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Abstract

Chimeric antigen receptor (CAR) T-cell therapies have demonstrated remarkable clinical
efficacy in hematological malignancies, yet their broader application is constrained by
manufacturing complexity and variability, particularly in autologous settings. The develop-
ment of allogeneic CAR T-cell therapies offers a promising alternative by enabling scalable,
“off-the-shelf” production; however, these approaches introduce additional challenges
related to donor variability, genome editing, and product consistency. Robust analytical
strategies are therefore required to ensure safety, efficacy, and batch-to-batch reproducibility.
Conventional analytical methods, such as flow cytometry and enzyme-linked immunosor-
bent assays, provide targeted, high-confidence measurements of predefined cellular and
soluble markers but are inherently limited in their ability to capture the full molecular and
functional complexity of CAR T-cell products. In current manufacturing paradigms, these
assays are typically deployed as isolated quality control readouts rather than as components
of an integrated control strategy that links donor variability, gene-editing material quality,
in-process metabolic state, final product critical quality attributes, and clinical biomarker
responses. In this context, mass spectrometry (MS) has emerged as a powerful platform for
high-dimensional molecular characterization, enabling analysis of gene-editing reagents,
proteins, metabolites, lipids, and both culture and spent-media composition across the
CAR T-cell manufacturing workflow. In this review, we examine the various applications
and tools of MS across key stages of the allogeneic CAR T-cell workflow, including donor
characterization, analysis of gene-editing materials, in-process culture monitoring, drug
product quality assessment, and post-infusion biomarker evaluation. Collectively, these ap-
proaches demonstrate the potential of MS-driven analytics to address current limitations in
CAR T-cell manufacturing by improving process understanding, enabling comprehensive
quality assessment, and supporting regulatory decision-making. The integration of MS
into CAR T-cell workflows may ultimately facilitate the development of more consistent,
scalable, and effective cell therapies.

Keywords: allogeneic CAR T-cell therapy; mass spectrometry; proteomics; metabolomics;
cell therapy manufacturing; quality control; biomarker analysis

1. Introduction
Chimeric antigen receptor (CAR) T-cell therapies have transformed the treatment

landscape for hematological malignancies. In 2017, the U.S. Food and Drug Administration
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(FDA) approved the first CAR T-cell products, tisagenlecleucel (Kymriah) and axicabtagene
ciloleucel (Yescarta), for the treatment of acute lymphoblastic leukemia and large B-cell
lymphoma, respectively [1,2]. These approvals demonstrated the remarkable efficacy
of CAR T-cell therapies in patients with relapsed or refractory disease [3]. However,
early-generation CAR T-cell products are predominantly autologous, requiring the use
of a patient’s own cells. This individualized approach presents significant logistical and
manufacturing challenges, including variable starting material quality, complex supply
chains, and prolonged production timelines.

To address these limitations, allogeneic CAR T-cell therapies are being developed
using healthy donor-derived cells to generate “off-the-shelf” products. This strategy en-
ables large-scale manufacturing, facilitates cell banking, and has the potential to reduce
costs while improving treatment accessibility [4–6]. Nevertheless, allogeneic approaches
introduce additional biological and technical challenges. Donor-derived T cells must be
engineered to prevent graft-versus-host disease (GvHD) and to evade host immune rejec-
tion, typically through targeted modification of T-cell receptors and other immune-related
genes [7–9]. These genome-editing steps increase process complexity and necessitate rig-
orous analytical evaluation, not only to ensure editing precision and detect unintended
genomic alterations [10–12], but also to characterize gene-editing components, including
guide RNAs (gRNAs), CRISPR-associated protein 9 (Cas9), DNA plasmids, and viral vec-
tors, before their use in the manufacturing process. Accordingly, regulatory agencies such
as the FDA require comprehensive safety and quality assessments for genome-edited cell
therapies [11].

The manufacturing of allogeneic CAR T-cell products involves multiple stages, includ-
ing donor cell selection and activation, genetic modification, expansion, formulation, and
cryopreservation, each of which can introduce variability in cellular phenotype, function,
and product composition. Ensuring batch-to-batch consistency therefore remains a major
analytical challenge [4–7]. The primary analytical methods used in CAR-T manufacturing
include flow cytometry, enzyme-linked immunosorbent assays (ELISA), qPCR/ddPCR-
based vector copy number analysis, sterility and mycoplasma testing, endotoxin testing,
viability assays, and cell-based potency assays. While these methods remain foundational
for release and safety testing, they remain analyte-specific, end-point-based, or limited
in molecular breadth [13–15]. Mass spectrometry (MS) therefore offers a complementary
approach for measuring proteins, peptides, metabolites, lipids, and process-related impuri-
ties [16–19], providing a powerful tool for a more comprehensive view of cellular state and
product quality [17,18].

In parallel, the regulatory landscape for advanced cell therapies is evolving rapidly,
with increasing emphasis on analytical rigor, process understanding, and control strate-
gies [20]. Frameworks such as quality by design (QbD) and process analytical technology
(PAT) [21] highlight the need for comprehensive characterization of critical quality attributes
(CQAs) and their impact on clinical performance. However, defining and monitoring CQAs
for complex, living cell products such as allogeneic CAR T cells remains particularly chal-
lenging due to their inherent heterogeneity and dynamic nature [22]. This has created a
growing demand for high-dimensional, systems-level analytical approaches capable of
capturing molecular complexity and supporting robust comparability, release testing, and
lifecycle management. In this context, MS is best viewed as an orthogonal layer that can
support CQA identification, targeted method development, impurity characterization,
metabolic process monitoring, and comparability assessment.

Despite its growing application in CAR T-cell research, the use of mass spectrometry
remains fragmented. Existing studies typically address discrete analytical questions rather
than establishing an integrated framework that spans the full lifecycle of allogeneic CAR T-
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cell manufacturing. As a result, the potential of MS to systematically characterize variability
in critical materials, define and link critical material attributes (CMAs) to CQAs, and sup-
port regulatory decision-making across the manufacturing continuum has not yet been fully
realized. In this review, we examine the application of MS across the allogeneic CAR T-cell
manufacturing workflow. We emphasize liquid chromatography–mass spectrometry (LC-
MS) approaches for proteomic, metabolomic, lipidomic, and impurity analysis, while also
discussing complementary modalities such as matrix-assisted laser desorption/ionization
(MALDI-MS), gas chromatography–mass spectrometry (GC–MS), and MS-enabled single-
cell technologies where relevant [17,18]. We organize these applications by workflow stage,
including donor characterization, gene-editing material assessment, in-process culture
monitoring, final drug product characterization, and post-infusion biomarker evaluation,
ultimately providing insight into how MS brings improved process understanding and
contributes to the development of consistent, safe, and effective allogeneic CAR T-cell
therapies [4–7,17,18]. Although this review focuses on allogeneic workflows, many of the
MS-driven analytical modalities detailed herein—including gene editing characterization,
process impurity tracking, and multi-attribute product profiling—provide a universal
framework that extends to autologous CAR-T, TCR-T, CAR-NK platforms, and other
immune cell types.

2. From Donor to Drug Product: Multi-Stage Manufacturing of
Allogeneic CAR-T Cells

Allogeneic CAR-T cell manufacturing is a multi-stage, tightly controlled process de-
signed to generate a uniform, cryopreserved cell therapy product from healthy donor
starting material for administration to multiple patients. Compared with autologous
manufacturing, which is individualized and patient-specific, allogeneic workflows must
achieve lot-level consistency, scalability, and reproducibility across expanded production
runs [5,20,23–25]. The process typically begins with donor selection and leukapheresis.
Following this collection, donor T-cells are enriched and activated using antibody-based
stimulation to promote proliferation and render the cells permissive to genetic modifica-
tion [4,20]. Subsequent steps include genetic engineering, ex vivo expansion, harvest and
formulation, cryopreservation, and final product release testing [20,23,26] (Figure 1).

To mitigate the inherent variability of these unit operations and safeguard the identity,
purity, potency, and safety of the final drug product, robust analytical characterization
must be integrated throughout manufacturing [24,26–28]. Specifically, phase-appropriate
analytics are required to confirm the biological suitability of the starting material, the
structural consistency of the gene-editing reagents, the metabolic and phenotypic stability
of the expanding culture, and the critical molecular features of the final cryopreserved
product [20,25,29].

Following activation, genetic engineering typically includes two related but distinct
steps: first, the introduction of the CAR transgene; and second, for allogeneic products,
additional genome modifications to reduce alloreactivity or improve persistence. CAR ex-
pression can be achieved using viral vectors (γ-retroviral or lentiviral), nonviral transposon
systems, mRNA delivery, or targeted knock-in approaches, whereas allogeneic-enabling ed-
its are commonly introduced using CRISPR/Cas9, TALENs, zinc-finger nucleases, or other
nuclease-based systems [30–32]. In allogeneic CAR-T products, endogenous T-cell receptor
components (e.g., TRAC) are frequently disrupted to prevent graft-versus-host disease,
and additional edits like β2-microglobulin (B2M) knockout or immune-evasive transgene
insertion are used to mitigate host immune rejection [30,33]. These multiplex editing strate-
gies increase manufacturing complexity and introduce regulatory considerations regarding
off-target activity, chromosomal rearrangements, and residual editing reagents [32,34].
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Each additional edit involves the use of nucleic acid, protein, or delivery-component inputs
whose identity, purity, degradation products, sequence-related impurities, and residual
carryover can affect editing consistency or final-product safety, thereby expanding the
analytical burden [10].

Figure 1. Allogeneic CAR-T cell manufacturing workflow from leukapheresis to patient reinfusion,
highlighting stages where mass spectrometry applications can support process monitoring and
product characterization.

Next, the modified CAR-T cells undergo controlled ex vivo expansion in bioreactors or
closed culture systems under defined cytokine and media conditions [23,25]. Expansion ki-
netics, metabolic state, and differentiation trajectory during this phase are closely linked to
final product potency and persistence [35,36]. Because expansion is a dynamic biological se-
lection process, variables such as nutrient availability, waste accumulation, oxygen transfer,
cytokine dosing, and culture duration can shift the balance among proliferative, memory-
like, effector, exhausted, and stressed cellular states [35–37]. Given the dynamic and living
nature of the product, this stage requires a quality-by-design approach where in-process
monitoring controls variability rather than relying solely on end-point testing [24–28,36].
Here, MS-based metabolomic, proteomic, lipidomic, and secretome measurements can not
only support process understanding by linking culture conditions to molecular product
state, but also provide actionable, near-term readouts for feeding strategy, media exchanges,
process-drift investigations, and harvest-timing decisions [18,29].

After expansion, CAR-T cells are harvested, formulated with cryoprotectants (com-
monly dimethyl sulfoxide), and cryopreserved for storage and distribution [23,38]. Cryop-
reservation is a major product-quality stressor, because freezing, storage, shipment, and
thawing can affect membrane integrity, mitochondrial function, oxidative stress, apoptotic
priming, and post-thaw recovery [20,38,39]. Because each allogeneic CAR-T batch serves
multiple patients, regulatory agencies expect comprehensive characterization to mitigate
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patient risk [20,34]. Prior to release, products undergo stringent quality control testing
to confirm CAR expression, vector copy number, functional cytotoxic activity, sterility,
and the absence of residual TCR-positive cells, mycoplasma, and endotoxin [20,26,27].
However, these standard release assays are typically targeted and endpoint-based; they
do not necessarily resolve the broader proteomic, metabolic, lipidomic, or stress-response
states that may influence comparability, stability, or post-thaw performance. This motivates
deeper molecular characterization during formulation development, stability assessment,
comparability studies, and failed-lot investigations [17,19,20].

As manufacturing platforms evolve toward increased genetic complexity and scale,
advanced analytical tools, including mass spectrometry, are increasingly being explored
to complement traditional assays and strengthen process understanding across the full
manufacturing lifecycle [17,24]. MS is best viewed as a stage-specific, orthogonal analytical
layer rather than a single universal assay:

• Donor-stage: Captures baseline molecular variability to inform downstream outcomes.
• Gene-editing material: Monitors and ensures the high quality of critical reagent components.
• In-process: Reveals metabolic or phenotypic drift during expansion.
• Drug product: Supports CQA discovery/identification, comparability, impurity inves-

tigation, and post-thaw quality assessment.

This stage-specific framing clarifies why different MS applications sit at different levels
of maturity (Figure 2). Targeted gene-editing materials, spent media, and impurity assays
are closer to implementation, whereas global omics and single-cell MS methods remain
primarily discovery and mechanism-building tools.

While MS offers transformative potential across the CAR-T manufacturing lifecycle, its
implementation faces distinct technical and operational challenges at each analytical layer.
In the Discovery and Verification Layers, global multi-omics and single-cell MS are heavily
constrained by sample-preparation variability, complex computational demands, and batch
effects, limiting their utility strictly to offline mechanism building. As candidate markers
progress into the Targeted Assay Layer, the challenges shift toward stringent analytical
validation; quantitative panels (such as PRM or MRM) require stable isotope-labeled
standards, rigorous calibration curves, and careful mitigation of matrix effects to reliably
detect low-abundance features. For the CMC and Control Strategy Layer, particularly
in-process PAT monitoring, the bottlenecks are largely operational, including the necessity
for aseptic sampling integration, prevention of probe fouling, and the need for rapid data
turnaround to inform near real-time bioreactor decisions. Finally, for final drug product
release, the inherently destructive nature of MS workflows, high cell-input requirements,
and sensitivity to pre-analytical variables (such as freeze–thaw history) remain significant
hurdles, underscoring why MS is currently positioned to complement rather than replace
established rapid release assays.

