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immunosuppression to alleviate allograft rejection 

Yingying Shi, Yichao Lu, Chunqi Zhu, Zhenyu Luo, Xiang Li, Yu Liu, Mengshi Jiang, Xu Liu, 
Lihua Luo, Yongzhong Du, Jian You * 

College of Pharmaceutical Sciences, Zhejiang University, 866 Yuhangtang Road, Hangzhou, Zhejiang, 310058, PR China   

A R T I C L E  I N F O   

Keywords: 
Allograft rejection 
Lymphocyte 
IRE1α 
ER-targeting 
CD8+ T cells 
Immunosuppression 

A B S T R A C T   

Transplantation is the most effective, and sometimes the only resort for end-stage organ failure. However, 
allogeneic graft suffers greatly from lymphocyte-mediated immunorejection, which bears close relationship with 
a hyperactivation of endoplasmic reticulum (ER) stress response in host lymphocytes, especially in CD8+ T cells 
(T-8). Therefore, regulating lymphocytic ER unfolded protein response (UPR) might be a potential therapeutic 
breakthrough in alleviating graft rejection. Here, ER-targetable liposome is prepared via the surface modification 
of ER-targeting peptide (Pardaxin), which efficiently loads and directly delivers small molecule inhibitor of UPR 
sensor IRE1α into the ER of lymphocytes, inducing a systemic immunosuppression that facilitates tumorigenesis 
and metastasis in the tumor inoculation challenge in vivo. And in vitro, a stage-differential dependency of IRE1α 
in the phase transition of T-8 is identified. Specifically, inhibiting IRE1α at the early responding stages of T-8, 
especially at the activation phase, results in a shrunk proliferation, impaired effector function, and limited 
memory commitment, which might contribute centrally to the induced overall immunosuppression. Based on 
this, a classical acute rejection model, murine full-thickness trunk skin allograft that primary arises from the 
hyperactivity of T-lymphocyte, is used. Results suggest that lymphocytic IRE1α inactivation attenuates transplant 
rejection and prolongs graft survival, with a limited effector function and memory commitment of host T-8. 
Moreover, an even higher immunosuppressive effect is obtained when IRE1α inhibition is used in combination 
with immunosuppressant tacrolimus (FK506), which might owe to a synergistic regulation of inflammatory 
transcription factors. These findings provide a deeper insight into the biological polarization and stress response 
of lymphocytes, which might guide the future development of allogeneic transplantation.   

1. Introduction 

Organ transplantation is the medical procedure where an allogeneic 
or autogenous organ from donor is used to replace a damaged or missing 
one in recipient. It is the most effective, and sometimes the only avail
able resort for end-stage organ failure [1,2]. When the accessibility of 
autografts is limited, which is frequently faced in clinical practice, 
allogeneic transplantation become an alternative. However, allograft 
suffers greatly from an unavoidable host versus graft rejection, which 
seriously impairs the survival of transplanted organs and lowers the 
living quality of recipients. Emerging evidence suggests that allograft 
rejection is largely mediated by lymphocytes, especially CD8+ T cells 
(T-8) [3–5]. It’s demonstrated that the massive clonal expansion and 
cytotoxic attacking of effector T-8 accounts primarily for the acute 
cellular rejection (ACR) that occurs early post graft [6], whereas the 

persistence of memory T-8 imposes great risks of chronic rejection in the 
long run [7–9]. Generally, patient that receives allogeneic organ is asked 
to take immunosuppressive drugs (IS) indefinitely, so as to inhibit the 
overall immunity, prolong postoperative rejection, and improve the 
survival of grafted organs. Clinically used IS mainly include mono
clonal-/polyclonal-antibodies, calcineurin inhibitor (CaNI), 
anti-proliferation drugs, glucocorticoids and mammalian target of 
rapamycin inhibitor (mTORi). However, lacking specificity and selec
tivity over target cells, most IS are ineffective and even invalid in miti
gating acute rejection, and a long-term administration might impair the 
systematic immunity and even bear risks of inducing severe complica
tions, such as bone marrow suppression, opportunistic infection, meta
bolic syndrome and kidney damage [10,11]. Therefore, a new 
immunosuppressive strategy with high efficiency and low toxicity is in 
urgent need. 
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Unfolded protein response (UPR) is one of the most conserved 
adaptive mechanisms that facilitates the proteostasis remodeling of 
endoplasmic reticulum (ER). Environmental insult, nutrient fluctuation, 
or activation stimulus induces an excessive accumulation of malfolded 
proteins in the ER lumen, causing ER stress, and thus initiating UPR. In 
eukaryotes, UPR signaling is independently sensed and mediated by 
three ER-transmembrane transducers: inositol-requiring enzyme 1α 
(IRE1α, also known as ERN1), protein kinase R-like ER kinase (PERK, 
also known as EIF2AK3), and activating transcription factor 6 (ATF6). 
As the most conserved UPR branch, IRE1α axis alleviates ER burden 
mainly by elevating the protein processing capacity of cells, which is 
ubiquitously involved in the biological activities of multiple immune 
cells [12–14], including the development and activation response of 
T-/B- lymphocytes [15–18], the antigen presentation of dendritic cells 
[19], the polarization of macrophages [20], and the effector functioning 
of NK cells [13], displaying regulatory potential in reshaping systemic 
immunity. 

It’s observed that lymphocyte-mediated allogeneic graft rejection is 
usually accompanied by a hyperactivation of lymphocytic ER stress 
response. However, it’s still poorly understood what role UPR, IRE1α in 
particular, plays in lymphocyte-associated transplant rejection. We hy
pothesize that regulating lymphocytic UPR might be a potential thera
peutic breakthrough in allogeneic transplantation. Here, ER-targetable 
liposome features easy preparation, flexible drug loading, and excellent 
cellular uptake is constructed to efficiently deliver small molecule in
hibitors of UPR sensors into the ER of lymphocytes, so as to induce an 
overall immunosuppression for a better skin allograft outcome, which 
bears close correlation with the stage-differential dependency of UPR by 
T-8. Our results help to gain a deeper insight into the biological polar
ization and stress response of lymphocytes in transplantation rejection, 
which may guide the future treatment of hyperimmunity-derived dis
eases and disorders, such as graft rejection, inflammatory diseases, 
autoimmune diseases, type I diabetes mellitus, and type IV 
hypersensitivity. 

