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Abstract

The sialic acid-binding immunoglobulin type lectins (Siglecs) are expressed predominantly on 

white blood cells and participate in immune cell recognition of self. Most Siglecs contain 

cytoplasmic inhibitory immunoreceptor tyrosine-based inhibitory motifs (ITIMs) characteristic 

of inhibitory checkpoint co-receptors that suppress cell signaling when they are recruited to the 

immunological synapse of an activating receptor. Antibodies to activatory receptors typically 

activate immune cells by ligating the receptors on the cell surface. Here we report that the 

conjugationof high affinity ligands of Siglecs to anti-bodies targeting activatory immune receptors 

can suppress receptor mediated activation of immune cells. Indeed, B cell activation by antibodies 

to the B cell receptor (BCR) IgD is dramatically suppressed by conjugation of anti-IgD with high 

affinity ligands of a B cell Siglec CD22/Siglec-2. Similarly, degranulation of mast cells induced 

by antibodies to IgE, which ligate the IgE/FcεR1 receptor complex, is suppressed by conjugation 

of anti-IgE to high affinity ligands of a mast cell Siglec, CD33/Siglec-3 (CD33L). Moreover, 

the anti-IgE-CD33L suppresses anti-IgE mediated systemic anaphylaxis of sensitized humanized 

mice, and prevents anaphylaxis upon subsequent challenge with anti-IgE. The results demonstrate 

that attachment of ligands of inhibitory Siglecs to anti-receptor antibodies can suppress activation 

of immune cells and modulate unwanted immune responses.
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INTRODUCTION

Immune cells that mediate innate and adaptive immune responses are activated by cell 

surface receptors that recognize foreign antigens and chemical signatures presented by 

pathogens, allergens and inflammatory disease.1–5 These receptors are further regulated by 

co-receptors that can enhance activation or suppress activation to prevent unwanted immune 

responses.6–13 The Siglecs are a family of co-receptors expressed on immune cells that 

have in common recognition of sialic acid containing glycans as ligands. Since sialic acids 

are found on all mammalian cells, Siglecs can modulate signaling of immune cells that 

contact other self-cells that express their ligands as a result of their recruitment to the 

site of cell contact.8 Although some Siglecs enhance cell signaling by associating with 

activatory adaptor proteins such as DAP12 (e.g. Siglec-14, -15, 16), most Siglecs suppress 

cell signaling through immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their 

cytoplasmic domains. When inhibitory Siglecs are present in an immunological synapse, 

their ITIMs become phosphorylated and recruit tyrosine phosphatases such as SHP1 and 

SHP2 that downregulate signaling cascades.8, 14

Because Siglecs are primarily expressed on immune cells they are recognized as attractive 

targets for cell specific therapies that can enhance desired immune responses or suppress 

unwanted immune responses.15–27 As one strategy to suppress unwanted immune responses 

by B cells and mast cells we developed Siglec tolerizing antigenic liposomes (STALs) that 

display both an antigen (or allergen) and glycan ligands of inhibitory Siglecs. For B cells 

the antigen is recognized by a B cell receptor (BCR) comprising membrane bound IgM 

and/or IgD, and a high affinity ligand of a B cell Siglec (CD22 or Siglec-G/10).23, 28–32 

When administered in vivo, STALs suppress activation of B cells that recognize the antigen 

and cause apoptosis of the B cells resulting in tolerance to subsequent antigen challenge. 

For mast cells the STALs display an allergen, recognized by an IgE bound to the FcεRI 

receptor, and a high-affinity ligand of a mast cell inhibitory Siglec such as CD33/Siglec-3 

or Siglec-8.33–34 When injected into a mouse sensitized to an anti-allergen IgE, mast 

cell degranulation mediated by the allergen is suppressed by recruitment of the Siglec, 
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preventing severe systemic anaphylaxis, and desensitizing the animal to subsequent allergen 

challenge.33–34

While the STAL platform demonstrates the potential for modulating immune responses 

by recruitment of Siglecs, they are by design antigen specific, and the complexity of the 

nanoparticle platform limits their general utility. We reasoned that direct attachment of 

Siglec ligands to antigens or antibodies that bind directly to the activating receptor could 

potentially recruit Siglecs and suppress immune cell responses. Here, using anti-IgD that 

activates B cells by binding to the IgD BCR, or anti-IgE that activates mast cells by binding 

to the IgE/FcεRI receptor complex, we show that direct conjugation of Siglec ligands results 

in suppression of antibody mediated activation of the cells. Indeed, conjugation of anti-IgD 

with the ligand of the murine B cell Siglec CD22 (anti-IgD-CD22L) suppresses B cell 

activation in wild type B cells but has no effect on activation of B cells from a CD22 

knockout mouse. Conjugation of an anti-human IgE (anti-IgE) with a high affinity ligand of 

human CD33 (anti-IgE-CD33L) suppresses anti-IgE mediated mast cell degranulation and 

systemic anaphylaxis in humanized mice. Moreover, mice treated with anti-IgE-CD33L are 

tolerized to subsequent challenge with anti-IgE. The results suggest the potential to regulate 

immune cell responses using Siglec-ligand conjugated antibodies that target activating 

receptors or receptor complexes on immune cells.35–36

RESULTS AND DISCUSSION

Conjugation of CD22L to anti-IgD causes CD22 mediated suppression of B cell activation.

