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Cellular immunotherapy involves the modification of immune cells in vivo or ex vivo to elicit, 
modulate or suppress immune responses. Modification by mRNA has become an attractive 
alternative to DNA vectors as a non-viral delivery approach, due to high transfection effi-
ciency including in non-dividing cells. However, widespread adoption of this strategy is cur-
rently limited by the lack of commercially available ready-to-use reagents for in vivo delivery 
of mRNA. In this study, we evaluate the newly launched in vivo-jetRNA® for the delivery 
of mRNA-encoded antigens into nanoparticles and the resulting CD4+ T cell responses to 
one of the expressed epitopes. Four routes of administration were compared to determine 
the in vivo biodistribution of the nanoparticles based on evidence of antigen-specific T cell 
responses in various lymphoid tissues. Systemic routes achieved efficient delivery with most 
antigen-specific T cells stimulated in all sites tested. In the case of local routes, responses 
were confined to draining lymph nodes. Some of the activation markers (CD25, PD-1) were 
only induced in specific sites using specific routes, suggesting a role for the local dose of 
nanoparticles and the nature of antigen-presenting cells present involved in different sites. 
When applied to splenocytes from different mouse strains in vitro, the mRNA nanoparticles 
had marginal effect on the maturation of antigen-presenting cells, did not negatively affect 
viability and did not induce proinflammatory cytokines. We conclude that in vivo-jetRNA® is 
a promising mRNA formulation for efficient delivery of genes and antigens in vivo.
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Cellular immunotherapy aims to harness the 
adaptive immune system in order to develop 
a targeted and curative response for unmet 
medical needs in the effective treatment of 
cancer, chronic infections or autoimmune 
diseases. The adaptive immune system is a 
specific immune response mainly driven by 
highly specialized and specific cells: lympho-
cytes (B and T). B lymphocytes, once exposed 
to an antigen in a peripheral lymphoid organ, 
can be activated and differentiate into plasma 
cells that secrete soluble or membrane-bound 
antigen-specific antibodies. T lymphocytes 
are subdivided into helper T cells (CD4+) 
and cytotoxic T cells (CD8+) whose role is to 
help activation of other immune cells (B cells, 
CD8+ T cells, macrophages, etc.) and to kill 
infected target cells, respectively. Successful 
immunogenic vaccines and therapies rests on 
activation of as many antigen-specific T cells 
as possible in different lymphoid tissues to 
create a robust immune response. Conversely, 
in the case of autoimmune diseases, effective 
immunotherapy relies on elimination or inac-
tivation of self-reactive T cells. When nucleic 
acid vectors are used to express the antigen of 
interest or antigenic subparts (epitopes), they 
should be efficiently delivered to antigen-pre-
senting cells (APCs) who will in turn present 
the encoded antigens to T cells in different 
lymphoid tissues. Thus, regardless of the de-
sired outcome, there is a need for efficient 
and safe delivery modalities for successful 
antigen-specific and cellular immunotherapy. 
mRNA delivery on the rise 

In vivo delivery of plasmid DNA to APCs 
was demonstrated to result in the induction 
of primary adaptive immune response more 
than two decades ago [1]. Since then, there has 
been a keen interest in DNA-based vaccines 
compared to protein/peptide-based vaccines; 
they are easier to produce, more cost-efficient 
and their delivery can be enhanced using 
transfection methods. Still, there are challeng-
es with the use of plasmid DNA, mainly at-
tributed to the insufficient immune response 
level elicited. This low immunogenicity of 
plasmid DNA is dependent on the deliv-
ery efficiency to target cells [2]. To improve 

