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1 | INTRODUCTION materials with particle diameters generally under 100 nm. They can

be synthesized using a broad range of materials from polymers to lip-
Nanoscale materials, that is, nanoparticles (NPs) were first used ids and can specifically be engineered to form a variety of structures
for targeted drug therapy in the 1960s and have been a subject of like micelles, solid particles, and core/shell (Figure 1). NP synthesis is
great interest and research in many fields for their ability to be used a reproducible and scalable process that generally includes either a
as both a therapeutic and/or diagnostic tool.X NPs are engineered top-down or bottom-up approach, reviewed by Baig et al.2 NPs offer
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NMP, normothermic machine perfusion; NP(s), nanoparticle(s); PLA-PEG, poly(lactic acid)-poly(ethylene) glycol; PLGA, poly(lactic-co-glycolic acid); rPS, rapamycin-loaded
polymersomes; tPA, tissue plasminogen activator; TRaM, targetted rapamycin micelle; UW, University of Wisconsin.
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FIGURE 1 Various formulations and structures like micelles, liposomes, polymeric micelles, solid lipid nanoparticle (NP), and
polymersomes have successfully been used in pre-, peri-, and posttransplant studies. Typically, an immunosuppressive agent is encapsulated
inside the NP, and cell or tissue targeted delivery is achieved by conjugating antibodies or aptamers or peptides or cyclic peptides on the

surface of the NPs. Some examples of each NP developed and/or tested for transplantation are shown

several advantages including targeted payload delivery, sustained
and controlled drug release, improved stability and solubility of pay-
load, and improved efficacy with reduced toxicity of payload thera-
peutics.® This can be accomplished through the modification of the
particle itself, such as including moieties on the surface of NPs that
facilitate cell-specific targeting or triggered drug release based on
pH or other factors. A recent example includes the use of lipid NPs in
vaccine development toward SARS-CoV-2 in the delivery of mRNA.#

Although the use of NPs as drug delivery vehicles is not new,
their use in transplantation is growing rapidly. Here, we describe the
role of NPs in transplantation and identify barriers and pathways to

clinical implementation.

1.1 | Role of nanoparticles in transplantation
Significant progress has been made in improving early outcomes in
transplantation but improvements in long-term survival have been
elusive. Poor long-term outcomes and deleterious effects of cur-
rent immunosuppressive agents (ISA) predispose recipients to a
wide range of complications ranging from infection and metabolic
derangements to cancers, further exacerbated by the current cost
and financial burden associated with these medications.>® The use
of NPs could overcome the current limitations in transplantation
including systemic immunosuppressive drug delivery, lack of organ
therapeutic pretreatment strategies, cell-specific drug targeting,
personalized immunosuppressive regimens, and use of marginal
organs. Ongoing investigations in transplant research are centered
around manufacturing NPs using mechanisms that can blunt early
allograft insults and/or minimize ISA risk, which is important to im-
prove transplant outcomes.

Due to the unique nature of transplant surgery, there are mul-
tiple time points in which the use of a nanotherapeutic can be

8,9,12,14,15,31-34

investigated, with current research primarily focused around either
in vivo systemic delivery posttransplant or ex vivo pretreatment of
the organ prior to transplantation.® NPs administered posttransplant
provide an opportunity for controlled and localized targeting of the
antigen-presenting cells (APCs) involved in systemic immune re-
sponses. The goal of targeting APCs is to potentially induce immune
tolerance to prevent graft rejection. NPs administered to donor
organs prior to transplantation (pretreatment) provide a unique op-
portunity to target specific organs, cell types, and harmful signal-
ing mechanisms that are inevitably triggered as a consequence of
ischemia-reperfusion injury (IRI).” In addition to targeting, pretreat-
ing donor organs prevent the risk of systemically exposing the ther-
apeutic to the recipient patient. Moreover, targeting the signaling
pathways to condition organs ex vivo or mitigate early injuries in the
graft could potentially allow for the inclusion of marginal organs and
increase the donor pool. A list of various NPs used specifically in
transplantation is enumerated in a comprehensive review by Yao and
Martins.® Below, we discuss specific NP-based therapeutic strate-

gies administered to the recipients or the donors.