We reasoned that conjugation of CD22L to anti-IgM or anti-IgD could suppress their 

activation of B cells by recruitment of CD22 to the BCR immunological synapse (Fig 1A). 

We focused our efforts on conjugation of ligands to surface lysines, an approach widely 

used for development of antibody drug conjugates (ADC).37–38 Our strategy was to employ 

azide/alkyne click chemistry to couple CD22L with a functionalized linker to an antibody 

conjugated with linkers containing the corresponding azide/alkyne as illustrated in Scheme 

1. To this end we evaluated two different linkers, NHS-peg6-N3 and NHS-peg6-DBCO, both 

of which can participate in subsequent click chemistry, but differ in their hydrophilicity 

owing to polar -N3 and hydrophobic -DBCO functional groups. We selected anti-IgD 

instead of anti-IgM for experiments since the presence of IgM in the blood would abrogate 

future in vivo experiments. Anti-IgD conjugates were prepared using 20 molar equivalents 

(eq) of NHS-peg6-N3 and DBCO-peg6-NHS (Scheme 1, Scheme S1). The impact of linker 

conjugation on the ability of anti-IgD to activate murine B cells was then assessed using an 

in vitro calcium flux assay. While the anti-IgD modified with the azido-linker had minimal 

effect on B cell activation, the hydrophobic DBCO-linker strongly reduced activity (Fig. S1), 

a problem sometimes encountered with hydrophobic linkers.39 We therefore focused on the 

NHS-peg6-N3 linkers.

To optimize linker conjugation, anti-IgD was reacted with several different linker 

stoichiometries, varying the amount of NHS-peg6-N3 used in the reaction (Scheme 1, 

Scheme S2). SDS gel electrophoresis and MALDI-TOF mass spectroscopy (Fig S2A–B) 

revealed that treatment of 1 eq of anti-IgD in phosphate buffered saline, pH7.4 (PBS) 

with either 5, 10, and 20 eq of NHS-peg6-N3 in DMSO afforded an average of 2–3, 5–8 
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and 11–12 linker/anti-IgD (Scheme S2). A stoichiometry of 20 was chosen as the favored 

stoichiometry since the goal was to avoid having anti-IgD with no CD22L.

For coupling to the azide functionalized antibody, the CD22L linker was modified to 

contain a propargyl group (Scheme 1). Propargyl-peg8-CD22L (2) was synthesized using 

2 eq of NHS-peg8-propargyl with 1 eq of CD22 ligand (CD22L) in dry DMSO at room 

temperature for 5h. Next propargyl-peg8-CD22L were conjugated to anti-IgD-N3 (4) under 

Cu(I) catalyzed click chemistry to afford anti-IgD with 5–6 CD22L per antibody (anti-IgD-

CD22L, 5a) as assessed by MALDI-TOF mass spectroscopy. Anti-IgD-N3 was similarly 

treated without propargyl-peg8-CD22L to afford 5b to serve as a control that was subjected 

to the same chemical treatments but without CD22L. Conjugation of the peg6-N3 linker and 

CD22L to anti-IgD was confirmed using SDS gel chromatography using a reducing agent, 

tris(2-carboxyethyl) phosphine (TCEP), to separate the antibody heavy (50 kDa) and light 

(25 kDa) chains (Fig S2B). This showed that both the heavy and light chains were modified.

To investigate if the presence of the CD22L on anti-IgD-CD22L was able to suppress the 

activation of B cells, we performed an in vitro assay using Ca2+ flux as a measure of 

activation. Treatment of B cells with anti-IgD (3) (10 μg/ml) strongly induced activation as 

did anti-IgD modified with the linkers only (5b). In contrast there was negligible activation 

with anti-IgD-CD22L (5a) (Fig. 2A). To confirm that suppressed activation with anti-IgD-

CD22L was CD22 dependent we performed the same assay using B cells from CD22 

knockout (CD22KO) mice that are deficient in CD22. As shown in Fig. 2B, anti-IgD-CD22L 

(5a) induced activation in CD22KO B cells equivalent to the anti-IgD (3) and anti-IgD-N3 

(5b), strongly supporting the conclusion that suppression of B cell activation with anti-IgD-

CD22L in wild type B cells is mediated by CD22 (Fig. 1A).

Conjugation of CD33L to anti-IgE suppresses IgE/FcεRI mediated activation of mast cells.

