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In vitro transcribed mRNA is an immunogenic and programmable molecule[1] that embodies

key advantages as an antigen-encoding gene for cell-based immunotherapy. For example,

the use of mRNA obviates prior knowledge of patient’s Human Leukocyte Antigen (HLA)

type, a pre-requisite for class I peptide epitope-based approaches. mRNA is also expressed

more efficiently than DNA because it does not need to cross the nuclear envelope. To date a

number of methods aimed at using mRNA to stimulate immune responses have been

studied. They include transfection of antigen-presenting cells (APCs) ex vivo with mRNAs

encoding defined antigens[1, 2] or with total mRNA repertoire from tumor cells,[3] as well as

direct injection of mRNA in vivo.[4–6] Dendritic cells (DCs) are the most common APCs

that have been loaded with antigen-encoding mRNA, as well as antigens in a variety of

formats. A major disadvantage of using transfected DCs as a vaccine is that the process of

harvesting, culturing and loading DCs is time- and resource-intensive. It requires that
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patients undergo at least one 4-hour leukapheresis procedure, followed by separation of the

peripheral blood mononuclear cells (PBMCs), from which the monocytes are isolated and

cultured for a week in a defined medium with cytokines. The resulting DCs are typically

matured before or after being loaded with mRNA and frozen for storage. Aliquots are

subsequently thawed prior to administration to patients. In efforts to circumvent these

somewhat cumbersome procedures, many groups have investigated direct injection of

antigen-encoding mRNA.[4–6] While this has the advantage of simplicity, there are still

manufacturing steps that require time, specialized resources and often proprietary

formulations. This is particularly true in the case of mRNA, which has distinct advantages as

a source of antigen but must be protected in vivo from nucleases. Recently, a study

demonstrated that DC vaccination is significantly less effective in antigen-presenting cell

(APC)-deficient mice[7] compared to wild-type mice. The authors concluded that ex vivo

transferred DCs function primarily as vehicles for transferring antigens to endogenous

APCs, which are responsible for the subsequent activation of T cells.[7] This raises the

possibility of using alternative cell types for mRNA cell based vaccination. In the search of

such an alternative, we find that the blood is an attractive cell source because it is

biocompatible, quickly available in large quantities and contains a variety of immune cells.

Notably, erythrocytes loaded with protein tumor antigens have been extensively studied as

vaccine carriers.[8–13] In addition, peripheral blood antigen-presenting cells loaded with

tumor antigens also proved to be an effective tumor vaccine, e.g. Provenge[14] which is FDA

approved in 2011. In both approaches, however, it is necessary to subject blood cells freshly

derived from the body to manipulation[8–13] and cell culture[15] before arriving at the final

vaccine preparation. This increases complexity and cost of treatment, dampening the

prospect of broad application of cell-based vaccines.[16, 17] We hypothesize that cell-based

vaccination can be achieved with a more simplified and direct approach by loading mRNA

directly into whole blood cells immediately after isolation from the body. We take

advantage of the fact that blood is made up of a heterogeneous cell mixture that includes not

only erythrocytes, but also leukocytes and reticulocytes. Notably, reticulocytes still retain

the ability to translate mRNA into proteins.[18] Hence, by loading mRNA into autologous

whole blood cells, mRNA may be delivered to endogenous host APCs via erythrocytes

(naturally enriched in RNase-inhibitor[19]) in form of untranslated mRNA. Additionally,

leukocytes and reticulocytes may deliver both untranslated mRNA as well as protein

resulting from translation of the loaded mRNA. In this report we show that blood harvested

from mice can be immediately loaded with mRNA and used as a vaccine to induce B and T

cell responses, as well as anti-tumor immune responses. This is a relatively simple protocol

that does not involve cell culture and can generate the cellular therapy product in about an

hour.

