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The importance of understanding  
and designing cellular therapy  
supply chains

Christine Rutherford, Jacqueline Barry,  
John DM Campbell &  Marc Turner

The objective of this article is to propose a revised conceptual framework 
for the analysis of the supply chains for cellular therapies that considers 
first the impact of supply and demand uncertainty on the supply chain 
pathway, and second the impact of complexity on the physical supply 
network configuration. We suggest a revised cellular therapeutics supply 
chain taxonomy that emphasizes the interdependence between product 
characteristics, supply chain pathway and network configuration, which 
we hope will facilitate structured thinking around the design of optimal 
supply chain strategies for different products.

Submitted for Review: Nov 11 2017 u Published: Dec 18 2017

SUPPLY CHAIN MANAGEMENT: PoC  
CONSIDERATIONS, PRODUCT TRACKING  
& DATA MANAGEMENT

The potential for cellular therapies 
to be transformative to the treat-
ment of degenerative and neoplas-
tic diseases is undoubted. They are, 
however, complex products with a 
high degree of variability in start-
ing materials, manufacturing pro-
cesses and clinical effects. Great 
emphasis has been placed (rightly) 
on the challenges in manufacturing 
such products, but equally weight 
needs to be given to understanding 

the nature and management of the 
supply chain. Product development 
must take an integrated end-to-end 
supply chain perspective if this new 
generation of therapies is to realize 
widespread adoption by healthcare 
systems.  

This article argues that the de-
velopment of cellular therapeutics 
must consider the complexities as-
sociated with each of the key supply 
chain processes including incoming, 

manufacturing and outgoing path-
ways. Cellular therapies lie at a nex-
us between the supply chain(s) that 
underpin pharmaceutical products 
and those that underpin substanc-
es of human origin (SoHO) used 
for human therapy – blood com-
ponents, cells, tissues and organs. 
Consistent with this perspective, 
the quality management system (or 
concatenated systems) and regulato-
ry compliance must encompass the 



CELL & GENE THERAPY INSIGHTS 

874 DOI: 10.18609/cgti.2017.087

full provenance of the cellular ther-
apeutic. Finally these therapies need 
to be used with clinical precision in 
terms of an understanding of the 
etiology and pathogenesis of seem-
ingly homogeneous disease ‘entities’ 
and the place of the intervention in 
increasingly complex patient care 
pathways. The product, the proce-
dure and the post-procedural care 
(e.g., immunosuppression or reha-
bilitative care) may all be critical to 
the therapeutic success of the inter-
vention. Recognising that cellular 
therapies are diverse, Teng et al pro-
posed a taxonomy that differenti-
ates products on the basis of degree 
of supply and demand uncertainty 
[1]. We believe this is a good basis 
for defining optimal supply chain 
pathways but needs to feed into the 
broader consideration of complex-
ity in each of the key elements of 
the supply chain.  Using this emer-
gent taxonomy we then develop a 
framework and logic to support the 
selection of an appropriate supply 
network configuration. Finally, the 
characteristics of the product, the 
supply chain pathway and physi-
cal network configuration need to 
be considered together as the main 
elements of an overarching supply 
chain strategy.  

A GENERIC SUPPLY CHAIN 
FOR SoHO
In the order of 100 million blood 
components (red cells, platelets 
and plasma) transfusions, tissue 
(bone, tendon, heart valve, skin) 
transplants, hematopoietic stem cell 
(HSC) transplants and sold organ 
(kidney, liver, pancreas, heart, lung 
and small bowel) transplants are car-
ried out per annum worldwide for a 
wide variety of clinical conditions. 

These products share a similar ge-
neric supply chain (Figure 1) whilst 
varying widely in the detail of their 
supply chains dependent on the na-
ture of the product.

Thus SoHO intended for human 
therapeutic use require a donor or 
donors. Those individuals may be 
autologous (the cells or tissue is 
being procured for their own use) 
or allogeneic (the cells or tissue is 
being procured for the use of oth-
ers), and the latter may be living or 
deceased. They are usually selected 
on the basis of immunological phe-
notype (e.g., blood group antigens, 
human leukocyte antigens), medi-
cal history and low risk of infectious 
disease and will undergo microbio-
logical screening. The cells, tissues 
or organs need to be procured in 
such a way as to protect the health 
of both the donor (if he/she is liv-
ing) and the potential recipient(s). 
There is a manufacturing process of 
variable complexity and the product 
may be stored prior to distribution 
to the clinical environment and ad-
ministration to the patient. Whilst 
starting materials are developed into 
products from left to right across the 
supply chain, information, quality 
assurance and regulatory compli-
ance are bidirectional and compre-
hensive, i.e., cover the whole scope 
of the supply chain. 