delivery of plasmid DNA into tissues, several 
delivery systems have been developed, such as 
cationic polymers, to condense and protect 
DNA from degradation while facilitating its 
delivery into APCs via endocytosis. As previ-
ously discussed [3], we developed the leading 
cationic polymer-based transfection reagent 
in vivo-jetPEI® that is currently used in sev-
eral ongoing nucleic acid-based drug devel-
opment programs, with a majority of clinical 
trials for cancer treatment. As an alternative 
to DNA, mRNA-based immunotherapy is 
a promising tool due the fact that it retains 
many of DNA’s advantages including delivery 
of multiple antigens with one immunization 
while allowing a higher transfection efficien-
cy, avoiding promoter-dependent inhibition 
of expression and genome integration [4,5]. 
The higher transfection efficiency stems from 
the fact that mRNA does not need to reach 
the cell nucleus for expression nor require cell 
division for efficient gene expression. This 
is particularly interesting to improve the ef-
ficiency of delivery into slow-dividing and 
quiescent cells in vivo. The main drawback 
of mRNA is that it is not a stable molecule, 
hence the need for a transfection reagent 
that can efficiently protect mRNA during 
its in vivo delivery to cells and can easily be 
administered through systemic and local ad-
ministration routes. The ideal transfection 
reagent should efficiently condense and pro-
tect mRNA from degradation by nucleases, as 
well as facilitate endosomal escape [6].

in vivo-jetRNA®, A PROMISING 
VECTOR FOR mRNA DELIVERY
Delivery of mRNA into cells, and even more 
so in vivo is challenging because it depends 
on efficient condensation of mRNA mole-
cules to prevent degradation by extracellular 
nucleases. Although significant progress has 
been made on efficient intracellular delivery 
of mRNA, thanks to extensive optimization 
efforts in the field to make mRNA-based 
therapeutic strategies viable for immuno-
therapy, there is still no such therapy that 
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is approved and commercialized. Strate-
gies for non-viral delivery of therapeutic 
mRNA include ex vivo transfection of iso-
lated vehicle cells (e.g. dendritic cells [DCs] 
as APCs), direct injection of naked mRNA, 
and nanoparticles. Nanoparticles carrying 
mRNA molecules have the potential to sig-
nificantly improve the efficiency of mRNA 
delivery to cells non-invasively and with 
improved safety. These mRNA-containing 
nanoparticle formulations are typically made 
in-house and require significant experience 
and, in some cases, specialized equipment, 
for successful production. However, the lack 
of commercially available options to produce 
such nanoparticles that are validated and ac-
cessible to the average researcher constitutes 
a barrier to the widespread evaluation of this 
therapeutic strategy. Based on our expertise 
in developing non-viral based transfection 
reagents for in vivo applications, we engi-
neered a ready-to-use transfection reagent, in 
vivo-jetRNA®, specifically to ensure delivery 
of intact mRNA molecules to various tissues 
and cell types, the nature of which depend-
ing in part on the route of administration. 

CASE STUDY: BIODISTRIBUTION, 
AMPLITUDE & QUALITY OF A  
T CELL RESPONSE INDUCED BY 
AN mRNA-ENCODED EPITOPE 
DELIVERED BY in vivo-jetRNA®/
mRNA NANOPARTICLES 
Delivery of antigen-encoding 
mRNA to exogenous DCs versus 
endogenous APCs

We have recently compared delivery of mR-
NA-encoded epitopes by ex vivo mRNA-elec-
troporated DCs to nanoparticle delivery as 
means to elicit effective antigen-specific T cell 
responses in immunotherapy [7]. We reported 
that nanoparticle-mediated mRNA delivery 
to professional (bone marrow-derived DCs) 
and non-professional (stromal) types of APCs 
in vitro using jetMESSENGER® was gentle 
and most efficient in stromal cells. While not 

designed for in vivo delivery, these mRNA-car-
rying nanoparticles achieved transfection of 
various hematopoietic APCs (conventional 
and plasmacytoid DCs and other myeloid cells; 
1–7% of cells) and endothelial cells (~14% of 
cells) within lymph nodes. Using antigen-en-
coding mRNA, this level of transfection was 
adequate to induce robust CD4+ and CD8+ T 
cell responses, which showed a broader biodis-
tribution than those induced by ex vivo mR-
NA-electroporated DCs injected by the same 
route (intraperitoneal). When administered 
intravenously, DCs were primarily retained in 
lungs, while the nanoparticles efficiently target-
ed lymphoid tissues such as the spleen. These 
studies took advantage of a new platform (En-
dotope) that enables optimal engagement of 
CD4+ and CD8+ T cells with multiple antigen-
ic peptides encoded by DNA or mRNA [8]. 

