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ABSTRACT

Chimeric antigen receptor T-cell (CAR-T) therapy has transformed outcomes for several B-cell malignancies, but
its extension to solid tumours has been slowed by problems that begin well before the engineered cells ever reach
a patient's tumour microenvironment, specifically during the manufacturing process itself. This Perspective
synthesises manufacturing-stage performance data extracted from 34 published or registry-reported CAR-T
manufacturing processes targeting solid tumour antigens, comparing culture duration, expansion protocol, and
final product T-cell differentiation phenotype against two manufacturing-stage outcome measures that correlate
with downstream clinical activity in the solid tumour literature: the proportion of stem-cell-like and central memory
T cells in the final infusion product, and in vitro persistence following antigen rechallenge. Processes using
shortened culture protocols (under 7 days total ex vivo culture) produced final products with a significantly higher
median stem-cell-like and central memory T-cell fraction (58% versus 31%, P<0.001) and significantly longer in
vitro persistence following repeated antigen rechallenge than processes using conventional 10- to 14-day
expansion protocols, a pattern consistent across both autologous and allogeneic manufacturing platforms
represented in the dataset. Cytokine selection during expansion was the second most consistent predictor of
favourable differentiation phenotype, with IL-7/IL-15-based expansion cocktails outperforming IL-2-based
protocols across the great majority of processes reporting head-to-head or historically controlled comparison. We
argue that the manufacturing choices most consistently associated with a less-differentiated, more persistent final
product, specifically shortened culture duration and IL-7/IL-15-based cytokine selection, deserve to be treated as a
manufacturing-stage standard for solid tumour CAR-T programmes going forward, rather than as one design
option among many, and we set out the specific process-engineering and analytical changes we believe are
needed to make shortened-culture manufacturing broadly adoptable at clinical-grade, current Good Manufacturing
Practice scale.
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1. INTRODUCTION The gap between CAR-T the_rapy's transformative results
in B-cell malignancies and its far more modest results
against solid tumours has been analysed extensively
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from the perspective of the tumour microenvironment:
physical barriers  to T-cell infiltration, an
immunosuppressive local milieu, antigen heterogeneity
across and within tumours, and a shortage of truly
tumour-restricted target antigens have all been
documented as genuine and substantial obstacles [2,7].
What has received comparatively less attention outside
the specialist cell-manufacturing literature is that the
manufacturing process itself, the ex vivo culture and
expansion protocol used to generate the infusion product
before it is ever given to a patient, materially shapes the
differentiation state and consequent functional durability
of the T cells that eventually confront that difficult tumour
microenvironment, and that manufacturing choices made
for reasons of process convenience or historical
precedent may be actively working against solid tumour
efficacy in ways that are only partially appreciated across
the field [4,10].

T-cell differentiation state at the point of infusion is not a
fixed property of a patient's starting T cells but is
substantially shaped by the manufacturing process itself.
Naive and stem-cell-like memory T cells, the least
differentiated subsets, have greater proliferative
capacity, longer replicative lifespan, and superior
persistence following adoptive transfer compared with
more terminally differentiated effector memory or effector
T cells, a relationship demonstrated repeatedly in both
preclinical models and correlative clinical analyses of
CAR-T product composition against outcome [5,13].
Conventional CAR-T manufacturing protocols, developed
initially for haematological malignancy indications where
even a modestly persistent, more differentiated product
can achieve durable remission, typically involve 10 to 14
days of ex vivo expansion under IL-2-containing culture
conditions, a combination now recognised to drive T cells
toward progressively more differentiated, less persistent
phenotypes the longer culture continues [8,16].

For solid tumours, where the engineered cells face a
more hostile microenvironment for a longer period and
where durable, self-renewing persistence is arguably
more important to eventual efficacy than it is for a more
readily accessible  haematological target, this
differentiation trade-off matters more, not less, than it
does for the indications CAR-T manufacturing protocols
were originally optimised for. A growing body of
process-engineering literature has explored alternative
manufacturing strategies, principally shortened culture
duration and substitution of IL-2 with IL-7 and IL-15, both
of which favour retention of a less-differentiated, more
stem-cell-like phenotype, but this literature remains
scattered across individual process papers and
early-phase trial manufacturing reports rather than
synthesised into a coherent, comparative picture of
which specific manufacturing choices most reliably
improve the relevant product-quality outcomes [11,19].
This Perspective undertakes that synthesis directly,
extracting manufacturing-stage process parameters and
outcome measures  from 34  published or
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clinical-trial-registry-reported = CAR-T  manufacturing
processes specifically targeting solid tumour antigens,
comparing them systematically against the two
manufacturing-stage outcome measures most
consistently reported and most consistently correlated
with downstream clinical activity across this literature:
final-product stem-cell-like and central memory T-cell
fraction, and in vitro persistence following repeated
antigen rechallenge. Our aim is not to present new
laboratory data but to argue, on the basis of a systematic
comparison across the existing manufacturing literature,
for a specific, actionable position: that shortened-culture,
IL-7/1L-15-based manufacturing should be treated as a
default starting point for solid tumour CAR-T
programmes, and to identify the  specific
process-engineering and analytical gaps that currently
stand between this manufacturing approach and broad,
reliable clinical-grade adoption.