Crucially, the translational maturity and GMP feasibility of mass spectrometry vary
significantly depending on the manufacturing input. For non-cellular starting materials—
such as single-guide RNAs, mRNA, and recombinant nucleases, MS workflows have
achieved high analytical readiness and are increasingly implemented as formal GMP release.
Standardized chromatography separations coupled to high-resolution MS enable routine
identity testing, sequence verification, and quantitative evaluation of critical attributes
like 5′-capping efficiency and poly(A) tail length distributions. Conversely, for living
cellular intermediates and final drug products, MS functions primarily within the discovery,
process development, and comparability layers. Implementing multi-omics MS workflows
for routine cell-product release remains constrained by operational hurdles, including
destructive sampling, high cell-input requirements, sensitivity to pre-analytical sample
handling, and multi-day analytical turnaround times that are incompatible with rapid lot
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disposition. Consequently, MS is positioned to complement established release testing (e.g.,
flow cytometry, safety assays) by serving as a deep characterization tool during process
development, comparability studies, and failed-lot investigations.

Figure 2. MS Translation Ladder: From Discovery Omics to Actionable CQA/Control Assays. The
diagram illustrates the progressive funneling of mass spectrometry application from discovery-based
methodologies to validated manufacturing controls in bioprocessing. It includes four stages: Discov-
ery Layer (global multi-omics for candidate feature identification), Verification Layer (association of
reduced marker sets with biological endpoints), Targeted Assay Layer (implementation of validated
PRM/SRM/MRM panels), and CMC/Control Strategy Layer (application of targeted assays for
final donor/process monitoring, stability, and impurity control). Created in Biorender. Naryeong
Kim. (2026).

3. Donor and Leukapheresis: Cellular Starting Material Characterization
Donor and leukapheresis-material characterization is a natural entry point for MS-

enabled analytics in allogeneic CAR-T manufacturing because donor-derived starting ma-
terial can be selected, compared, and characterized before large-scale production. Whereas
autologous cell manufacturing relies on patient-derived starting material that is heavily
influenced by prior chemotherapy, lymphopenia, and disease burden, allogeneic manu-
facturing utilizes healthy donor leukapheresis products. Consequently, while autologous
MS characterization typically focuses on assessing patient-specific cellular dysfunction or
exhaustion baseline, allogeneic donor-stage MS focuses on screening and selecting donor co-
horts with optimal baseline immunometabolic fitness to ensure lot-to-lot consistency across
large-scale, multi-patient production runs. Importantly, while the biological priorities
differ between patient-specific and off-the-shelf paradigms, the stage-specific MS modali-
ties detailed here—including bulk and single-cell proteomics, metabolomics, and surface
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profiling—serve as universal characterization tools applicable across autologous CAR-T,
TCR-T, and donor-derived CAR-NK starting materials. Regulatory donor eligibility testing
establishes an essential infectious-disease safety baseline, while CAR-T CMC guidance
emphasizes manufacturing control, analytical comparability, and product-specific quality
attributes [20,40]. However, these frameworks do not fully define the biological quality of
the leukapheresis product. This distinction is important because donor-associated variabil-
ity can propagate through activation, genetic modification, expansion, harvest, formulation,
cryopreservation, and final product performance.

Cellular starting-material composition can influence downstream manufacturing per-
formance. Leukapheresis products differ in T-cell subset composition, accessory-cell con-
tent, activation state, proliferative capacity, exhaustion burden, and metabolic readiness,
all of which may affect activation response, transduction or editing efficiency, expansion
kinetics, final phenotype, potency, and post-thaw recovery [28,41]. MS is therefore best
positioned as an orthogonal molecular layer that complements donor eligibility testing,
flow cytometry, and functional assays. The most practical implementation relies on a
discovery-to-translation pipeline: broad MS fingerprinting during early process develop-
ment isolates candidate features, which are systematically funneled into robust targeted
tracking methods linked to predefined clinical manufacturing endpoints. Crucially, bio-
logically plausible markers should only be adopted operationally if they are supported
by analytically robust assays and linked to predefined clinical manufacturing endpoints
(Table 1).

Table 1. MS-based and complementary analytical approaches for donor and cellular starting-material
characterization in allogeneic CAR-T manufacturing.

Analytical
Layer

Representative
Method Sample Type Main Readout

Potential CAR-T
Manufacturing

Relevance
Maturity

Cellular
proteomics

DDA/DIA
LC–MS/MS

PBMCs or
enriched T

cells

Protein
programs related

to activation,
stress response,
memory state,
metabolism,

apoptosis, and
cytotoxicity

Identifies
donor-associated

immune-cell programs
that may correlate with

activation response,
transduction/editing
efficiency, expansion
kinetics, phenotype,

potency, or post-thaw
recovery

Discovery/
process

development

Multiplexed
cellular

proteomics

TMT or other
isobaric labeling

PBMCs or
enriched T

cells

Relative protein
abundance

across donor
cohorts or

process
conditions

Enables efficient
donor-to-donor

comparison, pathway
discovery, and controlled

multiplexed
process-development

studies

Discovery/
process

development

Targeted
proteomics

MRM/SRM,
PRM, triggered

PRM

PBMCs,
enriched T

cells, plasma,
or serum

Predefined
protein or

peptide markers

Monitors verified donor
or starting-material

markers; may support
donor comparability or

material-attribute panels
after validation

Translational/
fit-for-purpose
after validation
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Table 1. Cont.

Analytical
Layer

Representative
Method Sample Type Main Readout

Potential CAR-T
Manufacturing

Relevance
Maturity

Plasma
proteomics

DIA, targeted
plasma

proteomics,
deple-

tion/enrichment,
nanoparticle-

corona
workflows

Plasma or
serum

Inflammatory,
complement,
acute-phase,

coagulation, and
metabolic-
associated
proteins

Identifies systemic
donor-state covariates
that may contextualize
cellular phenotype or

manufacturing
performance

Discovery/
translational

Cellular or
plasma

metabolomics

Targeted LC–MS
metabolomics

PBMC
extracts,
enriched

T-cell extracts,
plasma, or

serum

Amino acids,
nucleotides,

acylcarnitines,
redox

metabolites, and
energy-related

metabolites

Captures
immunometabolic state

potentially linked to
activation, expansion,

viability, differentiation,
or stress tolerance

Translational/
process

development

Untargeted
metabolomics

LC–MS or
GC–MS

metabolomics

PBMCs,
enriched T

cells, plasma,
or serum

Broad metabolic
feature maps

Supports hypothesis
generation and discovery

of candidate metabolic
material attributes

Discovery

Lipidomics
LC–MS/MS or

LC–HRMS
lipidomics

PBMCs,
enriched T

cells, plasma,
or serum

Lipid classes,
sphingolipids,
phospholipids,

acyl-chain
composition, and
lipid-remodeling

signatures

May capture membrane
remodeling, lipid-raft

biology, signaling state,
and differentiation-

associated lipid programs

Discovery/
process

development

Fluxomics Stable-isotope
tracing LC–MS

Ex vivo
PBMCs or
enriched T

cells

Pathway activity
and

carbon/nitrogen
flux

Provides mechanistic
assessment of metabolic

pathways supporting
activation, proliferation,

memory maintenance, or
stress adaptation

Mechanistic
research

MS-enabled
immune

phenotyping

CyTOF/mass
cytometry

PBMCs or
enriched T

cells

Predefined
immune markers

at single-cell
resolution

Quantifies donor-cell
subset composition,

memory/effector balance,
activation, senescence,

exhaustion, and
myeloid/accessory-cell

populations

Translational;
complemen-
tary to MS

omics

Emerging
single-cell
proteomics

nanoLC–MS
single-cell
proteomics

Individual
cells

Endogenous
proteins in single

cells

Resolves proteomic
heterogeneity masked by

bulk profiling, but
currently limited by

throughput, robustness,
and missingness

Emerging
research
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Table 1. Cont.

Analytical
Layer

Representative
Method Sample Type Main Readout

Potential CAR-T
Manufacturing

Relevance
Maturity

Complementary
functional

phenotyping

Single cell
secretome chips

Individual
cells or mi-

crochambers

Cytokine
secretion and

polyfunctional-
ity

Provides functional
context for donor-cell
heterogeneity; useful
alongside MS but not
conventional LC–MS

Complementary/
non-MS

Spatial
immune
profiling

IMC, MIBI-TOF Tissue
sections

Spatially
resolved
immune

phenotypes

More relevant for tumor
microenvironment or

post-infusion
translational studies than

routine leukapheresis
screening

Translational/
research

Abbreviations: DDA, data-dependent acquisition; DIA, data-independent acquisition; TMT, tandem mass tag;
MRM, multiple reaction monitoring; SRM, selected reaction monitoring; PRM, parallel reaction monitoring;
CyTOF, cytometry by time-of-flight; IMC, imaging mass cytometry; MIBI-TOF, multiplexed ion beam imaging
by time-of-flight. Table note: CyTOF, IMC, and MIBI-TOF are MS-enabled phenotyping platforms, whereas
single-cell secretome chips are complementary functional assays rather than conventional LC–MS workflow2.2
Analytical Implementation and matrix-specific sample preparation.

3.1. Sampling Strategy: Cellular and Systemic Donor Readouts

A practical donor-stage MS workflow can be organized into two complementary layers:
a cellular and a systemic donor-state layer. The cellular layer includes PBMCs, enriched T
cells, or selected immune-cell subsets from leukapheresis material. Bulk PBMC profiling
preserves the mixed immune-cell context of the leukapheresis product, including T cells,
B cells, NK cells, monocytes, dendritic cells, and other populations. This broader PBMC
context is relevant because PBMC proteomics has provided immune-relevant molecular
information from clinical blood samples [42], and leukapheresis composition itself can affect
CAR-T manufacturing behavior. For example, depletion of CD14+ monocytes from healthy-
donor leukapheresis products has been shown to improve T-cell activation, transduction
consistency, CAR expression, cytotoxicity, and final product phenotype compared with
unsorted cultures [41].

Conversely, enriched T-cell profiling focuses on the cellular compartment most directly
entering CAR-T manufacturing. It is better suited for identifying intrinsic T-cell programs
related to activation readiness, differentiation state, mitochondrial function, cytotoxic po-
tential, apoptosis susceptibility, and stress tolerance. Quantitative proteomic profiling of
primary human immune-cell populations has shown that immune subsets have distinct
proteomic programs in resting and activated states [43], supporting the idea that cellular
proteomics can resolve functional immune-cell differences not captured by bulk cell counts
alone. These cellular MS readouts should be interpreted alongside conventional measure-
ments, including total cell count, viability, CD4/CD8 ratio, naïve/memory phenotype,
activation markers, exhaustion markers, and flow-cytometric identity.

Paired plasma or serum analysis provides a complementary systemic view of the
donor-state (Table 1). While cellular MS profiles intrinsic T-cell programs, plasma pro-
teomics and metabolomics capture systemic covariates like inflammatory tone, complement
and coagulation activity, nutrient status, and the broader metabolic background [44–49].

The usefulness of donor-stage MS depends heavily on matrix-specific sample prepara-
tion alongside the chosen acquisition strategy (Table 2). PBMCs and enriched T cells are
relatively straightforward for bottom-up proteomics because they can be washed, lysed,
reduced, alkylated, enzymatically digested with trypsin or Lys-C/trypsin, and cleaned up
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prior to LC–MS/MS [50,51]. Low-input or detergent-compatible preparation methods such
as SP3 and S-Trap can improve robustness when cell numbers are limited or stronger lysis
conditions are required [52,53]. These advanced extraction approaches effectively remove
salts, detergents, and other background components that can suppress ionization or reduce
quantitative reproducibility.

Table 2. Matrix-specific sample preparation and analytical implementation considerations for
donor-stage MS workflows. This table summarizes practical implementation considerations for
donor and leukapheresis-stage MS analyses, including typical preparation steps, matrix-specific
analytical vulnerabilities, and common mitigation strategies.

Matrix/Workflow Typical Preparation Main Analytical
Issue

Common Mitigation
Strategy Best Use

PBMC or enriched
T-cell proteomics

Lysis, digestion,
SP3/S-Trap, or

desalting

Detergent/salt
interference; low
input; digestion

variability

SP3/S-Trap clean-up;
internal standards;

pooled QC

Discovery
proteomics; donor

comparability

Plasma/serum
proteomics

Depletion,
fractionation, or

nanoparticle-corona
enrichment

Extreme dynamic
range; albumin/IgG

masking
low-abundance

proteins

Targeted deple-
tion/enrichment;

stable isotope
standards

Systemic
inflammatory,

coagulation, and
covariate profiling

Targeted protein
panels

Proteotypic peptide
selection; heavy

isotope standards

Peptide interference;
matrix effects;

stringent validation
requirements

Optimization of
transitions; rigorous

calibration
(LOD/LOQ)

Candidate
donor-material

attribute
quantification

Single-cell
proteomics

Single-cell isolation;
miniaturized

lysis/digestion

Severe input
limitations; data

missingness;
technical variability

Miniaturized sample
prep; carrier designs;
high-sensitivity MS

Emerging discovery
of rare donor-cell

populations

Cellular
metabolomics

Rapid quench; cold
solvent extraction

Rapid ex vivo
metabolite turnover;

enzymatic
degradation

Fast processing; cold
solvents; batch

correction; pooled
QC

Immunometabolic
and cell-activation

state profiling

Plasma/serum
metabolomics

Protein precipitation,
SPE, or solvent

extraction

Pre-analytical
variables (diet, tube
type, freeze–thaw);

matrix effects

Standardized
collection protocols;

pooled QC correction

Systemic metabolic
covariate profiling

Lipidomics Organic or biphasic
extraction

Isomeric ambiguity;
polar/nonpolar

coverage bias

Biphasic extraction;
class-specific internal

standards

Membrane
remodeling;

lipid-raft and
signaling studies

Fluxomics

Ex vivo isotope
labeling; rapid

quench; isotopologue
analysis

Low throughput;
complex

interpretation;
labeling design

sensitivity; isotope
natural-abundance

correction

Prespecified labeling
design; algorithmic
pathway modeling

Mechanistic pathway
studies, not routine

donor screening

Mass
cytometry/CyTOF

Metal-conjugated
antibody staining;

single-cell
nebulization; ICP

ionization; TOF-MS

Antibody-panel
dependence; batch
effects; limited to

predefined markers;
lower throughput

Barcoding;
standardized panels;

reference controls;
orthogonal flow

confirmation

High-dimensional
donor immunophe-

notyping and
subpopulation

mapping
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Table 2. Cont.