Thus the generic SoHO supply 
chain differs from that of pharma-
ceuticals in respect of the need for 
a human donor, the complex and 
variable nature of the product and 
the need for precision in matching 
the product to the recipient and his/
her clinical condition. In addition 
the relationship between donor and 
recipient may be 1:1 or 1:n where n 
= a fairly small number of patients, 
for example, up to 3 in the case of 
a blood donation. In this context, 
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increased product quantity needs 
to be achieved through out-scale 
rather than up-scale. Again this dif-
fers from a typical pharmaceutical 
supply chain where production of a 
relatively standard and stable prod-
uct can be up-scaled to be adminis-
tered to very large (N) numbers of 
patients.

In reality, SoHO vary significantly 
in the nature of their supply chains 
dependent on the nature and degree 
of patient specificity of the prod-
uct. For example, some products 
are relatively labile such as platelet 
concentrates (which require storage 
at +22°C and have a 7 day shelf life 
with constant agitation) and solid 
organs (which are transported on ice 
with an 18–24 hour maximum cold 
ischemia time). Others, such as plas-
ma and HSC can be cryopreserved 
and maintained for several years, but 
need controlled and precise thawing 

in a clinical environment prior to ad-
ministration. Some products are fair-
ly generic in terms of their specificity 
for individual patients, for example 
group O RhD-negative red cell con-
centrates can be safely administered 
to around 98% of patients. Other 
patients, such as those with multi-
ple red cell alloantibodies, require 
individual donors of known red cell 
antigen phenotype to be recruited. 
Similarly bone can be administered 
to any patient (without immunolog-
ical matching) whilst autologous or 
allogeneic HSC are highly specific 
to an individual and as such require 
precise matching. These variable re-
quirements drive different supply 
chain strategies.

The incoming supply chain 
for cellular therapeutics

Cellular therapeutics are derived 
from human blood, cells or tissues 

 f FIGURE 1
A generic supply chain for Substances of Human Origin (SoHO).
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as starting materials and therefore 
are subject to a similar incoming 
supply chain path to other SoHO 
regulated under blood or tissues 
regulations. Similar considerations 
apply to the recruitment, selection 
and screening of the donor, the 
nature of the donation procedure, 
any requirement for primary pro-
cessing and control of the environ-
ment in which the starting material 
is distributed to the manufacturing 
facility.

The manufacture of cellular 
therapeutics

The complexity and potential scal-
ability of the differing manufactur-
ing processes for cellular therapeu-
tics are diverse:

Minimally manipulated cellular 
therapeutics

The most relevant paradigm for 
which is the established field of 
HSC transplantation, where mono-
nuclear cells procured from the 
patient (autologous) or a donor 
(allogeneic) bone marrow, mobi-
lized peripheral blood or umbilical 
cord blood are transplanted fresh or 
cryopreserved and thawed just prior 
to transplantation. Other products 
in the category include: preparation 
of enriched cell populations on the 
basis of immunophenotypic mark-
ers such as CD34 or CD133, either 
for hematopoietic transplantation 
(homologous use) [2] or for other 
clinical indications, for example to 
improve post-myocardial infarction 
perfusion (heterologous use) [3]; 
and islet cell isolation from pancre-
ata for transplantation via hepatic 
portal vein infusion for unstable 
diabetes mellitus with hypoglycae-
mic unawareness [4]. In Europe, 
this category of cellular therapeutics 
is normally regulated under tissues 

regulations, apart from those in-
tended for heterologous use.

Somatic cellular therapeutics

Where cells are cultured for a limit-
ed period of time in vitro (often for 
a matter of days, up to a week or 
two). Examples include autologous 
macrophages for the treatment of 
liver cirrhosis [5] and autologous tu-
mor infiltrating lymphocytes (e.g., 
[6]). Some somatic cells are cultured 
for a more prolonged period of time 
in vitro (typically up to 8–12 weeks) 
prior to transplantation potentially 
into larger numbers of (allogene-
ic) recipients.  Examples include 
anti-viral cytotoxic T lymphocytes 
(CTLs) [7] and mesenchymal stro-
mal cells (MSCs) [8] for the treat-
ment of a variety of autoimmune 
diseases or to ameliorate graft-ver-
sus-host disease. 

