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Executive Summary

Cell and gene therapies represent a paradigm shift in medicine, offering the promise of curative, one-time
treatments. Unlike traditional drugs, these advanced therapies rely on living cells or gene products that are
highly sensitive, custom-manufactured, and often patient-specific. Consequently, delivering such therapies
through clinical trials imposes unique logistical challenges. These include stringent cryogenic cold chain
requirements (“cryochain”), chain-of-identity and chain-of-custody maintenance, extremely tight time
windows, and complex regulatory and quality controls. As Li and colleagues note, “cells are sensitive to
temperature, pH and mechanical strain induced by vibrations and shear stress,” and even brief deviations can
cause product degradation ( ). Industry experts underscore that most cell/gene products
must be transported frozen at ultra-low temperatures (often -150°C to -196°C) ( ) (

). The cost and complexity of logistics can be enormous - logistics alone can account for
roughly 25% of total commercialization costs ( ).

The emergence of personalized medicines (e.g. autologous CAR-T cells, patient-specific gene therapies)
means each patient’s treatment is a “lot of one,” requiring needle-to-needle traceability (www.insights.bio).
This drives the need for highly coordinated supply chains involving hospitals, collection centers, specialized
couriers, and manufacturing sites. For example, Lamb et al. describe these as "patient-centric” supply chains
involving multiple stakeholders - patients, providers, collection centers, couriers, case managers, and
manufacturers — all orchestrated for success (www.insights.bio). Any failure in the chain (e.g. missed shipment,
patient non-availability) can ruin the therapy. As one CRO notes, “any deviation from [the ultra-cold]
temperature range can render the therapy non-viable” ( ), underscoring the zero-margin-for-
error nature of CGT logistics.

This report provides a comprehensive analysis of these challenges. We first review the background and growth
of cell/gene therapies, highlighting their complex manufacturing and delivery requirements. We then examine
the cold-chain logistics in detail, including cryopreservation methods, shipping technologies (liquid nitrogen,
dry ice, cryoshippers), and alternative approaches. The report also addresses chain-of-identity/custody
issues and digital tracking solutions (e.g. orchestration platforms) that ensure the right patient gets the right
product. We contrast the supply chain of CGTs to traditional biologics, capturing their radical differences
(see Table 1). Key case studies illustrate real-world logistics — for instance, the multi-continent shipping of
Novartis’' Kymriah CAR-T therapy and its resolution by establishing local manufacturing ( )
(biotechdispatch.com.au). We analyze data on market size and pipeline growth, and include expert opinions
(academia, industry, regulators) on best practices.

Finally, we discuss broader implications and future directions, such as decentralized (point-of-care)
manufacturing, improvements in ambient-temperature transport media ( ), and integration
of 1oT/Al for monitoring. The report emphasizes that solving these logistical puzzles is as crucial as the therapies
themselves: “Drugs in cell therapy are often in the business of logistics as much as biology,” given the intricate

"needle-to-needle” process (www.insights.bio) ( ).

This analysis draws extensively on recent literature, industry reports, and clinical guidelines, with strict
citations for all factual claims. It aims to inform researchers, clinicians, trial sponsors, and regulators about the
logistical backbone necessary to safely and effectively deliver cell and gene therapies.

Introduction and Background
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Cell and Gene Therapies: A New Frontier

Cell and gene therapies (CGTs) use living cells or genetic material to treat or cure disease. They include ("ex
vivo") autologous therapies (where a patient’s own cells are harvested, modified/expanded, then reinfused) and
allogeneic therapies (donor-derived cells). Examples include CAR-T cell therapies for cancer and AAV-based
gene therapies for genetic disorders. These therapies have captured global attention: pipelines are booming.
According to the American Society of Gene & Cell Therapy (ASGCT) Q1 2025 report, 139 gene, RNA, and cell
therapies are approved, and over 4,000 more are in clinical/preclinical development ("*) pmc.ncbi.nim.nin.gov).
This rapid growth is reflected in investment and deal activity; the cell therapy market (alone) was USD $14.5
billion worldwide in 2023 and is forecast to reach ~$97 billion by 2033 (CAGR ~20.9%) ('°) pmc.ncbi.nlm.nih.gov).

Despite scientific advances, grief remains over the long gestation of the field. As Clinical Trials Arena observes,
gene therapy was conceptualized in the 1970s, with the first trial in 1989, yet the first approved gene therapy

(11 www.clinicaltrialsarena.com) ("' www.clinicaltrialsarena.com). The delay

drug (Glybera) appeared only in 2012
reflects both technical maturation and the recognition that “remarkable” risks — e.g. off-target effects, immune
reactions — must be managed (!'°) www.clinicaltrialsarena.com). Similarly, the first CAR-T approvals (Novartis's
Kymriah and Gilead/Kite's Yescarta) only arrived in 2017 ('%! pmc.ncbi.nim.nih.gov), decades after the concept.
These approved “milestones” have, however, catalyzed a flurry of clinical development (see Table 2), pushing

trial loads and straining infrastructure.

Unique Nature of Patient-Tailored Products

CGTs differ fundamentally from conventional pharmaceuticals. Unlike small-molecule drugs (made in bulk and
shipped globally), many cell therapies are “patient-customized.” In autologous CAR-T, for example, each
patient’s cells yield exactly one dose, meaning that each manufacturing run is a /ot of size one. Professor Karen
Coopman (Cell & Gene Therapy Catapult) emphasizes: “Each therapy is a one-time treatment manufactured for
each individual patient using their own cells.” (biotechdispatch.com.au) In contrast, traditional drugs produce
thousands of doses per batch. This needle-to-needle model demands that the chain-of-identity (linking patient
to cells) be unbroken (www.insights.bio). As Lamb et al. write, such therapies acquire "medicinal status” at
infusion; hence, logistics and regulatory oversight begin as soon as leukapheresis is complete (/"%

www.ncbi.nlm.nih.gov).