1.2 | Recipient-specific treatment strategies

Recent advances in NP bioengineering have explored the conjuga-
tion of targeting moieties to NPs as a means to specifically deliver
NPs to predetermined sites to further reduce off-target effects. NP
targeting moiety alterations have allowed for targeting of diverse cell
populations, including resident lymphocytes in lymph nodes (LNs)
and the allograft's vascular endothelium.®*? The goal is to lower the
systemic exposure to these potentially toxic, but necessary, immu-
notherapeutics. As described above, many alterations are being cre-
ated to work towards either inducing long-term tolerance in ideal
organs or mitigating the negative impacts of IRl in marginal organs.
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NP targeting moiety alterations represent a method for enhanced
NP retention in tissues expressing the desired target proteins, thus
increasing the bioavailability of the drug at the desired location.

Bahmani et al. reported on a novel intravascular delivery plat-
form for LN-targeted administration of drugs to lymphatics that
bypasses the current limitation, which relies on the administration
of drugs to lymphatic vessels through the skin.® They synthesized a
MECA79 monoclonal antibody (mAb)-coated NP that carries an an-
ti-CD3 payload (MECA79-anti-CD3-NP). MECA-79-anti-CD3-NPs
have a reduced rate of clearance by the mononuclear phagocyte
system, allowing it to have a prolonged circulatory time with mini-
mal physical entrapment in the lung. Their data demonstrated that
targeted delivery of anti-CD3 to LNs dramatically increased efficacy
by inducing long-term allograft survival in a murine heart trans-
plant model. The use of these NPs as an induction strategy could
greatly improve the safety profile of induction immunosuppression
by enabling significantly lower systemic dosing without sacrificing
efficacy.

These studies enabled lower systemic dosing, raising the ques-
tion of whether NPs could induce long-term tolerance and eliminate
the need for ongoing immunosuppression. Braza et al. identified a
macrophage activation pathway through which dectin-1 and toll-like
receptor 4 activation drive immunity-associated cytokine produc-
tion contributing to allograft rejection.® In this study, a myeloid-
specific nanoimmunotherapy based on high-density lipoprotein
(HDL) nanobiologics was developed and characterized to synergis-
tically target mTOR (mTORi-HDL) and CD40-TRAF6 (TRAF6-HDL)
as a means to induce long-term organ transplant acceptance in a
murine cardiac transplant model. Treatment with mTORi-HDL alone
resulted in significantly lower TNF-a and IL-6 protein expression and
lactate production by graft-infiltrating macrophages after ex vivo li-
popolysaccharide stimulation. When TRAF6i-HDL NPs were added
to the treatment, the mTORi-HDL/TRAF6i-HDL treatment synergis-
tically promoted organ transplant acceptance, with >70% allograft
survival at 100 days posttransplant. They concluded that short-term
treatment with mTORi-HDL/TRAF6i-HDL combination therapy was
able to induce long-term allograft survival with the potential to facil-
itate successful organ transplantation without needing continuous
immunosuppression.

Solhjou et al. observed an early increase in intragraft IL-6 levels in
ischemia in a murine heterotopic intra-abdominal cardiac transplan-
tation model which prompted an evaluation of the role of allograft-
derived dendritic cells as a potential source of IL-6 which promotes
CD4" alloreactive T cell activity.* They went on to develop the first
controlled-release formulation of an anti-IL-6 nanomedicine and
intragraft NP delivery platform using poly(lactic-co-glycolic acid)
(PLGA, 50:50 lactic acid:glycolic acid) NPs with anti-IL6 antibody.
In their murine heart transplant model, they treated recipients with
systemic anti-IL-6 or single-dose local intragraft treatment. Systemic
anti-IL-6 treated grafts had significantly less macrophage infiltration
and vascular injury compared with controls. Moreover, it protected
the grafts from the development of chronic rejection as demon-
strated by a reduction in inflammatory cell infiltrates, macrophage

infiltration, and vascular injury at a dose that was nine times lower
than systemic dosing.

