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Synergistic roles of unfolded protein responses and ubiquitination
modifications in immunomodulation

ZHAO You-Qi, XU Ning, LIU Wan", XU Ling-Zhi"

(Key Laboratory of Immune Microenvironment and Inflammatory Disease Research in Universities of Shandong
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Abstract: This review aims to explore the intricate and synergistic interplay between the unfolded protein response (UPR)
and ubiquitination modifications in regulating the immune system. Maintaining cellular protein homeostasis is fundamental
for immune cell function, which often involves high rates of protein synthesis, folding, and degradation. Endoplasmic
reticulum stress (ERS), caused by the accumulation of unfolded or misfolded proteins, triggers UPR to restore ER
homeostasis. Simultaneously, ubiquitination, a reversible post-translational modification, precisely controls protein stability
and degradation. Both mechanisms act as critical intracellular protein quality control systems, working in concert to ensure
protein biosynthesis fidelity and proper immune function. Dysfunction in either pathway can lead to protein accumulation,
exacerbating ERS and contributing to immune-related pathologies. The review systematically delineates the core principles of
UPR signaling (via PERK, ATF6, and IREl) and ubiquitination (via E1/E2/E3 enzymes), then examines their collaborative
mechanisms across immune cell subsets. In innate immunity, dendritic cells (DCs) employ the HRD1-UBE2J1 ERAD (ER
associateddegradation) complex to ubiquitinate misfolded MHC-I heavy chains, ensuring antigen presentation fidelity.
Macrophages exhibit IFN-y-induced STAT1/PIAS1-mediated ubiquitination of LXR-a, triggering PERK-CHOP-driven
apoptosis and inflammation. NK cells utilize IL-15-PI3K/AKT signaling to suppress XBP1s ubiquitination, stabilizing this
UPR transcription factor to enhance survival and granzyme B expression. In allergic responses, Cbl ligases ubiquitinate FceRI
and protein tyrosine kinases to attenuate UPR activation in basophils and mast cells. Conversely, in mast cell leukemia,
valosin-containing protein (VCP) inhibitors disrupt ERAD, stabilizing oncogenic MTDH and perpetuating IRE1a-driven
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tumor survival. Intestinal innate lymphoid cells rely on IRE1a-XBP1s for cytokine production, a process restrained by Itch-

mediated RORyt ubiquitination. In adaptive immunity, B cell development requires SEL1L-HRD1 ERAD-mediated

degradation of pre-B cell receptors, while plasma cell differentiation depends on IRE1/XBP1-driven ER expansion for

antibody secretion. Regulatory T cells employ HRDI to ubiquitinate both misfolded FoxP3 and IRE1a, preventing excessive
UPR and preserving suppressive function. CD4" and CD8" T cell activation is modulated by PERK-eIF2q inhibition of MHC-
I synthesis and MARCH1-mediated MHC-II ubiquitination, collectively impairing antigen presentation in metabolic and

immunodeficiency disorders. This analysis reveals that UPR-ubiquitination synergy orchestrates proteostasis, antigen

presentation, survival, differentiation, and inflammation across innate and adaptive immunity. Therapeutically, targeting UPR

kinases (IRElo, PERK) or specific E3 ligases offers promise for cancer, autoimmunity, and allergy, with VCP inhibitors

already showing efficacy in mast cell leukemia. Combination strategies simultaneously modulating both pathways may

prevent compensatory activation and achieve superior clinical outcomes. This review provides a framework for precision

immunotherapy by revealing how proteostasis networks shape immune function and disease.
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Figure 1 Endoplasmic reticulum protein quality control mechanisms

Misfolded proteins within the endoplasmic reticulum activate three key sensors—PERK, IRE1, and ATF6—which detect protein stress and
initiate signalling pathways to restore ER homeostasis. These pathways reduce protein synthesis, enhance protein folding by upregulating
chaperones, and promote protein degradation via ERAD. However, persistent ER stress can overwhelm these mechanisms, ultimately leading
to apoptosis. Impairment at any stage results in sustained activation of ERS, forming a positive feedback loop. ERS, endoplasmic reticulum
stress; UPR, unfolded protein response; BIP, binding-immunoglobulin protein; PERK, PKR-like ER kinase; ATF6activating transcription factor
6; IRE1, inositol-requiring enzyme 1; S1P/S2P, Golgi site-1 and site-2 proteases; elF2a, eukaryotic initiation factor 2a; RIDD, regulated
IRE1-dependent decay; JNK, c-Jun N-terminal kinase; XBP1s, X-box binding protein 1 spliced form; ATF4, activating transcription factor 4;
ERAD, ER-associated degradation; CHOP, C/EBP homologous protein.
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EARHEYSTHH ML 4M WAIL-17A , 38 H A kel 73,
A —J7 i, E31Z 2 BERFCDI-bil i3 2 R B Mixtys T
Y A i M B AR . Z8 F ERSTOA R
HySTAII DI REIRES , SEBR R UPR Sz RIL Bt
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(1)MC: VCPHIIFIHFERADYE 2 BH , IRE 1 ok 22105 Fa e MTDH,, S 80m 40AAETS . (2)NK: IL-153%7% PI3K-AK T8 % , AKT
BRI SXBP1s %12 E4k ,NKAEG . 55— 71, XBP1sHEGZMB 54 5% , WSRNK AR EVEFH . (3)NKT : NKTZ i i %35
GZMK, B VCP5UDF1-NPIA4 (1K &4, ERSHHETE , XBP1sHICHOPZE L LIZEHERS ., (4)EOS:MARCH2/3iZ ZKIL-
5Ro, LI R AEFIERS . (5)BAS : Colilijf 12 & AL FceRIFPTKMNHIERSFIZAE . (6)DC:HRD14F HERADH F&45 St 5
UBE2J1&1E, -S4 R T B FIMHC-TH AR A 5 I BHAR# , FHWTERS . (7)Mo IFN-yi# G STAT 1 SPIASUE L E &H) , ZE &Y
HIZEA A LXR-oIPIEHZ 2k, BIEERSHIUPRIKAS M T (8)yST : MofE N M ERSHIIIE ATF3, i E (2 #EySTAIMI /IR IL-17A,
IR RAGIE . MChl-bXTyS TR AR G PEEAE T A 1EH . VCP, &g IR (1 IREL, NS KA 1 ; MTDH, BUE 5
FMetadherin; PI3K , B i Bt LA 3 -0 B ; AK T, 25 (1B ; XBP1s, X-& 455 5 1 157428 ; GZMB, Jiki B ; GZMK , kL
K ; UDF1, 72 Z & B A 111 ;NP4 , 485 11 58 2[5 5474 ; CHOP , C/EBPIR) J5 & 11 ; IL-5, 41t Z-5; MARCH2/3, JEAH 6
RING-CHZ#E [12/3;Cbl, Casitas B4k I8 s PTK s, 8 1 B 2 BRI ; FeeR1, M6 M IgE3Z M MHC-1, EEALMAEME S
PRIZE5rF s HRD1, 23 H BE 13— Il it AR SR R i B 1 1 TFN-y, T3 -y s STAT L, 54 5 i0% B (1 PIAS L, 1 L STATER (41
I PRF15 LXR-o, AFIEXSZ (40 ATF3, G 5 SR RI T35 IL-17A, AT 17A
Figure 2 Synergistic interactions between ubiquitination modifications and UPR in innate immune cells

