
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Alessando Mattina,
IRRCS ISMETT/UPMC Italy, Italy

REVIEWED BY

David Baidal,
University of Miami, United States
Kevin Bode,
German Cancer Research Center (DKFZ),
Germany

*CORRESPONDENCE

Seda Kizilel

skizilel@ku.edu.tr

RECEIVED 03 December 2025

REVISED 08 January 2026
ACCEPTED 09 January 2026

PUBLISHED 03 February 2026

CITATION

Karaoglu IC, Odabas A, Önder T and Kizilel S
(2026) Single–gene knockout of RNLS or
HIVEP2 are insufficient to protect b–cell
spheroids from allo– and xeno–rejection.
Front. Immunol. 17:1759835.
doi: 10.3389/fimmu.2026.1759835

COPYRIGHT

© 2026 Karaoglu, Odabas, Önder and Kizilel.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 03 February 2026

DOI 10.3389/fimmu.2026.1759835
Single–gene knockout of RNLS
or HIVEP2 are insufficient to
protect b–cell spheroids from
allo– and xeno–rejection
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1Chemical and Biological Engineering, Koc University, Sariyer, Istanbul, Türkiye, 2School of Medicine,
Koç University, Sariyer, Istanbul, Türkiye, 3Research Center for Translational Medicine, Koc University,
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Introduction: b-Cell replacement therapy offers a potential cure for type 1

diabetes, but its success is limited by rapid graft rejection. While genome-wide

CRISPR screens have recently identified RNLS and HIVEP2 as candidate genes

capable of protecting b-cells from autoimmune destruction, their efficacy

against the distinct mechanisms of allogeneic and xenogeneic rejection

remains unknown. This study aimed to test the hypothesis that single-gene

ablation of RNLS or HIVEP2 protects b-cell spheroids from allo- and

xenorejection in immunocompetent hosts.

Methods: Murine b-TC-6 and human EndoC-bH1 b-cell lines were genetically

edited using CRISPR-Cas9 to knockout RNLS or HIVEP2. Editing efficiencies were

confirmed via T7 endonuclease I assay and Tracking of Indels by Decomposition

(TIDE) analysis. Cells were aggregated into uniform, size-controlled spheroids

using an optimized agarose suspension culture. Functional integrity was assessed

via glucose-stimulated insulin secretion (GSIS). To evaluate immune evasion in

vivo, luciferase-labeled spheroids were transplanted subcutaneously into

immunocompetent CD-1 mice, modelling allogeneic (murine-to-murine) and

xenogeneic (human-to-murine) rejection, with graft survival monitored

longitudinally by bioluminescence imaging.

Results: Robust editing efficiencies were achieved for both targets. Functional

characterization indicated that Rnls deletion modestly impaired GSIS in murine

cells, whereas HIVEP2 deletion showed no functional alterations in either cell

line. In vivo assessment revealed no protective effects of RNLS or HIVEP2

deletion; grafts from both knockout groups displayed rejection kinetics

indistinguishable from non-targeting controls. While allogeneic grafts survived

longer than xenogeneic grafts, both were ultimately cleared by the host immune

system regardless of genotype.

Discussion: These data indicate that single-gene deletions of RNLS or HIVEP2 are

insufficient to protect b-cell grafts from the barriers of allo- or xenorejection. By

defining the limitations of these targets in isolation, our findings highlight the

necessity for combinatorial genome editing strategies or complementary

integration with immunomodulatory biomaterials to achieve effective and

sustained b-cell graft survival.
KEYWORDS

allo- and xenogeneic rejection, CRISPR, HIVEP2, RNLS, type 1 diabetes (T1D), b-cell
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Introduction

Type 1 diabetes (T1D) arises from autoimmune killing of the

insulin–producing b–cells of the pancreatic islets, forcing patients

into lifelong exogenous–insulin therapy (1–4). This exposes them to

hypoglycemia and chronic complications such as heart disease,

stroke, nerve damage, and kidney failure (5–9). b–cell replacement

therapy offers curative potential, yet transplanted grafts rejected

rapidly to both recurrent autoimmunity and the de novo allogeneic

or xenogeneic immune responses of the recipient. Current clinical

protocols rely on broad immunosuppression, which incompletely

protects grafts and carries substantial infectious and oncogenic risk

(6, 10–18). Consequently, engineering b–cells that evade immune

attack while preserving host immunosurveillance is a priority in the

field (19–25).

Gene–editing has emerged as a powerful route to such “stealth”

cells. Ablation of classical HLA class I and II molecules or over–

expression of CD47 demonstrably reduces T–cell recognition, but

complete removal of HLA can provoke natural–killer (NK)–cell

activation and compromise pathogen defense (26–30). A

complementary strategy is to identify b–cell–intrinsic genes

whose loss confers resistance to immune injury without disabling

antigen presentation. In this context, a genome–wide CRISPR

screen performed by Cai et al. in non–obese–diabetic (NOD) b–
cells uncovered two such loci, Rnls and Hivep2, whose disruption

enabled mutant cells to survive autoimmune assault in vivo (31).

Rnls encodes Renalase, a secreted flavoprotein oxidase that

metabolizes atypical NAD(P)H isomers and has been linked to

redox homeostasis and protection from cytokine–induced

apoptosis. Its deletion in b–cells attenuate ER–stress signaling and

dampens autoreactive CD8+–cell activation (32).Hivep2 (Schnurri–

2) is a zinc–finger transcription factor that binds kB motifs,

modulates NF–kB–driven transcription and restrains pro–

inflammatory gene expression (33). Although both knock–outs

(KOs) provided an autoimmune survival advantage in the screen,

their capacity to protect against the distinct mechanisms underlying

allogeneic rejection (MHC mismatch and indirect antigen

presentation) or xenogeneic rejection (innate immunity,

complement and xeno–reactive antibodies) has never been tested.

This study aimed to evaluate the utility of RNLS and HIVEP2

beyond the autoimmune context. While RNLS served as a

benchmark for platform validation in the allogeneic setting, we

primarily sought to investigate the unexplored potential of these

genes, particularly HIVEP2, in overcoming the more barriers of

xenogeneic rejection. These genes were selected based on their

previously identified roles in regulating immune-mediated cellular

stress responses and apoptosis pathways. Specifically, the

hypothesis here is that knocking out RNLS would protect b-cells
by reducing endoplasmic reticulum stress-induced apoptosis,

whereas knocking out HIVEP2 might enhance b-cell resistance by
altering immune recognition and cytokine responses. Rnls was

identified as a promising target gene in genome-wide CRISPR

screening, linked primarily with apoptosis regulation under

inflammatory stress conditions frequently observed in

autoimmune diabetes. It was hypothesized that knocking out
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RNLS would mitigate stress-induced b-cell apoptosis, thus

enhancing graft survival. Similarly, HIVEP2 was chosen due to its

known regulatory roles in immune responses, which could protect

against autoimmune attacks by modulating cytokine signaling and

immune-cell interactions.

Here, it was investigated whether deleting RNLS or HIVEP2

prolongs b–cell survival beyond the autoimmune context. Murine

b–TC–6 and human EndoC–bH1 cells were first edited with

pLentiCRISPRv2 constructs targeting RNLS or HIVEP2, and

indel formation was verified by T7 endonuclease assay and TIDE

analysis. Then each line was aggregated into uniformly sized (~150

μm) spheroids on agarose–coated ultra–low–attachment dishes.