2. Materials and methods 

2.1. Materials 

Egg yolk lecithin-80 (E-80), cholesterol, distearoyl-sn-glycero-3- 
phosphoethanolamine-N- [maleimide (polyethylene glycol)-2000] 
(DSPE-PEG2000-NH2) were obtained from Shanghai AVT Co., Ltd. ER- 
targeting polypeptide Pardaxin (PAR, sequence: H-GFFA
LIPKIISSPLFKTLLSAVGSALSSSGGQE-OH) was synthesized by Shanghai 
Qiang Yao Biotech Co., Ltd. DSPE-PEG2000-PAR was obtained by a 
condensation reaction between the amino group of DSPE-PEG2000-NH2 
and the carboxyl group of pardaxin polypeptide [21]. WST-1 cell pro
liferation and cytotoxicity assay kit, ER-Tracker Green and Hoechst 
33342 were provided by Beyotime Co., Ltd. Cell Counting Kit-8 (CCK-8) 
was purchased from GLPBIO, USA. DiD perchlorate were from Dalian 
Meilun Biotech Co. Ltd. Ovalbumin (OVA, CAS: 9006-59-1) was from 
Fankew Chemical, and CpG ODN 1826 (sequence: 
5′-T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T-3′) was synthe
sized by Shanghai Sangon Biotech Co., Ltd. Anti-mouse CD3e Ab (clone: 
145-2C11), anti-mouse CD28 Ab (clone: 37.51), and recombinant mouse 
IL-2/-7 used for T cell activation and culture, together with 
FITC-conjugated anti-mouse CD3 (100204), PE-conjugated anti-mouse 
CD8a (100708), APC-conjugated anti-mouse CD62L (104412) and 
Percp-Cy5.5-conjugated anti-mouse/human CD44 (103032) antibodies 
that are used for flow cytometric studies were from Biolegend (San 
Diego, USA). Mouse IFN-γ (EK280HS), IL-2 (EK202HS) and IL-4 
(EK204HS) high sensitivity ELISA kits were obtained from Multi
Sciences (Lianke) Biotech Co., Ltd. (Hang Zhou, China). Rabbit anti-
β-actin antibody, HRP-anti-rabbit IgG (H + L), BCA protein assay kit, 
RIPA lysis buffer, and protease inhibitor cocktail were acquired from 
Biotechnology (Jiangsu, China), and HRP-goat anti-mouse-IgG (H + L) 

was from Yeasen Biotech Co., Ltd. Phosphatase inhibitor Cocktail II 
(ab201113) and rabbit anti-XBP1 antibody (EPR22004, ab220783) was 
purchased from Abcam. Rabbit anti-phospho-PERK (Thr982) antibody 
(DF7576) was from Affinity Biosciences, anti-β-actin monoclonal anti
body and Alexa Fluor 488 Goat-anti-Rabbit IgG(H + L) secondary 
antibody was from Dakewe Biotech Co., Ltd. (Shanghai, China). 
Rabbit-anti-NF-kB p65 (10745-1-AP), ant-NFAT-c2 (22023-1-AP), and 
JUN (24909-1-AP) polyclonal primary antibody were from Proteintech 
Group, Inc., while CHOP (L63F7) mouse mAb #2895 was from Cell 
Signaling technology. ImunoSep™ mouse CD8+ cell positive selection 
kit was purchased from Precision BioMedicals Co., Ltd. (Tianjin, China). 
KIRA6 (CAS: 1589527-65-0), ISRIB (trans-isomer, CAS: 1597403-47-8), 
GSK2606414 (CAS: 1337531-36-8), and Tacrolimus (FK506, CAS: 
104987-11-3) were from MedChemExpress Co., Ltd. (New Jersey, USA). 
RPMI 1640 medium (RPMI) and penicillin-streptomycin (100 U/mL) 
were from JiNuo Biotechnology Co. Ltd. (Zhejiang, China). Fetal bovine 
serum (FBS) and 0.25% trypsin with 0.02% ethylenediaminetetraacetic 
acid (EDTA), sodium pyruvate, L-Glutamine, and non-essential amino 
acids (NEAA) was purchased from Gibco (Thermo Fisher Scientific. 
USA). Sterile absorbable surgical suture (4-0) for graft were from 
Shanghai Pudong Jinhuan Medical Products Co., Ltd. (Shanghai, China). 
Trichloromethane (CHCl3), dimethyl sulfoxide (DMSO), Tri
chloroacetaldehyde hydrate (chloral hydrate) and formaldehyde 
(CH2O) were purchased from Sinopharm Chemical Reagent Co., Ltd. The 
deionized water used was prepared using a Milli-Q system (Millipore, 
Boston), and all the reagents were of analytical grade. 

2.2. Cell lines and animals 

Murine lymphoma E.G7-OVA cells genetically engineered to syn
thesize and secret OVA constitutively were obtained from BeNa Culture 
Collection (BNCC, Beijing, China), while human acute T lymphocyte 
leukemia cell line Jurkat T were obtained from Shanghai Cell Bank, 
Chinese Academy of Sciences. E.G7-OVA and Jurkat T were cultured in 
complete RPMI 1640 medium (10% FBS, 1% penicillin-streptomycin). 
Mouse splenic lymphocytes and naive CD8+ T cells were isolated and 
purified from spleen, and were cultured in complete 1640 supplemented 
with 2 mM L-Glutamine, 10 mM NEAA, 1 mM sodium pyruvate, and 50 
mM β-mercaptoethanol at 37 ◦C in a humidified atmosphere containing 
5% CO2 (Heraeus, Germany). 

Female C57BL/6 mice (H-2Kb) and BABL/c mice (H-2Kd) (Slaccas 
Experimental Animal Co., Ltd. Shanghai, China) used at 8–10 weeks of 
age were bred and maintained under pathogen-free conditions. All 
experimental procedures were conducted according to the protocols 
approved by the Institutional Animal Care and Use Committee of Zhe
jiang University. 

3. Methods 

3.1. Preparation and characterization of UPRi-loaded liposomes 

UPR branch-specific small molecule inhibitor (UPRi)-loaded lipo
somes with or without ER-targeting capacity were prepared using thin- 
film rehydration method, and named as UPRi@lipoT and UPRi@lipoN, 
respectively. For UPRi@lipoT, lipid mixtures composed of E80, choles
terol, DSPE-PEG2000, DSPE-PEG2000-PAR (cholesterol: phospholipid = 1 
: 4, m/m), together with hydrophobic UPRi were dissolved in the mixed 
solvent of ethanol and chloroform, and evaporated under reduced 
pressure to make a thin film of lipids. Subsequently, liposomes were 
prepared by probe ultrasound following the hydration of lipid film with 
deionized water. Similarly, UPRi@lipoN was prepared with an equiva
lent molar amount of DSPE-PEG2000 substituting for DSPE-PEG2000-PAR. 

The particle size and zeta potential of liposomes were measured with 
Dynamic Light Scattering (Malvern Zetasizer Nano-ZS instrument, UK). 
Meanwhile, their morphologies were observed under Transmission 
Electron Microscopy (TEM, JEOL JEM-1230 microscopes, Japan). After 
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removing free drugs by Sephadex G50 column, encapsulated ones were 
extracted with proper solvent following demulsification, and the 
encapsulation efficiency (EE %) was determined by UV–Vis absorption 
spectroscopy. Besides, cytotoxicity (24 h) of each preparation toward 
different cell lines were evaluated by WST-1 or CCK-8 assay according to 
the manufacturer’s instructions. 