To establish the concept of conjugating ligands of inhibitory Siglecs to anti-receptor 

antibodies as a general platform for suppression of immune cell activation, we investigated 

conjugation of Siglec ligands to anti-IgE as a means to inhibit mast cell activation induced 

by ligation of the IgE/FcεRI complex (Fig 1B). Exposure of allergic individuals to allergen 

results in its binding to and ligation of the IgE/FcεRI receptor complex on mast cells 

resulting in degranulation and production of cytokines that lead to allergic symptoms and 

potentially severe anaphylaxis. Since anti-IgE also binds to and ligates the IgE/FcεRI 

complex, it can behave as a surrogate allergen inducing degranulation and IgE mediated 

systemic anaphylaxis when administered to animals.40–41 Mast cells are also known to 

express a variety of inhibitory receptors including Siglecs that bear the characteristic ITIMs 

in their cytoplasmic domains.8, 34, 42–44 Using various approaches, several groups have 

demonstrated that enforced recruitment of inhibitory receptors to the IgE/FcεRI complex 

can suppress FcεRI mediated mast cell activation.8, 14, 33, 45–51 In particular, we found that 

co-presentation of an allergen and a high affinity ligand of CD33 on liposomal nanoparticles 

(STALs) resulted in suppressed allergen mediated activation of human mast cells and mast 

cells from transgenic mice expressing human CD33.34 Based on these observations, we set 

out to conjugate CD33L to anti-IgE to assess its ability to suppress IgE/FcεRI complex 

mediated mast cell activation (Fig. 1B). We elected to use anti-human IgE since in vivo 
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studies could be performed using transgenic mice with mast cells expressing both human 

FcεRI (hFcεRI) and human CD33 (hCD33 or CD33), or ‘humanized’ mice produced by 

injecting human CD34+ stem cells into immunodeficient NSG-SGM3 to generate a human 

immune system with human mast cells.

Accordingly, as illustrated in (Scheme 2) we prepared anti-IgE-CD33L (10a) using a 

strategy similar to that described for anti-IgD-CD22L (5a). CD33L with an ethyl-amine 

linker was coupled to NHS-peg8-propargyl to afford propargyl-peg8-CD33L (7). Human 

anti-IgE was reacted with 20 eq of NHS-peg6-N3 in DMSO to prepare azido-peg6-anti-IgE 

(anti-IgE-N3). These were then coupled by Cu(I) catalyzed click chemistry. To characterize 

conjugation efficiency, anti-IgE with or without CD33L were subjected to SDS gel 

electrophoresis after reduction with TCEP to separate the heavy and light chains (Fig. 3A). 

Clear increases in the apparent molecular weights suggest modification of the heavy and 

light chains of both the azide-linker and CD33L modified anti-IgEs. Additionally, MALDI-

TOF mass spectroscopy was performed to determine the drug to antibody ratio (DAR) and 

was found to be 4–5 units of CD33L per anti-IgE.

Since binding of the antibody to IgE is critical for its ability to induce ligation of the 

IgE/FcεRI complex and activate mast cells, we next tested the impact of the modifications 

on binding activity by ELISA. Accordingly, anti-IgE (8), anti-IgE-N3 (10b), and anti-IgE-

CD33L (10a) were titrated in 96 well plates coated with human IgE (hIgE) to assess the 

amount needed to achieve half maximal binding (EC50). As shown in Fig. 3B, the addition 

of N3-linkers and CD33L had minimal impact on binding to IgE, with the EC50 values 

within a factor of two of unmodified anti-IgE.

To evaluate the effect of human anti-IgE-CD33L on IgE/FcεRI-mediated mast cell 

activation, bone marrow derived mast cells (BMMCs) were prepared from transgenic mice 

that express both hFceR1 and hCD33. BMMCs were sensitized with hIgE overnight, and 

then used to test the ability of anti-IgE (8), anti-IgE-N3 (10b), or anti-IgE-CD33L (10a) 

to activate the cells by measuring the production of the cytokine interleukin-6 (IL-6) by 

ELISA. As shown in Fig. 3C, relative to the buffer (PBS) control, anti-IgE (8) and anti-IgE-

N3 (10b) induced robust activation and production of IL-6, while anti-IgE-CD33L (10a) 

strongly suppressed activation.

Anti-IgE-CD33L suppresses anaphylaxis in IgE sensitized humanized mice.

To assess the ability of anti-IgE-CD33L to inhibit anaphylaxis mediated by the IgE/FcεRI 

receptor complex in vivo, we used the passive cutaneous anaphylaxis (PC) and passive 

systemic anaphylaxis (PS) models with transgenic and ‘humanized’ mice, respectively. In 

the PC assay two closely related strains of transgenic mice were used. The control strain 

of mice had mast cells expressing hFcεRI on a murine FcεRI knockout background but no 

hCD33 (referred to as hFcεRI+ × hCD33−). The related transgenic strain had mast cells 

expressing both hFcεRI and hCD33 (referred to as hFcεRI+ × hCD33+).