Matrix/Workflow Typical Preparation Main Analytical
Issue

Common Mitigation
Strategy Best Use

Single-cell LC–MS
proteomics

Single-cell isolation;
miniaturized

lysis/digestion;
low-flow LC;

high-sensitivity MS

Severe input
limitations; data

missingness;
technical variability;

low throughput

Miniaturized prep;
carrier/reference
designs; low-flow

LC; strict QC

Emerging discovery
of rare donor-cell

states

Imaging mass
cytometry/MIBI-

TOF

Metal-tagged
antibody staining of
tissue; laser ablation
or ion-beam imaging;
mass-based readout

Image segmentation
and spatial analysis

burden; limited
direct relevance to

leukapheresis

Tissue-specific
panels; segmentation
QC; spatial analysis

pipelines; orthogonal
IHC

Tumor
microenvironment
and tissue-context
immune profiling

Abbreviations: SPE, solid-phase extractionHRMS, high-resolution mass spectrometry; LOD, limit of detection;
LOQ, limit of quantification; ICP, inductively coupled plasma; TOF-MS, time-of-flight mass spectrometry; QC,
quality control.

Plasma and serum present more challenging proteomic matrices because albumin,
immunoglobulins, and other high-abundance proteins dominate signals and can mask
lower-abundance inflammatory, signaling, or tissue-leakage proteins (Table 2). Depending
on the analytical goal, plasma proteomics may therefore require depletion, fractionation,
affinity enrichment, nanoparticle-corona enrichment, or targeted workflows [42,44,45].
Broad discovery workflows can increase proteome depth but may introduce added sample-
preparation complexity and batch effects, whereas targeted workflows are better suited for
quantifying predefined candidates once biologically and analytically justified.

Metabolomics and lipidomics introduce additional analytical vulnerabilities. Be-
cause many metabolites are labile, sample handling must minimize enzymatic turnover
and degradation through rapid quenching, cold solvent extraction, controlled processing
time, and limited freeze–thaw exposure [44,54,55]. Extraction chemistry strongly shapes
molecular coverage: polar metabolite workflows enrich amino acids, nucleotides, organic
acids, and redox metabolites, whereas lipidomics require organic or biphasic extraction
strategies optimized for nonpolar and amphipathic species. No single extraction method
captures the full metabolic and lipidomic space without bias. Matrix effects, including ion
suppression from salts, proteins, lipids, detergents, and media components, can distort
quantification unless controlled through cleanup, dilution, chromatographic separation,
stable isotope-labeled standards, pooled QC samples, randomized run order, and batch-
correction strategies. These constraints are especially important in donor studies because
anticoagulant choice, time to processing, temperature exposure, cell-isolation method, cry-
opreservation, storage duration, and freeze–thaw history can otherwise be misinterpreted
as donor-associated biology rather than sample-handling variation.

3.2. Global Cellular Proteomics for Donor-Associated Material Attributes

Using the PBMC or enriched T-cell fractions, global cellular proteomics is the most
direct MS approach for identifying donor-associated protein programs in leukapheresis-
derived starting material. In a typical bottom-up workflow, cellular proteins are lysed,
reduced, alkylated, enzymatically digested into peptides, separated by reversed-phase
chromatography, and analyzed by LC–MS/MS. In this context, DDA, DIA, and TMT are
acquisition strategies for global proteomics, determining the tradeoff between proteome
depth, quantitative reproducibility, and throughput. DDA is useful for early discovery
because it can identify abundant peptide features without requiring a fixed target list, but
stochastic precursor selection can introduce missing values across donor cohorts. DIA sys-
tematically fragments precursor windows and is better suited for larger cohort comparisons
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where quantitative consistency is important, although it requires more complex compu-
tational analysis; tools such as DIA-NN have improved identification depth, interference
correction, and reproducibility in high-throughput DIA proteomics [56,57]. Multiplexed
isobaric labeling approaches, including TMT, can support controlled donor-to-donor or
process-condition comparisons by labeling, pooling, and quantifying samples through
reporter ions. However, co-isolation interference can compress fold changes, and MS3 or
MultiNotch/SPS-MS3 strategies may be needed to improve quantitative accuracy at the
cost of added method complexity [58–60].

The rationale for donor-stage cellular proteomics is supported by immune-cell pro-
teomics literature and by CAR-T starting-material studies, although direct CAR-T donor-
proteomics evidence remains limited. PBMC proteomics studies demonstrate that donor
immune cells can be profiled deeply and reproducibly [42], while quantitative immune-cell
atlas studies show that primary immune subsets have distinct proteomic architectures
in resting and activated states [43]. These findings support the use of global proteomics
to identify donor-associated protein programs related to TCR signaling, cytokine respon-
siveness, cytotoxic machinery, mitochondrial function, metabolic readiness, apoptosis
regulation, senescence, exhaustion, and stress response. In the CAR-T manufacturing
context, Noaks et al. demonstrated that leukapheresis composition can influence T-cell
activation, transduction consistency, CAR expression, cytotoxicity, and final product pheno-
type [41]. Together, these studies support the biological plausibility of donor-stage cellular
proteomics, but they do not yet establish global proteomics as a validated donor-selection
assay for allogeneic CAR-T manufacturing.

For allogeneic CAR-T donor characterization, global cellular proteomics is best po-
sitioned as a discovery tool during process development. DDA may support early pilot
studies, DIA is better suited for larger donor cohorts where reproducible quantification is
critical, and TMT can support multiplexed comparisons when donor samples, process con-
ditions, and batch structure are carefully balanced. However, acquisition time, cell-input
requirements, sample-preparation variability, data-analysis complexity, missingness, and
batch effects limit immediate operational use. Therefore, global proteomics should be used
to nominate candidate donor-associated material attributes for subsequent verification,
endpoint association, and targeted assay development.

3.3. Plasma and Serum Proteomics as a Systemic Donor-State Layer

Plasma and serum proteomics can complement cellular profiling by capturing systemic
donor biology that may contextualize leukapheresis quality. Potentially informative fea-
tures include complement and coagulation proteins, acute-phase reactants, inflammatory
mediators, soluble immune regulators, nutrient-transport proteins, and metabolic-state-
associated proteins. These features may not directly define the engineered T-cell product,
particularly if plasma carryover is limited during cell processing, but they can identify
donor-state covariates that influence, explain, or confound manufacturing performance.
This distinction is important for allogeneic CAR-T manufacturing because donors with
similar cellular composition may still differ in systemic inflammatory tone, complement
activity, coagulation state, or metabolic background.

The major analytical challenge for plasma and serum proteomics is dynamic range.
Highly abundant proteins such as albumin, immunoglobulins, transferrin, and other car-
rier proteins can obscure lower-abundance proteins relevant to inflammation, immune
regulation, or stress physiology [44–47]. This limitation has motivated depletion, fraction-
ation, affinity-enrichment, nanoparticle-corona enrichment, and targeted MS strategies.
Blume et al. provide one example of a scalable plasma-proteomics strategy, using multi-
nanoparticle protein-corona enrichment to improve depth and throughput in an automated
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96-well format [45]. Other plasma-proteomics workflows similarly support cohort-scale
profiling and biomarker discovery, but they require careful control of anticoagulant, collec-
tion tube, processing time, storage condition, freeze–thaw history, depletion/enrichment
strategy, and batch structure [44,46–48].

For allogeneic CAR-T manufacturing, plasma or serum proteomics should be framed
as a systemic covariate layer rather than as a standalone donor-selection assay. Its greatest
value may be in explaining why donors with similar cell counts, subset composition, viabil-
ity, or naïve/memory phenotype behave differently during activation, genetic modification,
expansion, harvest, formulation, or post-thaw recovery. Plasma-derived candidate markers
should therefore be tested against defined manufacturing and product-quality endpoints
before being incorporated into donor-material attribute panels. In this role, plasma and
serum proteomics can strengthen donor and starting-material characterization by adding
systemic context to cellular MS, flow-cytometric, and functional readouts.

3.4. Metabolomics and Lipidomics of Donor T Cell State

Metabolomics and lipidomics provide functional information that proteomics alone
may not capture from donor-derived PBMCs, enriched T cells, or paired plasma/serum. Cel-
lular metabolomics can measure amino acids, nucleotides, organic acids, redox metabolites,
acylcarnitines, and other pathway intermediates associated with activation, proliferation,
mitochondrial function, and stress adaptation. Lipidomics can profile membrane lipids,
sphingolipids, glycerophospholipids, neutral lipids, and lipid mediators that influence
membrane organization, signaling, differentiation, and cytotoxic function. These mea-
surements are relevant because T-cell activation and differentiation are tightly linked to
metabolic remodeling, and immune-cell function can depend on coordinated changes in
nutrient utilization, biosynthesis, redox balance, and membrane composition [61–65].

Several studies support the biological rationale for including metabolomic and
lipidomic readouts in donor-stage characterization, although direct evidence for routine
metabolomic donor selection in allogeneic CAR-T manufacturing remains limited. Buck,
O’Sullivan, and Pearce summarized how T-cell activation, differentiation, and effector func-
tion are coupled to metabolic reprogramming [39]. Edwards-Hicks et al. used metabolomics
to resolve the metabolic dynamics of in vitro CD8+ T-cell activation, showing that activation
is accompanied by complex and time-dependent metabolic changes [62]. More recently,
integrated metabolic and proteomic studies have highlighted lipid remodeling as part of
T-cell differentiation and function. Kanno et al. identified increased sphingolipid biosyn-
thesis during T-cell differentiation, while Longo et al. showed that glucose-dependent
glycosphingolipid biosynthesis supports CD8+ T-cell expansion, cytotoxic function, lipid-
raft integrity, and tumor control [66–68]. Together, these studies support the broader
premise that metabolic and lipidomic state can influence T-cell behavior, even if their use
as operational allogeneic CAR-T donor-selection tools remains investigational.

For donor-stage allogeneic CAR-T manufacturing, metabolomics and lipidomics could
help identify donor-associated molecular states that are not apparent from cell counts,
CD4/CD8 ratio, or naïve/memory phenotype alone. Two donors with similar conventional
cellular profiles may differ in amino acid availability, nucleotide metabolism, redox state,
acylcarnitine abundance, mitochondrial-associated metabolites, lipid remodeling, sphin-
golipid abundance, or membrane-associated signaling pathways. These differences could
plausibly influence activation response, expansion kinetics, stress tolerance, phenotype
stability, cytotoxic potential, or post-thaw recovery. However, metabolomics and lipidomics
are especially vulnerable to confounding from diet, fasting state, anticoagulant choice, tem-
perature, time-to-processing, cryopreservation, storage duration, extraction chemistry, and
freeze–thaw history [44,48,49,54,55]. Therefore, untargeted metabolomics and lipidomics
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should be used primarily for discovery, while targeted panels with isotope-labeled stan-
dards, calibration curves, pooled QC samples, randomized run order, batch-correction
strategies, and prespecified acceptance criteria are more appropriate for translation.

Fluxomics can provide an additional mechanistic layer but is less practical for routine
donor screening. Ex vivo stable-isotope labeling can reveal pathway activity, including
glucose utilization, glutamine metabolism, nucleotide biosynthesis, redox metabolism, or
lipid synthesis [66,69]. By tracing the kinetic movement of labeled carbon and nitrogen
skeletons, this methodology maps active pathway transitions rather than simple static
baseline pools, providing a valuable mechanistic bridge during media optimization studies.

3.5. MS-Enabled and Complementary Single-Cell Phenotyping of Donor Heterogeneity

MS-enabled single-cell phenotyping addresses the limitation that bulk PBMC, or
enriched T-cell profiling can average over biologically important subpopulations. In mass
cytometry, cells are stained with antibodies conjugated to stable heavy-metal isotopes,
nebulized into single-cell droplets, ionized by inductively coupled plasma, and analyzed by
time-of-flight MS. This enables simultaneous measurement of dozens of predefined protein
markers per cell and can quantify donor-cell subset composition, memory/effector balance,
activation state, senescence, exhaustion, and myeloid or accessory-cell populations [67,68].
For allogeneic CAR-T manufacturing, this type of high-dimensional immune phenotyping
may help identify rare or disproportionate donor-cell states that are masked by bulk
proteomics or conventional cell counts.