Genetically modified cellular 
therapeutics

Some cell products may be genet-
ically modified, for example by 
transduction of T cells with modi-
fied T-cell receptors or chimeric an-
tigen receptors (CAR) [9] in order 
to target cancer-associated antigens, 
and genetically modified HSCs 
[10]. Whereas, over previous years, 
genetic replacement of abnormal 
genes has been carried out mainly 
using plasmids or viral vectors, the 
development of a new generation of 
gene editing tools (such as CRIS-
PR-Cas9) is beginning to open up 
gene correction as a potential thera-
peutic pathway [11]. 

Reprogramming

Pluripotent stem cell lines can be 
derived either from in vitro blasto-
cysts – human embryonic stem cells 
(hESCs) or reprogramming of adult 
cells using transcription factors 
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– induced pluripotent stem cells 
(iPSCs). Such cell lines can pro-
liferate indefinitely in culture and 
differentiate into most cell types.  
They therefore open the possibility 
of generating a variety of different 
cellular therapeutics for an individ-
ual on an autologous or allogeneic 
basis or of a single allogeneic donor 
contributing multiple products to a 
very large number of recipients, po-
tentially over an extended period of 
time.  Examples include hESC-de-
rived retinal pigment epithelium 
cells for age-related macular degen-
eration [12] and iPSC-derived red 
cells or platelets [13]. 

Tissue engineered products

Cells exist mainly as part of com-
plex 3D tissue structures in vivo 
rather than as homogeneous cell 
suspensions. Both somatic cells and 
cells produced from reprogrammed 
tissues may be used to populate nat-
ural or synthetic extracellular matri-
ces. Decellularised dermal, tracheal 
and esophageal tissues (e.g., [14]) 
have been repopulated with autol-
ogous or allogeneic mesenchymal 
and epithelial cells as a potential 
approach to the correction of struc-
tural defects. In addition, there is 
emerging evidence that mixtures 
of cells can self-organize into struc-
tured tissues (organoids) [15].

In terms of scalability of manu-
facture, similar to the situation with 
SoHO, a spectrum of cellular ther-
apies exists in terms of the relation-
ship between donor and recipient(s): 
some products such as corneal epi-
thelial stem cells may be autologous 
(by definition 1:1) or allogeneic 1:1 
or 1:n (where n = a few recipients) 
and therefore require small unit out-
scaled manufacturing [16]. Others, 
such as MSC- or PSC-derived prod-
ucts may be amenable to larger scale 

allogeneic 1:N (where N = many re-
cipients) manufacturing. 

Cellular therapy products in the 
latter four categories are regulated 
as medicinal products in most juris-
dictions and as such require a Mar-
keting Authorization (or similar) in 
the same way as other pharmaceuti-
cal agents.

The outgoing supply chain 
for cellular therapeutics

Typically, the complexity and scal-
ability of manufacture have been 
considered to be the major factors 
determining whether the supply 
chain for cellular therapies is likely 
to require decentralized or central-
ized manufacturing. However, this 
binary division is an oversimplifi-
cation because the variable stability 
of products and the need for per-
sonalized administration adds com-
plexity to the outgoing supply chain 
path.