3.2. Isolation, purification and bulk culture of T cells 

Murine splenic lymphocytes (SPLCs) were collected, disposed with 
ice-cold erythrocyte lysis buffer, and further purified using magnetic 
microbeads separation (negative enrichment by CD8+ MACS cell se
lection kit) to obtain naive CD8+ T cells if necessary. Subsequently, 
SPLCs or sorted naive T-8 were cultured in anti-CD3e Ab (5 μg/mL) 
coated 24-well plates as 1 × 106 cells per well in 1 mL complete RPMI 
1640 medium supplemented with anti-CD28 Ab (2 μg/mL), mouse re
combinant IL-2 (10 ng/mL) and IL-7 (2 ng/mL) for 48 h. Afterwards, half 
medium were replenished with fresh medium containing cytokines 
every day. And cells were harvested for analysis after another 48–72 h. 
And to determine the kinetics of activation-induced cell expansion 
(Fig. S1), cells were collected at indicated time points and counted using 
cell counting chamber or flow cytometry (ACEA NovoCyteTM). 

3.3. Cell uptake and subcellular co-localization 

In order to investigate the endocytic behavior of lymphocytes, DiD 
was introduced to noncovalently label the hydrophobic part of liposome 
(DiD@lipoN and DiD@lipoT), while Hoechst 33342 was used for visu
alizing the nucleus. In brief, SPLCs were seeded into 24-well culture 
plate at a density of 5 × 105 cells in 1 mL complete medium per well, and 
subsequently treated with DiD@lipoN or DiD@lipoT for 1, 3, 6, 9, 24, 48 
or 72 h (0.2 μg/mL DiD). Cells were collected, washed twice with 
phosphate buffer saline (PBS), postfixed with 4% formaldehyde for 10 
min, and stained with Hoechst 33342 (10 μg/mL) for 30 min at room 
temperature. After extensive wash with PBS, SPLCs were seeded back 
into the plate and settled for 30 min. Afterwards, multi-channel photos 
were captured sequentially on the same focal plane under constant laser 
intensity with an inverted fluorescence microscope (AIR, Nikon, Japan), 
and further analyzed using graphic processing software Image J to semi- 
quantitate the fluorescence intensity of liposome to cell count. In addi
tion, fluorescent pictures under same field of vision were merged by 
software EZ-MET. 

To further validate the ER targeting ability of lipoT [21,22], the 
intracellular co-localization of lipoN/lipoT, ER and nucleus was inves
tigated. SPLCs were seeded and treated with different preparation 
(DiD-lipoN and DiD-lipoT) for 48 h. Then, ER and nucleus were suc
cessively labeled with corresponding fluorescent dye (ER-Tracker Green 
and Hoechst 33342, respectively) according to the manufacturer’s in
structions. Next, cells were washed with PBS and fixed with 4% para
formaldehyde. Multi-channel photos were captured with an inverted 
fluorescence microscope (Nikon, Japan), and were analyzed using 
Image J and EZ-MET. 

3.4. Quantitative analysis by flow cytometry and ELISA 

Lymphocytes from primary tissues were harvested, erythrolysized, 
suspended in PBS (106 cells in 100 μL PBS), and incubated with sug
gested amount of fluorochrome-labeled anti-mouse antibodies against 
CD3, CD8, CD44, and CD62L for 45–90 min in dark at 37 ◦C. Then, cells 
were washed twice with ice-cold PBS to remove free antibodies and 
resuspended in fresh PBS for flow cytometric detection (BD Fortessa). 
And data were further analyzed with FlowJo V10 software. 

The supernatant of cell culture was collected and condensed by 
freezing-thawing method if necessary. Blood sample was collected and 
centrifuged (2000 rpm, 10 min) with the upper serum carefully 
collected. And cytokine (IFN-γ, IL-2, IL-4) content was determined by 

high sensitivity ELISA kits as detailed in the manufacturer’s instructions. 

3.5. Western blot 

Cells were harvested in ice-cold PBS at indicated time points, and 
lysed with RIPA buffer supplemented with phosphatase and protease 
inhibitor cocktail for whole lysate isolation. Subsequently, proteins were 
electrophoresed by SDS-PAGE, transferred to polyvinylidene fluoride 
(PVDF) membranes, blocked with 5% bovine serum albumin (BSA), 
sequentially incubated with corresponding primary antibodies and HRP- 
conjugated goat anti-rabbit/-mouse secondary antibodies. The protein 
bands were detected by an enhanced chemiluminescence (ECL) system 
(Bio-Rad). Antibodies used here include: rabbit anti-XBP1 (1:1000, XBP- 
1s: 56 kDa), phospho-PERK (Thr982) (1:2000, 125 kDa), β-actin 
(1:1000, 42 kDa), NF-kB p65 (1:1000, 65 kDa), NFAT-c2 (1:1000, 135 
kDa), and JUN (1:1000, 39 kDa), mouse anti-CHOP (1:1000, 27 kDa), 
and HRP-anti-rabbit IgG (H + L) (1:2000), or peroxidase affiniPure goat 
anti-mouse IgG (H + L) (1:5000). Semi-quantitative analysis was per
formed with Image J. 

3.6. Immunofluorescence staining 

The expression of NF-kB p65, NFAT-c2 and JUN (AP1) by SPLCs were 
analyzed using immunofluorescence assay following the manufacturer’s 
instructions. Briefly, isolated SPLCs were treated separately with RPMI- 
1640, KIRA6@lipoT (1.5 μM), FK506@lipoN (5 nM), and KIRA6@lipoT 
(1.5 μM) plus FK506@lipoN (5 nM) for 24 h at 37 ◦C. Cells were then 
washed with PBS, fixed with 4% paraformaldehyde for 10 min, per
meabilized with 0.2% Triton X-100 for 10 min, and blocked with 10% 
FBS in PBS for 60 min. Afterwards, they were incubated with anti-NF-kB 
p65 (1:200), anti-NFAT-c2 (1:100) or anti-JUN (1:50) primary antibody 
overnight at 4 ◦C, followed by an incubation with Alexa Fluor 488-con
jugated goat anti-rabbit IgG (H + L) (1:300) secondary antibody for 1 h 
at room temperature. After labeled with Hoechst 33342, cells were 
visualized using fluorescence microscope. And Image J was used to 
semi-quantitate the fluorescence intensity. 

3.7. In vitro and in vivo administration 

3.7.1. In vitro 
Different UPRi (KIRA6 inhibits the activity of IRE1α RNase and Ki

nase, GSK2606414 inhibits the phosphorylation of PERK, while ISRIB 
reverses the translational effects elicited by phosphorylation of eIF2α)- 
loaded liposomes were administered to SPLCs or sorted naïve T-8 at 
their activation phase (i.e., the first 48 h that under TCR stimulation), 
expansion phase (i.e., the following 48 h without TCR activation), or 
both phases. And the final concentration of each drug was selected 
referring to their cytotoxicity (1.5 μM KIRA6, 200 nM ISRIB, 200 nM 
GSK2606414). 

