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Galsome-NEO is a glycolipid-adjuvanted mRNA lipid nano-
particle (LNP) cancer vaccine encoding neo-epitopes for eval-
uation in a phase 1 study in patients with non-small cell lung 
cancer. To assess the safety of Galsome-NEO, a repeated-dose 
toxicity study was conducted in Wistar Han rats involving 
three intramuscular doses of 30 μg mRNA. A dose-escalation 
study in piglets tested three doses of 3, 15, and 100 μg mRNA. 
Rats showed a pronounced pro-inflammatory response, 
evidenced by cytokine secretion and an acute phase reaction. 
Clinical findings included temporary local reactions 
(maximum grade 3), elevated temperatures, and weight loss. 
In pigs, all doses were well tolerated. Blood analysis showed 
elevated alkaline phosphatase and decreased thrombocytes in 
rats, while pigs had reduced reticulocyte counts. Histology re-
vealed hepatocyte vacuolation in rats and immune infiltration 
at injection sites in both species. In rats, blood and histology 
alterations resolved 3 weeks post dosing, except for immune 
infiltration in the connective tissue at injection sites in two fe-
males. Galsomes with mRNA encoding the Chlamydia tracho-
matis major outer membrane protein induced T cell responses 
in pigs. Natural killer T cell activation was observed in both 
species. These findings align with the safety data for the 
COVID-19 mRNA vaccine, Comirnaty, and demonstrate Gal-
somes’ potential in large animals.

INTRODUCTION

According to Global Cancer Statistics 2020, lung cancer remains a 
leading cause of cancer-related deaths worldwide.1 Recently, im-
mune checkpoint inhibitors (ICIs) became the standard of care 

and drastically changed the treatment landscape of lung cancer, espe-
cially non-small cell lung cancer (NSCLC). Building on the success of 
ICIs, numerous clinical trials are evaluating novel immunotherapies 
to further harness the immune system’s ability to harness and 
destroy tumors.2 Therapeutic cancer vaccines, which train the im-
mune system to recognize and eliminate cancer cells, are showing 
promising results in clinical trials for NSCLC.3–5 Among these, 
mRNA vaccines are gaining considerable interest due to their flexi-
bility in (personalized) antigen design, rapid manufacturing, and 
strong potential for inducing cellular immunity. This interest is 
further underscored by the encouraging results from advanced clin-
ical trials evaluating mRNA vaccines in various cancers.6–8

We previously developed a glycolipid-adjuvanted mRNA vaccine, 
Galsomes, which encapsulates uridine-modified (N1-methylpseu-
douridine, 1mψ) mRNA encoding tumor-specific antigens in lipid 
nanoparticles (LNPs), composed of the ionizable lipidoid C12-200. 
The inclusion of the glycolipid adjuvant, alpha-galactosylceramide 
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(α-GC), within the LNPs not only activates T cells but also engages 
invariant natural killer T (iNKT) cells, thereby eliciting a multi- 
faceted anti-tumor immune response.9 The administration of anti-
gen-presenting cells loaded with α-GC has been shown to be 
well tolerated and to extend overall survival in patients with 
NSCLC in phase 1/2 clinical studies.10 We aim to evaluate the safety 
and feasibility of Galsomes encapsulating neoantigen-encoding tan-
dem minigene mRNA (TMGNEO),11 i.e., Galsome-NEO, as mono-
therapy in a first-in-human phase 1a clinical study in patients 
with locally advanced unresectable programmed death-ligand 
1-negative NSCLC.

In this study, a preclinical toxicological assessment was conducted as 
a critical step in advancing toward the phase 1 clinical testing of 
Galsome-NEO. Galsome-NEO is considered an investigational 
advanced therapy medicinal product, and therefore, the “Guideline 
on quality, non-clinical and clinical requirements for investigational 
advanced therapy medicinal products (ATMPs) in clinical trials. 
EMA/CAT/852602/2018” was consulted.12 The intended clinical 
dosing regimen consists of three repeated doses with a 3-week inter-
val, and doses will be escalated between patient cohorts.

A batch of Galsome-NEO produced according to Good 
Manufacturing Practice (GMP) standards was administered via intra-
muscular (i.m.) injection in three successive doses in two different an-
imal models: Wistar Han rats and domestic pigs as a rodent and non- 
rodent animal model, respectively.13 Importantly, both animals have 
an immune system with high similarity to the human immune system 
including iNKT cells reactive to α-GC stimulation.14,15 Additionally, 
the frequency of iNKT cells detected in various pig tissues is compa-
rable to the typical frequencies found in humans.16,17

A repeated-dose study was conducted in female and male Wistar 
Han rats, following a similar study design for BioNTech/Pfizer’s 
COVID mRNA vaccine, BNT162b2 (Comirnaty), as reported by 
Rohde et al.18 (Figure 1A). Rats received three successive doses of 
30 μg GMP-grade Galsome-NEO-formulated mRNA or an equal 
dose of formulation buffer as control, aligning with the intended 
number of clinical doses. While the EMA guideline for ATMP 
does not specify dose requirements, it is stated that it should offer 
guidance for estimating safe doses in humans.13 Therefore, a total 
dose of 30 μg Galsome-NEO-formulated mRNA was chosen, i.m. 
administered as 15 μg doses on both hind legs. This dosage was 
determined by the highest volume/dose that could be administered 
to the hindlimb muscle of rats. Using allometric scaling, i.e., a dose 
conversion taking into account the body surface area which is ex-
pected to correlate with the species’ metabolism, this correlates to 
a human (70 kg) dose of 1,120 μg mRNA and 3.3 μg α-GC (conver-
sion factor 0.16).19 Pigs received three doses of 3, 15, and 100 μg of 
mRNA encoding the Chlamydia trachomatis antigen, major outer 
membrane protein (MOMP), corresponding to a human dose of 
20, 100, and 660 μg mRNA, respectively (conversion factor 0.95) 
(Figure 1B). On a daily basis, clinical symptoms were evaluated 
(i.e., local reactions, temperature, and body weight change). At the 

day of sacrifice, blood was analyzed for biochemistry, hematology, 
and coagulation; a gross macroscopic evaluation was performed; vi-
tal organs were weighed; and the heart, lungs, liver, spleen, lymph 
node, and tissue of the injection site were collected for histological 
examination. As a secondary objective, iNKT cell activation, anti-
gen-specific T cell activation, and cytokine responses were evaluated 
following Galsome vaccination.

RESULTS

Clinical observations

The clinical health status of rats in the clinical cohort was monitored 
after each vaccination by measuring body weight and temperature as 
well as evaluating local reactions (Figure 2A) using the Draize 
scoring system (Figures S1 and S2). Significant changes were 
observed in rats treated with Galsome-NEO compared to control 
rats, injected with 9% sucrose TRIS, across all parameters. These 
changes were most pronounced 24 h after injection; thus, parameters 
are presented at the 24-h mark after each dose (Figures 2B–2D). 
Local reactions (Figure 2B) primarily appeared as erythema with 
less frequent occurrences of edema. The severity did not exceed 
grade 3, with most reactions classified as grade 1 and 2. These local 
reactions were more prominent in female rats and tended to occur 
more frequently after the second and third dose. In most cases, 
the rats recovered from the local side effects within a few days 
(Figure 2E). Body temperature showed significant elevation 
compared to control rats, ranging from +1.2◦C in male and female 
rats after the first dose to +2.5◦C in female rats after the second 
and third dose. This suggests a contribution of both sex and the num-
ber of doses to reactogenicity (Figure 2C). After 48 h, body temper-
ature returned to levels similar to those of control rats (data not 
shown). Galsome-NEO-treated rats also experienced considerably 
more weight loss compared to control rats. On average, weight loss 
was 8.5% after the second dose and remained below or equal to 
10%, except for one male rat that lost 13% (Figure 2D). Since rats re-
turned to their original initial weight 120 h post injection (Figure 2F), 
we attribute the weight loss to the rats temporary experiencing mal-
aise due to treatment. Once again, reactions to the second and third 
dose were more pronounced compared to the first dose.