Some products are labile and 
have to be delivered within a 
limited shelf life and in a tightly 
controlled environment (corneal 
epithelial stem cells are a good ex-
ample), whilst others may be able 
to be cryopreserved and thawed in 
the healthcare environment (MSCs 
are a typical example). Somewhere 
between these lie products that 
may be able to be transported fro-
zen but require some form of sec-
ondary processing or manufacture 
which renders them into a more 
labile product prior to administra-
tion. This is typically a part of the 
supply chain that manufacturers 
struggle with since the ‘pharma-
ceutical’ model is predicated upon 
a stable product that can be stored 
at ambient temperature with rel-
atively minimal monitoring and 
generic applicability to a patient 
population. 
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Precision matching between 
the cellular therapeutic 
product & the patient
The fact that cellular therapies ex-
press similar tissue antigens to other 
SoHO means that a degree of im-
munological matching between do-
nor and recipient(s) is likely to be 
required. Hence ABO carbohydrate 
antigens are expressed by all cells 
and major incompatibility (e.g., ad-
ministering a group O product to a 
group A individual) will lead to hy-
per-acute rejection. Incompatibili-
ty at major HLA-loci, particularly 
Class I is also likely to lead to acute 
or chronic rejection, particularly in 
patients with pre-existing anti-HLA 
alloantibodies. Minor histocompat-
ibility antigens and polymorphisms 
in natural killer cell receptors may 
also contribute to immune incom-
patibility between the cellular ther-
apy product and the recipient. Thus 
some degree of immune suppression 
is likely to be required to reduce the 
risk of rejection of allogeneic cellu-
lar therapies; however, the better the 
immunological match the more this 
is likely to be able to be mitigated. 
Given the cost of immunosuppres-
sion in financial and health terms 
(immunosuppression increases the 
risk of infection, neoplasia and a va-
riety of tissue toxicities), maximiz-
ing the degree of tissue matching is 
desirable for most products in both 
individual and societal terms. As 
an example, it has been suggested 
that clinical-grade iPSC should be 
derived from a set of donors who 
are group O and homozygous at the 
major class I and II loci to provide a 
set of differentiated products which 
are the best match with the widest 
range of recipients [17].

Many cellular therapies will also 
need to be matched in respect of 
detailed diagnostic criteria in the 

recipient patient population. It has 
become clear over recent years that 
disease entities or processes previ-
ously considered homogeneous are 
often highly diverse when analyzed 
at a molecular level. For example, 
CTL containing genetically engi-
neered TCR may be specific to pa-
tients of restricted HLA type and 
tumors expressing specific antigens 
[18]. Similarly the success of a stem 
cell administration may depend 
upon whether the primary problem 
is stem cell deficiency per se or defi-
ciency within the stem cell niche or 
microenvironment. In this and re-
lated fields, we are beginning to see 
the development of companion di-
agnostics that guide the application 
of these precision therapies to high-
ly specified disease subgroups.  It is 
likely that most cellular therapeutics 
will need to be carefully tailored to 
disease and patient characteristics 
and a ‘one size fits all’ approach to 
the manufacture and administra-
tion of these products is unlikely to 
be successful.

Clinical administration

Finally, consideration needs to be 
given to the complexity of admin-
istration to the patient. Typically 
pharmaceuticals are stable products 
that can be administered systemi-
cally to relatively large populations 
of patients. Pharmacies are consti-
tuted to deliver licensed Medicinal 
Products (i.e., post-clinical trial) 
but most will not currently have 
the facilities require to manage la-
bile cellular products or those that 
require secondary manufacture. 
Some cellular therapies will also be 
capable of straightforward intrave-
nous administration where they are 
capable of homing or exerting their 
therapeutic effect from a non-spe-
cific location. Many others will, 
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however, require site-specific ad-
ministration either through surgery 
or interventional radiology. More-
over, long-term specialized follow 
up might be required for post-pro-
cedural clinical management in-
cluding adverse reactions or side 
effects of the product. Scheduling 
of interventional and monitoring 
procedures in a busy healthcare en-
vironment is notoriously vulnerable 
to uncontrollable externalities such 
as the health of the patient and the 
last minute re-purposing of facili-
ties to urgent cases. Thus it is likely 
that clinical services will need to be 
realigned to a certain extent to fa-
cilitate the delivery of this unusual 
class of therapeutic agents.

DIFFERENTIATED SUPPLY 
CHAIN DESIGN
To ensure the commercial and clin-
ical implementation of new cellu-
lar therapeutics, developers must 
recognize that success is not solely 
based on offering innovative and 
customized products but also on 
product affordability and custom-
er service, attributes which are de-
pendent on effective and efficient 
supply chain capabilities.  It is well 
understood that products with dif-
ferent characteristics e.g., volume, 
value, shelf-life or substitutability 
[19–21] serving diverse market seg-
ments in terms of uncertainty of, 
or instability in, demand and geo-
graphic location [22] require differ-
ent supply chain strategies [19,23]. 
As researchers have developed this 
differentiated approach it has be-
come evident that the product de-
velopment process and the likely 
supply chain design need to be 
aligned [24] to maximize the chanc-
es of success.  Information exchange 

between product developers and 
supply chain managers is essential 
and can be achieved through the in-
tegration of supply chain represen-
tatives in the product development 
process [25].