Systemic injection of in vivo-
jetRNA®/mRNA nanoparticles 
induces robust & widespread 
antigen-specific T-cell responses

In this study, we evaluated how in vivo-jetR-
NA®, a specifically developed in vivo trans-
fection reagent, performs in delivering mR-
NA-encoded epitopes to different lymphoid 
tissues based on route of administration. To 
this end, we assessed the amplitude and phe-
notype of antigen-specific T-cell responses 
elicited by in vivo-jetRNA®/mRNA nanopar-
ticles in various lymphoid tissues as readout. 
Two systemic routes (intravenous [i.v.] and 
intraperitoneal [i.p.]) and two local routes 
(intradermal [i.d.] and subcutaneous [s.c.]) 
were compared (Figure 1A). We adoptively 
transferred T cell receptor-transgenic CD4+ 
T cells specific to one of the expressed epi-
topes followed by in vivo-jetRNA® nanopar-
ticles containing mRNA-encoded epitopes. 
A wide variety of lymph nodes (Figure 1A) as 
well as the spleen were collected 3 days lat-
er (before activated T cells can redistribute 
to other sites) for a comprehensive assess-
ment of the biodistribution of nanoparticles 
and where antigen presentation takes place. 
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Based on proliferation and CD44 upregu-
lation (indicators of antigen recognition), T 
cell responses were maximal (>80%) in all 
lymphoid tissues evaluated following sys-
temic administration of only 5 μg of mRNA 
per mouse (Figure 1B–D), indicating a broad 
distribution of mRNA and T cells responses 
with these routes. In contrast, more modest 

albeit significant responses, which were lim-
ited to the draining lymph nodes (inguinal 
lymph nodes for i.d., axillary, brachial and 
cervical lymph nodes for s.c.), were seen with 
local delivery routes. We found no evidence 
of visible non-specific stimulation of nonan-
tigen-specific (polyclonal) CD4+ T cells based 
on CD44 expression (Figure 1E).

 f FIGURE 1
Activation of antigen-specific T cells by an mRNA-encoded epitope in different lymphoid tissues after delivery via different 
routes using in vivo-jetRNA®. 

(A) Schematic of the sites of injections (see ‘Methods’ section) and lymphoid tissues analyzed. (B–D) Response of antigen-specific T cells: 
percentage of T cells that have divided at least once, based on proliferation dye dilution (B), percentage of CD44high cells (C) and representative 
plots for the different routes and locations (D). In this system, the PLN serves as an internal positive control because BDC2.5 T cells also react to 
a self-antigen naturally and uniquely presented in these lymph nodes, hence the higher background. (E) Response of recipient polyclonal CD4+ T 
cells (mostly nonantigen-specific) based on CD44 upregulation. Data are mean ± SEM (n=4–6 mice per group). Statistical significance measured by 
two-way ANOVA: * p<0.05, ** p<0.01, *** p<0.001. Stars in black (*) are for comparisons indicated by the lines. Stars in blue (*) are for comparison 
with the control group.
Lymphoid tissues analyzed: ABLN: Axillary and brachial lymph nodes; CLN: Cervical lymph nodes; ILN: Inguinal lymph nodes; MLN: Mesenteric 
lymph nodes; PLN: Pancreatic lymph nodes, spleen.
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Local injection of in vivo-jetRNA® 
nanoparticles carrying antigen-
encoding mRNA induce a T cell 
phenotype distinct from systemic 
administration

The high affinity interleukin-2 (IL-2) re-
ceptor chain CD25 can be induced upon 
activation and is important for T cell pro-
liferation supported by IL-2 as the major 
T cell growth factor. However, it is inter-
esting that, despite evidence of extensive 
proliferation (Figure 1), CD4+ T cells did 
not induce CD25 in response to systemic 
delivery (Figure 2A & B). On the contrary, 
CD25 was uniquely upregulated in drain-
ing lymph nodes in the case of i.d. and s.c. 
routes, and marginally in peritoneal lymph 
nodes (MLN and PLN) in the case of the 
i.p. route (Figure 2A & B), but not changed 
on polyclonal CD4+ T cells in all lymph 
nodes (Figure 2C). 

