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Lung transplants are often a life-saving intervention for patients with end-stage respiratory diseases.
However, approximately 90% of lung transplants are rejected due to an aggressive immune response.
Current immunosuppressant drugs, like calcineurin inhibitors (CNIs), are the standard of care for
immunosuppression after lung transplantation due to their ability to lower rejection rates and improve long-
term graft survival. However, they can lead to complications such as infections, increased cancer risk, and
impaired tissue repair due to the widespread immune suppression, largely because these drugs are not
effectively targeted and are instead administered orally or intravenously, impacting the entire immune
system rather than just the transplant site. To address this, we propose a localized mRNA-based
immunosuppressive strategy using lipid nanoparticle (LNP)-delivered PD-L1 mRNA. PD-L1 is a
transmembrane checkpoint protein that selectively inhibits T-cell activation at the transplant site without
suppressing the innate immunity systemically. The LNP formulation ensures efficient delivery of the PD-L1
mRNA into the graft tissue through both immersion and targeted injection. For the mRNA, a modified
plasmid (Addgene #182263) containing the mouse PD-L1 gene, optimized for in vitro transcription and
translation will be used. This targeted approach to immunosuppression is expected to reduce local
inflammation while preserving the body’s overall inmune system, effectively increasing graft and patient
survival with fewer side effects.

Keywords: Lung transplant, Standard of care, programmed cell death-ligand 1, localized
immunosuppressant, mRNA therapy
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that can save the lives of patients, yet

they face a significant challenge: post-
transplant rejection. Approximately 90% of
lung transplants are ultimately rejected by the
recipient’s immune system (uT
Southwestern Medical Center, 2014). This
immune response is primarily driven by T-
cells, which are responsible for triggering and
carrying out a cascade of immune system
attacks against the organ once the body
recognizes the transplanted lung as foreign

l ung transplants are a critical procedure

(Duncan & Wilkes, 2005). Around 40% of
patients withlung transplants experience
acute rejection, which occurs within the first
year after transplantation (Mrad &
Chakraborty, 2022).

To prevent rejection, the current standard
of care involves administering
immunosuppressant drugs to the patient (
Hussain & Khan, 2022). These drugs, which
include proteins and steroids, circulate in the
bloodstream before being absorbed into the
targeted tissue, as they are typically
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administered either orally or intravenously.
This method of delivery is fundamentally
flawed because the drugs can easily diffuse
into various tissues throughout the body
rather than staying localized at the transplant
site. This leads to suppression of the immune
system across the entire body. As a result,
patients are left highly wvulnerable to
infections and diseases due to their weakened
immune systems (McDermott & Girgis,
2018).

This highlights the need for a new
approach to the standard of care for lung
transplants: localized immunosuppression.
This form of treatment would remain
concentrated at the site of the transplant,
which could significantly reduce the risk of
systemic immunosuppression and address the
high rate of acute rejection.

To address this issue, our research began
by defining strict criteria for a potential
localized immunosuppressant: it had to
dampen T-cell activity, stay near the
transplant site, avoid secretion and harmful
signaling, exhibit a reasonable half-life, and
be producible in vitro. We also tested IL-10
and FasL proteins, but PD-L1 emerged as the
best candidate after sequential filtering of
checkpoint molecules against these criteria:
checkpoint potency, membrane anchoring,
localized expression, and practical delivery.
As a transmembrane protein, PD-L1 is in the
cell membrane of the transplanted tissue.
This prevents it from diffusing into the
bloodstream, effectively limiting systemic
exposure. PD-L1 is also responsible for
triggering the PI3K/Akt and Ras/MEK/ERK
pathways, which selectively curbs T-cell
proliferation  without crippling innate
immunity (Han et al., 2020). To ensure the
protein is expressed on-site without repeated
infusions, we chose the method of delivering
lipid- nanopartlcle encapsulated
PD-L1 mRNA. Additionally, the PD-L1
protein’s half-life is on the hour-scale,
averaging at approximately 15 hours, which
aligns with the acute-rejection time
frame(Chai et al. 2022). Administration of
this drug would involve a two-step delivery
protocol: soaking the organ in PD-L1 LNPs
for immediate surface coverage, then
injecting the same LNP solution into the
transplant tissue for deeper penetration,
allowing it to incubate prior to the
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transplantation procedure.

