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ABSTRACT 26 

Background: Antigen cross-presentation is a key function for cell-based cancer vaccination. 27 

Mesenchymal stromal cells (MSCs) provide an experimentally tractable platform, but the 28 

cellular states that permit efficient presentation of exogenous proteins remain incompletely 29 

defined. We investigated whether IXA4, a pharmacological activator of IRE1α-associated 30 

signaling, induces cross-presentation and supports MSC-based melanoma vaccination. 31 

Methods: Primary murine bone-marrow-derived MSCs were conditioned with IXA 32 

compounds and assessed using ovalbumin-dependent B3Z reporter assays, flow cytometry, 33 

secretome profiling, and RNA sequencing. Pathway inhibitors and Xbp1 perturbations were 34 

used to examine signaling contributions. Tumor lysate-loaded, IXA4-reprogrammed MSCs 35 

(IRM-4 cells) were evaluated in B16F0-bearing mice, alone or with programmed cell death 36 

protein 1 (PD-1) blockade. 37 

Results: IXA4 induced ovalbumin-dependent reporter activation at a tolerated working 38 

concentration of 5 μM. The response was sensitive to IRE1 RNase inhibition and accompanied 39 

by increased surface H2-Kᵇ, altered soluble mediator composition, and transcriptional 40 

remodeling of endoplasmic reticulum proteostasis and vesicular trafficking. No clear increases 41 

were detected in the bulk antigen-handling or oxidant-sensitive assays examined. IRM-4 42 

vaccination delayed melanoma progression, with the most sustained benefit observed alongside 43 

PD-1 blockade. Responsiveness varied among MSC preparations and was associated with 44 

baseline unfolded protein response programs. Xbp1-edited cells retained an IXA4-associated 45 

response, whereas enforced XBP1s expression did not reproduce the cross-presentation 46 

phenotype. 47 

Conclusions: IXA4 conditioning supports functional antigen cross-presentation and 48 

experimental MSC-based melanoma vaccination. The dependence of this response on the 49 
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starting cellular state, rather than XBP1s abundance alone, identifies functional potency testing 50 

and mechanistic validation as priorities for further development. 51 

 52 

Keywords: Mesenchymal stromal cells; IXA4; IRE1α; XBP1; Unfolded protein response; 53 

Antigen cross-presentation; Cell-based vaccine; Melanoma; PD-1 54 
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BACKGROUND 75 

Therapeutic cancer vaccines aim to generate tumor-directed T-cell immunity by improving 76 

antigen delivery and presentation. Dendritic cell (DC) vaccination has broadened antigen-77 

specific T-cell responses in patients with melanoma [1], while Sipuleucel-T has demonstrated 78 

that an autologous cellular product containing antigen-presenting cells can improve survival in 79 

metastatic castration-resistant prostate cancer [2]. Although these clinical precedents establish 80 

the feasibility of cell-based vaccination, the induced responses were modest. There is therefore 81 

a need for experimentally tractable cellular platforms in which antigen-processing and 82 

presentation states can be manipulated mechanistically to improve therapeutic responses. 83 

 84 

Mesenchymal stromal cells (MSCs) provide a non-hematopoietic platform whose immune 85 

phenotype can be altered by conditioning or engineering. Earlier studies showed that 86 

interferon-γ can induce conditional antigen-presenting properties in MSCs, although these 87 

effects are highly dependent on the stimulation context [3, 4]. More recent genetic approaches 88 

that alter proteasome composition have generated MSC-based vaccines with MHC class I 89 

cross-presentation and antitumor activity in mice [5–7]. Pharmacological conditioning with A1 90 

or AccuTOX has likewise been associated with the acquisition of cross-presentation properties 91 

alongside changes in intracellular antigen handling and stress-response programs [8, 9], while 92 

studies using targeted xenoantigens further link intracellular protein degradation to MSC 93 

vaccine activity [10]. Collectively, these findings identify intracellular proteostasis and antigen 94 

handling as candidate determinants of the cross-presenting MSC state, but the regulatory 95 

programs that enable this phenotype remains incompletely defined. 96 

 97 

The unfolded protein response (UPR) is a major regulator of endoplasmic reticulum (ER) 98 

proteostasis and is coordinated through inositol-requiring enzyme 1α (IRE1α), protein kinase 99 
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R-like ER kinase (PERK), and activating transcription factor 6 (ATF6) [11, 12]. The RNase 100 

activity of IRE1α generates spliced X-box-binding protein 1 (XBP1s) from Xbp1 mRNA and 101 

can also mediate regulated IRE1-dependent decay (RIDD). These two IRE1α RNase outputs 102 

are related but not equivalent as XBP1s induces ER chaperone and quality-control programs, 103 

whereas RIDD can alter selected RNA abundance independently of XBP1s-mediated 104 

transcription [13, 14]. Studies in DCs further indicate that the effects of IRE1α/XBP1 signaling 105 

on antigen-presenting function are context dependent and can vary with cellular state and the 106 

balance among IRE1α outputs [15–17]. These observations raise the possibility that 107 

pharmacological engagement of IRE1-associated proteostasis could promote cross-108 

presentation in MSCs, but whether such responsiveness is determined by XBP1s abundance or 109 

by the broader UPR-associated cellular state remains unclear. 110 

 111 

Several IXA compounds were originally characterized as pharmacological activators of 112 

IRE1/XBP1s signaling that preferentially induce adaptive ER proteostasis programs in the 113 

systems examined [18]. We therefore compared three IXA lead candidates (IXA1, IXA4, and 114 

IXA6) in primary murine bone-marrow-derived MSCs to determine whether this class of 115 

compounds can induce functional cross-presentation. We then characterized the transcriptional 116 

and therapeutic consequences of IXA4 conditioning (the best activator), including its ability to 117 

support tumor lysate-based melanoma vaccination, and examined variability among 118 

independent MSC preparations. Finally, we tested under Xbp1 perturbation whether IXA4 119 

responsiveness tracks with XBP1s abundance or with a broader UPR-associated cellular state. 120 

Together, these experiments evaluate IXA4 conditioning as a pharmacological strategy for 121 

MSC-based vaccination while defining cellular-state features that may govern functional 122 

potency. 123 

 124 
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METHODS 125 

Animals and ethical approval. 126 

Female and male C57BL/6 mice, 6-10 weeks of age, were obtained from Charles River 127 

(Montreal, QC, CANADA) and maintained under pathogen-free conditions at the animal 128 

facility of the Institute for Research in Immunology and Cancer, Université de Montréal. 129 

Animal procedures were approved by the Université de Montréal animal care committee 130 

(protocol #25-026). Animals were euthanatized by Carbon dioxide (CO2) overdose followed 131 

by cervical dislocation. Our work has been reported in line with the ARRIVE guidelines 2.0 132 

 133 

Primary MSCs and cell lines. 134 

Primary bone-marrow-derived MSCs were isolated from the femurs of female C57BL/6 mice 135 

and culture-adapted as described previously [5, 6]. MSCs were maintained in α-minimum 136 

essential medium (α-MEM) supplemented with 10% fetal bovine serum (FBS) and penicillin–137 

streptomycin, reported as 50 U/mL. Cells at passages 4-6 were used for compound 138 

comparisons. Eight independently prepared MSC populations, designated S1-S8, were used to 139 

examine response heterogeneity. B16F0 melanoma cells were obtained from ATCC and 140 

maintained in Dulbecco’s modified Eagle’s medium containing 10% FBS and penicillin-141 

streptomycin. The B3Z reporter cells, provided by Michel Desjardins (Université de Montréal), 142 

were cultured in RPMI 1640 supplemented with 10% FBS, penicillin-streptomycin, 2 mM L-143 

glutamine, 10 mM HEPES, 1 mM sodium pyruvate, and 0.5 mM of β-mercaptoethanol. Cells 144 

were maintained at 37°C in 5% CO₂. Cell-culture media and supplements were obtained from 145 

Wisent Bioproducts (Saint-Jean-Baptiste, QC, CANADA). 146 

 147 

 148 

 149 
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Compound exposure, cell counts, and immunophenotyping. 150 