2. MATERIALS AND METHODS

This Perspective is grounded in a structured,
documented extraction of manufacturing process
parameters and outcome measures from the published
and registry-reported CAR-T manufacturing literature,
summarised below, rather than in new experimental data
generated by the authors.

| 2.1 Literature identification and eligibility criteria

PubMed, Scopus and ClinicalTrials.gov were searched
for CAR-T manufacturing processes specifically targeting
a solid tumour antigen (including but not limited to
mesothelin, GD2, HER2, EGFRuvIII, claudin 18.2 and
mesenchymal stromal antigen targets) with a published
process description sufficient to extract culture duration
and cytokine composition, and with at least one of the
two outcome measures of interest reported for the final
manufactured product. Processes described only in
conference abstracts without sufficient methodological
detail to extract these parameters reliably were excluded.
I 2.2 Process parameter extraction

For each eligible process, we extracted total ex vivo
culture duration (activation through final harvest),
cytokine supplementation strategy (categorised as
IL-2-based, IL-7/IL-15-based, or other/combination),
manufacturing platform (autologous versus allogeneic),
and, where reported, any additional process modification
specifically intended to limit T-cell differentiation, such as
restricted activation signal strength or metabolic
modulation of culture conditions.

| 2.3 Outcome measure extraction and standardisation

Final-product stem-cell-like and central memory T-cell
fraction was extracted as reported by each process,
standardising across studies that used slightly different
flow cytometry gating definitions by mapping each
study's reported subset definitions onto a common
CCR7-positive, CD45RA-positive-or-negative
stem-cell-like and central memory framework where
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sufficient marker detail was reported. In vitro persistence
following antigen rechallenge was extracted as the
reported fold-expansion or absolute cell count following a
second or third round of antigen-specific stimulation in
culture, standardised as a proportion relative to each
study's own first-rechallenge baseline to allow
comparison across studies using different absolute
assay conditions.

I 2.4 Comparative analysis approach

Processes were grouped by culture duration (under 7
days versus 10-14 days, the two most common
categories represented in the dataset) and by cytokine
strategy, and outcome measures were compared across
these groupings using Mann-Whitney U tests given the
non-normal distribution of both outcome measures
across studies. Because processes originated from
different research groups, target antigens and
manufacturing platforms, we treated this as a structured
narrative comparison rather than a formal meta-analysis,
and we report effect sizes and significance testing as
descriptive of the assembled dataset rather than as
pooled estimates with formal heterogeneity assessment.

3. RESULTS

Of 34 eligible manufacturing processes identified, 21
used conventional 10- to 14-day culture protocols and 13
used shortened protocols under 7 days total ex vivo
culture; cytokine strategy was IL-2-based in 19
processes, IL-7/IL-15-based in 11, and other or
combination strategies in 4. Shortened-culture processes
produced a significantly higher median stem-cell-like and
central memory T-cell fraction in the final product (58%,
IQR 49-67%) than conventional-duration processes
(31%, IQR 22-41%; Mann-Whitney U test, P<0.001), a
pattern that held when the comparison was restricted
separately to autologous processes (n=26) and to
allogeneic processes (n=8), though the allogeneic subset
was too small to support a formally powered separate
comparison. Table 1 summarises manufacturing process
parameters and outcome measures across the full
dataset, stratified by culture duration category.

Table 1. Manufacturing process parameters and outcomes
by culture duration category.

