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Article 
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Abstract 

Background/Objectives: Antigen presenting cells (APCs) and immune cells have unique properties 
to drive or suppress immune responses. They are therefore key targets for the expression of vaccine 
antigens or transgene proteins. To better determine the utility of different molecular therapies to 
modify these cells, mRNA and DNA-based molecular therapy vectors were compared for their ability 
to genetically modify immune cells after intradermal injections in mice. DNA-based vectors included 
naked plasmid DNA, plasmid packaged in lipid nanoparticles (LNPs), and replication-defective 
adenovirus (Ad) vectors. mRNA delivery was mediated by packaging into LNPs like those used in 
COVID-19 vaccines. Methods: Each vector was used to deliver Cre recombinase into Cre reporter 
mice whose cells are activated to express green fluorescent protein (GFP) and firefly luciferase after 
Cre recombination. Mice were injected intradermally (ID) near the base of their tail at a site that drains 
into the inguinal lymph node. Luciferase activity was imaged in the living mice 1 or 4 days after 
vector injection. The animals were then euthanized and luciferase activity was imaged in the draining 
inguinal lymph node. Cells were prepared from the intradermal injection site and from the draining 
lymph node to determine which immune cells were genetically modified by phenotyping CD45, CD3, 
and CD11b GFP-positive cells by flow cytometry. Given that the skin uniquely contains Langerhans 
dendritic cells, these CD207+ cells were also phenotyped in skin samples and in the draining lymph 
node. Results: In both the skin and in the draining lymph node, the rank order of luciferase and GFP 
activation by the vectors were: 1) Ad; 2) mRNA-LNP; 3) DNA-LNP; and 4) naked DNA. Only mRNA-
LNP and Ad vectors mediated obvious luciferase activity in the living animals and in the draining 
lymph nodes by imaging. Notably, both vectors appeared to leak from the ID injection site and not 
only modify the draining lymph node but also strongly modify the livers of the mice. Naked DNA 
and DNA-LNP mediated detectable GFP activation in the skin and draining lymph node in some 
mice, but this activity was low and did not reach statistical significance when compared to PBS-
treated animals. mRNA-LNPs and Ad both mediated significant Cre delivery in CD45+, CD3+, 
CD11b+, and CD207+ immune cells in the skin and in the lymph node with adenovirus mediating 
consistently higher levels of expression in all of the tested cells. Conclusions: These data indicate that 
mRNA-LNP and Ad vectors mediate stronger modification of skin and lymph node immune cells 
after intradermal injections. Naked DNA and DNA-LNPs were markedly less potent at this activity 
than the other vectors. These data are consistent with the higher vaccine potency of mRNA-LNP and 
Ad vectors and suggest that approaches that increase targeting of immune cell subsets may have 
utility to increase efficacy while also reducing off target modification of tissues like the liver. 
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1. Introduction 

The immune system can protect one from pathogens or from cancer but can also drive anti-host 
immune responses to cause disease. Therefore, modulating the activity of immune cells is key to 
generating robust vaccine responses and to blunt pathogenic immune responses stimulated by an 
overactive immune system. One approach to modulate the immune system is to transiently or 
permanently genetically modify immune cells to activate or inhibit their responses with RNA or DNA 
therapeutics. 

Many lessons were learned with RNA and DNA therapeutics and the immune system during 
the COVID-19 pandemic [1]. Many different vaccines were deployed and were administered by 
diverse vaccination routes in efforts to control and contain SARS-CoV-2. mRNA-lipid nanoparticle 
(LNP) vaccines expressing the SARS-CoV-2 spike protein were advanced by Moderna and Pfizer and 
these became the numerically favored vaccine during the pandemic [1]. While these were rolled out 
quickly and show great merits, other vaccines like DNA-based adenovirus (Ad) vaccines were also 
deployed globally. Ad vaccines were initially deployed more broadly in developed and less 
developed countries owing to their lower cost, but they became disfavored due to early observations 
of vaccine-induced thrombotic thrombocytopenia (VITT) [2,3]. 