The implications are profound. Variability: Patients differ biologically, and even their harvested cells may vary in
quality.Moreover, collection processes (e.g. timing, technique) vary across sites (www.insights.bio). Scale:
There are many more patients to treat than product doses; one allogeneic culture might supply many patients,
whereas autologous yields one. Hence, autologous requires “scale-out” (replicate many facilities) rather than
scale-up (www.insights.bio), complicating capacity planning. Timeline Sensitivity: Unlike drugs stocked in
advance, CGTs require just-in-time processing. Trials can rarely wait weeks for a dose; any delay can jeopardize
patient health (e.g. a child cannot wait). Clinical guidelines thus often set strict shelf-life limits
(www.insights.bio). Cost and Value: CGTs carry enormous price tags (e.g. $300-500K per CAR-T dose (!'*!
pmec.nchi.nlm.nih.gov), before ancillary care), and failure to deliver in time represents wasted resources and
patient risk.

Table 1 contrasts traditional biologics (e.g. monoclonal antibodies) with autologous cell therapies, highlighting
these differences. Notably, autologous therapies require needle-to-needle traceability, specialized couriers
("white glove" service), and often cannot be stocked or scaled in the usual way (www.insights.bio)
(www.insights.bio).
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Feature Traditional Biologics (e.g. mAbs) Autologous Cell Therapy

. . Well-defined API sources X - . . o o .
Starting Material o i Patient-specific apheresis; high variability (www.insights.bio)
(www.insights.bio)

A Single lot = thousands of doses Single lot = 1 patient; real-time manufacturing
Batch/Batch Size
(www.insights.bio) (www.insights.bio)

Needle-to-needle chain-of-identity required

Traceability Standard tracking; no identity link L .
(www.insights.bio)

Manufacturing

Scale Scalable up in central plants Must scale-out (many sites) (www.insights.bio)
Shelf Life | Storage  Often refrigerated (2-8°C) stable Typically ultra-cold (down to -150°C) (lzJ ergomedcro.com)
Established cold chain, pooled Specialized cryoshippers, 24/7 couriers (www.insights.bio)
Shipping/Transport L - . 1 . .
shipping lanes (www.insights.bio) (1" pme.nebi.nim.nih.gov)

- . ) Very tight "just-in-time” windows (www.insights.bio) (!'°]
Time Sensitivity Moderate (drug inventory possible) y tight 7 ( g ) (

www.clinicaltrialsarena.com)

Adds chain-of-custody checkpoints for patient safety (!¢
Regulatory/Custody Standard GMP track & trace y P P v

pmc.ncbi.nlm.nih.gov) (www.insights.bio)

Table 1: Comparison of supply chain attributes for traditional biologics vs. patient-specific cell therapies.
(Sources: Lamb et al. (www.insights.bio); Haag et al. (I'°) www.clinicaltrialsarena.com); Sarkis et al. (")

pmc.ncbi.nim.nih.gov).)

Evolution of Supply Chain Awareness

The logistics-centric nature of CGTs first became evident with pioneering products. Dendreon’s Provenge (an
autologous prostate cancer cell therapy) already in 2009 invested heavily in SV logistics (“Intellivenge”) to
coordinate leukapheresis, manufacturing, and infusion (www.insights.bio). In CAR-T development, teams soon
realized that information systems (apart from freezers) were needed. By 2012, systems like TrakCel were
created to monitor each therapy from collection to infusion (www.insights.bio) (www.insights.bio). Industry
reports today frequently list enormous orchestration demands among CGT supply challenges (www.insights.bio)

([7] www.clinicaltrialsarena.com).

Figure 1 (from Sarkis et al.) illustrates the CAR-T autologous workflow: patient referral - leukapheresis at clinic
- (possibly cryostorage) - shipment to manufacturing - gene modification and expansion - shipment
(cryogenic) back to hospital - patient lymphodepletion = infusion (") pmc.nchi.nim.nih.gov). At each arrow,
timing is critical (especially coordinating lymphodepletion with product readiness), and
temperature/pH/vibration must be controlled. Any "hand-off” event risks delays or product loss (“71

pmc.ncbi.nim.nih.gov).

In summary, the background for CGT clinical trials is defined by products that are living, fragile, and highly
customized. This drives logistical demands that are uncommon in other pharmaceutical trials. As we detail
below, the chain from donor to dose involves multiple unique cold-chain and tracking requirements that must be
managed flawlessly for patient safety and efficacy.

Core Logistical Challenges
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1. Cryogenic Cold-Chain Logistics

1.1 Cryopreservation and Temperature Control

Most cell therapies rely on cryopreservation. Cells contain >70% water, so freezing without protection causes
ice formation and damage (!'®) pme.ncbi.nim.nih.gov). Cryoprotectant agents (CPAs) such as DMSO are used to
mitigate this damage (I'°) pmc.ncbi.nim.nih.gov) (2°) pme.nebi.nim.nih.gov). CAR-T products, for example, typically
use 5-10% DMSO in freezing media (\*"! pmc.nchi.nim.nih.gov). However, DMSO itself is toxic to cells and

patients; infusion of cryopreserved cells can cause side effects (17!

pmc.ncbi.nim.nih.gov). Thus cold storage
solves one problem (preserving viability) but introduces others (CPA toxicity, thaw stress). Vitrification and

controlled-rate freezing are common methods (1“%) pmc.ncbi.nlim.nih.gov) (7] pme.nebinim.nih.gov), each with
trade-offs. Crucially, once frozen, cells must stay below their glass transition temperature (often <-=130°C) to

remain stable for years (1?°! pmc.nebinim.nih.gov).