For the PC assay mice were injected intradermally in the ear with PBS as a control, or with 

hIgE (1μg) to sensitize mast cells. The next day mice were injected i.v. with either anti-IgE 

(8), anti-IgE-CD33L (10b) or no antibody (PBS) in a PBS buffer containing Evans blue 
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dye to detect vascular leakage (Fig 4A). After 1h ears were harvested and dye extracted 

to assess the degree of mast cell mediated vascular leakage. In hFcεRI+ × hCD33− control 

mice (Fig. 4B) strong anaphylaxis was induced in ears sensitized with IgE and treated with 

either anti-IgE (8) or anti-IgE-CD33L (10a), but exhibited minimal anaphylaxis in ears 

injected with PBS. The results show that in mast cells that do not express hCD33, anti-IgE 

with or without CD33L were equally able to induce IgE mediated anaphylaxis in these 

mice. However, in the hFcεRI+ × hCD33+ mice with mast cells expressing both hFcεRI and 

hCD33, while the same degree of anaphylaxis was induced by anti-IgE (8), anaphylaxis was 

strongly suppressed in mice treated with anti-IgE-CD33L (10a) (Fig. 4C). Taken together, 

the results suggest that the CD33L conjugated to the anti-IgE suppresses mast cell activation 

and vascular leakage in this PC assay when the mast cells express hCD33.

To assess the impact of the anti-IgE-CD33L in the PS model, we employed NSG-SGM3-

hCD34+ humanized mice. These mice are created by injecting (i.v.) 3–4 week old NSG-

SGM3 mice with human cord blood CD34+ stem/progenitor cells and waiting approximately 

12 weeks until they acquire a differentiated human immune system including mast cells.52 

To conduct the PS model, NSG-SGM3-hCD34+ mice were first sensitized with hIgE (1 

μg/mouse i.v.) (Fig. 5A). The next day groups of 5 mice were treated with anti-IgE (8), 

anti-IgE-N3 (10b), or anti-IgE-CD33L (10a), and anaphylaxis was assessed by measuring 

rectal temperature every 10 minutes for 1h. As shown in Fig. 5B mice treated with both 

anti-IgE (8) and anti-IgE-N3 (10b) developed strong anaphylaxis as evidenced by a rapid 

decrease in rectal temperature, and in each case 3 out of 5 mice died after 30 minutes. 

In contrast little or no change in rectal temperature was found in mice when treated with 

anti-IgE-CD33L (10a) demonstrating that the presence of the CD33L prevents mast cell 

induced anaphylaxis.

Finally, we investigated whether treatment with anti-IgE-CD33L (10a) desensitized mast 

cells to subsequent challenge with anti-IgE (Fig. 5C). In this case, NSG-SGM3-hCD34+ 

mice were first sensitized with hIgE as described above. The next day mice were treated 

with either PBS or anti-IgE-CD33L (1μg/mouse) and then after 5h all mice were challenged 

with anti-IgE (2μg/mice). No anaphylaxis was observed in the initial treatment (T=0h) with 

either PBS or anti-IgE-CD33L (10a) (Fig. 5d). However, upon challenge with anti-IgE 5 

hours later there was profound anaphylaxis in the PBS treated mice, but no significant 

decrease of rectal temperature in the mice treated with anti-IgE-CD33L (10a) (Fig. 5e). 

The results demonstrate that treatment with anti-IgE-CD33L not only suppressed mast cell 

activation, but also desensitized the mast cells to subsequent challenge with anti-IgE.

CONCLUSIONS

Antibodies to activatory receptors on immune cells typically activate the cell as a result of 

ligating the receptor, resulting in the activation of protein kinases that initiate cell signaling 

pathways.53–54 Here we have demonstrated that coupling high affinity glycan ligands of 

inhibitory Siglecs to the antibodies of two exemplary activation receptors, IgD (BCR) 

on B cells and the IgE/FcεRI complex on mast cells, results in suppression of antibody 

mediated activation of the cells. We hypothesize that suppression of cell signaling results in 

recruitment of inhibitory Siglecs to the targeted receptor, implying that they are not already 
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co-localized as has been already documented for CD22 and the BCR on B cells,10, 55 and 

for CD33 and the FcεRI on mast cells.8, 34, 51 We suggest that immune cell activation 

by antibodies to other activatory receptors may be similarly suppressed by conjugation of 

ligands to inhibitory Siglecs on the same cell. However, for some activatory receptors such 

as for toll like receptors on B cells, Siglecs are already strongly colocalized.56–57 Thus, the 

degree of suppression of cell signaling achieved by coupling Siglec ligands to anti-receptor 

antibodies may depend on the microdomain localization of the receptor and Siglec being 

targeted.

