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SUMMARY

Immunoproteasome-reprogrammed mesenchymal stromal cells (IRMs) can sur-
pass dendritic cells at eliciting tumor-specific immunity. However, the current
IRM vaccination regimen remains clinically unsuitable due to the relatively high
dose of IRMs needed. Since the administration of a lower IRM dose triggers a
feeble anti-tumoral response, we aimed to combine this vaccination regimen
with different modalities to fine-tune the potency of the vaccine. In a nutshell,
we found that the co-administration of IRMs and interleukin-12 accentuates
the anti-tumoral response, whereas the cross-presentation potency of IRMs is
enhanced via intracellular succinate build-up, delayed endosomal maturation,
and increased endosome-to-cytosol plasticity. Stimulating phagocyte-mediated
cancer efferocytosis by blocking the CD47-SIRPa axis was also found to enhance
IRM vaccine outcomes. Upon designing a single protocol combining the above-
mentioned strategies, 60% of treated animals exhibited a complete response.
Altogether, this is the first IRM-based vaccination study, optimized to simulta-
neously target three vaccine-related pitfalls: T-cell response, antigen cross-pre-
sentation, and cancer phagocytosis.
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INTRODUCTION

The search for new cancer vaccines highlights the essential role of cellular responses in targeting and

directly killing cancerous cells for the eradication of established tumors.1–3The major divergence between

cancer vaccines and the ones targeting infectious agents lays in the nature of the targeted antigen (e.g., self

vs. non-self, respectively).1–3 Therefore, a cancer vaccine is challenging to develop due to obstacles related

to the identification of tumor-specific antigens (TSAs) capable of generating specific, effective and persis-

tent cytotoxic T lymphocytes (CTLs) without breaking tolerance.2–7 Although substantial advances in the

search for TSAs were made, the techniques currently used for their discovery require extensive and tedious

high-throughput and next-generation sequencing protocols given the relative specificity of these TSAs to

each patient, rendering this approach relatively impractical. Therefore, a more plausible alternative is to

promote antigen cross-presentation of exogenous soluble antigens derived from patient-specific tumors

via major histocompatibility complex (MHC)I, a process normally performed by professional antigen-pre-

senting cells (APCs) such as dendritic cells (DCs). Although endogenous DCs remain the most efficient

naturally occurring APCs, ex vivo-generated monocyte-derived DCs, which are commonly used in the

clinic, exhibit suboptimal antigen cross-presentation amongst many other limitations, which explains their

clinical failure.8 By focusing on DCs to achieve better CTL activation, researchers identified a promising

CD141+XCR1+ DC subset in humans harboring exceptional cross-presentation properties.9,10 However,

the scarcity of these cross-presenting DCs makes it unsuitable for the design of optimal vaccine doses.9,10

Therefore, establishing a decent supply of an APC capable of bypassing some of the DC-related limitations

remains a central goal in the field.

In concordance with the efforts focusing on overcoming the shortcomings of DCs, we recently engineered

a new cellular vaccine by expressing the immunoproteasome (IPr) complex in mesenchymal stromal cells

(MSCs).11 Not only can these IPr-reprogrammed MSCs (IRMs, previously named MSC-IPr) behave as stable

APCs, compared to interferon (IFN)-gamma-stimulatedMSCs, but their capacity to activate CTLs surpasses
iScience 25, 105537, December 22, 2022 ª 2022 The Author(s).
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those of monocyte-derived DCs.11 Although highly efficient at eradicating established lymphoma

and melanoma tumors when combined with the anti-PD-1 immune-checkpoint blocker and the anti-4-

1BB agonist antibody, scalability issues remain a crucial barrier for their translational use in the clinic.11

For instance, all efficacy studies conducted in pre-clinical models used a large cell dose (106 cells/dose/

20g of weight), which translates to more than 3 billion cells/dose for a single 70 kg patient. Thus, optimi-

zation studies are warranted to maximize IRMs’ potency and to bring forward practical vaccination

protocols.

By testing several cellular doses and comparing delivery routes, we found that the subcutaneous (SC)

delivery of a dose as low as 5 3 103 IRMs /mouse can trigger marginal anti-tumoral responses in mice.

Starting from that point, we investigated various strategies targeting effector CTLs, IRM-mediated antigen

processing, and the tumor itself to finally establish theCIt protocol, a vaccination regimen easily adaptable

to clinical settings.

RESULTS

Immunoproteasome-reprogrammed mesenchymal stromal cells are transcriptionally similar

to dendritic cells than innate mesenchymal stromal cells

The initial rationale behind the development of IRMs (previously referred to as MSC-IPr, now branded

as IRMs to dissociate them from the suppressive ‘‘world’’ of innate MSCs) was to come-up with a

possible alternative and/or complementary tool to the commonly used monocyte-derived DCs as a

mean to prime potent anti-tumor CTLs. We thus sought to compare the molecular signature of

their antigen presentation capacity with DCs and innate MSCs in order to identify similar and/or diver-

gent gene expression profiles. Using transcriptomic data, we first assessed the extent to which IRMs

and DCs share similar gene signatures compared to innate MSCs (Figure 1A). Our combined analysis

detected 468 down- and 521 up-regulated genes at the given significance threshold (see STAR

Methods section), which overlapped between IRMs and DCs versus innate MSCs (Figure S1). For

instance, gene set enrichment analysis (GSEA) identified the gene ontology (GO) biological process

of antigen presentation by MHCI to be enriched at the top of the list for IRMs versus innate MSCs

(top panel; ES = +0.48, q-value = 0.01) and for DCs versus innate MSCs (lower panel; ES = +0.55,

q-value = 0.0035), respectively (Figure 1B). The log2 fold change of genes associated with MHCI-based

antigen presentation showed a better concordance between IRMs and DCs (Figure 1C lower panel;

spearman rho = 0.21 when considering all differentially expressed genes in IRMs and DCs; and

spearman rho= 0.54 p-value = 4.3e-6 for MHCI-based antigen presentation process GO:0042590)

compared to the background of all sequenced genes (Figure 1C upper panel). Importantly, we per-

formed clustering of significant gene expression patterns from the GO: MHCI in the euclidean space

(Figure 1D) and found IRMs to be transcriptionally similar to DCs as opposed to innate MSCs. Since

MHCI genes could be ubiquitously expressed, we further established a more holistic approach by

scoring the top 250 up- and 250 down-regulated genes, from the DCs versus innate MSCs contrast,

against the ranked list of differentially expressed genes in IRMs. The combined enrichment score

(ES = +0.48; p-value < 0.001) strongly suggests that both DCs and IRMs share similar transcriptional

regulators (Figure S2). We also found that commonly up-regulated genes are enriched for several im-

mune-related GO Biological processes (cytokine production, antigen processing, innate and adaptive

immunity - Figure S3).