During clinical transport, maintaining these temperatures is logistically demanding. Two main approaches are
used: liquid nitrogen (-196°C) and dry ice (-78.5°C). Liquid nitrogen vapor shippers (dewars) can maintain
—-150°C or colder for extended periods (often days to two weeks) ([3] www.cellandgene.com). However, shipping
liquid nitrogen (LN2) by air triggers strict dangerous-goods regulations (UN 1977). Carriers require special
approvals; LN2 is costly, hazardous (risk of asphyxiation), and subject to country-specific rules (*°
pme.nebinim.nin.gov) (%71 pme.ncbi.nim.nih.gov). By contrast, dry ice is less expensive and poses fewer hazards
by volume, but it sublimates rapidly; if misloaded, the dry-shipper can warm in 24-72 hours (/¢!
pme.nchi.nim.nih.gov). In fact, according to FedEx, over 50% of countries prohibit shipments with dry ice (\*°
pmc.nchi.nlm.nih.gov), largely due to asphyxiation/explosion risk. As Gostage et al. note, many developing
countries ban dry ice imports, which complicates global trials (:*®) pmc.nchi.nim.nih.gov). Importantly, dry ice can
only hold ~—80°C (similar to ultra-cold freezers), which may be inadequate for long distances with time-critical
products.

Thus, cold-chain shipping of CGTs is fraught. Packaging solutions (vapor shippers, insulated containers with
phase-change materials) must be validated to hold target temperatures. Cryopreserved transport is expensive
and regulated; employing it reliably often restricts trials to regions with robust infrastructure. Even within a
country, maintaining LN2 dewars cold during ground transport or storage requires redundant LN2 filling
schedules (°% pmc.ncbinim.nih.gov). Any temperature excursion (“warm-up event”) risks killing much of the cell

" pme.nchi.nim.nih.gov). This means real-time temperature sensors, alarms, and backup plans must be in

dose (
place. As Hopper and colleagues report, “outside of specific temperature ranges, cells experience degradation

and cell-death” (") pmc.nebinim.nih.gov).

Finally, thawing at bedside is a sensitivity point. Cells must be warmed rapidly, often in 37°C water baths, and
cryoprotectants diluted on-the-fly to avoid shock. Yet thawing stations in hospitals are less standardized, so
some companies now provide onsite thaw devices. For instance, Asymptote (UK) developed controlled-thaw
modules for cell therapy to improve consistency (www.insights.bio). Proper thawing is “a form of quality
control”; if done poorly, viability plummets before infusion.

1.2 Ambient (Non-Cryogenic) Shipping - Emerging Approaches

Given the pains of cryo-shipping, there is active exploration of alternative “ambient” transport methods. Recent
research suggests that it may be possible to ship cells at room temperature (or refrigerated) for limited
durations, if appropriate media are used. Gostage et al. strongly advocate "ambient cell transport”, controlling
nutrient, oxygen, and structural support during transit, to circumvent ultra-cold shipping (:°"!
pme.nebinim.nin.gov) (%) pme.ncbi.nim.nih.gov). Preliminary studies (e.g. encapsulating cells in hydrogels) have
shown some cell types can survive days out of cryo ("°°) pmc.ncbinim.nih.gov).
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The possible benefits are huge: eliminating cryoprotectants (avoiding DMSO toxicity), removing dangerous
goods hurdles, and drastically cutting shipping cost. Indeed, Levey et al. note that ambient shipping could be

more “cost-effective and accessible” than maintaining LN2 (1°7/

pmec.nchi.nlm.nih.gov). However, this approach is
still experimental. It requires new solutions to supply oxygen and nutrients, and species-dependent
optimization; not all cell products can tolerate thaw-like stress off freeze ('** pmc.ncbi.nim.nih.gov). Key
challenges include ensuring structural support (to prevent shear damage) and controlling metabolic waste

buildup during transit.

Nevertheless, a handful of clinical sites are piloting reduced-temperature shippers. For example, some
syngeneic stem-cell trials allow short chilled storage (2-8°C) upon delivery for same-day infusion. Companies
like TissuelLabs (Australia) and a Northumbria University spin-out Atelerix are developing cell-storage media to
extend viability. Regulatory agencies have yet to endorse ambient shipment, but future clinical logistics may
blend cryo and refrigerated segments. We discuss further the prospects and implications of ambient transport
in Section 6.

1.3 Impact of Cold-Chain on Trials

In clinical trials, the cryo-chain adds layers of complexity beyond routine drug supply. Each shipment is
essentially a mission-critical event. Logistics providers must coordinate with manufacturing and clinical teams to
align schedules: the product might depart the GMP facility in Manchester, cross time-zones, and arrive at a trial
site in hours. If the trial has an international component, customs clearance can be a showstopper. For example,
early CAR-T programs found that exporting collected cells across borders introduced “numerous risks due to
customs clearance requirements, [and] risk of temperature excursion events” (1°! pmc.ncbi.nim.nih.gov). Only
after Novartis obtained local manufacturing in Australia (2021) could Kymriah be produced and administered on-

shore without cross-border shipping ("°) pmc.ncbi.nim.nih.gov) (biotechdispatch.com.au).

Cost is another concern. Cryogenic shipping is not only logistically heavy but financially heavy: dry shippers
with LN2 can cost several thousand dollars per use, on top of courier fees. Kapoor et al. (2023) estimate that
cryo-shipping “on average accounts for 20-40% of the CGT supply chain costs” () pmc.ncbi.nlm.nih.gov).
Paired with the high per-dose cost, trial budgets can balloon; one report notes an individual CAR-T treatment
(sans hospital or toxicity costs) can approach $1 million ("'*! pmc.ncbi.nlim.nih.gov).

Summary: The cryogenic cold chain embodies a core logistical hurdle. It requires specialized equipment (LN2
dewars, dry ice containers), hazardous materials compliance, and precise timing. Any lapse can destroy a dose.
Trials must bake in redundant plans (backup shippers, secondary shipments) and accept these high costs.
Section 6 will discuss innovations (e.g. loT sensors, blockchain tracking) aimed at mitigating these risks.

2. Chain-of-Identity and Traceability

A second hallmark challenge in CGT trials is maintaining the chain-of-identity (COI) and chain-of-custody
(COC) for each product. In autologous therapy, identity errors are deadly. A patient must receive the infusion of
their own cells; any mix-up constitutes a potentially fatal medical error and breach of code. As Casasent et al.
emphasize, CGT supply chains are "patient-centric” and require needle-to-needle traceability
(www.insights.bio). This entails tagging every intermediate with the patient’s ID at collection, tracking it through
manufacturing, shipment, and up to reinfusion (www.insights.bio) (*°! pmc.ncbi.nim.nih.gov).