The rationale for MS-enabled single-cell phenotyping is supported by foundational
mass cytometry and CAR-T-focused studies. Bendall et al. established mass cytometry
as a high-dimensional single-cell method for immune and drug-response profiling across
the human hematopoietic continuum [67]. Iyer et al. provide practical guidance for
CyTOF experiment design, antibody conjugation, staining, acquisition, preprocessing,
and analysis [68]. Michelozzi et al. further demonstrated the use of mass cytometry for
high-dimensional functional phenotyping of preclinical human CAR-T cells, supporting
its relevance to CAR-T analytical development [70]. These studies support CyTOF as
a useful donor and product-characterization tool, although it remains antibody-panel-
dependent and should be interpreted as targeted single-cell phenotyping rather than
unbiased proteomics.

Single-cell functional assays and emerging single-cell LC–MS proteomics can pro-
vide additional layers of information, but their maturity differs. Single-cell secretome
or microchip-based functional assays can reveal heterogeneity in cytokine secretion, cy-
tolysis, and polyfunctionality among phenotypically similar T cells, making them useful
complementary assays even when they are not conventional LC–MS workflows [71,72].
Emerging single-cell LC–MS proteomics can quantify endogenous proteins from individual
cells using miniaturized preparation, low-flow chromatography, and high-sensitivity MS,
but current limitations include low input, missingness, throughput, technical variability,
and data sparsity [73,74]. Imaging mass cytometry and MIBI-TOF extend MS-enabled
phenotyping into spatial tissue context, although their relevance is stronger for tumor
microenvironment studies or post-infusion translational analyses than for routine leuka-
pheresis screening [75,76].

For donor-stage allogeneic CAR-T manufacturing, these approaches should be posi-
tioned as complementary tools rather than replacements for conventional flow cytometry
or bulk LC–MS proteomics. CyTOF is the most mature MS-enabled single-cell approach
for high-dimensional immune phenotyping, while single-cell LC–MS proteomics remains
an emerging discovery technology. Together, these methods may help determine whether
donor leukapheresis products contain subpopulations that support or impair activation,
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genetic modification, expansion, cytotoxic differentiation, stress tolerance, or post-thaw
recovery. However, any single-cell-derived candidate markers should still be linked to
manufacturing endpoints before being incorporated into donor-material attribute panels.

3.6. Targeted Proteomics for Donor Comparability Panels

Targeted proteomics is the translational step that converts discovery markers into
defined, quantitative assays. Reproducible donor-associated features identified through
global cellular proteomics, plasma profiling, metabolomics-linked pathway analysis, or
biological prior knowledge can be translated into targeted MS assays such as MRM/SRM,
PRM, or triggered PRM. In MRM or SRM workflows, proteotypic peptides are selected for
each candidate protein, stable isotope-labeled internal standards are added, and scheduled
precursor-to-fragment ion transitions are monitored on a triple-quadrupole instrument. In
PRM, target precursor ions are isolated on a high-resolution instrument and full fragment-
ion spectra are collected, improving selectivity and simplifying method development for
moderate-sized panels [77–79]. Internal standard-triggered PRM can further improve
duty-cycle efficiency by triggering acquisition based on the presence of spiked standards,
providing a route toward larger targeted panels [80].

Both MRM/SRM and PRM typically incorporate stable isotope-labeled internal stan-
dards, calibration strategies, and predefined QC criteria, allowing discovery candidates to
be converted into fixed quantitative panels for donor comparability or starting-material
characterization [19,77–80]. The feasibility of targeted MS for complex biological matrices
is supported by foundational plasma and proteomics studies. Kuzyk et al. demonstrated
multiplexed absolute quantitation of 45 proteins in human plasma using MRM [77], while
Peterson et al. and Rauniyar describe PRM as a high-resolution targeted strategy with
strong selectivity and specificity [78,79]. Gallien et al. extended this concept through inter-
nal standard-triggered PRM, highlighting a path toward larger targeted panels [80]. Boja
et al. provide analytical-validation considerations for multiplex MS biomarker platforms,
including specificity, precision, sensitivity, linearity, reproducibility, and robustness [19].
More formal validation frameworks, such as CLSI guidance for quantitative protein and
peptide measurement by MS, can further strengthen the path from discovery marker to
operational assay.

For allogeneic CAR-T donor characterization, targeted proteomics is the most plausible
route from discovery profiling to implementation. Candidate markers identified by global
proteomics, plasma profiling, metabolomics-linked pathway analysis, or biological prior
knowledge could be converted into panels that monitor memory-associated proteins, acti-
vation burden, cytotoxic potential, stress response, complement or inflammatory covariates,
or other donor-associated material attributes. However, targeted panels should not be built
from biological plausibility alone. A donor panel must be anchored to manufacturing and
product-quality endpoints such as activation response, transduction or editing efficiency,
expansion kinetics, viability, phenotype, potency, or post-thaw recovery. Otherwise, the
result may be an analytically robust assay with limited operational value.

A practical translation pathway would include four stages. First, broad discovery pro-
filing identifies candidate donor-associated molecular features. Second, those candidates
are tested against prespecified manufacturing and product-quality endpoints. Third, repro-
ducible candidates are converted into targeted MRM, PRM, triggered PRM, or LC–MS/MS
panels with stable isotope-labeled standards, calibration strategies, QC criteria, and accep-
tance thresholds. Fourth, the resulting assays are evaluated prospectively across donor
lots, manufacturing runs, and process changes to determine whether they support donor
comparability, starting-material risk assessment, or process-development decision-making.
This staged model keeps MS aligned with the central CMC question: whether a molecu-
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lar measurement improves understanding, comparability, or control of starting-material
variability in a way that is actionable for allogeneic CAR-T production.

4. Mass Spectrometry for the Characterization of Gene Editing
Starting Materials

The transition from autologous, patient-specific CAR-T therapies to allogeneic, “off-
the-shelf” platforms requires precise, multiplexed genetic modifications of healthy donor
T cells to prevent alloreactivity and enhance therapeutic persistence [81]. Critical edits
include disruption of the TRAC or TRBC genes to eliminate T-cell receptor expression and
prevent GvHD, knockout of B2M to evade host immune rejection, and knockout of CD52
to confer resistance to alemtuzumab-based lymphodepletion. Additional functional edits,
such as PDCD1 disruption to reduce T-cell exhaustion or CD7 knockout to prevent self-
killing in CD7+ malignancies, are implemented depending on the therapeutic design [30].
These multiplexed edits are achieved using highly defined genome editing platforms whose
components directly dictate the CQAs of the final CAR-T product.

While early allogeneic platforms relied on protein-based nucleases such as TALENs or
ARCUS meganucleases, CRISPR/Cas9 has become the dominant architecture due to its
structural simplicity and flexibility with single-guide RNAs [82]. The resulting ribonucleo-
protein (RNP) complexes provide transient, kinetically controlled editing, offering rapid
on-target activity while minimizing prolonged cellular exposure. Delivery of the nuclease
via mRNA provides an additional transient expression modality, avoiding the risks of ran-
dom genomic integration associated with DNA vectors [83]. However, ensuring the safety
and efficacy of these genome editing platforms shifts a massive regulatory and analytical
burden onto the starting materials themselves, requiring multi-attribute characterization
workflows capable of detecting subtle stereochemical, sequence, and structural variants.

Although lipid nanoparticles (LNPs), viral vectors, and other gene-delivery systems
represent critical enabling technologies for intracellular transport, a comprehensive dis-
cussion of their analytical characterization falls beyond the scope of this review. Similarly,
the detailed evaluation of lipid excipients and nanoparticle physicochemical attributes has
been extensively detailed [84–86]. To address the fundamental molecular building blocks of
modern cell engineering, this section critically evaluates mass spectrometry applications for
the direct, high-resolution characterization of gene-editing starting materials themselves:
sgRNAs, mRNA, nucleases, RNP complexes, and DNA transgene delivery templates. While
non-edited autologous CAR-T products may only require analytical characterization of
viral delivery vectors, allogeneic platforms rely heavily on these multiplexed gene-editing
inputs. Nevertheless, the intact mass, sequence mapping, and impurity LC-MS workflows
described here for gene-editing reagents represent standard analytical blueprints applicable
to any gene-edited cell or gene therapy platform.

4.1. Single-Guide RNAs

High-resolution mass spectrometry provides definitive confirmation of molecular
mass, sequence-related impurities, chemical modifications, and degradation products
for gRNAs, which typically span approximately 100 nucleotides. For these full-length
frameworks, ion-pair reversed-phase liquid chromatography (IP-RPLC) coupled to electro-
spray ionization mass spectrometry (ESI-MS) represents the standard analytical paradigm
(Table 3). Utilizing volatile alkylamine/hexafluoroisopropanol ion-pairing agents paired
with C18 or Charged Surface Hybrid m stationary phases, this configuration resolves
closely related synthesis impurities, including truncated failure sequences (e.g., N-1, N-2),
desulfurization products, and chemical adducts. A vital utility of this framework is the
evaluation of N + 1 insertions, which frequently share an almost identical mass-to-charge
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ratio (m/z) envelope with the target sgRNA. High-resolution chromatographic selectivity
isolates these nearly isobaric species prior to MS analysis based on subtle differences in
hydrophobicity or base composition, preventing the impurity from co-eluting with and
masking the target drug profile [87].

Table 3. Critical Evaluation of Mass Spectrometry Paradigms for Genome Editing Starting Materials.

Starting Material MS Analytical
Workflow

Primary Quality
Attributes
Addressed

Key Technical
Advantages

Current Technical
Bottlenecks & Operational

Constraints

sgRNA/mRNA
Intact and
Top-Down

HRMS

Molecular weight
confirmation; major

modification
profiling; N+1; N-1

impurities.

Preserves intact
sequence context;

avoids sample
preparation or

digestion artifacts.

Spectral congestion and
charge envelope overlap for
sequences > 100 nt; requires

advanced gas-phase
deconvolution
(cIMS/SLIM).

sgRNA/mRNA

Bottom-Up
Mapping

(Enzymatic
Digestion)

Sequence
verification; SVA;

low-abundance point
mutations.

High sensitivity;
localizes positional

isomers; detects trace
impurities down to

0.1%

Labor-intensive
multi-enzymatic steps; risk
of losing macrostructural

alignment/long-range
connectivity context.

sgRNA/mRNA nMS

Non-covalent
multimeric
aggregates;

immunogenic
3′-loopback dsRNA

impurities.

Preserves native
folding states

intact non-covalent
double strands.

Online coupling is
technically challenging; raw

sample salt removal
requires automated

descaling/buffer-exchange.
native workflows face

lower operational
throughput.

mRNA Termini

Targeted
Clipping,

Bottom-Up
Mapping

Capping efficiency;
3′ Poly(A) tail
distribution;

Achieves
single-nucleotide

resolution mapping
of large terminal

regions

Requires transcript-specific
DNAzyme/RNase H

design

Nucleases/RNPs nMS and
IM-MS

HOS; multi-domain
folding; RNP
stoichiometry;

assembly efficiency.

Preserves
non-covalent

interactions; resolves
true macromolecular

complexes under
physiological states.

Requires volatile,
near-neutral pH buffer

optimization; automated
data deconvolution

software remains a major
bottleneck.

CAR
Transgene/dsDNA

Restriction
Digest &
CD-MS

Sequence fidelity;
modification

mapping;
supercoiled vs. linear

plasmid topology.

Definitive
sequence-level

auditing combined
with single-particle

macrostructural
folding analytics.

High molecular size limits
direct analysis:

computational charging
data interpretation requires

specialized expertise.

Abbreviation: CD-MS: Charge Detection Mass Spectrometry; cIMS: cyclic ion mobility spectrometry; dsDNA:
Double-Stranded Deoxyribonucleic Acid; dsRNA: Double-Stranded Ribonucleic Acid; HRMS: high-resolution
mass spectrometry; IM-MS: ion mobility mass spectrometry; mRNA: Messenger Ribonucleic Acid; nMS: native
mass spectrometry; nt: nucleotides; RNP: ribonucleoprotein; sgRNA: Single-Guide Ribonucleic Acid; SLIM:
structures for lossless ion manipulation; SVA: Sequence Variant Analysis.

To probe internal structural features without prior enzymatic cleavage, top-down
MS utilizes gas-phase fragmentation techniques such as collision-induced dissociation
(CID) or higher-energy collisional dissociation (HCD) [88]. Fragmenting the intact sgRNA
within the mass spectrometer generates a comprehensive map of product ions (a, w, c, d
series), enabling localized mapping of specific chemical modifications (e.g., 2′-O-methyl
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or phosphorothioate linkages) and pinpointing single-base spacer substitutions directly
within the full-length framework. However, top-down MS spectra of 100-mers suffer from
severe peak congestion and overlapping charge states, which historically capped sequence
coverage (Table 3).

Coupling top-down workflows with cyclic ion mobility spectrometry (cIMS) addresses
this constraint by adding a rapid, millisecond-scale gas-phase separation based on molecu-
lar size, shape, and charge (electrophoretic drift time) [89]. This gas-phase fractionation
resolves highly congested fragment ion envelopes prior to mass analysis. By physically
dispersing overlapping isotopic distributions, cIMS dramatically reduces spectral noise
and uncovers previously obscured, high-confidence fragment assignments across heavily
modified internal guide regions, expanding sequence coverage from a modest 61% to over
95% for intact 100-mer formats [89].