The clinical health of piglets in response to vaccination is shown in 
Figure 3. Edema was not observed in either the vaccinated or control 
groups, and only some grade 1 erythema was noted 24 h post injec-
tion. However, this occurred equally or more frequently in the con-
trol group and was therefore not considered Galsome-related for any 
of the doses (Figure 3B). Furthermore, no local reactions were 
observed at later time points (Figure 3E).

No significant elevations in body temperature (Figure 3C) or changes 
in body weight (Figure 3D) were observed when comparing 
Galsome-MOMP piglets to control piglets. However, it should be 
noted that all animals experienced a temporary drop in weight 
post injection, which was slightly more pronounced in male 
Galsome-MOMP piglets after the 15 and 100 μg doses (Figures 3D 
and 3F). Slight increases in body temperature were also recorded 
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in Galsome-MOMP piglets compared to controls after the 15 and 
100 μg doses, particularly in female piglets.

Cytokine secretion and inflammatory response

To assess the inflammatory responses to repeated administration 
of Galsomes in rats and pigs, the concentrations of chemokines 
(chemokine [C-X-C motif] ligand 1 [CXCL1], monocyte chemo-
tactic protein-1 [MCP-1], and interleukin [IL]-8) and cytokines 
(IL-1, IL-6, IL-17, IL-18, TNF-α, IL-12, interferon [IFN]-γ, IL-4, 
IL-10, IL-33, IFN-α, and granulocyte-macrophage colony stimu-
lating factor [GM-CSF]) were measured in piglets, rats, or both spe-
cies. A separate cohort of rats, referred to as the cytokine cohort, was 
used for this purpose, and plasma was collected 6 h after each injec-
tion (Figure 4A). In pigs, serum was collected 5 h post injection from 
animals involved in the main study (Figure 4F). In Galsome-NEO- 

treated rats, elevated levels of MCP-1, IL-6, and CXCL1 were 
observed after each dose (Figures 4B–4D). Additionally, there was 
a trend toward increased IFN-γ concentrations after the second 
and third vaccine dose, although this was not statistically significant 
(Figure 4E). Other measured cytokines (tumor necrosis factor alpha 
[TNF-α], IL-10, GM-CSF, IL-18, IL-12p70, IL-1β, IL-17A, IL-33, and 
IL-1α) were not increased (Figure S3). In piglets, a notable elevation 
of IL-6 (p = 0.06) was observed after the third dose of 100 μg 
Galsome-MOMP. Other measured cytokines, including IFN-α, 
IFN-γ, IL-1β, IL-10, IL-12/IL-23p40, IL-4, IL-8, and TNF-α, did 
not show significant changes (Figure S4).

Blood biochemistry, hematology, and coagulation parameters

Blood was collected 48 h after the final dose of either Galsomes or 
buffer (control group) and analyzed for blood biochemistry, 

A

B

Figure 1. Study design of preclinical toxicity studies performed in Wistar Han Rats and domestic piglets 

Schematic overview of the dosing regimen and days of sacrifice for the repeated-dose study in Wistar Han rats (A) and dose-escalation study in domestic piglets (B). In a 

separate study, 1 male and 1 female piglet (5 weeks) received a single dose i.m. of 100 μg MOMP-encoding mRNA packaged in Galsomes. Blood was collected in heparin 

tubes 7 days after injection, and PBMCs were isolated and restimulated with MOMP peptide to assess MOMP-specific T cell proliferation. Created with Biorender.com.

www.moleculartherapy.org 
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hematology, and coagulation parameters to evaluate any systemic 
toxicity of Galsome-NEO or Galsome-MOMP in rats (main group) 
and piglets, respectively. In the rat recovery group, blood was 
analyzed 3 weeks after the last dose to assess whether any changes 

observed in the main group were reversible, indicating sub-chronic 
toxicity of Galsome-NEO. The results of the blood analysis are pre-
sented in Table S1 for rats and Table S2 for piglets with significantly 
altered parameters highlighted in bold.

A

D

E

F

CB

Figure 2. Clinical evaluation of Wistar Han rats vaccinated with three repeated doses of 30 μg Galsome-NEO 

(A) Ten male and 10 female 10-week-old Wistar Han rats were randomly allocated to the clinical cohort and received intramuscularly (i.m.) in the biceps femoris three repeated 

doses of either 30 μg patient neo-epitope mRNA encapsulated in Galsomes (Galsome-NEO rats) or an equal volume of 9% sucrose Tris 20 mM buffer (CTRL rats). The total 

dose was divided over both hind legs. (B–D) Clinical parameters in male and female rats 24 h after i.m. injection with buffer (CTRL) or 30 μg Galsome-NEO. (B) Local reactions 

(erythema and edema) were evaluated using the Draize scoring system and received a grade 0–4 depending on the severity of the local reactions. Both injection sites were 

evaluated, and the highest score obtained for each rat is shown in the graph. (C) Rectal temperature 24 h post injection. (D) Body weight change (%) 24 h after injection relative 

to the weight of the same animal 0 h after injection. (C and D) Symbols represent individual data points and mean is indicated by a bar, statistical analyses on datasets were 

performed by using two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001). (E) Local reactions (erythema and edema) in male and female rats 4, 24, 48, 72, and 120 h after i.m. 

injection with Galsome-NEO. (F) Absolute daily body weights (g) of male and female rats treated with 9% sucrose Tris 20 mM buffer (CTRL) or Galsome-NEO (mean ± SD). 

Images created with Biorender.com.
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Hematological findings in rats indicated signs of acute inflammation, 
with increased leukocyte counts, most notably for monocytes (2.6- 
fold) and neutrophils (3.7-fold). Leukocyte counts in the recovery 

group returned to normal, comparable to the levels measured in con-
trol rats. 48 h after the last treatment with 100 μg of Galsomes, no 
elevated leukocyte counts were measured in pigs.

A

D

E

F

CB

Figure 3. Clinical evaluation of domestic piglets vaccinated with three increasing doses of Galsome-MOMP 

(A) Six male and 6 female 7-week-old piglets received intramuscularly (i.m.) in the left dorsal longitudinal muscle increasing doses of 3, 15, or 100 μg C. trachomatis major 

outer membrane protein (MOMP) encoding mRNA encapsulated in Galsomes (Galsome-MOMP piglets) or an equal volume of 9% sucrose Tris 20 mM buffer (CTRL piglets). 