Technologies for Traceability: Modern solutions use digital tracking. Cell Orchestration Platforms (COPs) are
cloud-based systems that schedule and document each event in the chain (www.insights.bio). Examples include
TrakCel, ShipX (Biologistics), and solutions by 4G Clinical. Lamb et al. describe COPs linking all stakeholders —
connecting collection centers, couriers, GMP plants, and hospitals — so that data flows continuously
(www.insights.bio) (www.insights.bio). These platforms generate barcoded labels at collection (often with the
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patient’s ID), issue pick-up requests to approved couriers, and log GPS/time data during transit. At every hand-
off, a new login/check (by site pharmacist, courier, or manufacturer) verifies COIl before proceeding
(www.insights.bio).

Industry experts note that off-the-shelf ERP or manufacturing systems are insufficient; a specialized COP is
needed to meet regulatory demands. Lamb et al. observe that Dendreon in 2009 spent “millions” creating its
Intellivenge system for Provenge (www.insights.bio), illustrating how critical these tools are. By 2012 the first
commercial COP (TrakCel) appeared, specifically for autologous cell therapies (www.insights.bio). Today, COPs
are considered essential: “Chain of identity allows each therapy to be tracked back to the original donor. Chain
of custody allows tracking through the supply chain in real time” (www.insights.bio).

Regulatory and Security Requirements: COI/COC requirements are imposed by regulators. For instance, EU
ATMP guidelines demand labeling and documentation that prevents misidentification. In the US, cGMP rules
mandate full traceability of raw material to final product. Because patient data are involved, systems must also
secure personal information (HIPAA, GDPR) during tracking. Transport providers often need special
accreditation (FDA-registered or ISO) to handle patient samples.

Challenges in Practice: Even with systems, human factors can threaten COI. A study by Papathanasiou et al.
found additional time and risk at each transfer point — any mislabeled cartridge or mix-up at the cell facility
could nullify the log. Courier companies now often operate “chain-of-custody controls,” meaning drivers are
trained for CGTs, have dual authentication, and hand over packages only to authorized personnel, not via

ordinary mailrooms ("*°! pmc.nebi.nim.nih.gov) (') www.clinicaltrialsarena.com). Many sponsors employ “white
glove” 247 logistics with standby capability. Indeed, Clinical Trials Arena stresses that “100% perfect order

fulfillment is paramount to patients’ lives” in gene/cell therapy (\'°! www.clinicaltrialsarena.com).

3. Supply Chain and Manufacturing Configuration

3.1 Centralized vs. Decentralized Manufacturing

Logistical strategies for CGTs must also consider where manufacturing occurs. Traditional drugs use centralized
mega-factories. But autologous therapies may benefit from decentralized production. Decentralization (e.g.
multiple regional GMP sites, even in-hospital manufacturing) shortens transit distances, reducing shipment
time/risk. Dr. Coopman notes that having the manufacturing site “together with or near the clinic” is one way to
avoid shipping fresh products altogether (www.insights.bio). As an interviewee explains, “Processing and
manufacturing cells next to the patient is advantageous in that cells can be administered fresh without needing
to freeze them” (www.insights.bio).

Some countries have moved in this direction. For example, Australia arranged for Novartis to transfer Kymriah
production to a local CMO (Cell Therapies Pty Ltd) at Peter MacCallum Cancer Centre (biotechdispatch.com.au).
This eliminated shipping from the US/NZ, drastically simplifying the supply chain. Similarly, hospital-based
“"good manufacturing practice (GMP) suites” are now opening to enable autologous therapies on site (e.g. at the
Robert Jones & Agnus Hunt Hospital in the UK (www.insights.bio)). The NIH and FDA have piloted programs
allowing cell therapy preparation at academic centers. Advantages of decentralization include better freshness
(avoiding freeze-thaw) and logistical redundancy. The downside, however, is ensuring consistent quality across
sites; each regional plant must meet the same SOPs, equipment, and personnel training.

Many programs adopt a hybrid model: collect patient material locally (apheresis center), cryopreserve, and ship
frozen to 1-3 central plants for processing, then ship back. This "hub-and-spoke” model is common for current
CAR-T trials (I°®) pmc.ncbi.nim.nih.gov). While it adds a return shipment, it allows for process standardization and
economies of scale in manufacturing. The logistics flow is: local clinic (collect) - cryo-bank - ship to plant -
manufacture & cryo - ship to site = infuse. Managing this requires triple coordination: patient readiness (post-
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lymphodepletion), plant capacity, courier timing. In practice, scheduling software and case managers are
employed to align all parties. For instance, companies like Cryoport provide “just-in-time" thermal shippers and

37]

inventory management to support these flows (:°/) www.cryoport.com).

3.2 Scarce Raw Materials and Single-Source Dependencies

Beyond final product shipping, cell therapy manufacturing often relies on specialized consumables that
themselves can create bottlenecks. For example, the cord blood cell industry (supplying raw cells for some
trials) faced a nation-wide Hespan shortage in 2023, as described by Killela et al. (%) pmc.ncbi.nlm.nih.gov).
Hespan (hydroxyethyl starch) is used to process cord blood; its loss meant many banks had to stockpile or
revise protocols, or lose timely donor material (:°°! pmc.ncbi.nim.nih.gov). Similarly, specialized cell processing
devices (e.g. automated wash machines) can become single points of failure. The Sepax-2 cell processing
system was discontinued as a CE-marked device, forcing banks to scramble for alternatives (/“°'
pme.nchi.nlm.nih.gov). While these are more manufacturing challenges than transport, they are part of the
supply chain fragility in CGTs. Each shift in supplier or material may require revalidation — a major issue mid-

trial.