The subcutaneous delivery of low-dose immunoproteasome-reprogrammed mesenchymal

stromal cells remains therapeutically active

The IRM vaccine was previously shown to elicit powerful anti-tumoral responses leading to the regression

of established T-cell lymphoma and melanoma when combined with anti-PD-1 and anti-4-1BB targeting

antibodies.11 However, the vaccine was delivered via the intraperitoneal (IP) route, which is not commonly

used in the clinic.12–15 Second, all vaccinated animals received a dose of 106 cells per injection (�20g

mouse), which translates to 3.5 3 107 cells for a 70 kg subject. Since such doses are logistically and prac-

tically difficult to achieve especially at larger scales, we next wondered if a lower IRM dose can still elicit

a therapeutic response under prophylactic settings. For this purpose, we conducted a vaccine dosing study

in syngeneic C57BL/6 mice while comparing the IP and SC routes (Figure S4A). Although a dose-depen-

dent therapeutic effect was observed with both routes, animals receiving the lowest dose (5 3 103 cells)

showed a slight delay in death with IP delivery (Figure S4B) in contrast to a 20% survival achieved using

the SC route (Figure S4C). The sum of these data highlights two important conclusions. First, it indicates
2 iScience 25, 105537, December 22, 2022



Innate MSCs IRMs DCs

C

B

Log2 Fold Change IRMs/Innate MSCs

Lo
g2

 F
ol

d
egnah

C
D

C
s/

In
na

te
M

SC
s

0 5 10-5-10

0

5

10

-5

-10

0 1 2-1

0

2.5

5.0

-2.5

D

A

BM-derived
DCs

BM-derived
Innate MSCs

BM-derived
IRMs

Similarities/divergence 
with BM-derived DCs 

and BM-derived innate 
MSCs

AnalysisRNA-seqCell Type

Position in the ranked list of genes

erocstne
mhcirne

gninnu
R

0.0

0.2

0.4

0.0
0.1
0.2
0.3
0.4
0.5

0 2500 5000 7500 10000

0 2500 5000 7500 10000

Figure 1. Comparing the molecular signature of IRMs to BM-derived DCs

(A) Schematic diagram of the workflow used in this study. DC-related transcriptomic dataset was used from GEO

(accession: GSE158783).

(B) The plot illustrates the running enrichment scores from GSEA. Upper panel: cumulative enrichment score of MHCI

genes from GO biological process in DCs vs control (innate) MSCs. Lower panel: same as the upper panel but presenting

IRM/Control comparison.

(C) The scatter plot represents pairwise log2 fold change correlations across settings. Top panel: spearman’s rank

correlation considering all genes. Lower panel: spearman’s rank correlation for the MHCI (GO:0042590).

(D) A heatmap showing euclidean-based clustering. Columns are samples from the 3 conditions (controls, IRMs and BM-

derived DCs) and rows are significantly regulated genes (up/downDEGS; FDR < 0.05) and common to both contrasts from

panel C. See also Figures S1–S3.
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that SC delivery of IRMs is superior to the IP route in eliciting an anti-tumoral response. Second, it demon-

strates a marginal, yet important, residual therapeutic effect triggered by the lowest IRM cellular dose

(equivalent to 15-20 3 106 cells/dose for a 70 kg subject), which represents an opportunity for further

improvements to maximize its therapeutic potency.
iScience 25, 105537, December 22, 2022 3
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Figure 2. Investigating the effect of IL-12 on IRM-induced anti-tumoral response

(A) Schematic diagram depicting the antigen cross-presentation assay used for cytokine screening.

(B) IFN-gamma quantification by ELISA derived from the antigen presentation assay conducted in the presence of various

pro-inflammatory cytokines.

(C) Representative flow-cytometry analysis of H2-Kb on the surface of IRMs in response to different IL-12 doses (50 and

100 ng/mL).

(D) Schematic diagram showing the study design for the prophylactic vaccination.

(E) Tumor growth curve of animals vaccinated using 5 3 103 IRMs (blue), OVA-pulsed 5 3 103 IRMs (green), and 5 3 103

OVA-pulsed IRMs combined with IL-12 administration (red). Non-vaccinated animals receiving the EG.7 tumor cells are

shown in black. Complete Response (CR) out of 10 are shown for OVA-pulsed IRMs and OVA-pulsed IRMs plus IL-12.

(F) The Kaplan-Meier survival curve of the experiment shown in panel (E).

(G) Schematic diagram showing the study design for the therapeutic vaccination.

(H) Tumor growth curve of animals with pre-established EG.7 tumors vaccinated using 5 3 103 OVA-pulsed IRMs (blue),

53 103 OVA-pulsed IRMs + anti-PD-1/anti-4-1BB antibodies (Abs) (yellow), 53 103 OVA-pulsed IRMs + IL-12 (purple), and

5 3 103 OVA-pulsed IRMs + anti-PD-1/anti-4-1BB Abs + IL-12 (red). Non-vaccinated control mice are shown in black, Abs

only treatment in green, IL-12 only in black dotted line, and Abs combined with IL-12 in gray.

(I) The Kaplan-Meier survival curve of the experiment shown in panel (E). For panel B, n = 6/group. For panels E-F and H-I,

n = 10/group. Results are represented as means with S.D. error bars, and statistical significance is represented with

asterisks: *P˂0.05, **P˂0.01, ***P˂0.001. See also Figures S4 and S5.
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Interleukin (IL)-12 is a major booster of immunoproteasome-reprogrammed mesenchymal

stromal cells-induced anti-tumoral response

To elicit a CTL response, APCs must provide three important signals to responding CD8 T cells.16,17 The

first two signals are related to antigen presentation by MHCI and co-stimulation by CD80 and/or CD86.

The third signal consists of supporting the proliferation and/or activation of stimulated T cells through

cytokine supply.16,17 We thus questioned whether the addition of various pro-inflammatory cytokines

to CD8 T cells co-cultured with antigen-pulsed IRMs could amplify their activation (Figure 2A). We

selected the best-acting gc-cytokines (IL-2, IL-7, IL-15, and IL-21) and other pro-inflammatory mediators

such as IL-1b, IL-12, and tumor necrosis factor (TNF)-alpha. Although IL-2, IL-7 and IL-15 all enhanced

IFN-gamma production by responding OT-I CD8 T cells, the highest T-cell response was reached with

IL-12 (Figure 2B). To confirm that the enhanced IL-12-mediated T-cell stimulation did not result from a

direct increase in MHCI expression, IRMs were first treated with IL-12 and then assessed for their cell sur-

face expression level of MHCI in response to ascending IL-12 doses, and we detected no changes (Fig-

ure 2C). As such, we next designed a prophylactic vaccination experiment using the lowest IRM cell dose

(5 3 103) combined with an IL-12 regimen delivered during weeks 1 and 3 following the first vaccination