For the tolerability screen, MSCs were seeded in 24-well plates at the reported density of 2.0 151 

× 104 cells per well. On the following day, IXA1, IXA4, or IXA6 was added at 1-20 μM for 48 152 

h. Dimethyl sulfoxide (DMSO) served as the vehicle control. Cells were washed, collected, 153 

and counted using trypan blue exclusion. A working concentration of 5 μM was selected for 154 

subsequent IXA comparisons. Annexin-V staining was used to assess apoptosis-associated 155 

fluorescence after compound exposure. MSC immunophenotyping was performed by flow 156 

cytometry using antibodies against CD44-PE (clone IM7; catalog no. 103023), CD45-PE 157 

(clone I3/2.3; catalog no. 147711), CD73-PE (clone TY/11.8; catalog no. 567215), and CD105-158 

PE (clone MJ7/1B; catalog no. 562759), with corresponding isotype controls. All flow 159 

antibodies were purchased from BD Biosciences (San Jose, CA, USA). 160 

 161 

OVA cross-presentation and B3Z reporter assay. 162 

MSCs were seeded at 2.0 × 10⁴ cells per well in 24-well plates and incubated for 48 h in fresh 163 

medium containing 1 mg/mL ovalbumin (OVA) and the indicated IXA compound (all used at 164 

5 μM). Cells were washed before the addition of 5 × 10⁵ B3Z reporter cells per well. Reporter 165 

activity was measured as a β-galactosidase-dependent absorbance readout at 570 nm using the 166 

previously described assay approach [5, 7, 8]. SIINFEKL-pulsed MSCs served as a peptide-167 

presentation control. The A1 molecule, supplied by Biopeptek (Malvern, PA, USA), was used 168 

at 50 μM as a positive conditioning control [8]. Titration studies used IXA4 at 5-15 μM, MK-169 

28 at 50-150 μM, and BIX at 5-15 μM. For inhibitor-related experiments, 4μ8C (5 μM), ISRIB  170 

(10 μM), and AEBSF (6.5 μM) were added with IXA4 during antigen loading, and cells were 171 

washed before reporter co-culture. The washout experiment assessed reporter responses at 24, 172 

48, and 72 h after IXA4 removal.  173 

 174 
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Surface MHC class I, antigen uptake, and proteolysis. 175 

Cell surface H2-Kᵇ-PE (purchased from BD Biosciences; clone AF6-88-5; catalog no. 562832) 176 

was measured by flow cytometry. For OVA uptake measurements, 5 × 10⁴ MSCs were seeded 177 

per well in 12-well plates and exposed to 1 μg/mL OVA-Alexa Fluor 647 (Waltham, MA, 178 

USA) with IXA4 for 3 h at 37°C. Cells were collected and washed with phosphate-buffered 179 

saline (PBS) before analysis. For bulk OVA proteolysis measurements, cells were incubated 180 

with 10 μg/mL DQ-OVA (Waltham, MA, USA) and IXA4 for 1 h at 37°C, washed, and 181 

cultured in regular medium for a further 3 h before collection. Fluorescence was acquired on a 182 

BD FACSCanto II using FACSDiva. 183 

 184 

Oxidant-sensitive flow-cytometric assays. 185 

MSCs were seeded at 2.0 × 10⁴ cells per well in 24-well plates and treated with 5 μM IXA4 for 186 

48 h. Cells were washed with PBS, detached using trypsin, and washed with ice-cold PBS 187 

containing 2% FBS. MitoSOX (Thermo Fisher Scientific; catalog no. M36008) was applied at 188 

5 μM in PBS for 30 min at 37°C. Dihydroethidium (DHE - Thermo Fisher Scientific; catalog 189 

no. D11347) staining was performed at 10 μM in PBS for 30 min at 37°C. After staining, cells 190 

were washed once and resuspended in PBS containing 2% FBS. Samples were maintained on 191 

ice in the dark and analyzed within 1 h using the FACSCanto II/FACSDiva system. 192 

 193 

Cytokine and chemokine profiling. 194 

MSCs (1 × 10⁶ cells) were cultured in complete α-MEM for 24 h, then washed twice with PBS 195 

before adding 5 μM of IXA4 in serum-free α-MEM for another 24 h. Conditioned medium was 196 

collected and stored at 4°C. Fresh serum-free medium without IXA4 was added, and a second 197 

collection was performed 24 h later. The two collections were pooled and concentrated 80-fold 198 

using Amicon Ultra-4 centrifugal filters (MilliporeSigma, Oakville, ON, CANADA) with a 199 



9 

nominal 3-kDa molecular-weight cutoff, centrifuged at 4500 × g for 1 h at 4°C. Concentrates 200 

were aliquoted and stored at -80°C before multiplex analysis by Eve Technologies (Calgary, 201 

AB, CANADA) using a Luminex-based assay. Control and IXA4-conditioned samples were 202 

normalized and compared as relative cytokine and chemokine compositions. 203 

 204 

B16F0 tumor lysate preparation. 205 

B16F0 cells were detached using 0.05% trypsin and washed three times with PBS. The reported 206 

centrifugation setting for these washes was 400 × g for 10 min. Cell pellets underwent five 207 

cycles of freezing in liquid nitrogen and thawing using boiling water, with vortexing or shaking 208 

between cycles to homogenize the material. Lysates were clarified at 4500 × g for 10 min at 209 

4°C. Supernatants were collected, quantified using a Bio-Rad protein assay (Mississauga, ON, 210 

CANADA) according to the manufacturer’s instructions, aliquoted, and stored at −80°C. 211 

 212 

IRM-4 vaccine preparation and tumor treatment 213 

MSCs were incubated for 48 h with B16F0 lysate at 0.05 or 0.5 mg/mL, as specified for each 214 

cohort, with or without 5 μM of IXA4. Cells were washed with PBS, detached with Accutase 215 

(Sigma Aldrich, Oakville, ON, CANADA), and counted. Each vaccine dose contained 5 × 10⁵ 216 

cells in 100 μL. B16F0 cells were washed three times with PBS before administration. Mice 217 

received 5 × 10⁵ tumor cells subcutaneously (SC) on day 0. The reported vaccination protocol 218 

used 5 × 10⁵ MSCs administered SC at a site distal to the tumor on days 3 and 10. For 219 

combination treatment, anti-PD-1 antibody (clone RMP1-14, Assay Genie), or the 220 

corresponding isotype, was administered intraperitoneally at 200 μg per dose every 2 days for 221 

a total of six doses. The anti-PD-1 treatment was initiated at day 10 (e.g. with the second 222 

vaccine dosing). The first female cohort received the vaccine prepared with 0.05 mg/mL lysate, 223 

while the second cohort received the vaccine prepared with 0.5 mg/mL lysate. The male cohort 224 
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used only the 0.5 mg/mL lysate treatment. Tumor volumes were monitored with digital calipers 225 

for up to 6 weeks or until ulceration and/or a tumor volume of 1000 mm³. Mice were euthanized 226 

by CO₂ inhalation when endpoints were reached. Survival is described here as time to the 227 

reported humane endpoint. 228 

 229 

RNA isolation and sequencing. 230 

One million MSCs were treated with 5 μM of IXA4 for 48 h, detached, washed, and collected 231 

for RNA isolation using the QIAGEN RNeasy Mini Kit (Toronto, ON, CANADA). Total RNA 232 

was quantified using Qubit, and 500 ng was used for library preparation following the 233 

previously reported workflow [5]. Libraries were diluted to 10 nM and quantified using the 234 

KAPA Library Quantification Kit (KK4973). The reported sequencing platform was an 235 

Illumina HiSeq 2000 with HiSeq Reagent Kit v3 and 200-cycle paired-end chemistry, using a 236 

pooled library concentration of 1.7 nM. 237 

 238 

Transcriptomic analysis 239 

Gene-level counts were generated from the STAR (version 2.7) alignments to the Mus 240 

musculus GRCm38 (mm10) reference genome using the STAR ReadsPerGene output. [19] 241 