Burke et al. designed poly(ethylene glycol)-b-poly(propylene sul-
fide) (PEG-b-PPS) polymersome (PS) nanocarriers for subcutaneous
delivery of rapamycin (rPS).*> Rapamycin is a potent immunosup-
pressive drug and, yet, is not readily used in the perioperative period
due to a host of adverse side effects when administered systemi-
cally.X® By encapsulating rapamycin in PS nanocarriers, rPS achieved
antigen-specific tolerance for transplanted pancreatic islets in a
major histocompatibility complex (MHC)-mismatched, allogeneic,
intraportal (liver) transplantation model during the treatment of type
| diabetes. This was achieved due to the ability of NPs to selectively
concentrate rapamycin within APCs, while avoiding direct drug de-
livery to T cells, effectively limiting side effects, avoiding systemic

immunosuppression, and selectively tolerizing donor antigen.

1.3 | Organ-specific treatment strategies
Transplant is unique in that the donor organ is isolated prior to im-
plantation into the recipient. A logical first step to the application
of NPs could be applied to the donor organ prior to transplanta-
tion. Incorporation of NPs into preservation solutions or as part of
pulsatile organ perfusion systems could allow for direct, as well as
targeted delivery of the drugs to the donor organs. In addition, it
will enable detailed biodistribution and pharmacokinetic studies to
provide the means to optimally deliver NPs to the donor organ.
There is growing appreciation that injuries like IRl occurring
early posttransplant set in motion a cascade of events that con-
tribute to long-term graft dysfunction. During IRI, endothelial
cells (ECs) lining the graft vasculature are subjected to oxidative
stress and mitochondrial dysfunction.’?° Consequently, they
are activated and behave as semi-professional APCs to elicit pro-
inflammatory responses21 and contribute to the development
of downstream vasculopathy, the hallmark pathology of chronic
transplant dysfunction.?? Modulation of the EC-mediated early
immune responses in the graft could, therefore, be key to improv-
ing transplant outcomes. Our group has developed pH-sensitive
micelle NPs loaded with rapamycin (TRaM) and decorated with cy-
clic arginine-glycine-aspartate moieties to target integrin alpha-v
beta-3 on the EC.X° The targeting moiety significantly improved
TRaM uptake and downregulated production and release of IL-6
and IL-8 in mouse cardiac and human umbilical vein ECs in vitro.
In an in vitro injury model using cold-storage hypoxia followed by
reperfusion, ECs treated with TRaM NPs significantly downreg-
ulated memory T cell responses. To further validate TRaM NPs
in vivo, mouse trachea, and aorta transplantation models were
used in which TRaMs were delivered as a constituent of the organ
preservation solution.!? When comparing donor organ TRaM
augmented University of Wisconsin solution (UW) pretreatment
with standard-of-care UW alone and free rapamycin augmented
UW, TRaM pretreatment was associated with significant protec-
tion against the development of chronic rejection in both allograft
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models, as compared to all other groups. In the trachea model,
TRaM-treated tracheas had minimal evidence of disease pathol-
ogy and no fatal tracheal dehiscence, which was seen in half of
the free rapamycin-treated recipients. In the aortic interposition
model, a single dose of 100 ng/ml TRaM (1/10th the dose of free
rapamycin) significantly decreased vasculopathy that was similar
to isogeneic controls.

Tietjen et al. used NPs targeting the endothelium in studies of
normothermic machine perfused human kidneys.11 Normothermic
machine perfusion (NMP) creates an opportunity for the ex vivo de-
livery of the therapeutic agents to the isolated organ and may also
provide a therapeutic benefit itself by reducing the severity of IRl to
graft vasculature.?® They conjugated anti-human CD31 antibodies
to poly(lactic acid)-poly(ethylene) glycol (PLA-PEG) NP loaded with
a fluorescent dye and administered them to isolated human kidneys
during ex vivo NMP. Conjugating the anti-CD31 to the PLA-PEG
NP led to enhanced vascular retention compared with nontargeted
NPs. Renal vascular ECs are highly susceptible to both IRl and dam-
age by pre-existing donor-specific antibodies, making them an ideal
target for NPs. In a follow-up study, they evaluated the efficacy
of the addition of plasminogen at a concentration of 10 ug/ml and
tissue plasminogen activator (tPA) dosed at 100 pg/kg of graft to
organ preservation solution in NMP of marginal human organs as a
method of lysing microvascular obstructions that impaired microvas-
cular blood flow leading to nonspecific accumulation of the targeted
NP.2* Treatment with both plasminogen and tPA during NMP not
only lysed the fibrinogen plugs but also resulted in enhanced reten-
tion of the NPs in the glomeruli and microvessels. This improved
delivery/retention led to improved urine production and vascular
resistance and reduction in kidney injury markers such as NGAL,
ICAM-1, and IL-6.