Several frameworks have been 
proposed [19,23,26] to guide the de-
sign of supply chains to suite differ-
ent categories of products, however 
Hilletofth [24,27] argues that these 
models are too simplistic as they 
constrain the choice of strategy, i.e., 
lean, agile or hybrid, rather than en-
suring the optimal combination of 
sourcing, manufacturing and distri-
bution strategies. These models also 
suggest just two [19,26] or four [23] 
product segments that fail to reflect 
the true diversity in the products 
offered and the complexity  of the 
environment.   

Teng et al. [1] propose a cell 
source taxonomy for categorizing 
cellular therapeutics. The taxonomy 
distinguishes between one-to-one 
(autologous or allogeneic) or one-
to-many (allogeneic) therapies be-
fore segmenting by demand volume 
(high or low) and finally delivery 
mechanism (procedural or prod-
uct). The authors then reference 
the work of Fisher [19] and Lee [28] 
and present a supply chain uncer-
tainty framework (Figure 2), com-
monly applied in the retail sector, 
to identify supply chain pathways 
for different types of therapies and 
argue that the classic uncertainty 
framework applies equally to phar-
maceutical, biopharmaceutical and 
cell therapy supply chains.

Our critique of Teng’s framework 
as applied to cellular therapeutics is 
that whilst it identifies supply and 
demand uncertainty as a driver of 
the supply chain pathway for differ-
ent products and emphasizes the im-
portance of identifying decoupling 
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points, it conflates this with the 
source of the starting material (au-
tologous or allogeneic) and choices 
around geographical configuration 
of the supply chain (i.e., decisions 
around the extent to which its nec-
essary to centralize or decentralize 
different elements of the supply net-
work), which are contingent upon 
the relative complexity of procure-
ment, manufacture and distribu-
tion.  When selecting an overarching 
supply chain strategy for a particular 
therapy we must therefore consider 
first the impact of supply and de-
mand uncertainty on the supply 
chain pathway and second the im-
pact of complexity on the physical 
supply network configuration.

Accounting for uncertainty 
in cellular therapy supply 
chain pathways
High volume ‘functional’ products 
typically exhibit relatively stable 
and therefore predictable demand 

(i.e., low demand uncertainty) and 
hence production and distribution 
decisions can be made ahead of 
demand based on forecasts (make-
to-stock) without significant risk 
of obsolescence or poor availabili-
ty.  In these push–push (efficient) 
supply chains, the emphasis is on 
taking advantage of economies 
of scale (EoS) in production and 
transport so as to minimize the 
total unit cost. The product is 
pushed through the supply chain 
to the customer interface where 
it is held in stock ready to satisfy 
customer demand ‘off the shelf ’.  
Although manufacturing may be 
centralized to take full advantage 
of EoS in manufacturing, the final 
product stock-holding is dispersed 
in a decentralized network. Many 
pharmaceutical products adopt this 
supply chain strategy. 

When demand is uncertain 
(typically low volume ‘innovative’ 
products) and difficult to forecast 
a push–pull (responsive) or a pull–
pull (agile) strategy becomes more 
effective. In a push–pull supply 
chain, starting and raw materials are 
usually procured to meet a forecast 
and held in stock at the decoupling 
point (where push meets pull); when 
a specific customer order  (or patient 
need) is identified then the material 
is ‘pulled’ from the decoupling point 
through production and delivered 
to satisfy the order (make-to-order).   
In a pull–pull supply chain, noth-
ing is procured or processed until a 
specific customer need arises, in the 
case of some SoHO supply chains 
the donor may, in effect, be the ma-
terial decoupling point. 

Finally the very unusual pull–
push supply chain is seen in markets 
where supply may be sporadic and 
hence the high supply uncertain-
ty favors a pull strategy, i.e., when 

 f FIGURE 2
Therapeutic medicine supply chain uncertainty framework [1].
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there is available supply then the 
starting material is pulled into the 
supply chain and held as stock until 
it is needed to satisfy demand.   To 
help illustrate these different con-
cepts and supply chain pathways a 
generic representation for SoHO is 
provided in Figure 3. 