Ensembl gene identifiers were converted to gene symbols and biotypes with the biomaRt R 242 

package; only protein-coding genes were retained, and duplicated symbols were removed. Each 243 

MSC preparation was sequenced as three independent replicates per condition. Downstream 244 

analyses were performed in R using DESeq2 [20], clusterProfiler, biomaRt, pheatmap, and 245 

ggplot2. For visualization, counts were variance-stabilizing transformed (vst). Principal 246 

component analysis (PCA) was performed with prcomp (centered and scaled) on the 2000 most 247 

variable genes across control samples. Differential expression was tested with DESeq2 Wald 248 

tests and Benjamini-Hochberg adjustment: baseline differences between responders and non-249 
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responders (S4/S5 versus S7/S8) were assessed in control samples with a ~response design 250 

after retaining genes with zero counts in fewer than 5% of responder samples, and IXA4 251 

treatment effects were assessed separately within responders and within non-responders with a 252 

~treatment design after filtering low-count genes. Gene set enrichment analysis (GSEA) was 253 

performed with clusterProfiler on genes ranked by the Wald statistic, using the MSigDB mouse 254 

hallmark collection (mh.all, v2024.1) and a mouse-ortholog-mapped human Reactome 255 

collection (Mouse_Human_Reactome, March 2025), with gene-set sizes of 10-500 and 256 

Benjamini-Hochberg adjustment; hallmark terms were grouped into ten broad categories, and 257 

terms with q <= 0.1 are reported. [21, 22] Gene Ontology biological-process and Reactome 258 

over-representation analysis in IXA4-treated responsive MSCs was performed with 259 

clusterProfiler using MSigDB-associated gene sets and mouse-to-human ortholog mapping; 260 

the gene ratio was defined as the number of contributing genes divided by the size of the 261 

pathway or term. The ER-stress-associated gene set shown in Fig. 5D was defined as the union 262 

of core-enrichment genes of the Reactome pathways 'PERK regulates gene expression' (R-263 

HSA-381042) and 'ATF4 activates genes in response to endoplasmic reticulum stress' (R-HSA-264 

380994) across the three GSEA contrasts, restricted to genes differentially expressed (adjusted 265 

p < 0.1) in the treatment comparisons, with Xbp1 and Manf added. Heatmaps display row-wise 266 

z-scores of vst-transformed counts. 267 

 268 

Generation of XBP1s-overexpressing and Xbp1-edited MSCs 269 

The responsive MSC population S4 was used to generate XBP1s-overexpressing and CRISPR-270 

edited populations. The XBP1s expression construct was synthesized by GenScript 271 

(Piscataway, NJ, USA) and introduced by viral transduction as previously reported. [5, 6, 10] 272 

The engineered populations are referred to as MSC-XBP1s and MSC-XBP1mut, respectively. 273 

Cas9 ribonucleoprotein (RNP) complexes were prepared with HiFi Cas9 v3 (Integrated DNA 274 
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Technologies; reported stock concentration, 62 μM) and synthetic crRNA and tracrRNA 275 

diluted to 200 μM. Equimolar crRNA and tracrRNA were incubated at 95°C for 5 min and 276 

cooled to room temperature. The guide duplex was mixed with Cas9 at a Cas9:guide molar 277 

ratio of 1:1.5 and incubated for 10 min at room temperature. For reverse transfection, mixture 278 

A contained 5 μL targeting or control RNP, 50 μL Opti-MEM, and 2 μL Plus Reagent. Mixture 279 

B contained 50 μL Opti-MEM and 4 μL Lipofectamine LTX. The mixtures were combined and 280 

incubated for 15 min at room temperature, then dispensed into culture wells before the addition 281 

of 4 × 10⁵ MSCs per well. After 6 h, medium was replaced with α-MEM containing FBS and 282 

antibiotics. At 48 h, cells were harvested in 100 μL QuickExtract DNA Extraction Solution. 283 

Lysis was performed at 65°C for 6 min and 98°C for 2 min, followed by a 4°C hold. The target 284 

locus was amplified using forward primer 5′-GATGAATATACCCGCGCGTC-3′ and reverse 285 

primer 5′-CGCTTCCCAGGTTAGACACT-3′. A 50-μL reaction contained 5 μL lysate, 1 μL 286 

primer solution reported at 10 μM, 25 μL AmpliTaq Gold reagent, and 19 μL water. Thermal 287 

cycling comprised 94°C for 10 min; 35 cycles of 95°C for 30 s, 55.9°C for 30 s, and 72°C for 288 

30 s; and a final extension at 72°C for 7 min. Products were Sanger sequenced by Génome 289 

Québec. The sequence-deconvolution software is described inconsistently as TIDE or 290 

“EditCo”/Synthego and requires identification. After bulk analysis, cells were plated by 291 

limiting dilution in 96-well plates at a nominal density of one cell per well. Selected clones 292 

were analyzed with the same workflow. Three clones were described as fully edited by 293 

sequence deconvolution. 294 

 295 

Quantitative transcript measurements. 296 

Quantitative polymerase chain reaction (qPCR) measurements assessed Atf4, Atf6, and the 297 

Xbp1s/Xbp1 readout, together with Scara3, Col6a, Bloc1s1, Dnajb9, and Manf. RNA 298 

extraction kits were obtained from QIAGEN and used as previously reported. [5, 6, 10] 299 
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Statistical analysis 300 

The reported analysis framework used one-way analysis of variance (ANOVA) for group 301 

comparisons, log-rank testing for survival, and mean ± standard deviation (SD) for quantitative 302 

plots. Significance symbols denote *p<0.05, **p<0.01, and ***p<0.001.  303 

 304 

Use of generative artificial intelligence 305 

ChatGPT (OpenAI) was used to assist with language editing, manuscript organization, 306 

literature-assisted revision, and adaptation to the journal format. The tool was not used to 307 

generate experimental data or to perform statistical analyses. Author review and approval of 308 

the final wording and scientific interpretation remain required before submission. 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 



14 

RESULTS 325 

IXA4 induces OVA cross-presentation at a tolerated working concentration. 326 

To determine whether pharmacological activation of IRE1-associated signaling could establish 327 

a cross-presenting MSC phenotype, we first compared IXA1, IXA4, and IXA6, three 328 

compounds reported to activate IRE1/XBP1s signaling (Fig. 1A) [18]. We began with a 329 

concentration screen to identify conditions compatible with continued cell expansion. Culture-330 

adapted murine bone-marrow-derived MSCs at passages 4-6 were exposed to 1-20 μM of each 331 

compound for 48 h. Cell numbers increased at 1-5 μM, whereas expansion was limited at 10 332 

μM and counts declined at 20 μM (Fig. 1B). To complement the cell count measurements with 333 

an apoptosis-associated readout, we assessed Annexin-V staining. The representative profiles 334 

showed no evident treatment-associated increase under the chosen working concentration of 5 335 

μM (Fig. 1C) and the innate MSC profile was retained (e.g. CD44+CD45-CD73+CD105+ - Fig. 336 

1D). We thus selected that concentration for all subsequent experiments. 337 

 338 

To test cross-presentation of an intact exogenous protein, MSCs were incubated with OVA and 339 

co-cultured with B3Z reporter cells, which respond to SIINFEKL presented by H2-Kᵇ. 340 

SIINFEKL-pulsed MSCs provided a peptide-presentation control. Among the IXA compounds 341 

tested at 5 μM, IXA4 elicited the strongest OVA-dependent B3Z response (Fig. 1E). We next 342 

asked whether increasing IXA4 exposure would further improve this response. A concentration 343 

of 5 μM was sufficient to induce strong reporter activation while increasing IXA4 to 10 or 15 344 

μM provided no additional benefit (Fig. 1F). To assess persistence after conditioning, we 345 

measured reporter activity following compound removal. The response decreased across the 346 

24-72 h interval, indicating that the initial presentation phenotype was not maintained at the 347 

same magnitude after washout (Fig. 1G). 348 
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To examine whether the phenotype could also be elicited by compounds associated with other 349 