SCM/CM Rechalleng
Categor Processes fraction e
gory (n) (median, persistence
IQR) (median)
Shortened 13 58% 74%
culture (<7 d) (49-67%) (61-86%)
- 0, - 0,
(10-14 d) (22-41%) (24-52%)
Ly
- 0,
durations) (40-63%) (subgroup)
I(;Iz_baSEd 19 36% n/a
- 0,
durations) (24-49%) (subgroup)

SCM/CM = stem-cell-like memory / central memory T-cell fraction;
IQR = interquartile range.
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In vitro persistence following antigen rechallenge showed
the same directional pattern: shortened-culture products
retained a median 74% (IQR 61-86%) of first-rechallenge
expansion capacity at second rechallenge, compared
with 38% (IQR 24-52%) for conventional-duration
products (Mann-Whitney U test, P<0.001). Cytokine
strategy showed an independent, though somewhat
smaller, association: IL-7/IL-15-based processes showed
higher median stem-cell-like and central memory fraction
(52%, IQR 40-63%) than IL-2-based processes (36%,
IQR 24-49%; P=0.008) after stratifying by culture
duration category, indicating that cytokine strategy and
culture duration each contribute independently rather
than the cytokine-strategy association being fully
explained by processes using shorter culture duration
also tending to use IL-7/IL-15 (Figure 1).

Culture duration and cytokine strategy independently shape final-product differentiation state
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Figure 1. Final-product stem-cell-like and central memory T-cell

fraction by culture duration and cytokine strategy across 34
published CAR-T manufacturing processes targeting solid tumour

antigens.
The four processes reporting an  additional
differentiation-limiting  modification beyond culture

duration and cytokine strategy, specifically restricted
CD3/CD28 activation signal strength during the initial
activation phase, showed the highest stem-cell-like and
central memory fractions in the entire dataset (median
71%, range 64-79%), though this subgroup is too small
to support formal statistical comparison and should be
read as a suggestive rather than confirmatory pattern.
None of the 34 processes reported both shortened
culture duration and restricted activation signal strength
in combination, representing what we regard as a
specific, identifiable gap in the current manufacturing
literature rather than a combination that has been tried
and found ineffective. Table 2 reports the four
restricted-activation-signal processes in detail alongside
the best-performing shortened-culture, IL-7/IL-15-based
processes for comparison.

Table 2. Processes reporting restricted activation signal
strength versus best shortened-culture processes.

SCM/CM
fraction
(median or
range)

Process feature

Restricted activation

0, - 0,
signal + IL-7/IL-15 71% (64-79%)

Shortened culture +
IL-7/IL-15 (no signal 8
restriction)

61% (54-70%)
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Shortened culture +
IL-2 (no signal 5
restriction)

Across the dataset as a whole, manufacturing platform
(autologous versus allogeneic) showed no significant
independent association with either outcome measure
once culture duration and cytokine strategy were
accounted for, suggesting that the process-engineering
choices identified here as favourable are not specific to
one manufacturing platform and should in principle be
transferable across both. Reported total manufacturing
time, including release testing and quality control steps
beyond the ex vivo culture period itself, was available for
only 14 of the 34 processes and was not included in the
primary comparative analysis, but among these 14,
shortened-culture processes showed a median 5- to
7-day reduction in total manufacturing turnaround time
relative to conventional-duration processes, a practically
relevant secondary benefit for solid tumour indications
where disease progression during the manufacturing
wait period is a recognised clinical concern.

4. DISCUSSION

The pattern emerging from this comparative synthesis is,
we think, more consistent and more actionable than the
fragmented state of the underlying literature might
suggest: shortened culture duration and IL-7/IL-15-based
cytokine selection are each independently and
significantly associated with a less-differentiated, more
persistent final product across a reasonably diverse set
of 34 processes spanning multiple target antigens,
research groups and manufacturing platforms. This
consistency across otherwise heterogeneous studies is,
in our reading, meaningful evidence that these are
genuine, generalisable manufacturing-stage levers rather
than artefacts specific to any one target antigen or
process-development programme, and it echoes a
broader principle well established in the T-cell biology
literature that prolonged ex vivo activation and expansion
drives progressive terminal differentiation largely
independent of the specific antigen-receptor construct
being expressed [5,13,17].

We want to be direct about what we are arguing for here:
not simply that shorter culture and IL-7/IL-15 cytokine

51% (44-58%)

selection are worth considering among several
manufacturing options, which is already close to
consensus in the specialist process-development

literature, but that for solid tumour indications specifically,
where durable persistence is plausibly more clinically
consequential than it is for accessible haematological
targets, these choices deserve to be adopted as a
default starting point for new manufacturing process
development, with a deliberate justification required to
deviate toward conventional longer-duration, IL-2-based
protocols rather than the reverse. This is a stronger and
more specific position than a purely descriptive review
would take, and we take it because we think the
consistency of the pattern across 34 independently
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developed processes, combined with the
well-established mechanistic rationale connecting culture
duration and cytokine signalling to T-cell differentiation
state, justifies moving from tentative association to an
actionable manufacturing recommendation.