Functional testing revealed that RNLS KO modestly reduced

glucose–stimulated insulin secretion in mouse cells, whereas

HIVEP2 KO was functionally neutral in both species. To assess

graft fate in immunocompetent hosts, luciferase–labelled spheroids

were embedded in Matrigel and implanted subcutaneously into

CD–1 mice, modelling either allogeneic rejection (b–TC–6 → CD–

1) or xenogeneic rejection (EndoC–bH1 → CD–1). Longitudinal

bioluminescence imaging demonstrated indistinguishable clearance

kinetics among RNLS–, HIVEP2– and non–targeting grafts in both

settings. Our findings therefore show that single–gene disruption of

RNLS or HIVEP2 is insufficient to protect b–cell grafts from allo–

or xeno–immunity. These results set practical limits on the utility of

these loci as single-gene edits and underlining the need for

combinatorial genome engineering or complementary

immunomodulatory biomaterials to achieve clinically durable

immune evasion.
Methods

Cell lines

b–TC–6 and 293T (CRL–3605 and CRL–3216) cell lines were

obtained from ATCC, EndoC–bH1 cell line was obtained from

Human Cell Designer. 293T cells were maintained in DMEM

(D6429, Sigma), supplemented with 10% FBS (S1520, Biowest),

and penicillin/streptomycin (L0022, Biowest) in a 37°C incubator

with 5% CO2. b–TC–6 cells were maintained in low bicarbonate

DMEM (P04–03596, PAN Biotech), supplemented with 15% FBS

(S1520, Biowest), and penicillin/streptomycin (L0022, Biowest) in a

37°C incubator with 5% CO2. EndoC–bH1 cells were maintained in

Opti–b1 (Human Cell Design) after coating with bcoat (Human

Cell Design) in a 37°C incubator with 5% CO2. All cell lines were

routinely tested for mycoplasma contamination on a weekly basis

and confirmed to be negative.
gRNA cloning

To generate NT, Hivep2 KO, Ins2 KO, and Rnls KO b–TC–6
cells, three gRNAs were selected from Brie mouse gRNA database

(Supplementary Table 1) (34) and cloned into pLentiCRISPRv2

vector. After an initial screen of T7EI and TIDE analysis, one gRNA
frontiersin.org
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was selected for each gene as follows: NT gRNA (5′–GCG
CTTCCGCGGCCCG–3′), Hivep2 gRNA (5′–TAAGGCGG

ATGACTCTCACA–3′), Ins2 gRNA (5′–GGACTCCCAG

AGGAAGAGCA–3′), and Rnls gRNA (5′– CTACTCCTCTCG

CTATGCTC–3′) were cloned into pLentiCRISPRv2 vector with

puromycin antibiotic resistance gene (Addgene #98290) (35). The

gRNA containing lentiviruses were used to establish these cell lines.

To generate NT, HIVEP2 KO, INS KO, and RNLS KO

EndoC–bH1 cells, similarly, three gRNAs were selected from

Brunello human gRNA database (Supplementary Table 1) (34)

and cloned into pLentiCRISPRv2 vector. After an initial screen of

T7EI and TIDE analysis, one gRNA was selected for each gene as

follows: NT gRNA (5′–GACGGAGGCTAAGCGT–3′), HIVEP2
gRNA (5′–GACAAGATGTCAGACCTAGG–3′), INS gRNA (5′–
GAAGCTCTCTACCTAGTGTG–3′), and RNLS gRNA (5′–
TCCCACACAGCAAGGTACAA–3 ′ ) were c loned into

pLentiCRISPRv2 vector with puromycin antibiotic resistance

gene. All plasmid sequences were verified by Sanger sequencing

before transduction and transfection (Supplementary Figure 1).
Lentivirus production

293T cells were seeded at 4.0 × 106 cells on a 10–cm plate 1 day

before transfection. The cells were transfected with 2.5 mg of a

vector, 2.25 mg of a transfer plasmid (psPAX2, #12260; Addgene),

and 0.25 mg of a VSV–G vector (pMD2.G, #12259; Addgene) using

the polyethylene imine (PEI) transfection reagent (Thermo Fisher

Scientific, Waltham, MA). Viral particles were harvested 48 h post

transfection and purified using a 0.45–mm Millex–HV filter

(SLZHVR33RS; Merck Millipore, Burlington, MA).
Virus infection and drug selection

For viral transduction, 5 × 106 cells were seeded in 10–cm

tissue–culture dishes and allowed to attach for 24 h. The cultures

were then exposed overnight to 10 μL of 100–fold–concentrated

lentiviral stock supplemented with 10 μg/mL protamine sulfate

(P3369, Sigma–Aldrich) to enhance viral adsorption. Fresh growth

medium was provided the next morning. Forty–eight hours later,

robust fluorescence in parallel GFP–virus controls confirmed

successful transduction, and antibiotic selection was initiated. b–
TC–6 cultures received 4.5 μg/mL puromycin, whereas

EndoC–bH1 cultures were treated with 2.5 μg/mL. Selection was

maintained for four days, after which surviving cells were expanded

for an additional two days in antibiotic–free medium to recover. All

downstream assays were performed with these fully selected,

puromycin–resistant populations.
T7 endonuclease I assay

CRISPR–Cas9 editing in both b–TC–6 and EndoC–bH1 cells

were detected by T7 endonuclease I mismatch cleavage assay.
Frontiers in Immunology 03
Genomic DNA was purified from NT and gRNA transduced cells

using the Macherey–Nagel™ NucleoSpin™ Tissue, Mini kit for

DNA from cells and tissue. The Hivep2, Rnls, and insulin gRNA

targeting site was amplified using the Phusion High–Fidelity PCR

Kit. The primers for the gRNA site PCR were as follows: Hivep2 site

forward, 5′–CTCCCTGCTGAGAAGTTGCC–3′; reverse, 5′– GAT

GTGGCTGTTCGGGTAAG –3′, Ins2 site forward, 5′–CGTGAA
GTGGAGGACCCACA–3′; reverse, 5′–AAACTGTGGGTCC
TCCACTTCACG–3′, Rnls site forward, 5′–TATCCCATGTGG
CTTGGAGT–3′; reverse, 5′–GAGGTGAAGAATCGGTCCACT–
3′, HIVEP2 site forward, 5′–GTTGTGTTGCCGAACTAGCC–3′;
reverse, 5′–GGGGACAGGGTTGGGTATGA–3′, INS site forward,
5′–CCACCCTCTGATGTATCTCGG–3′; reverse, 5′–AGAC

TATAAAGCCAGCGGGG–3′, RNLS site forward, 5′–GAGTG
GAATCAATCTTAGCAGTTG–3′; reverse, 5′–GAGTGGAATC
AATCTTAGCAGTTG–3′. The 400 ng PCR products were used

to form heteroduplexes by denaturing at 95°C for 5 min and then

reannealing the products in a thermocycler using the following

protocol: ramp down to 85°C at −2°C per s; ramp down to 25°C at

−0.1°C per s; hold at 4°C. Ten units of T7 endonuclease I (#M0302)

were added to the annealed PCR products and the reaction was

incubated at 37°C for 15 min. The digestion reaction was stopped by

1 ml of 0.5 M EDTA and immediately applied to a 1% agarose gel to

visualize digested and undigested products by electrophoresis.
quantitative PCR

b–TC–6 and EndoC–bH1 cells were treated with Macherey–

Nagel™ NucleoSpin™ RNA, Mini kit for RNA purification for

RNA extraction according to the manufacturer’s protocol. Purified

RNA was reverse transcribed into complementary DNA (cDNA)

using the iScript™ cDNA Synthesis Kit. Gene expression levels of

genes were analyzed by QuantiNova Probe PCR Kit (Qiagen). The

primers for the qPCR were as follows: Hivep2 site forward, 5′–
GTTGAGTCTTGGACATTGAAGC–3′ ; reverse, 5′–CACA

GGACATCAGAATACTACTGG–3′, Ins2 site forward, 5′–CGT
GGCTTCTTCTACACACCCA–3′; reverse, 5′–TCCAGTGCCAA
GGTCTGAAGGT–3′, Rnls site forward, 5′–AAGGCTGGGGA
TATAGGGGG–3′; reverse, 5′–GGGAGACTTCTGCACCTGAC–
3′, HIVEP2 site forward, 5′–ACAGCCACTAGATTCCCAGA–3′;
reverse, 5′–TTGTCCTGACGCTTCCTGTT–3′, INS site forward,

5′–AGGCCATCAAGCAGATCACT–3′; reverse, 5′–TTCCCC
GCACACTAGGTAGA–3′, RNLS site forward, 5′–GGGAGCAC
GGAACCAAAGA–3′; reverse, 5′–AGTCATTCTTCCCCCT

GAGTC–3′ . The relative mRNA expression levels were

normalized to GAPDH mRNA expression. All RT–qPCR assays

were performed using a LightCycler® 480 Instrument II

(Roche Diagnostics).
Hanging–drop aggregation

Single–cell suspensions were prepared in complete growth

medium (DMEM, 10% FBS, 1% penicillin/streptomycin) at 1 ×
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107 cells/mL. Thirty–microliter droplets containing either 300, 500,

or 1000 cells were dispensed onto the inner surface of 100–mm

Petri–dish lids. Lids were inverted over dishes containing 10 mL

sterile PBS to maintain humidity and incubated for 72 h at 37°C, 5%

CO2. Spheroids that formed at the bottom of the droplet were

harvested by gentle pipetting with pre–warmed medium.
Home-made ultra–low–attachment (ULA)
suspension culture

For higher throughput, homemade ULA dishes were fabricated

by pouring 5 mL of sterile 1% (w/v) agarose in PBS into 100–mm

Petri dishes, allowing the gel to solidify for 30 min, and rinsing once

with growth medium. Subsequently, 5 × 106 single cells in 10 mL

medium were added per dish and cultured on an orbital shaker (50

rpm) for 3 days at 37°C, 5% CO2. Gentle agitation promoted rapid

se l f–assembly into compact spheroids wi th minimal

size heterogeneity.
Live/dead staining and imaging

Spheroids from both protocols were washed twice with warm

PBS and incubated for 3 min with fluorescein diacetate (FDA, 2 μg/

mL) at 37°C to label metabolically active cells. Propidium iodide

(PI, 1 μg/mL) was then added for an additional 5 min to stain

membrane–compromised cells. After two PBS washes, spheroids

were transferred to glass–bottom dishes and imaged immediately by

epifluorescence microscopy (FITC and Texas Red filter sets).

