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Abstract24

Hapten-protein conjugates are widely used in vaccines against tumors and addictive25

drugs, antidotes to toxins, and diagnostic antibodies for hazard detection. However,26

how hapten density of conjugates governs the ensuing immune response remains27

poorly defined, hindering rational hapten-based vaccine design. Here, we28

systematically investigate the relationship between hapten density and29

immunogenicity using a model system of AMDH-BSA conjugates with precisely30

controlled and well-characterized hapten densities spanning 1.8 to 36.3. We31

demonstrate that low-to-moderate hapten densities (1.8-17.2) elicit robust humoral32

immunity, characterized by potent germinal center B cell responses, CD4+ T cell33

activation, and high-affinity antibody production. In contrast, excessive hapten34

loading (26.7 to 36.3) compromises immune responses through a chemically defined35

mechanism whereby the carrier protein is stabilized into a rigid, α-helix-rich36

conformation that sterically hinders proteolytic cleavage, thereby reducing the37

diversity of processed peptides. This impaired antigen processing leads to defective38

CD4+ T cell activation, attenuated germinal center reactions, and ultimately39

compromised humoral immunity. Bulk and single-cell transcriptomics corroborate40

this mechanism, revealing global downregulation of antigen-processing and B cell41

receptor signaling pathways, while TCR/BCR repertoire sequencing shows that higher42

hapten density conjugates altered V(D)J usage and fail to drive effective clonal43
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expansion. Our findings establish hapten density as a tunable chemical parameter for44

programming vaccine immunity, providing a quantitative strategy for the rational45

design of next-generation hapten-based immunogens.46

Key Words: Hapten density; Antigen processing; Conformational rigidity; Chemical47

immunology; Vaccine design48
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Introduction50

Small molecules with single B cell epitope such as hormones, polysaccharides,51

drugs of abuse, pesticides, antibiotics, etc. are usually not capable of eliciting an52

immune response by themselves. Therefore, structural analogs of target molecules,53

named haptens with active groups, are chemically conjugated to larger molecules with54

T cell epitope, called carriers such as proteins, inducing specific immune response and55

antibodies against small molecules1–3. Since Karl Landsteiner's pioneering work in the56

1920s, the implementation of hapten-protein conjugates has proven to be a versatile57

chemical strategy in vaccines against tumors and drugs, antidotes to toxins, and58

immunoassays for compounds4–7. The utility of these conjugates depends on their59

immunogenicity that is the ability to elicit high-titer, high-affinity antibodies against60

the target hapten. The immunogenicity of hapten-protein conjugates have been widely61

are attributed to the physicochemical characteristics of each component in a given62

conjugate8, including hapten structure9,10, spacer linker11,12, carrier protein type13,14,63

and chemical conjugation method15. In addition to the above, hapten density, the64

average number of haptens conjugated to each carrier protein molecule, is also a key65

determinant of immunogenicity, as it directly impacts antigen processing, B cell66

activation, and antibody responses16,17. Given that hapten density is a readily tunable67

chemical parameter, understanding how it programs vaccine immunity is essential.68

Despite its importance, the specific role of hapten density remains poorly understood69

and often overlooked, and no clear consensus exists on the optimal hapten density for70

achieving both high antibody titers and affinity maturation16,18,19.71
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Evidence from protein antigens indicates that multivalency enhances B-cell72

activation, class switching, and affinity maturation20,21. Similarly, studies on Pfs25-73

based circumsporozoite protein conjugate vaccines have shown that optimizing repeat74

valency and the peptide-to-carrier ratio is critical for eliciting potent and durable anti-75

sporozoite antibody responses22. However, it remains unclear to what extent principles76

learned from protein or peptide epitope valency can be directly applied to hapten77

epitopes. Recently, several studies have reported that increasing hapten density can78

lead to higher antibody titers; however, other publications have shown that79

excessively high hapten density can instead reduce antibody performance1,23–25. The80

basis for these discrepancies is unknown. These apparent contradictions have limited81

the application of hapten-protein conjugates in vaccine development and antibody82

discovery.83

From the available studies, it is difficult to accurately define the relationship84

between the immunogenicity and hapten density of conjugates because: (1) hapten85

density of conjugates is often not measured or reported or fully characterized; (2)86

haptens, carrier proteins, and employed adjuvants, immune procedures and evaluation87

timelines are often proprietary and thus not readily available for direct comparative88

analyses; (3) the extent to which hapten modification alters carrier protein89

conformation and processing, and how this in turn shapes T-cell epitope presentation90

and vaccine immunity, remains largely unknown; (4) immunogenicity of hapten-91

protein conjugates is only evaluated by antibody titer or/and antibody affinity, with92

little exploration of antigen processing and presentation, B/T cell activation, germinal93
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center (GC) responses, transcriptome and TCR/BCR repertoires changes. Thus, a94

thorough understanding of how the hapten density of conjugates affect the strength95

and quality of immune responses to hapten epitope is highly demanded. This requires96

precisely controlled conjugate preparation within a suitable range and full97

characterization from multiple perspectives including molecular weight, structural98

conformation and hapten conjugation sites and in-depth immunological analysis99

including antigen processing, antigen processing cell (APC) and T cell activation, GC100

response and antibody production.101

To address these gaps, we designed a model system using amantadine (AMD) as102

the target small molecule. AMD was approved by the US Food and Drug103

Administration in 1968 as a prophylactic agent for influenza and Parkinson's disease.104

It also served as potential therapeutics for COVID-19 and several further105

indications26,27. However, AMD has been illegally used in poultry production, leading106

to the 2012 “Doping Chickens”, which is one of the largest food safety incidents in107

China and raised significant food safety concerns. AMD possesses a defined and108

stable "lipophilic bullet" with free hydrophilic amino, facilitating spacer linker109

introduction, making it an ideal hapten epitope model. In this work, we introduced an110

optimum length spacer linker with 8 carbon atoms (8.8 Å) as AMD hapten named111

AMDH11,28. Bovine serum albumin (BSA) was mostly used as the carrier protein,112

which is widely recognized as a standard model protein for in vivo carrier studies,113

with its crystal structures and potential epitopes having been extensively114

investigated29. We precisely prepared and fully characterized AMDH-BSA conjugates115
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with varied hapten densities ranging from 1.8 to 36.3 by matrix-assisted laser116

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS) and three117

complementary techniques based on distinct analytical principles. Using this well-118

defined conjugate library, we combined in vitro antigen processing assays, in vivo119

immunization, multi-omics profiling, and immune repertoire sequencing to achieve120

two questions: what density range elicits optimal antibody responses, and by what121

chemical mechanism does density modulate immunogenicity? We hypothesized that122

tuning hapten density on protein conjugates programs vaccine immunity not simply123

through valency effects on BCR crosslinking, but more fundamentally through124

altering the structural properties of the carrier protein, thereby affecting its125

susceptibility to proteolytic processing and subsequent T-cell help.126

127

128
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Results129

1. Rational Design and Validation of Hapten AMDH130

Our previous study demonstrated that haptens with a spacer linker of 6-8 carbon131

atoms (6.3-8.8 Å in length) more effectively elicit strong antibody responses against132

small molecules11. In this study, we designed a model hapten of AMD, named AMDH,133

by introducing an 8-methylene linear spacer linker with 8.8 Å to the amino group of134

AMD. This derivatization results in a terminal carboxyl group of AMDH that serves135

as the bioconjugation site (Fig. 1A and Supplementary Fig.1A).136

To assess the rationality of this design prior to chemical synthesis, we performed137

ESP mapping, a widely accepted tool for evaluating electronic properties of small138

molecules30. As shown in Fig. 1A, the ESP map of the lowest-energy conformations139

of AMDH closely resembled that of AMD, with neutral regions (white) dominating140

the van der Waals surface and an ESP distribution ranging primarily from 10 to -10141

kcal/mol. Superposition of the lowest-energy conformations of AMD and AMDH142

yielded an RMSD of only 0.0048 Å, indicating that AMDH retains the electronic143

characteristics and conformation of the parent drug. Additional molecular descriptors,144

such as dipole moment (μ), molecular polarizability index (MPI), and polar surface145

area (PSA), were also concordant between AMDH and AMD (Supplementary Table146

1). These results confirm the structural and electronic similarity of AMD and AMDH,147

guarantee the rationality of the hapten AMDH design, and support its suitability as a148

hapten for subsequent immunogenicity studies. Having established the chemical149

validity of AMDH, we selected BSA as the carrier protein. BSA is structurally well-150
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characterized, with a known crystal structure and extensively mapped epitopes,151

making it a standard model for carrier studies in vivo29. This well-defined system152

allowed us to precisely control and characterize hapten density on the conjugate, as153

described below.154

155

2. Preparation and Characterization of AMDH-BSA Conjugates with Various Hapten156

Densities157

To investigate the influence of hapten density of conjugates on immunogenicity, we158

conjugated AMDH to BSA as an immunogen and to OVA as a coating antigen using159

the active ester method. By systematically varying the molar ratio of AMDH to BSA160

from 5:1 to 500:1, we generated a series of AMDH-BSA conjugates and designated161

them as C1 through C8 in ascending order of hapten density (Fig. 1B). The162

conjugation of AMDH and BSA or OVA involved forming amide bonds between the163

carboxyl group of AMDH and the ε-amino groups of lysine residues (LYS) of BSA or164

OVA. Then, we characterized the hapten density of AMDH-BSA conjugates using165

multiple complementary analytical methods.166

We first measured hapten densities using MALDI-TOF/MS, a precise technique for167

quantifying conjugate composition19. As shown in Fig. 1C and Table 1, the calculated168

hapten densities ranged from 1.8 to 36.3, successfully covering a near-theoretical169

maximum range on BSA. We also prepared an AMDH-OVA conjugate as a coating170

antigen, with a hapten density of 10.1 (Table 1 and Supplementary Fig.1A and 1B).171

The relationship between the feed molar ratio of hapten to BSA and the calculated172
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hapten density was correlated but not linear. The hapten density gradually increased173

with a rising molar ratio of AMDH to BSA and plateaued when the molar ratios174

exceeded 200:1 (Supplementary Fig. 1C). From this series, we selected five175

conjugates, C1, C3, C5, C6, and C8, as immunogens for subsequent immunogenicity176

study due to their significantly distinct hapten densities. To further validate these177

density assignments, we performed TNBS assay for quantitative analysis178

(Supplementary Fig. 1D and Supplementary Table 2) and SDS-PAGE for qualitative179

characterization (Supplementary Fig. 1E). Although the calculated hapten density by180