(B–D) Clinical parameters in male and female piglets 24 h after i.m. injection with buffer (CTRL) or increasing doses of Galsome-MOMP. (B) Local reactions (erythema and 

edema) were evaluated using the Draize scoring system and received a grade 0–4 depending on the severity of the local reactions. (C) Body temperature is measured by 

scanning a subcutaneously implanted thermal microchip. (D) Body weight change (%) 24 h after injection relative to the weight of the same animal 0 h after injection. (C and D) 

Individual data are shown and bars indicate mean value, statistical analyses on datasets were performed by using two-way ANOVA but did not detect any significance. (E) 

Local reactions at the injection site in piglets 4, 24, 48, 72, and 96 h after i.m. injection with Galsome-MOMP. (F) Absolute daily body weights (kg) of individual male and female 

piglets (individual data points) treated with 9% sucrose Tris 20 mM buffer (CTRL) or Galsome-MOMP, full line represents mean weights. Images created with Biorender.com.

www.moleculartherapy.org 
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Consistent with these findings, we detected significantly elevated 
levels of acute phase proteins in the serum of rats, including 
alpha-1 acid glycoprotein (A1AGP, 40-fold) and alpha-2 macroglob-
ulin (A2M, 428-fold). In piglets, acute phase proteins were elevated 
to a lesser extent, with C-reactive protein (CRP) increasing 2.4-fold, 
48 h after Galsome vaccination. A1AGP levels were similarly 
upregulated in male and female rats, but A2M was much more 

A

D E

F

G

CB

Figure 4. Cytokine response in rats and pigs 

(A) A separate cytokine cohort of 6 male and 6 female rats 

was included in the study to evaluate cytokine secretion in 

rats shortly (6 h) after injection. The rats received an i.m. 

injection of either 30 μg of patient neo-epitope mRNA 

encapsulated in Galsomes (Galsome-NEO) or an equal 

volume of 9% sucrose Tris 20 mM buffer (control). (B–E) 

Plasma cytokines (TNF-α, IL-10, IFN-γ, CXCL1, MCP-1, 

GM-CSF, IL-18, IL-12p70, IL-1β, IL-17A, IL-33, IL-1α, 

and IL-6) were measured using a LEGENDplex assay. 

Elevated cytokine levels after NEO-Galsome injection 

are shown for CXCL1 (B), IL-6 (C), MCP-1 (D), and 

IFN-γ (E). (F) In pigs, blood was collected from the main 

cohort (6 male and 6 female pigs) shortly (5 h) after 

injection. The piglets received an i.m. injection of 3, 15, 

or 100 μg MOMP mRNA encapsulated in Galsomes 

(Galsome) or an equal volume of 9% sucrose Tris 

20 mM buffer (control). (G) Serum cytokines (IFN-α, 

IFN-γ, IL-1β, IL-10, IL-12/IL-23p40, IL-4, IL-6, IL-8, and 

TNF-α) were measured using a ProcartaPlex assay. 

Among these, only IL-6 showed a notable elevation 

(p = 0.06). Individual data points and means are shown. 

Statistical analyses on datasets were performed using 

the Mann-Whitney test, and data points below the limit 

of detection (LoD) were set at the LoD value for analysis 

(*p < 0.05, **p < 0.01, ***p < 0.001). Images created 

with Biorender.com.

elevated in male (800-fold) compared to fe-
males (200-fold). A reduction was also detected 
in albumin concentration, a negative acute 
phase protein, in serum of rats treated with 
Galsome-NEO. However, no changes in albu-
min levels were observed in pigs, which is 
consistent with previous findings that albumin 
levels remain stable in pigs during infec-
tion,20,21 suggesting that it may not be a sensi-
tive marker of inflammation in this species.

Both rats and pigs vaccinated with Galsomes 
showed a decrease in reticulocytes (immature 
red blood cells) by 13% and 35%, respectively, 
with the latter being significant. However, no 
anemia developed at 3 weeks, indicating only 
a temporary inhibition of erythropoiesis. In 
Galsome-NEO-treated rats, platelet counts 
were significantly reduced by 32%, 48 h after 
the final dose but returned to normal 3 weeks 
after the final dose. Additionally, prolonged 

intrinsic coagulation pathways were observed as prothrombin time 
was elevated by 16%. Fibrinogen levels were only slightly reduced 
indicating limited activation of the clotting cascade. However, fibrin-
ogen levels at 3 weeks appeared artificially low, likely due to clot acti-
vation during blood draw. In piglets, thrombocyte counts remained 
unchanged with no significant alterations in clotting times or fibrin-
ogen levels.
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No obvious toxicity was observed in red blood cells (lactate dehydro-
genases) kidneys (creatinine), heart (creatinine kinase,), and liver 
(alanine aminotransferase [ALT] and aspartate aminotransferase 
[AST]) in either rats or pigs. However, in rat serum, notable changes 
were observed 48 h after the last Galsome-NEO dose with levels of 
alkaline phosphatase (AP) elevated by 66%. This increase normalized 
3 weeks after vaccination potentially due to transient gall duct 
obstruction or altered bone metabolism. In piglets, AP levels were 
comparable between control and Galsome-MOMP groups. AST, 
an enzyme found in the liver, but also present in other tissues such 
as the heart, muscles, and kidneys, remained unchanged. Serum 
cholesterol levels decreased by 34% in pigs and by 25% in rats, 
48 h after the last Galsome dose compared to control groups. Triglyc-
erides levels were also significantly decreased in rats. These reduc-
tions in cholesterol and triglycerides were likely due to transient 
anorexia during the inflammatory period and normalized 3 weeks af-
ter the final dose.

Postmortem organ evaluation

Organs were collected after blood sampling and euthanasia, either 
48 h after the final injection (main group) or 3 weeks after the final 
injection (recovery group) in rats. A gross macroscopic evaluation 
was performed, and selected organs were weighted and histologically 
examined. Apart from the injection site, no significant macroscopic 
changes were observed. At the injection site, a small fibrinous layer 
covering the muscle was noted. The organs (lungs, heart, liver, 
spleen, inguinal lymph node, kidneys, adrenal gland, and testes) 
were weighed, and a significant increase in the weight of the spleen 
was observed in male Galsome-treated rats of the main group 
(Figure 5A), which returned to normal in the recovery group 
(Figure 5C). We did not notice any changes in weight of other organs 
of vaccinated rats from either the main or recovery group. In piglets, 
no significant changes in organ weights were found 48 h after the 
final dose (Figure 6A).

Hematoxylin and eosin (H&E) staining of tissue sections from the 
spleen, lungs, heart, liver, inguinal lymph node, and injection site 
was analyzed by a pathologist in a blinded manner. Alterations 
were observed at the injection site and liver of Galsome-treated 
rats in the main study group (Figure 5B). Specifically, immune cells 
were abundantly present between and around muscle cells at the in-
jection site of Galsome rats. This inflammation largely subsided in 
the recovery group, although a relatively high number of immune 
cells remained in the connective tissue surrounding the muscle in 
two female rats from the recovery group, indicating some persistent 

inflammatory response at the injection site (Figure 5D). Liver tissue 
sections from Galsome-treated rats in the main study group showed 
vacuoles in hepatocytes, which were absent in control rats 
(Figure 5B). There was no histological evidence of hepatic tissue 
damage, and this observation was reversible, as no vacuoles were de-
tected in the liver of Galsome-treated rats from the recovery group. 
Similar to the rats, inflammation was also observed at the injection 
site in piglets, though less pronounced (Figure 6B). In piglet liver tis-
sue, we could not observe any clearly aligned vacuoles; however, in 
some cases, we observed signs of vacuolization as indicated by 
more transparent regions in the liver. Due to the random occurrence 
of this observation of vacuolization, we do not attribute this to Gal-
some treatment but rather consider this as an artifact due to less 
optimal fixation in certain samples.