Aggregate diameters were measured from bright–field

micrographs using ImageJ.
Immunofluorescence staining

Immunofluorescence was performed to assess insulin

production in both 2D monolayer cultures and 3D spheroids. For

2D cultures, EndoC-bH1 cells were fixed 72 h after seeding. For 3D

cultures, spheroids were harvested by centrifugation at 100 × g for

5 min and the result ing pel lets were fixed with 4%

paraformaldehyde (PFA) for 15 min. Following fixation and

washing with PBS, samples were permeabilized with 0.1% Triton

X-100 and blocked with bovine serum albumin (BSA) to prevent

non-specific binding. Samples were incubated overnight at 4°C with

a polyclonal guinea pig anti-insulin primary antibody (1:50; PA1-

26938, Thermo Fisher Scientific). After washing, samples were

incubated with an Alexa Fluor 488-conjugated anti-guinea pig

secondary antibody (1:250; ab150185, Abcam) for overnight at

room temperature. Nuclei were counterstained with DAPI

(1:5000; D1306, Thermo Fisher Scientific). Spheroids were

transferred to 8-well chambered glass slides and imaged using a

confocal laser scanning microscope.
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Glucose stimulated insulin secretion

For glucose–stimulated insulin secretion assay, the cells were

plated in a 6–well plate as 1.5 × 106 cells per well. After 48h, cells

were washed twice very gently using Krebs–Ringer Buffer (KRB).

Before starting GSIS, cells were starved for 60 minutes by leaving

cells in 2 mL of KRB buffer and incubating at 37°C, 5% CO2. After

starvation, KRB buffer was removed and cells were incubated using

2.8 mM D–Glucose KRB (low glucose, LG) at 37°C, 5% CO2 for 60

minutes. Supernatant was collected and then cells were finally

incubated using 16.7 mM D–glucose KRB (high glucose, HG) for

60 minutes at 37°C, 5% CO2, and the supernatant was collected.

Supernatant was used to perform insulin quantification using the

insulin ELISA kit from Mercodia.

For b–TC–6 the KRB contained (in mmol/L): 115 NaCl, 5.3

KCl, 2.6 CaCl2, 1.2 MgSO4, 1.0 KH2PO4, 24 NaHCO3 and 10

HEPES, supplemented with 0.1% (w/v) fatty–acid–free BSA and

either 1.67 mM (LG) or 16.7 mM (HG) glucose. The solution was

equilibrated in 5% CO2 to maintain pH 7.35–7.40.

For EndoC–bH1 the KRB containing (in mmol/L): 138 NaCl,

5.4 KCl, 2.6 CaCl2, 0.5 MgCl2, 5 NaHCO3 and 10 HEPES, again

with 0.1% fatty–acid–free BSA and either 2.8 mM (LG) or 28 mM

(HG) glucose.
In vivo imaging

To enable in vivo bioluminescence tracking, both b–cell lines
were first transduced with a lentiviral construct with the firefly

luciferase (Fluc). Fluc coding sequence is driven by the human

ubiquitin–C (ubC) promoter with a selection marker of Neomycin

(G418) or hygromycin B (Supplementary Figure 14). Stable cell

lines were obtained by antibiotic selection, 400 μg/mL G418 for b–
TC–6 cells and 200 μg/mL hygromycin B for EndoC–bH1 cells,

resulting in uniform Fluc expression. To ensure absolute parity in

reporter expression across experimental groups, all gene-edited

lines were generated from the same parental stable luciferase-

expressing cell pool, thereby ensuring an identical reporter

pedigree prior to CRISPR-Cas9 editing.

For in vivo studies, 5 × 106 Fluc–cells from each knockout line,

together with a NT control, were resuspended in 200 μL Matrigel

(CLS354234, Merck) and injected subcutaneously into the left and

right flank of CD–1 mice (designated Day 0). Bioluminescence

imaging (BLI) was performed with a Caliper IVIS Spectrum system

(PerkinElmer) following established protocols for the longitudinal

monitoring of b-cell graft survival in murine models (36). Ten

minutes before image acquisition, animals received an

intraperitoneal injection of d–luciferin (150 mg/kg of animal;

P1042, Promega) prepared at 15 mg/mL in calcium– and

magnesium–free Dulbecco’s PBS and sterile–filtered through a

0.22–μm membrane. Imaging parameters were kept constant

throughout the study (exposure = 1 min, binning = medium, f/

stop = 1, field of view = 12.5 cm) to permit quantitative comparison.
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Photons emitted from the graft region were integrated with Living

Image software and expressed as radiance (photons/scm²sr).
Animal experiments

All in vivo procedures were approved by the Koç University

Animal Research Facility Ethical Committee (KUARF, approval no.

2024.HADYEK.038) and conducted in accordance with the

ARRIVE guidelines and Turkish Animal Welfare regulations.

Female CD–1 or SCID mice (8–10 weeks, 25–30 g) were housed

in individually ventilated cages (22 ± 2°C, 50 ± 10% humidity, 12 h

light/dark cycle) with ad libitum access to standard chow and water.

For each genetic condition, NT control, Hivep2/HIVEP2

knockout, Rnls/RNLS knockout, and Ins2/INS knockout, n = 4

mice were used in both the allogeneic (b–TC–6 → CD–1) and

xenogeneic (EndoC–bH1 → CD–1) cohorts. On day 0 mice were

anesthetized with 2% isoflurane, and spheroids from 5 × 106

luciferase–expressing cells suspended in 200 μL growth–factor–

reduced Matrigel were injected subcutaneously into each flank

(left, NT; right, gene–edited) and visualized via IVIS. Mice were

euthanized by CO2 inhalation followed by cervical dislocation.
Statistical analysis

One–way ANOVA with Tukey comparison test on GraphPad

Prism Software (Graph–Pad Software version 10.5, CA, USA) was

used. A value of p ≤ 0.05 was considered statistically significant. The

significance levels are denoted as follows: n.s. for p > 0.05, * for p ≤

0.05, ** for p ≤ 0.01, *** for p ≤ 0.001, and **** for p ≤ 0.0001.
Results

b–TC–6 and EndoC–bH1 cell spheroid
optimization

Prior to the gene–editing experiments, 3D b–cell culture was

optimized to obtain size–controlled, high–viability spheroids that

more closely mimic the cell–cell interactions of native islets. The

first approach relied on the hanging–drop technique. Single–cell

suspensions of b–TC–6 cells were adjusted to 300, 500, or 1000 cells
per 30 μL droplet, arrayed on the inverted lids of Petri dishes and

cultured for 72 h at 37°C under 5% CO2. During this period, cells

settle at the bottom of the droplet due to gravity, where they

aggregate into spheroids. Bright–field microscopy revealed a

direct relationship between initial seeding density and final

aggregate size. Droplets seeded with 300 cells produced spheroids

averaging 120 μm in diameter, whereas those initiated with 1000

cells routinely exceeded 200 μm. Live/Dead staining demonstrated

that aggregates below 150 μm were uniformly viable, while the

larger spheroids displayed a central necrotic zone, consistent with

oxygen– and nutrient–diffusion limitations (Figures 1A, B) (37).