TNBS assay ranging from 0.2 to 40.6 differed slightly from values obtained via181

MALDI-TOF/MS, the overall trend of increasing hapten density with higher feed182

molar ratio of AMDH to BSA remained consistent across methods (Fig. 1C and183

Supplementary Fig. 1E).184

We next asked whether varying hapten density induced conformational changes in185

the carrier protein, as such changes could influence immune cell recognition and186

activation31,32. To address this, we used fluorescence spectroscopy and CD spectra to187

characterize structural alterations of native BSA and the AMDH-BSA conjugates with188

varied hapten densities. Fluorescence spectroscopy, conducted at an excitation189

wavelength of 290 nm, selectively targeted tryptophan residues, allowing to assess190

changes in their local microenvironment after hapten conjugation33. It was observed in191

Fig. 1D that the emission wavelength of free hapten AMDH was 290-310 nm which192

was out of the emission wavelength of BSA between 310-450 nm, implying that193

AMDH did not interfere with the intrinsic fluorescence of BSA. Increasing hapten194
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density from C1 to C8 progressively quenched fluorescence of BSA, indicating195

additional amide bonds formation between AMDH and BSA, and alterations in the196

local microenvironment of carrier BSA tryptophan residues. A blue shift in the197

maximum wavelength further suggested significant conformational changes in the198

structure of conjugates 34–36. CD spectroscopy revealed hapten conjugation altered the199

secondary structure composition of BSA. Even at the lowest density (C1, 1.8),200

conjugation induced significant changes in the secondary structure, with decreased α-201

helical content from 65.2 to 54.5% and increased random coil content from 18.2 to202

22.9% (Fig.1E, 1F and Supplementary Fig. 2F). This indicates that even a small203

amount of hapten modification can disrupt native BSA conformation, particularly its204

α-helices structure. Previous studies have suggested that newly formed amide bonds205

may disrupt the α-helix by breaking hydrogen bonding networks of BSA and altering206

the local chemical environment37,38. However, as hapten density increased from 1.8 to207

36.3, we observed a progressive increase in α-helix content by 25.7 percentage points,208

accompanied by decreases in β-sheet, β-turn and random coil by 6.8, 4.0 and 9.8209

percentage points, respectively. This trend suggests that conjugates with high hapten210

densities could promote α-helix formation and allow the conjugates to partially refold211

into a more ordered structure39. The structural basis for this density-dependent212

refolding was further investigated through molecular dynamics simulations (see213

below).214

In summary, we successfully prepared and extensively characterized AMDH-BSA215

conjugates with hapten densities of 1.8-36.3. Specifically, BSA contains 61 primary216
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amino groups from 60 lysine and an N-terminus amino group, of which 30-35 are217

solvent-accessible and thus available for conjugation, forming amide bonds between218

hapten and protein40. Thus, these conjugates with hapten density almost covers219

theoretically the lowest of 1.8 and the highest hapten densities of 36.3, providing a220

well-defined model system for studying how hapten density affects immune responses221

to small molecule.222

223

3. Hapten Density Regulates Macrophage Uptake and Activation224

Antigen uptake by antigen-presenting cells (APCs), such as macrophages and225

dendritic cells, is the initial step in eliciting immune responses41. FITC-labeled226

AMDH-BSA with various hapten densities were incubated in vitro with RAW264.7227

macrophages and MFI values were measured at 30 min and 2 h. As shown in Fig. 2A228

and 2B, the MFI of RAW264.7 cells increased markedly upon exposure to conjugates229

with higher hapten densities of 26.7-36.3 at 30 min (p < 0.01). The MFI increased230

significantly in a stepwise manner with increased hapten density, i.e., C8 > C6 > C5 >231

C3 > C1 > BSA. This trend became more pronounced after 2 h of incubation; notably,232

C8 with the highest hapten density displayed more than a 10-fold increase in MFI233

compared to C1 and bare BSA, highlighting a strong correlation between hapten234

density and macrophage internalization. CLSM further confirmed the hapten density-235

dependent uptake of AMDH-BSA conjugates by macrophages (Fig. 2C).236

We next asked whether this increased uptake translates into enhanced macrophage237

activation. Activated macrophages upregulate cell proliferation and surface expression238
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of MHC-II and costimulatory molecules such as CD40, CD80, and CD86, which239

then facilitate T cell activation42. CCK8 assays indicated that C5, C6 and C8 with240

higher hapten density of 17.2-36.3 significantly decreased RAW264.7 cell241

proliferation in a dose-dependent manner, particularly at 60 μg/mL and 30 μg/mL (p <242

0.0001) (Fig. 2D). In contrast, C1 and C3 with lower hapten density of 1.8 and 6.4243

exhibited pro-proliferative effects at these concentrations; C1 even exceeded the244

positive control of LPSat 60 μg/mL. Thus, higher hapten densities of conjugates245

above 17.2 inhibited macrophage proliferation, showing an opposite trend to that246

observed for macrophage uptake.247

We then quantified surface expression of activation markers by flow cytometry. C1248

and C3 modestly increased MHC-II and costimulatory molecule expression. C5249

induced the highest level of MHC-II upregulation but did not further augment CD40,250

CD80, and CD86. In the case of C6 and C8 with higher hapten density (26.7-36.3),251

expression of MHC-II, CD40, CD80, and CD86 all sharply declined (Fig. 2E-2F).252

Together, these data reveal a clear hapten density-dependent functional dichotomy,253

with low hapten densities enhancing macrophage proliferation and activation, whereas254

very high densities (>26.7 in the study) suppress these activation hallmarks despite255

substantially increased uptake. This phenomenon of high uptake with low activation is256

attributed to the high hapten density of the conjugate acting on the endosome-257

lysosome degradation pathway, thereby impairing antigen processing efficiency and258

resulting in low activation43. We therefore investigated the effect of hapten density on259

proteolytic degradation, as described below.260
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261

4. Hapten Density Modulates Antigen Processing via Enzymatic Degradation262

Building on the discovery of the paradoxical "high uptake with low activation"263

phenomenon in APCs induced by high hapten density conjugates (26.7-36.3), we264

established an LC–MS/MS based in vitro enzymatic degradation platform to265

systematically evaluate the impact of hapten density on conjugate proteolysis44.266

AMDH-BSA conjugates with varied hapten densities were treated with cathepsin S, a267

key protease for antigen processing, to simulate this process in APCs45. We first268

analyzed peptide-spectrum matches (PSMs) for hapten-modified lysine (K) residues.269

All detected hapten-modified lysine residues are marked in red in Fig. 3A. We ranked270

the identified PSMs for each conjugate and selected the top-ranked lysine271

modification sites to infer the most possible modification sites. Mapping of these sites272

revealed distinct hapten density-dependent conjugation preferences. The speculated273

hapten conjugation sites of BSA for each conjugate are marked by yellow, green, red,274

and purple stars for AMDH-BSA conjugates C1, C3, C5, C6, and C8, respectively.275

Conjugates C1 and C3 with lower hapten densities of 1.8 and 6.4 primarily modified276

surface-exposed lysine residues such as Lys36 and Lys420, whereas conjugates C6277

and C8 with higher hapten density exhibited modification extending to internal lysine278

residues of BSA, including Lys412 and Lys597. This shift from protein surface to279

interior modification with increasing hapten density indicates progressive structural280

alteration of the carrier protein, consistent with the conformational changes observed281

by CD spectroscopy (Fig. 1E–F).282
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We next assessed the overall location of the degraded peptides generated from283

enzymatic digestion of the BSA and hapten-BSA conjugates. As shown in Fig. 3B and284

Supplementary Fig. 2A, C6 and C8 with higher hapten density of 26.7-36.3 obviously285

narrowed the diversity of detectable peptide species, representing by obviously286

reduced numbers of peptides observed in the y-axis plotted at a fixed height. Peptides287

generated from C1, C3 and C5 with low hapten densities in vitro enzymatic288

processing could be classified into 20-22 major peptide clusters of T cell epitopes that289

were visualized as distinct color segments on a donut plot, a reduced epitope diversity290

of only 8-17 clusters was observed for C6 and C8 with high hapten densities (Fig. 3C).291

In addition, the total number of peptides derived from C8 plummeted to 28 peptides292

that was a dramatic 98% reduction compared to the 1,356 peptides from C3 with293

hapten density of 6.4, showing a marked decline in enzymatic degradation efficiency.294

Of particular interest, hapten-preferred peptide clusters such as and YST393-413 and295

LKH556-571 yielded far fewer AMDH-modified peptides in the high-density296

conjugates C6 and C8 than in lower-density conjugates (Fig. 3D and Supplementary297

Fig. 2B), suggesting that high hapten density interferes with their proteolytic release.298

Thus, AMDH-BSA conjugates with high hapten densities of 26.7-36.3 let to narrowed299

peptide diversity, reduced enzymatic degradation efficiency, and decreased peptide300

abundance.301

The impaired enzymatic degradation observed with high hapten density302

conjugates provides a mechanistic explanation for the dampened macrophage303

activation noted earlier. By limiting antigen processing, conjugates with high hapten304
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density may reduce the number and diversity of degraded peptides available for305

MHC-II presentation, thereby inhibiting antigen presentation and subsequent T-cell306

help. Moreover, this reduction in T cell epitope diversity and abundance may307

negatively impact CD4+ T cell activation and downstream immune cascade,308

potentially weakening the overall immune response to hapten epitope. These findings309

point to a structural basis for this processing impairment: excessive hapten310

modification may physically and conformationally limit protease accessibility. We311

next used molecular dynamics simulations to investigate this structural basis.312