The objective of this experiment is to
evaluate the viability of the PD-L1 protein as
a targeted and localized immunosuppressant
in post-lung-transplant care in an effort to
improve patient mortality and reduce acute
rejection rates. We aim to determine its
effectiveness by analysing its ability to
reduce  T-cell-mediated rejection and
improve transplant success rates without
significantly compromising the patient’s
immune function, while also reducing the
side effects.

Some possible drawbacks that may arise
include challenges in the delivery of the
mRNA LNPs, as the two-step delivery
method (soaking and injection) may not
sufficiently or uniformly distribute the
mRNA LNP uptake throughout the lung.
Such issues may cause partial protection,
where some areas are protected while others
are rejected by T-cells. A potential method to
address this issue includes using fluorescent
DiR dye for fluorescent labeling. By using
living image software (PerkinElmer, IVIS®
version: 4.7.4) to track the fluorescence in a
mouse’s body, it is possible to track the
location of the mRNA LNPs, both within the
lung and throughout the mouse’s body, which
can help us determine if the LNPs remain
near the local graft tissue (Mow et al.,
2024).

Systems level

At the systems level, our study evaluates how
localized PD-L1 delivery affects transplant
tissue immunity in a whole transplant model
and determines the immune response to the
transplant based on the presence of the
mRNA containing LNPs. The study will first
be conducted in vitro testing using mouse
lung epithelial cells (MLE 12 CRL-2110 ™)
to test the transcription accuracy of the mouse
PD-L1 plasmids in addition to seeing which
transduction pathways are activated by PD-
L1. Using culture dishes, coat the 100-mm
tissue culture plates with 42 pg CD45 and 16
pg CD32 antibodies in 7 mL PBS for 2448
h at 4°C, washing the plates twice with PBS
and once with HEPES-buffered DMEM (
Chen & Liu, 2021). For the 3D culturing of
the mouse epithelial cells, culture the cells in
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the Dulbecco's Modified Eagle Medium
(DMEM; Gibco) supplemented with 10%
fetal bovine serum (FBS; Gibco) and 1%
penicillin/streptomycin (Gibco). Afterwards,
root the cells into a 6-well culture plate at a
density of 106 cells per well and culture them
for 24 hours (Chen et al., 2025). Then, treat
the cells with the mouse mRNA LNP to
observe the fusion of the LNP to the
membrane (and therefore the insertion of the
mouse plasmid into the lung cell) and the
transcription of the PD-L1, and evaluate the
effect of the PD-L1 molecules on the cultured
cells using cytotoxicity endpoints, such as
lactate dehydrogenase detection and trypan
blue staining. In addition to testing the mouse
epithelial lung cells, it is important to test the
effects of the human PD-L1 plasmids on
humanoid epithelial lung cells (specifically
a549 lung cells) by using a similar 3D cell
culturing technique. Cell culturing would
allow for the determination of dosage as well
as determining the differences in the effects
of the PD-L1 between mice and humans, and
taking this into consideration when
conducting the experiment.

For the procedure, donor lungs are
surgically extracted, briefly immersed in
their assigned solution, and as mentioned,
receive either the LNP or placebo injections
before incubation and implantation into
recipients (see Figures 1.(a), 1.(b), 1.(¢c)). All
procedures conducted on animal subjects
follow IACUC guidelines.

