFPIII and LNnT conjugates internalized by RAW 264.7 cells. This mAb can be used as an immunological probe for ELISA, Western blot, immunoprecipitation, etc. to recognize conjugates that use this linker-spacer technology. Furthermore, it is important because the in vivo generation of antibodies to drug conjugates can result in drug clearance prior to therapeutic effects. While it is known that mAbs can be generated to the Lewisx trisaccharide, there are few reports of antibodies specific to the HMOs, LNFPIII, or LNnT.




5. Conclusions


It is difficult to generate mAbs to carbohydrate moieties. We sought to produce mAbs to the HMO LNFPIII, but appear to have generated mAbs to the APD linker of LNFPIII and LNnT conjugates. We immunized with these conjugates, given that LNFPIII and LNnT do not appear to be antigenic in their free form. The conjugation to this APD linker allows the glycoconjugate to cross-link multiple receptors and bind multiple cell types [24,25,32,33,34,35,36]. LNFPIII conjugates have been shown to be therapeutic in murine models of inflammation-based conditions, such as psoriasis, multiple sclerosis, cardiac allograft survival, and nonalcoholic hepatosteatosis [26,37,38,39]. In this regard, it is important to investigate these conjugates further via the development of a mAb that can be used as a probe for mechanistic studies. This mAb would not only be useful for our studies, but also useful for determining the mechanism of other conjugates that utilize the APD linker.
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Figure 1. Experimental timeline and anti-P3 conjugate response following immunization. (a) BALB/c mice were primed with 200 µg P3DEX plus 50 µg of CpG ODN 1826 delivered in VacSIM™ (Vaccine Self-Assembling Immune Matrix) w/v on D1 and boosted with 200 µg P3HSA plus 50 µg of CpG ODN 1826 and an equivalent volume of incomplete Freund’s adjuvant on D21 and D42. Blood was collected pre-prime (D0), post-prime (D21), and post-boost (D35) (b) Sera collected on D0, D21, and D35 were evaluated via ELISA to evaluate specific antibody responses against LNFPIII conjugates. *** p < 0.001 (t-test, CI: 95%). 
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Figure 2. IgG and IgM antibodies produced by hybridomas. Hybridomas were screened 15−30 D post-fusion. Supernatants were screened by ELISA against P3DEX to assess the specific IgG and IgM levels. Hybridomas were positive for P3DEX, but not for the carriers DEX and HSA. Sera from immunized mice were used as a positive control. 
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Figure 3. Specific class and subclass of selected clones secreting anti-P3 antibodies. Supernatants from clones were screened via ELISA using P3DEX and the carriers DEX and HSA as the antigenic targets. 
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Figure 4. Purification and enrichment of mAb F1P2H4D8D5. mAb was run on two SDS-PAGE gels and was (a) stained with Coomassie Blue or (b) transferred to a PVDF membrane and probed with horseradish peroxidase-conjugated anti-mouse IgG. The SDS-PAGE stained with Coomassie showed the elimination of contaminating proteins post-G column purification. The membrane showed the enrichment of IgG post-G column purification. 
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Figure 5. Structure of LNFPIII, LNnT, and conjugates. (a) Chemical structure of LNFPIII and LNnT; (b) Chemical structure of LNFPIII and LNnT conjugates. 10–12 molecules of LNFPIII or LNnT were conjugated to DEX or HSA via an APD linker. 
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Figure 6. Binding of mAb F1P2H4D8D5 to sugar structures in ELISA and Western bolts. (a) mAb F1P2H4D8D5 was screened against sugar conjugates (P3DEX/P3HSA, NTDEX/NTHSA), carriers (DEX/HSA) and positive controls (SEA/SMP) via ELISA. F1P2H4D8D5 recognized P3DEX, P3HSA, and NTDEX via ELISA. (b) RAW 264.7 lysates treated with sugar conjugates (P3HSA/NTHSA) or carrier (HSA) were ran via SDS-PAGE, transferred to PVDF membranes, and probed with F1P2H4D8D5 via Western blot. F1P2H4D8D5 recognized both P3HSA and NTHSA via Western blot. 
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Figure 7. Screening of mAb F1P2H4D8D5 against glycan microarrays. (a) Human Milk Glycan Array and (b) NCFG Defined Glycan Array. Binding is depicted as average relative fluorescence units (RFU). Error bars represent standard deviation (SD). 
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Table 1. mAb Purification Table. Protein concentrations and 260/280 ratios following each purification step.
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	Purification Step
	Protein [mg/mL]
	260/280 Ratio





	Pre-Ammonium Sulfate
	4.93
	0.83



	Post-25% Ammonium Sulfate
	3.76
	0.83



	Post-50% Ammonium Sulfate
	3.19
	0.96



	Post-Dialysis
	2.64
	0.85



	Post-G Column Purification
	1.79
	0.57
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