PD-1 is another activation marker that 
serves as negative regulator of the T cell 
response. PD-1 is usually more highly ex-
pressed on exhausted T cells following re-
peated antigen exposure. Interestingly, PD-1 
upregulation was restricted to lymphoid tis-
sues within the peritoneal cavity after i.p. 
injection (Figure 2B & D), contrasting with 
proliferation and CD44 upregulation (Fig-
ure 1B & C), which appear more sensitive. 
PD-1 was also prominently induced in the 
spleen after i.v. injection, which is where 
mRNA/nanoparticles primarily accumulate 
when using this delivery route [7]. Again, the 
treatment did not affect PD-1 expression on 
other T cells (Figure 2E). Small but significant 
increases in CD25+ and PD-1+ polyclonal T 
cells were observed in spleen after systemic 
delivery.

The results of this study revealed interest-
ing differences in the regulation of CD25 and 
PD-1 induction, which were uncoupled from 
simple TCR engagement that was evidenced 
by CD44 upregulation and followed by pro-
liferation. Although more experimental work 
is needed for confirmation, our interpretation 
of those data is as follow:

1. CD44 upregulation and proliferation 
in antigen-specific CD4+ T cells are 
achieved wherever there is sufficient 
antigen presentation. These responses are 
lower when antigen presentation is only 
contributed by migratory APCs (e.g. in 
draining lymph nodes after local delivery) 
and higher when resident APCs are directly 
transfected (e.g. systemic delivery). These 
responses are maximal when the local dose 
is higher (e.g. in peritoneal lymphoid tissues 
compared to skin-draining tissues after i.p. 
delivery).

2. CD25 may be most readily induced by 
migratory APCs. In the case of i.d. and s.c. 
deliveries, these APCs may be dermal DCs 
and/or Langerhans cells from the skin. 
In the case of i.p. delivery, they may be 
APCs from the omentum, which serves 
as the port of entry for cells and particles 
introduced into the peritoneal cavity 
[9,10].

3. In contrast, PD-1 may be more readily 
induced by resident APCs, but at a higher 
local dose than is required for CD44 
upregulation and proliferation, thus is not 
observed in distal lymph nodes. Although 
these responses are prominent in all 
lymphoid tissues after i.p. injection for 
example, we find that they are nonetheless 
significantly lower (p<0.03) in ABLN and 
CLN (non-peritoneal) than in MLN and 
PLN (peritoneal). The same may apply for 
the spleen as it is within the peritoneal 
cavity. Nanoparticles that are injected i.v. 
disperse easily and can reach all lymphoid 
tissues with a dose sufficient for CD44 
upregulation and T cell proliferation, but 
not necessarily for PD-1 upregulation. 
However, the spleen is by far the most 
vascularized of the tissues evaluated, and 
as such, it is expected to have a higher local 
dose of nanoparticles [7], thereby enabling 
PD-1 upregulation. The small effect on 
CD25 and PD-1 seen on splenic polyclonal 
CD4+ T cells may be attributed to this 
higher accumulation of nanoparticles 
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combined with cumulated T cell responses 
to other epitopes, besides p79, expressed 
by the mRNA.

The differences seen between routes may 
reflect both local antigen doses and the na-
ture of APCs transfected and/or presenting 
antigens, keeping in mind that transfect-
ed cells incapable of presenting antigens 
may nonetheless transfer encoded antigens 
to professional APCs. The environment of 
each lymphoid tissue may also influence the 
immune responses. Both MLN and PLN 

drain the intestinal mucosa [10], and their 
APC content and microenvironment mi-
lieu is expected to differ dramatically from 
skin-draining lymph nodes (ABLN, CLN, 
ILN). Substantial heterogeneity in immune 
responses is even observed within gut-drain-
ing lymph nodes depending on the sections 
of the gut they drain [11]. Thus, it is import-
ant to understand the biodistribution of T 
cell responses and how it affects the profile 
of the responding T cells, and select the 
route accordingly.

 f FIGURE 2
Expression of CD25 and PD-1 by antigen-specific T cells are dependent on the route antigen mRNA/in vivo-jetRNA® nanopar-
ticle injection. 