3.7.2. In vivo 
Prophylactic vaccination In order to evaluate the effect of UPR in 

unstressed physiological condition, C57/BL6 mice were randomly 
divided into five groups (n = 5), and subcutaneously injected with 100 
μL PBS, or equal volume of PBS solution containing OVA + CpG, (OVA 
+ CpG)@lipoN, or (OVA + CpG)@lipoT near the draining inguinal LNs 
(dLNs). Such vaccination was performed three times with an interval of 
7 days. And in the group with UPR meddling, KIRA6@lipoT was 
administered three days after each vaccination (s.c., near dLNs). Here, 
100 μg OVA, 25 μg CpG, and 0.2 mg KIRA6 were used for each mouse. 
And 16 days after the third immunization, mice were challenged with E. 
G7-OVA tumor cells (6.5 × 105 cells each mouse, s.c., at the right flank). 
Another 20 days later, mice were sacrificed with their peripheral blood, 
inguinal lymph nodes (LNs), and spleen collected for flow cytometry 
analysis, orthotopic tumor and axillary LNs collected for analyzing the 
infiltration of T-8 and the secretion of IFN-γ, and inguinal LNs embedded 
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in paraffin for H&E staining. Body weight and tumor volume of each 
mice were recorded every other day (tumor volume = length × width ×
height/2). The fluorescence intensity of T-8 (red) and IFN-γ (green) to 
cell count was semi-quantitated with Image J, while the tumor growth 
curve, tissues weight, and survival curve were analyzed using Prism- 
GraphPad. 

Therapeutic vaccination To further investigate the involvement of 
UPR in stressed pathological condition, C57/BL6 mice were randomly 
grouped (n = 8), and subcutaneously inoculated with E.G7-OVA cells (7 
× 105 cells/mice) at the right flank. When the tumor volume reached 
some 50 mm3, first immunization (with PBS, KIRA6@lipoT or KIR
A6@lipoN, s.c., at dLNs, 0.2 mg KIRA6 for each mouse) was carried out. 
Such vaccination was performed every 7 days. And another 10 days after 
the third immunization, mice were sacrificed with their peripheral 
blood, inguinal LNs, and spleen collected for flow cytometry analysis. 

3.7.3. Allogeneic skin transplantation 
Full-thickness trunk skin allograft was performed with standard 

techniques [23]. Briefly, the back skin of euthanized (10% chloral hy
drate, i.p.) donor (C57BL/6) was carefully harvested with its hair shaved 
and the connective/fat tissues removed, which was later cut into 1-cm2 

pieces, and placed in ice-cold sterile PBS for later use. Subsequently, a 
0.8-mm2 square of skin was removed from the back of anesthetized 
recipient (BALB/c). Then, the graft from donor was placed atop the graft 
bed of recipient, followed by a continuous suture and careful trimming 
of excess donor skin. Afterwards, an adhesive bandage was used to cover 
and protect the surgical site. 

Recipients were randomly grouped (n = 6), and subcutaneously 
administrated with 100 μL PBS, or equal volume of PBS containing 
lipoN, lipoT, KIRA6@lipoN, KIRA6@lipoT, FK506@lipoN, or KIR
A6@lipoT plus FK506@lipoN near bilateral inguinal dLNs. Such 
administration was performed every four days from the day of trans
plantation, where 2 mg/kg FK506 and 10 mg/kg KIRA6 were used for 
each mouse. And on the 7th day, mice were sacrificed with their pe
ripheral blood, LNs (axillary and inguinal), and spleen collected for flow 
cytometry analysis, serum IFN-γ, IL-2 and IL-4 determined by high 
ELISA kits, transplanted skin collected for investigating the infiltration 
of T-8 (pink) and CD80+ (green) CD11c+ (red) antigen presenting cells, 
and evaluating the histological changes of grafts using H&E staining. 
And LNs were partially used for investigating the expression of XBP1+
(green) T-8 (red). And such experiment was repeated for another time, 
when the grafts were visually scored (Table S1) every two days for ev
idence of rejection. Here, according to the necrotic degree of donor 
tissue, scores were made where 0, 1, 2, 3, 4 and 5 corresponded to intact 
graft, first clear signs of graft rejection, > 25% rejection, > 50% rejec
tion, > 75% rejection, and >90% rejection, respectively (referring to 
Schwoebel F et al. [24]). Once scored 5, the transplanted skin was 
regarded as undergoing complete rejection. Meanwhile, the body weight 
of mice was recorded daily as an assessment of their overall health. 

3.8. Statistical analysis 

Data were represented as mean ± standard error. Comparisons be
tween two or several groups were analyzed using unpaired student’s t- 
tests or one-way analysis of variance (one-way ANOVA, Tukey’s multi
ple comparisons test), respectively. To conduct the best possible analysis 
of results from the cell uptake and colocalization investigations, all ex
periments were performed independently at least three times. All pre
sented data are representative. The fluorescent images were viewed, 
processed, and analyzed by Image J. All statistical analyses were carried 
out by Prism-GraphPad version 7 Software (San Diego, CA), with a value 
of P < 0.05 considered to be statistically significant. 

4. Results 

4.1. UPR is ubiquitously expressed in hematopoietic cells and participates 
the activation-induced phase transition of T-8 

UPR orchestrates both innate and adaptive immunity, supporting the 
maturation [18] and stress-response [12,27] of immune cells. Raw 
microarray data from Bloodspot reveals the transcriptional profiling of 
key UPR members in hematopoietic cells at their different maturation 
stages [25,26,28]. In particular, protein folding ER chaperone BiP 
(encoded by HSPA5) was highly expressed in almost all subpopulations, 
while pro-apoptotic ATF4 and CHOP (encoded by Ddit3) were univer
sally low expressed, possibly constituting the cellular intrinsic resilience 
against perturbation. On the other hand, UPR members are ubiquitously 
high-expressed in lymphocytes, dendritic cells, and monocytes (Fig. 1A), 
which is consist with the research disclosure that UPR supports the 
development and physiological activities of these cells [13,19,27]. By 
contrast, a lower expression is observed in T-8 subsets (Fig. 1A). How
ever, upon activation (OT-I mice antigen-specifically infected with 
OVA-expressing Listeria monocytogenes (Lis-OVA), and harvest the 
splenic T-8 at indicated time points for analysis in this case), ATF6 is 
readily up-regulated and maintains high expression. Similarly, IRE1 
(ERN1) is remarkably induced 2 days post infection with a persistent 
up-regulation aftermath. Meanwhile, PERK (EIF2AK3) is 
down-regulated to a certain extent all along (Fig. 1B). Concurrently, 
XBP1, BiP, Eif2a and ATF4, key downstream molecules of UPR, are 
upregulated upon activation, although at varying degrees. But they 
restore basal expression over time. Interestingly, CHOP displays a quite 
opposite mode of response, which is firstly down-regulated and latter 
levelled up (Fig. 1C). Moreover, in this model, the expression of CHOP 
exceeds its basic value from day 6 (Fig. 1C), when the upstreaming PERK 
also undergoes a short-term up-regulation (Fig. 1B), which further 
confirms the direct correlation of UPR participants. 