Although the method can be considered as simple, the hanging–
Frontiers in Immunology 05
drop format proved labor–intensive, and difficult to scale beyond a

few hundred spheroids, making it impractical for the cell quantities

required for transplantation.

To overcome these constraints, a suspension culture protocol

was developed using home–made ultra–low–attachment dishes.

Petri dishes were coated with 1% (w/v) agarose solution and

allowed to solidify, creating a non–adhesive surface that prevents

cell attachment. 4 × 106 single cells were added to each dish in 8 mL

of complete medium and cultured for 72 h on an orbital shaker set

to 50 rpm. Under these conditions, cells aggregated spontaneously

into hundreds of uniformly round spheroids (Figures 2A, B). Image

analysis of 100 aggregates showed a narrow size distribution

centered at 140 ± 8 μm, while confocal Live/Dead staining

confirmed ≥ 95% viability throughout the spheroid cross–section

(Figure 2C). Notably, the suspension approach yielded a higher

number of spheroids per dish compared to the hanging–drop

method, making it the preferred method for downstream

experiments [Costa et al., 2018].

Given its superior throughput, precise size control, and absence

of a necrotic core, the agarose–based suspension culture was

selected for all subsequent CRISPR/Cas9 editing, functional

assays, and transplantation studies. While the hanging–drop data

provided a valuable reference for correlating spheroid diameter with

diffusion limits, this information guided our decision to maintain

aggregate diameters below 150 μm in all subsequent experiments.
T7 endonuclease I and tracking of indels by
decomposition analysis

To perform targeted gene knockouts, three guide RNAs (gRNA)

were selected from the Brie and Brunello databases, including the

guide RNA previously validated by Cai et al. as a control for Rnls

knockout (31). The aim was to target exons as early as possible to

maximize the probability of premature stop codons triggering

nonsense-mediated decay (NMD) or producing truncated non-

functional protein fragments, ensuring the disruption of the

gene’s biological activity. As an internal control for functional

knockout validation, the insulin gene (Ins2 for mouse, INS for

human) was targeted in both cell lines. Each selected guide RNA

was cloned into the pLentiCRISPRv2_puro plasmid, and successful

insertion was confirmed by Sanger sequencing. Lentiviral particles

were then produced by co–transfection of HEK293T cells with the

guide RNA–cloned pLentiCRISPRv2_puro plasmids along with

packaging (psPAX2) and envelope (VSV–g) plasmids. GFP–

encoding lentivirus was produced similarly and used as a control

to monitor infection efficiency. Following lentiviral production, b–
TC–6 and EndoC–bH1 cell lines were infected with lentiviruses

encoding gRNAs targeting RNLS, HIVEP2, and INS. After

antibiotic selection to enrich for successfully transduced cells, cell

pellets were collected and used for subsequent validation assays,

including quantitative PCR (qPCR), genomic DNA isolation for T7

endonuclease I (T7E1), Tracking of Indels by Decomposition

(TIDE) assays to confirm successful genomic editing at the

intended target sites. TIDE analysis was specifically employed to
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quantify the ratio of frame-shift mutations, ensuring that the edited

populations were dominated by out-of-frame indels that preclude

the formation of functional proteins.

To validate successful genome editing in b–TC–6 cells, T7E1

mismatch assays were conducted for theHivep2, Ins2, and Rnls gene

targets. Distinct cleavage products were observed for gRNA2

targeting Hivep2, all three gRNAs targeting Ins2, and gRNA3

targeting Rnls, confirming the presence of CRISPR/Cas9–induced

insertions and deletions (indels). No cleavage bands were detected

in the corresponding non–targeting (NT) control lanes, confirming

editing specificity (Figure 3A). Consistent with the T7E1 results,

TIDE analysis of Hivep2–edited b–TC–6 cells using gRNA2
Frontiers in Immunology 06
revealed editing efficiency of approximately 43.7%, further

validating robust gene disruption at the target site (Figure 3B).

In parallel, genome editing in EndoC–bH1 cells was assessed

using the same approach. T7E1 assays revealed clear cleavage

products for all three gRNAs targeting HIVEP2, INS, and gRNA2

targeting RNLS, indicating efficient CRISPR–mediated gene knockout

events (Figure 3C). TIDE analysis of the HIVEP2 locus edited with

gRNA1 demonstrated a high indel frequency of approximately 94.3%,

corroborating the T7E1 data and confirming moderate editing

efficiency in human b–cells (Figure 3D).
To evaluate whether these high-frequency genomic indels

resulted in corresponding changes at the transcript level, we
FIGURE 1

Hanging–drop optimization of b–TC–6 spheroid size and viability. (a) Representative bright–field (left) and Live/Dead (right; fluorescein diacetate,
green = viable; propidium iodide, red = non–viable) images of spheroids generated from 300, 500 and 1000 cells per 30 µL hanging drop (top to
bottom). Spheroids seeded with 1–000 cells routinely exceed 200 µm and display a central necrotic core, whereas aggregates formed from ≤ 500
cells remain compact and uniformly viable. (Scale bar = 100 µm) (b) Quantification of average spheroid diameter (mean ± SD, n = 100 independent
droplet sets per condition). Diameter increases proportionally with initial cell number, emphasizing the need to limit seeding density to < 500 cells to
maintain physiologically relevant (< 150 µm), necrosis–free aggregates.
FIGURE 2

Suspension–culture generation of uniformly sized, viable EndoC–bH1 spheroids. (a) Bright–field overview of the agarose–coated ultra–low–attachment
dish after 72 h of orbital shaking (50 rpm) with 5 × 106 human EndoC–bH1 cells, showing hundreds of compact aggregates. (b) Live/Dead confocal
image of a representative spheroid stained with fluorescein diacetate (green, viable) and propidium iodide (red, non–viable). The absence of red signal
confirms minimal core necrosis. Scale bar = 50 µm. (c) Mean spheroid diameter determined from 100 aggregates (140 ± 8 µm; mean ± SD), illustrating
the narrow size distribution achieved with the shaking suspension method.
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conducted quantitative PCR (qPCR) analysis for the targeted loci

(Supplementary Figure 2). The resulting data revealed a complex

transcriptional landscape consistent with the phenomena of

transcriptional adaptation or genetic compensation. While Rnls

knockout in murine cells led to a significant reduction in mRNA

levels, likely reflecting nonsense-mediated decay (NMD)-mediated

transcript instability (38), we observed an unexpected upregulation of

Hivep2mRNA levels in murine cells. Such outcomes are indicative of
Frontiers in Immunology 07
cellular attempts to maintain genetic robustness by upregulating a

mutant locus or its functional homologs following the loss of a

functional protein product, even when the transcripts carry frame-

shift mutations that preclude functional protein synthesis. Given the

potential for these complex feedback loops to confound mRNA

quantification, we prioritized high-resolution genomic indel

analysis and functional physiological assays as the most definitive

evidence of successful gene inactivation in this study.
FIGURE 3

Genomic validation of CRISPR/Cas9 editing in mouse and human b–cell lines. (a) T7E1 assay of genomic PCR products amplified from stable,
antibiotic-selected populations of b–TC–6 cells with three gRNAs targeting Hivep2, Ins2 or Rnls (left), alongside the corresponding non–targeting
(NT) controls (right). Cleavage products visible for Hivep2–g2, all three Ins2 guides and Rnls–g3 confirm formation of indels, whereas NT lanes show
only full–length amplicons. (b) TIDE quantification in mouse cells. Left: indel percentage. Right: representative TIDE decomposition. (c) T7E1 assay of
genomic PCR products amplified from stable, antibiotic-selected populations of EndoC–bH1 cells edited with guides against HIVEP2, INS or RNLS.
Cleavage is evident for all three HIVEP2 and INS guides, and for RNLS–g2, whereas NT controls are uncleaved. (d) TIDE quantification in human
cells. Left: indel percentage. Right: representative TIDE decomposition.
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Insulin production and glucose stimulated
insulin secretion of human b–cells

Insulin granules in monolayer EndoC–bH1 cells
To verify functionality of human b–cell line, parental

EndoC–bH1 cells was grown in two–dimensional monolayer by

immunofluorescence microscopy (Figure 4). Cells were fixed 72 h

after seeding, permeabilized, and stained for insulin, with nuclei

counter–labelled using DAPI. Confocal imaging revealed intense

insulin signal concentrated in the perinuclear cytoplasm of every

cell, consistent with dense–core secretory granules typical of mature

b–cells. The presence of discrete green granules confirms preserved

pro–insulin processing and granule biogenesis which is prerequisite

for physiologically relevant glucose–stimulated insulin secretion

and validates EndoC–bH1 as an appropriate human model for

downstream gene–editing and transplantation studies.
Frontiers in Immunology 08
Representative confocal micrograph of unedited EndoC–bH1

cells cultured as a monolayer. Insulin immunoreactivity (green)

appears as concentrated in the perinuclear region, while nuclei are

counter–stained with DAPI (blue). The magnified inset highlights

individual dense–core insulin granules (arrowheads), confirming

intact endocrine granule biogenesis in the human b–cell line. (Scale
bar = 20 μm).