313

5. Structural Basis of Hapten Density Induced Antigen Processing Inhibition314

To elucidate the structural basis for the observed processing impairment, we315

conducted 200 ns MD simulations on BSA and conjugates C1, C3, C5, and C6.316

Conjugate C8 was excluded due to extremely poor enzymatic digestibility that317

limiting peptide detection and accurate structural modeling. We first evaluated the318

stability, as antigen stability is a key determinant of antigen proteolysis, antigen319

processing, and T cell epitopes expression46. As shown in Fig. 4A, all systems320

exhibited initial fluctuations in root mean square deviation (RMSD). Conjugates C1321

and C3 with low hapten density displayed pronounced instability, with C1 fluctuating322

substantially within the first 50 ns and C3 destabilizing between 100-150 ns. In323

contrast, C5 and C6 with high density of 17.2 and 26.7 maintained stable RMSD324

trajectories throughout the simulation, indicating increased structural stability of325
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hapten protein conjugates at higher hapten densities. Root mean square fluctuation326

(RMSF) and ΔRMSF analysis in Fig. 4B further proofed high residue-level flexibility327

of C1 and C3, and suppressed residue fluctuations in C5 and C6 showing the highest328

degree of structural rigidity.329

Radius of gyration (Rg) values generally was stable across all systems of BSA330

and conjugates within 200 ns, indicating that hapten density did not induce large-scale331

expansion or collapse of the BSA backbone. Thus, conjugation predominantly causes332

local rather than global structural differences (Fig. 4C). Solvent-accessible surface333

area (SASA) analysis showed that the values of all systems decreased during the334

initial stage of simulation, particularly for C5 and C6, possibly reflecting early335

rearrangements driven by solvent interactions with densely hapten modified surface336

regions (Fig. 4D). Secondary structure analysis demonstrated substantial α-helix loss337

(e.g., 63.3% of C1 and 65.9% of C3 vs 71.13% of BSA) and increased random coil338

content (20.4% of C1 and 17.6% of C3 vs 12.35% of BSA) in C1 and C3, indicating339

local structural loosening (Fig. 4E and Supplementary Fig. 3A). Conversely, C5 and340

C6 with higher hapten density displayed increased α-helix content (71.6% and 72.8%)341

and reduced random coil proportions (12.0% and 10.6%), aligning with results from342

CD spectroscopy (Fig. 1F), suggesting that higher hapten density enhances structural343

stability of conjugates by promoting α-helix formation.344

Hydrogen bond analyses revealed comparable total hydrogen bond numbers across345

all systems (Supplementary Fig. 3B), with C5 and C6 displaying slightly elevated346

values, i.e., 506.4 ± 10.3 of BSA, 510.6 ± 11.3 of C1, 510.9 ± 11.1 of C3, 519.6 ±347
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11.6 of C5, 519.7 ± 10.7 of C6, respectively. This suggested that hapten conjugation348

introduced additional stabilization via hydrogen bond formation. Given that AMDH349

contains carbonyl groups (-C=O) that can act as hydrogen bond acceptors and form350

exogenous hydrogen bonds with surrounding amino acids, such as TYR400 and351

GLN521 in the case of C1, ARG435 and LYS187 in the case of C5, ARG347,352

ASN482, and LYS221 in the case of C6 (Fig. 4F).These interactions likely contribute353

to α-helix stabilization and restricted side-chain motion, reinforcing overall protein354

structure rigidity and stability47.355

We next analyzed the masking effect of hapten density on protease cleavage site of356

cathepsin S for BSA (Val/Ile/Leu/Met site)48. In C1 and C3, most cleavage sites of357

BSA remained solvent-exposed, consistent with their efficient proteolytic degradation.358

In contrast, C5 and C6 with high hapten density exhibited extensive hapten masking359

these sites (Fig. 4G), suggesting steric blocking of critical protease cleavage sites.360

Together, the MD results indicate that high hapten density promotes α-helix361

formation, increase local structural rigidity, and reduces residue-level flexibility by362

additional hydrogen bonding interactions, thereby reducing structural flexibility363

required for proteolytic processing. Additionally, high hapten density physically364

obstructs key protease recognition sites of BSA. These combined effects limited365

protease accessibility and processing capacity, explaining a structural basis for the366

“high uptake with low activation” phenotype observed with high hapten density.367

Because antigen fragmentation and epitope release directly determine the efficiency368

of MHC-II loading and subsequent CD4⁺ T cell help, orchestrating hapten density of369
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conjugates is therefore important for antigen stability, antigen processing and370

presentation efficiency.371

372

6. Hapten Density Dictates the Quality of B and T Cell Responses373

We next examined whether the density-dependent differences in antigen processing374

translate into altered T and B cell responses in vivo. Mice were immunized with375

AMDH-BSA conjugates C1, C3, C5, C6, C8, and PBS following the immunization376

schedule as shown in Fig. 5A, and samples were collected at the indicated time points377

(Supplementary Table 3). Given that effective antibody maturation rely on the378

germinal center (GC) reaction, where antigen-activated B cells undergo somatic379

hypermutation, class switch recombination, and clonal expansion with CD4+ T cell380

help49,50, We isolated splenocytes 7 days after the first booster immunizations, and381

analyzed GC B cell and T cell responses (Fig. 5B-E). As shown in Fig. 5C, conjugates382

C1, C3, and C5 with hapten densities up to 17.2 induced a higher overall proportion383

of B cells (27.5%, 27.9% and 28.3%) than conjugates C6 and C8 (24.8% and 24.9%).384

However, within the GC compartment, only C1 and C3 increased GC B cell385

frequency (1.0 and 1.2%), whereas C5, C6, and C8 all showed similarly lower levels386

(0.78%, 0.75% and 0.79%, respectively). This finding suggests that GC B cell387

generation is more sensitive to hapten density than the overall B cell response and388

begins to decline once the hapten density reaches approximately 17.2. T cell subtypes389

analysis demonstrated that mice immunized with C1, C3, and C5 maintained higher390

proportion of CD4+ T cells, whereas C6 and C8 shifted the balance toward CD8+ T391
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cell (Tc) as shown in Fig. 5D and 5E. Accordingly, C1, C3, and C5 exhibited higher392

CD4+/CD8+ T cell ratios of 2.8-3.0 than C6 and C8 of 2.4 and 2.5, indicating a bias393

toward humoral immunity for conjugates with hapten density below 17.2394

(Supplementary Fig. 4A).395

To elucidate how hapten density affects lymphocyte activation, we restimulated396

splenocytes from immunized mice in vitro with each conjugate alone or in397

combination with ConA (T cell stimulant) or LPS (B cell stimulant). As shown in Fig.398

5F-G and Supplementary Fig. 4B-D, C5, C6, and C8 with hapten densities above 17.2399

exhibited higher stimulation indexes for total lymphocyte proliferation and T cell400

proliferation. Among these, C5 with hapten density of 17.2 exhibited the strongest401

simulation index for T cell proliferation, approximately 1.4-fold higher than C1,402

consistent with its the highest MHC-II expression and enhanced CD4⁺ T cell403

activation (Fig. 2E and 5E). In contrast, B cell proliferation was most pronounced by404

C1, C3, and C5, with C3 with hapten density of 6.4 achieved the highest simulation405

index (Fig. 5H and Supplementary Fig. 4D). Cytokine secretion analysis revealed no406

significant differences in TNF-α, IL-6, or IFN-γ levels across groups, although an407

upward trend in TNF-α secretion was observed from C6 and C8 (Fig. 5I-K),408

suggesting a slightly more pro-inflammatory milieu associated with high hapten409

density.410

411

7. Hapten Density Modulates Hapten-Specific Antibody Responses412

Antibody titer and affinity are key readouts of how hapten density shapes the413
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immunogenicity of hapten-protein conjugates. To dissect antibody responses to each414

antigenic component, we longitudinally quantified antibodies specific for AMDH-415

BSA conjugate, the hapten AMDH, and the carrier protein BSA over the course of416

immunization time (Fig. 6, and Supplementary Fig. 5A-C). Following the first booster417

immunization on day 28, AMDH-BSA-specific antibody titers increased markedly in418

all immunized groups compared to the PBS control, with significant differences419

among conjugates. C3 and C5 with hapten density of 6.4 and 17.2 induced420

significantly higher AMDH-BSA-specific antibody titers by 2- to 4-folds compared to421

other conjugates (Fig. 6A). Similarly, C1, C3, and C5 with hapten density of 1.8-17.2422

induced AMDH-specific titers that were 2- to 12-folds higher than those elicited by423

the C6 and C8 with higher hapten density of 26.7-36.3 (Fig. 6B). Titers plateaued424

after the second booster immunization on Day 49 while maintaining the original425

trends observed on Day 28. These findings reveal conjugates with high hapen density426

above 26.7 reduced immune responses to both AMDH-BSA and AMDH.427

We next analyzed antibody subclasses. OD values of IgM, IgG1, IgG2a, and IgG2b428

were measured on Days 7 and 28. IgG3 and IgA levels remained near background429

(Supplementary Fig. 5D). On Day 7, AMDH-specific IgM and IgG subclasses from430

C1, C3, C5 and C6 showed an overall negative correlation with hapten density (Fig.431

6C). Interestingly, C8 with the highest hapten density induced a strong initial IgM432

response, but this response showed limited effectively class-switch to IgG subclasses433

upon the first booster immunizations (Fig. 6D). Following the first booster434

immunization on Day 28, C1, C3 and C5 significantly increased IgG1 and IgG2b435
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secretion compared to C6 and C8 by 1.7- to 2.2-fold and 1.1- to 2.5-fold, respectively.436

As expected, analysis of the Th1/Th2 index revealed a Th2-biased immune response437

to hapten AMDH across all immunized groups (Fig. 6E). Notably, the Th1/Th2 index438

was negatively correlated with hapten density and C8 with the highest hapten density439

increased the Th1 bias, consistent with the T cell subset analysis (Fig. 5E, 6F, and440

Supplementary Fig. 4).441

Beyond titers, antibody affinity against target molecule is also involved in the442

hapten-specific antibody response10. Antibody affinity was evaluated by using the443

inhibition rate of AMD by ic-ELISA, where higher inhibition rate indicates higher444

affinity. Early after immunization (day 7), C8 with the highest hapten density, initially445

induced the highest antibody affinity to AMD likely due to repetitive epitope446

presentation on the carrier protein facilitating T-independent B cell activation.51 (Fig.447

6F). In contrast, after subsequent booster immunizations, C1 and C3 with lower448

hapten densities of 1.8 and 6.4 induced significantly higher antibody affinities, up to449