Under immunological stimulation, T-8 extensively proliferate, which 
is accompanied by a massive secretion of cytokines (IL-2, IFN-γ, TNF-α, 
etc.) and effector molecules (perforin, Granzyme, etc.), increased cyto
plasmic Ca2+, and aggravated intracellular oxidative stress, leading to 
an activation of UPR. IRE1 and ATF6 axes mainly function to facilitate 
cellular adaptability, exhibiting rapid up-regulation at the early 
responding stage. At the same time, downstream effector molecules 
(XBP1, BiP, etc.) are efficiently activated to alleviate ER stress and 
restore homeostasis, and they gradually resume in pace with the clear
ance of antigenic substance. However, UPR sensors IRE1 and ATF6 were 
irreversibly up-regulated, which may endow surviving memory cells 
with higher resistance to stress stimulus, so as to withstand a robust 
recall response. On the other hand, PERK has pleiotropic signaling 
outcomes. And upon acute stress insult, PERK demonstrates more 
inclination to elicit apoptosis. Thus, a limited expression of PERK might 
facilitate the survival of cells. Meanwhile, ATF4 and Eif2a, downstream 
of PERK, display a reversible early up-regulation, leading to a trans
lational interception to curb the unrestrained ER protein inflow. And the 
pro-apoptotic CHOP is activated at a later stage, possibly to mediate the 
large-scale apoptosis of short-lived terminal effector cells (Tsle) that are 
highly sensitive to apoptotic stimulation during contraction phase [29], 
contributing to the quantity, quality and diversity of T-lymphocytes. 
Therefore, it can be speculated that naive T-8 proliferate and differen
tiate under activation, giving rise to heterogeneous T-8 subsets, in which 
Tsle are sensitive to apoptotic stimulation, and is eliminated during 
contraction, while memory precursor T cells (Tmp) survive to gain a 
higher expression of IRE1 and ATF6, equipped with better adaptability 
to provide long-term immunoprotection. 

In brief, these gene signatures confirm that UPR is widely expressed 
in hematopoietic cells, including lymphocytes, and UPR participates the 
activation-induced phase transition of T-8. 
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4.2. The preparation and characterizations of UPRi-loaded ER-targeting 
liposome 

In view of the intricate intersections among UPR members and the 
pleiotropic effects of UPR in mediating a cross talk between survival and 
perish [30–32], a fine tuning over the target and degree of UPR is of 
great importance. Small molecular drugs are easy to use, with high 
biosafety and superior site-selectivity, which provides a platform for 
meticulously and specifically regulating UPR branches. However, most 
molecules themselves cannot efficiently penetrate the cell membrane, 
let alone reach their intracellular site of action. In addition, the solubi
lization by cosolvent may cast certain cytotoxicity to cells, especially to 
the high sensible T-8 subsets. And to achieve an expected efficacy, such 
low accessibility is usually compensated by an increased dosage, which 
may add up ER load, and even complicate cellular response, leading to 
an altered stress response. Capable of efficacy-enhancing and 
toxicity-reducing, pharmaceutical strategies are extensively used to 
promote the regulatory precision by increasing site-selective accumu
lation. As most molecules interact with their corresponding receptors 
located at specific intracellular site, a targeted delivery over subcellular 
organelle might be more promising. Considering the fact that all three 
UPR transducers (IRE1α, PERK, and ATF6) reside in ER membrane, we 
believe that an ER-targeted delivery of molecules specific for UPR sen
sors may alter the intracellular trafficking and utilization of drugs, fa
voring an objective output of investigation. 

Based on our previous studies on ER-targetable nanocarriers [21,22], 
lipophilic ATP-competitive IRE1α Kinase Inhibiting RNase Attenuator 6 
(KIRA6) [33,34]-loaded liposomes with or without ER-targeting ca
pacity were prepared, and named as KIRA6@lipoT and KIRA6@lipoN, 
respectively (Fig. 2A), which had a particle size of 100–150 nm, zeta 
potential at -20-0 mV (Fig. 2B), drug encapsulation rate over 80% 
(Table S2), displaying typical bilayer vesicle structures (Fig. 2C), and 
low cytotoxicity towards quiescent or α-CD3/-28 Abs-activated SPLCs at 
a concentration up to 15 μM (24h) (Fig. 2D). When the fluorescent probe 

DiD was used as model cargo, the in vitro uptake of DiD@lipoN and 
DiD@lipoT by SPLCs peaked at 48 h, when the ER-targetable group 
outplayed with significantly higher DiD fluorescent intensity 
(Fig. 2E–F), which might owe to the liposomal surface modification of 
Pardaxin, an ER-targeting cationic polypeptide with 
membrane-permeability and non-lysosomal intracellular trafficking 
[21]. Interestingly, lymphocytes, especially activated ones (as well as 
tumor cells that features extensive proliferation and secretion (Fig. S2)), 
exhibited higher sensitivity to KIRA6@lipoT treatment (Fig. 2D). A 
possible explanation might be that ER-targeting nanocarriers promote 
the endocytosis of cells (Fig. 2E–F) and facilitate the site-specific inhi
bition of KIRA6 (Fig. 2G). Activated lymphocytes or malignant cells with 
active biological activities bear heavier ER burden and thus own higher 
dependency on UPR, manifested as a lower tolerance to IRE1α inhibi
tion. These findings indicate that lymphocytes under different physio
logical conditions (quiescent or activated) vary in their dependence on 
UPR. 

4.3. Lymphocytic IRE1α inhibition induces a systemic immunosuppression 

Activated immunity is usually accompanied by an up-regulated 
stress responses in multiple immunocytes, and repressing lymphocytic 
UPR might impair the overall immunity. In order to verify our hypoth
esis, mice anti-tumor model was used for monitoring the systemic im
munity [35], with easy operation, intuitive observation and 
multifaceted measurement indicators. 

Firstly, to explore the immunosuppressive effect of lymphocytic 
IRE1α inactivation in unstressed physiological condition, a prophylactic 
anti-tumor vaccination model was established (Fig. 3A). It was sug
gested that antigens directly delivered to the ER of antigen presenting 
cells (APCs) facilitated the development of cross-presentation [36–38], 
and our results suggested that ER-targetable (OVA + CpG)@lipoT did 
display certain anti-tumor potential (Fig. 3B), with an increased T-8 
infiltration and IFN-γ secretion both in LN and orthotopic tumor 