Insulin production in EndoC–bH1 spheroids
To visualize insulin production within the spheroids,

immunofluorescent labeling was conducted. Spheroids were

centrifuged at 100 g for 5 minutes, and the pellet was fixed with

4% PFA for 15 minutes. Following washing and incubation with an

anti-Insulin antibody (PA1-26938, Thermo Fisher Scientific),

followed by staining with DAPI for nuclei and Alexa Fluor 488

for insulin was performed. Visualization was carried out using an 8–
FIGURE 4

Immunofluorescence demonstration of insulin–containing granules in EndoC–bH1 cells. Representative confocal micrograph of unedited
EndoC–bH1 cells cultured as a monolayer. Insulin immunoreactivity (green) appears as concentrated in the perinuclear region, while nuclei are
counter–stained with DAPI (blue). The magnified inset highlights individual dense–core insulin granules (arrowheads), confirming intact endocrine
granule biogenesis in the human b–cell line. (Scale bar = 20 mm)
FIGURE 5

Confocal immunofluorescence of EndoC–bH1 spheroids confirms homogeneous insulin expression throughout the aggregate. Z–stack projections
(top) and a single optical section (bottom) of EndoC–;bH1 spheroids at day 3 generated on agarose ultra–low–attachment dishes. Nuclei are stained
with DAPI (green pseudocolour), insulin–positive dense–core granules (red), and the composite merge (yellow), indicating that essentially every cell
within the aggregate retains a ;b–cell phenotype. (Scale bars = 50 mm)
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well chambered glass slide under a confocal microscope (Figure 5).

Each cell within the spheroids exhibited insulin production, further

demonstrating the suitability of EndoC-bH1 spheroids for

subsequent experiments.

Z–stack projections (top) and a single optical section (bottom)

of EndoC–bH1 spheroids at day 3 generated on agarose ultra–low–

attachment dishes. Nuclei are stained with DAPI (green

pseudocolor), insulin–positive dense–core granules (red), and the

composite merge (yellow), indicating that essentially every cell

within the aggregate retains a b–cell phenotype. (Scale bars =

50 μm).
Glucose stimulated insulin secretion (GSIS)
of b–TC–6 and EndoC–bH1 spheroids

Glucose−stimulated insulin secretion (GSIS) was next examined

to determine whether gene editing affected b–cell function

(Figure 6). In mouse b−TC−6 cells, the NT control exhibited a

stimulation index (SI) close to 1, indicating that these cells are not

responsive to different glucose challenges. Disruption of Hivep2 had

no impact, yielding the SI statistically non-significant from control.

Additionally, the knockout of Ins2 resulted in the sharp decrease of

insulin production. However, SI was calculated as 1 because the

ratio of insulin at high glucose over low glucose is similar due to the

disrupted insul in product ion mechanism (exc luding

unresponsiveness of murine b–cell). Notably, Rnls−edited cells

showed significantly reduced SI compared to control cells,

indicating that loss of Rnls compromises GSIS in the murine

line (Figure 6A).

Human EndoC−bH1 cells showed the much higher SI

characteristic of this more mature model. Again, HIVEP2 deletion
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left glucose responsiveness intact, whereas INS knockout

dramatically suppressed secretion. In contrast to the mouse data,

RNLS editing produced only a modest, statistically non−significant

reduction in SI, suggesting that loss of RNLS does not compromise

insulin secretion of human b–cells (Figure 6B). Together, these

functional assays reinforce the idea that HIVEP2 deletion is not

dampen insulin secretion, while RNLS loss exerts a cell−line

−dependent decrease in insulin secretion, prominent in mouse

b−TC−6 cells.

Stimulation index (ratio of insulin released at HG versus LG;

mean ± SD, 30 spheroids per independent experiment) for A)

murine b–TC–6 (n=5 independent experiment) and B) human

EndoC–bH1 spheroids (n=3 independent experiment) carrying

non–targeting (NT) or gene–specific guides. In mouse cells, cells

showed no response against different glucose challenges, whereas

Hivep2 deletion was neutral and Rnls deletion produced a moderate

but significant reduction (P < 0.05) relative to NT. In human cells,

INS knockout again eliminated GSIS (*** P < 0.001) while neither

HIVEP2 nor RNLS knockout altered the stimulation index (ns,

not significant).
In vivo transplantation of genetically
modified beta cells

Before initiating the gene-knockout in vivo transplantation

exper iments , a pi lot exper iment was done to ver i fy

whether EndoC–bH1 spheroids can survive long-term in an

immunodeficient environment. Luciferase-labelled spheroids (5 ×

106 cells, Matrigel embedded) were implanted subcutaneously into

the right flank of either CD-1 mice (fully immunocompetent) or

severe combined immunodeficiency disease (SCID) mice (T and B
FIGURE 6

Glucose–stimulated insulin–secretion (GSIS) profiles of gene–edited b–cell spheroids. Stimulation index (ratio of insulin released at HG versus LG;
mean ± SD, 30 spheroids per independent experiment) for a) murine b–TC–6 (n=5 independent experiment) and b) human EndoC–bH1 spheroids
(n=3 independent experiment) carrying non–targeting (NT) or gene–specific guides. In mouse cells, cells showed no response against different
glucose challenges, whereas Hivep2 deletion was neutral and Rnls deletion produced a moderate but significant reduction (P < 0.05) relative to NT.
In human cells, INS knockout again eliminated GSIS (*** P < 0.001) while neither HIVEP2 nor RNLS knockout altered the stimulation index (ns, not
significant).
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cell deficient). Longitudinal bioluminescence imaging (d-luciferin,

150 mg/kg) revealed rapid loss of graft signal in CD-1 animals,

falling below background by day 7, whereas identical grafts in scid

mice persisted and expanded over a 35-day observation period

(Figure 7). These data confirm that innate immune mechanisms

alone are insufficient to eliminate the graft, and that adaptive

immunity is the dominant driver of xenogeneic rejection in

our system.

Bioluminescence images of a CD-1 mouse (top) and a scid

mouse (bottom) bearing identical luciferase-expressing

EndoC–bH1 spheroids. Corresponding photon-flux curves (right)

plot residual graft viability as a percentage of day-0 signals. In CD-1

mice the xenograft is rapidly rejected, with complete loss of

luminescence by day 7. In contrast, the same graft in scid mice

persists and progressively enlarges, demonstrating that adaptive

immunity is required for xenogeneic clearance in this model.
Allotransplantation of b–TC–6 spheroids
to CD1 mice

To evaluate whether targeted gene knockouts influence b–cell
survival in an allogeneic transplantation context, luciferase–labelled

b–TC–6 cells genetically edited for Hivep2, Ins2, and Rnls, as well as

NT controls, were transplanted subcutaneously into the flank

region of immunocompetent CD1 mice using Matrigel as a

matrix (Figure 8). Cellular survival was assessed through
Frontiers in Immunology 10
bioluminescence imaging (BLI) following intraperitoneal

administration of D–luciferin. The Hivep2 knockout cells

followed a survival trajectory similar to the NT controls, resulting

in complete signal loss by day 7. However, a modest and transient

improvement in early post-transplant protection was observed

during the initial four days, as evidenced by a slightly higher

residual radiance compared to controls. Despite this early trend,

it remains a robust observation that single Hivep2 deletion does not

significantly extend long-term graft survival, as the protective effect

was rapidly overwhelmed by the allogeneic immune response.

Interestingly, Rnls knockout cells exhibited prolonged survival

relative to Hivep2 knockout cells, maintaining comparable

bioluminescence intensity through day 10 and exhibiting a slower

decline thereafter. These findings collectively reveal that both Rnls

and Hivep2 did not affect b–cell survival in allogeneic

transplantation, indicating that Rnls protective effect on

autoimmune attack does not translate in allorejection, which is

consistent with previously reported findings by Cai et al. (31).