These studies demonstrate that, even in an isolated setting, the
delivery of NPs is not straightforward. The results of these studies
outline the progress being made in the delivery of NPs directly to a
vulnerable cell population and the mitigation of the negative impacts
of IRl and improvement in transplant outcomes; however, they are
only initial steps in uncovering the role that NPs can play in impact-

ing organ transplantation.

1.4 | Barriers to clinical implementation of
nanoparticles

NPs offer several advantages in transplantation, demonstrated
through the preclinical studies discussed above. Yet, barriers exist
that prevent the translational use of NPs for humans. Differences
between humans and animal models can influence the distribution
and efficacy of NPs.2>2% |dentifying the differences and finding so-
lutions can improve their clinical implementation. NP properties like
shape, size, and charge are also a barrier, as these properties dictate
its stability, interaction with cells including immune cells, distribu-
tion in the tissues, and release and bioavailability.?” These are im-
portant attributes to consider when designing NP systems. Further

strategies to maximize the efficacy of NP targeting are under devel-
opment and are heavily dependent on the type of organ undergoing
transplantation. The goal of the NP in development will also play a
role—is the primary objective of the NP to improve marginal organs
through minimizing the negative impacts of IRI, induce long-term
tolerance or both? These all represent areas undergoing further re-
search, development, and testing.

Barriers to implementation from a regulatory standpoint exist.
There are significant costs and time associated with FDA ap-
proval of a “new drug,” which some NPs are deemed. For those
nanotechnology-based platforms that use an existing FDA-approved
therapeutic, it is expected to take between 3 and 4 years, costing
between $20 and 50 million, to be able to use the therapeutic com-
mercially.?® It is difficult to ascertain the full impact that preclinical
research in non-transplanted human organs would have on the time-
line and cost of the introduction of new NP-based therapeutics, but
one can speculate that it would expedite the process while being less
expensive than other options. Use in transplantation could facilitate
rapid demonstration of safety and efficacy, which would open the
door to other indications. In fact, the FDA’s designation of “orphan
status” to therapeutics intended for use in transplantation, can help
expedite the demonstration of safety and efficacy in many of the
aforementioned nanoformulations due to clinical trial tax credits and
market exclusivity. However, translation of some “new” delivery sys-
tems, including NP-based products containing genetic material, bio-
mimetic proteins, or artificial APCs, would be more difficult as those
technologies will likely be deemed new drug(s). Their FDA approval
process would likely cost over $500 million and take 10+ years be-
fore being able to bring the new nanotherapeutic to market.?

The introduction and implementation of any new technology or
therapeutic faces challenges. Some of these will directly impact the
development and adoption of NPs as part of the standard of care,
including things like controllable and reproducible synthesis, evalua-
tion and screening, and scalable manufa\cturing.29 Addressing these
challenges is an area of ongoing research and process improvement.
Challenges still exist in the evaluation and screening of NPs both
in vitro and in vivo. Additionally, preclinical and early phase clini-
cal trials represent a necessary but timely and costly step in clinical
translation. We anticipate that the initial introduction of NPs into
transplantation will be focused on the delivery of existing drugs, and
once NPs have gained acceptance, further work exploring the intro-
duction of “new drugs” will be undertaken.