A major analytical hurdle in heavily modified sgRNAs is characterizing phosphoroth-
ioate (PS) linkages. Replacing a non-bridging oxygen atom with a sulfur atom introduces a
chiral center at the phosphorus atom, yielding two distinct stereoisomeric configurations:
the Rp and Sp diastereomers. Because standard chemical synthesis is non-stereospecific,
an sgRNA containing multiple PS modifications exists as a complex mixture of diastere-
omers that possess identical elemental compositions and identical m/z values, causing
them to co-elute during standard LC workflows. The integration of high-resolution ion
mobility mass spectrometry (IM-MS) utilizing structures for lossless ion manipulation
(SLIM) or cIMS overcomes this limitation by determining an analyte’s experimental col-
lision cross section (CCS) [90–92]. Because the Rp and Sp configurations introduce subtle
stereochemical asymmetry that alters the spatial orientation and gas-phase folding of the
oligonucleotide backbone, they exhibit distinct aerodynamic drag properties in a mobility
drift cell. High-resolution IM-MS capitalizes on these micro-conformational variations
to resolve stereoisomeric impurities—both at the intact sgRNA level and within highly
complex short digest fragments [90–92]. This gas-phase separation yields unique CCS
fingerprint profiles, offering an indispensable regulatory framework for tracking batch-
to-batch stereochemical uniformity, which is critical since Rp and Sp configurations can
display divergent resistance to endogenous nucleases.

While intact oligonucleotide MS analysis is traditionally performed under denaturing,
negative ion mode conditions to track the primary sequence, native mass spectrometry
(nMS) frequently utilized in positive ion mode—offers an alternative for probing higher-
order structures (HOS), non-covalent aggregation, and complex structural impurities.
By utilizing volatile, near-neutral pH buffers (such as ammonium acetate) that preserve
native secondary and tertiary folding, nMS detects self-associated structures, hairpins, and
sgRNA-protein complexes (e.g., sgRNA bound to Cas9).

Recent work integrating high-resolution size-exclusion chromatography (SEC) and
IP-RPLC fractionation with native MS has established clear relationships between macro-
structural sgRNA attributes and downstream functional impacts [93] (Figure 3). This work-
flow deeply profiles physical variants, such as non-covalent multimeric aggregates, early
eluting truncation impurities, and phosphorylated variants. Crucially, native MS-verified
sgRNA aggregates exhibit a 10% reduction in knockout efficiency alongside increased
cumulative off-target editing frequencies, while target-specific deletion impurities yield
sharp drops in gene-editing performance in cellular systems [93]. However, nMS faces a
distinct limitation: while they yield high-quality MS spectra with high sensitivity and low
sample requirements (e.g., 10-µg), the offline buffer-exchange requirement for salt removal
restricts high-throughput analysis. To address this bottleneck, the path forward relies on
integrating advanced separation techniques directly with native MS. The online coupling
of native-compatible workflows—such as volatile SEC—is anticipated to eliminate manual
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descaling steps and further expand the high-throughput detection of sgRNA modifications
and structural variants.

 

Figure 3. Native positive-ion mode static spray ESI-MS characterization of intact sgRNA. (A) Decon-
voluted mass spectra of the multiplexed sgRNA pool alongside each individual sgRNA construct.
(B) Comparative resolution of the sgRNA_T1 analyte between 12k (average mass) and 200k (isotopi-
cally resolved) mass resolution; insets illustrate the native charge-state distribution envelope and an
expanded view of the baseline-resolved +9 charge state. (C) Comparative analysis of the primary
IP-RPLC peak and late-eluting fractions, revealing an identical spectral profile shifted by +80 Da,
confirming a terminal or internal phosphorylation variant (adapted from [93]).

For unequivocal sequence confirmation, precise detection of intended modifications,
and screening of trace impurities, oligonucleotide mapping (bottom-up analysis) is em-
ployed following sequence-specific enzymatic digestion using specialized endonucle-
ases [94]. Beyond mapping, this methodology is vital for Sequence Variant Analysis
(SVA) to track low-abundance impurities, such as unintended single-nucleotide polymor-
phisms or point mutations introduced during production (e.g., a guanosine-to-adenosine
transition). While intact mass analysis identifies major mass shifts, it often fails to pinpoint
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these low-abundance sequence variants or positional isomers where a modification is
placed on the wrong nucleotide.

Following enzymatic digestion, the resulting oligonucleotide fragments provide a high-
resolution representation of the sgRNA sequence and can be further characterized using
chromatographic separation coupled with high-resolution MS. This integrated workflow
enables comprehensive assessment of sequence integrity, modification placement, and
impurity profiles, thereby complementing intact mass analysis and enhancing confidence
in sgRNA quality attributes.

The resulting short digested fragments are subsequently separated using either IP-
RPLC or hydrophilic interaction liquid chromatography (HILIC) prior to mass analy-
sis [94,95]. While IP-RPLC is highly effective, HILIC offers distinct advantages for MS
compatibility in bottom-up workflows [96]. Because HILIC separates hydrophilic analytes
using a high organic solvent starting mobile phase (typically acetonitrile) without the need
for non-volatile or MS-suppressing ion-pairing agents, it significantly enhances desolvation
efficiency in the ESI source [95,96]. This results in drastically reduced ion suppression and
superior MS sensitivity for small, highly polar digested fragments, while eliminating the
arduous column-flushing protocols associated with ion-pairing systems [96]. To translate
these complex data streams into actionable results, automated deconvolution algorithms
allow precise assignment of complex, highly charged state envelopes and the detection
of low-abundance impurities. Together, these orthogonal MS strategies provide a robust
platform for ensuring the sequence integrity, modification fidelity, and chemical consistency
of sgRNA therapeutics.

4.2. Messenger RNAs

Extending LC-MS workflows to mRNA requires a fundamental shift in the analytical
paradigm [97]. In vitro transcribed mRNAs present a more complex analytical challenge
than sgRNAs due to their immense macromolecular size, typically ranging from 1000 to
several thousand nucleotides. A premier example in CAR-T manufacturing workflows
is the Cas9 mRNA construct; with a massive size of approximately 4500 nucleotides, its
characterization is particularly complicated. Because intact mass measurements of such
full-length mRNAs far exceed the practical resolution limits of conventional ESI-MS owing
to extreme charge-state dispersion and signal attenuation, characterization frameworks
pivot toward targeted bottom-up oligonucleotide mapping and site-specific enzymatic
clipping strategies [98,99].

By utilizing sequence-specific endonucleases—most notably RNase T1, which selec-
tively cleaves the phosphodiester backbone at the 3′ end of guanosine residues—the mRNA
is digested into a reproducible pool of short fragments [100]. When coupled to LC-MS via
the IP-RPLC or HILIC configurations established in the previous section, this mapping
paradigm achieves high sequence coverage (e.g., 70–90%). This high-density sequence
verification confirms primary sequence fidelity, maps the precise positional incorporation
of critical chemical modifications such as N1-methylpseudouridine, and distinguishes the
target product from low-abundance transcriptional variants or template-derived DNA
contamination [98,101].

Beyond overall sequence mapping, HRMS can be employed to monitor the distinct
CQAs at the mRNA termini, which dictate in vivo stability and translational efficiency
(Table 3). At the 5′ terminus, the presence of a proper cap structure (typically Cap 1) pre-
vents exonuclease degradation and promotes ribosome loading [102]. Because the capped
5′ fragment represents a minor, highly specific component of the total digest, researchers
utilize targeted cleavage strategies—often employing DNAzymes or RNase H guided by
complementary oligonucleotides—to selectively liberate the 5′ terminal fragment (typically
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a 10- to 20-mer) while leaving the downstream sequence intact [97] (Figure 4). When
analyzed via ESI-MS, this targeted approach allows absolute quantification of capping effi-
ciency and differentiates functional Cap 1 from un-capped (5′-triphosphate or 5′-hydroxyl)
or partially capped (Cap 0) species.

Concurrently, mass spectrometry characterizes the 3′ polyadenylation [poly(A)] tail,
a homopolymer sequence crucial for modulating mRNA half-life. Standard biophysical
techniques like capillary electrophoresis yield only broad, apparent sizing distributions of
the poly(A) region due to inherent resolution constraints. Mass spectrometry addresses
this bottleneck by isolating the poly(A) region through sequence-specific cleavage and
analyzing the released tail by high-resolution LC-MS, enabling accurate measurement of
poly(A) tail length and heterogeneity (Figure 4) [99]. This approach yields direct, nucleotide-
resolution mass profiles of the poly(A) tail length distribution. Crucially, high-resolution
MS mapping detects trace sequence variants within the tail itself, such as the accidental
incorporation of non-adenine nucleotides during enzymatic IVT production, providing
a rigorous window into the transcriptional consistency of the poly(A) polymerase used
during synthesis.

Gas-phase separation techniques like IM-MS further elevate mRNA mapping, particu-
larly for isolating isobaric digest products and structural isomers (Table 3). During complex
multi-enzyme digestion of large mRNAs, many short oligonucleotide fragments possess
identical elemental compositions but divergent sequences or distinct internal modification
patterns (positional isomers). Incorporating cIMS or SLIM allows these co-eluting, isobaric
fragments to be rapidly separated based on their unique CCS values before entering the
mass analyzer, mirroring the resolution of stereochemical anomalies seen in smaller RNA
therapeutics [103].

Crucially, native mass spectrometry workflows map macro-structural, non-covalent,
and self-complementary variants that escape standard denaturing LC-MS protocols. Recent
benchmark studies profiling therapeutic IVT mRNA batches demonstrated that severe
immunogenic impurities are predominantly driven by single-stranded truncation variants
with incomplete poly(A) architectures, alongside highly stable dsRNA byproducts gener-
ated via self-priming or antisense transcription. By implementing nMS, researchers have
successfully resolved these highly elusive dsRNA anomalies, identifying the problematic
3′-loopback dsRNA form at single-nucleotide resolution [104]. This precise structural
localization under native spray states links specific structural configurations to cell-based
immune responses, providing process developers with the mechanistic target required to
mitigate immunogenicity during the T7 RNA polymerase transcription phase [105]. Com-
bined with sophisticated algorithmic deconvolution software capable of handling heavily
obscured charge envelopes [106], modern native MS and LC-IM-MS/MS platforms provide
a remarkably robust framework for checking the overall structural architecture, sequence
integrity, and batch-to-batch uniformity of long-chain therapeutic mRNA constructs [107].

4.3. Genome Editing Nucleases

Genome editing nucleases—including Cas9, Cas12a, TALENs, and engineered base
or prime editors—are critical protein starting materials whose structural integrity directly
influences editing efficiency, specificity, and cellular safety. High-resolution mass spectrom-
etry evaluates nuclease identity, purity, post-translational modifications (PTMs), confor-
mational integrity, and degradation pathways. To minimize off-target cleavage, wild-type
enzymes are increasingly replaced by engineered high-fidelity variants, such as SpyFi
Cas9. Confirming the precise primary sequence and PTM profile of these variants is vital
for regulatory approval, often requiring the harmonization of multi-attribute mass spec-
trometry pipelines with orthogonal capillary electrophoresis (CE) frameworks like CE-SDS
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and imaged capillary isoelectric focusing (icIEF) to track sizing variants and isoelectric
points [108].

 

Figure 4. Multi-attribute liquid chromatography-mass spectrometry (LC-MS) framework for the
comprehensive characterization of long therapeutic IVT mRNA constructs. (A) Schematic of
the dual-track enzymatic processing strategy: site-specific, probe-guided DNAzyme or RNase H
cleavage isolates the functional 5′ Cap and 3′ Poly(A) tail domains, while parallel, complete RNase
T1 digestion fragments the large internal ORF. (B) High-density bottom-up oligonucleotide mapping
grid of the internal ORF sequence. Tandem mass spectrometry (MS/MS) product-ion fragment
footprints provide high sequence coverage, verifying primary sequence identity and localizing the
exact site-specific percentage incorporation of critical chemical modifications. (C) Mass profile for the
analysis of the 120-Poly(A) tail. The increment of an adenosine residue (+329 Da) is represented by
different colored dots. Figure 4C is adapted from [104].

Intact protein mass analysis using denaturing ESI-MS rapidly confirms molecular
weight and detects heterogeneous proteoforms, including truncations, oxidation, deamida-
tion, and non-specific adducts generated during recombinant expression [109]. Because
Cas9 proteins are large, multidomain enzymes (~160 kDa), coupling intact mass measure-
ments with reversed-phase liquid chromatography or SEC-MS reduces spectral complexity
and improves deconvolution accuracy. These workflows monitor aggregation, fragmenta-
tion, and storage-induced degradation during process development and stability studies to
mitigate immunogenic risks or compromised editing activity.

For comprehensive sequence verification and PTM localization, bottom-up peptide
mapping by LC-MS/MS remains the primary analytical strategy. While traditional trypsin
digests are standard, targeted enzymatic strategies are required to differentiate highly
homologous engineered variants from their wild-type counterparts. For instance, peptide
mapping based on LC-UV-MS/MS using endoproteinase Lys-C under non-reducing con-
ditions provides a powerful framework for absolute amino acid sequence confirmation,
allowing the definitive differentiation of SpyFi Cas9 from wild-type SpCas9 based on
unique peptide fingerprinting [108].

Following enzymatic digestion (e.g., via trypsin, Lys-C, or Glu-C), tandem mass spec-
trometry maps amino acid sequence coverage and characterizes site-specific oxidation,
deamidation, glycation, disulfide scrambling, and free cysteines [109]. Oxidative dam-
age within catalytic domains or nucleic acid-binding interfaces can alter nuclease folding,
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reduce cleavage efficiency, and influence off-target editing behavior. Multi-attribute moni-
toring workflows integrating automated peptide mapping and quantitative LC-MS analysis
allow simultaneous monitoring of multiple CQAs within genome editing nucleases during
manufacturing lot-to-lot assessments.