An FDA approved anti-IgE, omalizumab, is used therapeutically for treatment of allergic 

asthma and urticaria and other IgE mediated diseases.58–60 It works by removing IgE from 

the blood, which over time lessens the sensitivity to allergens. It does not bind to the 

IgE/FcεRI complex because the epitope recognized by omalizumab is blocked when IgE is 

bound to the hFceR1 receptor. Thus, omalizumab does not ligate the IgE/FcεRI complex, 

and leaves mast cells sensitized to allergens until removal of IgE from the blood over time 

reduces the degree of mast cell sensitization.58–60 Our demonstration that anti-IgE-CD33L 

suppresses activation of mast cells and desensitizes them to subsequent challenge with 

anti-IgE suggests the possibility for development of an anti-IgE that would both remove IgE 

from the blood and desensitize mast cells from subsequent allergen challenge. However, the 

desensitization would need to be extremely robust to ensure there would be no inadvertent 

anaphylaxis.

There is still much to be learned about the natural roles of Siglecs in regulation of immune 

cell signaling. With increasing interest in the potential to modulate the activities of Siglecs to 

enhance immune responses (e.g. for treatment of cancer)61–63 or suppress unwanted immune 

cell responses (e.g. allergies, autoimmune diseases)8, 10, 64, a concerted effort to better 

understand their natural functions will also facilitate efforts to modulate their functions to 

therapeutic benefit.

MATERIALS AND METHODS

Materials.

Unless otherwise specified, chemical and biological reagents were purchased from Fisher 

Scientific or Sigma-Aldrich and used directly without further purification. NHS-peg6-N3, 

NHS-peg8-propargyl, and NHS-peg6-DBCO were obtained from Broadpharm (San Diego, 

CA). Anti-IgD and anti-IgE were produced from hybridoma cell lines HB-161™ and 

HB-121™ (ATCC). Human anti-OVA IgE (clone 11B6) was provided by Prof. Scott A. 

Smith (Vanderbilt University Medical Center, Nashville, Tennessee, USA). Murine CD22L 

and human CD33L were prepared as previously described.65–66 1HNMR spectra were 

recorded on Bruker DRX-600 (600 M Hz) instruments at 25 °C and are reported in parts 

per million (d) relative to HOD (4.79 ppm, D2O). Coupling constants (J) are reported in 

Hertz. 13C NMR spectra were recorded on Bruker DRX-600 (150 MHz) instruments at 25 

°C. NMR data were processed with Mnova software. ESI-TOF high resolution data were 

collected either on negative ion mode or positive ion mode (performed by TSRI MS center). 

Flow cytometry data were acquired on a LSR II flow cytometer (BD Biosciences) and 

analyzed using the FlowJo software. SDS gel imaging was performed on a ChemiDoc™ MP 
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(Bio-Rad). Data from biological assays were processed and graphed with Prism software 

(GraphPad) for the curve-fitting and calculations. Data are presented as the average ± 

Standard Error of the Mean (SEM) of triplicate determinations.

Mice:

Mice were maintained in a specific pathogen free environment, and experimental procedures 

were approved by the Institutional Animal Care and Use Committee at The Scripps 

Research Institute. Wild type (WT) cells used for the B cell activation assays with 

anti-IgDa (HB-161) were from Hy10 mice on the C57BL/6J background that have the 

immunoglobulin heavy chain (IgH) locus of the ‘a’ allotype and can be activated by anti-

IgDa.67 WT Hy10 mice were then crossed with CD22 knockout (CD22 KO) mice on the 

C57BL/6J background for a source of CD22 KO B cells compatible with anti-IgDa.68 To 

study the impact of anti-IgE-CD33L on hIgE and hFcεRIα signaling, hFcεRIα transgenic 

mice were mated with mFcεRIα knockout mice to produce hCD33− controls with the 

hFcεRIα+ mFcεRIα−/− genotype.69–70 These mice were then crossed with previously 

described transgenic mice that express hCD33 in connective tissue mast cells (Mcpt5-

Cre+Rosa26-Stopfl/fl-hCD33+/+) to generate mice bearing the genotype of hCD33+/+ Mcpt5-

Cre+ hFcεRIα+ mFcεRIα−/−.34, 71 Passive cutaneous anaphylaxis (PC) experiments were 

performed in hCD33+/+ Mcpt5-Cre+ hFcεRIα+ mFcεRIα−/− with mast cells that express 

hCD33 and in hFcεRIα+ mFcεRIα−/− control mice that do not express hCD33 due to the 

lack of Mcpt5-Cre, all on the C57BL/6J background. CD34+ humanized mice used for the 

PS model were generated by intravenously injecting 3–4 week-old NSG-SGM3 mice (The 

Jackson Laboratory, stock 013062) with 0.5–1 × 105 human CD34+ cells (Lonza, #2C-101) 

in 200 ul PBS. Mice used for experiments had >5% hCD45+ cells in the blood after 12–16 

weeks as determined by flow cytometry.