While VITT is certainly a concerning side effect, mRNA-LNP vaccines also had their own side 
effect: cardiomyopathy. Pfizer or Moderna mRNA vaccines were reported early to cause 
cardiomyopathy at a rate of 146 cases per 100 000 by the CDC, but later passive reporting in the 
United States by the Vaccine Adverse Event Reporting System (VAERS) suggested that 
cardiomyopathy in young males occurred at 105.9 cases per million doses. Authors of the review [4], 
calculated the incidence at 77 cases per million vaccinations. For comparison, the incidence of VITT 
is now estimated to be 3 to 15 cases per million vaccinations [5]. Therefore, Ad vaccines do not in fact 
have a worse safety record than more popular mRNA vaccines. 

Potency is also a significant consideration in selecting vaccines. Of the most utilized COVID-19 
vaccines, only the Johnson and Johnson Ad26 vaccine was given as a single immunization. All others 
required at least two immunizations as part of their clinical regimen. This need for one versus two 
vaccinations in the simplest comparison suggests that this DNA-based adenoviral vaccine might have 
more intrinsic potency than other vaccines that need two or more immunizations. 

There seems to be some merit to this conclusion. For example, in the BOOST study, volunteers 
received the BNT162b2 or mRNA-1273 mRNA vaccines two times or they received the Ad26.COV2.S 
vaccine only once [6]. Neutralizing antibody (NAb) titers at 1- and 6-months showed that nABs 
declined in recipients of BNT162b2 and mRNA-1273, while nABs in recipients of Ad26.COV2.S 
showed a significant increase. At 6-months, NAbs were significantly higher in the single vaccination 
Ad26.COV2.S cohort than in the BNT162b2 or mRNA-1273 groups [6]. 

While the Ad26 vaccine was given once, the similar ChAdOx1 was given two times like the two 
mRNA vaccines. When ChAdOx1 was compared to the mRNA vaccines in the ZOE COVID Study, 
SARS-CoV-2 NAbs waned over 5 months in the mRNA groups, but climbed in the Ad group over 
the same time period [7]. 

These data demonstrate that mRNA and DNA-based Ad vaccines have both their own strengths 
and their own particular side effects, so both should be considered in future vaccine strategies. 

Given this, the current study aimed to compare and benchmark different vaccine platforms for 
their ability to deliver transgenes into antigen presenting cells in vivo. To quantify the cell specificity 
of vector delivery to antigen presenting cells (APCs), we utilized a reporter system we developed 
that “fingerprints” gene delivery in vivo by monitoring luciferase (Luc), green fluorescent protein 
(GFP), and red fluorescent protein (RFP) expression in the same mouse (Figure 1 and (2)). Here, we 
focused on APC modification, since these are key to the initiation of immune responses. Recognition 
and presentation of foreign antigens is performed by a variety of antigen-presenting cells (APCs) 
including macrophages, B cells and a variety of phenotypically diverse dendritic cells (DCs) [8–12]. 
Immature DCs can mediate antigen uptake in peripheral organs or in lymph nodes. In the skin are 
epidermal resident DCs called Langerhans cells (LCs) [10]. LCs surveil environmental antigens and 
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pathogens that pierce the epidermis of the skin. Once LCs capture and process antigens, these DCs 
migrate to draining lymph nodes where they mature into DCs that can present antigens to T or B cells 
[12]. Antigens can also themselves be transported to draining lymph nodes via lymphatics where 
they can be sampled by APCs and processed for presentation to T and B cells. 

While intradermal vaccines are intentionally injected into the skin to interact with LCs and other 
APCs, it should be noted that any of the many intramuscular (IM) vaccines also coincidentally deliver 
antigens into the skin since the needles for IM injection must pierce the skin to reach the muscle. 
Therefore, LCs and the skin may actually play a role in not only ID, but also in IM vaccine strategies. 