Fig. 1. UPR-associated gene signatures in murine hematopoietic cells. (A) Heatmap of differentially expressed genes (RNA-seq data) related to UPR-predominant 
members in mouse Immunological Genome Project (ImmGen) key populations at different maturation stages based on curated oligonucleotide microarray data. 
T-8 associated gene expression in the clustered heatmap is highlighted with blue box. (B-C) Relative mRNA expression of UPR-associated genes: ERN1 (IRE1), 
EIF2AK3 (PERK), ATF6 in (B), and HSPA5 (Bip), XBP1, EIF2A (Eif2a), Ddit3 (CHOP), ATF4 in (C) by LisOVA-infected OT-I T-8 with time. BM: bone marrow, FL: fetal 
liver, Sp: spleen, PC: peritoneal cavity, Th: thymus, Sk: skin, LN: subcutaneous lymph node, PP: peyers patches, IEL: intestine, Fo: follicuilar, GC: germinal center, MZ: 
marginal zone, RP: red pulp, SC: stem cell, LT: long-term, ST: short-term, DC: dendritic cell, pDC: plasmacytoid DC, Mo: classical monocytes, GN: neutrophils, DP: 
double-positive, SP: single-positive, T.4: CD4, FP3+25+: CD25+ Foxp3+ Tregs, T.8: CD8, Nve: naïve, Mem: memory, Eff: effector, Tgd: thymic TCRgamma-delta, act: 
activated. Raw microarray data and more detailed information is available from Bloodspot [25,26] (http://servers.binf.ku.dk/bloodspot/, accession number: GEO: 
microarray data, GSE15907). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Preparation and characterizations of 
KIRA6-loaded liposome. (A) Schematic dia
gram illustrating the structure and compo
sition of lipoT, lipoN, KIRA6@lipoT, and 
KIRA6@lipoN, together with the action 
mode of KIRA6@lipoT. (B) Particle size and 
zeta potential of different liposomal prepa
rations, n = 6. (C) TEM images of different 
liposomes. Scale bar, 100 nm. (D) Cell 
viability of quiescent (naive) or activated (ɑ- 
CD3/28 Abs stimulation) splenic T-8 incu
bated with different liposomes at varying 
drug concentration for 24 h, respectively, n 
= 5. (E-F) Cellular uptake of DiD@lipoN and 
DiD@lipoT. Fluorescence images (E) were 
taken at 1, 3, 6, 9, 24, 48 and 72 h, 
respectively. Scale bar, 200 μm. Fluorescent 
images from four randomly select fields of 
view were processed, and analyzed by 
Image J to semiquantitate the fluorescence 
intensity of DiD (F). All error bars were 
expressed as ± SD, *p < 0.05, **p < 0.01. 
Data are representative of multiple inde
pendent experiments. (G) Typical images 
displaying the intracellular co-localization 
of ER, liposome and nucleus in SPLCs 
treated with DiD@lipoN or DiD@lipoT for 
48 h. Blue stands for nucleus, with red for 
ER, green for DiD-labeled liposome, and 
orange for the co-localization of liposome 
and ER (arrow). Scale bar, 3 μm. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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(Fig. 3C–D). However, when used in combination with KIRA6@lipoT, 
the anti-tumor effect of (OVA + CpG)@lipoT was totally reversed, as the 
tumorigenesis (Fig. 3B) and metastasis (Fig. S3) was significantly pro
moted. Further investigation indicated that IRE1α inhibition remarkably 
reduced the frequency of T-8 in secondary lymphoid organs (SLOs, LN 
and spleen in this case), and the proportion of effector memory T cells 
(Tem) and central memory T cells (Tcm) in these T-8 were also signifi
cantly down-regulated (Fig. 3E–F). These results provide direct evidence 
that under normal physiological conditions, the intervention of lym
phocytic IRE1α induces a systemic immunosuppressive environment, 
which is partially through a negative regulation over the quantity, 
function and memory differentiation of T-8. 

Next, we sought to further investigate the immunological inhibition 
of lymphocytic IRE1α inactivation at stressed pathological settings, 
where a therapeutic anti-tumor vaccination model was used (Fig. 3G). 
Intriguingly, the inhibition of IRE1α showed no significant tumor- 
promoting effect this time (Fig. 3H). And flow cytometric results sug
gested that the proliferation and memory commitment of T-8 in SLOs 
were not significantly altered (Fig. 3I–J). Considering that malignant 
cells can obtain stronger tumorigenicity, metastasis and drug resistance 
via UPR [39], and there’s certain cytotoxicity of IRE1α inactivation to 
tumor cells (Fig. S2), as well as the fact that tumor-bearing mice already 
established immunosuppression, we believe that these results are more 
likely to be derived from a complexed inhibition effect of KIRA6 against 
both tumor cells [39] and immune cells [13,14,40]. Generally speaking, 
suppressing IRE1α axis of lymphocytes reshapes immunoenvironment, 
resulting in an impaired systemic immunity. 

4.4. Lymphocytic UPR abrogation, especially at the activation phase, 
limits the priming, effector function and memory commitment of T-8 

In the above section, results indicate a close correlation between 
lymphocytic UPR disturbance-derived immunosuppression and an 
altered T-8 biology. And liposomes were subcutaneously administrated 
near the draining LNs so as to enhance the pharmacological regulation 
over lymphocytes, which might be complicated by the sophisticated in 
vivo microenvironment. Therefore, in vitro investigations using SPLCs or 
sorted T-8 were carried out, which provided a more intuitive insight into 
the interrelationship between UPR and the bioactivities of lymphocytes, 
especially T-8. 

Years of exploration unveils the molecular details of T-8 in epige
netics [41], transcriptomics [17], and translatomics [42]. And it’s 
indicated that the pattern of T-8 phase transition is generally a stereo
type [17]. Namely, following tripartite stimulation from cognate anti
gen, costimulatory signal and microenvironmental cues, naïve T-8 
undergoes an unceasing process of activation, effector expansion, 
contraction and memory turnover. Effector T-8 proliferate extensively to 
generate massive clones with high cytotoxicity, orchestrating a rapid 
clearance of ‘non-self’ invaders. Meanwhile, memory T-8 that feature 
high resilience and robust recall response can provide a long-term im
mune surveillance. Here, according to the proliferative kinetics of SPLCs 
and T-8 following activation in vitro (Fig. S1), the first 2 days subjected 
to TCR stimulation is defined as the activation phase, considering the 
relatively mild quantitative growth; while the 3rd to 6th day with 
extraordinarily rapid proliferation is regarded as the expansion phase; 
the contraction phase is reached approximately at the 7th day as the 
proliferation flattened out, and it’s speculated that the memory turnover 

phase may follow consequently. Considering that stimulation at the 
early responding stages plays a decisive role in triggering the develop
mental program of T cells [43,44], we believe that the activation and 
expansion phases are the ‘causes’, while the contraction and memory 
phases are the ‘consequences’. Therefore, UPR intervention was mainly 
cast on the first two phases, with indicators characterizing the latter two 
phases analyzed, including the phenotype and quantity of T-8. 