2- to 3-fold higher than C6 and C8. These results suggested that C1, C3, and C5450

promoted antibody affinity maturation and long-lasting humoral immune response to451

the target molecule, whereas conjugates with high hapten density above 26.7 in the452

study can rapidly induce an early antibody production with low affinity but fail to453

promote effective antibody subclass switching and high-quality affinity maturation.454

We also examined antibody responses to the carrier protein BSA, as carrier-specific455

antibodies can potentially suppress hapten-specific responses through carrier-induced456

epitope suppression52. The results in Fig. 6G revealed all AMDH-BSA conjugates457
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significantly reduced BSA-specific antibody titers compared to native BSA (p <458

0.0001). As expected, increasing hapten density was inversely correlated with BSA-459

specific antibody production. C6 and C8 with high hapten density of 26.7-36.3460

induced lower BSA-specific antibody titers at all time points, especially IgG1 after461

the first immunization and IgG2b after the second immunization (Fig. 6H and 6I).462

However, because C6 and C8 simultaneously exhibited low levels of AMDH-BSA-463

specific, AMDH-specific, and BSA-specific immune responses, high hapten density464

appears to exert an overall adverse effect on the antibody response rather than specific465

epitope suppression, at least in this model. We found hapten densities within 1.8-17.2466

are optimal for inducing stronger specific humoral responses to hapten molecule,467

characterized by high titers, enhanced affinity maturation, and a balanced carrier468

response, whereas densities of 26.7-36.3 attenuate these features and overall weaken469

antibody quality. These data establish the optimal hapten density window for470

programming vaccine immunity471

472

8. Hapten Density Elicited Distinct Transcriptional Programs473

To gain mechanistic insights into how hapten density reshapes the global474

immune landscape, we performed bulk RNA-seq and scRNA-seq on spleen samples475

from mice immunized with BSA, C1, C3, and C8. Bulk RNA-seq revealed broad476

downregulation of immune-related genes across all AMDH-BSA conjugate groups477

compared to BSA alone, with the most pronounced suppression observed in the478

highest hapten density group C8 (Supplementary Fig. 6A). Immunoglobulin genes479
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were significantly reduced in all conjugate-immunized mice, such as Igkv12-46,480

Ighg1, and Ighv14-3. Compared to C1 and C3, C8 showed further downregulation of481

immunoglobulin genes such as Ighv6-6, Igkv3-2, Ighg1, suggesting attenuated482

humoral immune activity at high hapten density53, consistent with the reduced483

antibody production observed for high hapten density of conjugates (Fig. 6).484

Gene ontology (GO) analysis comparing C8 with C1 or C3 showed that the top485

20 downregulated GO terms were predominantly associated with adaptive immune486

functions, such as adaptive immune response, immunoglobulin complex, antigen487

binding and BCR signaling, revealing a global attenuation of adaptive immune488

response against C8 (Supplementary Fig. 6B). Notably, these transcriptional489

suppressions were more pronounced in the C8 versus C3 comparison than in C8490

versus C1, in line with the serological data showing stronger humoral responses491

induced by C3 than by C8 ( Fig. 6). This hapten density-dependent transcriptional492

attenuation points to a threshold effect, whereby moderate hapten density (C3)493

optimizes immunogenicity, while excessive hapten density (C8) actively suppresses it.494

To resolve the cellular basis of these transcriptional changes, we conducted495

scRNA-seq on splenic immune cells from the C3 and C8 groups, respectively.496

Uniform manifold approximation and projection (UMAP) identified all major497

immune cell populations, including B cells, macrophages, neutrophils, and T cells498

(Fig. 7A and 7B). Compared with C3, C8 provided a pronounced neutrophil-enriched499

composition, accompanied by reduced frequencies of B cells, macrophages and T500

cells. Subclustering of B and T cells revealed that C8 immunization resulted in501
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increased proportions of naive B cells and naive CD4+ T cells, together with a marked502

depletion of marginal zone B cells (MZB) and CD4+ memory T cells (CD4+ Tm) (Fig.503

7C and 7D). The reduction of CD4+ Tm cells was accompanied by modest, albeit non-504

significant, increases in naive CD4+ T cells and regulatory T cells (Treg). These shifts505

indicate that high hapten density is associated with a neutrophil-biased splenic506

immune landscape and attenuated accumulation of antigen-experienced adaptive507

subsets, consistent with the impaired cellular and humoral responses observed for508

high hapten density.509

We next focused on GC B cells and CD4+ Tm cells that were the key adaptive510

subsets driving affinity maturation and long-lived immunity, and performed511

differential expression gene (DEG) analysis between C8 with the highest hapten and512

C3 with optimal hapten density. In GC B cells, C8 induced downregulation of 44 and513

upregulation of 57 genes compared to C3; in CD4⁺ Tm cells, 38 genes were514

upregulated and 74 genes downregulated in response to C8. Overall, C8 elicited a515

transcriptional response characterized by predominant downregulation in both GC B516

cells and CD4+ Tm cells types (Fig. 7E and 7F). GO analysis of GC B cells in C8517

exhibited downregulation of genes involved in cytoplasm and cytosol, RNA binding518

and mRNA processing, cytoplasmic translation, endoplasmic reticulum lumen,519

regulation of BCR signaling, and cell-cycle phase transition (Fig. 7G, left). These520

patterns suggest a coordinated suppression of RNA metabolic and translational521

programs, together with reduced BCR signaling and proliferative capacity in GC B522

cells under high hapten density. The KEGG analysis placed the significantly523
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downregulated genes in BCR signaling, Fcγ R-mediated phagocytosis, NF-κB524

signaling, and ribosomal protein synthesis (Fig. 7H, left). Reduced BCR signaling and525

downstream NF-κB activation are expected to impair clonal expansion and selection526

of GC B cells, ultimately limiting the generation of antibodies with high affinity 54,527

while ribosomal downregulation implies a diminished capacity for protein synthesis,528

proliferation, and antibody secretion in GC B cells.529

Similarly, GO analysis of CD4+ Tm cells in C8 showed enrichment of530

downregulated genes in pathways related to cellular stress responses, inflammation,531

and cell survival (Fig. 7G, right). The KEGG enrichment analysis of CD4+ Tm cells532

further pointed downregulation in antigen processing and presentation, as well as C-533

type lectin receptor, TNF signaling pathway, and multiple infection-associated534

modules (Fig. 7H, right). These findings suggest that conjugates with high hapten535

density reduces antigen presentation efficiency and dampens proinflammatory and536

costimulatory signaling in CD4⁺ memory T cells, further contributing to the blunted537

adaptive immune activation. These transcriptional alterations align with the observed538

reduction in antigen processing efficiency and proteolytic cleavage in conjugate C8539

with high hapten density (Fig. 3), and support a model in which excessive hapten540

modification leads to impaired antigen presentation, and suppressed adaptive immune541

activation.542

543

9. Hapten Density Shapes the BCR and TCR Clonotype Repertoire544

To assess the effect of hapten density on B and T cell clonal diversity and545
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expansion, we performed clonal analyses and VDJ repertoire mapping using bulk546

TCR/BCR-seq and scTCR/BCR-seq. Bulk TCR/BCR-seq was performed on splenic547

samples from mice immunized with BSA, C1, C3, and C8, while scTCR/BCR-seq548

focused on C3 and C8 to provide higher resolution insights.549

Bulk TCR/BCR-seq revealed striking differences in repertoire diversity across550

immunization groups. The diversity of TRA, TRB and IGH was significantly551

decreased in BSA, C1, and C3 compared to C8, a signal of immunogen-driven clonal552

expansion55 (Fig. 8A). This reduced diversity indicates that effective immunogens553

promote the selective outgrowth of specific clonotypes, whereas high hapten density554

fails to impose such selective pressure. Systematic clonality maps of TRA, TRB, IGH555

and IGK repertoires further showed a significant decreased proportion of expanded556

clonotypes (>0.001 clonotype proportions) in C8 group compared to other groups (Fig.557

8B and 8C). These data suggest that while C8 induces a broad, polyclonal repertoire,558

it lacks the focused expansion necessary for robust adaptive immunity.559

Furthermore, scTCR/BCR-seq confirmed these findings, showing a higher560

proportion of expanded clonotypes in C3 compared to C8 (Fig. 8D). When we561

analyzed the top 20 most frequent TCR and BCR clonotypes across all samples, C8562

exhibited significantly fewer dominant clonotypes, with only 7 TCR clonotypes563

(clonotype10, 17, 20, 23, 28, 29 and 35) and 3 BCR clonotypes (clonotype12, 32 and564

33). In contrast, C3-immunized mice displayed a robust set of expanded clonotypes,565

indicating successful clonal selection and amplification of antigen-specific566

lymphocytes.567
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Analysis of VJ gene usage further highlighted the profound impact of hapten568

density on TCR and BCR repertoire composition. As shown in Fig. 8E, the top 20569

most abundant VJ combinations varied significantly between C3 and C8, indicating570

that hapten density not only affects the magnitude of clonal expansion but also shapes571

the genetic architecture of the responding repertoire. The distinct VJ usage patterns572

suggest that conjugates with different hapten densities engage fundamentally different573

sets of precursor B and T cell clones, potentially reflecting differences in antigen574

processing, epitope presentation, or the avidity thresholds required for lymphocyte575

activation.576

These bulk and single-cell repertoire data demonstrate that lower hapten577

densities (e.g., C3) promote focused clonal expansion and the emergence of dominant578

antigen-specific BCR and TCR clonotypes, whereas higher hapten density (e.g., C8)579

leads to a more diverse but less clonally expanded repertoire, reflecting a failure to580

effectively select and expand high affinity antigen-specific clones and thereby581

contributing to impaired humoral responses to the hapten epitope.582

583

Discussion584

Despite the widespread use of hapten-protein conjugates in vaccine design, antidote585

development and antibody production, creating optimal conjugates that elicit robust586

immune responses against haptens with single epitopes, such as polysaccharides,587

hazardous compounds, addictive drugs and antibacterial agents, always remains a588
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significant challenge56. Among the most critical yet underexplored factors governing589

conjugate immunogenicity is hapten density. While widely recognized as a key590

determinant, its mechanistic role lacks a clear scientific basis, with the literature591

offering limited and often contradictory findings16. In this study, we precisely592

synthesized a series of AMDH-BSA conjugates covering a near-theoretical maximum593