Immune responses: iNKT cells and T cells

As a secondary objective, we assessed the potential of Galsomes to 
elicit iNKT cell and antigen-specific T cell responses. Evaluating an-
tigen-specific T cell responses in rats was not possible as they 
received patient-specific neo-epitope-encoding mRNA, which is 
selectively presented by human leukocyte antigen-A2.11 However, 
by utilizing mRNA encoding the C. trachomatis antigen, MOMP, 
we were able to monitor T cell responses in the piglet study.22

In both species, iNKT cells have been reported and shown to react to 
α-GC stimulation.14,15 To analyze iNKT cell proliferation in rats, 
spleen and inguinal lymph nodes were isolated 48 h (main group) 
and 3 weeks after the final dose (recovery group) (Figure 7A) and 
stained for iNKT cell markers (CD161 and CD3) (Figure 7B). Flow 
cytometry analysis revealed a slightly higher number of iNKT 
cells in the inguinal lymph node of Galsome-treated rats compared 
to control rats, both 48 h and 3 weeks after the final dose 
(Figure 7C). In contrast, there was a trend toward lower iNKT cell 
frequencies in the spleen (Figure 7D). In addition, we also evaluated 
natural killer (NK) cells (CD161+ CD3− ) as iNKT activation can 
induce downstream NK cell activation. However, we did not observe 
elevated numbers of NK cells in the inguinal lymph node after Gal-
some vaccination (Figure S5).

iNKT responses in piglets were studied in blood samples collected 4 
and 7 days after the first and second doses (Figure 7E). Whole blood 
was stained for flow cytometry detection of iNKT cells by using an 
anti-CD3 antibody and mouse CD1d PBS-57 tetramer, with an un-
loaded tetramer included as control (Figure 7F). Mouse CD1d 
PBS-57 tetramers have previously been shown to cross-react with 

Figure 5. Postmortem organ evaluation 48 h and 3 weeks after the final dose in rats reveals morphological alterations in the liver and at the injection site 

(A and C) Absolute organ weights (g) of kidneys, thymus, testes, spleen, heart, lung, liver, adrenal gland, and lymph node of rats in the main group (n = 6) and recovery group 

(n = 4). Organs were excised and weighed 48 h (A) or 3 weeks (C) after the last dose of a series of three repeated doses from rats of the main group and recovery group, 

respectively. Symbols represent individual data points (n = 3/2) and mean values are shown. Multiple unpaired t test was performed without correction (*p < 0.05, **p < 0.01, 

***p < 0.001). (B) Representative images of H&E-stained liver tissue sections and tissue from the injection site from rats of the main group. Inflammatory cells located between 

and around muscle cells of Galsome-NEO-treated rats are indicated by arrows. Liver tissue sections show vacuoles in hepatocytes (indicated by arrows) of Galsome-NEO- 

treated rats. (D) H&E-stained tissue sections from the injection site 3 weeks after the final injection (recovery group) show macrophages (indicated by arrows) in the connective 

tissue surrounding muscle cells of female Galsome-NEO-treated rats.
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porcine iNKT cells.23,24 Increased levels of iNKT cells in the blood of 
piglets were observed following the first and second doses of Gal-
somes, in 3 of the 6 vaccinated piglets that consistently responded 
to the treatment (indicated by triangles) (Figure 7G).

To detect T cell responses, peripheral blood mononuclear cells 
(PBMCs) were isolated from whole blood collected 7 days after the 
first and second Galsome-MOMP dose and pulsed with a 
25-amino-acid (aa)-long peptide containing CD4+ and CD8+ T cell 
epitopes, derived from the MOMP antigen. CellTrace Violet staining 
was used to quantify T cell proliferation after peptide pulsing. We 
observed increased T cell proliferation of CD8+, CD4+, and CD8/ 

CD4 double-positive cells in three out of six Galsome-treated ani-
mals (Figure 7H). These results were corroborated by cytokine anal-
ysis in the supernatant of peptide-pulsed PBMCs from vaccinated 
animals, showing elevated production of IFN-γ, TNF-α, IL-6, IL- 
12/IL-23p40, and IL-10 (Figure 7I). It should be noted that we could 
not evaluate the T cell response after the last final dose of 100 μg, 
since we had to euthanize the animals at 48 h post injection for acute 
toxicity evaluation. Instead, an extra experiment was conducted with 
two piglets (1 female/1 male) that both received a single dose of 
100 μg MOMP-encoding mRNA encapsulated in Galsomes, showing 
robust T cell proliferation and IFN-γ production at this higher dose 
(Figure 7J).

Figure 6. Organ weights of selected organs in pigs 48 h after the final dose 

(A) Absolute organ weights (g) of kidneys, testes, spleen, heart, lung, liver, and lymph node of piglets (6 females and 6 males). Organs were excised and weighed 48 h after the 

final dose of repeated injections of Galsome-MOMP or buffer (control). Symbols represent individual data points (n = 3) with mean values shown. Multiple unpaired t test was 

performed without correction and no significant differences were found. (B) Representative images of H&E-stained sections of liver tissue and tissue from the injection site in 

pigs 48 h after the final dose. Inflammatory cells located between muscle cells and around muscle cells of Galsome-MOMP-treated pigs are indicated by arrows. No clear 

vacuoles were observed in the liver tissue of pigs.
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DISCUSSION

In this study, we evaluated the preclinical toxicity of Galsome-NEO, 
a glycolipid-adjuvanted mRNA LNP containing the ionizable lipi-
doid C12-200, intended for use as a therapeutic cancer vaccine in a 
phase 1 clinical study in patients with NSCLC. The study was con-
ducted in in two animal species: Wistar Han rats and domestic pig-
lets (Sus scrofa). Three doses of GMP-grade Galsome-NEO were i.m. 
administered to assess toxicity. Toxicity in both species was assessed 
by evaluating local tolerance, clinical parameters, and blood analysis 
(biochemistry, hematology, coagulation, and cytokine levels) and 
conducting a postmortem organ evaluation (macroscopic observa-
tion and histology). As a secondary objective, immune responses 
were analyzed by measuring antigen-specific T cell responses and 
iNKT cell responses, which are primary targets of the Galsome 
vaccine.

Rats displayed pronounced clinical symptoms including erythema, 
edema, elevated body temperatures, and weight loss, following 
each Galsome-NEO dose (30 μg). Local reactions were limited to 
grade 3, and weight loss did not exceed the 10% limit suggested for 
defining the maximum tolerated dose in rats.25 All clinical symptoms 
resolved within a few days. No notable clinical symptoms were 
observed in pigs, especially in response to the lower doses of 3 and 
15 μg. The clinical observations in rats were in line with the strong 
upregulation of cytokines IL-6, MCP-1, and CXCL1 in these animals 
shortly (6 h) after injection. IL-6 is known to act as an endogenous 
pyrogen inducing fever, which corresponds with the elevated tem-
peratures observed in rats.26 Note that IL-6 was also slightly upregu-
lated in pigs after receiving the highest final dose of 100 μg. The 
elevated IL-6 levels are consistent with findings in other studies 
where mRNA LNPs27,28 and even empty LNP induced IL-6 and 
contributed to the adjuvant effect of LNP carriers in eliciting anti-
body responses.29 Consistent with elevated IL-6 cytokine levels,30

both pigs and rats showed significant increases in circulating acute 
phase proteins 48 h after the final dose, indicating acute inflamma-
tion in both species. In pigs, CRP elevation (2-fold increase) was rela-
tively modest. In contrast, in rats, the levels of A1AGP (40-fold in-
crease) and A2M (428-fold increase) were in line with what was 

reported for BNT162b2.18 These acute phase responses correlate 
with the observed clinical symptoms of malaise and local inflamma-
tion (erythema and edema), which were temporary and did not 
exceed grade 3 in severity.