(A–C) Percentage of CD25+ cells among donor antigen-specific CD4+ T cells (A & B) and recipient polyclonal CD4+ T cells (C). (B & D & E) 
Percentage of PD-1+ cells among donor antigen-specific CD4+ T cells (B & D) and recipient polyclonal CD4+ T cells (E). Panel B: representative 
contour plots for the different routes and locations. Response to the natural self-antigen in the PLN (control group) does not involve CD25 or PD-1 
up-regulation. Data are mean ± SEM (n=4–6 mice per group). Statistical significance measured by two-way ANOVA: * p<0.05, ** p<0.01. Stars in 
black are for comparisons indicated by the lines. Stars in blue are for comparison with the control group.
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in vivo-jetRNA® nanoparticles 
do not exhibit toxicity & 
overstimulation of proinflammatory 
cytokines on immune cells in vitro 

Since in vivo-jetRNA® is a recently launched 
formulation for mRNA delivery, we ad-
dressed whether mRNA formulated with 
this reagent had deleterious effects on im-
mune cells, including an excessive non-spe-
cific release of proinflammatory cytokines by 
overstimulation of Toll-like receptors (TLR). 
To gain insight of these possible effects on 
immune cells across genetically diverse indi-
viduals, we cultured splenocytes from three 
strains of mice for 24h in the presence of 
‘naked’ mRNA, mRNA/in vivo-jetRNA® 
nanoparticles or a variety of TLR ligands. 
We used a relatively high dose of mRNA 
(0.5 μg per 2x105 cells, same mRNA as in 
vivo studies), which is only ten times lower 
than the dose injected in vivo, and we used 
comparable amounts of TLR ligands. The 
mRNA nanoparticles had no to marginal 
effects in increasing the expression of MHC 
and costimulatory molecules on the surface 
of CD11c+ cells (Figure 3A) and B220+ B cells 
(Figure 3B), and these effects were minimal 
compared to most TLR ligands tested. Fur-
thermore, the mRNA nanoparticles did not 
negatively affect the viability of the cells (Fig-
ure 3C). Importantly, the mRNA nanopar-
ticles did not induce the expression of 
proinflammatory cytokines IFN-b, IFN-g, 
TNF-a and IL-6, or the regulatory cyto-
kine IL-10, unlike most TLR ligands test-
ed (Figure 3D), and none of the treatments 
induced IL-1α, IL-1β, IL-12p70, IL-17A, 
IL-23, IL-27, MCP-1 and GM-CSF (data 
not shown). Thus, this formulation appears 
safe, and given the relatively low dose used 
to achieve robust responses in vivo and the 
high dispersion of the nanoparticles after 
systemic delivery supported by our biodis-
tribution data, we do not anticipate toxicity 
or cytokine storm to occur. These data are 
in line with the lack of unspecific/bystander 
effects on polyclonal CD4+ T cells in vivo. 
However, it remains to be assessed whether 

delivery resulting in high local concentra-
tions of mRNA nanoparticles, for example 
in the intradermal space, can result in local-
ized toxicity and/or inflammation.

in vivo-jetRNA® constitutes a 
versatile delivery vehicle for  
mRNA-encoded antigens

Irrespective of the administration route used, 
systemic or local, this data set shows that in 
vivo-jetRNA® is a promising non-viral de-
livery modality for effective in vivo delivery 
of therapeutic mRNA. Our previous studies 
demonstrated that the delivery of mRNA us-
ing nanoparticles can successfully target anti-
gens to various types of APCs in several lym-
phoid tissues [7], a winning combo to elicit 
a robust immune response. The phenotype 
and expansion of the stimulated T cells can 
be modulated based on the route of delivery, 
suggesting that this approach is versatile. The 
relative contribution of different transfected 
APCs to the overall immune response and 
how route of vector delivery, microenviron-
ment of the target lymphoid tissue and dose, 
as parameters, modulate the quality of the T 
cell response remain to be further explored 
using models in which the outcome of the T 
cell response can be tested (viral clearance, tu-
mor rejection, etc.).