Conjugation of SIGLEC ligand to anti-IgD/anti-IgE antibody:

NHS-peg6-N3 in dry DMSO (20eq in 2 μl) was added to the anti-IgD or anti-IgE antibody in 

PBS (1eq, 5mg/500μl, pH=7.4) and shaken (500rpm) at room temperature for 2h. After the 

reaction, excess of NHS-peg6-N3 was removed by exclusion column chromatography (SEC) 

using a column (1.0 × 20 cm) of Sephadex G-100. In the next step, propargyl-peg8-CD22L 

or proparygy-peg8-CD33L (20eq) was mixed with respective anti-IgD-N3 or anti-IgE-N3 

antibody (1eq, 2mg) in a total volume of 500 μl PBS. The click reaction was performed 

by adding 2 μl DMSO containing CuI (50mM), TBTA [Tris(benzyltriazolylmethyl)amine, 

2mM], sodium ascorbate (5mM). After allowing the reaction to proceed for 2h at room 

temperature, all the organic and inorganic reagents were removed by Sephadex G-100 SEC. 

Typical yields of antibody siglec ligand conjugate was 1.6 mg.

MALDI-TOF of antibodies:

Prior to MALDI-TOF analysis, all antibodies were desalted using G-100 size exclusion 

column and PBS as an eluent. MALDI-TOF was performed using sinapinic acid as the 

matrix and antibody in PBS (Conc. 1mg/ml).
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Culture of BMMCs:

Cells were collected in RPMI-1640 from femurs of hCD33+/+ Mcpt5-Cre+ hFcεRIα+ 

mFcεRIα−/− mice and cultured as previously described.34 Briefly, bone marrow cells 

were cultured for 4 weeks in 50% RPMI 1640 media supplemented with 10% FBS, 2 

mM l-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 10 mM HEPES, 50 μM 

β-mercaptoethanol and 50% of the same media previously cultured with IL-3 producing 

WEHI-3B hybridoma cells. Maturation of bone marrow cells into BMMCs was determined 

by flow cytometry using c-Kit and FcεRI double-positive staining. In vitro assays were 

performed after sorting hCD33+ (GFP+) BMMCs using a FACSAria (BD Biosciences).

Calcium flux assay:

Splenocytes containing B cells were isolated from mouse spleen in HBSS and wash with 

PBS. Prior to assay, splenocytes (15×106 cells/10ml) were incubated with the Indo-1 

intracellular dye (1 μM) in RPMI media supplemented with 1%FBS, 10mM HEPES, 1mM 

MgCl2 1mM EGTA (loading buffer) at 37 °C for 45 minutes. After incubation cells were 

washed with RPMI loading buffer without Indo-1. stained with B220 PECy7(1:300, v/v) and 

CD5-PE (1:300, v/v) and kept at 0 °C for 20 minutes. After washing, cells were resuspended 

with HBSS media supplemented with 1%FBS, 1mM MgCl2 and 1mM CaCl2 (running 

buffer, 2×106 cells/ml). The Ca++ flux assay was performed 200 μl of the cell mixture (105 

cells). The cells were warmed to 37 °C for 5 minutes. Induction of Ca++ flux was then 

assessed one sample at a time by adding 10 μl of either PBS as a background control or with 

anti-IgD (3) anti-IgD-N3 (5b) or anti-IgE-CD22L (5a) in PBS to give a final concentration 

of 10 μg/ml. Each sample was immediately mixed and Indo-I fluorescence (violet vs blue) 

was monitored by flow cytometry for 2.5 minutes at 37 °C. The data was analyzed using 

Flowjo software (version 10.8.0) with kinetic parameter.

SDS gel electrophoresis:

Antibody samples (10 μl of 0.5mg/ml) were reduced by mixing with 5 μl 

tris(carboxyethyl)phosphine, TCEP (50mg/ml) for 30 minutes at 37 °C. Samples were then 

mixed with SDS sample buffer (5μl, Bolt™) and gel electrophoresis was performed at 150 

volts for 1.2 h using precast SDS gesl (Invitrogen, BoltTM, 4–12%, bis-tris plus). Proteins 

were detected using Coomassie blue staining for 90 minutes followed by washing with 

water: methanol: acetic acid = 5:4:1 for 5h.

Anti-IgE binding ELISA assay:

To assess binding activity of anti-IgE samples wells of a 96 well microplate (high binding, 

Greiner Bio-one) were coated with human IgE (60 μl of 5 μg/ml anti-OVA clone 11B6) 

overnight at 4 °C. The next the day plate was washed with PBS-Tween (PBS with 0.5ml 

tween-20/L) and blocked with 1% BSA (100μl) at room temperature for 1h. Serial dilutions 

of anti-IgE (8), anti-IgE-N3 (10b), CD33L-anti-IgE (10a) (50 μl) were added and incubated 

at 37 °C for 1.5h. The plate was then washed again with PBS-Tween and secondary antibody 

(50 μl) anti-IgG2a-HRP (1:1000, v/v, goat anti-mouse IgG2a-HRP, Southern Biotech, Cat. 

No. 1081–05) was added. After washing the plate, the ELISA was developed using TMB 

peroxidase substrate (75μl/well, Rockland) for 4 min and quenched with 2M H2SO4 (75μl/

Islam et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



well) and absorbance was measured at 450nm using plate reader (Synergy H1, BioTek). 