of hapten density from 1.8 to 36.3, as defined by MALDI-TOF MS. Complementary594

characterization by intrinsic fluorescence spectroscopy, CD, and TNBS assay595

corroborated the density measurements and revealed hapten-induced concomitant596

structural alterations. For the first time, we systematically elucidated the597

multidimensional relationships between hapten density and immune response to a598

hapten epitope, providing a unified mechanism for tuning hapten density to program599

vaccine immunity.600

Our data reveal a fundamental paradox. Conjugates with higher hapten density601

(26.7-36.3) exhibited enhanced internalization by APCs, yet this increased uptake602

does not translate into enhanced APC activation. Instead, surface expression of key603

activation markers including CD80, CD86, CD40, and MHC-II, was markedly604

reduced, meaning defective APC activation and impaired antigen presentation57. To605

investigate the molecular basis of the observation of this “high uptake with low606

activation” phenomenon, we integrated cathepsin proteolysis assays with MD607

simulations of AMDH-BSA conjugates with various hapten density. Through LC-608

MS/MS mapping of AMDH-modified peptides following cathepsin digestion, we first609

ranked probable conjugation sites and structurally mapped them onto the BSA to610
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generate accurate AMDH-BSA models for MD simulations. These analyses revealed611

that excessive hapten conjugation stabilizes the protein scaffold through the formation612

of additional exogenous hydrogen bonds, promotes a rigid, α-helix-rich conformation,613

and sterically hinders cathepsin cleavage sites. Consequently, high density conjugates614

were less efficiently cleaved by cathepsins and generated fewer modified peptides,615

providing a direct molecular explanation for impaired antigen processing. This616

interpretation agrees with previous work showing that hapten conjugation can alter617

lysosomal cathepsin-mediated degradation and thereby change the peptide repertoire618

generated from a carrier protein, with direct consequences for MHC class II peptide619

loading and T-cell recognition58. In this context, reduced peptide release constrains620

MHC-II loading and the availability of carrier-derived T-cell epitopes, thereby621

limiting CD4⁺ T-cell priming and downstream adaptive immune responses.622

Following initial immunization, high hapten density conjugates primarily induced623

IgM-based hapten-specific antibodies, consistent with studies showing that highly624

multivalent antigens can rapidly activate B cells and broaden the range of recruited625

precursor affinities59,60. Kato et al. demonstrated that high-valency protein626

immunogens promoted early extrafollicular plasma cell and GC responses by627

recruiting B cells across a broad affinity range, whereas low-valency antigens628

imposed more stringent selection and preferentially favored high-affinity clones59.629

Similarly, Ols et al. showed that multivalent nanoparticle display increased clonotype630

diversity and enabled the recruitment of low-affinity precursors, some of which631

subsequently matured into highly potent or cross-neutralizing antibodies through632
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avidity-assisted entry into the response60. In our system, however, this early advantage633

did not translate into superior long-term humoral immunity. Instead, conjugates with634

high hapten density failed to sustain a strong antibody response to hapten epitope,635

exhibiting lower antibody affinity and titers compared to low density conjugates. A636

likely explanation lies in a key chemical difference. Unlike structurally ordered637

multivalent nanoparticles, where antigen spacing is uniform and epitope accessibility638

is preserved, our high hapten density in conjugates are characterized by random,639

crowded surface modification that induces global conformational rigidity. This640

excessive hapten density simultaneously compromises antigen processing and limits641

the generation of carrier-derived peptides for MHC-II presentation, thereby reducing642

the availability of CD4⁺ T-cell help required for productive GC reactions. Consistent643

with this interpretation, high hapten density conjugates in our study were associated644

with reduced GC B-cell and CD4⁺ T-cell responses after boosting. Transcriptomic645

profiling further revealed downregulation of TNF and C-type lectin receptor signaling646

in CD4⁺ memory T cells, together with reduced BCR and NF-κB signaling in GC B647

cells, changes that would be expected to impair clonal expansion, selection and648

affinity maturation. In line with this, V(D)J repertoire analysis underscored the649

influence of hapten density on clonal selection. The observed differences in V-J gene650

usage and serological results indicate that conjugates with low density may651

preferentially recruit high-affinity B cell clones, facilitating more stringent GC652

selection and affinity maturation. In contrast, conjugates with high hapten density fail653
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to generate sufficient selective pressure for affinity-based clonal expansion,654

potentially leading to a broader but lower affinity immune repertoire.655

In addition to immunological effects, we observed significant structural differences656

among conjugates with varied hapten densities, which may also underlie their distinct657

immune response. Conjugates with lower hapten density exhibited a more disordered658

secondary structure, characterized by reduced α-helical content and increased random659

coil components. Conversely, conjugates with higher hapten density adopted more660

ordered conformations, with enhanced α-helical content and reduced structural661

flexibility. These hapten density-dependent structural changes not only affect662

secondary structure but likely influence tertiary conformation, potentially modulating663

the spatial arrangement and altering accessibility and presentation of conformational664

epitopes recognized by BCRs61,62. More importantly, the increased structural order665

and rigidity of conjugates in with high hapten density impaired proteolytic processing666

within APCs, leading to reduced diversity of T cell epitopes and compromised antigen667

processing, consistent with our experimental observations of diminished CD4+ T cell668

activation and attenuated humoral responses63. The masking or altered presentation of669

B cell epitopes may affect BCR engagement and activation efficiency, while limited670

antigen processing further weakens T cell help, jointly restricting GC formation and671

antibody affinity maturation64. Future high-resolution structural studies, such as cryo-672

electron microscopy or X-ray crystallography, combined with epitope mapping and673

proteolytic kinetic analyses, could elucidate how hapten density precisely influences674

epitope exposure, BCR recognition, and antigen processing, providing a structural675
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basis for the rational design of conjugate antigens with tunable immunomodulatory676

functions.677

Our findings highlight hapten density as a critical design parameter for effective678

hapten-protein conjugates. Taking the BSA conjugate in this study as an example with679

hapten densities between 1.8 and 17.2 maximizing overall antibody response, while680

densities around 6.4 are most effective for inducing high-affinity hapten-specific681

antibodies. This aligns with earlier BSA-based studies showing that moderate, rather682

than maximal, hapten density generally yields better antibody responses25,65. By683

contrast, high hapten densities (26.7-36.3 haptens per BSA) reduced carrier-specific684

responses, but only at the expense of weaker GC and CD4⁺ T-cell support, poorer685

affinity maturation, and overall reduced hapten-specific immunity. Hapten density686

should therefore be selected according to the intended outcome, maximizing antibody687

titer, improving antibody affinity, or limiting carrier immunogenicity, rather than688

simply increased to the highest achievable hapten density16,17.689

In conclusion, this study provides a mechanism for understanding how hapten690

density orchestrates immune responses to hapten molecule. We demonstrate that691

hapten density influences antigen processing, T cell activation, GC response,692

clonotype landscape and antibody affinity maturation through a chemically defined693

mechanism. These insights position hapten density as a critically tunable variable for694

the rational design of conjugate vaccines and antigens. Tuning hapten density on695

protein conjugates thus provides an effective strategy to program vaccine immunity.696

697
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Materials and method698

1. Materials and Reagents699

AMD standard was purchased from TCI (Shanghai, China). HAT medium, and700

horseradish peroxidase (HRP) labeled goat anti-mouse IgG were purchased from701

Sigma-Aldrich (MO, USA). Incomplete Freund’s adjuvant (IFA), complete Freund’s702

adjuvant (CFA), and fetal calf serum were bought from Gibco BRL (Carlsbad, CA,703

USA). Other chemical reagents were provided by Sinopharm Chemical Reagent, Inc.704

(Beijing, China). The T75 cell culture flasks, 96-well cell culture plates and705

polystyrene microtiter plates were purchased from Corning Incorporated (NY, USA).706

Cell Counting Kit-8 (CCK-8) and fluorescein isothiocyanate (FITC) were acquired707

from Solarbio Science and Technology (Beijing, China). Live/Dead Aqua and MHC-708

II were obtained from ThermoFisher Scientific (MA, USA). Staining antibodies709

against CD3, CD4, CD8, CD19, CD95, GL7, CD80, CD86, CD 40 and MHC-II were710

purchased from Biolegend (Kristiansand, Norway). Assay kits for TNF-α, IFN-γ, IL-6711

were purchased from MultiSciences Technology (Zhejiang, China).712

713

2. Hapten Design, Synthesis and Characterization714

The structures of AMD and hapten AMDH were built and optimized based on715

density functional theory (DFT) at the TVZP/M06-2X level using Gaussian 16 A.03716

(CT, USA). Three-dimensional conformations, molecular descriptors and electrostatic717

potential (ESP) analysis were then conducted. ESP maps (p(r) = 0.001 a.u) were718
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generated in Visual Molecular Dynamics software (VMD) based on files exported719

from Multiwfn 3.7(dev) 66,67.720

For chemical synthesis of hapten AMDH as shown in Supplementary Fig. 7A, 5.04721

g of AMD (33.38 mmol) was dissolved in 15 mL of DMF, followed by the addition of722

9.1 g of ethyl bromoacetate (36.23 mmol) and 9.1 g of K₂CO₃ (65.84 mmol). The723

mixture was stirred at 60°C for 16 h. After dilution with 100 mL of water, the solution724

was extracted with ethyl acetate (3 × 50 mL), combined, dried, and vacuum-725

concentrated, yielding purified 8-(adamantyl) amino octanoate.726

Next, 4 g of the intermediate was dissolved in a 1:1 ethanol-water solution, and 0.9727

g of NaOH was added. After 1 h of stirring, ethanol was removed, and the pH was728

adjusted to 5 using 3 M of HCl. The solution was vacuum-concentrated, yielding 1.3729

g of hapten AMDH as a white solid. The chemical structure of AMDH was confirmed730

via mass spectrometry (Thermo, Waltham, MA, USA) and nuclear magnetic731

resonance (NMR) spectroscopy (Bruker, Rheinstetten, Germany) as shown in732

Supplementary Fig. 7B-D. Mass spectrometry results (ESI): m/z calcd. for733

C18H30NO2- [M−H]- 292, found 292. The ¹H NMR (400 MHz, DMSO-d₆) δ 1.29 (s,734

6H), 1.48-1.53 (m, 2H), 1.58-1.67 (s, 8H), 1.87 (s, 6H), 2.11 (s, 3H), 2.21 (t, J = 8.0735