The independent variable in this
experiment is the PD-L1 mRNA LNP
solution, as found in the experimental
group’s  treatment composition. The
dependent variable will be the presence of
acute lung transplant rejection symptoms in
the recipient mice. Since mice are widely
used in immunology research and share many
relevant immune components with humans,
such as T cells, white blood cells, and CRP,
blood tests such as Complete Blood Count
(CBC) and C-reactive protein (CRP) will be
conducted to measure immune system
activity and detect potential inflammation
(Mestas & Hughes, 2004). The CBC test
provides a comprehensive analysis of
different blood cell types, which will allow
the detection of an increase in white blood
cell count - a sign indicative of increased
immune system activity, which aligns with

acute rejection symptoms (Complete blood
count (CBC): Medlineplus medical test,
2024). The CRP test measures the levels of
the C-Reactive Protein released by the liver
in response to inflammation, which is one of
the major signs of acute rejection. Because
these tests mirror standard human
monitoring, they provide a realistic proxy for
future clinical deployment. These diagnostic
methods are also a part of the standard of care
in human transplant monitoring and have also
been validated in mouse models, providing a
realistic and  translationally  relevant
comparison for assessing the effectiveness of
PD-L1 treatment.

The experimental setup for the pilot test
determining feasibility will consist of 3
experimental groups and a control group,
with group sizes being two mice for the
control and three mice each for the three
experimental setups. Each group will be
given a specific treatment composition to test
the effectiveness of the LNP solution protein
and the delivery method. The experimental
groups will either receive the placebo
containing a Phosphate Buffered Saline
(PBS), or the actual LNP solution. The
control group will receive the placebo (PBS)
for both the injection and the solution
immersion. Table 1(consists of an overview
of the experimental setup.

Table 1. Shows the experimental setup for
the various experimental and control
_groups in a table format.

Injection Solution Immersion
Control Group (Vehicle) Placebo (PBS) Placebo (PBS)

Experimental Group 1 Placebo (PBS) mRNA-LNP
Experimental Group 2 mRNA-LNP Placebo (PBS)
Experimental Group 3 mRNA-LNP mRNA-LNP

Device level

The PD-L1 protein is delivered into the lung
by fully immersing the lung in a solution
containing PD-L1 mRNA lipid nanoparticles
(mRNA LNPs) and through direct injection
of these mRNA LNPs. Injections of 20 pL
will be carefully delivered into 5 distinct
sites (Figure 2) across each lung to ensure an
even and localized distribution of the LNP
mRNA solution without causing tissue
damage (Turner et al., 2011). The LNPs
encapsulate the mRNA encoding PD-LI,
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Figure 1. (a) Shows the diagram of the donor mouse, (b) Demonstrates the transplantation, (c) Shows the LNP

delivery into the lung cells.
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Figure 2. Demonstrates the injection procedure
into the lungs through 5 distinct sites.

which is then taken up by cells and translated
into the functional PD-L1 protein. The
resulting polypeptide is modified to stabilize
the protein and ensure it functions properly,
such as through glycosylation and
phosphorylation.

The PD-L1 protein is delivered into the
lung by fully immersing the lung in a solution
containing PD-L1 mRNA lipid nanoparticles
(mRNA LNPs) and through direct injection
of these mRNA LNPs. Injections of 20 pL
will be carefully delivered into 5 distinct
This PD-L1 protein was selected due to its
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transmembrane characteristics and its ability
to bind to the transmembrane receptor PD-1
on T-cells. Binding to the receptor activates
PD-1, inducing a phosphorylation cascade
that diminishes the activation signal created
by the binding of T-cell antigen receptors
(TCR) or CD28 to the cell transmembrane
proteins on the cell. It does so by
dephosphorylating key proteins, such as
kinases like ZAP70 and PI3K, in the TCR
transduction pathway.