(Figure 2D). Interestingly, the IL-12/IRM combination intensified the potency of the vaccine (Figure 2E)

with a survival rate of 100% in contrast to 30% with the IRMs only group (Figure 2F). This observation pro-

vided the impetus to further test this protocol in a therapeutic setting, which would include the use of

anti-PD1 and anti-4-1BB (Figure 2G) as previously reported.11 Although the vaccination of EG.7 tumor-

bearing mice with 5 3 103 IRM cells combined with anti-PD1/anti-4-1BB (yellow line) led to moderate de-

lays compared to the higher delays seen with the IRM/IL-12 combo (purple line- Figures 2H, 2I, S5A),

100% of animals remained alive when IRMs, IL-12, and anti-PD1/4-1BB antibodies were administered

together (red line - Figures 2H, 2I and S5A). Notably, 40% of treated animals exhibited a complete

response (CR) using this combination strategy (Figure S5A). These data clearly indicate that anti-PD-1/

4-1BB combined with IRM-induced anti-tumoral immunity can synergize with IL-12 and potentially other

powerful pro-inflammatory mediators.

Targeting succinate production or endosomal maturation improves the therapeutic potency

of immunoproteasome-reprogrammed mesenchymal stromal cells

We have previously reported that it is indeed possible to pharmacologically enhance or instill the process

of antigen cross-/presentation in both IRMs and innate MSCs.11,18,19 As such, we next investigated whether

the antigen cross-presentation ability of IRMs could be pharmacologically enhanced following a mono- or

combinatory treatment. For instance, by enhancing the succinate metabolite, production of reactive

oxygen species (ROS) can be augmented, which would directly promote the expression of the pro-inflam-

matory transcription factor hypoxia-inducible factor (HIF)-1a, and, ultimately, pro-inflammatory cytokine

production.20–23 Furthermore, accumulation of succinate can trigger the production of several pro-inflam-

matory cytokines, including IL-1b, IL-2, IL-12, and IL-18.20 Thus, intracellular succinate levels can be

enhanced in IRMs via treatment with methylmalonic acid (MMA) to block succinate dehydrogenase.

Another strategy to pharmacologically enhance the cross-presentation potency of IRMs is to treat them
iScience 25, 105537, December 22, 2022 5
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Figure 3. Evaluating the therapeutic potency of pharmacologically enhanced IRMs

(A) Identifying the MTD for MMA on IRMs.

(B) Identifying the MTD for CQ on IRMs.

(C) Identifying the MTD of TC on IRMs.

(D) Representative flow-cytometry analysis of H2-Kb on IRMs in response to MMA treatment.
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Figure 3. Continued

(E) Representative flow-cytometry analysis of H2-Kb on IRMs in response to CQ treatment.

(F) Representative flow-cytometry analysis of H2-Kb on IRMs in response to TC treatment.

(G) IFN-gamma quantification by ELISA derived from the antigen presentation assay conducted using pharmacologically enhanced IRMs.

(H) Schematic diagram showing the study design for the therapeutic vaccination.

(I) Tumor growth curve of animals vaccinated using 5 3 103 OVA-pulsed IRMs (gray), 5 3 103 IRMs + Abs (purple), 5 3 103 OVA-pulsed CQ-treated IRMs

(green), 53 103 OVA-pulsedMMA-treated IRMs (red), 53 103 OVA-pulsed CQ-treated IRMs + Abs (blue), and 53 103 OVA-pulsedMMA-treated IRMs + Abs

(yellow). Non-vaccinated animals receiving the EG.7 tumor cells are shown in black whereas animals receiving the Abs only treatment are shown in the dotted

black line.

(J) The Kaplan-Meier survival curve of the experiment shown in panel (I). For panels A-C, n = 3/group. For panel G, n = 4/group. For panels I-J, n = 10/group.

Results are represented as means with S.D. error bars, and statistical significance is represented with asterisks: *P˂0.05, **P˂0.01, ***P˂0.001.
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with chloroquine (CQ) to delay endosomal maturation and limit endo-lysosomal-mediated degradation of

internalized antigens.11 Our third pharmacological approach would consist of treating IRMs with tranylcy-

promine (TC), a drug capable of specifically inhibiting the lysine-specific histone demethylase 1 (LSD1)

complex to ensure an effective increase and/or stabilization of MHCI cell surface levels.18 Following the

identification of the maximum tolerated dose (MTD) for each of the three compounds (Figures 3A–3C),

flow-cytometry assessment of IRMs revealed a substantial increase of cell surface H2-Kb in response to

MMA and TC (Figures 3D and 3F). Surprisingly, however, only MMA and CQ enhanced the responsiveness

of co-cultured OT-I T cells with no detectable effect observed with TC treatment (Figure 3G) despite its

induced H2-Kb increase observed earlier (Figure 3F). Furthermore, the combination of all three drugs

led to lower T-cell activation compared to MMA and/or CQ treatments suggesting a potential

competing/negative effect mediated by TC when added to the mix (Figure 3G). These results led us to

next test these pharmacologically stimulated IRMs in the context of therapeutic vaccination against

EG.7 T-cell lymphoma (Figure 3H). Although an overall delay in tumor growth was observed in all IRM-

treated groups, the effect was more pronounced with CQ- or MMA-treated IRMs combined with anti-

PD-1/4-1BB (Figures 3I and 3J). These data clearly indicate that targeting succinate production (using

MMA) or delaying endosomal maturation (using CQ) can enhance the potency of IRMs, but only when com-

bined with anti-PD-1 and anti-4-1BB targeting antibodies.

Stimulating endosome-to-cytosol release enhances immunoproteasome-reprogrammed

mesenchymal stromal cells-induced immunity

The entrapment of captured biomolecules in the endosomal compartment is a major deterrent to the ef-

ficacy of various therapeutic modalities including cellular vaccines.24,25 This led us to speculate that

breaking endosomal membranes to release captured proteins could further promote antigen cross-pre-

sentation and T-cell activation. To validate this hypothesis, we used an endo-osmolytic peptide derived

from the membrane-lytic spider venom M-lycotoxin (Figure 4A).26 Of the three tested peptide sequences

(Figure 4B), p3 led to the strongest T-cell response (Figures 4B and 4C). We next used two different assays

to confirm that p3 triggers indeed endosomal escape. The first assay consists of pulsing IRMs with the cyto-

plasmic dye coumarin-cephalosporin-fluorescein (4)-acetoxymethyl (CCF4-AM) and recombinant b-lacta-

mase.27 If the endosomal membranes are damaged, recombinant b-lactamase diffuses to the cytoplasm

and cleaves CCF4-AM triggering an alternative Fluorescence Resonance Energy Transfer (FRET) signal

(Figure 4D), which was indeed detected by flow cytometry in p3-treated IRMs (Figure 4E). The second assay

follows the same concept except that it uses recombinant cytochrome (rCyt)-C as a mean to trigger

apoptosis. In other words, when rCyt-C is captured, it is entrapped within endosomes unless released

through the action of p3, consequently triggering cell death by apoptosis as shown in our analysis

(Figures 4F and 4G). Another salient observation of p3 is its capacity to increase both antigen capture

(Figures 4H and 4I) and internal processing (Figures 4J and 4K). The sum of these p3-mediated effects

correlates with an improved therapeutic potency observed in mice with pre-established EG.7 tumors

(blue line - Figures 4L and 4M). We can thus claim that stimulating endosome-to-cytosol release of

captured proteins is beneficial to the anti-tumoral activity of IRMs.