UPR branches, we next tested MK-28, a reported PERK activator, and BIX, a binding 350 

immunoglobulin protein (BiP)-inducing compound associated with ATF6-dependent 351 

transcriptional effects [23, 24]. MK-28 elicited a smaller B3Z response under the conditions 352 

tested, whereas BIX did not reproduce the IXA4-associated response (Fig. 1H-I). Together, 353 

these experiments identify 5 μM IXA4 as a tolerated conditioning regimen that induces 354 

functional OVA cross-presentation in murine MSCs, with activity that declines after compound 355 

withdrawal. 356 

 357 

IXA4-associated cross-presentation is IRE1 RNase-sensitive but is independent of bulk 358 

antigen-handling, reactive oxygen species (ROS) production or soluble mediators. 359 

To investigate the signaling contribution to IXA4-induced cross-presentation, we next 360 

combined IXA4 treatment with pharmacological inhibitors of UPR during OVA loading. The 361 

IRE1 RNase inhibitor 4μ8C substantially reduced B3Z activation (Fig. 2A). In contrast, ISRIB, 362 

which promotes eukaryotic initiation factor 2B (eIF2B) activity and counteracts the integrated 363 

stress response downstream of eukaryotic initiation factor 2α (eIF2α) phosphorylation, had no 364 

impact on OVA cross-presentation in response to IXA4. Likewise, treatment of IRM-4 cells 365 

with AEBSF, a serine protease inhibitor that can prevent ATF6 cleavage, did not produce a 366 

comparable reduction under the conditions examined [25–27]. This pattern supports an IRE1 367 

RNase-sensitive component of the response.  368 

 369 

We next assessed surface H2-Kᵇ to determine whether the enhanced reporter activation was 370 

accompanied by greater MHC class I availability. IXA4-treated MSCs showed indeed a modest 371 

but significant increase in surface H2-Kᵇ fluorescence relative to untreated controls (Fig. 2B-372 

C). To test whether increased antigen capture or bulk degradation could account for the 373 
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functional response, we measured OVA-Alexa Fluor 647 and DQ-OVA fluorescence 374 

respectively. Neither treatment showed an IXA4-associated increase (Fig. 2D-E). To examine 375 

whether the phenotype was accompanied by an increase in the oxidant-sensitive signals 376 

measured here, we analyzed MitoSOX and DHE fluorescence. Neither probe showed an 377 

evident increase after IXA4 treatment (Fig. 2F-G). 378 

 379 

Because conditioning could affect MSC-mediated immune communication beyond antigen 380 

display, we also profiled cytokines and chemokines in conditioned medium. IXA4 altered the 381 

relative composition of the measured soluble mediators (Fig. 2H). The cytokine profile shifted 382 

toward interleukin-6 (IL-6) and macrophage colony-stimulating factor (M-CSF), with smaller 383 

relative contributions from granulocyte colony-stimulating factor (G-CSF) and granulocyte–384 

macrophage colony-stimulating factor (GM-CSF). The chemokine profile showed a larger 385 

CXCL10/IP-10 fraction and a smaller CCL5/RANTES fraction, while CCL2/MCP-1 and 386 

CXCL1/KC remained prominent. Collectively, IXA4-associated cross-presentation is sensitive 387 

to IRE1 RNase inhibition and accompanies increased surface MHC class I and altered soluble 388 

mediator composition, without a detectable increase in the bulk antigen-handling or oxidant-389 

sensitive readouts examined. 390 

 391 

IXA4-responsive MSCs induce ER quality-control and vesicular-trafficking 392 

transcriptional programs 393 

To identify cellular programs that could connect IXA4 conditioning to enhanced antigen cross-394 

presentation, we profiled transcriptional changes after 48 h of treatment in responsive MSCs. 395 

Enrichment analysis identified biological processes associated with Golgi vesicular transport, 396 

ER-to-Golgi transport, ER stress responses, protein folding, ER-associated degradation 397 

(ERAD), and antigen processing and presentation (Fig. 3A). These findings directed attention 398 
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to intracellular handling and transport rather than increased bulk antigen uptake alone. To 399 

determine whether the enriched categories reflected distinct gene sets or shared components, 400 

we next examined the corresponding gene-pathway map. Substantial overlap was evident 401 

among the proteostasis, trafficking, and antigen-presentation categories (Fig. 3B), indicating 402 

that the enrichments represent interconnected functions rather than wholly independent 403 

pathways. We then examined individual transcript patterns to identify candidate components 404 

underlying this coordinated response. The expression heatmap showed increased expression of 405 

ER chaperones and quality-control factors, including Calr, Canx, Pdia3, Derl1, Edem1, 406 

Edem2, Ube2g2, Ube2j2, and Vcp (Fig. 3C). Trafficking-associated genes included Sec23b and 407 

the Sec24 paralogs, together with Rab1a, Rab6a, Rab6b, Rab32, Bet1, Stx6, and multiple Tmed 408 

family members. Endocytic and sorting components, including Ap2a2, Ap2m1, Epn2, M6pr, 409 

Chmp6, and Tsg101, extended the signature beyond ER protein folding alone. These patterns 410 

link IXA4 responsiveness to coordinated proteostasis and vesicular-trafficking programs, 411 

identifying candidate processes for enhanced peptide-MHC class I display without establishing 412 

a specific antigen-processing route [13, 28]. 413 

 414 

Tumor lysate-pulsed IRM-4 cells delay melanoma progression, with the most sustained 415 

benefit alongside PD-1 blockade 416 

To determine whether the in vitro conditioning approach supported therapeutic activity with 417 

tumor-derived antigens, we loaded MSCs with B16F0 lysate in the presence or absence of 418 

IXA4 and administered the cells after SC tumor implantation (Fig. 4A). The treatment groups 419 

included lysate-pulsed control MSCs, lysate-pulsed IRM-4 cells, anti-PD-1 alone, and 420 

combinations of either cellular product with anti-PD-1, together with a tumor-only control. 421 

This design allowed assessment of IXA4 conditioning within the cellular vaccine and 422 

comparison of cellular treatment alone with treatment alongside checkpoint blockade. We first 423 
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evaluated vaccines prepared with 0.05 mg/mL tumor lysate in female mice. IRM-4 treatment 424 

(blue line) delayed tumor growth and prolonged time to the reported survival endpoint relative 425 

to the tumor-only group. The IRM-4 plus anti-PD-1 group (red line) showed the most sustained 426 

response in this cohort (Fig. 4B-C). To examine the effect of antigen-loading concentration, a 427 

second female cohort received cells prepared with a tenfold higher lysate concentration of 0.5 428 

mg/mL. The combination group again showed the most durable tumor-control and endpoint-429 

survival pattern among the displayed treatments (Fig. 4D-E). Increasing lysate concentration 430 

did not produce a clear improvement in the IRM-4 monotherapy across these separate cohorts 431 

but had a substantial effect on the combinatory therapy. To assess whether the treatment pattern 432 

extended beyond the female cohorts, we evaluated the 0.5 mg/mL formulation in male mice. 433 

Combination treatment again delayed tumor progression and produced a favorable endpoint-434 

survival pattern (Fig. 4F-G). Overall, tumor lysate-pulsed IRM-4 cells showed therapeutic 435 

activity in the B16F0 model, with the most sustained benefit observed when vaccination was 436 

administered alongside PD-1 blockade. 437 

 438 

MSC preparations differ in IXA4 responsiveness and baseline UPR-associated 439 

expression. 440 

To assess the reproducibility of IXA4 conditioning across independently prepared MSC 441 

populations, we compared OVA-dependent B3Z responses in eight different MSC preparations 442 

where responses varied substantially. In this experiment, both S4 and S5 triggered efficient 443 