Methods

NOD mice (strain #001976, females, 8 weeks 
of age), used as recipients, and T cell recep-
tor-transgenic congenic (CD45.2) BDC2.5 
mice (cross of strains #004460 and #014149, 
females, 8–16 weeks of age), used as donors, 
were obtained from The Jackson Laborato-
ry, the latter bred in our barrier facility. All 
procedures were performed following proto-
cols approved by the Columbia University 
Institutional Animal Care and Use Commit-
tee. In vitro-transcribed mRNAs, expressing 
multiple epitopes including the p79 mimo-
tope recognized by BDC2.5 T cells [7,8], was 
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produced by TriLink Biotechnologies. The 
mRNA was produced with modifications 
(Anti-Reverse Cap Analog as well as 5-meth-
yl-cytosine and pseudouridine substitutions) 
to increase stability and reduce immunoge-
nicity. For isolation of antigen-specific CD4+ 
T cells, spleen and pooled lymph nodes were 
collected from donor CD45.2+ BDC2.5 
mice and CD4+ CD25- T cells were purified 

using the MoJo™ Mouse CD4 T Cell Iso-
lation Kit (BioLegend) supplemented with 
biotinylated anti-CD25. Cells were then 
labelled with Violet Cell Proliferation Dye 
(eBioscience) and 0.5–1x106 T cells were 
injected i.v. into recipient NOD (CD45.1+) 
mice. The formulation of mRNA into in vi-
vo-jetRNA®/mRNA nanoparticles was done 
according to manufacturer’s instructions. 

 f FIGURE 3
In vivo-jetRNA®/mRNA nanoparticles have minimal effect of antigen-presenting cell maturation, and lack toxicity and the 
ability to induce non-specific release of proinflammatory cytokines in vitro. 

(A & B) Effect of in vivo-jetRNA®/mRNA nanoparticles (mRNA-NP) compared to medium alone, non-complexed mRNA and Toll-like receptor (TLR) 
ligands on the expression of MHC and costimulatory molecules on splenic CD11c+ cells (A) and B220+ B cells (B) after 24h in vitro. B cells did not 
express measurable amounts of CD80 (data not shown). (C) Viability of splenocytes after 24h of treatment based on propidium iodide exclusion. 
Data are mean ± SD (n=3 technical replicates per strain). (D) Secretion of cytokines by splenocytes after 24h in vitro stimulation. Eight other 
cytokines tested (IL-1α, IL-1β, IL-12, IL-17A, IL-23, GM-CSF, MCP-1) were not detected in any condition. Data are mean ± SEM (n=3 biological 
replicates per strain). Culture conditions: Medium only (Control), mRNA ± in vivo-jetRNA® formulation (500 ng mRNA), poly I:C (TLR3 ligand; 50 
ng), Resiquimod (TLR7 ligand, 200 ng), CpG oligonucleotides (TLR9 ligand, 200 ng) or lipopolysaccharide (LPS, TLR4 ligand, 500 ng). All doses are 
per 2x105 splenocytes per well.



INNOVATOR INSIGHT 

  1407Cell & Gene Therapy Insights - ISSN: 2059-7800  

REFERENCES
1. Porgador A, Irvine KR, Iwasaki A, Barber 

BH, Restifo NP, Germain RN. Predomi-
nant role for directly transfected dendrit-
ic cells in antigen presentation to CD8+ 
T cells after gene gun immunization. J. 
Exp. Med. 1998; 188: 1075–82. 

2. Hobernik D, Bros, M. DNA vaccines 
- How far from clinical use? Int. J. Mol. 
Sci. 2018; 19(11): 3605. 

3. Nyamay’Antu A, Dumont M, Kedinger 
V, Erbacher P. Non-Viral vector mediat-
ed gene delivery: the outsider to watch 
out for in gene therapy. Cell Gene Ther. 
Insights 2019; 5: 51–7.

4. Kowalski PS, Rudra A, Miao L, An-
derson DG. Delivering the messenger: 
advances in technologies for therapeutic 
mRNA delivery. Mol. Ther. 2019; 27: 
710–28. 