The suggestive finding for restricted activation signal
strength, though based on only four processes and
therefore appropriately treated with more caution than
the culture-duration and cytokine-strategy findings,
points toward what we regard as the most promising
underexplored combination in the current literature: no
process in our dataset combined shortened culture
duration with restricted activation signal strength, despite
both being independently associated with favourable
differentiation outcomes and there being no obvious
mechanistic reason the two would not combine additively
or synergistically. We would specifically encourage
manufacturing process-development groups working on
solid tumour CAR-T programmes to test this combination
directly, ideally within a single head-to-head
process-development study rather than continuing to
develop these two process maodifications in parallel,
separate literatures as has largely happened to date
[18,20].

Moving shortened-culture, IL-7/IL-15-based
manufacturing from a research-literature pattern to a
broadly adopted clinical-grade standard faces real,
practical obstacles that this Perspective would be
incomplete without acknowledging directly. Current Good
Manufacturing Practice release testing, including sterility,
mycoplasma and endotoxin testing with turnaround times
historically built around longer culture windows, was
largely designed around conventional 10- to 14-day
manufacturing timelines, and compressing culture
duration to under 7 days requires either accelerating
these release tests, which several rapid-turnaround
assay platforms now make feasible, or restructuring the
manufacturing and release workflow so that release
testing can proceed in parallel with, rather than strictly
after, the shortened culture period [21,23]. Cost and
process robustness at true clinical-grade, current Good
Manufacturing Practice scale also remain less well
characterised for shortened-culture protocols than for the
conventional processes that most existing
commercial-scale manufacturing infrastructure was built
around, and we regard closing this scale-up
characterisation gap, rather than further accumulating
small-scale process-development comparisons of the
kind synthesised in this Perspective, as the single most
consequential next step for the field.

Finally, we think it is worth situating manufacturing-stage
optimisation within the broader landscape of solid tumour
CAR-T strategies rather than presenting it as a sufficient
solution on its own. Tumour microenvironment-targeted
combination  approaches, next-generation  CAR
constructs  incorporating  switch  receptors  or
cytokine-secretion modules, and improved target antigen
selection all remain necessary complementary lines of
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work, and a less-differentiated, more persistent
manufactured product is best understood as raising the
ceiling on what these other interventions can achieve
rather than as a replacement for them [7,24]. A CAR-T
product that persists well but is delivered against a poorly
chosen target antigen, or that persists well but cannot
penetrate a physically or immunologically hostile tumour,
will still fail clinically, and manufacturing optimisation
should be understood as removing one identifiable,
addressable obstacle among several rather than as the
decisive lever for solid tumour CAR-T efficacy on its own.
We would nonetheless argue that manufacturing-stage
optimisation deserves relatively more attention than it
currently receives within most solid tumour CAR-T
programme roadmaps, precisely because it is
comparatively inexpensive to test, does not require a
new target antigen or construct design cycle, and can in
principle be layered onto essentially any ongoing or
planned solid tumour CAR-T programme without
disrupting the antigen-targeting or construct-engineering
work already underway.

5. CONCLUSION

A structured comparative synthesis of 34 published or
registry-reported CAR-T  manufacturing processes
targeting solid tumour antigens found that shortened ex
vivo culture duration (under 7 days) and IL-7/IL-15-based
cytokine selection are each independently and
significantly associated with a less-differentiated, more
persistent final infusion product, measured by
stem-cell-like and central memory T-cell fraction and in
vitro persistence following antigen rechallenge. We
argue that these manufacturing choices should be
adopted as a default starting point for new solid tumour
CAR-T manufacturing process development, rather than
treated as one option among several, given the
consistency of this pattern across a reasonably diverse
set of processes and its grounding in well-established
T-cell differentiation biology. The largely untested
combination of shortened culture duration with restricted
activation signal strength, suggested by a small subset of
processes in our dataset, represents what we regard as
the most promising immediate direction for further
process-development work. Closing the current good
manufacturing practice scale-up and release-testing gap
for shortened-culture protocols, rather than continued
small-scale comparative process development, is in our
view the most consequential next step for translating this
manufacturing-stage evidence into broadly available
clinical practice. We are currently establishing a
collaborative  process-development consortium  with
several academic manufacturing facilities represented in
the dataset synthesised here, with the specific aim of
testing the combined shortened-culture,
restricted-activation-signal,  IL-7/IL-15  protocol  at
clinical-relevant scale, and we intend to report the results
of that collaborative effort as they become available.
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