Hz, 2H), 2.81 (t, J = 8.0 Hz, 2H), 8.71 (s, 1H), and 11.91 (s, 1H). The 13C NMR (101736

MHz, DMSO-d6) δ 24.95, 26.53, 26.67, 28.87, 28.98, 29.08, 29.18, 34.15, 35.73,737

37.92, 50.35, 174.93.738

739
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3. AMDH-BSAConjugates Preparation and Characterization740

Hapten AMDH was activated using the active-ester method and conjugated to BSA741

and ovalbumin (OVA) as immunogens and coating antigens, respectively. To obtain742

AMDH-BSA conjugates with different hapten densities, 1.5-150 μmol of AMDH was743

dissolved in 1.5 mL of DMF, followed by the addition of N-hydroxysuccinimide744

(NHS) and dicyclohexylcarbodiimide (DCC) in a 1:1.5 molar ratio. The reaction745

mixture was stirred at room temperature for 8 h, filtered to remove precipitates, and746

then added dropwise into 10 mL of phosphate-buffered saline (PBS) containing BSA747

at molar ratios of AMDH:BSA with 5:1 to 500:1. For AMDH-OVA conjugate, 9.0748

μmol of AMDH was reacted with NHS and DCC (1:1.5 molar ratio), and the ratio of749

hapten and OVA was set at 30:1. The prepared AMDH-BSA conjugates with750

increasing hapten density were orderly named C1 to C8. All conjugates were stirred at751

4°C for 12 h, dialyzed in PBS for 72 h, aliquoted, and stored at -20°C.752

Hapten densities of conjugates were first determined via MALDI-TOF/MS (Bruker,753

Rheinstetten, Germany) and the hapten density were calculated as:754

hapten density=[M conjugation -M(protein)]/M(hapten)]

Then, hapten densities of conjugates were characterized by 2,4,6-trinitrobenzene755

sulfonic acid (TNBS) and SDS-PAGE methods. TNBS selectively reacts with free756

amines of BSA, resulting in a yellow-colored product detectable at 420 nm68. In brief,757

the free carrier protein and conjugates were suspended in 0.1 M NaHCO3 buffer at pH758

8.0 and treated with TNBS (50 μL, 0.01% in 0.1 M NaHCO3). The final volume and759
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protein concentration of the reaction mixture were adjusted to 150 μL. The reaction760

was then allowed to proceed for 2 h at 37 °C, followed by absorbance measurement at761

420 nm. The percentage of amino groups consumed in AMDH-BSA conjugates was762

determined by referencing a calibration curve generated by using BSA standards.763

SDS–PAGE was used to estimate the apparent molecular weight of BSA and C1, C3,764

C5, C6 and C8 conjugates. Samples were mixed with Laemmli loading buffer (with765

reducing agent), heated at 95 °C for 5 min, and separated on polyacrylamide gels766

under denaturing conditions alongside a protein molecular-weight marker. Gels were767

Coomassie-stained and imaged, and apparent molecular weights were determined by768

comparing band migration distance and a protein molecular-weight marker.769

Fluorescence spectra of BSA and AMDH-BSA conjugates (100 μL protein770

content of 1 mg/mL) and AMDH (100 μL hapten content of 1 μg/mL) were measured771

by an EnVision multimode plate reader (Perkin Elmer, USA). The emission spectrum772

was scanned from 0 to 600 nm after excitation at 290 nm (tryptophan excitation) and773

used with a scanning step of 2 nm. Each spectrum was an average of three scans.774

The secondary structure of BSA and AMDH-BSA conjugates was assessed using775

circular dichroism (CD) spectroscopy in the far-UV region (195-250 nm). The CD776

spectra were recorded using a Chirascan Plus spectrometer (Applied Photophysics777

Ltd., UK) at room temperature. Samples (0.25 mg/mL protein content) were placed in778

a 0.1 cm pathlength quartz cell, with a scanning interval of 1.0 nm and a scanning779

speed of 1.0 nm/s. Each spectrum represented the average of three scans and was780

corrected for buffer signals. Data were expressed in milli-degrees (mdeg) and781
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analyzed using CDNN 2.1 software to determine the secondary structure composition,782

including α-helix, β-sheet, β-turn, and random coil.783

784

4. Macrophage Uptake and Activation Assays785

AMDH-BSA conjugates and native BSA were labeled with FITC. RAW264.7786

cells were incubated with either FITC-BSA (50 μg/mL) or FITC-labeled AMDH-BSA787

conjugates (50 μg/mL) for 30 min and 2 h. The mean fluorescence intensity (MFI) of788

FITC within the cells was measured by flow cytometry (Sony Biotechnology,789

California, USA) to assess macrophage cellular uptake levels.790

To visualize cellular uptake, RAW264.7 cells were incubated with FITC-labeled791

BSA or AMDH-BSA conjugates (C1, C5, and C8) at 50 μg/mL for 2 h. Lysosomes792

were stained using LysoTracker dye (red fluorescence), and nuclei were793

counterstained with Hoechst dye (blue fluorescence). Images were captured using a794

confocal laser scanning microscope (CLSM).795

RAW264.7 cells were treated with native BSA or AMDH-BSA conjugates (50796

μg/mL) for 24 h. The surface expression of CD40, CD80, CD86, and MHC-II was797

then quantified via flow cytometry (Sony Biotechnology, California, USA). Data were798

analyzed using FlowJo software, and statistical evaluations were conducted in799

Prism·10.4.0 69.800

The proliferation activity of RAW264.7 cell were assessed using CCK-8 method.801

RAW264.7 cells were seeded into the 96-well flat bottom microtiter plates and then802
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treated with 50 μg/mL of BSA or AMDH-BSA conjugates with varying hapten803

densities. For controls, a positive control group was treated with 10 μL of 250 μg/mL804

lipopolysaccharide (LPS), while a blank control group received PBS. After 24 or 48 h805

of incubation, 10 μL of CCK-8 solution was added to each well. Plates were further806

incubated for 2 h under the same conditions, and optical density (OD) at 450 nm was807

measured using a microplate reader.808

809

5. Enzymatic Degradation Assay in vitro810

The proteolytic degradation of BSA and AMDH-BSA conjugates (C1, C3, C5, C6,811

and C8) was evaluated using recombinant mouse cathepsin S (MCE, Newjersey, USA)812

derived from E. coli. Reactions were performed in duplicate in a total volume of 300813

µL, containing 100 mM sodium citrate buffer (pH 6.0), 2 mM814

ethylenediaminetetraacetic acid (EDTA), 2 mM dithiothreitol (DTT), 300 ng of815

cathepsin S, and 30 μg of protein. Samples were incubated at 37°C for 48 h.816

Peptides were identified and quantified using liquid chromatography-tandem mass817

spectrometry (LC-MS/MS). Protein quantification was performed using MaxQuant’s818

Label-Free Quantification (LFQ) algorithm, which integrated isotope peak intensities819

of peptides across runs. Protein ratios were determined as the median of shared820

peptide ratios. Post-analysis filtering excluded proteins identified solely by modified821

sites, reverse database matches, or common contaminants.822

823
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6. Molecular Dynamics Simulation of AMDH-BSA Conjugates824

The crystal structure of BSA was obtained from the Protein Data Bank (PDB ID:825

4JK4). Four AMDH-BSA conjugates (C1, C3, C5, and C6) were generated by826

modifying the BSA structure with varying numbers of hapten AMDH using YASARA827

software. Molecular dynamics (MD) simulations were performed using GROMACS828

2024.4 under periodic boundary conditions with the Amber14SB all-atom force field829

and the TIP3P water model. The system was solvated in a cubic simulation box with a830

minimum distance of 1 nm from the protein to the box edges and neutralized with831

counterions. Hydrogen bonds were constrained using the LINCS algorithm, with an832

integration time step of 2 fs. Electrostatic interactions were computed using the833

Particle Mesh Ewald (PME) method, and non-bonded interactions were truncated at834

10 Å with neighbor lists updated every 10 steps. Temperature (300 K) and pressure (1835

bar) were controlled using the V-rescale thermostat and Parrinello-Rahman barostat,836

respectively. The simulation protocol included energy minimization using the steepest837

descent algorithm, equilibration under an NVT ensemble at 300 K for 100 ps, and a838

200 ns production MD simulation for each of the six independent systems, with839

trajectory snapshots recorded every 20 ps. Trajectory analysis, including root-mean-840

square deviation (RMSD), root-mean-square fluctuation (RMSF), radius of gyration841

(Rg), and secondary structure analysis, was performed using built-in GROMACS842

tools, and molecular visualization was conducted using ChimeraX 1.9.843

844
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7. Animals Immunization and Antisera Characterization845

All animal experiments were approved by the Animal Welfare Committee of846

China Agricultural University and followed the “Guide for Care and Use of847

Laboratory Animals” (China Agricultural University). Selected AMDH-BSA848

conjugates with various hapten densities (1 mg/mL) were emulsified with an equal849

volume of adjuvant as immunogens. The initial immunization used CFA, while850

booster injections used IFA. Female BALB/c mice (6-8 weeks old) were randomly851

assigned to six groups and subcutaneously injected with 100 μg of immunogen. Mice852

received three immunizations at three-week intervals. Blood samples (50 μL) were853

collected from the retro-orbital sinus one week after each immunization for antisera854

characterization.855

Antibody titers were determined via non-competitive (nc-ELISA) and expressed as856

the reciprocal of the highest dilution with an OD of antisera above the mean plus three857

standard deviations (SD) of control wells. Relative binding affinity was assessed858

using indirect competitive ELISA (ic-ELISA), with inhibition rates calculated as:859

Inhibition rates=[(B0-B)/B0]

where B0 is the OD value without AMD and B is the OD value in the presence of860

100 μg/LAMD under the same conditions. The higher inhibition rates mean the lower861

antibody affinity.862

Supernatants from splenic lymphocyte cultures were analyzed for TNF-α, IFN-γ,863

and IL-6 levels using commercial ELISA kits per the manufacturer’s instructions.864
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865