We show that mRNA was loaded by electroporation (Figure 1A) into erythrocytes

(TOLowFSCLow, TO: thiazole orange, FSC: forward scatter), reticulocytes

(TOIntermediateFSCLow) and leukocytes (TOHighFSCHigh). The finding was further confirmed

by both fluorescence and confocal microscopy (Figure 1B and Figure 1C). Using flow

cytometry, we further determined, within the leukocyte population, that mRNA was loaded

into MHC class II+ antigen-presenting cells, CD3+ T cells, CD11b+ monocytes, GR1+

granulocytes and CD45R+/B220+ murine plasmacytoid DCs (Figure 1D). Quantification of
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the fluorescently-labeled mRNA showed that about 300ng of RNA was loaded into 5×107

blood cells (Figure 2A), and amplification by RT-PCR of full length mRNA from mRNA-

loaded blood cells (Figure 2B) indicated that untranslated mRNA remained stable within the

cytoplasm of whole blood cells.[19] Luciferase expression detected in luciferase mRNA-

loaded blood cells (Figure 2A) confirmed the bioactivity of the mRNA. Thus, intact and

functional mRNA could be loaded into whole blood cells by electroporation.

Next we characterized the biological properties of whole blood cells two hours post-

electroporation. This time point was chosen because mRNA-loaded whole blood cells were

typically administered into all mice by the second hour post-electroporation. We observed

that mRNA-loaded blood cells remained viable (Figure 2C) based on the conversion of non-

fluorescent calcein-AM to fluorescent calcein by intracellular esterases. We also found

elevated levels of reactive oxygen species (ROS) in electroporated blood cells based on

higher mean fluorescence intensity contributed by oxidized calcein-AM. Only those that

were loaded with mRNA possessed higher levels of ROS (Figure 2D). ROS are pro-

inflammatory and thereby a potentially favorable property for whole blood cell vaccines.[20]

Using annexin V staining, we observed that cells loaded with mRNA externalized

phosphatidylserine (PS) compared to unloaded blood cells (Figure 2E, Figure S1). Surface

presentation of PS could be caused by scrambling of cell membranes lipids facilitated by

pore formation during electroporation,[21] or it could indicate that the blood cells were

apoptotic. To ascertain whether PS externalization was physically mediated, we tracked PS

externalization immediately after electroporation and found that cells were stained positive

for annexin V immediately after electroporation (Figure S2). Surface PS also appeared to be

irreversible, increasing slightly during recovery but dropping back to levels seen

immediately after electroporation by 24 h (Figure S2). We then analyzed mRNA-loaded

whole blood cells for apoptosis based on caspase-3 activities[22–24] and found that they were

comparable to naÔve cells (Figure S3). This indicated that surface PS presentation was not

caspase-mediated and suggested that PS presentation might not be biologically mediated.

Surface PS commonly known as “eat-me” signals displayed selectively on live mRNA-

loaded cells presumably target them to the mononuclear-phagocyte system for uptake. To

summarize, we show that electroporation of whole blood cells results in mRNA

electroinsertion and priming for antigen uptake in vivo.

Next we determined the biodistribution of mRNA-loaded whole blood cells following

intravenous administration and found that RNA-loaded whole blood cells were distributed to

multiple organs, including the APC-rich liver and spleen (Figure 2F). Additionally, mRNA-

loaded blood cells, despite being relatively low in abundance (Figure 1A), efficiently co-

localized with APCs in vitro (Figure S4). This was consistent with prior reports on live

erythrocytes that had phosphatidylserine artificially inserted in the cell membrane.[25] Hence

we confirmed that mRNA-loaded whole blood cells were distributed to the liver and spleen,

where they could be targeted to antigen presenting cells.

Based on the data presented in Figure 1 and 2, we hypothesized that whole blood cells

loaded with mRNA encoding antigen protein could induce antigen-specific immune

responses. We first monitored induction of B cell responses by measuring the presence of

antigen-specific serum IgG in mice immunized twice with ovalbumin (OVA) mRNA-loaded
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blood cells. As shown in Figure 3A, OVA-specific serum IgG could be detected in

immunized mice. To monitor induction of T cell responses, two groups of mice were

immunized once with blood cells loaded with mRNA encoding either OVA or the murine

melanoma antigen, tyrosinase-related protein 2 (TRP-2). Upon re-stimulation of splenic

lymphocytes in vitro, we analyzed T cells for antigen-specific function by measuring IFN-γ

secretion upon antigen re-encounter or lysis of target cells expressing antigen. Antigen-

specific IFN-γ secretion by OVA- or TRP-2-specific CD8+ and CD4+ T cells is shown in

Figure 3B. T cells also showed antigen-specific reactivity by selectively lysing target cells

that expressed the corresponding antigen (Figure 3C). Hence, we conclude that mRNA-

loaded blood cells injected immediately after electroinsertion and without further

manipulation can induce both humoral and cellular immune response.