Based on our preliminary exploration, IRE1α inhibition, especially at 
the activation phase, impaired the quantitative scale and memory 
commitment of T-8 (Fig. S4), suggesting a stage-selective dependency of 
UPR. Here, we further investigated the participation and function of 
IRE1α and PERK signaling pathways in splenic lymphocytes, especially 
in T-8, at their activation phase, expansion phase, or both (activation 
plus expansion) phases (Fig. 4A), where KIRA6 (1.5 μM) inhibited the 
activity of IRE1α RNase and Kinase, GSK2606414 (200 nM) limited the 
phosphorylation of PERK, and ISRIB (200 nM) reversed the translational 
effects of p-eIF2α (Fig. 4K–L). Under the above dosage, there was no 
significant cytotoxicity of these preparations (Fig. S5), and a desirable 
target-inhibition was achieved, especially when inhibitors are delivered 
via ER-targetable liposome (Fig. 4K–L). It turned out that KIRA6 treat
ment limited the proliferation and memory differentiation of T-8, in 
which ER-targetable KIRA6@lipoT displayed higher efficiency than its 
non-targetable counterpart (KIRA6@lipoN). Moreover, the activation 
phase was more sensitive to IRE1α intervention than the expansion 
phase, and inhibiting both phases exhibited a highest negative regula
tion. In addition, similar results were observed using inhibitors of PERK 
axis (Fig. 4B–F), suggesting that UPR branches play a vital role in the 
activation-induced phase turnover of T-8. It is worth noting that both the 
frequency (Fig. S6) and quantity (Fig. 4D) of naïve T-8 increased 
remarkably upon IRE1α inactivation, which further confirmed that this 
pathway was indispensable for the transition of T-8 from resting state to 
activated state. Furthermore, the cytokine secretion by lymphocytes was 
meddled (Fig. 4G–J). Specifically, inhibiting UPR at the activation phase 
or both phases down-regulated the immuno-potentiating IL-2 and IFN-γ, 
but up-regulated the immunosuppressive IL-4. On the contrary, inhibi
tion at the expansion phase up-regulated IL-4, IL-2 and IFN-γ concur
rently, possibly due to an alleviation effect to the hyper-ER stress during 
extensive clonal expansion. 

We believe that there is a phase-selective UPR participation, in which 
UPR dependence of each phase is: activation > expansion ? contraction 
> memory turnover. Likewise, a subset-differential stress tolerance may 
also exist, where the adaptability of different T-8 subgroup is: memory 
> naïve > effector > terminal effector, as depicted in Fig. 5. 

4.5. Lymphocytic IRE1α inhibition contributes to a reduced skin allograft 
rejection 

The above results suggest that under stimulation, lymphocytic IRE1α 
inhibition leads to an overall immunosuppression that is closely related 
to the limited activation, clonal expansion, effector function and mem
ory commitment of T-8, which might be used to improve the patho
physiological manifestations of diseases and disorders caused by 
hyperactivated lymphocytes (especially T-8), including transplantation 
rejection [45–47]. 

Allogeneic skin graft suffers greatly from acute rejection that is 
mainly mediated by T-lymphocytes [48,49]. The high antigenicity and 
continuous exposure of allogeneic skin patch triggers allorecognition of 

Fig. 3. Prophylactic and therapeutic vaccination in vivo. (A) Experimental scheme of prophylactic vaccination, n = 5. (B) Tumor growth curve of mice in different 
groups. (C-D) Representative immunofluorescence images (C) of orthotopic tumor and axillary LN from each group (blue-nucleus, red-CD8, green-IFNγ). Quantitative 
analysis of fluorescent positive cells was shown in (D), n = 3. Scale bar, 200 μm. (E-F) Representative flow cytometric pictures (E) and summary plot of data (F) 
showing the frequency of T-8 (CD3+ CD8+ subset), CD8+ Tem (CD3+ CD8+ CD44+ CD62L-), CD8+ Tcm (CD3+ CD8+ CD44+ CD62L+) and CD8+ Tn (CD3+ CD8+

CD44− CD62L+) in LN and spleen, n = 4. (G) Experimental scheme of therapeutic vaccination, n = 7. (H) Tumor growth curve of mice in different groups. (I-J) 
Representative flow cytometric pictures (I) and summary plot (J) showing the frequency of T-8, CD8+ Tem, CD8+ Tcm and CD8+ Tn in LN and spleen, n = 4. All error 
bars are expressed as ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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recipient T cells. Subsequently, activated CD4+/CD8+ T cells launch an 
intensive host immune response that drives graft rejection [5,50]. At 
present, immunosuppressive therapy has little or no effect in allogeneic 
skin transplantation [49], while the development and application of 
artificial skin is challenged by a high cost and low feasibility. In these 
respects, skin transplantation is currently limited to autologous ones 
[51,52]. Murine allogeneic skin graft is a classic model for studying the 
cellular immunity-associated acute rejection [53], which is repeatable, 
easy to operate, and minimally affected by humoral immune response, 
where T-lymphocyte, especially T-8, are one of the main troublemakers 
involved in such rejection [5,50]. 

Widely used in organ transplantation and autoimmune diseases, 
FK506 (tacrolimus) is a calcineurin inhibitor approved by FDA for 
clinical use. FK506 binds with cytoplasmic immunosuppressive protein 
FKBP12 to form a complex that competitively interacts and limits the 
activity of calcineurin, inhibiting the dephosphorylation and nucleus 
translocation of nuclear factor of activated T cells (NFAT) ligand, thus 
curbing the activation of T cells [54]. Considering the poor water sol
ubility (2–4 μg/mL) and low bioavailability (~18%) of FK506 [55], 
together with its specific site of action (cytoplasm), we loaded FK506 

onto the non-ER targeting lipoN (FK506@lipoN). It’s reported that a 
high dose of CaNIs may exert hepatotoxicity and kidney toxicity, yet no 
obvious toxicity to these organs was observed 7 days post grafting 
(Fig. S7), indicating a relatively high biosafety of our administration 
regimen (Fig. 6A). And it turned out that both FK506@lipoN and KIR
A6@lipoT displayed limited rejection-alleviating efficacy, while the 
combined treatment significantly alleviated rejection, prolonged the 
graft survival (Fig. 6B–D), and maintained the structural integrity of 
transplanted skin (Fig. 6D and L, S7A), which was further confirmed by 
an impaired proliferation and memory generation of T-8 in SLOs 
(Fig. 6E–F), inhibited infiltration of APCs and T-8 in skin (Fig. 6J-L), and 
down-regulated IL-2 and IFN-γ, but up-regulated IL-4 in serum 
(Fig. 6G–I). In brief, lymphocytic IRE1α inhibition induced the sup
pression of overall immunity, contributing to a higher graft compati
bility, which was associated with the limited effector and memory T-8. 
Moreover, there was a synergistic immunosuppressive effect of IRE1α 
inactivation and calcineurin inhibition, which displayed promising po
tential in rescuing allogeneic transplantation rejection. 