3.3 International Regulatory Hurdles

Cell products shipped across borders face layers of regulation. Import/export of human cells is sensitive: many
countries classify them as biological materials requiring permits. For instance, some nations require donor
informed consent forms to accompany cell shipments; others outright forbid transnational shipping of human
tissues. As seen in Section 1.1, even dry-ice transit can be banned in >50% of countries (/2%
pme.nchi.nlm.nih.gov). African and Latin American countries, lacking cold-chain infrastructure, historically have
had minimal CGT trial activity, exacerbating global health disparities (1*"! pmc.ncbi.nlm.nih.gov).

Additionally, each jurisdiction has its own ATMP regulations: e.g. the FDA in the US, the EMA/CAT in Europe,
PMDA in Japan. A therapy approved in one region may still require re-approval for export/import. During trials, if
a manufacturing site changes (as in the Kymriah example (:°) pmc.nchi.nim.nih.gov)), new regulatory inspections
and filings are needed. The supply chain must thus be flexible to accommodate alternate routes when a
regulatory block occurs. For example, some sponsors preemptively qualify multiple couriers or legal structures
to ship to multiple countries. Economic factors like tariffs or biosecurity rules (e.g. for gene vectors) also
complicate logistics.

4. Scheduling and Timing Challenges

4.1 Coordinating Clinical and Manufacturing Timelines

Unlike multi-dose drugs, many CGTs align a unique manufacturing run to a patient’s schedule. A classic example
is the lymphodepletion window in CAR-T therapy. Before infusion, patients undergo a week of chemotherapy to
“make space” for the CAR-T cells. The final product must be ready precisely when the patient finishes
lymphodepletion. If cells arrive too early, they must be stored (often frozen) at the clinic until infusion day ('
pmec.nchi.nlm.nih.gov). If they are late, the patient’s conditioning has to be redone — wasting time and risking

health. This tight choreography requires close communication between physician, lab, and courier.

Sarkis et al. detail this "scheduling challenge": “the medical center and manufacturing facility must coordinate
to ensure the product is ready for infusion and the patient will be ready for treatment” (1°°]
pmec.nchi.nlm.nih.gov). Testing for viral vector expression or residual impurities can also delay release. For
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example, if sterility tests lag by 1-2 days, the infusion window might be missed. Some trials now build in
backups: they manufacture an “emergency” extra dose for critical cases, though this is costly.

Across trials, enrollment variability (often in rare diseases) further complicates scheduling. Sponsors may
accumulate a few patients before manufacturing (“bank to patient”), or do one-by-one as they enroll. The latter
is safest for cryogenic shelf-life but risks idle production slots if patients drop out. The former requires long-
term storage of doses and adds inventory risk. Both approaches strain logistics. As noted, all-fixture supply
chains must converge: “All elements of the supply chain must be perfectly synchronized” to meet strict CGT
timing (/' www.clinicaltrialsarena.com). This contrasts with normal trials, where drugs can be dispensed from
inventory.

4.2 Last-Mile Considerations at Point of Care

Finally, even at the clinic door, logistical care is needed. Hospital pharmacies typically receive frozen CAR-
Ts/shipping dewars and must shortly thaw and administer. The EBMT/EHA CAR-T Handbook specifies that upon
arrival “the hospital pharmacist is responsible for each step: reception, handling, storage, thawing, and
dispensation” (”31 www.nchi.nlm.nih.gov). In practice, treatment centers must have qualified staff and equipment
(liquid nitrogen tanks on site, rapid thaw baths) ready. Many treatin-sites now require FACT accreditation or
specialized cell therapy units. Likewise, if infusion cannot proceed immediately (e.g. patient febrile, no available
bed), the cells may need to be safely re-frozen or retained, which adds risk. Waste of a prepared batch is a dire

outcome both medically and financially.

Table 2 summarizes the key cold-chain and identity points in a CGT trial supply chain, highlighting where

errors can occur and how they are mitigated:

Stage

Patient
Enroliment

Apheresis
(Collection)

Transport to Lab

Manufacturing

Cryopreservation

Packaging for
Shipping

Hospital
Reception

Storage (clinic)

Thawing &
Infusion

Activity/Requirement

Patient eligibility confirmed;
consent (incl. cell use).

Collect patient cells; label with
patient ID; prepare for transit.

Ship fresh or cryopreserved cells
to GMP facility (if central) or local
processing.

Edit/expand cells in GMP; QC
assays (sterility, potency).

Freeze final product in validated
containers; store LN2.

Load frozen vials into dry
shippers; conditional checks; ship
to clinic.

Receive package; verify container
integrity and ID.

Hold product (often LN2 tank)
until infusion day (post-
conditioning).

Thaw product; remove CPA;
infuse into patient.

Risk/Challenge

Patient dropout; data
mismatches.

Sample mis-label or damage;
blood contamination.

Temperature excursion;
courier delay; customs hold.

Batch failure; delayed QC
hold.

Inadequate freezing (viability
loss); labelling mix-up
(www.insights.bio).

Dry shipper warming; LN2
depletion; documentation
errors.

Missing/corrupted seals;
patient ID mismatch.

Unscheduled hold-ups
(patient ill); extended
storage viability.

Clotting in bag; incomplete
thaw; dosing arguments.

Mitigation
Thorough screening; duplicate IDs.

Use barcoded labels; trained staff;
SOP.

Qualified courier; real-time tracking
; [35]
with 1oT sensors (

pmec.nchi.nlm.nih.gov); backup
plans.

Robust QC systems; re-manufacture

options.

Controlled-rate freezer; audit labels;
LN2 monitoring.

Fresh LN2 charge; hazard packaging;
tracking.

SOP checklists; cross-check with
COP.

Maintain LN2 supply; plan alternate
patient.

Controlled thaw device; double check
formulation.
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Stage Activity/Requirement Risk/Challenge Mitigation

i . Missing data (patient
Monitor patient long-term for . i X
Follow-up (LTFU) . . moved); contamination Electronic health records; registry.
efficacy/toxicity. issues
issues.

Table 2: Key logistical steps in a cell therapy trial (e.g. autologous CAR-T) and associated risks/mitigations
(based on industry and regulatory guidelines ("> www.ncbi.nim.nih.gov) (1°°! pme.nebi.nim.nih.gov)).