We next evaluated the therapeutic efficacy of mRNA-loaded blood cells in the B16

melanoma immunotherapy model. Mice were immunized one time 2 days post-tumor

implantation with mRNA-loaded whole blood cells and as a positive control, TRP-2 mRNA-

loaded DCs (Figure 3D, 3E and 3F). Immunization with melanoma antigen TRP-2 mRNA-

loaded whole blood cells delayed tumor onset (Figure 3D) and enhanced survival (Figure

3E) as compared to whole blood cells loaded with mouse actin mRNA. Moreover, there was

no difference in tumor onset (p=0.52, Figure 3D), survival (p=0.33, Figure 3E) and average

tumor diameter (p=0.97, Figure 3F) in mice immunized with TRP-2 mRNA-loaded whole

blood cells and TRP-2 mRNA-loaded DCs. These results demonstrate that immunization

with TRP-2 mRNA-loaded whole blood cells leads to an antitumor response that is

comparable to TRP-2 mRNA-loaded DCs.

This brief report provides proof-of-concept of a rapid and affordable cellular

immunotherapy. Our approach is based on the hypothesis that immunization with mRNA-

loaded whole blood cells will lead to an anti-tumor immune response. As this vaccine is

designed to be an autologous cell product, it is unlikely to be toxic or be affected by blood

types of individuals. We have also not observed other visible side effects from this vaccine

formulation in our animal experiments.

Our formulation is distinctly different from red blood cell vaccines.[8–13] Firstly, buffy coat

cells (leukocytes) are not removed by Ficoll-Paque separation.[9] As a result, mRNA is also

loaded into leukocytes, which leads to the translation of the mRNA into protein (Figure 2A).

Secondly, mRNA is loaded into whole blood cells by electroporation instead of hypotonic

loading. The latter is not suitable because it requires prolonged incubation of labile mRNA

with cells, which requires an RNAse-free environment. Thirdly, our formulation is rapidly

distributed to the liver and spleen compared to most red blood cell vaccine which requires

additional pretreatment to achieve opsinization[26]. This rapid distribution could have been a

consequence of cluster formation (Figure 1B and 1C) as well as the externalization of

phosphatidylserine (PS) “eat-me” signals on the cell surface (Figure 2E).

As important, immunization with mRNA-loaded whole blood cells leads to induction of

immune responses. Notably, the dose applied in this study contains only about 150

nanograms of mRNA (Figure 2A). Although nanogram quantities of mRNA encapsulated in

nanoparticles using lipid-based gene carriers have been effective for erythropoietin
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delivery,[27] tumor vaccination may require microgram quantities as previously reported for

intravenously administered mRNA-nanoparticle vaccine.[28] It is also reasonable to assume

that synthetic gene carriers will be more efficient than erythrocytes in transfecting APCs. As

such, there is a very low chance for host APCs to be directly transfected by mRNA

encapsulated inside erythrocytes. Our results suggest that transfected leukocytes may be

involved in the induction of immune response, especially since a variety of them are loaded

with tumor antigen encoding mRNA. This speculation is consistent with predominant role of

cell-based vaccines for transfering antigens to host APCs.[7] Future studies will address the

mechanism of immune response induction, which will allow us to further understand and

optimize this vaccine formulation.

Experimental Section

mRNA encapsulation into whole blood cells

Whole blood was obtained from 4–6 week old C57Bl/6 female mice by cardiac puncture

using citrate as a stabilizer, diluted in PBS and filtered through a 70µm mesh. Whole blood

cells were washed a second time with complete Opti-MEM by centrifugation at 1200 rpm

for 5 min. Supernatant was discarded and the cell density of the pellet was determined using

a hemocytometer.