8. Splenocyte Phenotyping and Proliferation Assay866

One week after immunization, mice were anesthetized with isoflurane and867

euthanized via cervical dislocation. Splenocytes were isolated by mechanical868

disruption of the spleen and filtration through a 20 μm mesh filter. Single-cell869

suspensions were stained with antibody panels specific for T cell markers and B cell870

markers, incubated on ice for 30 min, washed, and filtered before flow cytometric871

analysis.872

The spleen lymphocytes were also assessed using the CCK-8 method. The test873

was divided into the following experimental groups: RPMI-1640 complete medium874

with PBS; RPMI-1640 medium containing 50 μg/mL of conjugates (C1, C3, C5, C6,875

C8); RPMI-1640 medium with 50 μg/mL C1, C3, C5, C6, C8 plus 10 μg/mL876

concanavalin A (ConA, T cell stimulant) or 12.5 μg/mL lipopolysaccharide (LPS, B877

cell stimulant). Each group was tested in six replicate wells. ConA was used to878

stimulate T cell proliferation, while LPS was used to stimulate B cell proliferation.879

Cells were incubated at 37°C with 5% CO₂ for 72 h, followed by the addition of 10880

μL of CCK-8 solution to each well. After an additional 4 h incubation, optical density881

(OD) at 450 nm was measured using a microplate reader. The proliferation rate was882

expressed as the stimulation index (SI):883

SI=(experimental group OD450nm - blank group OD450nm)/(negative control OD450nm -blank group OD450nm)

70.884
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885

886

9. Bulk RNA Sequencing and Immune Repertoire Analysis887

Bulk RNA sequencing (bulk RNA-seq) was performed to quantify gene expression888

levels using Htseq (v0.6.1), with normalization by FPKM (Fragments Per Kilobase of889

transcript per Million mapped reads). Differential gene expression analysis was890

conducted using edgeR (v3.28.1), applying a threshold of fold change (FC) ≥ 2 and a891

false discovery rate (FDR)-adjusted p-value (q-value) ≤ 0.05. Gene Ontology (GO)892

enrichment analysis was carried out using GOseq, which corrects for gene length bias893

based on the Wallenius non-central hypergeometric distribution.894

For immune repertoire analysis, MiXCR (v3.0.13) was used for two-step sequence895

alignment against the IMGT database to identify V, D, and J gene usage and annotate896

CDR1, CDR2, and CDR3 regions. Clonal clustering was performed based on897

sequence similarity. Immune repertoire diversity was assessed by analyzing CDR3898

sequence richness and rank-abundance distribution, with diversity trends visualized899

using rank-abundance curves. Clonal expansion analysis was conducted by900

quantifying TRA, TRB, IGH, IGK, and IGL clonotypes, which were classified into901

three frequency intervals: high (>0.01), intermediate (0.01 ≥ x > 0.001), and low (≤902

0.001). These analyses provided insights into immune repertoire diversity and903

antigen-specific clonal expansion.904

905
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10. Single-cell RNA Sequencing and Immune Repertoire Analysis906

Single-cell RNA sequencing (scRNA-seq) and immune repertoire profiling were907

performed using the 10×Genomics Single Cell Immune Profiling Solution, following908

the manufacturer’s protocol. Single-cell suspensions were adjusted to a concentration909

of 700-1200 cells/μL before being encapsulated in barcoded gel beads within a910

microfluidic system to form Gel Beads-in-Emulsions (GEMs). Reverse transcription911

and cDNA amplification were performed within the GEMs, followed by PCR912

amplification to generate sequencing libraries. Transcriptomic libraries were prepared913

by enzymatically fragmenting cDNA (200-300 bp), ligating sequencing adapters, and914

performing PCR amplification. Immune repertoire libraries were generated by915

enriching V(D)J segments through nested PCR with TCR/BCR constant region-916

specific primers, followed by fragmentation and adapter ligation to capture full-length917

V(D)J sequences. Libraries were sequenced on the Illumina platform using paired-end918

sequencing.919

Raw sequencing data were processed using Cell Ranger (10×Genomics) for920

demultiplexing, genome alignment, UMI counting, and quality control. The resulting921

gene-barcode matrix was analyzed using Seurat, with low-quality cells removed based922

on mitochondrial gene expression and feature counts. Cell clustering and subtype923

identification were performed through Principal Component Analysis (PCA),924

FindNeighbors, and FindClusters, with visualization using Uniform Manifold925

Approximation and Projection (UMAP). Differential expression gene (DEG)s were926
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identified across clusters (|log2FC| > 0.26, p value < 0.01), followed by GO and Kyoto927

Encyclopedia of Genes and Genomes (KEGG) enrichment analyses.928

For immune repertoire analysis, cell barcode correction and UMI filtering were929

performed to remove low-quality sequences, and adapter sequences were trimmed930

using Cutadapt. Reads were de novo assembled into contigs and aligned to the V(D)J931

reference database for gene annotation. CDR3 sequences were identified to determine932

functional TCR/BCR sequences, and clonotypes were assigned based on identical933

CDR3 sequences. Clonal expansion was assessed by ranking the top 20 clonotypes934

and calculating their frequencies across samples.935

936

11. Quantification and Statistical Analysis937

All data are expressed as the mean ± standard deviation (SD). Statistical analysis938

was carried out using Prism statistical analysis software. For each experiment, the939

type of statistical testing, n values, summary statistics, and levels of significance can940

be found in the figures and corresponding figure legends.941
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Tables Captions:1185

Table 1. Molecular mass and calculated hapten density of AMDH-BSA/OVAconjugates1186

characterized by MOLDI-TOFMS.1187

Conjugates

names

AMDH to BSA/OVA

feeding mole ratios

Observed molecular

mass (Da)

Molecular mass

variation (ΔM)

Hapten density

(ΔM/Mh*)†

BSA 0:1 66422.1 0 0

C1 5:1 66915.4 493.4 1.8

C2 10:1 67406.5 984.4 3.6

C3 20:1 68189.9 1767.8 6.4

C4 40:1 69989.9 3567.8 13.0

C5 60:1 71158.0 4735.9 17.2

C6 100:1 73770.3 7348.3 26.7

C7 200:1 75984.0 9562.0 34.7

C8 500:1 76432.7 10010.6 36.3

OVA 0:1 49267.1 0 0

AMDH-

OVA
30:1 52461.2 3200.1 10.1

* Mh indicates molecular weight of AMDH minus H2O, Mh = 275.6; † Values in parentheses1188

indicate calculated numbers of AMDH on each BSA or OVAmolecule.1189

1190
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Figure Captions:1191

Fig. 1 Validation, preparation, and characterization of AMD, hapten AMDH and1192

AMDH-BSA conjugates with various hapten densities. (A) Similarity of AMD and AMDH1193

was validated using area distribution of different ESP intervals (left), ESP mapping on the van1194

der Waals surface (i.e., = 0.001 a.u. isosurface) and superposition of the optimized geometries1195

of AMD and AMDH (right). (B) Schematic diagram of AMDH-BSA conjugates preparation,1196

with feed molar ratios of AMDH to BSA increasing from 5:1 to 500:1. The carboxyl groups1197

of AMDH are conjugated to ε-amino groups of lysine (LYS) of BSA, forming amide bonds.1198

(C) Molecular weight (MW) characterization of AMDH-BSA conjugates by MALDI-1199

TOF/MS. The calculated hapten densities are presented in Table 1. The conjugates with1200

increasing hapten density were orderly named C1-C8 and the selected conjugates C1, C3, C5,1201

C6, and C8 were used as immunogens and further characterized. (D) Characterization of1202

tertiary structures of AMDH-BSA conjugates C1, C3, C5, C6, and C8 by fluorescence1203

spectrum. (E) Characterization of secondary structures of AMDH-BSA conjugates C1, C3, C5,1204

C6, and C8 by CD spectrum. (F) Secondary structure composition of AMDH-BSA conjugates1205

C1, C3, C5, C6, and C8 in term of α-helix, β-sheet, β-turn and random coil and detailed data1206

were provided in Fig. S2F.1207

1208

Fig. 2 Effect of AMDH-BSA conjugates with varied hapten densities on the cellular1209

uptake and activation of RAW264.7 macrophages in vitro. (A) Flow cytometric histograms1210

of FITC labeled BSA and FITC labeled AMDH-BSA conjugates C1, C3, C5, C6, C8 uptake1211
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by RAW264.7 cell at 50 μg/mL for 30 min and 2 h (n=3). (B) Cumulative mean fluorescence1212

intensity (MFI) analysis of the same uptake data (n=3). (C) Confocal laser scanning1213

microscope (CLSM) of RAW264.7 cells after incubation with FITC labeled BSA and FITC1214

labeled AMDH-BSA conjugates C1, C5, C8 at 50 μg/mL for 2 h. The nuclei of RAW264.71215

cells were visualized with Hoechst emitting blue light and lysosomes of RAW264.7 cells were1216

stained with LysoTracker dye emitting red light. Scale bar, 10 μm (n=3). (D) CCK‐8 assay of1217

RAW264.7 cell viabilities after treatment with AMDH-BSA conjugates C1, C3, C5, C6, C8,1218

BSA or LPS at concentrations of 3.25, 7.5, 15, 30, 60 μg/mL for 2 h; PBS and LPS served as1219

negative and positive controls, respectively (n=4). (E) Flow cytometric quantitative analysis1220

of MHC-II, CD40, CD80, and CD86 expression of RAW264.7 cells after incubation with1221

AMDH-BSA conjugates C1, C3, C5, C6, C8 and BSA at 50 μg/mL for 24 h (n=3). (F)1222

Representative flow cytometric contour plot showing CD80 and CD86 expression on1223

RAW264.7 cells after incubation with AMDH-BSA conjugates C1, C3, C5, C6, C8 and BSA1224

at 50 μg/mL for 24 h (n=3); ∗ p < 0.05, ∗ ∗ p < 0.005, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p <1225

0.0001. Data are shown as mean ± SD. Statistical significance was determined by ANOVA1226

with multiple comparison testing among all conjugate groups and BSA.1227

1228

Fig. 3 Effect of hapten density on peptide diversity and abundance of AMDH-BSA1229

conjugates after in vitro digestion with cathepsin S analyzed by LC–MS/MS. (A)1230

Proposed hapten conjugation sites on BSA based on lysine conjugation site mapping; Lysine1231