Besides cytokines and acute phase proteins, chemokines were also 
elevated in rats. Specifically, MCP-1 and CXCL1 were increased. 
MCP-1 is involved in recruiting monocytes while CXCL1 recruits 
neutrophils. The elevated levels of these chemokines could be linked 
to the immune cell influx observed in the histological sections of the 
injection site. Neutrophil influx at the injection site was previously 
observed upon mRNA LNP injection.28 While MCP-1 is commonly 
induced by muscle injury, other cytokines typically associated with 
inflammation and muscle injury in humans such as TNF-α and IL- 
1β were not detected.31

The early clinical symptoms and elevated cytokines are indicative of 
an innate immune response to the Galsome formulation. Recent 
studies emphasize the pivotal role of LNPs in mediating inflamma-
tory immune responses and highlight the importance of ionizable 
lipids in this process.27–29 In line with previous observations,32,33

our study also demonstrated that the type of ionizable lipid incorpo-
rated in the Galsome formulation impacts proinflammatory cytokine 
secretion, with the C12-200 ionizable lipid inducing higher cytokine 
secretion than the SM-102 ionizable lipid.34 Although mRNA encap-
sulated in the Galsome formulation contains 1mψ modifications and 
Cap 1 to minimize innate immune activity, it cannot be excluded that 
mRNA or potential byproducts (e.g., double-stranded RNA) are also 
sensed by immune cells.35 Notably, we did not measure IFN-α in pigs 
(IFN-α was not included in the rat cytokine panel).

Histological examination in the rat study revealed morphological al-
terations not only in tissue collected from the injection site but also 
liver tissue, characterized by the presence of vacuoles in hepatocytes 
but without signs of hepatic tissue damage. Similar findings were also 
reported in preclinical rat toxicity studies evaluating both BNT162b2 
and mRNA-1273 (COVID mRNA vaccines).36,37 In a report on the 
repeated-dose toxicity study of BNT162b2 in Wistar Han rats, Pfizer 

Figure 7. Immune responses to Galsome vaccination in rats and piglets 

(A) Wistar Han rats in the clinical cohort were sacrificed 48 h (main group) or 3 weeks (recovery group) after the final injection of three successive injections of either 30 μg 

Galsome-NEO (Galsome-NEO) or buffer (control). Spleen and inguinal lymph node were isolated and processed for flow cytometry analysis of iNKT cells. (B) Gating strategy 

for identifying iNKT cells in rats. Viable cells positive for CD161 (NK1.1 receptor) and CD3 were classified as iNKT cells (CD161+/CD3+). Fraction of iNKT cells within the viable 

cell population in the (C) spleen and (D) lymph node of control animals (3 doses of buffer) and Galsome-NEO (3 doses of 30 μg TMGNEO mRNA Galsomes) 48 h (n = 6) and 

3 weeks (n = 4) after the final dose. (E) Heparinized blood was drawn from piglets (6 females/6 males) 4 and 7 days after the first and second dose of buffer (control) or MOMP- 

encoding mRNA packed in Galsomes (Galsome-MOMP). The first dose contained 3 μg mRNA and the second dose 15 μg mRNA. (F) Four and 7 days after the first and 

second injection, whole blood was stained to detect iNKT cells. The gating strategy is shown, with cells positive for CD3 and mouse CD1d PBS-57 tetramer identified as iNKT 

cells. An unloaded CD1d tetramer was included as a control to ensure specific binding. (G) Fraction of iNKT cells within the viable cell population in the blood of piglets 4 and 

7 days after the first (3 μg) and second (15 μg) dose. Three piglets consistently showed elevated iNKT cell numbers and are indicated with triangle symbols. (H and I) PBMCs 

were isolated 7 days after the second dose (3 and 15 μg, respectively) or after a single dose of 100 μg in 2 piglets (6 weeks, 1 female and 1 male), and stained with CellTrace 

Violet. Cells were cultured for 4 days either in the presence of an MOMP-derived peptide (25 aa containing CD4+ and CD8+ epitopes) or in cell culture medium only. 

Proliferating cells were defined by decreased CellTrace Violet signal with the number of proliferating cells in the unstimulated condition (autoproliferation) subtracted. (J) In 

addition, cell culture supernatant of peptide-pulsed PBMCs was taken and analyzed for the presence of cytokines (IFN-α, IFN-γ, IL-1β, IL-10, IL-12/IL-23p40, IL-4, IL-6, IL-8, 

and TNF-α). Symbols represent individual data points and mean values are shown. Statistical analysis for immune cells was performed using the multiple t test with Holm- 

Sidak correction and Mann-Whitney for cytokines. No significant differences were found (p = 0.05). Images created with Biorender.com.
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attributed this observation to the uptake of the mRNA LNP formu-
lation by hepatocytes as no changes in liver enzymes (ALT and AST) 
or bilirubin were observed.18 Given that the LNP composition of 
Galsome-NEO resembles that of marketed mRNA vaccines and 
considering our observation of Galsomes accumulation in the liver 
after i.m. injection, it is plausible that the liver vacuoles observed 
in this study also reflect Galsome uptake. Consistent with the 
BNT162b2 study, we observed unchanged bilirubin and AST levels 
and slightly lowered ALT levels, which are not clinically relevant un-
less increased. Elevated AP concentrations in rat serum might sug-
gest liver damage; however, the absence of increased ALT or AST 
levels makes it unclear whether this observation is related to liver 
damage or other non-acute causes, such as bone resorption in 
response to inflammation38 or bile duct obstruction. Furthermore, 
both histological analysis and AP normalized within 3 weeks after 
the final dose. Finally, it is noteworthy that previous studies have 
shown that intravenous administration of 2 μg of unformulated 
α-GC or α-GC-loaded dendritic cells induces liver damage in 
mice, including liver necrosis, widened intercellular space, and 
increased ALT.39 Since we did not observe any of these phenomena 
and only administered a much lower dose of α-GC (90 ng) locally 
rather than systemically, we do not attribute liver vacuolation or 
elevated AP levels to α-GC. No disturbances in liver enzymes were 
observed in pigs.