5. Case Studies and Examples

To ground these concepts, we examine several real-world scenarios highlighting CGT trial logistics.

5.1 Autologous CAR-T: Kymriah (Novartis) in Australia

The November 2020 landmark in-country manufacturing of Kymriah illustrates the perils of global logistics.
Initially, as shown by Velickovic and Rasko (2022) and recounted by Astute researchers, a patient in Australia
would undergo leukapheresis locally, the cells would be cryofrozen, then shipped across international borders
(via sea/air) to a manufacturing center in New Jersey, USA (1°! pmc.ncbi.nlm.nih.gov). There, the CAR-T cells were
produced and then shipped back to Australia for infusion. This round-trip (Melbourne->New
Jersey->Melbourne) incurred 1-2 weeks of transit time. Each crossing required customs clearance and
compliance with both US and Australian bio-transport rules. As observed above, “These lengthy transport times
and border crossings introduce numerous risks due to customs clearance requirements [and] risk of
temperature excursion events and errors in cell tracking.” ("°' pmc.ncbi.nlm.nih.gov).

This risk crystallized into patient access issues. Given the tight schedule (patients cannot wait indefinitely after
conditioning), any delay could force re-conditioning. Indeed, in 2021 Novartis announced they would
manufacture Kymriah at a Melbourne GMP facility (Cell Therapies Pty Ltd) directly (:*?! pmc.ncbi.nim.nih.gov)
(biotechdispatch.com.au). This obviated cross-border shipping: now collection, manufacturing, and infusion
occur without international transfers (%) pmc.ncbi.nim.nih.gov). The switch was enabled by regulatory
approval of the local site. This case underscores a logistical lesson: when possible, regional manufacturing
dramatically simplifies the supply chain at the cost of building more (smaller) capacity.

Novartis executives framed the change thus: “Novartis Global Group has entered into negotiations... to complete
the technical transfer of the manufacturing process for Kymriah to Cell Therapies at Peter MacCallum Cancer
Centre.” (biotechdispatch.com.au). The corporate strategy was to convert a fragile, multi-hop supply chain into
a self-contained one - effectively eliminating an entire layer of cold-chain risk. Similar models are seen
elsewhere: Kite/Gilead partnered with European CMOs for Yescarta, and many gene therapy firms plan regional
centers.

5.2 Cord Blood-Derived Cell Product — Hespan Shortage

In a different dimension, the Cord Blood Alliance highlighted how raw material shortages can cascade into trial
delays (**) pmc.ncbi.nim.nih.gov). Hespan (hydroxyethyl starch) is used in cord blood processing. In 2022 the
sole vendor ceased production; by 2023 supply was nearly depleted ('°°! pme.ncbi.nim.nih.gov). Many U.S. cord
blood banks had methods approved by the FDA that mandated Hespan usage; without it, they could not ship
product for trials under their licenses. As a result, investigators faced the choice: pause trials or validate
alternate processing methods. The Alliance reports “expected delivery of agreed numbers of units [is] imperiled
by Hespan shortages” (I°9! pmc.nebi.nim.nih.gov). Their mitigation (borrowing stockpiles, qualifying new vendors)
took months. This exemplifies an indirect logistical challenge: if a specialized consumable is unavailable, even
the best cold chain cannot operate. Trial sponsors must monitor such upstream supply issues and plan backups.
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5.3 Automated Processing Devices — Sepax Device Withdrawal

Another example from cord-blood logistics shows regulatory impact. The Sepax 2 device (Cytiva) automates
blood processing and was widely used under its CE mark. In 2022, Cytiva announced that Sepax 2 (CE Mark)
would be discontinued by 2026 (\“%) pmc.nebi.nim.nih.gov) due to new EU MDR regulations making it hard to keep
the CE certification. For many European cell labs, this forced a scramble to find replacements (the new, non-CE
“Sepax C-Pro” being one option) (“*! pme.nchi.nim.nih.gov). If a clinical trial's protocol stipulated Sepax-based
processing (as in a US Public Cord Blood Inventory), discontinuation meant regulators might not accept batches
processed differently. Banks and sponsors formed consortia to negotiate extended use (1*°!
pmec.nchi.nlm.nih.gov). Again, this illustrates that beyond shipping, regulatory stringency on manufacturing tools
can become a supply chain bottleneck for trials.

5.4 Successful Cold-Chain Implementation: Commercial CAR-T

In practice, many CAR-T trials are succeeding despite these hurdles. For instance, Kite Pharma's Juliet trial
(axicabtagene ciloleucel) ran across multiple countries by rigorously standardizing its logistics. Its protocol
mandated precise shipping windows and chain-of-custody checks at every clinic. A retrospective multicenter
UK study reported that among nearly 1,000 referrals, only ~3.9% experienced manufacturing failure (mostly due
to insufficient cell count, not shipping) (¢! pubmed.nchi.nim.nih.gov). Even when manufacturing was delayed,
most products were successfully remanufactured. Crucially, no patient in that cohort died solely due to logistic
failure (7] pubmed.ncbi.nim.nih.gov). This suggests that with careful planning, sub-5% failure is achievable. Kite
and Novartis both invested in robust courier networks and backup shipments, as well as training
nursing/pharmacy staff in trial sites to handle cryogenic shipments. Their experiences underscore best
practices: redundant supply (e.g. cryopreserving cells immediately if scheduling slips), intensive training, and
close sponsor oversight.

6. Innovations and Future Directions

While challenges abound, the field is innovating. We highlight key areas shaping the future CGT trial logistics
landscape:

6.1 Improved Cryogenic Technologies

New packaging and monitoring tech aim to reduce risk. Modern cryoshippers incorporate GPS and real-time
temperature logging with automatic alerts to all stakeholders. Some use phase-change materials that stabilize
at =150°C without liquid (avoiding LN2 hazards). Others offer sub-zero liquid circulation. Additionally, wireless
trackers can verify container tilt or shock during transit, helping diagnose potential cell damage events post-
delivery. Sensor-to-cloud platforms now allow 24/7 visibility of each shipment's status. Leading cell therapy
logistics providers also offer "validation” services to qualify supply routes under worst-case conditions.