B3Z activation whereas populations S1, S2, S3, and S6 generated a partial or moderate 444 

response followed by an inexistant response using the S7 and S8 populations (Fig. 5A). This 445 

variation prompted us to examine whether functional responsiveness was associated with 446 

broader differences in cellular state. PCA of the 1000 most variable genes was used to 447 

determine whether transcriptional differences aligned with the functional response classes. The 448 
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preparations separated in a manner associated with these classes, with PC1 and PC2 accounting 449 

for 48.8% and 27.0% of the variance, respectively (Fig. 5B). To distinguish differences present 450 

before treatment from those induced by IXA4, we compared baseline and treated 451 

transcriptomes in responder preparations S4/S5 and non-responder preparations S7/S8 using 452 

GSEA and the MSigDB hallmark collection (Fig. 5C) [21, 22]. IXA4 treatment in responders 453 

was associated with positive enrichment of cell-cycle, metabolic, and stress-response 454 

programs, including MYC/E2F targets, glycolysis, oxidative phosphorylation, and the UPR. 455 

Several programs, including MYC/E2F targets and the UPR, showed the opposite treatment-456 

associated direction in non-responders. The baseline comparison was also consistent with 457 

greater expression of selected stress- and UPR-associated programs in non-responsive 458 

preparations. To inspect these differences at the level of individual transcripts, we next 459 

examined an ER-stress-associated gene set that included Xbp1, Hspa5, and Manf (Fig. 5D). 460 

Manf expression was relatively high at baseline in non-responders and decreased after IXA4 461 

treatment, whereas responders showed the converse treatment-associated pattern. Previous 462 

studies show that XBP1 can regulate transcription of mesencephalic astrocyte-derived 463 

neurotrophic factor (MANF) and that MANF can interact with IRE1α and modulate its 464 

signaling in other cell types [29, 30]. Thus, our observations suggest MANF as a possible 465 

candidate component of feedback regulation. Together, these data identify the baseline UPR-466 

associated state and its response to conditioning as correlates of MSC cross-presentation, 467 

demonstrating that IXA4 responsiveness is not uniform across preparations. 468 

 469 

Xbp1 perturbation uncouples IXA4-induced cross-presentation from XBP1s abundance. 470 

To determine how UPR state relates to IXA4-induced cross-presentation, we first measured 471 

Atf4, Xbp1s/Xbp1, and Atf6 expression in control MSCs after OVA loading, IXA4 treatment, 472 

or combined IXA4/OVA exposure (Fig. 6A). The Xbp1s/Xbp1 readout increased after IXA4 473 
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treatment and was highest in the combined IXA4/OVA condition, as opposed to a modest 474 

change for Atf4 and Atf6. Thus, under the conditions used for the cross-presentation assay, 475 

IXA4 preferentially increased the XBP1-splicing-associated readout rather than producing 476 

equivalent changes across all measured UPR markers. We next asked whether basal UPR-477 

associated expression distinguished cells that were functionally responsive to IXA4. The 478 

responsive S4 preparation showed lower baseline Atf4, Xbp1s/Xbp1, and Atf6 readouts than 479 

the non-responsive S8 preparation and the S4-derived XBP1s-overexpressing population (Fig. 480 

6B). Functional testing of the engineered populations further separated cross-presentation from 481 

XBP1s abundance. More specifically, Xbp1-edited MSCs (MSC-sXBP1mut) retained OVA-482 

dependent B3Z activation and displayed a larger IXA4-associated reporter response than 483 

parental control MSCs (Fig. 6C). In contrast, enforced XBP1s expression did not reproduce 484 

the IXA4-induced phenotype and was associated with a reduced OVA/IXA4 reporter response 485 

relative to parental MSCs (Fig. 6D). SIINFEKL-pulsed cells remained strongly stimulatory in 486 

both engineered populations, indicating that the divergent responses to intact OVA were not 487 

accompanied by a general loss of peptide presentation to the B3Z reporter. These differences 488 

in cross-presentation could not however be explained by changes in the total surface H2-Kᵇ as 489 

flow-cytometric profiles showed comparable H2-Kᵇ in control, MSC-sXBP1mut, and XBP1s-490 

overexpressing MSCs, with IXA4-associated increases in the indicated populations (Fig. 6E-491 

F). Importantly, XBP1s-overexpressing MSCs retained substantial surface H2-Kᵇ despite their 492 

reduced OVA-dependent B3Z response. These findings argue that total surface MHC class I 493 

abundance is insufficient to account for the functional differences and instead implicate events 494 

upstream of, or more specific than, bulk H2-Kᵇ display, such as antigen processing, peptide 495 

loading, or trafficking.  496 

  497 
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We then characterized the transcriptional states produced by MSC-sXBP1mut and XBP1s 498 

overexpression (Fig. 7A-B). XBP1s-overexpressing MSCs showed a high-output UPR-499 

associated profile, including increased Atf4, Atf6, Dnajb9, and Manf. In contrast, MSC-500 

sXBP1mut cells showed relatively low Dnajb9 and Manf expression despite an elevated 501 

Xbp1s/Xbp1 qPCR readout. This discordance indicates that the increase expression of the 502 

edited non-functional form of XBP1s is uncapable of transcriptional activity. Finally, we 503 

examined expression of Scara3, Col6a, and Bloc1s1, three transcripts selected as candidate 504 

RIDD-associated readouts (Fig. 7C). Their expression was lower in the MSC-sXBP1mut 505 

population, with additional IXA4-associated decreases in several comparisons, whereas control 506 

and XBP1s-overexpressing cells showed different response patterns. These results are 507 

consistent with altered IRE1-associated RNA regulation in the edited state. Overall, these 508 

perturbation experiments show that the IXA4-associated cross-presentation phenotype does not 509 

increase monotonically with XBP1s abundance. In other words, MSC-sXBP1mut cells retained 510 

a strong functional response, whereas XBP1s overexpression generated a high-UPR 511 

transcriptional state without reproducing efficient OVA cross-presentation. Together with 512 

preserved SIINFEKL responses and surface H2-Kᵇ, the data support a model in which the 513 

configuration of IRE1/UPR signaling, rather than XBP1s abundance alone, constrains the 514 

cross-presenting state. 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 
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DISCUSSION 523 

This study identifies IXA4 conditioning as an approach to induce functional presentation of 524 

exogenous OVA by murine MSCs and to generate a tumor lysate-loaded cellular product with 525 

antitumor activity in the B16F0 model. The central finding is not that MSCs become equivalent 526 

to conventional DCs, but that a defined pharmacological intervention changes their antigen-527 

presentation phenotype in association with ER proteostasis and trafficking programs. Variation 528 

among MSC preparations and the divergent outcomes of Xbp1 perturbations further show that 529 

the response cannot be reduced to a model in which more XBP1s necessarily produces more 530 

cross-presentation (graphical abstract). 531 

 532 

The functional and transcriptional observations support a connection between intracellular 533 

proteostasis and antigen display. IXA4 increased surface H2-Kᵇ and OVA-dependent B3Z 534 

activation without an obvious increase in OVA uptake or processing. This pattern is compatible 535 

with altered antigen routing, peptide loading, or peptide-MHC trafficking rather than increased 536 

bulk antigen capture. The enrichment of ER chaperones, ERAD-associated factors, and 537 

vesicular-transport components provides plausible molecular candidates, consistent with 538 

established XBP1s-dependent proteostasis programs [13, 28]. The redox findings likewise 539 

require a compartment-specific interpretation. MitoSOX and DHE showed no detectable 540 

treatment-associated increase in the assays presented, but these probes do not exclude ER-541 

localized redox changes. A recent report showed that IXA4 can inhibit the ER transporter solute 542 

carrier family 33 member 1 (SLC33A1), which promotes ER hyperoxidation and activation of 543 

adaptive IRE1/XBP1s signaling [31]. It thus reinforces the distinction between 544 

pharmacological activation of an IRE1-associated pathway and direct binding to IRE1α and 545 

may not suggest the complete absence of ROS-independent mechanism. 546 

 547 
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MSC heterogeneity is another important biological and practical feature of the study. Non-548 

responsive preparations had a different baseline transcriptional state and responded differently 549 

to IXA4. Rather than viewing this variation solely as a technical obstacle, the results suggest 550 

that the starting state constrains pharmacological conditioning. Enforced XBP1s expression 551 

was associated with poor OVA-dependent cross-presentation despite retained SIINFEKL 552 

responses and surface H2-Kᵇ, whereas the edited population retained a substantial IXA4-553 

associated response. Although the higher Xbp1s/Xbp1 transcript alongside low Dnajb9 and 554 