To track APC modification efficiently in this study, we compared these vectors by the 
intradermal (ID) route. This route allowed the surface site of injection to be readily observed. It also 
allowed the known inguinal draining lymph node for the injection site to also be easily imaged and 
its cells to be examined. 

2. Materials and Methods 

2.1. Vectors 

Cre recombinase cDNA was expressed from pTRS-CBh-Cre plasmid DNA [13], or an E1-deleted 
adenovirus serotype 5 vector [14], or as an mRNA produced by in vitro transcription (IVT) from a T7 
Cre recombinase plasmid. Plasmids were purified on Endotoxin-free Maxiprep kits (Machery-Nagel). 
Adenovirus was produced from 10 Plate CellStacks (Corning) by banding on two CsCl gradients as 
in [15]. 

2.2. In Vitro Transcription (IVT) of mRNA 

The T7-Cre recombinase plasmid was linearized and purified by phenol/chloroform/isoamyl 
alcohol extraction followed by ethanol precipitation as in [16,17]. This was used as a template for IVT 
using a T7 RNA synthesis kit (New England Biolabs HiScribe E2040S). The mRNA was synthesized 
with N1-Methylpseudouridine-5’-Triphosphate (m1ΨTP, Trilink N-1081) and co-transcriptionally 
capped with Trilink CleanCap reagent AG N-7113. DNA template was removed with DNase I and 
mRNA was purified with NEB Monarch RNA Cleanup Kit T2050. mRNA was assessed by agarose 
gel electrophoresis and nanodrop. 

2.3. Lipid Nanoparticle Assembly 

Lipid nanoparticles were formulated as in [16,17] using cholesterol (Sigma C3045), 1,2-
dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000, Avanti polar lipids 
880151P), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti polar lipids 850365P), and 
dilinoleylmethyl-4-dimethylaminobutyrate (D-Lin-MC3-DMA or “MC3”, MedChemExpress HY-
112251) on a NanoAssemblr Ignite (Cytiva) microfluidics system. Concentrated LNPs were filtered 
with a 0.2 µM syringe filter (Pall Acrodisc 4602) and size, polydispersity index, and particle 
concentration were measured using a Zetasizer Advance Ultra Red (Malvern Panalytical ZSU3305). 
Encapsulation efficiency and total encapsulated mRNA was quantified using a Quant-iT RiboGreen 
RNA assay kit (Invitrogen R11490). 

2.4. In Vivo Experiments 

All animal experiments were performed at Mayo Clinic and were approved by the Mayo Clinic 
Animal Care and Use Committee. All experiments followed guidance of the Public Health Service 
Animal Welfare Policy, Animal Welfare Act and NIH guidelines in the Guide for the Care and Use 
of Laboratory Animals. 
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2.5. mT/mG: LSL-Lux Cre Reporter Mice 

mT/mG mice (aka. B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J strain # 
007676) and LSL-Luc mice (aka FVB.129S6(B6)-Gt(ROSA)26Sortm1(Luc)Kael/J mice strain # 005125) 
were purchased from The Jackson Laboratory (Bar Harbor, ME). mT/mG and LSL-Luc mice were 
crossed as F1 progeny for experiments involving luciferase imaging and flow cytometry. 

2.6. Vector Injections and Tissue Harvest 

Cre reporter mice were injected intradermally on the right side at the base of the tail with the 
indicated vectors 1) RD-Ad5-Cre (5 × 1010 vp); 2) Cre mRNA-LNPs (159 µg/mL); 3) Cre plasmid DNA-
LNPs (93.5 µg/mL); and 4) naked Cre plasmid DNA (93.5 µg/mL) with total volume 50 µL. The 
solvent PBS was injected as a control group in the same volume 50 µL. The Cre plasmid DNA-LNPs 
and naked Cre plasmid DNA used the same pTRS-CBh-Cre plasmid. 

