Supplementary Table S1. Model parameters
	Parameter
	Estimated value
	Biological / mathematical meaning

	p0​
	1
	Immune capacity

	p1​
	0
	Basal environmental generation rate of tumor cells. In the current simulations, this was set to zero.

	p2
	0.5
	Tumor-cell proliferation rate.

	p3​
	0.05
	Natural tumor-cell death rate; also contributes to removal of tumor-associated surface quantities.

	p4​
	10
	Maximal immune-mediated cell lysis rate for both ADCC/CDC-like and Tc-mediated killing.

	p5
	1020
	Saturation/threshold constant for ADCC/CDC-like killing driven by ​.

	p6
	10−9
	Model rate constant in the antigen/immune interaction module

	p7
	108
	Saturation/threshold constant for Tc-mediated killing driven by 

	p8
	10−12
	Forward binding coefficient between neoantigen and antibody/BCR; also used for membrane neoantigen–antibody binding.

	p9
	0.1
	Dissociation coefficient of antigen–antibody or antigen–BCR complexes.

	p10
	0.9
	Degradation/removal rate of antigen–antibody complex C.

	p11
	109
	Maximal generation rate of processed MHC-II-type peptide from antigen–antibody complex uptake by DCs.

	p12
	1011
	Saturation constant for antigen–antibody complex uptake/processing by DCs.

	p13
	0.1
	Degradation rate of processed intracellular MHC-II-type peptide F1​.

	p14
	10−9
	Forward binding coefficient between processed peptide and MHC molecules; 

	p15
	1.0
	Dissociation coefficient of peptide–MHC complexes.

	p16
	0.01
	Degradation/removal rate of MHC-II–peptide complex F3​.

	p17
	10−10
	Binding coefficient between MHC-II–peptide complex and CD4++ T cells.

	p18
	1
	Dissociation coefficient of the CD4++ TCR–MHC-II–peptide complex.

	p19
	108
	Saturation/scaling constant in helper T cell activation module.

	p20
	0.01
	Decay/removal rate in helper T cell activation module.

	p21
	10
	Immune activation/proliferation coefficient

	p22
	10
	Immune activation/proliferation coefficient.

	p23​
	0.01
	Decay/removal coefficient in T cell or immune activation module.

	p24
	0.01
	Decay/removal coefficient in T cell or immune activation module.

	p25
	107
	Saturation/scaling constant in adaptive immune activation module.

	p26
	108
	Saturation/scaling constant in adaptive immune activation module.

	p27​
	0.01
	Decay/removal coefficient in adaptive immune module.

	p28
	0.5
	Proliferation/activation coefficient in adaptive immune module.

	p29
	10
	Immune activation/proliferation coefficient; 

	p30
	1
	Scaling coefficient in B cell/antibody module.

	p31
	1
	Rate/scaling coefficient in B cell/antibody module.

	p32
	1
	Rate/scaling coefficient in B cell/antibody module.

	p33
	0.1
	Decay/removal coefficient in B cell/antibody module.

	p34
	104
	Saturation/scaling constant in B cell/antibody module.

	p35​
	109
	Maximal activation/production coefficient in B cell/antibody module.

	p36
	1011
	Saturation constant in B cell/antibody module.

	p37
	10−11
	Binding/interaction coefficient in B cell or antibody module.

	p38
	1.1
	Dissociation/activation coefficient in B cell or antibody module.

	p39
	10−10
	Forward binding coefficient between tumor-surface MHC-I–neoantigen peptide complex and Tc cells.

	p40​
	2
	Dissociation coefficient of ​, the MHC-I–peptide–TCR recognition complex.

	p41
	0.01
	Decay/removal coefficient in immune activation module.

	p42
	1012
	Saturation/scaling constant in immune activation module.

	p43
	0.01
	Decay/removal coefficient in immune activation module.

	p44
	0.01
	Decay/removal coefficient in immune activation module.

	p45
	0.9
	Differentiation/activation fraction or rate in immune activation module.

	p46
	0.01
	Decay/removal coefficient in immune activation module.

	p47
	1
	Rate/scaling coefficient in immune activation module.

	p48​
	0.01
	Decay/removal coefficient in immune activation module.

	p49
	1
	Rate/scaling coefficient in immune activation module.

	p50
	1
	Rate/scaling coefficient in immune activation module.

	p51
	105
	Immune production/activation coefficient

	p52
	50
	Antibody or effector-cell production/scaling coefficient.