5. Liu MA. A Comparison of plasmid DNA 
and mRNA as vaccine technologies. 
Vaccines (Basel) 2019; 7(2): 37.

6. Maruggi G, Zhang C, Li J, Ulmer JB, Yu 
D. mRNA as a transformative technol-
ogy for vaccine development to control 
infectious diseases. Mol. Ther. 2019; 27: 
757–72.

7. Firdessa-Fite R, Creusot RJ. Nanopar-
ticles versus dendritic cells as vehicles 
to deliver mRNA encoding multiple 
epitopes for immunotherapy. Mol. Ther. 
Methods Clin. Dev. 2020; 16: 50–62.

8. Dastagir SR, Postigo-Fernandez J, Xu C, 
Stoeckle JH, Firdessa-Fite R, Creusot RJ. 
Efficient presentation of multiple endog-
enous epitopes to both CD4+ and CD8+ 
diabetogenic T cells for tolerance. Mol. 
Ther. Methods Clin. Dev. 2016; 4: 27–38.

9. Creusot RJ, Yaghoubi SS, Chang P, Chia 
J, Contag CH, Gambhir SS, Fathman 
CG. Lymphoid-tissue-specific homing 
of bone-marrow-derived dendritic cells. 
Blood 2009; 113(26): 6638–47.

10. Turley SJ, Lee JW, Dutton-Swain N, 
Mathis D, Benoist C. Endocrine self and 
gut non-self intersect in the pancreatic 
lymph nodes. Proc. Natl. Acad. Sci. USA 
2005; 102(49): 17729–33.

11. Esterházy D, Canesso MCC, Mesin L, 
Muller PA, de Castro TBR, Lockhart A, 
ElJalby M, Faria AMC, Mucida D. Com-
partmentalized gut lymph node drainage 
dictates adaptive immune responses. 
Nature 2019; 569(7754): 126–30.

AFFILIATIONS

Rebuma Firdessa-Fite 
Columbia Center for Translational Im-
munology, Columbia University Irving 
Medical Center, New York, NY, USA

Jorge Postigo-Fernandez 
Columbia Center for Translational Im-
munology, Columbia University Irving 
Medical Center, New York, NY, USA

Valérie Toussaint-Moreau 
Polyplus-transfection, Illkirch, France

Fabrice Stock 
Polyplus-transfection, Illkirch, France

Alengo Nyamay’antu 
Polyplus-transfection, Illkirch, France

Patrick Erbacher 
Polyplus-transfection, Illkirch, France

Rémi J Creusot  
Columbia Center for Translational Im-
munology, Columbia University Irving 
Medical Center, New York, NY, USA

Following adoptive transfer, recipient mice 
were injected with nanoparticles contain-
ing 5 μg mRNA per mouse either i.v. (tail 
vein), i.p., i.d. (shaved abdominal area) or 
s.c. (neck fold) (Figure 1A). Control mice re-
ceived T cells but no nanoparticle treatment. 
After 3 days, lymphoid tissues (as shown 
in Figure 1A) were collected separately and 
processed for single-cell suspensions. The 
cells were stained with antibodies to CD4, 
CD45.2, CD25, CD44 and CD279 (PD-1), 
all from BioLegend, and analyzed on a BD 
Fortessa™ flow cytometer. Splenocytes from 
NOD, C57BL/6 (B6) and BALB/c mice 
were cultured in vitro for 24h in the presence 
of mRNA with or without formulation with 

in vivo-jetRNA® or with various TLR ligands 
known to stimulate antigen-presenting cell 
maturation and cytokine secretion. Superna-
tant from these cultures were separately ana-
lyzed for 13 cytokines using the LegendPlex™ 
Mouse Inflammation Panel (BioLegend). The 
cells from these cultures were analyzed on a 
BD Fortessa™ flow cytometer after staining 
for B220 (B cells), CD11c (primarily den-
dritic cells), MHC class I (H2-Kd for NOD 
and BALB/c, H2-Kb for B6), MHC class II 
(I-A/I-E for B6 and BALB/c, I-Ak for NOD), 
CD40, CD80, CD86 as well as propidium 
iodide (all reagents from BioLegend and BD 
Bioscience). Flow cytometry data were ana-
lyzed with FCS Express 7. 
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