1.5 | Future directions of nanotechnology in
transplantation

The FDA is a member agency in the National Nanotechnology
Initiative, a federal research and development program that was
established to coordinate the multi-agency efforts in nanoscale
science, engineering, and technology. They have recognized the
importance and promise of nanotechnology and have taken steps
to accelerate progress for those making developments in the
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field, including publishing formal guidance for the industry re-
garding the types of information that should be included in drug
applications.30

A wide range of FDA-approved ISAs exist and are readily cap-
tured into various NPs. Renal allografts are frequently placed into
pulsatile flow perfusion machines, making the addition of NPs to
the preservation solution a simple modification that could readily be
adapted. NP delivery during perfusion allows for assessment of the
efficacy of NP binding dynamics and retention. Assuming minimal
off-target effects and systemic absorption, NP pretreatment during
perfusion provides benefit from a regulatory perspective of elim-
inating the need to collect data on the systemic pharmacokinetics
and pharmacodynamics of the NPs within the recipient. A key de-
terminant to the ease of obtaining FDA approval for this approach
hinges on if the NP would be considered a part of the perfusion de-
vice or a separate therapeutic as this could greatly accelerate the
FDA review process and applications clinically.

Whether immunosuppressive NPs are delivered ex vivo or in vivo,
determining off-target effects and identifying ways to minimize them
is imperative and requires an enhanced understanding of the biodistri-
bution and trafficking of various delivery methods to allow for delin-
eation of the off-target effects and kinetic patterns for delivery modes
and organs transplanted. A growing body of evidence supports the
role of pretreatment strategies abrogating some pathways that con-
tribute to long-term graft dysfunction and failure. Ex vivo perfusion of
organs is intended to mitigate ischemic injury that occurs during organ
preservation. This “therapeutic window” has been used experimentally
to effectively immunosuppress or deliver anti-inflammatory agents to
grafts prior to, or during, preservation; to focus delivery of the thera-
peutic to grafts; to control the release of payload cargo; and to protect
grafts from injury immediately posttransplant, potentially facilitating
tolerance induction by modifying the allogenicity of the grafts. Thus,
ex vivo delivery may represent a strategy that would facilitate the
introduction and adoption of nanotherapeutics into transplantation,
potentially paving the way for their adoption and use in other fields
of medicine.

2 | CONCLUDING REMARKS

Although barriers to the implantation of NPs in transplantation
exist, they are not insurmountable. NP-based therapeutics can
minimize recipients’ ongoing needs to ISAs through systemic
recipient therapy or organ pretreatment. NPs hold promise to
deliver drugs within a specific therapeutic range, improving the
efficacy of treatments while reducing necessary drug dosage and
associated toxicities.

ACKNOWLEDGMENTS

Research reported in this publication was supported by the
National Institute of Health (SNN: NIBIB KOS8EB019495, CA: NHLBI
RO1HL140470, LP: NIH T32 HLO07260, GT: NIDDK R01DK124420).

DISCLOSURE

The authors of this manuscript have conflicts of interest to dis-
close as described by the American Journal of Transplantation.
Drs. Carl Atkinson and Satish Nadig are co-founders of ToleRaM
Nanotech, LLC where Dr. Atkinson serves as the Chief Scientific
Officer. Dr. Nadig currently serves as the Chief Medical Advisor
for Pandorum Technologies, Pvt Ltd. Drs. Carl Atkinson and Satish
Nadig are inventors in patent Donor organ pretreatment formula-
tion, US2016/039315. Dr. Gregory Tietjen is a co-founder of Revalia
Bio, a biotech startup developing nanomedicines for ex vivo delivery,
where he serves as President.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were
created or analyzed in this study/minireview. Data sharing is not ap-
plicable to this article/minireview as no data sets were generated or
analyzed during the current study.

ORCID
Leah Plumblee "= https://orcid.org/0000-0002-1990-4056
Carl Atkinson " https://orcid.org/0000-0002-0067-0210

Dinesh Jaishankar "= https://orcid.org/0000-0001-7906-176X

https://orcid.org/0000-0002-8945-2892
https://orcid.org/0000-0002-7227-2887

https://orcid.org/0000-0001-6090-4245

Evan Scott
Gregory T. Tietjen
Satish N. Nadig

REFERENCES

1. Krukemeyer MG, Krenn V, Huebner F, Wagner W, Resch R. History
and possible uses of nanomedicine based on nanoparticles and nan-
otechnological progress. J Nanomed Nanotechnol. 2015;6(6):336.