(1) MC: VCP inhibitors disrupt ERAD, leading to sustained IRE10 activation that stabilises MTDH and promotes cancer cell survival. (2) NK:
IL-15 activates the PI3K-AKT pathway; AKT phosphorylation de-ubiquitinates XBP1s, facilitating NK cell survival. Conversely, XBP1s
enhances GZMB transcription, amplifying NK cytotoxicity. (3) NKT: NKT cells highly express GZMK on their surface, which inhibits the
VCP-UDF1-NPI4 complex, activating ERS. XBP1s and CHOP expression then alleviate ERS. (4) EOS: MARCH2/3 ubiquitinates
IL-5Ra to suppress inflammation and ERS. (5) BAS: Cbl inhibits ERS and inflammation by ubiquitinating FceRI and PTK. (6) DC:
The HRD1-mediated ERAD pathway specifically cooperates with UBE2J1 to mediate proteasomal degradation of misfolded MHC-I
heavy chains, thereby blocking ERS. (7) Me: IFN-y activates STAT1 to form a complex with PIAS1, which directly binds LXR-o and
ubiquitinates it, activating ERS and UPR-dependent apoptosis. (8) yoT cells: Macrophages activate ATF3 in response to ERS, significantly
enhancing yOT cell secretion of IL-17A and amplifying their cytotoxic activity. Conversely, Cbl-b exerts negative regulation over yoT
cell killing capacity. VCP, valosin-containing protein; IRE1, inositol-requiring enzyme 1; MTDH, metadherin; PI3K, phosphatidylinositol 3-
kinases; AKT, protein kinase B; XBP1s, X-box binding protein 1 spliced form; GZMB, granzyme B; GZMK, granzyme K; UDF1,
ubiquitin fusion degradation protein 1; NPI4, nuclear protein localization homolog 4; CHOP, C/EBP homologous protein; IL-5, interleukin-5;
MARCH2/3, membrane-associated RING-CH2/3; Cbl, Casitas B-lineage lymphoma; PTKSs, protein tyrosine kinases; FceRI, Fc epsilon RI;
MHC-I, major histocompatibility complex class I molecules; HRD1, HMG-CoA reductase degradation protein 1; IFN-y, interferon-
gamma; STAT1, signal transducer and activator of transcription 1; PIAS], protein inhibitor of activated STAT 1; LXR-a, liver X receptor;
ATF3, activating transcription factor 3; I[L-17A, interleukin-17A.
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(transcription factor forkhead box protein 3,FoxP3)
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ERPHEIRIT B A FoxP3E H , 11 K487Z HLEHi5 |
T E R IBHARE S, B2 UPRIE A HRD 134
i 177 RACFEARIRE 1o, 00 I8 Bt 5 BELBRT T 33
p3822 24 5 I AL 25 F1 I # (mitogen-activated protein
kinase, MAPK ) {55 -3l ; HRD 1 5 2k AT 58 p3 876 1L
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Figure 3 Synergistic interaction of ubiquitination modifications with the UPR in adaptive immune cells

(1) B cells: The SEL1L-HRD1 ERAD pathway recognises and selectively ubiquitinates the B-cell precursor receptor via a chaperone protein
BIP-dependent mechanism, leading to its degradation through the proteasome pathway. This process is crucial for normal B-cell development.
The IRE1/XBP1 branch promotes efficient antibody synthesis and assembly during B-lymphocyte differentiation into plasma cells and assists
plasma cells in expanding the endoplasmic reticulum. (2) Treg: HRD1 ubiquitinates IRE1a, thereby inhibiting the p38 MAPK signalling
pathway, promoting FoxP3 expression, and maintaining Treg stability. BCR, B-cell receptor; BIP, binding-immunoglobulin protein;
ERAD, ER associated degradation; XBP1s, X-box binding protein 1 spliced form; HRD1, HMG-CoA reductase degradation protein
1; IRE1, inositol-requiring enzyme 1; MAPK, mitogen-activated protein kinase; FoxP3, transcription factor forkhead box protein 3.
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Table 1 Synergistic effect of ubiquitination
modification with UPR in immune cells
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