EC50 curve was generated using GraphPad Prism (8.4.3).

BMMC production of IL-6:

BMMCs from hCD33+/+ Mcpt5-Cre+ hFcεRIα+ mFcεRIα−/− mice were sensitized with 

human IgE (anti-OVA-hIgE clone 11B6, 1μg/106 cells/ml) in 50% IL-3 conditioned media 

at 37 °C /overnight. The next day, the cells were washed and suspended in RPMI without 

IL-3 (106 cells/ml) and aliquoted (100 μl) to wells of a 96 well plate. Cells were then 

mixed with 1 μl of PBS as a control or 1μl anti-IgE (8), anti-IgE-N3 (10b), CD33L-anti-IgE 

(10a) in PBS to make final conc. 10μg/ml at 37° C. After centrifugation (300g, 5 min), 

the supernatant was collected, and IL-6 cytokine production was measured by sandwich 

ELISA. For ELISA, 96 well microplate (high binding, Greiner Bio-one) was incubated 

with 1μg/ml(50μl/well) of anti-IL-6 capturing antibody in PBS (biolegend, clone MP5–

32C11) for overnight at 4 °C. The next the day plate was washed with PBS-Tween (PBS 

with 0.5ml tween-20/L) and blocked with 1% BSA (100μl) at room temperature for 1h. 

Supernatant(50μl) from BMMCs treated with PBS, anti-IgE (8), anti-IgE-N3 (10b) and 

CD33L-anti-IgE (10a) were incubated at 4°C for overnight. Next, plate was washed again 

with PBS-Tween (PBS with 0.5ml tween-20/L) and anti-IL-6-biotin detection antibody 

in 1% BSA (biolegend, clone MP5–32C11) was incubated at room temperature for 1h. 

Next, plate was washed with PBS-Tween (PBS with 0.5ml tween-20/L) followed by PBS 

and streptavidin-HRP in 1% BSA (biolegend, Cat. No. 405210) was incubated at room 

temperature for 30 minutes. ELISA was developed using TMB peroxidase substrate (75μl/

well, Rockland) for 4 min, quenched with 2M H2SO4 (75μl/well) and absorbance was 

measured at 450nm using plate reader (Synergy H1, BioTek).

Passive cutaneous anaphylaxis (PC) assay:

One ear of each mouse (male) was sensitized intradermally with human IgE (1μg/50 μl). 

The next day mice were given intravenous injection (i.v.) of 0.2 ml PBS containing 10 μg 

of either anti-IgE (8) or anti-IgE-CD33L (10a) and 1% Evan blue dye to detect vascular 

leakage. After 1h mice were euthanized, ears were excised, cut into small pieces, and shaken 

(500rpm) at 37 °C for overnight in dimethyl formamide (500μl). Aliquots (100 μl) were 

added to wells of 96 well plates and absorbance of the Evans blue dye was measured at 

650nm using Synergy H1 plate reader (BioTeK).

Passive systemic anaphylaxis (PS) assay:

Humanized mice (male, NSG-SGM3-hCD34+) were sensitized intravenously (i.v.) with 

human IgE (1μg in 200 μl PBS). The next day, after measuring baseline rectal temperature, 

mice were given intravenous injections (i.v.) of PBS (200 μl) containing 1μg anti-IgE (8), 

anti-IgE-N3 (10b), anti-IgE-CD33L (10a) or no antibody (PBS) and rectal temperature was 

measured at 10 minutes interval for 60 minutes using a PhysiTemp Instrument.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Proposed impact of inhibitory Siglec ligands conjugated to antibodies of immune cell 

activation receptors. (A) Anti-IgD serves as a surrogate antigen and cross-links the IgD-B 

cell receptor (IgD-BCR) on the surface of B cells to induce activation (left). When anti-IgD 

is conjugated to CD22L, ligand-mediated recruitment of CD22 to the IgD-BCR results 

in suppression of BCR signaling (right). (B) Anti-IgE ligates the mast cell IgE/FcεRI 

receptor complex causing mast cell activation (left). When anti-IgE is conjugated to CD33L, 

activation and degranulation of the mast cell is suppressed as a result of inhibitory CD33 

being recruited to the IgE/FcεR1 receptor complex (right).
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Figure 2. 
Impact of CD22L conjugated to anti-IgD on activation of murine B cells. Splenocytes from 

wildtype (WT; A) or CD22 knockout (CD22KO; B) mice on the C57BL/6J background 

were loaded with the fluorescent intracellular calcium indicator Indo-I AM, prior to staining 

with antibodies to analyze calcium flux in the B cells (B220+CD5−). Washed cells were 

resuspended in media containing CaCl2 and warmed to 37 °C prior to being stimulated with 

PBS or 10μg/ml of anti-IgD, (3) anti-IgD-N3, (5b) or anti-IgD-CD22L and analyzed by flow 

cytometry.