2. Baig N, Kammakakam I, Falath W. Nanomaterials: a review of syn-
thesis methods, properties, recent progress, and challenges. Mater
Adv. 2021;2(6):1821-1871.

3. Yao CG, Martins PN. Nanotechnology applications in transplanta-
tion medicine. Transplantation. 2020;104(4):682-693.

4. Roces CB, Lou G, Jain N, et al. Manufacturing considerations
for the development of lipid nanoparticles using microfluidics.
Pharmaceutics. 2020;12(11):1095.

5. Gill JS, Formica RN, Murphy B. Passage of the comprehensive
immunosuppressive drug coverage for kidney transplant pa-
tients act—A chance to celebrate and reflect. J Am Soc Nephrol.
2021;32(4):774-776.

6. Helmuth ME, Liu Q, Turenne MN, et al. Secular trends in the cost
of immunosuppressants after solid organ transplantation in the
United States. Clin J Am Soc Nephrol. 2019;14(3):421-430.

7. Wu MY, Yiang GT, Liao WT, et al. Current mechanistic con-
cepts in ischemia and reperfusion injury. Cell Physiol Biochem.
2018;46(4):1650-1667.

8. Bahmani B, Uehara M, Jiang L, et al. Targeted delivery of immune
therapeutics to lymph nodes prolongs cardiac allograft survival. J
Clin Invest. 2018;128(11):4770-4786.

9. Dane KY, Nembrini C, Tomei AA, et al. Nano-sized drug-loaded
micelles deliver payload to lymph node immune cells and prolong
allograft survival. J Controlled Release. 2011;156(2):154-160.

10. Nadig SN, Dixit SK, Levey N, et al. Immunosuppressive nano-
therapeutic micelles downregulate endothelial cell inflammation
and immunogenicity. RSC Adv. 2015;5(54):43552-43562.


https://orcid.org/0000-0002-1990-4056
https://orcid.org/0000-0002-1990-4056
https://orcid.org/0000-0002-0067-0210
https://orcid.org/0000-0002-0067-0210
https://orcid.org/0000-0001-7906-176X
https://orcid.org/0000-0001-7906-176X
https://orcid.org/0000-0002-8945-2892
https://orcid.org/0000-0002-8945-2892
https://orcid.org/0000-0002-7227-2887
https://orcid.org/0000-0002-7227-2887
https://orcid.org/0000-0001-6090-4245
https://orcid.org/0000-0001-6090-4245

1298 |

PLUMBLEE ET AL.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

AJT

Tietjen GT, Hosgood SA, DiRito J, et al. Nanoparticle targeting to
the endothelium during normothermic machine perfusion of human
kidneys. Sci Transl Med. 2017;9(418).

Zhu P, Atkinson C, Dixit S, et al. Organ preservation with targeted
rapamycin nanoparticles: a pre-treatment strategy preventing
chronic rejection in vivo. RSC Adv. 2018;8(46):25909-25919.

Braza MS, van Leent MMT, Lameijer M, et al. Inhibiting inflamma-
tion with myeloid cell-specific nanobiologics promotes organ trans-
plant acceptance. Immunity. 2018;49(5):819-828.e816.

Solhjou Z, Uehara M, Bahmani B, et al. Novel application of localized
nanodelivery of anti-interleukin-6 protects organ transplant from
ischemia-reperfusion injuries. AmJ Transplant. 2017;17(9):2326-2337.
Burke JA, Zhang X, Bobbala S, et al. Subcutaneous nanotherapy
repurposes the immunosuppressive mechanism of rapamycin to
enhance allogeneic islet graft viability. Nat Nanotechnol. 2022.
Halloran PF. Immunosuppressive drugs for kidney transplantation.
N Engl J Med. 2004;351(26):2715-2729.

Tran DT, Esckilsen S, Mulligan J, Mehrotra S, Atkinson C, Nadig SN.
Impact of mitochondrial permeability on endothelial cell immuno-
genicity in transplantation. Transplantation. 2018;102(6):935-944.
Tran DT, Tu Z, Alawieh A, et al. Modulating donor mitochondrial
fusion/fission delivers immunoprotective effects in cardiac trans-
plantation. Am J Transplant. 2022;22(2):386-401.