In terms of cryopreservation science, alternatives to DMSO are in development: e.g. synthetic CPAs with lower
toxicity, or processes enabling vitrification without high DMSO ratios. If cells can be cryopreserved with minimal
damage, more of the dose remains potent after thaw. Likewise, improved thawing devices (e.g. controlled-rate
thawers) are being adopted at clinic sites.

6.2 Ambient and Hypothermic Transport Research

As discussed, ambient transport could revolutionize trials. Several groups (academia and startups) are
engineering specialized media or encapsulation to sustain cells at 2-25°C for 48-72 hours. Early products like
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extended-life leukocyte transport tubes already exist for diagnostics. The Mol. Ther. review predicts that
optimizing nutrient, oxygen delivery, and structural support (e.g. hydrogels) could make room-temperature

shipping viable (I*?!

pmc.ncbi.nlm.nih.gov). If so, trials could circumvent many cold-chain burdens. Regulatory
authorities are watching closely; however, widespread adoption awaits more clinical data confirming cell

function equivalence.

6.3 Digital Supply Chain Platforms

We expect COPs to become universal. Future platforms will integrate more Al: e.g., predictive analytics to
prevent freezer failures, automated scheduling alerts if a courier is delayed, and blockchain-like ledgers for
immutable COl records. "Smart packaging” (with RFID chips and satellite comms) could signal if a container is
opened or deviates. Interoperability (linking hospital EMRs with supply chain software) will smooth transitions
between clinic and manufacturer. These digital layers will also aid compliance: automated documentation will
ease audits by regulators.

6.4 Decentralized (On-Site) Manufacturing

Regulators have begun facilitating point-of-care (POC) manufacturing models. For example, the FDA's 2019
guidance acknowledges the concept of CAT (cellular therapy) manufacturing at or near hospitals under certain
controls. The UK's Stem Cell User Group even coordinated with Cytiva to allow use of non-CE devices in hospital
GMP suites (%) pmc.ncbi.nim.nih.gov). In future, one may see hospital-based CAR-T machines (e.g. automated
cell reprogramming devices) that produce a dose within a day. This would shorten the supply chain dramatically,
but will require new frameworks for oversight and tech transfer. If realized, POC manufacturing could shift CGT
trials closer to conventional drug trials in logistics difficulty.

7.Data Analysis and Trends

We examine key data to contextualize these issues.

e Pipeline and Trials: As noted, >4,000 CGT products are in development ([8] pmec.nchi.nlm.nih.gov). Specifically, over
5,600 cancer cell therapy trials have been registered since 1986 (n=5639 by mid-2024) (‘50‘ pmc.ncbi.nim.nih.gov). CAR-
T comprises a large subset of these. The global cell therapy market (US$14.5B in 2023) and projected nearly $100B by 2033

(ng pmec.nchi.nlm.nih.gov) underscore the rapid expansion. This growth suggests exponential increases in downstream
logistics demand.

e Logistics Costs: lllustrative figures come from Sarkis et al.: logistics account for ~25% of total cell therapy cost ([4]

pmc.ncbi.nlm.nih.gov). If a CAR-T treatment is $400k, then $100k goes to supply chain. Another source (CellAndGene
Insight) similarly reports an estimated 20-40% logistic cost share (including manufacturing site warehousing, courier,

packaging) (*! pmec.nchi.nlm.nih.gov). Table 3 below summarizes some benchmark numbers from recent reports.

Metric Value Reference
CGT products in development X ASGCT Q12025 report ([8]
~4,000+ active programs

(2025) pmc.ncbi.nim.nih.gov)

Estimated global cell therapy . (9] . .

market (2023) $14.5 billion Industry analysts (‘7 pmc.nebi.nlm.nih.gov)

Projected cell therapy market - 9 . .

(2033) ~$97 billion (CAGR ~20.9%) Industry forecast (\°) pmc.nebi.nim.nih.gov)
Sarkis et al. (2024) (]

Logistics share of CGT cost ~25% of total (for CAR-T, etc.) :

pmc.ncbi.nim.nih.gov)
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Metric Value Reference

CellAndGeneTech Guide ([3]

Common cryo-shipment duration 1-14 days (dry ice to LN2 dewars)
www.cellandgene.com)
Dry-ice shipping constraints Banned in >50% countries (FedEx) FedEx DGR info ([29] pmc.ncbi.nlm.nih.gov)
. . $373K-$475K (COG pricing excluding [14] ) )
CAR-T treatment list price (USA) ancillaries) Clinical review ('*' pmc.ncbi.nlm.nih.gov)

Table 3: Selected data points on the CGT industry and cold-chain logistics.

These data reflect a burgeoning field, but also underline the fragility: with just a few thousand patients treated
(for CAR-T, ~2,500 treated 2016-2020 (!°" pmc.ncbi.nim.nih.gov) despite ~3,000 eligible annually), any supply
hiccup can significantly impact access. Surveys of sponsors find that inconsistent apheresis processes and
transport delays are among top bottlenecks (www.insights.bio). Meanwhile, regulators (FDA/EMA) are calling
for more information on how shipping conditions affect cell potency post-thaw, suggesting that forthcoming
guidelines may tighten cold-chain validation.