Islam et al. Page 17

J Am Chem Soc. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Impact of CD33L conjugation to anti-IgE on the binding to IgE and induction of mast cell 

activation. (A) Analysis of anti-IgE conjugates by SDS gels. Samples were reduced with 

tris(2-carboxyethyl) phosphine (TCEP) at 37 °C for 30 minutes prior to electrophoresis 

to separate the IgE heavy (~50KDa) and light (~25KDa) chains. (B) ELISA assays to 

assess EC50 for binding of anti-IgE (8), anti-IgE-N3 (10b), and anti-IgE-CD33L (10a) 

to human IgE. Anti-IgE (8), anti-IgE-N3 (10b), and anti-IgE-CD33L (10a) were serially 

diluted in 96 well plates coated with human IgE and incubated for 1.5h at 37 °C. Plates 

were washed and incubated with secondary antibody conjugated to horse radish peroxidase 

(HRP) (anti-hIgG2a-HRP), washed again and incubated with HRP substrate (TMB) to detect 

bound anti-IgE by absorbance at 450 nm. (C) Impact of anti-IgE induced production of 
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IL-6 by bone marrow derived mast cells (BMMCs). BMMCs from hFcεRI+ × hCD33+ 

mice were sensitized with human IgE (1μg/106cells) overnight at 37 °C. Cells were washed, 

aliquoted to 105 cells/100μl in a 96 well plate and then mixed at 37° C with PBS as a 

buffer control or with anti-IgE (8), anti-IgE-N3(10b), or CD33L-anti-IgE (10a) in PBS to 

give a final concentration of 10 μg/ml. IL-6 cytokine production was assessed in an ELISA 

by measuring absorbance at 450 nm. Results in (C) are representative of 3 independent 

experiments and data were analyzed by one-way ANOVA followed by Tukey’s multiple 

comparison test (***P< 0.001 and ****P< 0.0001); BMMCs, bone marrow derived mast 

cells.
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Figure 4. 
Impact of CD33L conjugation to anti-IgE on the induction of passive cutaneous anaphylaxis 

(PC) in the mouse ear. (A) Schematic representation of PC assay. One ear of each mouse 

is sensitized with hIgE (1μg/mice) followed by intravenous injection (i.v.) one day later 

with 0.2 ml of PBS containing Evans blue dye to detect vascular leakage, and either no 

antibody (PBS) or 10 μg of either anti-IgE (8) or anti-IgE-CD33L (10a). After 1h treated 

ears were removed and assessed for anaphylaxis by extracting the blue dye (OD A460/g 

tissue). (B) Assessment of anaphylaxis induced in hFcεRI+ × hCD33− mice. (C) Assessment 

of anaphylaxis induced in hFcεRI+ × hCD33+ mice. Results in B-C were analyzed by 

one-way ANOVA followed by Tukey’s multiple comparison test (***P< 0.001 and ****P< 

0.0001).
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Figure 5. 
Impact of CD33L conjugation to anti-IgE on induction of passive systemic anaphylaxis 

(PS) and desensitization to subsequent challenge. (A) Schematic representation of the PS 

model in NSG-SGM3-hCD34+ humanized mice. On Day 0, mice were sensitized (S) with 

hIgE (1μg/mouse i.v.). The next day (Day 1) mice were treated (T) with anti-IgE (8), 

N3-anti-IgE (10b), or CD33L-anti-IgE (10a) (1μg/mouse i.v.) and rectal temperature (RT) 

was measured at 10 minutes intervals for 1h. (B) CD33L-anti-IgE (10a) suppresses passive 

systematic anaphylaxis in NSG-SGM3-hCD34+ mice. (C) Schematic presentation of the PS 

model to test for mast cell desensitization. Mice were sensitized with hIgE as described 

in panel A. On day 1 mice were treated (T) with either anti-IgE-CD33L (10a) (1μg/mouse 

i.v.) or PBS and rectal temperature (RT) was measured at 10 minute intervals for 1h. After 

5h, mice were then challenged (Ch) with anti-IgE (2μg/mouse i.v.). (D) Anti-IgE-CD33L 

treatment protected mice from passive systematic anaphylaxis with subsequent challenge 

of anti-IgE. Results in (B) were analyzed by Two-way ANOVA followed by Tukey’s test 

(*P<0.05, **P<0.01, ***P<0.001 & ****P<0.0001). At 10 minutes **(black) is for anti-IgE 

vs anti-IgE-N3, ****(blue) is for anti-IgE vs anti-IgE-CD33L and **(red) is for anti-IgE-N3 
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vs anti-IgE-CD33L. Results in (D) were analyzed by Two-way ANOVA followed by Sidak’s 

multiple test (***P=0.0002 and ****P<0.0001), # indicates that mice died.
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Scheme 1. 
Synthesis of Propargyl-Peg8-mCD22L (2) and conjugation to anti-IgD (3)
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Scheme 2. 
Synthesis of Propargyl-Peg8-CD33L (7) and conjugation to anti-IgE (8)
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