4 days after injection, animals were imaged using a Lumina S5 IVIS imager (Revvity) to measure 
luciferase expression. After imaging, the animals were euthanized and injection site skin and the 
draining inguinal lymph node were collected. Skin tissues were washed by PBS and then digested by 
the Epidermis Dissociation Kit (Epidermis Dissociation Kit, mouse; Miltenyi Biotec) for enzymatic 
epidermal-dermal separation. In brief, scrape off the subcutaneous fat, then place tissue pieces on top 
of the enzyme G solution mix with the dermal side facing downwards, incubate at 4 °C for 16 hours. 
Peel off the epidermis from the dermis, transfer to Buffer S and cut into smaller pieces followed by 
transfer to enzyme P/A mix. After incubating for 20 minutes at 37 °C in a water bath. Stop enzymatic 
reaction by adding PB buffer (PBS containing 0.5% bovine serum albumin (BSA)). Then dissociate the 
epidermis pieces with gentleMACS Dissociator (Miltenyi). Apply samples to 70 µm MACS 
SmartStrainer and washed by PB buffer. Discard the strainer and centrifuge samples at 300× g for 10 
minutes at room temperature. Resuspended supernatant with PB buffer for further flow cytometry 
analysis. The right side inguinal lymph node was harvested and smashed onto a 100 µm cell strainer 
with the back of a syringe, rinse the strainer with PBS. Collect passed through cells with 40 µm cell 
strainer and rinse cell strainer with PBS. Centrifuge cells at 800× g, 4 °C for 5 min. Remove 
supernatant, wash with PBS twice and resuspend cells with 2 ml PBS for further study. 

2.7. Flow Cytometry 

Single-cell suspensions were prepared from mouse skin and inguinal lymph nodes. Cells were 
washed and resuspended in staining buffer (PBS supplemented with 2% FBS). Cell viability was 
assessed using Ghost Violet 510 Viability Dye (Tonbo Biosciences, San Diego, CA, USA) according to 
the manufacturer’s instructions. After viability staining, cells were incubated with fluorochrome-
conjugated monoclonal antibodies for surface marker staining for 30 min at 4 °C in the dark. The 
following antibodies: anti-mouse CD11b (BV421) and CD207/Langerin (APC) were from BioLegend 
(San Diego, CA, USA). Anti-mouse CD45 (PerCP-Cy5.5), CD3 (PE-Cy7) were from Tonbo Biosciences. 
After staining, cells were fixed with 4% paraformaldehyde (PFA) incubate on ice for overnight, then 
washed twice with staining buffer and resuspended for acquisition. Data were acquired on a Cytek 
northern lights spectral flow cytometer (Cytek Biosciences, Fremont, CA, USA). Spectral unmixing 
was performed using single-stained reference controls, prepared with either antibody cells. 
Fluorescence minus one (FMO) controls were included for CD207 analysis. Flow cytometry data were 
analyzed using FlowJo software. Doublets were excluded by FSC-A versus FSC-H gating, and dead 
cells were excluded based on Ghost Violet 510 staining. Immune cells were identified as CD45+, 
followed by analysis of CD3+ T cells, CD11b+ cells, and CD207+ dendritic cell and GFP+ subsets. The 
experiments were performed 3 times independently (lymph nodes n = 6, for skin tissues n = 4). 

2.8. Statistical Analysis 

Flow cytometry data are presented as percentages of immune cell subsets. Statistical analysis for 
this study was performed using GraphPad Prism version 10.4.1.3. For comparisons among multiple 
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groups, the nonparametric Kruskal–Wallis test followed by Dunn’s multiple comparisons test was 
applied, with all pairwise group comparisons performed. Data are presented as individual points 
representing each mouse, with median and interquartile range (IQR). A p-value < 0.05 was considered 
statistically significant. 

3. Results 

3.1. Cre Reporter Mice 

Cre reporter mice were used to track and “fingerprint” gene and mRNA delivery in vivo (Figure 
1 and (2)). These mice are transgenic in the Rosa26 locus for Cre-activated reporter genes. In LSL-Luc 
mice, firefly luciferase’s expression is blocked by a LoxP-flanked (floxed) poly-adenylation (PolyA) 
cassette between the CAG promoter and the luciferase gene (Figure 1). 