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) expands this structural
toolbox by interrogating protein conformational dynamics and nucleic acid-induced struc-
tural rearrangements. In HDX-MS, solvent-accessible backbone amid hydrogens exchange
deuterium, mapping flexible and protected regions throughout the nuclease structure.
Comparative HDX-MS studies demonstrate that sgRNA binding induces large-scale confor-
mational stabilization within the recognition and nuclease lobes of Cas9, while engineered
high-fidelity variants exhibit altered dynamic behavior near DNA-binding interfaces associ-
ated with improved specificity [110,111]. These measurements provide mechanistic insight
linking protein structural dynamics directly to editing fidelity and functional performance.

4.4. Ribonucleoprotein Complexes

The functional genome editing entity in many transient workflows is the assembled
ribonucleoprotein complex formed between the nuclease and sgRNA. These RNP assem-
blies constitute dynamic macromolecular structures whose stoichiometry, conformational
integrity, and assembly efficiency directly impact editing kinetics, intracellular persistence,
and off-target activity [112]. Consequently, analytical characterization of RNP complexes is
essential within CMC strategies for ex vivo edited cell therapies.

Native mass spectrometry is uniquely suited for direct interrogation of intact RNP
assemblies because it resolves intact Cas9-sgRNA complexes according to their true assem-
bly state (Table 3). This allows clear differentiation among apo-nuclease, partially loaded
intermediates, and fully assembled RNP species [113]. When coupled to high-resolution
Orbitrap or time-of-flight analyzers, nMS determines complex stoichiometry while simulta-
neously monitoring low-abundance aggregates, dissociation products, or misassembled
species that escape conventional biophysical assays.

The incorporation of IM-MS further enhances RNP characterization by providing
gas-phase conformational separation prior to mass analysis. CCS measurements gener-
ated through cIMS or SLIM workflows discriminate conformational subpopulations and
partially unfolded intermediates that possess identical molecular masses but distinct three-
dimensional architectures [114]. This additional structural dimension evaluates engineered
Cas variants or chemically modified sgRNAs whose altered conformational dynamics
influence target engagement and editing specificity.

Cross-linking mass spectrometry (XL-MS) serves as a complementary structural biol-
ogy tool for mapping protein-RNA interaction interfaces within these RNP assemblies. By
covalently stabilizing proximal amino acid and nucleotide interactions prior to proteolytic
digestion and LC-MS/MS analysis, XL-MS identifies direct contact regions between Cas
nucleases and guide RNAs [115]. These measurements provide mechanistic insight into
sgRNA recognition, conformational activation, and engineered domain rearrangements in
next-generation platforms such as base editors and prime editors.

4.5. Double- and Single-Stranded DNA Transgene Templates

Compared with smaller oligonucleotides and transcripts, intact double-stranded DNA
(dsDNA) plasmids and single-stranded DNA (ssDNA) templates (~1–20 kb) used to de-
liver large CAR transgene sequences present distinct analytical challenges due to their
megadalton-scale macromolecular size and topological heterogeneity. Low-level sequence
mutations, truncation variants, or promoter rearrangements can compromise downstream
transfection efficiency and lead to variable CAR expression kinetics in therapeutic cells.
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Because full-length dsDNA plasmids far exceed the practical resolution limits of con-
ventional electrospray platforms, sequence validation relies on targeted bottom-up liquid
chromatography-mass spectrometry following sequence-specific restriction enzyme diges-
tion or controlled nuclease cleavage [99]. Operating as MAM, this bottom-up configuration
simultaneously confirms primary sequence fidelity across the CAR open reading frame,
quantifies single-nucleotide polymorphisms down to 0.1%, maps exonuclease-shielding
phosphorothioate modifications, and screens for co-purified host-cell contaminants in a
single run [116]. Beyond primary sequence auditing, monitoring the macrostructural 3D
topology of a CAR plasmid lot is a vital regulatory requirement, as cellular transfection
efficiency and transcriptional productivity heavily depend on maintaining a high percent-
age (>80–90%) of the tightly coiled supercoiled form rather than the relaxed circular or
open-linear degradation topologies. To bypass the resolution limits of bulk, low-resolution
biophysical assays (such as agarose gel electrophoresis), Charge Detection Mass Spectrom-
etry (CD-MS) has emerged as a powerful single-particle paradigm (Table 3). By simulta-
neously measuring the mass-to-charge ratio (m/z) and the absolute charge of individual
megadalton electrospray ions, CD-MS determines true molecular mass independently of
bulk calibration standards, providing an analytical resolution unachievable by standard
ESI-MS due to extreme charge-state overlapping.

Recent benchmarks demonstrate that the principal plasmid structural types possess
unique, distinguishable charging profiles driven by their spatial orientation and gas-phase
folding trajectories [117]. Under native positive-mode electrospray ionization, supercoiled
CAR plasmids exist in open configurations that deposit a high charge footprint, which
condenses into a low-charge population upon polycation-induced compaction (Figure 5).
Crucially, enzymatic alterations to topology yield drastic, predictable charge distribution
shifts: relaxing a supercoiled plasmid into a circular state transitions the analyte to higher
charge distributions, while complete double-stranded linearization generates an even more
pronounced charge increase [117]. By correlating aerodynamic charge deposition with
macrostructural folding, CD-MS provides an indispensable framework for direct topo-
logical auditing, ensuring batch-to-batch uniformity of critical macromolecular transgene
delivery templates.

Figure 5. Single-particle macromolecular auditing of intact dsDNA plasmid vectors using CD-MS.
Panels (a–c) plot relative abundance against the true calculated molecular mass in megadaltons (MDa)
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for a pBR322 plasmid system. Panel (a) reveals the pristine control standard containing the primary
supercoiled population (~2.74 MDa), panel (b) tracks structural shifts during topoisomerase-mediated
relaxation with protein components transiently bound, and panel (c) confirms the baseline mass
retention after complete enzymatic relaxation and protein removal. Crucially, panel (d) demonstrates
the core regulatory value of the technique: while the supercoiled control (blue) and the relaxed,
open-circular form (orange) possess an identical true molecular mass, they are separated into distinct,
non-overlapping profiles based on absolute charge. The relaxed plasmid exhibits a significant upward
charge distribution shift driven by its extended, open gas-phase folding orientation [117].

5. MS-Based In-Process Monitoring and PAT During CAR T-Cell Expansion
CAR T-cell products are dynamic living therapies whose quality is shaped by activa-

tion, gene modification, expansion, formulation, and cryopreservation. During ex vivo
expansion, nutrient availability, waste accumulation, cytokine exposure, oxygenation, and
culture duration can influence cell yield, viability, differentiation state, exhaustion, and
functional potency. T-cell activation and differentiation are tightly coupled to metabolic
remodeling, including changes in glycolysis, mitochondrial metabolism, amino acid utiliza-
tion, nucleotide biosynthesis, redox balance, and lipid metabolism [118]. These dependen-
cies make molecular and metabolic monitoring particularly relevant for allogeneic CAR
T-cell manufacturing, where scalable production, lot-to-lot consistency, and robust process
control are central goals.

Process analytical technology provides a framework for measuring process-relevant
variables during manufacturing rather than relying exclusively on endpoint characteri-
zation. In CAR T-cell expansion, the most practical near-term application of MS-enabled
PAT is targeted analysis of spent media, where defined nutrients and metabolites can
be monitored over time to support feed strategy, media exchange, harvest timing, and
detection of process drift (Table 4). By contrast, untargeted metabolomics, isotope-tracing
fluxomics, secretome proteomics, surface proteomics, and lipidomics are better positioned
for process development, mechanism discovery, comparability assessment, and candidate
CQA identification. Commercial at-line and online platforms such as REBEL/REBEL XT
and MAVEN illustrate how analytical monitoring can be brought closer to the bioreactor,
although these systems should be described as targeted monitoring platforms rather than
comprehensive real-time omics technologies [18,119–121].

Table 4. Analytical technologies for MS-based and MS-adjacent in-process monitoring during CAR
T-cell expansion. Technologies are organized by likely implementation tier. Targeted spent-media
analysis and online glucose/lactate monitoring are the most practical near-term PAT approaches,
whereas untargeted metabolomics, fluxomics, secretome proteomics, surfaceomics, cellular pro-
teomics, and lipidomics are currently better positioned for process development, mechanistic studies,
comparability assessment, and candidate CQA discovery.

Application
Tier

Technology/
Modality

Sample
Type

Representative
Readouts

Potential Use
During CAR

T-Cell Expansion

Representative
Evidence/
Examples

Readiness and
Limitations

Near-term
PAT/

operational
monitoring

Online glu-
cose/lactate
monitoring

Bioreactor
media,
online

sampling

Glucose
depletion;

lactate
accumulation

Guides feed
adjustment,

perfusion rates,
and prevents

nutrient
exhaustion

MAVEN
system;
linking

dynamics to
yield/viability

High
operational
relevance;

complementary
to MS but
limited in

analyte scope.

https://doi.org/10.3390/cells15151333

https://doi.org/10.3390/cells15151333


Cells 2026, 15, 1333 26 of 42

Table 4. Cont.

Application
Tier

Technology/
Modality

Sample
Type

Representative
Readouts

Potential Use
During CAR

T-Cell Expansion

Representative
Evidence/
Examples

Readiness and
Limitations

Near-term
PAT/at-line
monitoring

Targeted
spent-media

nutrient
analysis by

CE–MS

Small-
volume
fresh or

spent media

Amino acids,
vitamins,
choline,
selected

components

Tracks nutrient
depletion to

guide feeding,
media exchange,

harvest, or
process drift

REBEL/REBEL
XT targeted

media
analyzers

Most viable
near-term MS
PAT; utilizes
fixed panels;

requires process
qualification.

Process
develop-

ment/media
optimiza-

tion

Untargeted
extracellular
metabolomics

Spent media

Broad
nutrient

consumption
and

metabolite
accumulation

Identifies
metabolic

signatures of
expansion

kinetics,
exhaustion, or

process variability

LC–MS,
GC–MS, or

NMR studies
of activated

T-cell
metabolism

Discovery-
oriented;

annotation
challenges and

throughput
limits restrict

routine PAT use.

Process de-
velopment/
mechanistic

biology

Intracellular
metabolomics T-cell pellets

Glycolysis/TCA
intermediates,
nucleotides,
redox state

Characterizes
intracellular

metabolic state
during activation,
proliferation, and

stress

CD8+ T-cell
activation and

LC-MS or
GC-MS

studies of
activated

T-cell
metabolomics

Destructive
sampling
(requires

extraction);
ideal for

development,
not real-time

control.

Mechanism
discov-

ery/media
design

Stable-
isotope
tracing/

fluxomics

Labeled
cells and/or
spent media

Carbon/
nitrogen
routing
through

metabolic
pathways

Evaluates how
specific media

formulations or
conditions alter

nutrient
utilization

13C-glucose
and isotope-

tracing
studies in

T-cells

Mechanistically
powerful but

expensive,
destructive, and
low-throughput;

unsuitable for
PAT.

Functional-
state

characteriza-
tion

Targeted
secretome

proteomics
by MRM/

SRM/PRM

Culture
supernatant

Cytokines,
chemokines,

stress/damage
markers

Complements
ELISA or bead

assays for
multiplexed
immune and

stress monitoring

MRM/SRM
cytokine

quantification
in primary

cells

Useful for
validated

panels; limited
by sensitivity,
matrix effects,

and turnaround
time.

Process
characteriza-
tion/CQA
discovery

Cell-surface
proteomics/
surfaceomics

Live-cell
labeled T

cells

Surface
glycoproteins,

nutrient
transporters,

adhe-
sion/homing

receptors

Identifies surface
programs linked

to memory,
activation,

exhaustion, or
hypoxia

Cell-surface
capture glyco-
proteomics of
CD8+ T-cells

Strong for
discovery/

comparability;
requires cell

harvest,
labeling, and

longer analysis
time.

Process
characteriza-
tion/CQA
discovery

Global
cellular

proteomics
T-cell pellets

Signaling
proteins,

metabolic
enzymes,

stress/apoptosis
proteins

Characterizes
intracellular

programs linked
to expansion
performance,
potency, or
phenotype

Quantitative
immune-cell

and T-cell
proteomics

High biological
depth but

destructive and
analytically

complex; ideal
for

development.
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Table 4. Cont.

Application
Tier

Technology/
Modality

Sample
Type

Representative
Readouts

Potential Use
During CAR

T-Cell Expansion

Representative
Evidence/
Examples

Readiness and
Limitations

Membrane-
state and

persistence
biology

Global
lipidomics

T-cell pellets
or

membrane
fractions

Cholesterol,
phospho-

lipids,
sphingolipids,

free fatty
acids

Evaluates lipid
remodeling tied

to activation,
persistence, stress
adaptation, and

lipid rafts

T-cell lipid
storage, stress

adaptation,
and glycosph-

ingolipid
studies

Valuable for
mechanism
discovery;

requires careful
extraction,

annotation, and
batch control.

Future
PAT/model-

based
control

Soft sensors
&

multivariate
models

Integrated
process data

streams

Predicted
nutrient
demand,
biomass,
harvest

readiness,
drift risk

Converts sparse
metabolite and

process
measurements
into actionable
control signals

PAT
framework;

adaptive
perfusion and

metabolic-
control

concepts

Promising, but
demands strict

model
validation,

lifecycle
management,

and CQA
linkage.