(K) residues of BSA highlighted in red indicate potential hapten conjugation sites, with1232

surface-exposed K shown in bold. These sites were derived from PSM analysis of hapten-1233
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modified peptides generated by enzymatic cleavage of BSA and AMDH-BSA conjugates. The1234

speculated hapten conjugation sites for C1, C3, C5, C6, and C8 are marked by yellow, green,1235

red, and purple stars, respectively. (B) Locations of peptides generated from enzymatic1236

degradation of AMDH-BSA conjugates C1, C3, C5, C6, and C8. Each conjugate was tested1237

twice in duplicate; All enzymatically cleaved peptides of AMDH–BSA conjugates were1238

represented as lines mapped onto the full-length sequence of BSA and arranged in a 5' to 3'1239

order; The y-axis is plotted at a fixed height to illustrate the diversity of identified peptides,1240

while the x-axis corresponds to the specific amino acid positions within the BSA sequence. (C)1241

Differences in abundance of various peptide clusters across AMDH-BSA conjugates C1, C3,1242

C5, C6, and C8. The total number of peptide-spectrum matches (PSM) within pie charts was1243

obtained by summing all PSMs for the conjugates Peptide clusters that were defined based on1244

shared start or end residues, as well as the extent of overlap among conjugates. (D)1245

Representative heat map of PSMs differences for the YST393-413 peptide cluster of BSA.1246

PSMs were quantified with posterior error probability (PEP) values of <0.01. Data in C, D,1247

and E represent two independent experiments performed per conjugate tested in single1248

determinations due to antigen availability and the quantity required per assay. Two1249

independent experiments in D are labeled by appending “-1” or “-2” after each conjugate1250

name, respectively.1251

1252

Fig. 4 Effect of hapten density on conformational stability and protease cleavage site1253

accessibility of BSA via 200 ns molecular dynamics (MD) simulations. (A) Root mean1254

square deviation (RMSD) analysis of BSA and AMDH-BSA conjugates C1, C3, C5, C6. (B)1255
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Root mean square fluctuation (RMSF) analysis of residue flexibility across BSA and1256

conjugates C1, C3, C5, C6. Individual residue fluctuations compared among systems are1257

shown as ΔRMSF. (C) Radius of gyration (Rg) analysis of BSA and conjugates C1, C3, C5,1258

C6. (D) Solvent-accessible surface area (SASA) analysis of BSA and conjugates C1, C3, C5,1259

C6. (E) Secondary structure composition of BSA and AMDH-BSA conjugates at 200 ns,1260

showing the distribution of ɑ-helix, β-sheet, β-turn, and random coil structures. (F)1261

Visualization of the local binding regions of conjugates C3, C5, and C6 at 200 ns, showing1262

additional hydrogen bonds (blue dashed lines) formed between the AMDH carbonyl group1263

(C=O) and nearby amino acid residues. For clarity, only residues directly involved in1264

hydrogen bonding with the hapten are shown. (G) Visualization of protease cleavage site1265

accessibility in BSA and AMDH-BSA conjugates at 200 ns. Key cathepsin cleavage sites (Val,1266

Ile, Leu, Met) are highlighted in different colors, with hapten conjugated regions shown in1267

yellow.1268

1269

Fig. 5 Effect of AMDH-BSA conjugates with varied hapten densities on T and B cell1270

response. (A) Schematic timeline of the immunization regimen and sample collection. Six-1271

week-old BALB/c mice were immunized with AMDH-BSA conjugates C1, C3, C5, C6, C8,1272

or PBS every three weeks for a total of three immunizations. Antisera were collected on day7,1273

28, and 49 and analyzed by nc-ELISA and ic-ELISA. Splenocytes were sorted on day 28 for1274

flow cytometric analysis and transcriptional analysis, and on day 49 for lymphocyte1275

proliferation and cytokines analysis. (B) Representative flow cytometry dot plots showing the1276

gating strategy of B cells (CD19+) and GC B cells (CD19+CD95+GL7+). (C) Percentages of B1277
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cells and GC B cells among viable splenocytes in respective immunized-group mice (n=31278

mice/group). (D) Representative flow cytometry dot plots showing the gating strategy of1279

CD4+ T cells (CD3+CD4+CD8-) and CD8+ T (CD3+CD4-CD8+). (E) Percentages of CD4+ and1280

CD8+ T cells among viable splenocytes in respective immunized-group mice (n= 31281

mice/group). (F) Stimulation index of splenocytes proliferation after treatment with 50 μg/mL1282

AMDH-BSA conjugates C1, C3, C5, C6, C8, or PBS for 72 h in vitro. (G) Stimulation index1283

of splenocytes proliferation after treatment with AMDH-BSA conjugates C1, C3, C5, C6, C81284

in the presence of 10 μg/mL ConA (T cell stimulant). (H) Stimulation index of splenocyte1285

proliferation after treatment with AMDH-BSA conjugates C1, C3, C5, C6, and C8 in the1286

presence of 12.5 μg/mL LPS (B cell stimulant). (I, J and K) Levels of TNF-α, IL-6 and IFN-γ1287

released by splenocytes after re-stimulation with AMDH-BSA conjugates or PBS in vitro. ∗ p1288

< 0.05, ∗ ∗ p < 0.005, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001. Means and standard1289

deviations are displayed (n=3 mice/group). Statistical significance was determined by1290

ANOVAwith multiple comparison testing among all groups except the PBS group.1291

1292

Fig. 6 Effect of AMDH-BSA conjugates with varied hapten densities on specific antibody1293

response. (A, B) Titers of AMDH-BSA-specific and AMDH-specific antibodies in antisera1294

measured by nc-ELISA on day 7, 28 and 49. AMDH-BSA (C4) and AMDH-OVA were used1295

as coating antigen at 2 μg/mL (n=6-8 mice/group). (C, D) OD450 value of AMDH-specific1296

IgM and IgG subclasses (IgG1, IgG2a, IgG2b) in 1:1600 diluted antisera measured by nc-1297

ELISA on days 7 and 28. AMDH-BSA (C4) and AMDH-OVA as coating antigen at 2 μg/mL1298

(n=6-8 mice/group). (E) Th1/Th2 index of the immune response based on IgG subclasses1299
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distribution on day 28, calculated as Th1/Th2 = (IgG2a + IgG3)/(2 × IgG1). (F) Inhibition1300

rates (%) of specific antibodies against AMD at 100 μg/L, determined by ic-ELISA using1301

AMDH-OVA as coating antigen on day 7, 28, and 49. Higher inhibition rates of antibodies1302

indicate lower antibody affinity to AMD in the study. (G) Titers of BSA-specific antibodies in1303

antisera measured by nc-ELISA using BSA as coating antigen at 2 μg/mL on day 7, 28, and1304

49 (n=6-8 mice/group). (H, I) OD450 value of BSA-specific IgM and three IgG subclasses1305

(IgG1, IgG2a, IgG2b) in 1:1600 diluted antisera measured by nc-ELISA using BSA as coating1306

antigen at 2 μg/mL on day 7 and 28 (n=6-8 mice/group). ∗ p < 0.05, ∗ ∗ p < 0.005,1307

∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001. Means and standard deviations are displayed (n=6-81308

mice/group). Statistical significance for A–F was determined by ANOVA with multiple1309

comparison testing among all groups except the PBS group. For G–I, ANOVA with pairwise1310

testing against the BSA group was used.1311

1312

Fig. 7 Single-cell transcriptomic analysis of splenic immune cells from mice immunized1313

with AMDH-BSA conjugates C3 and C8. (A) Uniform manifold approximation and1314

projection (UMAP) visualizations of all 30,483 cells (left) and stacked bar chart showing cell1315

type proportions in C3 and C8 immunization groups (right; n=2 mice/group). Clusters were1316

labeled by cell types that were assigned based on the expression of cell type-specific markers;1317

DC, dendritic cell; LPC, lymphoid progenitor cell; NK, natural killer cell. (B) Bubble plot of1318

selected marker genes for each cell cluster. Bubble size indicates the frequency of cells with1319

gene expression and color represents the level of RNA expression. (C, D) UMAP1320

visualizations of T cell and B cell subpopulations (left) and stacked bar chart showing1321
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subpopulation proportions in C3 and C8 immunization groups (right, n=2 mice/group);1322

Subclusters were labeled by cell types, assigned by the expression of cell type-specific1323

markers; GC B, germinal center B cell; MBC, memory B cell; MZB, marginal zone B cell;1324

pDC, plasmacytoid dendritic cell; CD4+ Tm, CD4+ memory T cell; Treg, regulatory T cell. (E,1325

F) Volcano plots of differential expression analysis in GC B cells and CD4+ Tm cells1326

comparing C8 versus C3. (G) Top 10 Gene Ontology (GO) terms for downregulated genes in1327

GC B cells and CD4+ Tm cells comparing C8 versus C3; Receptor Tyrosine Kinase, RTK. (H)1328

Top 10 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway for downregulated1329

genes in GC B cells and CD4+ Tm cells comparing C8 versus C3.1330

1331

Fig. 8 Effect of AMDH-BSA conjugates with varied hapten densities on TCR and BCR1332

diversity. (A) Number of unique TCR and BCR clonotypes in bulk BCR-seq dataset (n=31333

mice/group). (B, C) Proportion of the BCR and TCR repertoire occupied by clones of a given1334

size in the bulk BCR-seq dataset. (D) Top 20 most abundant clonotypes in the single-cell1335

TCR-seq dataset (left) and single-cell BCR-seq dataset (right) (n=2 mice/group). (E) Circos1336

plots showing V-J clonotype distribution for the single-cell TCR-seq dataset (left) and single-1337

cell BCR-seq dataset (right); The 20 most abundant V-J combinations are shown for pooled1338

vaccination group. For the bulk BCR-seq dataset, n = 3 mice per group for BSA, C1, C3, and1339

C8 groups. Three independent experiments are labeled by appending “-1”, “-2” or “-3” after1340

each immunization group name; For the single-cell dataset, n=2 mice per group for C1 and1341

C8 groups; Two independent experiments are labeled by appending “-1” or “-2” after each1342

immunization group name, respectively; ∗ p < 0.05, ∗ ∗ p < 0.005, ∗ ∗ ∗ p < 0.001,1343
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∗ ∗ ∗ ∗ p < 0.0001. Means and standard deviations are displayed. Statistical significance1344

was determined by ANOVAwith multiple comparison testing among all groups.1345
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