Luciferase–expressing spheroids (5 × 106 cell per flank,

embedded in Matrigel) were implanted subcutaneously on day 0;

left flanks carried a non–targeting (NT) control, right flanks received

a gene–edited counterpart. Serial ventral images (days 0–14; identical

color scale) are shown forHivep2 (top) and Rnls (bottom) knockouts.

Line plots on the right depict residual photon flux, expressed as

percentage of day–0 signal, for NT (black) versus each edit (orange).

All grafts declined progressively and were undetectable by day 14;

neither HIVEP2 nor RNLS deletion altered the clearance curve.
FIGURE 7

Human EndoC–bH1 graft fate in immunocompetent versus immunodeficient mice. Bioluminescence images of a CD-1 mouse (top) and a scid
mouse (bottom) bearing identical luciferase-expressing EndoC–bH1 spheroids. Corresponding photon-flux curves (right) plot residual graft viability
as a percentage of day-0 signals. In CD-1 mice the xenograft is rapidly rejected, with complete loss of luminescence by day 7. In contrast, the same
graft in scid mice persists and progressively enlarges, demonstrating that adaptive immunity is required for xenogeneic clearance in this model.
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Xenotransplantation of EndoC–bH1
spheroids to CD1 mice

To test the effect of gene knockouts in xenotransplantation,

luciferase−labelled EndoC–bH1 cells, harboring HIVEP2 or RNLS

knockouts or a NT control, were embedded in Matrigel and

implanted into flank region of immunocompetent CD−1 mice

(Figure 9). Across all groups, signal decay was markedly faster than

in the allogeneic b−TC−6 transplantation, reflecting the increased

severity of xenorejection. HIVEP2−edited grafts lost >80 % of their

luminescence by day 4 and were undetectable by day 7, indicating no

xenoprotective effect.

RNLS−edited grafts displayed a modest delay in clearance,

retaining ~30 % of baseline signal on day 7 versus <10 % in

controls, but were nonetheless fully rejected by day 10. Thus, in

the xenogeneic CD−1 model, none of the single−gene edits

conferred durable protection to human b–cells. These findings

underline the greater immunological hurdle posed by

xenotransplantation and suggest that more extensive engineering,

potentially combining RNLS or HIVEP2 loss with additional

immune−evasion strategies, will be required to achieve long−term

engraftment of human b–cells in fully immunocompetent hosts.

Luciferase–labelled human EndoC–bH1 spheroids (5 × 106 cells

per flank, Matrigel embedded) were implanted subcutaneously on

day 0; the left flank received a non–targeting (NT) control, the right

flank the indicated CRISPR knockout. Sequential bioluminescence

images are shown for HIVEP2 (top) and RNLS (bottom) edits,

together with quantitative photon–flux decay curves (right;

percentage of day–0 signal). All grafts, irrespective of genotype,

lost >80% of baseline radiance by day 4 and were completely

eliminated by day 7, illustrating the innate and adaptive barriers

to human–to–mouse xenotransplantation. Neither RNLS nor

HIVEP2 knockout conferred any detectable survival advantage

and did not alter rejection kinetics.
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Discussion

This study investigated the potential of single-gene ablation of

RNLS or HIVEP2 genes, previously identified as protective against

autoimmune destruction to confer immune privilege to b-cell grafts
in allogeneic and xenogeneic settings. We successfully established a

scalable agarose-suspension platform to generate size-controlled,

high-viability murine and human b-cell spheroids with robust

editing efficiency. Functional characterization revealed that while

HIVEP2 deletion was functionally neutral, Rnls knockout modestly

impaired glucose-stimulated insulin secretion in murine cells.

While protein-level validation is often the standard, the high

frequency of bi-allelic frame-shift indels confirmed by TIDE,

combined with the observed functional impairment in GSIS for

RNLS knockouts, provides a high degree of confidence in the

successful disruption of the targeted loci. Importantly, in vivo

bioluminescence tracking demonstrated that neither edit delayed

graft clearance in fully immunocompetent hosts, with rejection

kinetics indistinguishable from unedited controls. These data

suggest that while these genes may mitigate cytokine-induced

stress or specific autoimmune pathways, they do not provide a

robust barrier against the multifaceted mechanisms of allo-

and xenorejection.

The results obtained in this study highlight several critical

insights into the complexity of immune rejection processes (39,

40). Autoimmune destruction in T1D is often a chronic, progressive

process driven by specific autoreactive T-cell clones and

inflammatory cytokines, pathways that RNLS (via ER stress

reduction) and HIVEP2 (via NF-kB modulation) are known to

buffer. In contrast, allogeneic and xenogeneic rejection involve

vigorous, broad-spectrum responses including direct and indirect

antigen presentation, strong innate immune activation, and, in the

case of xenografts, complement-mediated lysis. Diverging from the

findings of Cai et al. (31), who demonstrated that Rnls and Hivep2
FIGURE 8

In vivo bioluminescence tracking of allogeneic b–TC–6 spheroid grafts in CD–1 mouse. Luciferase–expressing spheroids (5 × 106 cell per flank,
embedded in Matrigel) were implanted subcutaneously on day 0; left flanks carried a non–targeting (NT) control, right flanks received a gene–edited
counterpart. Serial ventral images (days 0–14; identical colour scale) are shown for Hivep2 (top) and Rnls (bottom) knockouts. Line plots on the right
depict residual photon flux, expressed as percentage of day–0 signal, for NT (black) versus each edit (orange). All grafts declined progressively and
were undetectable by day 14; neither HIVEP2 nor RNLS deletion altered the clearance curve.
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loss protected b-cells in non-obese diabetic (NOD) mice, our

findings indicate that the resistance conferred by these genes is

not potent enough to withstand this broader immune attack. This

aligns with recent work (26–30) suggesting that structural

concealment of major antigens (e.g., HLA class I/II knockout) or

overexpression of checkpoint inhibitors (e.g., CD47, PD-L1) is

required to halt allorecognition effectively.

Beyond its role in buffering inflammatory stress, recent evidence

suggests that RNLS functions as a metabolic gatekeeper in b-cells.
Disruption of RNLS has been shown to induce a metabolic

reprogramming characterized by enhanced glycolytic flux (41).

While such a shift toward aerobic glycolysis may provide a

survival advantage in the autoimmune microenvironment by

mitigating oxidative stress, our results suggest this intracellular

metabolic adaptation is insufficient to counter the rapid, multi-

effector response of allogeneic or xenogeneic rejection.

Furthermore, the loss of RNLS appears to have complex systemic

immunological consequences, including the modulation of natural

killer (NK) cell activity (42). Given that our xenotransplantation

model relies on an aggressive innate and adaptive response, the

potential for metabolic reprogramming to confer protection likely

meets its limit against the sheer magnitude of non-self recognition

encountered in these settings.

A major strength of this work is the rigorous, head-to-head

comparison across both species (mouse and human) and rejection

models (allo- and xeno-) using a standardized spheroid platform.

We deliberately utilized clonal cell lines (b-TC-6 and EndoC-bH1)
Frontiers in Immunology 12
rather than primary islets to establish a clear “proof-of-concept”

baseline. Native pancreatic islets are inherently heterogeneous,

varying significantly in size, cellular composition, and donor-

specific immunogenicity. This biological variability acts as a

confounding factor that can obscure the specific impact of a

single-gene edit. By employing clonal lines, we eliminated these

variables, ensuring that any difference in survival could be

attributed specifically to the deletion of HIVEP2 or RNLS. Our

results extend the existing literature by demonstrating that the

immune-evasive limitations of RNLS are not confined to

allorejection but are even more pronounced in the human-to-

mouse xenogeneic setting. Furthermore, our systematic

assessment of HIVEP2 establishes that this locus, despite its role

in autoimmune protection, is similarly insufficient as a standalone

edit for transplantation. While we observed a modest delay in early

post-transplant signal loss under allogeneic conditions, this should

be interpreted cautiously as hypothesis-generating finding rather

than a definitive survival advantage. Such transient effects appear

insufficient to overcome the robust adaptive immune barriers

modeled here, necessitating more extensive engineering strategies

for sustained protection. Consequently, this study serves as a critical

first-step evaluation; while we acknowledge that future translational

efforts must validate findings in primary human islets to capture the

full complexity of the native immune response, our data provides

the necessary mechanistic evidence that these single-gene targets

alone are insufficient to overcome rejection, even in an optimized,

uniform cellular model.
FIGURE 9

Rapid xenogeneic rejection of EndoC–bH1 spheroid grafts in CD–1 mouse. Luciferase–labelled human EndoC–bH1 spheroids (5 × 105 cells per
flank, Matrigel embedded) were implanted subcutaneously on day 0; the left flank received a non–targeting (NT) control, the right flank the
indicated CRISPR knockout. Sequential bioluminescence images are shown for HIVEP2 (top) and RNLS (bottom) edits, together with quantitative
photon–flux decay curves (right; percentage of day–0 signal). All grafts, irrespective of genotype, lost >80 % of baseline radiance by day 4 and were
completely eliminated by day 7, illustrating the innate and adaptive barriers to human–to–mouse xenotransplantation. Neither RNLS nor HIVEP2
knockout conferred any detectable survival advantage and did not alter rejection kinetics.
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Regarding the functional status of the grafts, we observed