Emerging/
future-
facing

Miniaturized
or

automated
MS-coupled

culture
systems

Microbio-
reactor

samples,
automated

at-line
samples

Media
metabolites,
potentially
proteins or

lipid markers
depending on

integration

Could enable
smaller volume,
more frequent
sampling and
decentralized

process
monitoring

Microfluidic
CAR T manu-

facturing
platforms and

automated
sampling
concepts

Not yet routine.
Challenges

include aseptic
integration,

fouling, GMP
software,

calibration
stability, and
data integrity.

5.1. Targeted Metabolite Monitoring of Spent Media

Targeted metabolite monitoring is one of the most actionable analytical approaches for
in-process CAR T-cell culture monitoring (Table 4). The REBEL cell culture media analyzer
was introduced as a miniature CE–MS-based at-line platform for spent-media analysis,
enabling near-bioreactor measurement of defined media components rather than relying
exclusively on centralized analytical laboratories [18]. Earlier REBEL materials described
measurement of more than 30 media components, including amino acids, dipeptides,
water-soluble vitamins, and amines [120]. More recent REBEL XT materials describe
at-line analysis of 19 amino acids, 2 dipeptides, and choline, with rapid reporting from
small-volume samples [121].

In CAR T-cell expansion, these measurements could support feed adjustment, media
exchange, harvest timing, and detection of process drift by tracking nutrient depletion
or metabolite accumulation over time. However, REBEL-style systems should be de-
scribed as targeted media analyzers, not comprehensive metabolomics platforms. Glucose
consumption and lactate accumulation are also important culture-state indicators, but
they may require complementary tools. For example, MAVEN is positioned as an online
glucose/lactate analyzer using diffusion sampling technology, with optional automated
substrate-feed control [119]. Thus, a practical monitoring strategy may combine targeted
MS-based nutrient profiling with complementary online glucose/lactate sensors.

5.2. Untargeted Metabolomics and Fluxomics for Process Development

Untargeted LC–MS and GC–MS metabolomics can provide broader intracellular and
extracellular metabolic profiles during process development (Table 4). Edwards-Hicks
et al. profiled metabolic dynamics during in vitro CD8+ T-cell activation and showed
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that activated CD8+ T cells undergo complex metabolic remodeling that can be resolved
using complementary metabolomics approaches [62]. Similarly, Culberson et al. used
at-line intracellular analysis to identify spectral and metabolic features associated with
T-cell activation state, supporting the use of metabolomics for early detection of T-cell state
changes during process development [122].

Stable-isotope tracing provides a mechanistic layer by measuring nutrient routing
rather than only metabolite abundance. Longo et al. showed that glucose-dependent
glycosphingolipid biosynthesis supports CD8+ T-cell expansion, cytotoxic function, lipid
raft aggregation after TCR stimulation, and tumor control [65]. In CAR T-cell process
development, analogous tracing maps show how carbon shifts into core biosynthetic
pathways based on specific cytokine feeding regimes, establishing a definitive biochemical
framework for rational media screening and bioreactor loop engineering.

5.3. Secretome Proteomics

Culture supernatant proteomics can complement ELISA or bead-based cytokine assays
by enabling multiplexed, antibody-independent measurement of selected secreted proteins.
For example, LC–MS/MS MRM assays have been developed to quantify proteins secreted
by primary human cells, including assays with calibration across wide dynamic ranges
and low abundance detection [123]. Other antibody-free MRM methods have quantified
panels of human cytokines in cellular experiments, demonstrating that targeted MS can
be applied to secreted immune mediators when enrichment, internal standards, and assay
validation are carefully designed [124,125].

For CAR T-cell process development, these approaches could support predefined
panels of cytokines, chemokines, stress-associated proteins, or process-related proteins in
culture supernatants. However, many cytokines are low abundance, and LC–MS-based
secretome profiling can be limited by sensitivity, matrix effects, dynamic range, and sample-
preparation requirements. Therefore, MS-based secretome profiling should be framed as
complementary to established immunoassays, not as a near-term replacement for routine
cytokine release testing.

5.4. Cell-Surface and Cellular Proteomics

Cell-surface proteomics provides a concrete example of how MS can capture T-cell
phenotypes beyond predefined flow-cytometry panels. Byrnes et al. used quantitative cell-
surface capture glycoproteomics to profile primary human T cells and found that activation,
regulatory T-cell coculture, and hypoxia induce bidirectional remodeling of the CD8+ T-cell
surfaceome [126]. Hypoxia produced particularly strong changes in the activated CD8+
surface proteome and altered nutrient transporter expression, linking surface phenotype to
metabolic and immunosuppressive stress [126].

For CAR T-cell manufacturing, analogous workflows could compare activation
reagents, cytokine strategies, media formulations, oxygenation conditions, or culture dura-
tions by measuring surface proteins associated with memory state, activation, exhaustion,
homing, adhesion, nutrient uptake, and differentiation. Broader cellular proteomics could
also capture signaling, stress-response, metabolic, and cytotoxicity-associated programs.
These methods are best positioned for process characterization, comparability studies, and
CQA discovery because they require cell harvest, enrichment or digestion, LC–MS/MS
acquisition, and computational analysis.

5.5. Lipidomics and Membrane Composition

Lipidomics has been used directly to study T-cell activation and differentiation. Kanno
et al. integrated metabolic and proteomic data to examine T-cell differentiation and per-
formed cellular lipidomics after TCR stimulation. Their analysis identified 567 lipid species
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across cholesterol, free fatty acids, glycerolipids, lysophospholipids, phospholipids, and
sphingolipids, and showed that TCR stimulation substantially altered lipid composition
during helper T-cell differentiation [63]. This provides a concrete example of how lipidomics
can resolve activation-associated membrane and metabolic remodeling in T cells.

Additional studies connect lipid metabolism to T-cell function under stress and an-
titumor activity. Hunt et al. used metabolic, lipidomic, and imaging approaches to show
that acetyl-CoA carboxylase (ACC) activity promotes lipid storage in CD8+ T cells in the
tumor microenvironment and that limiting ACC activity supports energy maintenance,
persistence, and polyfunctionality under stress [64]. Longo et al. further showed that
glucose-dependent glycosphingolipid biosynthesis supports CD8+ T-cell expansion, cyto-
toxic function, lipid raft aggregation, and tumor control [65]. By tracking these structural
wall transitions, lipidomic profiling maps how physical membrane structures adapt to scale-
up demands, revealing critical changes in membrane fluidity and signaling raft clustering
that are invisible to standard fluid protein assays.

5.6. Automation, Data Integration, and Process Control

For MS-based monitoring to support PAT, assay speed, sampling automation, and data
interpretation must align with manufacturing decision timelines. REBEL and REBEL XT
illustrate at-line CE–MS media analysis for defined nutrients, while MAVEN illustrates com-
plementary online glucose/lactate monitoring and automated feeding control [18,119–121].
These examples support a practical near-term model in which targeted MS provides richer
media-component profiles, while complementary online sensors provide high-frequency
monitoring of key metabolites such as glucose and lactate.

The long-term value of MS-enabled PAT will depend on linking molecular readouts
to actionable process parameters and product-relevant quality attributes. Targeted assays
require internal standards, calibration strategies, system suitability controls, and defined
performance characteristics such as specificity, precision, linearity, sensitivity, and robust-
ness. Untargeted workflows require pooled QC samples, drift correction, batch-effect man-
agement, and independent validation before candidate markers can guide manufacturing
decisions. Ultimately, MS-based PAT will be most useful when connected to manufacturing
outcomes such as expansion rate, viability, phenotype, potency, and post-thaw recovery.

6. Final Drug Product Characterization
Final drug product characterization is the point at which variability introduced across

donor selection, genome editing, activation, expansion, harvest, formulation, and cryop-
reservation converges into the allogeneic CAR-T product administered to patients. Routine
lot release remains anchored in targeted assays for identity, purity, safety, viability or
strength, vector copy number, sterility, mycoplasma, endotoxin, and potency. FDA guid-
ance specifically recommends identity testing that captures both the CAR transgene and
intended cellular composition, requires potency testing of the final CAR-T drug product,
and identifies vector copy number as an important safety attribute for integrating vector
systems [20]. For allogeneic CAR-T lots intended to treat multiple patients, FDA further
notes that additional adventitious-agent testing, stringent limits on potentially alloreactive
lymphocytes, and absence of aberrant growth may be appropriate [20].

However, final release assays are not designed to fully resolve the molecular state of a
living cellular product. This limitation becomes especially important during comparability
assessment, where manufacturing changes may affect product biology without producing
obvious changes in standard release results. FDA guidance states that meeting current
lot release criteria is typically insufficient to establish comparability, and EMA guidance
similarly frames release testing as a starting point that should be supplemented by extended
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characterization assays, especially for functional and biological product attributes [20,127].
MS is therefore best positioned as an orthogonal characterization platform for CQA dis-
covery, comparability, process development, and failed-lot investigation rather than as a
near-term replacement for routine release testing [17,128].

6.1. Proteomic and Phosphoproteomic Profiling of Final Product State

Global LC–MS/MS proteomics can provide a broad molecular readout of final CAR-
T product state by quantifying proteins involved in activation, cytotoxicity, cytokine
signaling, exhaustion, apoptosis, stress response, metabolism, and mitochondrial func-
tion [17,29,128,129]. This is valuable because two lots may show similar CAR expression,
viability, and basic cytotoxicity while differing in cytotoxic effector abundance, stress-
response pathways, metabolic enzyme expression, or exhaustion-associated protein net-
works. CAR-T proteomic and immunoproteomic studies support this rationale by showing
that CAR constructs and intracellular signaling domains can generate distinct signaling
complexes and protein-network states [29,129].

Phosphoproteomics adds a more direct readout of signaling activity by measuring
phosphorylation-dependent pathways downstream of CAR engagement, costimulatory sig-
naling, cytokine receptors, PI3K–AKT–mTOR, MAPK, and stress-response pathways [130].
Because phosphoproteomics is enrichment-intensive and more technically demanding than
global proteomics, it is best suited for mechanistic characterization, construct compari-
son, comparability studies, and atypical-lot investigation. More mature translation would
likely come from targeted PRM/SRM or locked DIA panels for predefined proteins or
phosphopeptides identified during discovery [130,131].

6.2. MS-Enabled Single-Cell Profiling of Product Heterogeneity

Final CAR-T products contain heterogeneous mixtures of cells with distinct differen-
tiation, activation, cytotoxic, exhausted, proliferative, and stress-associated states. Mass
cytometry, or CyTOF, addresses this by using heavy-metal isotope-tagged antibodies to
quantify dozens of predefined markers at single-cell resolution [67]. Unlike untargeted
LC–MS proteomics, CyTOF is antibody-panel-dependent, but it is highly useful for resolv-
ing whether a product contains shifted proportions of naïve-like, memory-like, effector,
exhausted, NK-like, activated, or senescent subpopulations. Single-cell and mass-cytometry
studies in CAR-T therapy support the relevance of this approach. A donor-derived CD19
CAR-T study used single-cell multi-omics and mass cytometry to characterize pre- and
post-infusion CAR+ and CAR− T cells, identifying heterogeneous differentiation trajec-
tories and NK-like subsets associated with clinical outcomes [132]. Recent CAR-T atlas
studies further support the concept that rare pre-infusion or persistent product states can
be linked to durable remission [133]. For allogeneic CAR-T DP characterization, CyTOF is
therefore most useful for development-stage heterogeneity mapping and comparability
support, not routine release replacement.

6.3. Metabolomics and Lipidomics for Immunometabolic Fitness

Metabolomics and lipidomics provide functional information about final CAR-T qual-
ity because T-cell activity depends on mitochondrial fitness, redox capacity, nutrient utiliza-
tion, biosynthetic readiness, and membrane remodeling (Table 5). Pre-infusion CD19 CAR-T
products from long-term responders showed increased oxidative phosphorylation, fatty-
acid oxidation, pentose phosphate pathway activity, mitochondrial mass, tighter cristae,
and lower mTOR expression compared with products from short-term responders [134].
This suggests that metabolic state can encode clinically relevant product information not
captured by conventional release assays.
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Table 5. Emerging MS-Derived Molecular Profiles, Associated Functional Outcomes, and Product
Quality Impacts.

Omics Category Specific MS-Derived
Signature/Pathway

Associated
Functional/Biological

Outcome

Potential Product Quality
Impact

Metabolomics

Elevated Oxidative
Phosphorylation (OXPHOS),

Fatty Acid Oxidation, Pentose
Phosphate Pathway

Enhanced mitochondrial
fitness, memory-like

phenotype maintenance

High pre-infusion
persistence, long-term

clinical response

Lipidomics
Glucose-dependent

glycosphingolipid biosynthesis
upregulation

Improved lipid-raft
aggregation following TCR

stimulation

Enhanced CD8+ T-cell
expansion, cytotoxicity,

and tumor control

Lipidomics
Reduced Acetyl-CoA

carboxylase (ACC)
activity/limited lipid storage

Preserved cellular energy
balance under metabolic

stress

Sustained
polyfunctionality and

persistence in
immunosuppressive

environments

Surface Proteomics

Remodeled cell-surface
glycoproteome & altered

nutrient transporters under
hypoxia

Adaptation to low-
oxygen/nutrient-deprived

microenvironments

Early marker of metabolic
stress preceding T-cell

exhaustion

Phosphoproteomics
Differential CAR costimulatory

domain phosphorylation
kinetics (e.g., CD28 vs. 4-1BB)

Distinct signaling activation
thresholds and downstream

metabolic wiring

Informs construct selection,
signaling strength tuning,
and functional persistence

Lipidomics adds information about membrane composition, sphingolipid biology,
lipid utilization, lipid-raft organization, and stress-associated membrane remodeling.
Broader T-cell studies show that activation and differentiation involve coordinated changes
in metabolites, fatty acids, phospholipids, glycerolipids, and sphingolipids [63,64]. For
allogeneic final drug products, these structural profiles serve as essential comparative
blueprints, establishing deep structural equivalence whenever a process transitions across
different scales, media lots, or bioreactor designs (Table 5).