The LNP will be engineered to
encapsulate the PD-L1 protein mRNA and
will protect the mRNA from being broken
down or damaged by enzymes outside the
cell. While the size of all produced LNP may
not be the same, they should be around 60-
100 nm. To encapsulate the mRNA into the
LNP, the NanoAssembler ignite/ignite +, a
microfluidic system, is used for a medium-
scale production of the formula (60mL
produced with a 2:1 flow rate ratio). When
using the microfluidic system, two solutions
must be entered into the system: the mass-
produced mRNA and a lipid solution
containing ionizable lipids, phospholipids,
sterol lipids, and PEGylated lipids. For the
optimal LNP stabilization, the solution must
be made up of 0.5093 mg of ionizable lipids
(ALC-0315), 0.1034 mg of PEGylated lipids
{ALC-0159 [(polyethylene glycol)-2000]},
0.4697 mg of phospholipids (DSPC), and
0.0176 mg of sterol lipids (cholesterol), all of
which follow a molar N/P ratio of 6
(Schoenmaker et al., 2021). There should be
2.2 mg of PD-L1 mRNA entered into the
microfluidic system. After creating the
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particles, dilution occurs (using the
SpectraFlo Lab System) through adding a
buffer to the particle solution in order to make
sure that the LNP and mRNA are at optimal
stability. The buffer should contain 1540 mg
of potassium dihydrogen phosphate and 220
mg of disodium hydrogen phosphate
dihydrate with a pH of 7-8. Afterwards, the
LNPs should undergo overnight dialysis
against TBS (20 mM Tris, 0.9% NaCl, pH
7.4) and should be concentrated using
Amicon Ultra Centrifugal Filters with a 100
kDa molecular weight cutoff’. After the
solution is concentrated, it should be stored at
4 °C before use.

Parts level

We will use plasmid (Addgene #182263) for
In Vitro Transcription (IVT) of desired PD-
L1 mRNA, so that it can be incorporated into
the LNPs.

It is important to change the human pDL]1
(QINZQ7) to mouse pDL1 (Q9EP73) in this
experiment as the human gene and mouse
gene are only 69.2% identical(Uniprot,
2025). The plasmid will be modified using
PCR-based amplification of the mouse PD-
L1 gene from total mouse cDNA.

In Vitro Transcription (IVT) will be
performed according to the procedure for
Addgene #182263 using the kit from
CellScript  (kit #C-MSC100625). The
protocol listed for the CellScript #C-
MSC100625 is adhered to.

Citation: pDL1 was a gift from Daniel
Lobo (Addgene plasmid # 182263;
http://n2t.net/addgene: 182263
RRID:Addgene 182263).

The details for the plasmid are as follows:

Plasmid for IVT of desired mRNA: PD-
L1 (Addgene #182263)

This plasmid is used for synthesizing single-
and double-stranded RNA.
Key Features:
e Backbone Size: 2319 bp
e Promoters: T3 and SP6 for ssRNA;
dual T7 promoters for dsRNA
synthesis
e Bacterial Resistance: Ampicillin

(100 pg/mL)
e Host Strain: DH50, grown at 37°C
Copy Number: High
e Cloning Method:
o Digest with BspQI
o Use Gibson Assembly with
primers having specific
overhangs:
m Forward: 5’-TTAACCCTCA
CTAAAGGGAG-3’
m Reverse: 5’-GGGATTTAGG
TGACACTATAGAA-3’
o MI13 universal primers enable full
sequencing of inserts

The steps for mRNA production &
edlivery are as follows:

There are multiple key steps in the process of
mRNA production and delivery. Firstly, the
desired PD-L1 gene is cloned into the
plasmid (Addgene #182263). Following this
step, in vitro transcription must be carried out
to generate sufficient mRNA. The produced
mRNA is then purified using a Qiagen kit
(#28104) (Qiagen, 2024). After purification,
lipid nanoparticles (LNPs) are used to
encapsulate the mRNA for delivery. These
LNPs will typically consist of ionizable lipids
(ALC-0315), PEGylated lipids {ALC-0159,
which includes polyethylene glycol-2000},
phospholipids (DSPC), and sterol lipids such
as cholesterol.