species-specific vulnerabilities following RNLS deletion. In our

murine b-TC-6 line, Rnls knockout resulted in a significant

reduction in Ins2 mRNA levels (Supporting Figure 2) and an

approximately 50% decrease in the stimulation index. This

downregulation and the corresponding functional impairment

confirm that the loss of Rnls-mediated metabolic control

compromises insulin biogenesis in this model. These results align

with observations by MacDonald et al., demonstrated that while

RNLS deficiency triggers a shift toward glycolysis, it can

simultaneously impact metabolic coupling factors in more

sensitive cell models (41). More importantly, we found that the

human EndoC-bH1 line was remarkably robust to these changes,

maintaining stable INS mRNA levels (Supporting Figure 2) and

GSIS functionality despite successful editing. This observation

directly mirrors the findings of MacDonald et al., reported that

RNLS knockout in human stem cell-derived b-cells boosted basal

glycolysis without significantly altering their glucose responsiveness

or insulin transcript levels. The fact that rejection kinetics were

indistinguishable between the functionally impaired murine cells

and the metabolically active human cells strongly suggests that

metabolic status was not the primary driver of the rapid graft

clearance. Furthermore, TIDE analysis confirmed high-frequency

bi-allelic indels (>90% in EndoC-bH1 targets), which combined

with the observed murine functional phenotype, corroborates the

successful disruption of the gene product across both models.

However, it is important to note that the transcriptional

upregulation of Hivep2 observed in our qPCR analysis

(Supporting Figure 2) suggests a robust compensatory response.

We cannot fully exclude the possibility that such large-scale

transcriptional adaptations induce broader regulatory alterations

or adverse indirect effects on non-targeted loci, which might further

limit or negate any potential survival benefit that might otherwise

be conferred by Hivep2 deletion. This cross-species comparison

validates the effective disruption of RNLS and highlights the

superior metabolic maturity of the human model in buffering

against the metabolic rewiring induced by RNLS loss.

The implication of these findings is that stealth strategies

identified in autoimmune screens cannot be assumed to function

as pan-protective modifications for transplantation. Instead, these

targets should be viewed as potential modifications to enhance graft

fitness rather than primary drivers of immune evasion. Moving

forward, long-term graft survival will certainly require a

combination of strategies (24, 43). To this end, we have been

developing nano-thin functional polyethylene glycol (PEG)

coatings and mathematical models to investigate the effect of

encapsulation parameters on the insulin secretion dynamics and

viability of transplanted islets (44, 45). Furthermore, we have

achieved localized immunosuppression by engineering regulatory

T cell (Treg) coatings on the islet surface, demonstrating a novel

strategy to create an immune-privileged microenvironment (46,

47). Our contributions complement broader advances in the field,

such as HLA class I/II elimination, “don’t–eat–me” signals, or

inducible suicide switches to minimize oncogenic risk (48)

macro- or micro-encapsulation (49, 50), 3D bioprinting (51, 52),
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and local immune–modulating hydrogels (53). Together, as we

recently reviewed (54), these biomaterial innovations will

synergize with multi–gene editing approaches. Finally, using

humanized or complement-sufficient models may provide a more

predictive testing ground for these next-generation cells. By

defining the limitations of single–gene edits, our study supplies a

critical benchmark and an experimental framework for the layered

engineering that will be required to translate b–cell replacement

into a practical, immunosuppression–free cure for T1D.
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24. Quizon MJ, Garcıá AJ. Engineering b cell replacement therapies for type 1
diabetes: biomaterial advances and considerations for macroscale constructs. Annu Rev
Pathol: Mech Dis. (2022) 17:485–513. doi: 10.1146/annurev-pathol-042320-094846

25. Millman J.R, Xie C, Van Dervort A, Gürtler M, Pagliuca F.W, Melton D.A, et al.
Generation of stem cell-derived b-cells from patients with type 1 diabetes. Nat
Commun. (2016) 7:11463. doi: 10.1038/ncomms11463

26. Deuse T, Hu X, Gravina A, Wang D, Tediashvili G, De C, et al.
Hypoimmunogenic derivatives of induced pluripotent stem cells evade immune
rejection in fully immunocompetent allogeneic recipients. Nat Biotechnol. (2019)
37:252–8. doi: 10.1038/s41587-019-0016-3

27. Han X, Wang M, Duan S, Franco P.J, Kenty J.H.-R, Hedrick P, et al. Generation
of hypoimmunogenic human pluripotent stem cells. Proc Natl Acad Sci. (2019)
116:10441–6. doi: 10.1073/pnas.1902566116

28. Hu X, Gattis C, Olroyd A.G, Friera A.M, White K, Young C, et al. Human
hypoimmune primary pancreatic islets avoid rejection and autoimmunity and alleviate
diabetes in allogeneic humanized mice. Sci Trans Med. (2023) 15:eadg5794.
doi: 10.1126/scitranslmed.adg5794

29. Hu X, White K, Young C, Olroyd A.G, Kievit P, Connolly A.J, et al.
Hypoimmune islets achieve insulin independence after allogeneic transplantation in
a fully immunocompetent non-human primate. Cell Stem Cell. (2024) 31:334–340. e5.
doi: 10.1016/j.stem.2024.02.001

30. Hu X, Tediashvili G, Gravina A, Stoddard J, McGill T.J, Connolly A.J, et al.
Inhibition of polymorphonuclear cells averts cytotoxicity against hypoimmune cells in
xenotransplantation. Nat Commun. (2025) 16:3706. doi: 10.1038/s41467-025-58774-7

31. Cai E.P, Ishikawa Y, Zhang W, Leite N.C, Li J, Hou S, et al. Genome-scale in vivo
CRISPR screen identifies RNLS as a target for beta cell protection in type 1 diabetes. Nat
Metab. (2020) 2:934–45. doi: 10.1038/s42255-020-0254-1

32. Bode K, MacDonald T, Stewart T, Mendez B, Cai E.P, Morrow N, et al.
Protective renalase deficiency in b-cells shapes immune metabolism and function in
autoimmune diabetes. Diabetes. (2023) 72:1127–43. doi: 10.2337/db23-0030

33. Modai S, Farberov L, Herzig E, Isakov O, Hizi A, Shomron N, et al. HIV-1
infection increases microRNAs that inhibit Dicer1, HRB and HIV-EP2, thereby
reducing viral replication. PloS One. (2019) 14:e0211111. doi: 10.1371/
journal.pone.0211111

34. Doench J.G, Fusi N, Sullender M, Hegde M, Vaimberg E.W, Donovan K.F, et al.
Optimized sgRNA design to maximize activity and minimize off-target effects of
CRISPR-Cas9. Nat Biotechnol. (2016) 34:184–91. doi: 10.1038/nbt.3437

35. Stringer B.W, Day B.W, D’Souza R.C, Jamieson P.R, Ensbey K.S, Bruce Z.C, et al.
A reference collection of patient-derived cell line and xenograft models of proneural,
classical and mesenchymal glioblastoma. Sci Rep. (2019) 9:4902. doi: 10.1038/s41598-
019-41277-z

36. Stewart T, Bode K, Kissler S, Yi P. Bioluminescent monitoring of graft survival in
an adoptive transfer model of autoimmune diabetes in mice. J Visualized Experiments
(JoVE). (2022) 189):e64836. doi: 10.3791/64836