6.4. Cryopreservation-Associated Stress and Post-Thaw Quality

Cryopreservation is central to allogeneic CAR-T manufacturing because centralized
production, storage, shipping, and multi-patient distribution generally require a frozen
final product. FDA notes that cryopreservation provides time for full release testing and
logistical flexibility, but also that cryoprotectant risks and controlled thawing should be
assessed because thawing can affect product quality [20]. Standard viability assays remain
essential, but they may not fully capture delayed apoptosis, mitochondrial dysfunction,
oxidative stress, membrane injury, or impaired post-thaw recovery.

MS-based proteomics, metabolomics, and lipidomics can provide deeper character-
ization of cryopreservation stress. Proteomics can identify stress-response, apoptosis,
cell-cycle, cytoskeletal, and mitochondrial pathway shifts; metabolomics can detect al-
tered energy metabolism, redox imbalance, and mitochondrial dysfunction; and lipidomics
can reveal membrane remodeling, phospholipid degradation, ceramide accumulation, or
sphingolipid changes [135,136]. These assays are particularly relevant for formulation de-
velopment, cryoprotectant comparison, shipping-condition assessment, and comparability
after changes in freezing or thawing protocols.
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6.5. Process-Related Impurity and Residual Reagent Profiling

Final CAR-T drug product quality also depends on clearance or control of process-
related impurities and residual reagents, including activation reagents, cytokines, media
components, genome-editing reagents, nucleases, guide RNAs, plasmids, viral or nonviral
delivery components, feeder- or matrix-derived proteins, serum proteins, purification
reagents, and formulation excipients. Conventional ELISA-based impurity assays can be
sensitive and practical when appropriate antibodies exist, but they often provide aggregate
signals and may not distinguish individual residual protein species.

MS can provide orthogonal molecular specificity by identifying and quantifying
individual process-related impurities [137]. This principle is well established in host-cell
protein analysis for biologics, where LC–MS can complement ELISA by revealing which
residual proteins are present rather than only measuring total immunoreactivity [137].
For allogeneic CAR-T, impurity MS is most defensible as a risk-based development and
comparability tool: broad profiling can identify product-specific residual species, and
selected sentinel impurities can later be translated into targeted MS or conventional assays.

6.6. Translation into Targeted CQA and Surrogate Assay Strategies

The main translational challenge is converting high-dimensional MS data into ac-
tionable product knowledge. Discovery features from proteomics, phosphoproteomics,
metabolomics, lipidomics, or CyTOF should not be treated as CQAs unless they are repro-
ducible, analytically robust, linked to product function or safety, and interpretable within
a defined manufacturing context (Table 5). A practical workflow is to pair MS characteri-
zation with conventional release results, in-process data, post-thaw recovery, functional
potency assays, and available in vivo or clinical correlates.

A critical consideration in advancing MS for CAR-T manufacturing is how these data
correlate with established gold-standard methods, such as flow cytometry for phenotyping
and ELISA for cytokine profiling. Currently, MS rarely serves as a direct surrogate for these
traditional targeted readouts; rather, it provides complementary, orthogonal information.
While flow cytometry excels at rapidly quantifying predefined cellular subsets, it cannot
capture the dynamic intracellular metabolic or signaling networks that ultimately drive
T cell activation and those subsequent surface phenotypes. Similarly, while targeted MS
can quantify secreted cytokines, standard immunoassays like ELISA remain superior for
routine, high-sensitivity release testing. Where MS adds indispensable value is in pro-
viding antibody-independent multiplexing and molecular specificity—identifying exact
structural variants, proteoforms, post-translational modifications, and uncharacterized
process-related impurities that conventional assays are inherently blind to, as ELISA typi-
cally only detects the bulk ensemble of immunoreactive molecules. Therefore, MS is best
positioned not as an immediate replacement for standard readouts, but as a deeper orthog-
onal layer that contextualizes them during process development, comparability studies,
and multi-attribute monitoring.

The most realistic endpoint is not routine deployment of broad discovery omics, but
the development of focused, fit-for-purpose targeted assay panels. For LC–MS-based
product characterization, this could take the form of a multi-attribute method or MAM-
like workflow [138,139] that monitors predefined protein [19,78], phosphopeptide [131],
metabolite, lipid [140,141], or sentinel impurity markers. Fixed CyTOF panels may provide
an analogous targeted single-cell phenotyping layer [68]. By prioritizing validated, pre-
selected attributes rather than broad discovery features, these assays could be applied
more realistically to comparability studies, stability tracking, atypical-lot investigation,
and release-adjacent characterization workflows. FDA and EMA guidance are consistent
with this staged approach: early characterization supports CQA identification, while
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methods used for comparability or release must be sufficiently qualified, robust, and
sensitive [10,127].

6.7. Current Limitations and Outlook

MS-based DP characterization still faces important limitations. Direct evidence in
allogeneic CAR-T final drug products remains limited, with much of the strongest mecha-
nistic evidence coming from autologous CAR-T products, donor-derived clinical studies,
broader T-cell biology, or adoptive-cell-therapy analytical development studies. In addi-
tion, most LC–MS workflows are destructive and sensitive to cell input, sampling time,
washing, quenching, extraction, digestion, storage, freeze–thaw history, instrument drift,
and batch structure.

Despite these limitations, MS is well aligned with the analytical needs of allogeneic
CAR-T development. Untargeted MS can define molecular mechanisms and candidate
CQAs; CyTOF can resolve product heterogeneity; targeted MS can translate selected
features into robust assays; and impurity MS can provide molecular specificity where
immunoassays are limited. The most defensible role for MS is therefore not to replace
standard release testing, but to make final drug product quality more mechanistically
interpretable and to support the development of targeted next-generation comparability,
potency, stability, and impurity-control strategies.

7. Post-Infusion Biomarker and Translational Monitoring
Post-infusion monitoring of CAR-T therapies is currently driven by clinical assessment,

routine laboratory testing, cytokine measurements, flow cytometry, and molecular assays
for CAR-T expansion and persistence. Foundational studies in CD19 CAR-T have shown
that severe cytokine release syndrome (CRS) and immune effector cell-associated neurotoxi-
city syndrome (ICANS) are associated with inflammatory, myeloid, endothelial, and blood–
brain barrier-related biomarkers, including IL-6, IFN-γ, MCP-1/CCL2, angiopoietin-2, von
Willebrand factor, ferritin, and other inflammatory mediators [142–145]. However, these
studies were largely based on cytokine panels, immunoassays, clinical laboratory measure-
ments, and cellular assays rather than mass spectrometry. Therefore, post-infusion MS
should be framed as an emerging translational layer rather than an established clinical
monitoring standard for CAR-T.

Within this translational role, MS can help connect product attributes, manufacturing
history, and patient-level molecular response after infusion. Plasma or serum LC–MS/MS
proteomics may be used to profile inflammatory, complement, coagulation, acute-phase,
endothelial, and tissue-injury proteins, while metabolomics and lipidomics may capture
systemic metabolic stress, mitochondrial dysfunction, redox imbalance, steroid exposure,
or organ injury. These applications are especially relevant for allogeneic CAR-T prod-
ucts, where post-infusion outcomes reflect interactions among donor-derived CAR-T cells,
host immunity, lymphodepletion, tumor burden, and rescue interventions such as cor-
ticosteroids or IL-6 pathway blockade. The most practical workflow is a staged one:
discovery-oriented LC–MS/MS, particularly data-independent acquisition proteomics, can
nominate candidate toxicity or response signatures, but clinically meaningful translation
would require reduction to focused PRM, SRM/MRM, or immuno-enrichment MS assays
with stable-isotope standards [57,146,147].

The major barrier to post-infusion MS adoption is not the availability of instrumenta-
tion, but the need for carefully controlled clinical sampling, validation, and context-of-use
definition. Post-infusion samples are vulnerable to anticoagulant choice, processing delay,
hemolysis, platelet contamination, freeze–thaw history, infection status, timing relative to
lymphodepletion, and exposure to steroids, tocilizumab, anakinra, or other interventions;
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plasma-proteomics studies have shown that such preanalytical variables can generate
biomarker-like artifacts [48,148]. For allogeneic CAR-T, the most defensible near-term role
of MS is therefore in well-annotated translational studies with baseline, pre-infusion, early
toxicity-window, event-triggered, and later immune-reconstitution or relapse timepoints.
Any MS assay intended to guide clinical care would require a defined biomarker context
of use, analytical validation, locked quality-control criteria, and implementation in an
appropriately regulated clinical laboratory environment [149,150]. Thus, MS should be
presented as a promising bridge between CAR-T product characterization and patient
response biology, while validated post-infusion MS biomarkers remain an area for further
clinical development.

8. Conclusions
Across the allogeneic CAR-T workflow, mass spectrometry serves two distinct trans-

lational roles. For upstream gene-editing components, MS is increasingly utilized as a
formal GMP release method—specifically for identity testing via intact sgRNA analysis,
sequence variant screening, and critical attribute quantification such as 5′Cap mapping
and poly(A) tail distribution. Conversely, for cellular in-process monitoring and final
drug product characterization, MS serves primarily as an orthogonal platform for process
development, CQA identification, comparability assessment, and impurity control. While
operational constraints—such as destructive sampling, high cell inputs, and turnaround
times—currently limit routine cell-product MS release testing, targeted MS panels (MAM,
PRM) offer a realistic bridge to support comparability and lifecycle management in cell
therapy manufacturing.

Allogeneic CAR-T manufacturing introduces a distinctive analytical challenge: a
single donor-derived, extensively engineered, expanded, and cryopreserved cell product
must be manufactured with sufficient consistency to support treatment of multiple pa-
tients. Across this workflow, conventional assays remain essential for donor eligibility,
identity, purity, safety, viability, vector copy number, sterility, and potency testing. How-
ever, these assays are often targeted, endpoint-based, and limited in their ability to resolve
the broader molecular states that shape manufacturing performance and final product
quality. Mass spectrometry provides a complementary analytical layer by enabling deeper
characterization of donor and leukapheresis material, genome-editing reagents, culture-
media dynamics, cellular proteomic and metabolic states, lipid remodeling, process-related
impurities, and post-thaw product quality. In process development and extended down-
stream product characterization, MS is most valuable as a stage-specific tool for process
understanding, CQA discovery, comparability assessment, impurity investigation, and
development of targeted surrogate assays.

The future impact of MS in allogeneic CAR-T manufacturing will depend on trans-
lation from broad discovery workflows into robust, fit-for-purpose methods that are
linked to actionable manufacturing and product-quality endpoints. Global proteomics,
metabolomics, lipidomics, phosphoproteomics, and MS-enabled single-cell approaches can
identify candidate molecular features associated with donor variability, editing-material
quality, expansion trajectory, cryopreservation stress, and product function. Yet these fea-
tures should only be advanced toward routine use when they are reproducible, analytically
controlled, and associated with defined outcomes such as editing efficiency, expansion
kinetics, phenotype, potency, impurity clearance, stability, or post-thaw recovery. As tar-
geted MS panels, at-line media-monitoring platforms, impurity assays, and multivariate
process models mature, MS has the potential to strengthen quality-by-design strategies
for allogeneic CAR-T products. Ultimately, its greatest contribution will be to make cell
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therapy manufacturing more mechanistically interpretable, enabling more rational control
of variability across the donor-to-drug-product continuum.

Beyond analytical challenges, the integration of MS into routine CAR-T manufacturing
is currently constrained by significant logistical and operational barriers. High-resolution
mass spectrometers require substantial initial capital investment and costly ongoing main-
tenance, which can be prohibitive for decentralized or early-stage manufacturing facilities.
Furthermore, traditional MS workflows—particularly global proteomics and native MS—
suffer from prolonged turnaround times due to labor-intensive sample preparation, lengthy
chromatographic separations, and complex computational data processing. These multi-
day timelines are often incompatible with the rapid decision-making required for in-process
monitoring or the timely release of cryopreserved cell products. Finally, operating these
platforms and interpreting high-dimensional multi-omics data still demands a high degree
of specialized, hands-on expertise. Until automated sample preparation, user-friendly bioin-
formatics pipelines, and simplified benchtop MS analyzers become universally adopted,
the reliance on specialized personnel remains a primary bottleneck to the widespread
implementation of MS in cell therapy quality control.

While this review focuses on the multi-stage manufacturing of allogeneic CAR-T cells,
the mass spectrometry modalities, multi-attribute methods (MAM), and process analytical
tools detailed here provide a universal framework for the broader adoptive cell therapy
field. Key analytical layers—including intact oligonucleotide mapping for gene-editing
reagents, at-line spent-media profiling, host-cell protein impurity characterization, and
immunometabolic fitness monitoring—are directly transferable to autologous CAR-T, TCR-
T, CAR-NK, and stem cell-derived therapies. As these advanced cell therapy platforms
mature, stage-specific MS analytics will play an increasingly vital role in establishing
process comparability and ensuring product safety and consistency across all engineered
cell modalities.
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