Accounting for complexity 
in cellular therapy supply 
network configuration

Whilst supply and demand uncer-
tainty is one key driver of the choice 
of supply chain pathway, in the field 
of cellular therapies other key consid-
erations also come into play such as 
the stability of the starting materials, 

intermediary and final products, the 
extent to which a product is generic 
or specific to a particular patient, and 
the degree of clinical urgency with 
which the product might be required 
set against the time to manufacture 
and deliver. Different elements of the 
supply chain (i.e., donation, manu-
facturing and distribution) may also 
differ significantly in respect of the 
level of process complexity.  As a 
process becomes more complex with 
more steps and more interaction be-
tween those steps, it utilizes more re-
sources and requires more specialist 
management. The incoming supply 
chain may be complex in respect of 
the need to obtain starting material 

 f FIGURE 3
Supply chain pathways for SoHO.
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from highly specified (e.g., HLA-
matched allogeneic) donors, may re-
quire specialist donation procedures 
or may require primary processing 
near to the point of donation. Distri-
bution to the manufacturing center 
may be time-bounded and/or require 
a carefully controlled environment if 
the starting material is labile. Manu-
facturing may vary significantly (and 
independently) in both complexi-
ty and scale. The outgoing supply 
arm may be complex in respect of 
the lability and shelf life of the fi-
nal manufactured product, the need 
for tertiary processing, the extent 
of matching required between the 
product and the donor or the nature 
of the clinical procedure required for 
administration. The need for special-
ist logistics (storage and transporta-
tion) and the time to execute process 
steps (i.e., lead time) will contribute 
to the complexity of incoming and 
outgoing supply. For example, for 

a time-sensitive labile product the 
longer the in-bound and out-bound 
logistics lead time the greater the risk 
of product deterioration or shelf life 
expiry.  Lead time is affected by the 
physical proximity of procurement 
sites, manufacturing centers and 
hospitals to each other and hence 
must be considered in the evaluation 
of supply chain complexity.     

Thus, rather than assessing the 
uncertainty and complexity of a 
supply chain as a single unit of anal-
ysis as depicted in Figure 2, when de-
signing a cellular therapeutic supply 
chain strategy we advocate consider-
ing supply and demand uncertain-
ty as a first step in determining an 
optimal supply chain pathway (Fig-

ure 3) and then overlaying this with 
consideration of the complexity and 
constraints within and between each 
of the three main components of 
the supply chain (incoming, manu-
facturing and outgoing) in order to 

 f FIGURE 4
A cellular therapeutics supply chain taxonomy.
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determine the optimal supply net-
work configuration (Figures 4–7).  

Multi-dimensional variables 
of this kind suggest higher-order 
complexity across cellular thera-
peutic supply networks (i.e., com-
plexity not just within different 
supply chain echelons but between 
echelons) and require a more subtle 
taxonomy and a flexible combina-
torial approach to overall supply 
chain strategy.

TOWARDS A NEW  
TAXONOMY OF CELLULAR 
THERAPEUTICS
Given the above analysis a new tax-
onomy of cellular therapeutics can 
be proposed based on the level of 
complexity in donation, manufac-
ture and distribution (Figure 4).

Whilst this classification can be 
criticized in respect that each of the 
three echelons contains multiple 
elements which may differ in com-
plexity and that that complexity is 
a continuum rather than binary in 
nature, it is clear that there is a need 
for a wide range of different cellular 
therapeutics supply chains and that 
no single model is likely to afford 
the infrastructure to support wide-
spread clinical trialing and adoption 
of this class of therapies.

Impact of complexity 
cost trade-off on network 
configuration

Much of the discussion within the 
community to date has been fo-
cused on the question of up-scal-
ing or out-scaling cellular therapy 
production to meet future demand.  
Due to the nature and complexi-
ty of a cell therapy supply chain a 
centralized manufacturing strat-
egy (up-scaling) may not always 

result in a lower unit cost of over-
all, because centralization may have 
significant implications for both 
incoming and outgoing supply 
pathways in terms of increased cost 
and risk to product quality and cus-
tomer service.  Hence it is essential 
that all three elements of the supply 
chain (incoming, manufacturing 
and outgoing) are considered con-
currently so that the costs associated 
with each can be traded off in-or-
der to identify the optimum phys-
ical network configuration i.e., the 
number and ultimately the location 
of manufacturing sites.  Traditional-
ly this approach is used in logistics 
network design [29] whereby the 
costs associated with storage facil-
ities (e.g., warehouses), inventory 
and transportation are traded to 
find the minimum total cost net-
work configuration within spec-
ified constraints such as demand 

 f FIGURE 5
Supply chain cost trade-off for a cellular product (category HLH).
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and customer service requirements. 
Quality criteria have also been in-
tegrated into network optimization 
models to take account of product 
degradation in the supply chain 
[30]. The discussion that follows as-
sumes that, in broad general terms, 
the more complex a process the 
more costly it will be per unit of the 
product, whether that be to source, 
manufacture or distribute.