 
Figure 1. Cartoon of Cre Reporter Mice and Their Use in This Study to Track Gene and mRNA Delivery to 
Immune Cells. 

In the absence Cre expression, no luciferase is expressed. When Cre is delivered, it deletes the 
floxed PolyA to activate luciferase (Figure 2 and (2)). mT/mG mice instead have a floxed membrane-
targeted red fluorescent protein mTomato (mT) cDNA followed by membrane-targeted GFP (mG) 
cDNA also in the Rosa26 locus (Figure 1). 
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Figure 2. Luciferase Imaging of Cre Gene Delivery after Intradermal Injections in Cre Reporter Mice. (A) Live 
animal imaging 4 days after injection with the indicated vectors. (B) Imaging of the inguinal lymph nodes in the 
animals after sacrifice. (C) Larger views of selected mice from panel A that were injected with mRNA-LNP or 
Ad vectors. These experiments were repeated three times and images are representative of all groups. 

In the absence of Cre, mT is expressed on the membranes of all cells in the mouse. When Cre is 
delivered, mT is deleted and membrane-targeted GFP is expressed (2). These membrane-targeted 
reporter proteins provide exquisite discrimination of which cells are modified by vectors when 
examined by confocal microscopy. When LSL mice are crossed with mT/mG mice, these hybrid mice 
have exactly one copy of Cre-activatable luciferase and exactly one copy of Cre-activatable mT/mG. 
This allows 1) in vivo imaging; 2) cell-specific transduction monitoring via mG, and 3) on/off 
confirmation of transduction by coordinated loss of mT. Beverly Davidson’s lab later reported a 
similar “foot printing” system without luciferase imaging that was used to track gene delivery of 
NLS-Cre-GFP and Cas9 in Ai14 mT mice (16). In this work, they demonstrated that the Cre reporter 
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system was approximatley 8 times more sensitive than GFP delivery for detecting genetically 
modified cells. Thus, the Cre reporter system allows sensitive tracking of gene or mRNA delivery to 
cells in vivo. 

3.2. In Vivo Luciferase Imaging 

Cre reporter mice were injected intradermally (ID) with RNA and DNA-based Cre expression 
vectors at the base of their tail at a site that is drained by the inguinal lymph node. Four days later, 
the living animals were imaged for luciferase activity on an IVIS (Figure 2A). Naked plasmid DNA 
and DNA in LNPs did not produce detectable luciferase activity under these conditions, In contrast, 
mRNA in LNPs and DNA-based Ad Cre vectors both produced IVIS signals (Figure 2A,C). Both 
vectors produced luciferase at the ID site of injection. Notably, both vectors also produced stronger 
luciferase activity in the livers of the mice consistent with prior observations that both vectors leak 
into the blood [16,18]. The animals were euthanized and their inguinal lymph nodes were visualized 
on the underside of their abdominal skin (Figure 2B,C). Imaging demonstrated visible luciferase 
activity in the nodes by the mRNA-LNP and Ad vectors, but not by the others. 