Blocking the CD47-SIRPa axis enhances immunoproteasome-reprogrammed mesenchymal

stromal cells-induced immunity

The modulatory function of MSCs is commonly attributed to their immune-suppressive secreatome.28–31

However, two recent reports provided clear evidence that MSC-induced immune-suppression is mediated

by endogenous phagocytes following efferocytosis of infused MSCs.32,33 Although this efferocytosis pro-

cess is believed to be mainly driven by cell surface phosphatidylserine, MSCs and IRMs can also express
iScience 25, 105537, December 22, 2022 7
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Figure 4. Eliciting endosomal leakage in IRMs enhances their anti-tumoral immunity

(A) Schematic diagram of the mode of action of the used cationic peptide.

(B) The sequences of all three tested cationic peptides and their impact on antigen cross-presentation by IRMs at two

different concentrations.

(C) Antigen presentation assay conducted using p3-treated IRMs. The doses tested are: 17.5, 50, 100, 150, and 200 mM.

The black bars represent the antigen presentation assay supplemented with the p3 peptide. White bars represent the

same condition without the p3 peptide.

(D) Schematic diagram of the CCF4-based assay.

(E) Flow-cytometry analysis of b-lactamase/CCF4-pulsed IRMs in the presence (white histogram) or absence (gray

histogram) of p3.

(F) Flow-cytometry analysis of apoptosis induced in IRMs following rCyt-C and p3 treatment.
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Figure 4. Continued

(G) The MFI of the signal presented in panel (F).

(H) Flow-cytometry analysis of OVA-AF647 capture by IRMs following p3 treatment.

(I) The MFI of the signal presented in panel (H).

(J) Flow-cytometry analysis of OVA-DQ processing by IRMs following p3 treatment.

(K) The MFI of the signal presented in panel (J).

(L) Tumor growth curve of animals vaccinated using 5 3 103 OVA-pulsed IRMs (yellow), 5 3 103 IRMs + Abs (black dotted

line), 5 3 103 OVA-pulsed IRMs + p3 (green), and 5 3 103 OVA-pulsed IRMs + p3 + Abs (blue). Non-vaccinated animals

receiving the EG.7 tumor cells are shown in black whereas animals receiving the Abs treatment only are shown in red.

(M) The Kaplan-Meier survival curve of the experiment shown in panel (L). For panels L-M, n = 10/group. Results are

represented as means with S.D. error bars, and statistical significance is represented with asterisks: *P˂0.05, **P˂0.01,
***P˂0.001.
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counter-acting ‘‘don’t eat me’’ signals such as CD47, which can quench efferocytosis by binding to

signal regulatory protein alpha (SIRPa) on the surface of myeloid cells.34 We thus exploited this approach

to transfer all IRM-containing immunogenic peptides/antigens to resident phagocytes as a mean to ensure

effective T-cell stimulation in case infused IRMs fail to survive long enough to prime a CTL response. As

expected, pre-treating IRMs with anti-CD47 antibodies prior to their infusion (Figure 5A) impacts anti-tu-

moral immunity (red versus blue lines - Figures 5B and 5C). Besides, CD47 was also strongly expressed

on the surface of EG.7 tumor cells (Figure 5D). This is particularly important as CD47 neutralization is central

to enhance cancer cell efferocytosis by resident phagocytes (Figure 5E).35–41 This begs the question: can

anti-CD47 antibody co-administration improve the therapeutic potency of the IRM vaccine? When tested

in a therapeutic vaccination study (Figure 5F), the IRM/anti-CD47 combo was found to delay tumor growth,

but to a weaker extent compared to the group receiving in addition the anti-PD-1 and anti-4-1BB (green

versus red lines - Figure 5G). In fact, all mice in the IRM/anti-CD47 group died by day 36 in contrast to a

40% survival rate when combined with anti-PD-1/4-1BB (Figure 5H). These data not only provide a new

possible combo for IRM-based vaccination but also highlight an important role for the CD47-SIRPa axis

during antigen presentation.

Combining all tested strategies annihilates tumor growth

We have tested so far multiple combination strategies in our pursuit of a vaccination protocol capable of

eradicating tumors using low-dose IRMs.Consistentwith this idea,wenext conductedan antigen-presentation

assay combining these pharmacological treatments. Although IL-12 combined with MMA or CQ leads to

similar T-cell activation outcomes, these co-treatments were stronger than the IL-12/p3 combo (Figure 6A).

Nevertheless, the highest T-cell activation response was observed when MMA, CQ, p3, and IL-12 were all

combined (Figure 6A). To validate the potency of this combination in vivo, we designed a study where EG.7

tumor-bearingmice first received the anti-CD47 antibody followed by low-dose pharmacologically stimulated

IRMs along with anti-PD-1/4-1BB and IL-12 (Figure 6B). This protocol revealed that pharmacologically

enhanced IRMs delivered alone result in the same tumor growth delay as treatment with all three antibodies

(anti-CD47, anti-PD-1, and anti-4-1BB) delivered with IL-12 (Figure 6C). Remarkably, pharmacologically

enhanced IRMs combined with IL-12 and all three antibodies controlled tumor growth in all mice with a

100% survival rate and 60% CR reached by the end of the experiment (Figures 6C, 6D, and S5B). Thus, low-

dose IRMs can be effectively used as part of a multifactorial vaccination protocol targeting endogenous

CTLs (anti-PD-1/4-1BB and IL-12), IRMs (MMA, CQ, and p3), and tumor cells (anti-PD-1 and anti-CD47).

DISCUSSION

The development of DC-based vaccines capable of eliciting tumor-specific CTLs remains a central goal for

controlling pre-established tumors. Despite significant improvements, clinical responses to DC vaccines

remain largely frail due to hurdles related to insufficient antigen cross-presentation, impairedmigratory ca-

pacity, and/or weak cytokine release.42–48 With these limitations in perspective, we engineered IRMs, a type

of non-hematopoietic APCs capable of surpassing DCs at mounting potent anti-tumoral responses against

both murine T-cell lymphoma and melanoma caused by EG.7 and B16 cells, respectively.11 Although ex-

hibiting impressive potencies in pre-clinical models, the IRM vaccination protocol used so far is logistically

impractical. We thus tested different therapeutic modalities targeting CTLs activation, IRMs function, and

the tumor itself to establish the CIt protocol.