	p53
	0.01
	Degradation/removal rate of unoccupied MHC-II pool F2​.

	p54
	0
	External input term; set to zero in default simulations.

	p55
	0
	External input term; set to zero in default simulations.

	p56
	102
	Transcription coefficient for neoantigen-encoding mRNA.

	p57​
	102
	Translation coefficient from mRNA to intracellular neoantigen.

	p58
	102
	Neoantigen membrane-routing coefficient. Larger values indicate poor membrane accessibility or weak transmembrane localization, thereby reducing ADCC/CDC-like killing.

	p59​
	102
	Neoantigen MHC-I presentation coefficient. Larger values indicate reduced MHC-I expression, impaired antigen presentation, or weak MHC-I immunogenicity, thereby reducing Tc-mediated killing.

	p60​
	0
	External input or additional source term; set to zero in default simulations.

	p61​
	108
	Source/supply term for unoccupied MHC-II molecules F2​.

	p62
	0.01
	Natural degradation/removal coefficient for ,  ​, ​, and ​.



S2. Default initial conditions
The default initial conditions used in the simulations are listed in Supplementary Table S2.

Supplementary Table S2. Default initial conditions


	Variables
	Biological interpretation 
	Initial value

	𝑇𝑢
	tumor cell population
	100

	𝑁
	extracellular soluble neoantigen
	0

	𝐶
	soluble antigen–antibody immune complex
	0




	𝐹1
	DC-processed MHC-II-associated peptide derived from immune complex
	0

	𝐹2
	free MHC-II molecules or presentation capacity on dendritic cells
	1010

	𝐹3
	peptide-loaded MHC-II complex on dendritic cells
	0

	𝑊
	available CD4⁺ T cell compartment interacting with DCs
	106

	𝑊𝑝
	nonspecific or alternative CD4⁺ T cell compartment
	9999×106

	𝑋
	DC MHC-II–peptide–CD4⁺ T cell interaction complex
	0

	𝐴
	antigen-specific antibody
	1010

	𝑇𝑐
	neoantigen-specific effector CD8⁺ T cells
	106

	𝑇𝑐, 𝑛𝑜𝑛
	nonspecific or bystander CD8⁺ T cells
	9999×106

	𝑇𝑐𝑝
	precursor, proliferating, or activated CD8⁺ T cell compartment
	0

	𝑍
	exhausted or inhibited neoantigen-specific CD8⁺ T cells
	0

	𝑍𝑝
	exhausted or inhibited nonspecific CD8⁺ T cell compartment
	0

	𝑅1
	competing/background peptide for MHC-II presentation
	0

	𝑅2
	competing/background peptide for MHC-I presentation
	0

	𝐹1𝑝
	DC-processed MHC-I-associated peptide derived from immune complex
	0

	𝐹2𝑝
	free MHC-I molecules or MHC-I presentation capacity
	1010

	𝐹3𝑝
	peptide-loaded MHC-I complex
	0

	𝑌
	MHC-I–peptide–CD8⁺ T cell interaction complex
	0

	𝑌𝑝
	alternative/nonspecific MHC-I–CD8⁺ T cell interaction complex
	0

	𝐵
	neoantigen-specific BCR or B cell compartment
	1010

	𝐵𝑝
	nonspecific BCR or B cell compartment
	9999*1010

	𝑃
	antibody-secreting plasma cell compartment
	106

	𝐶1
	BCR–neoantigen complex
	0

	𝑀1
	B cell-processed MHC-II-associated peptide
	0

	𝑀2
	free MHC-II molecules or presentation capacity on B cells
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	𝑀3
	B cell peptide-loaded MHC-II complex
	0

	𝑋𝑝
	B cell MHC-II–peptide–CD4⁺ T cell interaction complex
	0

	𝑅
	tumor-derived neoantigen-encoding RNA
	0

	𝑁𝑖𝑛
	intracellular neoantigen within tumor cells
	0

	𝑁_sur
	Tumor-surface neoantigen available for antibody binding
	0

	𝑁_sur_2
	Tumor-surface antigen/MHC-I-related substrate available for TCR recognition
	0

	𝐶𝑜𝑚𝑝𝑙𝑒𝑥1
	tumor-surface antigen–antibody complex
	0

	𝐶𝑜𝑚𝑝𝑙𝑒𝑥2

	tumor-surface MHC-I–peptide–TCR complex
	0