Hematology blood analysis revealed significant changes in thrombo-
cyte count in rats and reticulocyte count in pigs, which were 
considered secondary effects related to inflammation. In rats, the 
thrombocyte count was notably reduced, and there was an increased 
prothrombin time, indicating disturbed blood clotting. These 
changes were temporary with both, thrombocyte counts and coagu-
lation parameters, normalizing within 3 weeks after the final dose. 
Despite this, it should be noted that changes in coagulation are acute 
side effects that should be closely monitored. In pigs, reticulocyte 
counts were reduced by 35%, while no significant changes were de-
tected in the levels of hematocrit and hemoglobin. In preclinical 
toxicity studies of the BNT162b2, similar observations were made 
regarding thrombocyte counts, which decreased by 25% compared 
to the 35% decrease observed with Galsome-NEO.18 Consistent 
with the BNT162b2 data, reticulocyte counts were not significantly 
lowered in rats 48 h after the final dose. However, a decrease in retic-
ulocyte count was measured in the blood of rats 3 days after the first 
dose of BNT162b2, suggesting that the observed reticulocyte changes 
in Galsome-vaccinated pigs might be caused by the same mecha-
nisms. Similar findings were reported for Moderna’s mRNA 1273 
vaccine, administered i.m. at doses ranging from 9 to 150 μg in 
Sprague-Dawley rats.36 Both platelets and red blood cells were 
affected by inflammation. Evidence exists that platelets may undergo 
pyroptosis following inflammasome activation40 or aggregate with 
neutrophils and are subsequently internalized by neutrophils due 
to Toll-like receptor 7 signaling.41 Interestingly, uptake of mRNA 
LNPs in platelets has previously been reported which could relate 
to our observations.42,43 Another explanation could be the induction 
of anti-platelet antibodies as observed with AstraZeneca’s COVID- 

vaccine ChAdOx1 nCoV-19 in humans.44 However it is important 
to note that, despite the observations in rats, thrombocytopenia 
has not been commonly associated with mRNA COVID vaccines 
in the large-scale human trials conducted during the COVID 
pandemic.45 Furthermore, the production and function of red blood 
cells (RBCs) can be impaired by several proinflammatory cytokines 
(e.g., TNF-α,46,47 IFN-γ,48 and IL-649). In our study, IL-6 was signif-
icantly elevated with a trend toward higher IFN-γ concentrations, 
which could contribute to the observed hematologic changes.

We also evaluated iNKT cell responses and found increased numbers 
of iNKT cells in the lymph nodes of rats as well as in the whole blood 
of pigs. Unfortunately, we could not evaluate iNKT cell responses to 
the 100 μg dose in piglets, as the piglets had to be euthanized 48 h 
after the final vaccine dose to evaluate acute toxicity. In rats, we de-
tected increased iNKT cell numbers in the lymph nodes but a 
reduced fraction of iNKT cells in the spleen, 48 h after Galsome in-
jection. This reduction might be due to temporary downregulation of 
surface receptors by iNKT cells upon stimulation, as previously 
described,50 or their migration to other tissues, such as the liver or 
periphery. Additionally, increased IFN-γ secretion shortly after the 
second and third vaccinations was observed, which suggests iNKT 
cell activation.

In parallel, we also assessed the potential of Galsomes to elicit T cell 
responses. However, since the study design was primarily focused on 
toxicity rather than immune activation, T cells could not be evalu-
ated in rats due to the use of patient-specific epitope-encoding 
mRNA. In pigs, antigen-specific T cell responses were evaluated after 
two doses of 3 and 15 μg, respectively, of MOMP-encoding Gal-
somes. We observed proliferating CD8+ (most pronounced), 
CD4+, and CD8+/CD4+ T cells along with elevated cytokine levels 
(IFN-γ, TNF-α, IL-6, IL-12, and IL-10) in the supernatant of re-
stimulated PBMCs. Interestingly, these cytokines were also found 
to be upregulated in the supernatant of human PBMCs upon immu-
nization against CTH522/CAF01, a recombinant MOMP-antigen 
adjuvanted with a cationic liposome.51 It is worth noting that the pri-
mary focus of the study was on toxicity, and since the animals were 
sacrificed 48 h after the final dose, the final vaccine dose might have 
further boosted T cell proliferation. We observed strong T cell re-
sponses in two pigs that received a single dose of 100 μg Galsome- 
MOMP in a preliminary experiment conducted prior to the preclin-
ical toxicity test (referred to as “extra study” in Figure 7I).

In conclusion, our findings identified an inflammatory response in 
rats that received three successive doses of 30 μg Galsome-NEO- 
formulated mRNA. This response was characterized by cytokine 
secretion and an acute phase reaction, manifesting as weight loss, 
elevated body temperatures, and localized inflammation at the injec-
tion site. These symptoms were within the tolerated range and 
resolved within a few days. The observed side effects were temporary, 
resolving largely within 3 weeks, and were consistent with those 
reported in the preclinical toxicity studies for the widely used 
BNT162b2 and mRNA-1273 vaccines. More specifically, we 
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observed decreased platelet counts, hepatocyte vacuolation, and im-
mune infiltration at the injection site in rats. In pigs, side effects were 
minimal besides a reduction in reticulocyte counts. As a secondary 
outcome, we observed the activation of iNKT cells and antigen-spe-
cific T cells in pigs. However, the study design prioritized toxicity 
assessment, limiting the opportunity for comprehensive immune 
readouts.

MATERIALS AND METHODS

Animals

Toxicity was evaluated in two animal species, namely Wistar Han 
rats and domestic piglets. The treatment of animals followed Belgian 
and European laws regarding animal welfare and ethics, and the 
study was approved by the Ethical Committee of the Faculty of Med-
icine and Health Sciences at Ghent University (EC 22–29) and of the 
Faculties of Veterinary Medicine and Bioscience Engineering at 
Ghent University (EC 2023/05), respectively.

Sixteen male and 16 female Wistar Han rats (age 9 weeks) were sup-
plied by Envigo RMS B.V. (Venlo, the Netherlands) and were accli-
matized for 7 days. Animals were housed in groups of the same sex in 
type IV cages and were offered ad libitum water and food with a ro-
dent pellet diet (Carfill Quality, Oud-Turnhout, Belgium).

Six male and 6 female F1 hybrid (Landrace line 12 x Large White 
line 36) piglets (age 6 weeks) were supplied by RA-SE Genetics 
(Ooigem, Belgium) and were acclimatized for 7 days. In a separate 
study, one male and one female F1 hybrid (Landrace line 12 x Large 
White line 36) piglet (age 5 weeks) were supplied by RA-SE Genetics 
(Ooigem, Belgium) and acclimatized for 7 days. Animals were 
housed together in a pig stable (8 × 2.5 m) and were offered water 
and food (Piggistart Opti, Aveve, Leuven, Belgium) ad libitum. The 
stable was enriched with straw, cotton towels, metal chains, and a 
variety of rotating toys.

mRNA LNP production

mRNA and mRNA LNPs were produced by the GMP unit at the 
Ghent University Hospital. TMGNEO mRNA was produced as previ-
ously described11 and was additionally provided with Cap 1 and 
1mψ. Similarly, C. trachomatis MOMP coding regions were inserted 
in the plasmid vector used for production of TMGNEO, and mRNA 
was subsequently prepared in a similar manner as TMGNEO 

mRNA. LNPs were formulated by rapid mixing of an aqueous phase 
containing mRNA dissolved in a 25 mM sodium acetate buffer at pH 
4 and an ethanol phase containing lipids dissolved at a total concen-
tration of 10 mM. Lipids comprised the ionizable lipidoid C12-200 
(CordenPharma, Plankstadt, Germany) and helper lipids distearoyl-
phosphatidylcholine, cholesterol, 1,2-dimyristoyl-rac-glycero-3-me-
thoxypolyethylene glycol-2000 (Avanti Polar Lipids, Birmingham, 
AL, USA), and α-GC (synthesized in house by Prof. Serge Van Cal-
enbergh as previously described52) at 50/10/38.5/1.5/0.01 mol%, 
respectively. The two phases were prepared at an aqueous:ethanol 
volume ratio of 3:1, and RNA and lipids were combined at a C12- 
200:RNA weight ratio of 20:1. Both phases were loaded into a syringe 