Electroporation media (EP media) was composed of 5% sucrose, Hepes (5mM), NaCl

(75mM), MgCl2 (1mM) and CaCl2 (2mM). Complete Opti-MEM is composed of Opti-

MEM (Invitrogen) supplemented with reduced gluthathione (4mM), beta-mercaptoethanol

(βME, 0.011mM) and MgCl2 (2mM). For a typical preparation, blood cells were diluted into

electroporation media (500µl) to obtain a final cell density of approximately 1 to 5 × 108/ml.

Cell suspension (200µl) was transferred to a cuvette (0.2mm width, VWR) and mixed with

mRNA (20µg). Cells were electroporated at room temperature using a BTX Square Wave

electroporator at 300–325V for 2.0 millisecond and immediately transferred to pre-warmed

complete Opti-MEM (2ml, 10× volume) and maintained at 37°C for at least 10 minutes.

Recovered cells were analyzed using flow cytometry (BD FACSCaliber) for loading

efficiency.

Immunotherapy model

2.5×107 mRNA-loaded (melanoma antigen murine tyrosinase-related protein2 [TRP-2] or

chicken ovalbumin [OVA] mRNA) blood cells were prepared (described in supporting

information) and injected intravenously into each mouse. To monitor the induction of

antibody responses, mice were immunized with blood cells transfected with OVA mRNA

two times with an eight-day interval. Seven days later, serum levels of anti-OVA IgG were

measured with a commercial kit. To determine the induction of antigen-specific T cell

responses, splenocytes were harvested 10 days post-immunization and depleted of red blood

cells. Non-adherent splenic lymphocytes were cultured with irradiated stimulator cells

(F10.9 melanoma cells or F10.9-OVA cells) at a responder: stimulator ratio of 10:1. T cells

were harvested after a 5 day culture and used in a CTL (cytotoxic T lymphocyte) assay or

separated into CD4 and CD8 T lymphocytes for an IFN-γ ELISpot (enzyme-linked

immunosorbent spot). To evaluate the efficacy of mRNA-loaded whole blood cells in an
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immunotherapy model, 2.5×104 B16-F10.9 cells were injected subcutaneously into the

flanks of C57Bl/6 mice (N=10/group). 2 days later, 2.5×107 mRNA-transfected blood cells

were injected intravenously into mice. Alternately, mice were immunized with 2×105

mRNA-transfected DCs intraperitoneally[29]. Time to tumor onset was recorded based on

the detection of palpable tumors on a daily basis. For overall survival, mice were sacrificed

once tumor diameter reached 20mm and date of sacrifice recorded. Tumor diameter was

measured with vernier calipers based on the longest side of the tumor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Whole blood cells can be loaded with mRNA.

A) Ungated 3D plot of Cy5-labeled GFP mRNA (Cy5-RNA) loaded into reticulocytes

(TOintermediateFSClow), leukocytes (TOhighFSChigh), erythrocytes (TOlowFSClow) based on

size (FSC) and presence of endogenous DNA/RNA (Thiazole Orange, TO)

B) Fluorescence image of mRNA-loaded whole blood cells. GREEN: FITC-labeled GFP

mRNA.

C) Confocal images of mRNA encapsulated in erythrocytes, leukocytes and reticulocytes.

RED: Cy5-labeled GFP mRNA loaded by electroporation, GREEN: Thiazole stain of

cellular DNA/RNA

D) Loading efficiency of Cy5-labeled GFP mRNA into reticulocytes (TOintermediateFSClow),

leukocytes (TOhighFSChigh), erythrocytes (TOlowFSClow), monocytes (CD11b), T cells

(CD3), antigen presenting cells (MHC II), granulocytes (GR1) and murine plasmacytoid

DCs (CD45R/B220).
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Figure 2.
Characterization of electroinserted mRNA, biological properties and biodistribution of

mRNA-loaded whole blood cells.