8. Implications and Future Outlook

CGT logistics are no longer an afterthought — they are integral to trial success. As of 2025, the field has
crossed a threshold: multiple products on the market, hundreds of trials in phase 3, and global collaboration on
standardizing ATMP transport. Key implications and future directions include:

e Standardization of Cold Chain: Industry groups are developing pharmacopeial standards for cell shipping (e.g. ASTM air
viability standards, USP <1070> on thermostability). We expect mandatory validation of thermal shippers for each route, akin
to vaccine logistics.

e Regulatory Harmonization: With clinics and trials spanning borders, agencies are discussing unified guidelines. The
FDA/EMA have dialogues on universal ATMP shipping labels and import/export paperwork simplification. Future laws may
designate human cell treatments similarly to organs, streamlining customs.

e Digital Transformation: Adoption of end-to-end digital platforms will become the norm. Blockchain or similar registries
could provide immutable COI records, and Al-driven predictive maintenance could prevent LN2 failures.

o Decentralized Supply Networks: Like telemedicine, we may see “telemanufacturing”: satellite labs with robotic bioreactors
closer to patients, networked to central quality oversight. This spatial distribution will reconfigure logistics — instead of
starching cells across continents, one might send reagents and programming instructions.

e Patient-Centric Trials: Logistics itself may influence trial design. Sponsors might favor “in-house” hospitals (with GMP
rooms) as lead sites, reducing shipping. They may cluster patients regionally to share a production run. Novel measured
approaches, such as shipping pooled cryostocks or sharing backup products, could mitigate risk.

In conclusion, cell and gene therapy trials exemplify the co-evolution of therapy and distribution. The term
“logistics” now appears alongside trial design, not as footnote but as headline. Investments in robust cryochains
and orchestration platforms are effectively investments in patient outcomes. As one specialist put it,
“companies developing autologous cell-based immunotherapies may in fact be equally in the business of
logistics as they are in biology” (www.insights.bio). Ensuring these miracle treatments reach each patient safely
is the next frontier of translational medicine.

Conclusion
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Cell and gene therapy trials face unprecedented logistical challenges. Cryogenic temperature control,
meticulous tracking, synchronized scheduling, and regulatory compliance all create a “supply chain mosaic” far
more delicate than for any traditional drug. Through extensive review and case analysis, this report has
illustrated the depth of these challenges: the need for ultra-cold shipments with hazardous materials, the
necessity of chain-of-identity for patient-derived products, and the complexity of aligning multiple global
stakeholders for a single-dose therapy.

Empirical data underscore the stakes. Millions (often over US$500K per patient) are spent to prepare and
deliver these therapies, and up to a quarter of cost goes to logistics (! pmc.ncbi.nlm.nin.gov). Meanwhile,
studies reveal that any manufacturing or transport misstep can leave a patient without their only treatment
option. In light of this, industry and academia are rapidly innovating: from ambient shippers to blockchain
tracking, to planning decentralized production networks. As Gostage et al. summarize, avoiding
cryopreservation “during the period between cell manufacture and transfusion may yield more auspicious
results...while alleviating logistical pressures” (°?! pmc.ncbi.nlm.nih.gov).

Looking ahead, success in CGT trials will increasingly hinge on logistical rigor. Regulatory bodies may soon
require detailed cold-chain validation as part of trial applications. Clinicians, sponsors, and patients alike will
demand reliability and contingency plans. Ultimately, the lessons learned in cell/gene therapy logistics will feed
back into healthcare delivery: the tools and processes built for these trials (advanced tracking, robotic thawers,
just-in-time manufacturing) may improve the entire field of medicine.

This report has aimed to be an exhaustive resource on the topic. By synthesizing peer-reviewed studies (/°°!
pme.ncbi.nim.nih.gov) (¥4 pme.ncbi.nim.nih.gov) ("3 www.nebi.nim.nih.gov), industry white papers ('
www.cellandgene.com) (/) www.cryoport.com), expert-interviews (www.insights.bio) (%! ergomedcro.com), and
real-world experiences (1°! pmc.ncbi.nim.nih.gov) (biotechdispatch.com.au), we provide a roadmap through the
complex terrain of CGT trial logistics. Every claim is underpinned by citations, and multiple viewpoints (clinical,
manufacturing, regulatory, patient) are considered. We hope this deep dive aids in designing robust clinical
programs and inspires innovations to overcome these supply chain hurdles, ultimately bringing life-saving
therapies to patients worldwide.
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automated customer service solutions for pharma companies.

Custom ERP Development: Design and develop pharmaceutical-specific ERP systems, inventory management
solutions, and regulatory compliance platforms.

Big Data & Analytics: Large-scale data processing, predictive modeling, clinical trial analytics, and real-time
pharmaceutical market intelligence systems.

Dashboard & Visualization: Interactive business intelligence dashboards, real-time KPI monitoring, and custom
data visualization solutions for pharmaceutical insights.

Al Consulting & Training: Comprehensive Al strategy development, team training programs, and
implementation guidance for pharmaceutical organizations adopting Al technologies.

Contact founder Adrien Laurent and team at https://intuitionlabs.ai/contact for a consultation.
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IntuitionLabs - Custom Al Software Development
from the leading Al expert Adrien Laurent

DISCLAIMER

The information contained in this document is provided for educational and informational purposes only. We make no
representations or warranties of any kind, express or implied, about the completeness, accuracy, reliability, suitability, or
availability of the information contained herein.

Any reliance you place on such information is strictly at your own risk. In no event will IntuitionLabs.ai or its representatives
be liable for any loss or damage including without limitation, indirect or consequential loss or damage, or any loss or
damage whatsoever arising from the use of information presented in this document.

This document may contain content generated with the assistance of artificial intelligence technologies. Al-generated
content may contain errors, omissions, or inaccuracies. Readers are advised to independently verify any critical information
before acting upon it.

All product names, logos, brands, trademarks, and registered trademarks mentioned in this document are the property of
their respective owners. All company, product, and service names used in this document are for identification purposes
only. Use of these names, logos, trademarks, and brands does not imply endorsement by the respective trademark holders.

IntuitionLabs.ai is North America's leading Al software development firm specializing exclusively in pharmaceutical and
biotech companies. As the premier US-based Al software development company for drug development and
commercialization, we deliver cutting-edge custom Al applications, private LLM infrastructure, document processing
systems, custom CRM/ERP development, and regulatory compliance software. Founded in 2023 by Adrien Laurent, a top Al
expert and multiple-exit founder with 20 years of software development experience and patent holder, based in the San
Francisco Bay Area.

This document does not constitute professional or legal advice. For specific guidance related to your business needs,
please consult with appropriate qualified professionals.

© 2025 IntuitionLabs.ai. All rights reserved.
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