Manf expression in MSC-XBP1mut cells may result from the expression of a non-functional 555 

XBP1 gene product, it also indicates that activation of XBP1 within a specific threshold may 556 

help coordinate the IRE1α response to avoid RIDD as observed in the MSC-XBP1s population. 557 

Consistent with this idea, XBP1 loss in DCs can alter IRE1 RNase output and antigen-558 

presenting function, whereas tumor-associated ER stress can impair immunity through a 559 

different cellular program [15, 17]. MANF is relevant here because previous work links its 560 

expression to XBP1 activity and shows that it can regulate IRE1α signaling [29, 30]. The Manf 561 

patterns observed in our studies are compatible with feedback-associated states, but a causal 562 

chain from MANF to altered IRE1 output and loss of MSC cross-presentation may require 563 

additional testing.  564 

 565 

CONCLUSIONS 566 

IXA4 conditioning induces functional cross-presentation of exogenous antigen in responsive 567 

murine MSCs and supports tumor lysate-based vaccination in the B16F0 melanoma model, 568 

with the most sustained therapeutic benefit observed alongside PD-1 blockade. The response 569 

is associated with ER proteostasis and trafficking programs and is constrained by the starting 570 

UPR-related cellular state. These findings support further development of IRM-4 as an 571 

experimental cellular vaccine while emphasizing the need for functional potency testing, 572 
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validated genetic models, and direct resolution of the mechanisms linking conditioning to 573 

antigen presentation and antitumor immunity. 574 
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LIST OF ABBREVIATIONS 598 

α-MEM: α-minimum essential medium  599 

AEBSF: 4-(2-aminoethyl)benzenesulfonyl fluoride  600 

ANOVA: Analysis of variance  601 

ATF4/ATF6: Activating transcription factor 4/6  602 

BiP: Binding immunoglobulin protein  603 

cDC1: Type 1 conventional dendritic cell 604 

CRISPR: Clustered regularly interspaced short palindromic repeats  605 

DC: Dendritic cell  606 

DHE: Dihydroethidium  607 

DMSO: Dimethyl sulfoxide  608 

eIF2α/eIF2B: Eukaryotic initiation factor 2α/2B  609 

ER: Endoplasmic reticulum 610 

ERAD: ER-associated degradation  611 

FBS: Fetal bovine serum  612 

G-CSF: Granulocyte colony-stimulating factor  613 

GM-CSF: Granulocyte–macrophage colony-stimulating factor  614 

GSEA: Gene set enrichment analysis  615 

IL-6: Interleukin-6 616 

IRE1α: Inositol-requiring enzyme 1α  617 

IRM-4: IXA4-reprogrammed mesenchymal stromal cells  618 

ISRIB: Integrated stress response inhibitor  619 

M-CSF: Macrophage colony-stimulating factor  620 

MANF: Mesencephalic astrocyte-derived neurotrophic factor  621 

MFI: Mean fluorescence intensity; exact summary statistic to confirm 622 
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MHC: Major histocompatibility complex  623 

MSC: Mesenchymal stromal cell  624 

MSigDB: Molecular Signatures Database  625 

NES: Normalized enrichment score  626 

OVA: Ovalbumin  627 

PBS: Phosphate-buffered saline 628 

PCA: Principal component analysis  629 

PD-1: Programmed cell death protein 1  630 

PERK: Protein kinase R-like ER kinase  631 

qPCR: Quantitative polymerase chain reaction  632 

RIDD: Regulated IRE1-dependent decay  633 

RNP: Ribonucleoprotein 634 

ROS: Reactive oxygen species  635 

RRID: Research Resource Identifier  636 

SC: Subcutaneously 637 

SD: Standard deviation 638 

SLC33A1: Solute carrier family 33 member 1  639 

UPR: Unfolded protein response  640 

XBP1s: Spliced X-box-binding protein  641 

 642 

 643 

 644 

 645 

 646 

 647 



27 

Declarations 648 

Ethics approval and consent to participate 649 

Animal procedures were approved in September 2026 by the Université de Montréal animal 650 

care committee for the project Development of new therapies for modulation of the immune 651 

system (Protocol #25-026). No human participants, human material, or human data were 652 

included. Thus, consent to participate is not applicable. 653 

Consent for publication 654 

Not applicable. 655 

Availability of data and materials 656 

Materials and reagents are available from the corresponding author, Moutih Rafei, upon 657 

reasonable request. The RNA-seq datasets generated in this study will be deposited in the Gene 658 

Expression Omnibus (GEO Submission (GSE350162) - NCBI tracking system #26102930). 659 

AI usage disclosure 660 

ChatGPT (OpenAI) was used to assist with manuscript organization, literature synthesis, and 661 

preparation of preliminary draft language. All scientific interpretations, descriptions of 662 

experimental methods and results, source data, statistical analyses, references, and final 663 

manuscript wording were independently reviewed and verified by the authors, who take full 664 

responsibility for the submitted work. No experimental data were generated or altered by the 665 

AI system.  666 

Competing interests 667 

The authors declare that they have no competing interests. 668 

Funding 669 

This work was supported by the Canadian Institutes of Health Research (PJT-186233). R.F. 670 

received a doctoral award from the Cole Foundation.  671 

Authors’ contributions 672 



28 

JPB. performed most in vitro and in vivo experiments. YA-B, ML, JA, RF, PM, and AC 673 

contributed to in vitro experiments, data analysis, and schematic preparation. ST contributed 674 

to study design. NE-H performed transcriptomic analyses and contributed to data 675 

interpretation. MR conceived and supervised the study, analyzed the data, and prepared the 676 

original manuscript draft. All authors contributed to manuscript editing.  677 

Acknowledgements 678 

We thank the genomics and animal facility teams at the Institute for Research in Immunology 679 

and Cancer for their support. We also thank the Gene Editing Platform of CHU Sainte-Justine 680 

for assistance with CRISPR-mediated editing of MSCs. Some schematic elements shown in 681 

this manuscript were prepared using BioRender and ChatGPT. 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 



29 

REFERENCES 698 

1. Carreno BM, Magrini V, Becker-Hapak M, Kaabinejadian S, Hundal J, Petti AA, et al. 699 

A dendritic cell vaccine increases the breadth and diversity of melanoma neoantigen-700 

specific T cells. Science. 2015;348:803–808. doi:10.1126/science.aaa3828. 701 

2. Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, et al. Sipuleucel-702 

T immunotherapy for castration-resistant prostate cancer. N Engl J Med. 2010;363:411–703 

422. doi:10.1056/NEJMoa1001294. 704 

3. Stagg J, Pommey S, Eliopoulos N, Galipeau J. Interferon-gamma-stimulated marrow 705 

stromal cells: a new type of nonhematopoietic antigen-presenting cell. Blood. 706 

2006;107:2570–2577. doi:10.1182/blood-2005-07-2793. 707 

4. Chan JL, Tang KC, Patel AP, Bonilla LM, Pierobon N, Ponzio NM, et al. Antigen-708 

presenting property of mesenchymal stem cells occurs during a narrow window at low 709 

levels of interferon-γ. Blood. 2006;107:4817–4824. doi:10.1182/blood-2006-01-0057. 710 

5. Abusarah J, Khodayarian F, El-Hachem N, Salame N, Olivier M, Balood M, et al. 711 

Engineering immunoproteasome-expressing mesenchymal stromal cells: A potent 712 

cellular vaccine for lymphoma and melanoma in mice. Cell Rep Med. 2021;2:100455. 713 

doi:10.1016/j.xcrm.2021.100455. 714 

6. Bikorimana JP, El-Hachem N, El-Kadiry AEH, Abusarah J, Salame N, Shammaa R, et 715 

al. Thymoproteasome-expressing mesenchymal stromal cells confer protective anti-716 

tumor immunity via cross-priming of endogenous dendritic cells. Front Immunol. 717 