Manes TD, Pober JS. Antigen presentation by human microvascular
endothelial cells triggers ICAM-1-dependent transendothelial pro-
trusion by, and fractalkine-dependent transendothelial migration of,
effector memory CD4+ T cells. J Immunol. 2008;180(12):8386-8392.
Rothermel AL, Wang Y, Schechner J, et al. Endothelial cells present
antigens in vivo. BMC Immunol. 2004;5:5.

Pober JS, Merola J, Liu R, Manes TD. Antigen presentation by vas-
cular cells. Front Immunol. 2017;8:1907.

Merola J, Jane-Wit DD, Pober JS. Recent advances in allograft vas-
culopathy. Curr Opin Organ Transplant. 2017;22(1):1-7.

DiRito JR, Hosgood SA, Tietjen GT, Nicholson ML. The future of
marginal kidney repair in the context of normothermic machine
perfusion. Am J Transplant. 2018;18(10):2400-2408.

DiRito JR, Hosgood SA, Reschke M, et al. Lysis of cold-storage-
induced microvascular obstructions for ex vivo revitalization of
marginal human kidneys. Am J Transplant. 2021;21(1):161-173.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA,
Langer R. Engineering precision nanoparticles for drug delivery. Nat
Rev Drug Discovery. 2021;20(2):101-124.

Ray PHN, Haque |, Mohammed O, et al. The impact of nanoparti-
cles on the immune system: a gray zone of nanomedicine. J Immunol
Sci. 2021;5(1):19-33.

Hussain B, Kasinath V, Madsen JC, Bromberg J, Tullius SG, Abdi R.
Intra-organ delivery of nanotherapeutics for organ transplantation.
ACS Nano. 2021;15(11):17124-17136.

Fisher JD, Acharya AP, Little SR. Micro and nanoparticle drug de-
livery systems for preventing allotransplant rejection. Clin Immunol.
2015;160(1):24-35.

Shi J, Kantoff PW, Wooster R, Farokhzad OC. Cancer nanomed-
icine: progress, challenges and opportunities. Nat Rev Cancer.
2017;17(1):20-37.

Administration USFaD. Liposome Drug Products: Chemistry,
Manufacturing, and Controls; Human Pharmacokinetics and
Bioavailability; and Labeling Documentation. 2018.

van Alem CMA, Schmidbauer M, Rong S, et al. Liposomal deliv-
ery improves the efficacy of prednisolone to attenuate renal in-
flammation in a mouse model of acute renal allograft rejection.
Transplantation. 2020;104(4):744-753.

Freise CE, Liu T, Hong K, et al. The increased efficacy and de-
creased nephrotoxicity of a cyclosporine liposome. Transplantation.
1994;57(6):928-932.

Cui J, Qin L, Zhang J, et al. Ex vivo pretreatment of human vessels
with siRNA nanoparticles provides protein silencing in endothelial
cells. Nat Commun. 2017;8(1):191.

Igbal A, Zaman M, Wahab Amjad M, et al. Solid lipid nanoparticles
of mycophenolate mofetil: An attempt to control the release of an
immunosuppressant. Int J Nanomedicine. 2020;15:5603-5612.

How to cite this article: Plumblee L, Atkinson C, Jaishankar
D, Scott E, Tietjen GT, Nadig SN. Nanotherapeutics in

transplantation: How do we get to clinical implementation?
Am J Transplant. 2022;22:1293-1298. doi:10.1111/ajt.17012


https://doi.org/10.1111/ajt.17012

	Nanotherapeutics in transplantation: How do we get to clinical implementation?
	1|INTRODUCTION
	1.1|Role of nanoparticles in transplantation
	1.2|Recipient-­specific treatment strategies
	1.3|Organ-­specific treatment strategies
	1.4|Barriers to clinical implementation of nanoparticles
	1.5|Future directions of nanotechnology in transplantation

	2|CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	DISCLOSURE
	DATA AVAILABILITY STATEMENT

	REFERENCES