A) Mass of Cy5-labeled luciferase mRNA loaded in 107 whole blood cells (left axis) and

luciferase expression per 107 whole blood cells normalized to 107 non-electroporated cells

B) RT-PCR analysis of RNA recovered from whole blood cells loaded with actin mRNA

(“A”), TRP-2 mRNA (“T”) or nothing, respectively. Lane M is a 1 Kb DNA ladder

(Invitrogen).

C) Ungated 3D plot of cell viability based on conversion of calcein-AM to calcein in whole

blood cells loaded with Cy5-labeled GFP mRNA.

D) ROS levels in whole blood cells based on mean fluorescence intensity (MFI) of

intracellular calcein[30]

E) Surface phosphatidylserine analysis by annexin V staining

F) IVIS image of biodistribution of whole blood cells loaded with Cy5-labeled GFP mRNA

administered intravenously via tail vein 2 hours post administration. This experiment was

repeated 2 times with n=3 and one experiment is depicted. (c)–(e) were assayed 2 hours

post-electroporation.

** p<0.01, *** p<0.001 (One-way anova/bonferroni multiple comparison test)
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Figure 3.
Immunization with mRNA-loaded whole blood cells induces immune responses in vivo and

is comparable to dendritic cell (DC) vaccination in the B16 melanoma immunotherapy

model.

A) Induction of OVA-specific antibody responses. Serum collected from naÔve mice was

used as the negative control. Statistical analysis was done using a student’s t test. ** p<0.01,

*** p<0.001

B) Induction of antigen-specific IFN-γ secreting T cells in mice immunized with mRNA-

loaded whole blood cells. Isolated CD4+ and CD8+ T cells were stimulated with EL4 cells

previously transfected with either TRP-2 or OVA mRNA. After overnight incubation an

IFN-γ ELISpot was performed. Statistical analysis was done using a student’s t test. **

p<0.01, *** p<0.001

C) Induction of antigen-specific cytotoxic T cells in mice immunized with mRNA-loaded

whole blood cells. A europium-release CTL assay was performed 5-days post-stimulation.

EL4 thymoma cells electroporated with antigen-encoding mRNA (TRP-2 or OVA) were

used as targets to measure antigen-specific lysis.

D) Delay in tumor onset in mice immunized with mRNA-loaded whole blood cells. Time to

tumor onset was recorded based on the detection of palpable tumors (4–5 mm diameter).

Log-rank analysis (Mantel-Cox test) was used for statistical analysis: Blood cells+actin

mRNA vs Blood cells+TRP-2 mRNA, p=0.0001; Blood cells+actin mRNA vs DCs+TRP-2
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mRNA, p=0.0007; Blood cells+TRP-2 mRNA vs DCs+TRP-2 mRNA, p=0.52. Median time

to tumor onset is as follows: Blood Cells+actin mRNA=18, Blood Cells+TRP-2 mRNA=23,

DCs+TRP-2 mRNA=24.

E) Enhanced survival in mice immunized with mRNA-loaded whole blood cells. Survival

was recorded based on tumor growth to 20 mm in diameter at which point mice were

sacrificed. Log-rank analysis (Mantel-Cox test) was used for statistical analysis: Blood cells

+actin mRNA vs Blood cells+TRP-2 mRNA, p=0.0001; Blood cells+actin mRNA vs DCs

+TRP-2 mRNA, p=0.0001; Blood cells+TRP-2 mRNA vs DCs+TRP-2 mRNA, p=0.33.

Median time to tumor onset is as follows: Blood Cells+actin mRNA=23.5, Blood Cells

+TRP-2 mRNA=31, DCs+TRP-2 mRNA=32.

F) Induction of anti-tumor immunity is comparable in mice immunized with mRNA-loaded

whole blood cells and DCs transfected with mRNA. Figure depicts tumor diameter in

individual mice and average tumor diameter on day 22. The overall significance of the study

as determined by Kruskal-Wallis (ANOVA) test is p=0.0002. The comparison between

groups was done using the non-parametric Mann-Whitney test: Blood cells+actin mRNA vs

Blood cells+TRP-2 mRNA, p<0.0001; Blood cells+actin mRNA vs DCs+TRP-2 mRNA,

p=0.0002; Blood cells+TRP-2 mRNA vs DCs+TRP-2 mRNA, p=0.97.
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