Safety

Safety is prioritized in all research projects,
whether it concerns the environment, ethical
standards, or biological organisms. For this
study, all procedures involving animal
subjects will adhere to IACUC guidelines to
ensure ethical research practices. Wearing
full personal protective equipment (PPE)
while producing the mRNA LNP is strongly
recommended due to the potential exposure
to toxic substances. The use of ionizable
lipids (ALC-0315) is crucial to the efficiency
of encapsulation; however, high exposure to
these lipids can result in cytotoxicity (Bevers
et al., 2022). It is imperative that all the
scientists take precautions and conduct
procedures with care using a biosafety
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cabinet in order to prevent contamination of
the biological material used, in addition to
maintaining environmental cleanliness.

Due to the use of live mice during the
experiment, it is essential that they are treated
in a humane manner and provided with
necessities such as food and water, while also
being handled with care. To uphold ethical
research practices, we hope to reduce the
number of casualties to the fullest extent by
transplanting only one lung from the donor to
the recipient. This can help us mitigate the
risk of losing half the mouse population used
in the experiment trials.

During the transplantation, it is necessary
that all surgery precautions are followed,
including preventing contamination,
effectively monitoring anesthesia, and
preserving the organ with the utmost care in
order to ensure the subject has the highest
chance of survival.

Finally, proper disposal of all materials is
crucial to ensure environmental safety. For
example, all animal carcasses should be
incinerated, buried, or rendered, with
incineration being the preferred method to
prevent environmental contamination from
any chemicals used (Protocols for Safe
Handling and Disposal of Carcasses).

Discussions

Using PD-L1 mRNA LNPs to reduce T-cell
activation of targeted lung cells has the
potential to significantly improve the
recovery of lung transplant patient. This
treatment addresses the risk of lung
transplant rejection and reduces the
likelihood of an acute immune response by
preventing apoptosis of transplant tissue cells
by deactivating T-Cells in the transplant
region.

Our method’s ability to localize PD-L1
protein expression allows for a more targeted
approach to immunosuppressant delivery,
which  minimizes systemic  immune
suppression. Unlike traditional
immunosuppressants, which are delivered
intravenously or orally and require diffusion
into the bloodstream to reach target tissue,
our localized approach significantly reduces
this risk, helping protect patients from
infections and other complications that may
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arise from a weakened immune system.

By specifically targeting the transplant
site, our method will prevent rejection in a
specific region while still allowing the rest of
the immune system to remain active and
functional.

In addition, this study will allow the
determination of the viability of a protein that
could potentially save lives.

Although there are many benefits to this
project, all testing and experimenting must be
as thorough and accurate as possible to
ensure the collected data is viable. This is
because our primary goal is to eventually
apply our approach to real patients, and any
error could pose a serious risk to human lives.
Therefore, it is imperative that we account for
all potential complications. Additionally,
PD-L1 is involved in multiple signal
transduction pathways, beyond T-cells
regulation, which poses a challenge as its
expression in lung cells may trigger
unintended cellular responses (Karwacz et
al., 2011). This introduces uncertainty
regarding potential off-target effects or
adverse reactions, which need to be
thoroughly investigated prior to any clinical
application. To address potential off-target
effects, we will monitor any side effects and
identify which signaling pathways are being
inadvertently activated based on these
symptoms. If unintended pathways are
implicated, we may reduce the dosage of PD-
L1 mRNA LNPs or co-administer pathway-
specific inhibitors as needed to mitigate
unintended cellular responses.

Next steps

This experiment will allow researchers to
determine the viability of the PD-L1 protein
in a mouse system. Depending on the results
of the experiment, further research could be
modified to test the protein in new
conditions. Since the first round of
experiments would be conducted using the
mouse gene for PD-L1 (Q9EP73), the next
step would be to test the human PD-L1 gene
(QINZQ7) in the same system (Uniprot,
2025). Eventually, we want to be able to
ensure that the protein is effective and safe
enough to be used for human trials.
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