Pro-inflammatory cytokines play central roles in defining and/or amplifying induced CTL responses,17

which is why we thought of combining them with low-dose IRM vaccination. In fact, multiple DC vaccines
iScience 25, 105537, December 22, 2022 9
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Figure 5. Enhancing efferocytosis through CD47 neutralization is beneficial to IRMs activity

(A) Schematic diagram depicting the rationale for using anti-CD47 directly on IRMs.

(B) Tumor growth curve of animals vaccinated using 53 103 OVA-pulsed IRMs pre-treated with isotype control (blue), and

5 3 103 OVA-pulsed IRMs pre-treated with anti-CD47 (red). Non-vaccinated animals receiving the EG.7 tumor cells are

shown in black.

(C) The Kaplan-Meier survival curve of the experiment shown in panel (B).

(D) Representative flow-cytometry analysis of CD47 on the surface of EG.7 tumors.

(E) Schematic diagram depicting the rationale for co-delivery of anti-CD47 with IRMs.

(F) Schematic diagram showing the study design for the therapeutic vaccination combining anti-CD47.
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Figure 5. Continued

(G) Tumor growth curve of animals vaccinated using 5 3 103 OVA-pulsed IRMs (gray), 5 3 103 IRMs + anti-CD47 (green),

5 3 103 OVA-pulsed IRMs + Abs (blue), and 5 3 103 OVA-pulsed IRMs + all Abs (red). Non-vaccinated animals receiving

the EG.7 tumor cells are shown in black, Abs only treatment in dotted black line, anti-CD47 only treatment in purple, and

all Abs combined in yellow.

(H) The Kaplan-Meier survival curve of the experiment shown in panel (G). For panels B, C, G, and H, n = 10/group. Results

are represented as means with S.D. error bars, and statistical significance is represented with asterisks: *P˂0.05, **P˂0.01,
***P˂0.001.
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were previously delivered in combination with IL-2, IL-18, or granulocyte-macrophage colony-stimulating

factor.49–52 Antigen cross-presentation was even improved using ex vivo FMS-like tyrosine kinase 3 ligand-

differentiated DCs53 More importantly, cross-presenting human CD141+ dendritic cells (cDC1) were re-

ported to promote type 1 immune responses through intrinsic IL-12 secretion.54 This perfectly correlates

with the pronounced anti-tumoral effects we observed when the IRM/antibody combo is co-delivered

with IL-12. Notably, the enhanced in vitro T-cell activation observed using both IL-7 and IL-15 suggests

that combing both of these two cytokines with IRM vaccination may not only lead to potent anti-tumoral

responses, but can also trigger a long-term protection given their supportive role in memory develop-

ment.55 IL-2, on the other hand, is a strong inducer of CTL proliferation, but the high affinity of this cytokine

to the trimeric IL-2 receptor (CD25-CD122-CD132) expressed on the surface of steady state Tregs limits its

therapeutic efficacy.56 This outcome can be bypassed with the use of IL-2 muteins such as NKTR-214 (Nek-

tar Therapeutics), SAR444245 (Sanofi), or NL-201 (Neoleukin), which are specifically engineered to activate

NK/naive CD8 T-cells while avoiding Treg stimulation.57–61 Overall, novel combinations can be designed

and tested using various other cytokines, chemokines or even fusokines (the fusion of two unrelated

cytokines/chemokines) to mold IRM-elicited immune responses.62–65

Regulating protein proteolysis can directly affect antigen cross-presentation.66 For example, the SNARE

protein SEC22B can reduce antigen degradation in DCs by inhibiting the recruitment of lysosomal

machinery to endosomes.67 Likewise, knocking-out the YTHDF1 protein, which normally stimulates the

degradation of internalized antigens by promoting the activity of lysosomal cathepsins, enhances DCs’

cross-presentation capacity without altering their development, expression of co-stimulatory proteins or

cytokine secretion.68 Given the important role of endosomal activity/function on antigen cross-presenta-

tion, we pharmacologically treated IRMs with CQ to delay endosomal maturation to preserve captured

OVA from non-specific degradation normally mediated by proteases activated during endosomal matura-

tion.11 This approach enhanced indeed the potency of IRMs when combined with anti-PD-1 and anti-4-1BB.

In line with the same idea, we used the endo-osmolytic p3 to promote endosome-to-cytosol release of the

antigen where it can be processed by the proteasomal machinery and found similar beneficial effect on the

vaccine response.26 The rationale for treating IRMs with MMA, on the other hand, was different as this drug,

although not known to alter antigen proteolysis, blocks the conversion of succinate to fumarate in the Krebs

cycle20 As a result, succinate builds up and inhibits HIF-1a degradation by the prolyl hydroxylase

domain resulting in enhanced cross-presentation and CTL stimulation due to increased expression of

H2-Kb/H2-Db and IL-12 respectively.11,20 Although the chosen pharmacological treatments highlight a

major role for endosomes in antigen cross-presentation, additional studies targeting recycling endosomes

or regulating intracellular endosomal trafficking using known or novel compounds identified by high-

throughput screening assays may pave the path for additional strategies promoting antigen cross-

presentation.69,70

Attenuating tumor-driven suppression of T cells represents another viable therapeutic approach for cancer

vaccination.71 For instance, RNAi or CRISPR-Cas9 can both be used to knockdown inhibitory genes in IRMs

to reinvigorate exhausted T cells.71 However, this approach is technically challenging for twomain reasons.

To start, this strategy can ensure the absence of these immune-checkpoints on the surface of IRMs but will

have no impact on their expression on the surface of endogenous responding CTLs. Second, this implies

another genetic engineering step, which adds another layer of complexity to IRM generation especially if

one envisions the design of this vaccine on a patient-to-patient basis. Thus, the co-administration of the

IRM vaccine with different antibodies targeting one or multiple checkpoints represents a more plausible

alternative to improve vaccine efficacy. In fact, IRM vaccination studies testing several immune-checkpoint-

and agonist-specific antibodies revealed both anti-PD-1 and anti-4-1BB to be beneficial even when a lower

IRM dose was combined with cytokines or pharmacological treatments.11 To further enhance the versatility

of the IRM vaccine, we also investigated the importance of inhibiting the binding of the CD47 ‘‘don’t eat
iScience 25, 105537, December 22, 2022 11
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Figure 6. Pharmacologically enhanced IRMs combined with IL-12 and all tested antibodies eradicate established

tumors

(A) IFN-gamma quantification from an antigen presentation assay testing treatment with IL-12, MMA, CQ, and p3 as a

single treatment with IRMs or in combination.

(B) Schematic diagram showing the study design for the final therapeutic vaccination.