3.3. Cre Delivery to Immune Cells in the Skin and in the Draining Lymph Node 

Skin injection sites and the inguinal lymph nodes were harvested at day 4 and immune cells 
were isolated from each. These cells were stained with cell phenotyping antibodies against CD45 to 
identify immune cells, CD3 to identify T cells, CD11b to observe antigen-presenting cells, and with 
CD207 to identify skin Langerhans DCs in the skin and that have migrated to the draining lymph 
node. When skin cells were examined, flow cytometry, revealed marked activation of mG GFP in 
Langerhans cells by mRNA-LNP and DNA-based Ad vectors (Figure 3). No Langerhans cells were 
marked by ID injection of naked DNA. When this same DNA was delivered in LNPs, there was 
detectable mG activation in Langerhans cells, but this was approximately 100-fold lower than Cre 
mRNA in LNPs and 300-fold lower than by DNA-based Ad vector. 
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Figure 3. Flow Cytometry for Cre-Expressing Langerhans Dendritic Cells in the Skin and lymph nodes. The 
ID site and draining lymph node were harvested 4 days after injection with the indicated vectors and their cells 
were analyzed by flow cytometry. Shown are representative scatter plots of GFP-expressing CD45+, CD11b+, 
CD207+ Langerhans cells. Gating strategy: FSC/SSC → singlets → live (Ghost Violet 510⁻) → CD45+ leukocytes 
→ CD11b+ → CD207+ dendritic cells, followed by subdivision based on GFP+ expression. Other immune cell 
populations were identified based on their lineage-specific surface markers using similar gating. 

When Langerhans cells and other immune cells were examined in the skin and draining lymph 
node, it was apparent that the mRNA-LNP and Ad vectors were superior to the other injections 
(Figure 4). In the skin, Ad activated GFP in approximately 1% of all CD45+ immune cells (p < 0.05 by 
Kruskal–Wallis test). CD45+GFP+ cells were observed in mRNA-LNP treated skin, but this did not 
reach significance. In the draining lymph node, Ad activated GFP in approximately 0.2% of all CD45+ 
immune cells (p < 0.01 by Kruskal–Wallis test). Up to 0.1% of CD45+ in the lymph node became GFP+ 
after mRNA-LNP treatment, but this did not reach statistical significance. Occasional CD45+GFP+ cells 
were generated by DNA groups, but these were lower than in the mRNA and Ad groups. 

 
Figure 4. Flow Cytometry for Cre-Expressing Cells in the Skin and Draining Lymph Node 4 Days after Vector 
Injection. Cells were harvested 4 days after injection of vectors and their cells were analyzed by flow cytometry. 
Percentages of different immune cell GFP+ subsets cell type were analyzed. * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001 by Kruskal–Wallis test with Dunn’s multiple comparisons. 

Ad activated GFP in 4 to 5% of CD45+CD11b+GFP+ monocyte/macrophages at the injection site 
and in the draining lymph node (p < 0.01 and p < 0.0001). mRNA-LNPs activated GFP in 
approximately 1% of these monocyte/macrophage cells (p < 0.05 and p < 0.01). GFP+ 
monocyte/macrophages were infrequently observed in the skin. 
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When Langerhans cells were examined 4 days after injection, mRNA-LNPs activated GFP in 2-
5% of these cells in the skin and lymph node (p < 0.05). In contrast, Ad activated GFP in up to 30% of 
these cells in both sites (p < 0.05 and 0.001). Rare GFP+ Langerhans cells were observed in either site 
after DNA delivery. 

4. Discussion 

The goal of this work was to map the initial transgene delivery paths of vectors relevant to gene 
or mRNA-based vaccines. This was tested after intradermal injection to enable simple tracking to the 
known inguinal draining lymph node. Under these conditions, naked DNA and DNA in LNPs 
mediate weak to no gene delivery to cells as determined by luciferase imaging and by flow cytometry. 
In contrast, mRNA delivered LNPs and DNA-based Ad vectors mediated significant delivery in 
antigen presenting cells and Langerhans cells in the skin. In general, the Ad vector mediated higher 
genetic modification of immune cells than the mRNA-LNP vector in the skin and in the draining 
lymph node. Notably, both of these robust vectors also mediated off-target delivery to the liver as 
evidenced by luciferase imaging in the living animals. This off target delivery was not unexpected 
for either vector and might explain to some degree certain side effects during genetic immunization. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Ad adenovirus 
APC antigen presenting cell 
ID intradermal 
GFP green fluorescent protein 
Luc luciferase 
mG membrane targeted GFP 
RFP red fluorescent protein 
mT membrane targeted mTomato RFP 
VAERS vaccine adverse event reporting system 
VITT vaccine-induced thrombotic thrombocytopenia 
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