(BD) and inserted in the NxGen microfluidic cartridge for 
mixing using a NanoAssemblr Ignite instrument (Precision Nano-
systems). Microfluidic mixing was performed at a total flow rate of 
12 mL/min and a flow rate ratio of 3:1 RNA:lipid. The waste volumes 
were 1 and 0.05 mL at the start and the end, respectively. The result-
ing mRNA LNP suspension was then diluted, diafiltrated, and 
concentrated using Tangential Flow Filtration against Tris HCl 
20 mM (Avantor) 9% sucrose (Fisher Scientific) at pH 7.4. mRNA 
LNPs were diluted in 9% sucrose 20 mM Tris HCl buffer at pH 7.4 
to yield an mRNA LNP suspension with a final concentration of 
100 μg/mL mRNA, and mRNA LNPs were stored frozen in cryovials 
at − 80◦C. After thawing, batches were tested for several quality attri-
butes, including particle size, zeta potential, mRNA encapsulation, 
lipid composition, and sterility. Physicochemical characteristics of 
the lipid formulations are shown in Table S3. Galsomes were 
produced according to GMP standards. Hereafter, α-GC mRNA 
LNPs containing TMGNEO mRNA are termed Galsome-NEO, and 
α-GC mRNA LNPs containing MOMP mRNA are termed Gal-
some-MOMP.

Study design

Sixteen female (F) and 16 male (M) 10-week-old Wistar-Han rats 
were used in the preclinical toxicity study. Animals were randomly 
allocated to the cytokine cohort (6F/6M) or to the clinical cohort 
(10F/10M) (Figure 1A). Both cohorts received three repeated doses 
i.m. of either 30 μg patient neo-epitope (TMGNEO) mRNA encapsu-
lated in Galsomes (Galsome-NEO rats) or an equal volume of 9% 
sucrose, Tris 20 mM buffer (control rats) (randomly allocated). An 
interval of 2 weeks was set between two doses. In the clinical cohort, 
clinical parameters (local reactions, temperature, and weight) were 
assessed on a regular basis. Forty-eight hours after the last dose, 12 
rats (6M, 6F) were sacrificed to collect blood and organs for further 
analysis (main group). The remaining 4M and 4F rats were sacrificed 
3 weeks after the last dose (recovery group), and blood and organs 
were again collected for further analysis. The cytokine cohort served 
for blood collection (on lithium heparin) 6 h after each injection to 
assess cytokine secretion in blood.

Six M and 6F 7-week-old piglets were randomly allocated to the con-
trol or Galsome-MOMP group and received i.m. three doses of either 
3, 15, or 100 μg Galsome-MOMP (Galsome-MOMP pigs) or an equal 
volume of 9% sucrose Tris 20 mM buffer (control pigs) (Figure 1B). 
An interval of 7 days was set between two doses. Cytokine analysis 
and evaluation of clinical parameters were assessed in the same pig-
lets (main group). Clinical parameters (local reactions, temperature, 
and weight) were assessed regularly. Blood was collected in serum 
tubes 5 h after each dose and used for cytokine analysis. Five hours 
after the third dose, additional blood was collected in heparin tubes, 
and PBMCs were isolated and restimulated with an MOMP peptide 
of 25 aa including CD8+ and CD4+ T cell epitopes to assess antigen- 
specific T cell proliferation. Four days after the first and the second 
dose, blood was collected in heparin tubes for iNKT analysis. 48 h 
after the last dose, all piglets were sacrificed to collect blood and or-
gans for further analysis.

www.moleculartherapy.org 

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 13 



Injections

Rats received i.m. injections in the right and left musculus biceps 
femoris with both sides receiving 150 μL of either Tris 20 mM 9% su-
crose or Galsome-NEO (i.e., 15 μg TMGNEO mRNA at each side, cor-
responding to a total dose of 30 μg TMGNEO mRNA), depending on 
the treatment group to which they were allocated to. During injec-
tion, rats were anesthetized in an anesthesia chamber with 5% iso-
flurane in oxygen and subsequently maintained with 1.5% isoflurane 
mixed with medical oxygen. Just before the injection, the fur at the 
injection sites was cut with a clipper to allow evaluation of 
local reactions at the injection site. Pigs were i.m. injected in the 
caudal region of the left musculus longissimus dorsi with volumes 
(30, 150, and 1,000 μL) of either Tris 20 mM 9% sucrose or 
Galsome-MOMP (i.e., 3, 15, and 100 μg MOMP mRNA). To allow 
measurement of body temperature, pigs were injected with a thermal 
microchip (BioThermo Lifechip, Destron Fearing, TX, USA) that 
was implanted in the area of the right hind leg by means of a subcu-
taneous injection 3 days before the start of the treatment.

Assessment of clinical health status

Animals were monitored for body temperature, body weight, local 
reactions at the injection site, and general condition to assess their 
health status. In rats, the temperature was measured by inserting a 
rectal thermal probe (BIO-BRET2 with BIO-TK8851 thermometer, 
BiosebLab, Vitrolles, France). In pigs, this was done by scanning 
the thermal microchip (Allflex AFX-110 Reader). Local reactions 
at the injection (erythema, edema, and induration) were scored using 
the Draize scoring system as reported previously.18 Representative 
images of the different grades of local reactions are illustrated in 
Figures S1 and S2. Weight was assessed prior to vaccination and 
monitored daily thereafter. All assessments were conducted at stan-
dardized time intervals, either 4 h or 24 h post vaccination and every 
other day thereafter.

Blood sampling and euthanasia

During the study, blood was drawn from the tail vein in rats using 
a 26G IV catheter (Terumo Versatus) and was collected in 
heparin-coated tubes (Microvette 500 Lithium heparin, Sarstedt). 
In pigs, blood was drawn from the jugular vein using a 21G 
PrecisionGlide Needle (BD Vacutainer) and was collected in hepa-
rin-coated tubes (BD Vacutainer Lithium Heparin Tube) and 
serum tubes (VACUETTE TUBE CAT Serum Separator Clot 
Activator).

At the end of the study, blood was collected from the vena cava in rats 
using a Surflash Polyurethane IV Catheter 24G (Terumo) under 
anesthesia (5% induction and 1.5% maintenance, mixed with 
medical oxygen at max. 0.5 L/min) followed by exsanguination. 
Pigs were first anesthetized by i.m. injection of a mixture of Zoletil 
100 (50 mg/mL tiletamine, 50 mg/mL zolazepam) and XylM 2% 
(xylazine 20 mg/mL) at a dose of 10 mg/kg. Blood was collected 
by percutaneous cardiac puncture followed by an intracardial injec-
tion of an overdose of sodium pentobarbital (Euthanimal 40% 
(400 mg/mL, at a dose of 100 mg/kg). For both animal species, blood 

was collected in serum (VACUETTE), EDTA (VACUETTE), and 
citrate tubes (VACUETTE).