The greater the complexity (and 
hence cost) of incoming and outgo-
ing supply chain processes the more 
decentralized (i.e., distributed) 
the physical supply chain should 
be, assuming that manufacture of 
the product can be relatively easily 
standardized and out scaled, i.e., 
relatively low complexity of manu-
facture.  Figure 5 presents the cost 
trade-off between procurement, 
manufacturing and distribution 
against increasing decentralization 

in manufacturing for a product 
categorized as H-L-H (High com-
plexity incoming pathway, Low 
complexity manufacture, High 
complexity outgoing pathway).  

Such a product would generate 
high procurement and distribution 
costs in a centralized configuration 
due to the complexity of preserving 
source material and final product 
quality as well as the higher logistics 
costs associated with specialist trans-
portation. In other words, it would 
be expensive to design incoming 
and outgoing processes that pre-
serve a labile product as it is moved 
through a physical supply chain 
that adopts a centralized manufac-
turing strategy. However, if there is 
low complexity in manufacturing 
and the total supply chain cost of 
achieving product comparability in 
an out-scaled decentralized system 
is less than the total cost of a cen-
tralized system then we can avoid 
the high costs associated with high 

complexity in supply i.e., the savings 
made by reducing the need to design 
expensive distribution and procure-
ment processes outweighs the addi-
tional cost of out-scaling manufac-
turing. In effect, the supply chain 
strategy is to take the factory to the 
clinical environment in a decentral-
ized out-scaled cell therapy network.    

By contrast, the minimum total 
supply chain cost of a product cate-
gorized as high complexity manufac-
turing, but low complexity incoming 
and outgoing pathways (category 
L-H-L) would be firmly tilted toward 
a centralized manufacturing strategy 
(Figure 6) that would operate more 
like a traditional pharmaceutical 
supply chain.   Indeed it is most like-
ly that products categorized L-L-L 
would also suite a centralized strategy 
especially if there is opportunity for 
economy of scale in manufacturing.

 f FIGURE 6
Supply chain cost trade-off for a cellular product (category LHL).
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However, if all elements of the 
supply chain are categorized as high 
complexity (H-H-H) then the min-
imum cost supply chain configura-
tion would lie somewhere between 
the two extremes presented above; 
such intermediary network configu-
rations would comprise a small num-
ber of Centers of Excellence serving 
high density demand clusters, where 
donors and patients are brought to 
their closest centre for treatment.

Figure 7 illustrates a range of 
different network configurations 

best suited to different product 
categories as defined by our pro-
posed taxonomy for supply chain 
selection. For example, the resultant 
network configuration for HLH 
products (with relative complexity 
cost curves illustrated in Figure 5) 
is represented by Network 7 (Figure 

7), i.e., a fully distributed configura-
tion with no movement of product 
outside the clinical environment.   
By contrast, Network 4 is best suit-
ed to LHL products, i.e., a more 
traditional configuration in which 

 f FIGURE 7
Supply network configuration options.
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starting material and finished prod-
uct are transported to and from a 
central manufacturing facility. Both 
Network 4 and 7 are also suited to 
LLL products, with the choice of 
network dependent on the potential 
economy of scale in manufacturing.  
If the unit cost of production can be 
reduced by scaling-up manufactur-
ing then the network cost trade-off 
would point to a centralized con-
figuration, if not then a distributed 
configuration may be optimal.

COMBINING PRODUCTS 
CHARACTERISTICS,  
SUPPLY CHAIN PATHWAY 
& NETWORK  
CONFIGURATION INTO 
A SINGLE SUPPLY CHAIN 
STRATEGY
As the field of cellular therapeutics 
moves towards large-scale pivotal 
clinical studies, licensure and adop-
tion by healthcare systems there is 
urgent and pressing need to prop-
erly understand the nature and di-
versity of the supply chain strategies 
needed to underpin delivery of this 
new generation of therapies. Estab-
lished ‘pharmaceutical’ and ‘health-
care service’ supply chain paradigms 
will serve to support the develop-
ment and implementation of only 
a subset of cellular therapies and 
lead to somewhat oversimplified de-
bates around the relative utility of 
‘allogeneic’ and ‘autologous’ strat-
egies, themselves a misnomer that 
conflate the source of the starting 
material with the proportionali-
ty between donor and recipient(s) 
i.e., one to one (which may be au-
tologous or allogeneic) and one to 
many (which must be allogeneic). 
Recent publications have identified 
the complexity of supply chains and 

lack of standardization in proce-
dures as one of the key challenges 
facing Advanced Therapy Medicinal 
Products (ATMPs) in the European 
market and potentially a contribu-
tory factor to the commercial sus-
pension or withdrawal of several of 
the ATMPs which have achieved 
Marketing Authorization from the 
European Medicines Agency [31]. 