2021;11:596303. doi:10.3389/fimmu.2020.596303. 718 

7. Bikorimana JP, El-Hachem N, Abusarah J, Eliopoulos N, Talbot S, Shammaa R, et al. 719 

The CIt protocol: A blueprint to potentiate the immunogenicity of immunoproteasome-720 

reprogrammed mesenchymal stromal cells. iScience. 2022;25:105537. 721 

doi:10.1016/j.isci.2022.105537. 722 



30 

8. Gonçalves MP, Farah R, Bikorimana JP, Abusarah J, El-Hachem N, Saad W, et al. A1-723 

reprogrammed mesenchymal stromal cells prime potent antitumoral responses. iScience. 724 

2024;27:109248. doi:10.1016/j.isci.2024.109248. 725 

9. Bikorimana JP, El-Hachem N, Mandl GA, Stanga D, Abusarah J, Farah R, et al. ARM-726 

X: an adaptable mesenchymal stromal cell-based vaccination platform suitable for solid 727 

tumors. Stem Cell Res Ther. 2025;16:369. doi:10.1186/s13287-025-04465-5. 728 

10. Bikorimana JP, Farah R, Abusarah J, Mandl GA, Erregragui MA, Gonçalves MP, et al. 729 

Forced intracellular degradation of xenoantigens as a modality for cell-based cancer 730 

immunotherapy. iScience. 2025;28:111957. doi:10.1016/j.isci.2025.111957. 731 

11. Hetz C, Papa FR. The unfolded protein response and cell fate control. Mol Cell. 732 

2018;69:169–181. doi:10.1016/j.molcel.2017.06.017. 733 

12. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of BiP 734 

and ER stress transducers in the unfolded-protein response. Nat Cell Biol. 2000;2:326–735 

332. doi:10.1038/35014014. 736 

13. Lee AH, Iwakoshi NN, Glimcher LH. XBP-1 regulates a subset of endoplasmic reticulum 737 

resident chaperone genes in the unfolded protein response. Mol Cell Biol. 2003;23:7448–738 

7459. doi:10.1128/MCB.23.21.7448-7459.2003. 739 

14. Hollien J, Lin JH, Li H, Stevens N, Walter P, Weissman JS. Regulated Ire1-dependent 740 

decay of messenger RNAs in mammalian cells. J Cell Biol. 2009;186:323–331. 741 

doi:10.1083/jcb.200903014. 742 

15. Osorio F, Tavernier SJ, Hoffmann E, Saeys Y, Martens L, Vetters J, et al. The unfolded-743 

protein-response sensor IRE-1α regulates the function of CD8α⁺ dendritic cells. Nat 744 

Immunol. 2014;15:248–257. doi:10.1038/ni.2808. 745 



31 

16. García-González P, Fernández D, Gutiérrez D, Parra-Cordero M, Osorio F. Human 746 

cDC1s display constitutive activation of the UPR sensor IRE1. Eur J Immunol. 747 

2022;52:1069–1076. doi:10.1002/eji.202149774. 748 

17. Cubillos-Ruiz JR, Silberman PC, Rutkowski MR, Chopra S, Perales-Puchalt A, Song M, 749 

et al. ER stress sensor XBP1 controls anti-tumor immunity by disrupting dendritic cell 750 

homeostasis. Cell. 2015;161:1527–1538. doi:10.1016/j.cell.2015.05.025. 751 

18. Grandjean JMD, Madhavan A, Cech L, Seguinot BO, Paxman RJ, Smith E, et al. 752 

Pharmacologic IRE1/XBP1s activation confers targeted ER proteostasis reprogramming. 753 

Nat Chem Biol. 2020;16:1052–1061. doi:10.1038/s41589-020-0584-z. 754 

19. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast 755 

universal RNA-seq aligner. Bioinformatics. 2013;29:15–21. 756 

doi:10.1093/bioinformatics/bts635. 757 

20. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for 758 

RNA-seq data with DESeq2. Genome Biol. 2014;15:550. doi:10.1186/s13059-014-759 

0550-8. 760 

21. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. 761 

Gene set enrichment analysis: A knowledge-based approach for interpreting genome-762 

wide expression profiles. Proc Natl Acad Sci U S A. 2005;102:15545–15550. 763 

doi:10.1073/pnas.0506580102. 764 

22. Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M, Mesirov JP, Tamayo P. The 765 

Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. 766 

2015;1:417–425. doi:10.1016/j.cels.2015.12.004. 767 

23. Ganz J, Shacham T, Kramer M, Shenkman M, Eiger H, Weinberg N, et al. A novel 768 

specific PERK activator reduces toxicity and extends survival in Huntington’s disease 769 

models. Sci Rep. 2020;10:6875. doi:10.1038/s41598-020-63899-4. 770 



32 

24. Kudo T, Kanemoto S, Hara H, Morimoto N, Morihara T, Kimura R, et al. A molecular 771 

chaperone inducer protects neurons from ER stress. Cell Death Differ. 2008;15:364–375. 772 

doi:10.1038/sj.cdd.4402276. 773 

25. Cross BCS, Bond PJ, Sadowski PG, Jha BK, Žák J, Goodman JM, et al. The molecular 774 

basis for selective inhibition of unconventional mRNA splicing by an IRE1-binding 775 

small molecule. Proc Natl Acad Sci U S A. 2012;109:E869–E878. 776 

doi:10.1073/pnas.1115623109. 777 

26. Sidrauski C, Tsai JC, Kampmann M, Hearn BR, Vedantham P, Jaishankar P, et al. 778 

Pharmacological dimerization and activation of the exchange factor eIF2B antagonizes 779 

the integrated stress response. eLife. 2015;4:e07314. doi:10.7554/eLife.07314. 780 

27. Okada T, Haze K, Nadanaka S, Yoshida H, Seidah NG, Hirano Y, et al. A serine protease 781 

inhibitor prevents endoplasmic reticulum stress-induced cleavage but not transport of the 782 

membrane-bound transcription factor ATF6. J Biol Chem. 2003;278:31024–31032. 783 

doi:10.1074/jbc.M300923200. 784 

28. Shoulders MD, Ryno LM, Genereux JC, Moresco JJ, Tu PG, Wu C, et al. Stress-785 

independent activation of XBP1s and/or ATF6 reveals three functionally diverse ER 786 

proteostasis environments. Cell Rep. 2013;3:1279–1292. 787 

doi:10.1016/j.celrep.2013.03.024. 788 

29. Wang D, Hou C, Cao Y, Cheng Q, Zhang L, Li H, et al. XBP1 activation enhances 789 

MANF expression via binding to endoplasmic reticulum stress response elements within 790 

MANF promoter region in hepatitis B. Int J Biochem Cell Biol. 2018;99:140–146. 791 

doi:10.1016/j.biocel.2018.04.007. 792 

30. Kovaleva V, Yu LY, Ivanova L, Shpironok O, Nam J, Eesmaa A, et al. MANF regulates 793 

neuronal survival and UPR through its ER-located receptor IRE1α. Cell Rep. 794 

2023;42:112066. doi:10.1016/j.celrep.2023.112066. 795 



33 

31. Kutseikin S, Rafiq M, Bora P, Liu S, Homan RA, Mindrebo JT, et al. Pharmacological 796 

inhibition of SLC33A1 promotes endoplasmic reticulum hyperoxidation and induces 797 

adaptive IRE1/XBP1s signaling. bioRxiv [Preprint]. 2026 Feb 18:2026.02.17.706344. 798 

doi:10.64898/2026.02.17.706344. Not peer reviewed. 799 

 800 

 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 



34 

FIGURE LEGENDS 821 

Fig. 1. IXA4 induces OVA cross-presentation at a tolerated working concentration. A) 822 

Schematic of IRE1α-associated Xbp1 splicing and downstream ER programs, with the IXA 823 

compounds tested. The schematic does not establish direct binding to IRE1α. B) MSC counts 824 

at baseline and after 48 h of exposure to 1-20 μM of IXA1, IXA4, or IXA6. DMSO was the 825 

vehicle control. C) Representative Annexin-V profiles after compound exposure. D) 826 