Fig. 4. The phenotype and quantity of T-8 under UPR intervention. (A) Schematic illustration of SPLCs treated with different preparations at the activation phase, 
expansion phase or both phases (1.5 μM KIRA6, 200 nM ISRIB, 200 nM GSK2606414). (B-F) Flow cytometric analysis of data showing the quantity of SPLCs (B), T-8 
(C), CD8+ Tn (D), CD8+ Tcm (E), and CD8+ Tem (F) under different treatments, n = 4. (G-J) Determination (G-I) and summary table (J) of the secretion of IFN-γ (G), 
IL-2 (H) and IL-4 (I) in culture supernatant using cytokine kits, n = 4. All error bars were expressed as mean ± SD. (K-L) Immunoblot analysis of XBP-1s, p-PERK and 
CHOP expression in T-8 treated with different UPRi-loaded liposomes at indicated phases. 
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4.6. A cross-talk between inflammatory transcriptional factors and IRE1α 
axis 

Inflammatory transcriptional factors (TFs) are indispensable for the 
priming of lymphocytes, which also facilitate the development of T cell- 
mediated transplantation rejection [56]. In particular, inhibiting 
activation-related inflammatory TFs such as NFAT, activator protein-1 
(AP-1) and nuclear factor-κB (NF-κB) results in an immunosuppressive 
effect [57]. For instance, FK506 limits the activation of NFAT to reduce 
T cell-associated graft rejection and autoimmunity [54]. And it’s re
ported that FK506 also partially inhibits NF-κB [58]. Increasing evi
dence suggests that UPR is intertwined with several inflammatory 
responses [59]. Under ER stress, IRE1α forms a complex with TNF 
receptor-associated factor 2 (TRAF2) at the kinase domain, which in
duces the phosphorylation of Jun N-terminal kinase (JNK) [60] and 
upregulates the expression of pro-inflammatory genes through AP-1 
[61]. In addition, the IRE1α-TRAF2 complex recruits IκB kinase (IKK) 
to phosphorylate and degrade of IκB, releasing NF-κB for nuclear 
translocation [59,62]. 

ER stress triggers the homo-oligomerization and trans-autophos
phorylation of IRE1α lumenal domain, which further drives the homo- 
oligomerization of its cytosolic kinase/RNase domains to activate this 
signaling pathway. KIRA6 is an ATP-competitive IRE1α kinase inhibit
ing RNase attenuator [34], which interferes with the recruitment of 
TRAF2 [63] and impairs the activation of downstream AP-1 and NF-κB. 
In view of these, we speculate that the synergies between KIRA6 and 
FK506 lie in their cooperative regulation of inflammatory signaling 
pathways, and the expression of NF-κB p65, c-JUN (AP-1), and NAFT-c2 

by different preparation-treated SPLCs were determined. Results ascer
tained that FK506@lipoN did limit the expression of NFAT c-2, with 
NF-κB p65 downregulated at the same time. Meanwhile, KIRA6@lipoT 
inhibited NF-κB p65 and JUN (AP-1). When KIRA6@lipoT was used in 
combination with FK506@lipoN, all three TFs were significantly 
inhibited (Fig. 7A–D). And Western Blot data (Fig. 7E) further confirmed 
our conjecture that the synergistic immunosuppressive effect of IRE1α 
inactivation and calcineurin inhibition lied in a cross-talk between in
flammatory TFs and UPR (Fig. 7F). 

5. Discussion 

A successful organ transplantation depends on: 1. minimized MHC 
mismatch between donor and recipient; 2. inhibited activation of host 
immunity; and 3. limited development of host immune memory. High 
MHC matching is usually too demanding for allogeneic transplantation 
that has higher accessibility and feasibility. Therefore, it’s generally 
compensated by suppressing the overall immunity of the recipient. 
Current therapeutic regimen for allogeneic graft mainly relies on 
limiting the activation of effector lymphocytes, lacking a regulation over 
immunomemory. However, memory lymphocyte are one of the first to 
infiltrate the graft [64], with lower activation threshold, less depen
dence on costimulatory signals, higher resistant to regulatory T cells 
(Treg), and less sensitivity to traditional immunosuppressants [65,66]. 
And the generation of lymphocyte alloreactive memory, T-cell memory 
in particular, may lead to a chronic rejection that impedes the long-term 
survival of transplanted organs and limits secondary transplantation [8, 
50,67]. So far, only a few strategies involving memory regulation in 

Fig. 5. Phase-selective UPR participation and subset-differential stress tolerance by T-8. n T-8, the gene expression mode of UPR bears much resemblance to the 
cellular proliferative kinetics upon activation stimulus. And it’s postulated that there is a varying UPR dependence by different phases: activation > expansion ? 
contraction > memory turnover. Accordingly, the stress adaptability of different T-8 subsets is distinctive: memory > naïve > effector > terminal effector. 
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organ transplantation have been proposed and applied, including:  

1. Blocking memory T cells from entering the graft. For example, 
FTY720, a sphingosine-1-phosphate receptor agonist, is used to 
prevent lymphocytes from migrating to thymus and peripheral 
lymphoid tissues, which isolates donor-specific memory CD4+ T cells 
in lymph nodes and prevents their infiltration into the graft, allevi
ating the rejection of mouse heart transplantation [68]. In addition, 
inhibiting adhesion molecules, such as leukocyte integrin LFA-1 and 
VLA4, to prevent memory cells from penetrating into the graft also 
works [69,70]. 

2. Inhibiting the proliferation of memory T-lymphocytes. The activa
tion of donor-specific memory T-8 can be blocked by NF-κB inhibitor 

Deoxyguanidine (DSG), which prolongs the survival of murine 
allografted skin when used in combination with costimulatory 
blockade [71].  

3. Inducing the depletion of memory T cells [72]. ABT-737, a small 
molecule inhibitor of Bcl-2/Bcl-XL, was used to induce the apoptosis 
of alloreactive memory T cells, thus limiting murine skin graft 
rejection [73]. 

Unfolded protein response has long been recognized as a principal 
countermeasure to alleviate endoplasmic reticulum stress, which is 
currently specified with full potential in regulating lymphocytic im
munity for a higher graft survival. Moreover, our strategy of inhibiting 
lymphocytic IRE1α to induce an overall immunosuppression not only 

Fig. 6. Anti-rejection efficacy of IRE1α inhibition in murine full-thickness trunk skin allograft. (A) Schematic diagram of the experimental protocol. (B-D) Graft 
rejection score (B), graft survival rate (C), and representative pictures of grafted skin patch (D) by host mice in different groups, n = 7. (E-F) Representative flow 
cytometric pictures (E) and summary plot (F) of data showing the frequency of T-8, naïve T-8, effector memory T-8, and central memory T-8 in LN and spleen 7 days 
post graft, n = 4. (G-I) Determination of IL-4 (G), IFN-γ (H) and IL-2 (I) in serum 7 days post graft using cytokine kits, n = 3. (J-K) Representative immunofluorescence 
images (J) of axillary LN from each group (blue-nucleus, red-CD8, green-XBP1). Images were analyzed to semiquantitate the fluorescence intensity of CD8 and XBP-1 
to cell count (K), n = 3. Scale bar, 200 μm. (L) Representative H&E and immunofluorescence pictures of grafted skin from each group (blue-nucleus, pink-CD8, red- 
CD11c, green-CD80). Scale bar, 100 μm. All error bars were expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Y. Shi et al.                                                                                                                                                                                                                                      



Biomaterials 272 (2021) 120757

12

limits the activation of lymphocytes, but abrogates the commitment of 
immune memory (Figs. 3 and 4), displaying desirable anti-rejection ef
fect in murine full-thickness trunk skin allograft (Fig. 6), which may 
guide the future treatment of diseases and disorders derived from 
hyperimmunity, including transplant rejection, inflammatory diseases, 
autoimmune diseases, type I diabetes mellitus, and type IV hypersensi
tivity [45–47]. 
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