The work of Teng et al. [1] pro-
vides a valuable step in propos-
ing a supply chain taxonomy for 
categorizing cellular therapeutics 
based on supply and demand un-
certainty (Figure 2) but in our view 
continues to conflate design of the 
supply chain pathway (i.e., the pres-
ence and positioning of decoupling 
points) with the configuration of 
the supply chain network (i.e., the 
degree of centralisation or distri-
bution of manufacturing). In this 
analysis, we first address the issue of 
stem cell pathway (Figure 3) and then 
use this to inform a new taxonomy 
of the structure of the supply chain 
network that takes into account the 
complexity of the incoming, manu-
facturing and outgoing components 
of the supply chain (Figures 4–7). Fi-
nally it is important to consider that 
changes to the product (e.g., cryo-
preservation or an extension to shelf 
life) can significantly change the 
supply chain pathway, configura-
tion and costs. Examined from this 
perspective a number of reflections 
can be made on the currently li-
censed cellular therapies in Europe.

Holoclar is an autologous corneal 
epithelial stem cell product for the 
treatment of unilateral limbal stem 
cell deficiency. A corneal biopsy is 
taken from the patient’s normal eye 
locally and shipped to a central Eu-
ropean manufacturing center where 
the product is manufactured over 
10–14 days and then shipped back 
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for surgical implantation. Thus sup-
ply and demand (which are linked) 
are uncertain, the incoming supply 
is of high complexity with a labile 
starting material and long logistic 
routes, the manufacturing is of me-
dium to high complexity, and the 
outgoing supply is of high complex-
ity with a labile and delicate prod-
uct, long return logistics and the 
criticality of matching supply of the 
product with surgical scheduling. 
Neither the incoming nor outgoing 
supply chains are within the control 
of the manufacturer. This is there-
fore a H-H-H type supply chain 
strategy [32]. 

Strimvelis is an ex vivo gene ther-
apy of autologous HSC for ADA-
SCID – a rare form of congenital 
immunodeficiency. In principle, 
the manufacturer faces the same 
challenges of complex incoming, 
manufacturing and outgoing sup-
ply chains (H-H-H) but because 
of the ultra-orphan nature of the 
condition finds it more efficient to 
transport the donor/patient (one 
and the same) close to the manu-
facturing centre, which reduces the 
supply chain to a L-H-L model and 
also has the advantage of facilitating 
administration and follow-up care 
by a highly specialized (arguably 
unique) clinical team [33]. 

Zamloxis is an allogeneic T-cell 
product genetically modified with 
a retroviral vector encoding for a 
truncated form of the human low 
affinity nerve growth factor receptor 
(ΔLNGFR) and the herpes simplex 
I virus thymidine kinase (HSV-TK 
Mut2) for adult patients undergo-
ing haploidentical HSC transplant 
for high-risk hematological malig-
nancies. The manufacturers face 
the same challenges of a HHH type 
product, but may cryopreserve the 
starting material (donor T cells) at 

the procurement or primary pro-
cessing center, thus allowing easier 
incoming logistics and decoupling 
the procurement from the manu-
facturing in temporal and spatial 
terms, and then also cryopreserve 
the finished product following 
manufacture, again allowing easier 
outgoing logistics and decoupling 
the manufacture from the adminis-
tration. Through the judicious use 
of decoupling in the supply chain 
pathway, they can also effectively 
reduce an H-H-H –to a L-H-L sup-
ply chain [34].

As this new generation of prod-
ucts reaches clinical application, it 
is essential that developers consider 
the design of the product and the 
design of its supply chain as insep-
arable aspects of the same process. 
We hope that the taxonomy pro-
posed here might help developers 
structure their thinking around 
these issues in a more proactive way 
and help avoid some of the very late 
stage failures of commercial and 
clinical application that we have 
seen thus far.
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