Representative CD44, CD45, CD73, and CD105 profiles in control and IXA4-treated MSCs, 827 

with isotype controls. E) B3Z responses after co-culture with MSCs exposed to OVA and the 828 

indicated IXA compound at 5 μM. SIINFEKL was a peptide-presentation control. F) IXA4 829 

titration (5-15 μM), with A1 (50 μM) as a positive conditioning control. G) B3Z responses at 830 

the indicated 24-, 48-, and 72-h intervals after IXA4 removal. H-I) Responses to MK-28 (50-831 

150 μM) and BIX (5-15 μM), respectively. Reporter absorbance was measured at 570 nm. The 832 

reported summary represents the mean ± SD with *p<0.05, **p<0.01, or ***p<0.001. Figure 833 

1A was created in BioRender. Farah, R. (2026) https://BioRender.com/clgodp4 834 

 835 

Fig. 2. IRE1 RNase-sensitive cross-presentation accompanies altered MHC class I display 836 

and soluble mediator composition. A) B3Z responses to OVA-loaded MSCs treated with 837 

IXA4 alone or with 4μ8C, ISRIB, or AEBSF. Reporter-only, MSC, OVA, and SIINFEKL 838 

conditions provide the indicated controls. B) Representative surface H2-Kᵇ profiles in 839 

untreated (NT) and IXA4-treated MSCs. C) H2-Kᵇ fluorescence quantification. Four 840 

measurements are displayed per condition. D-E) Representative cell-associated OVA-Alexa 841 

Fluor 647 and DQ-OVA fluorescence, respectively. F-G) Representative MitoSOX and DHE 842 

profiles. H) Relative cytokine and chemokine composition of concentrated conditioned 843 

medium. The statistics for the reported summary are *p<0.05, **p<0.01, or ***p<0.001. 844 

 845 
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Fig. 3. IXA4-responsive MSCs induce proteostasis and vesicular-trafficking 846 

transcriptional programs. A) Enrichment of selected Gene Ontology biological processes 847 

and Reactome-associated pathways in IXA4-responsive MSCs relative to controls, grouped by 848 

functional category. The gene ratio is described as the number of contributing genes divided 849 

by the size of the term. Point size denotes gene counts and color denotes -log₁₀(adjusted p). B) 850 

Gene-pathway associations for selected upregulated genes. Rows represent pathways and 851 

columns represent genes; the displayed size scale is labeled -log₁₀(adjusted p). C) Relative 852 

expression of selected genes associated with antigen presentation, trafficking, protein 853 

degradation, ER stress/protein folding, and protein transport. Columns show control and IXA4-854 

treated samples. 855 

 856 

Fig. 4. Tumor lysate-pulsed IRM-4 vaccination delays B16F0 progression alongside PD-857 

1 blockade. A) Treatment schematic for B16F0 implantation. Two MSC vaccine 858 

administrations, and six antibody doses were administered. The doses are 5 × 10⁵ for tumor 859 

cells, and 5 × 10⁵ for IRM-4 cells per administration, and 200 μg for the anti-PD-1 per dose. 860 

B-C) Tumor volume trajectories and Kaplan-Meier curves for time to the reported humane 861 

endpoint in female mice receiving MSCs loaded with 0.05 mg/mL tumor lysate. D-E) 862 

Corresponding results in female mice using 0.5 mg/mL lysate. F-G) Corresponding results in 863 

male mice using 0.5 mg/mL lysate. Groups included tumor only, anti-PD-1 alone, lysate-pulsed 864 

control MSCs, IRM-4 cells, and each cellular product with anti-PD-1. Five mice per group 865 

were used for each vaccination study with *p<0.05, **p<0.01, or ***p<0.001. Figure 4A was 866 

created in BioRender. Farah, R. (2026) https://BioRender.com/achwpsn 867 

 868 

 869 

 870 
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Fig. 5. MSC response heterogeneity is associated with baseline and treatment-dependent 871 

transcriptional states. A) B3Z responses for eight MSC preparations (S1-S8) under the 872 

indicated control, SIINFEKL, OVA, or OVA/IXA4 conditions. Based on these results, the S4 873 

and S5 populations were designated as the responders, S1/S2/S3/S6 as partial responders, and 874 

S7/S8 as non-responders. B) PCA using the 1000 most variable genes. PC1 and PC2 account 875 

for 48.8% and 27.0% of the variance, respectively. C) Hallmark enrichment across three 876 

contrasts, from left to right: responders versus non-responders at baseline; IXA4-treated versus 877 

control non-responders; and IXA4-treated versus control responders. Point size denotes -878 

log₁₀(adjusted p) and color denotes normalized enrichment score (NES). D) Heatmap of the 879 

gene set designated PERK_ATF4_REGULATES_ER_STRESS_RESPONSE, which includes 880 

genes associated with other UPR outputs. Columns identify treatment and response class. The 881 

reported reporter-assay summary is represented as mean ± SD with *p<0.05, **p<0.01, or 882 

***p<0.001. 883 

 884 

Fig. 6. XBP1 perturbation uncouples cross-presentation from XBP1s. A) Relative 885 

Atf4, Xbp1s/Xbp1, and Atf6 transcript expression measured by qPCR in untreated MSCs (Ctl), 886 

OVA, IXA4, or combined IXA4/OVA conditions. B) Baseline qPCR comparison of the same 887 

UPR-associated readouts in the S4 responsive MSC preparation, the S8 non-responsive MSC 888 

preparation, and XBP1s-overexpressing MSCs (generated using the S4 population). C) B3Z 889 

reporter responses following co-culture with Ctl MSCs or MSC-XBP1mut under the indicated 890 

B3Z, MSC, SIINFEKL, OVA, and IXA4 conditions. D) Corresponding B3Z responses from 891 

Ctl MSCs or MSC-XBP1s. E) Representative flow-cytometric profiles of surface H2-Kᵇ in Ctl 892 

MSCs, MSC-XBP1mut, and MSC-XBP1s with or without IXA4. The histograms denote isotype 893 

controls. F) Quantification of cell surface H2-Kᵇ for the indicated populations and treatments. 894 

Individual points represent individual measurements. Panels A and B have an n=5 895 
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measurements per group. For panels C and D, we have n=3 per condition, and for panel F we 896 

have n=4 per group. Quantitative data are presented as mean ± SD. Group comparisons were 897 

analyzed by one-way ANOVA as specified in the manuscript with *p<0.05, **p<0.01, or 898 

***p<0.001.    899 

 900 

Fig. 7. XBP1 state alters UPR and RIDD-associated transcripts. A) Relative Atf4, 901 

Xbp1s/Xbp1, and Atf6 transcript expression measured by qPCR in Ctl, MSC-XBP1mut, and 902 

MSC-XBP1s MSCs with or without IXA4. B) Relative expression of the UPR/XBP1-903 

associated transcripts Dnajb9 and Manf in the same populations and treatment 904 

conditions. C) Relative expression of the RIDD-associated transcripts Scara3, Col6a, 905 

and Bloc1s1. Individual points represent the plotted measurements (n=4 per group in the 906 

displayed data), and bars represent the mean ± SD. Group comparisons were analyzed by one-907 

way ANOVA as specified in the manuscript with *p<0.05, **p<0.01, or ***p<0.001.    908 

 909 

Proposed state dependence of IXA4-induced MSC cross-presentation. 910 

IXA4 conditioning promotes antigen cross-presentation in responsive MSCs through an 911 

IRE1α-associated program whose functional outcome is determined by the underlying UPR 912 

state rather than by XBP1s abundance alone. XBP1s overexpression fails to reproduce the 913 

cross-presenting phenotype, whereas Xbp1-edited MSCs retain enhanced IXA4-associated 914 

activity, supporting a state-dependent activation window in which MANF feedback and 915 

alternative IRE1 RNase outputs remain candidate regulatory mechanisms. 916 
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