(C) Tumor growth curve of animals vaccinated using 5 3 103 pharmacologically enhanced (Mix: CQ, MMA and p3) OVA-

pulsed IRMs (purple) versus 53 103 IRMs pharmacologically enhanced OVA-pulsed IRMs combined with IL-12 and all Abs

(red). Non-vaccinated animals receiving the EG.7 tumor cells are shown in black, pharmacologically enhanced (Mix) IRMs

(no OVA) in green, and all Abs combined with IL-12 in blue.

(D) The Kaplan-Meier survival curve of the experiment shown in panel (G). For panels C and D, n = 10/group. Results are

represented as means with S.D. error bars, and statistical significance is represented with asterisks: *P˂0.05, **P˂0.01,
***P˂0.001.
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me’’ signal to the SIRPa receptor on macrophages as a means to amplify the immune attack on cancer cells,

as anti-CD47 monotherapy was previously shown to be beneficial against leukemia, glioblastoma, cervical

and ovarian cancer.35–41 Altogether, investigating additional therapeutic antibodies in development can

potentially unveil combos with unheralded synergistic effects.
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Limitations of the study

The future of cancer vaccination relies on the design of novel combination strategies. The CIt protocol

may represent a starting point as it sums up and brings forward a ‘‘three-step’’ approach. Our study is

however limited by three main factors. First, our antigen presentation assay identified a series of pro-in-

flammatory cytokines (IL-2, IL-7, and IL-15) capable of boosting T-cell activation in vitro. However, their

real potency could only be assessed using in vivo models. Likewise, we cannot preclude a powerful anti-

tumoral effect if IL-1 or TNF-alpha are co-administered in vivo despite inapparent in vitro activity.

Second, our cellular vaccine requires the use of three therapeutic antibodies. So far, only anti-PD1 (Pem-

brolizumab or Nivolumab), anti-PD-L1 (Atezolizumab or Avelumab), and anti-CTLA4 (Ipilimumab) are

clinically approved. Thus, the CIt protocol may be adapted to the future design of vaccines upon

approval of the anti-CD47, anti-41BB, and potentially other antibodies currently in development. Finally,

all in vivo studies were conducted using a single tumor model (EG.7 lymphoma). Therefore, it will be

important to conduct follow-up studies using several different tumor models to demonstrate larger

applicability of this vaccination protocol.
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Däbritz, J.H.M., Gottlieb, E., Latorre, I., et al.
(2016). Succinate dehydrogenase supports
metabolic repurposing of mitochondria to
drive inflammatory macrophages. Cell 167,
457–470.e13. https://doi.org/10.1016/j.cell.
2016.08.064.

23. Ryan, D.G., and O’Neill, L.A.J. (2017). Krebs
cycle rewired for macrophage and dendritic
cell effector functions. FEBS Lett. 591, 2992–
3006. https://doi.org/10.1002/1873-3468.
12744.

24. El-Kadiry, A.E.H., Beaudoin, S., Plouffe, S.,
and Rafei, M. (2022). Accum� technology: a
novel conjugable primer for onco-
immunotherapy. Molecules 27, 3807. https://
doi.org/10.3390/molecules27123807.

25. Bikorimana, J.P., Salame, N., Beaudoin, S.,
Balood, M., Crosson, T., Abusarah, J., Talbot,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BV421 Mouse Anti-Mouse H-2K[b] BD Biosciences Cat#: 562942, RRID:AB_2737908

Anti-CD47 Bio X cell Cat#: BE0270, RRID:AB_2687793

InVivoMAb anti-mouse PD-1 (CD279) Bio X cell Cat#: BE0146,

RRID:AB_10949053

InVivoPlus anti-mouse 4-1BB (CD137) BioXCell CAT# BP0239, RRID:AB_2924874

Chemicals, peptides, and recombinant proteins

Recombinant Murine IL1b PeproTech Cat#: 211-11B

Recombinant Murine IL-2 PeproTech Cat#: 212-12

Recombinant Murine IL-7 PeproTech Cat#: 217-17

Recombinant Murine IL-12 p70 PeproTech Cat#: 210-12

Recombinant Murine IL-15 PeproTech Cat#: 210-15

Recombinant Murine IL-21 PeproTech Cat#: 210-21

Recombinant Murine IFN-g PeproTech Cat#: 315-05

Recombinant Murine TNF-alpha PeproTech Cat#: 315-01A

Albumin from chicken egg white Sigma-Aldrich Cat#: A5503

Accutase� solution Sigma-Aldrich Cat#: A6964

Cytochrome c from equine heart Sigma-Aldrich Cat#: C2506

Chloroquine diphosphate salt Sigma-Aldrich Cat#: C6628

Methylmalonic acid Sigma-Aldrich Cat#: M54058

CCF4-AM ThermoFisher Scientific Cat#: K1029

DQ� ovalbumin ThermoFisher Scientific Cat#: D12053

Ovalbumin, Alexa Fluor� 647 Conjugate ThermoFisher Scientific Cat#: O34784

Bovine Serum Albumin (BSA) Bio Basic Canada Inc. CAS#: 9048-46-8

b-Mercaptoethanol Gibco Cat#: 21985023

Sodium Pyruvate Multicell Cat#: 600-110-EL

Fetal Bovin Serum (FBS) Multicell Cat#: 090150

Phosphate Buffered Saline (PBS) Multicell Cat#: 311-010-CL

RPMI 1640 Multicell Cat#: 350-000-CL

Penicillin/ Streptomycin Multicell Cat#: 450-201-EL

L-glutamine Multicell Cat#: 609-065-EL

HEPES Multicell Cat#: 330-050-EL

MEM essential amino acid Multicell Cat#: 321-011-EL

DMEM Multicell Cat#: 319-005-CL

Critical commercial assays

RNeasy Mini Kit50 Qiagen Cat#:74104

Mouse IFN-gamma Quantikine ELISA Kit R&D systems Cat#: MIF00

EasySep�Mouse CD8a Positive Selection Kit II Stemcell Technologies Cat#:18753

APC Annexin V Apoptosis Detection Kit with PI BioLegend Cat#: 640932

Deposited data

RNA-seq data (MSCs, IRMs) GEO GSE183055

RNA-seq Data (DCs) GEO GSE158783

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Mouse: E.G7-OVA [derivative of EL4] ATCC ATCC Cat# CRL-2113,

RRID: CVCL_3505

Experimental models: Organisms/strains

Mouse: C57BL/6NCrl The Jackson Laboratory Strain #000664

Mouse: OT-I (C57BL/6-Tg

(TcraTcrb)1100Mjb/J)

The Jackson Laboratory Strain #003831

Recombinant DNA

IWLTALKFLGKHAAKHLAKQQLSKL-C Genscript N/A

IWLTALKFLGKHAAKHDAKQQLSKL-C Experimental models: Cell lines N/A

IWLTALKFLGKHAAKHEAKQQLSKL-C Genscript N/A

Software and algorithms

FlowJo v10 FlowJo� https://www.flowjo.com/solutions/

flowjo/downloads

Prism-GraphPad GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Bioinformatics software(s) R statistical programming

Other packages

Pheatmap Ggplot2 ClusterProfiler

https://www.r-project.org/https://cran.r-

project.org/web/packages/pheatmap/

index.html

https://cran.r-project.org/web/packages/

ggplot2/index.html

https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Moutih Rafei (moutih.rafei.1@umontreal.ca).
Materials availability

The IRM cells used in this study will be made available on request, but we may require a payment and/or a

completed Material Transfer Agreement if there is potential for commercial application.