37. Komatsu H, Cook C, Wang C.-H, Medrano L, Lin H, Kandeel F, et al. Oxygen
environment and islet size are the primary limiting factors of isolated pancreatic islet
survival. PloS One. (2017) 12:e0183780. doi: 10.1371/journal.pone.0183780

38. Falcucci L, Juvik B, Stainier DY. Transcriptional adaptation: where mRNA decay
meets genetic compensation. Curr Opin Genet Dev. (2025) 93:102369. doi: 10.1016/
j.gde.2025.102369
Frontiers in Immunology 15
39. Auchincloss HJr. Xenogeneic transplantation: a review. Transplantation. (1988)
46:1–20. doi: 10.1097/00007890-198807000-00001

40. Yun IH, Yang J. Mechanisms of allorecognition and xenorecognition in
transplantation. Clin Transplant Res. (2024) 38:273–93. doi: 10.4285/ctr.24.0056

41. MacDonald T.L, Ryback B, da Silva Pereira J.A, Wei S, Mendez B, Cai E.P, et al.
Renalase inhibition defends against acute and chronic b cell stress by regulating cell
metabolism. Mol Metab. (2025) 95:102115. doi: 10.1016/j.molmet.2025.102115

42. Bode K, Wei S, Gruber I, Li J, Kissler S, Yi P, et al. Beta cells deficient for Renalase
counteract autoimmunity by shaping natural killer cell activity. Front Immunol. (2024)
15:1403752. doi: 10.3389/fimmu.2024.1403752

43. von Scholten B.J, Kreiner F.F, Gough S.C, von Herrath M. Current and future
therapies for type 1 diabetes. Diabetologia. (2021) 64:1037–48. doi: 10.1007/s00125-
021-05398-3

44. Kizilel S. Mathematical model for microencapsulation of pancreatic islets within
a biofunctional PEG hydrogel. Macromol Theory Simulations. (2010) 19:514–31.
doi: 10.1002/mats.201000033

45. Kizilel S, Scavone A, Liu X, Nothias J.M, Ostrega D, Witkowski P, et al.
Encapsulation of pancreatic islets within nano-thin functional polyethylene glycol
coatings for enhanced insulin secretion. Tissue Eng Part A. (2010) 16:2217–28.
doi: 10.1089/ten.tea.2009.0640

46. Golab K, Kizilel S, Bal T, Hara M, Zielinski M, Grose R, et al. Improved coating
of pancreatic islets with regulatory T cells to create local immunosuppression by using
the biotin-polyethylene glycol-succinimidyl valeric acid ester molecule. Transplant
Proc. (2014) 46:1967–71. doi: 10.1016/j.transproceed.2014.05.075

47. Marek N, Krzystyniak A, Ergenc I, Cochet O, Misawa R, Wang L.J, et al. Coating
human pancreatic islets with CD4(+)CD25(high)CD127(-) regulatory T cells as a novel
approach for the local immunoprotection. Ann Surg. (2011) 254:512–8; discussion
518–9. doi: 10.1097/SLA.0b013e31822c9ca7

48. Pizzato H.A, Alonso-Guallart P, Woods J, Connelly J.P, Fehniger T.A, Atkinson
J.P, et al. Engineering human pluripotent stem cell lines to evade xenogeneic
transplantation barriers. Stem Cell Rep. (2024) 19:299–313. doi: 10.1016/
j.stemcr.2023.12.003

49. Bal T, Karaoglu I.C, Murat F.S, Yalcin E, Sasaki Y, Akiyoshi K, et al.
Immunological response of polysaccharide nanogel-incorporating PEG hydrogels in
an in vivo diabetic model. J Biomater Sci Polym Ed. (2022) 33:1794–810. doi: 10.1080/
09205063.2022.2077512

50. Karaoglu IC, Kebabci AO, Kizilel S. Optimization of gelatin methacryloyl
hydrogel properties through an artificial neural network model. ACS Appl Mater
Interfaces. (2023) 15:44796–808. doi: 10.1021/acsami.3c12207

51. Ribezzi D, Gueye M, Florczak S, Dusi F, de Vos D, Manente F, et al. Shaping
synthetic multicellular and complex multimaterial tissues via embedded extrusion-
volumetric printing of microgels. Adv Mater. (2023) 35:e2301673. doi: 10.1002/
adma.202301673

52. Ribezzi D, Catala P, Pignatelli C, Citro A, Levato R. Bioprinting and synthetic
biology approaches to engineer functional endocrine pancreatic constructs. Trends
Biotechnol. (2025) 43:2133–49. doi: 10.1016/j.tibtech.2025.03.005

53. Stabler C.L, Li Y, Stewart J.M, Keselowsky B.G. Engineering immunomodulatory
biomaterials for type 1 diabetes. Nat Rev Mater. (2019) 4:429–50. doi: 10.1038/s41578-
019-0112-5

54. Karaoglu I.C, Duymaz D, Rashid M.M, Kizilel S. Immune-evasive beta cells in
type 1 diabetes: innovations in genetic engineering, biomaterials, and computational
modeling. Front Immunol. (2025) 16:1618086. doi: 10.3389/fimmu.2025.1618086
frontiersin.org

https://doi.org/10.1126/science.abh1657
https://doi.org/10.1146/annurev-pathol-042320-094846
https://doi.org/10.1038/ncomms11463
https://doi.org/10.1038/s41587-019-0016-3
https://doi.org/10.1073/pnas.1902566116
https://doi.org/10.1126/scitranslmed.adg5794
https://doi.org/10.1016/j.stem.2024.02.001
https://doi.org/10.1038/s41467-025-58774-7
https://doi.org/10.1038/s42255-020-0254-1
https://doi.org/10.2337/db23-0030
https://doi.org/10.1371/journal.pone.0211111
https://doi.org/10.1371/journal.pone.0211111
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1038/s41598-019-41277-z
https://doi.org/10.1038/s41598-019-41277-z
https://doi.org/10.3791/64836
https://doi.org/10.1371/journal.pone.0183780
https://doi.org/10.1016/j.gde.2025.102369
https://doi.org/10.1016/j.gde.2025.102369
https://doi.org/10.1097/00007890-198807000-00001
https://doi.org/10.4285/ctr.24.0056
https://doi.org/10.1016/j.molmet.2025.102115
https://doi.org/10.3389/fimmu.2024.1403752
https://doi.org/10.1007/s00125-021-05398-3
https://doi.org/10.1007/s00125-021-05398-3
https://doi.org/10.1002/mats.201000033
https://doi.org/10.1089/ten.tea.2009.0640
https://doi.org/10.1016/j.transproceed.2014.05.075
https://doi.org/10.1097/SLA.0b013e31822c9ca7
https://doi.org/10.1016/j.stemcr.2023.12.003
https://doi.org/10.1016/j.stemcr.2023.12.003
https://doi.org/10.1080/09205063.2022.2077512
https://doi.org/10.1080/09205063.2022.2077512
https://doi.org/10.1021/acsami.3c12207
https://doi.org/10.1002/adma.202301673
https://doi.org/10.1002/adma.202301673
https://doi.org/10.1016/j.tibtech.2025.03.005
https://doi.org/10.1038/s41578-019-0112-5
https://doi.org/10.1038/s41578-019-0112-5
https://doi.org/10.3389/fimmu.2025.1618086
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Single–gene knockout of RNLS or HIVEP2 are insufficient to protect β–cell spheroids from allo– and xeno–rejection
	Introduction
	Methods
	Cell lines
	gRNA cloning
	Lentivirus production
	Virus infection and drug selection
	T7 endonuclease I assay
	quantitative PCR
	Hanging–drop aggregation
	Home-made ultra–low–attachment (ULA) suspension culture
	Live/dead staining and imaging
	Immunofluorescence staining
	Glucose stimulated insulin secretion
	In vivo imaging
	Animal experiments
	Statistical analysis

	Results
	β–TC–6 and EndoC–βH1 cell spheroid optimization
	T7 endonuclease I and tracking of indels by decomposition analysis
	Insulin production and glucose stimulated insulin secretion of human β–cells
	Insulin granules in monolayer EndoC–βH1 cells
	Insulin production in EndoC–βH1 spheroids

	Glucose stimulated insulin secretion (GSIS) of β–TC–6 and EndoC–βH1 spheroids
	In vivo transplantation of genetically modified beta cells
	Allotransplantation of β–TC–6 spheroids to CD1 mice
	Xenotransplantation of EndoC–βH1 spheroids to CD1 mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