Blood analysis

During the study, blood was collected to measure cytokine levels 
shortly after injection. Rat whole blood was collected in lithium hep-
arin-coated tubes, centrifuged at 14,000 rpm for 5 min to separate 
plasma. Pig whole blood was collected in serum tubes, centrifuged 
at 1000g for 10 min to separate serum. Plasma (rats) and serum 
(pigs) were frozen and stored at − 20◦C until analysis. In rats, cyto-
kines (TNF-α, IL-10, IFN-γ, CXCL1, MCP-1, GM-CSF, IL-18, IL- 
12p70, IL-1β, IL-17A, IL-33, IL-1α, and IL-6) were measured using 
a bead-based multiplex assay (LEGENDplex Rat Inflammation Panel 
(13-plex) BioLegend, San Diego, CA, US). In pigs, cytokines (IFN-α, 
IFN-γ, IL-1β, IL-10, IL-12/IL-23p40, IL-4, IL-6, IL-8, and TNF-α) 
were measured in serum using a multiplex assay (ProcartaPlex 
Porcine Cytokine & Chemokine Panel 9plex, Invitrogen, Vienna, 
Austria). In addition, IFN-γ was measured using an ELISA kit 
(Porcine IFN-gamma DuoSet ELISA, Bio-Techne).

Terminally collected blood was analyzed for biochemistry, hematol-
ogy, and coagulation by a clinical laboratory (A.M.L. BV, accredita-
tion number 8-11653-43-998, Antwerp). In rats, acute phase proteins 
in serum were measured by ELISA for detection of A2M and A1AGP 
(ab157729 and ab157730, respectively), and the assay was performed 
by A.M.L. BV. In pigs, serum CRP was measured in our lab using an 
ELISA kit (ab205089).

Ex vivo T cell proliferation assay of porcine PBMCs

Blood collected in heparin tubes was added to Lymphoprep 
(STEMCELL Technologies, Vancouver, Canada) to isolate PBMCs 
via density gradient centrifugation. After RBC lysis in ammonium 
chloride, PBMCs were stained using CellTrace Violet (Invitrogen, 
C34571) for 20 min at room temperature (RT), washed, and resus-
pended in lymphocyte medium (RPMI-1640 [Gibco] supplemented 
with 5% heat-inactivated fetal calf serum [Gibco], 1% L-glutamine 
[SAFC], 1% sodium pyruvate [Gibco], 1% kanamycin [Sigma-Al-
drich], 1% penicillin-streptomycin [Gibco], 1% non-essential amino 
acids [Gibco], and 0.1% β-mercaptoethanol [Merck]). Cells were 
seeded in a 96-well plate at a density of 5 × 105 cells/well. Per sample, 
three conditions were cultured: an unstimulated condition (lympho-
cyte medium only), in presence of 0.5 μg Concanavalin A (Sigma- 
Aldrich) or in presence of 5 μg MOMP peptide (25 aa including 
CD4+ and CD8+ T cell epitopes, Pepscan). Cells were incubated 
for 96 h, and supernatant was collected and stored for further cyto-
kine analysis at − 20◦C. Next, stimulation of PBMCs was stopped by 
incubating PBMCs with 20 mM EDTA-PBS for 20 min at RT, and 
cells were subsequently collected for flow cytometry staining. Cells 
were stained with a fixable viability dye 1:1,000 for 30 min at 4◦C 
(ZombieNIR, BioLegend, 423105). Next, Fc receptors were blocked 
by incubation in 10% pig serum for 20 min at 4◦C. Cells were then 
surface stained by incubation of cells with 1 μg PerCP-Cy5.5 Mouse 
Anti-Pig CD4a (BD, 561474), 1 μg PE Mouse Anti-Pig CD8a 
(BD, 559584), and 1 μg FITC anti-CD3 antibody (Invitrogen, 
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MA5-41029) during 30 min at 4◦C. All samples were measured by a 
MACSQuant 16 flow cytometer (Miltenyi Biotec, Cologne, Ger-
many) and analyzed by FlowJo software (BD Biosciences, Franklin 
lakes, NY, USA).

iNKT cell staining

At the day of euthanasia, half of the rat spleen and one inguinal 
lymph node were collected and stored on MACS Tissue Storage So-
lution (Cat# 130-100-008, Miltenyi Biotec). Spleens were gently 
pushed through a 40-μm cell strainer. After single-cell suspensions 
were obtained, an RBC lysis step was performed using ACK lysing 
buffer (Gibco, Grand Island, NY). Lymph nodes were digested 
with Liberase (Roche) and DNaseI (Roche) for 20 min at 37◦C and 
subsequently filtered through a 40 μm filter cap. Single-cell suspen-
sions were stained with a fixable viability dye 1:1,000 for 20 min at RT 
(LIVE/DEAD Fixable Aqua Dead Cell Stain Kit, Thermo Scientific) 
to exclude dead cells from analysis and subsequently incubated with 
Fc block 1:200 for 10 min at 4◦C (anti-rat CD32, BD Pharmingen) to 
block nonspecific FcR binding. Subsequently, cells were surface 
stained with CD3-APC (1:20, REA223, Miltenyi Biotec), CD161- 
FITC (1:100, 3.2.3, BioLegend), and CD279-BV436 (1:100, J43, Invi-
trogen) during 30 min at 4◦C. Compensation for spectral overlap was 
calculated using UltraComp eBeads compensation beads (Thermo 
Scientific) and MACS Comp Beads anti-REA (Miltenyi Biotec) 
stained with individual fluorochrome-conjugated antibodies.

At set time points, porcine whole blood was collected in lithium hep-
arin-coated tubes and analyzed for the presence of iNKT cells. Blood 
was 1:10 diluted in ACK lysing buffer (Gibco, Grand Island, NY) and 
incubated for 10 min under gentle mixing at RT to allow RBC lysis. 
The cell suspension was then stained with a fixable viability dye 
1:1,000 for 20 min at RT (LIVE/DEAD Fixable Aqua Dead Cell Stain 
Kit, Thermo Scientific). Next, Fc receptors were blocked by incuba-
tion in 10% mouse serum (Invitrogen, Catalog # 10410) for 20 min at 
4◦C. Cells were surface stained with mouse CD1d PBS-57 PE-labeled 
tetramer (1:100) and unloaded tetramer for 30 min at 4◦C. Finally, an 
antibody staining was performed by incubation of cells with 
CD3ε-APC (1:50, PPT3, Southern Biotech) during 30 min at 4◦C. 
All samples were measured by a MACSQuant 16 flow cytometer 
and analyzed using FlowJo software.

Necropsy and histology

After sacrifice, a gross macroscopic evaluation was performed, and a 
selection of organs was weighed (lungs, liver, heart, spleen, lymph 
node, kidneys, and testes). Samples of tissues (liver, lungs, heart, 
spleen, lymph node, and injection site) were collected in a random 
manner and fixed in neutral-buffered formaldehyde (3.5% formalde-
hyde buffered with sodium phosphate) for at least 24 h. All formal-
dehyde-fixed tissues underwent processing, embedding, and 
sectioning, followed by staining with H&E according to the labora-
tory standard protocols. Microscopic evaluation of organs and tissue 
sections was performed using an Olympus BX 61 microscope 
(Olympus, Belgium) by a pathologist to evaluate abnormalities, ne-
crosis, and inflammation.

Statistical analysis

All statistical analyses were performed using the GraphPad software 
Prism 8 (La Jolla, CA, USA). Information on the statistical analysis is 
specified in the figure captions.
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