Data and code availability

d RNA-seq data have been deposited at GEO and are publicly available as of the date of publication.

Accession numbers are listed in the key resources table. Database: GSE183055, GSE158783.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

d This paper does not report original code. Any analyses applied are based on previously available soft-

ware and established R packages, primarily, custom R scripts: https://www.R-project.org/, ggplot2

and cluster profiler.72
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice strains

For all experiments, six- to ten-week-old female C57BL/6 and OT-1 (B6.129P2-H2-K1tm1Bpe H2-D1tm1Bpe/

DcrJ) were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). The mice were housed and

maintained in accordance with the guidelines approved by the Animal Care Committee of Université de

Montréal in a pathogen-free environment at the animal facility of the Institute for Research in Immunology
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and Cancer (IRIC). Animal protocols were approved by the Animal Care Committee of Université de

Montréal.

Cell lines

Tumor cells EG.7 used in this study were a kind gift from Dr. Jacques Galipeau (University of Wisconsin-

Madison, WI, USA). E.G7 cells were cultured RPMI 1460 supplemented with 2 g/L Glucose, 10% FBS,

50 U/mL Penicillin-Streptomycin, 2 mM L-glutamine, 10mM HEPES, 1mM Sodium Pyruvate, and 0.5 mM

b-Mercaptoethanol, and kept under selection using 80 mg/mL of G418.

IRM engineering

IRM cells were previously generated by engineering bone marrow derived MSCs in the lab of Dr. Moutih

Rafei as detailed by Abusarah et al.11 Briefly, bone marrow derived primary MSCs were isolated from the

femur of a female C57BL/6 mouse, expanded and evaluated for the expression of CD44, CD45, CD73,

CD90 and CD105 and for their osteogenic and adipogenic differentiation. To engineer the MSCs, a

construct containing the three inducible subunits of the murine immunoproteasome (b1i, b2i, and b5i)

separated by the viral T2A sequence was generated and co-transfected along with the VSV-G vector en-

coding the envelop protein into the retroviral packaging cell line GP2-293 using PolyFect� according to

the manufacturer’s protocol. A concentrated dose of the retrovirus was produced by ultracentrifugation

of the cell supernatant containing the virus which was collected at 48- and 72-h post-transfection. Early pas-

sageMSCs were plated at 50–60% confluency in a 12 well plate and transduced overnight using media con-

taining the concentrated virus. The initial transduction was followed by two more transductions after the

recovery and proliferation of the cells. Upon verifying successful transduction and expression of the three

subunits of the immunoproteasome via immunoblotting, the cells were re-evaluated for the expression of

CD44, CD45, CD73, CD90 and CD105 and for their osteogenic and adipogenic differentiation.11 Success-

fully transduced MSCs, now referred to as IRMs, were sorted, expanded and frozen in liquid nitrogen. The

same steps were followed, but using the construct backbone, to generate the control (Ctrl) MSCs for this

study. All cells were maintained at 37�C in a 5% CO2 incubator. All cell culture media and reagents were

purchased from Wisent Bioproducts (St-Bruno, QC, Canada).

Routing and dosing studies

To identify the best dosing and route of administration for all subsequent in vivo studies, C57BL/6-derived

IRMs were tested at various doses (1.0, 0.5, 0.25, 0.1, 0.05, or 0.0053 106 cells) and delivered to each mouse

on days 0 and 14. Cells were injected either via IP or SC route. Two weeks following the second immuniza-

tion, each mouse received an SC injection containing 5 3 105 EG.7 tumor cells. Tumor size and animal

survival was followed thereafter until reaching endpoints (ulceration or a tumor volume R1000 mm3).

Control mice received the challenge with tumor cells only. The mice were monitored for up to 6 weeks.

Partial response was defined as mice with delayed or controlled/stabilized tumor growth whereas

complete response implied tumor regression following treatment.

Vaccination studies

For animal vaccination, IRMs were pulsed with 5 mg/mL OVA for 9 h. At the end of pulsation time, the cells

were washed with PBS, detached using Accutase�, then counted and washed twice with PBS to prepare

them for injection. For prophylactic vaccination, each C57BL/6 mouse received 5 3 103 cells delivered

by SC injection, (n=10/group). The mice in each vaccination group received two doses of the same vaccine

on days 0 and 14 (on the same flank). Two weeks following the second dose (day 28), the mice were chal-

lenged with 5 3 105 E.G7 tumor cells delivered via SC injection (same flank). For all experiments related to

the use of IL-12, the cytokine dose was 0.005 mg/kg, administered IP 3 times per week following the first

and second injections on days 0 and 14. Control mice received two PBS injections instead of IRMs whereas

control mice received tumor cells alone. For therapeutic vaccination, C57BL/6 mice (n=10/group) were first

SC-implanted with 2 3 105 EG.7 tumor cells. Three days later (or after appearance of palpable tumors with

an average size of�10–30mm3), themice were SC-injected on the same flank with 53 103 IRMs pulsed with

5 mg/mL OVA for 9h and prepared as mentioned above. Each mouse received two injections separated by

1 week. Control mice received tumor cells alone. For vaccination studies involving MMA, CQ and p3 treat-

ments, IRMs were treated in vitro with these agents before or during pulsing for 9h. When the cells were

ready to be injected, they were detached using Accutase�, washed, and injected into animals. IL-12 or anti-

body treatments were then delivered according to provided schedules. Tumor size and animal survival was
iScience 25, 105537, December 22, 2022 19
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followed thereafter using a digital caliber until reaching endpoints (ulceration or a tumor volume R

1000 mm3). For vaccination studies using CD47-treated IRMs, the cells were first incubated with the anti-

CD47 antibody at a dilution of 1:200 for 20 min at 4�C. Following incubation time, the cells were washed

twice with PBS prior to SC delivery. For vaccination in combination with the immune-checkpoint inhibitor

(anti-PD-1), the antibody agonist (anti-4-1BB) or the efferocytosis-blocking anti-CD47 antibody, all anti-

bodies or their relative isotype were delivered IP at 200 mg/mouse 3 times per week for two consecutive

weeks. All vaccinated animals were monitored for up to 6 weeks.

METHOD DETAILS

MTD identification

To identify the MTD for CQ, MMA and TC, 5 3 104 plated IRMs were treated with ascending doses of the

compounds for 24 h. Treated cells were then washed, detached using Accutase� and counted using Try-

pan Blue to differentiate between live and dead cells. The highest dose with no cell toxicity or decreased

proliferation effects was selected for subsequent studies.

Antigen cross-presentation assay

The antigen cross-presentation assay using theOVA protein was performed according to the protocol pub-

lished by Abusarah et al.11 Briefly, 1.5 3 104 IRMs were seeded per well in a 24-well plate. Adherent cells

were pulsed on the following day with 5 mg/mL of OVA for 9 h followed bymedia removal, and the addition

of 1 3105 CD8 T-cells purified from the spleen of an OT-I mouse using positive selection kit according to

the manufacturer’s instructions. For experiments testing the effects of CQ, MMA, or TC, the treatments

were initiated 12 h prior to OVA pulsing. The drugs were present during OVA pulsing incubation period.

For the cationic peptides, 100 mM were mixed directly with the OVA protein prior to IRM pulsing. The su-

pernatants of the co-cultures were collected three days later, then quantified for IFN-gamma production

using aQuantikine ELISA kit followingmanufacturer’s instructions. For antigen presentation assay conduct-

ed in the presence of cytokines, each corresponding cytokine was added with the OT-I T cells (following

OVA pulsing and washing) at the following concentrations: IL-1b (0.01 ng/mL), IL-2 (0.4 ng/mL), IL-7

(0.3 ng/mL), IL-12 (0.1 ng/mL), IL-15 (15 ng/mL), IL-21 (8 ng/mL) and TNF-a (0.05 ng/mL). All used concen-

trations were previously identified using an antigen presentation assay.

Evaluating antigen uptake and processing by IRMs

OVA uptake and processing was conducted following a previously published protocol.11,18,19,25 Briefly,

4 3 104 IRMs/well were plated in a 12-well plate. On the following day, 1 mg/mL of Alexa Fluor�
647-conjugated OVA was mixed with the selected cationic peptide at 100 mM prior to its addition on

IRMs for 9h. At the end of the incubation period, IRMs were detached using Accutase� and washed

twice with cold 2% FBS in PBS prior to monitoring their fluorescence using BD FACS Diva on CANTOII.

For evaluating the processing of the OVA protein, 10 mg/mL OVA-DQ was mixed with 100 mM of the

cationic peptide prior to IRM pulsing. The cells were washed 30 min later, and regular media was added.

Two hours later, the treated cells were detached and washed with cold PBS containing 2% FBS prior to

fluorescence signal monitoring using BD FACS Diva on CANTOII and analyzed using FlowJoV10.

Assessment of endosomal damages in response to cationic peptide treatments

Endosomal leakage was assessed using two different approaches; the first strategy utilizes the FRET sensor

CCF4-AM, a b-lactamase substrate. Briefly, IRMs were treated with 1 mM CCF4-AM for 1 h followed by the

addition of 10 mg/mL of b-lactamase in the presence or absence of one of the three cationic peptides (at

concentration of 100 mM) for 3 h at 37�C. The cells were then washed, and fresh media added for an incu-

bation period of 16 h at 37�C. The loss of FRET signal between the coumarin (donor) and fluorescein

(acceptor) fluorophores was quantified by flow cytometry. For the apoptosis assay, 105 IRMs were first sup-

plemented with 10 mg/mL of exogenous rCyt-C for 6 h at 37�C in the presence or absence of the cationic

peptide (at the concentration 100 mM). Once the incubation period completed, the cells were collected

using Accutase�, washed with ice cold PBS, then stained for Annexin-V according to manufacturer’s in-

structions prior to analysis using BD FACS Diva on CANTOII.

RNA extraction and sequencing

Total RNA was isolated from 106 cells for each group using RNeasy�mini kit (QIAGEN) according to man-

ufacturer’s instructions. The collected RNA was then evaluated for contamination using nanodrop to read
20 iScience 25, 105537, December 22, 2022
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260/280 and 260/230 ratios, quantified using QuBit (ABI) and the quality assessed with the BioAnalyzer

Nano (Agilent) to ensure all samples had a RIN above 8. The library was prepared using 500 ng of total

RNA with the KAPAmRNAseq stranded kit (KAPA, Cat no. KK8420). Ligation was performed with 9 nM final

concentration of Illumina index and 10 PCR cycles were required to amplify cDNA libraries. The libraries

were quantified using QuBit and BioAnalyzer, diluted to 10 nM and normalized by qPCR using the KAPA

library quantification kit (KAPA; Cat no. KK4973). The libraries were then pooled to equimolar concentra-

tion before their sequencing with the Illumina Hiseq2000 using the Hiseq Reagent Kit v3 (200 cycles,

paired-end) and 1.7 nM of the pooled library. Around 40 M paired-end PF reads were generated per sam-

ple and used for bioinformatic analysis. This process follows the protocol published by Abusarah et al.11

Library preparation and sequencing was performed at the Institute for Research in Immunology and Cancer

(IRIC)’s Genomics Platform.
Bioinformatics analysis

Estimated mRNA sequencing reads derived from wild-type C57BL/6 mice BM-derived DCs were extracted

from GEO accession number GSE158783. For MSCs and IRMs comparison, mRNA sequencing, down-

stream analyses and generation of the count matrix have been described elsewhere.11 Briefly, the two

datasets were merged using quantile normalization followed by a log transformation of the dataset, and

subsequent differential gene expression analysis was performed using the Bayesian approach as imple-

mented in the limma R package.73 Gene set enrichment analysis was performed on the ranked list of genes

as described previously.11,74 All plots were created in R from custom scripts and the ClusterProfiler

package.75 If not mentioned in the text, a log2 fold change >1 and a False discovery rate <0.05 were

set as significance cutoffs. Pattern matching (aka connectivity score) was conducted to assess how likely

two transcriptional signatures are similar. To this end, the top 250 up-/250 down-regulated genes from

the DC signature were scored against the ranked list of differentially expressed genes in IRMs. The com-

bined p-value from both up and down signatures were calculated using a Fisher test. The enrichment score

(ESup - ESdown)/2 was obtained after 10,000 random permutations (Smirnov et al., 2016). Overrepresen-

tation of GO biological processes was conducted with a hypergeometric test in ClusterProfiler at a false

discovery threshold of 5%
Statistical analysis

Depending on the study, p-values were calculated using the student’s t-test, one-way analysis of variance

(ANOVA) or the log rank test using GraphPad Prism. Results are represented as means with standard

deviation (S.D.) error bars, and statistical significance is represented with asterisks: *P˂0.05, **P˂0.01,
***P˂0.001.
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