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A distinct CAR-T cell phenotype mediates
therapeutic response at limited doses
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Chimeric antigen receptor (CAR) T-cell therapies are typically administered at

high doses to maximize durable clinical responses. However, manufacturing

constraints can limit the production of sufficient cells to achieve the intended

dose. Although some patients experience durable responses after receiving

lower CAR-T cell doses, the mechanisms underlying efficacy at these limited

cell numbers remain poorly understood. To address this, we performed deep

phenotyping of anti-CD19 CAR-T cell products and their corresponding leu-

kapheresis starting materials from a phase I/II dose-escalation trial. We also

report the primary and secondary clinical outcomes of the diffuse large B-cell

lymphoma, follicular lymphoma, andmantle cell lymphomacohorts of theHD-

CAR-1 basket trial (NCT03676504; EudraCT 2016-004808-60). Patients

responding to low-dose CAR-T therapy showed dose-dependent enrichment

of functional effector and effector memory-like CAR-T cells. The absolute

number of these cells emerged as a robust biomarker of therapeutic response,

valid across dose levels and CAR-T targets. Effective low-dose products were

associated with high T-cell numbers and T-cell-supportive myeloid states in

leukapheresis materials, whereas regulatory myeloid states promoted dys-

functional CAR-T cells and treatment failure. Our study provides insights into

the phenotype, mechanisms, and biomarkers of CAR-T cells that drive ther-

apeutic responses at low doses, withmedical and socioeconomic implications.

Chimeric antigen receptor (CAR) T cells have transformed the therapy

landscape of hematological malignancies1–3, including B cell non-

Hodgkin’s lymphoma (NHL)4–9, B cell acute lymphoblastic leukemia

(ALL)10–12 andmultiplemyeloma13–15 and are increasingly being explored

for autoimmune diseases16–23 and other cancer types24,25. Notably, anti-

CD19 CAR-T cells have become a standard therapy for relapsed or

refractory B-cell malignancies, yielding high response rates and sig-

nificantly improvingpatient outcomes. To ensure sustained therapeutic

responses and meet regulatory standards, CAR-T cells are typically

manufactured and administered in large quantities. While higher doses

are generally associated with a better outcome26, patients receiving

lower doses can also achieve therapeutic responses27,28. Although the

molecular, cellular and microenvironmental factors associated with

response have been extensively studied in patients receiving CAR-T

cells in excess29–37, these factors remain poorly understood in cases

where only low numbers of CAR-T cells are available38.

The CAR-T cell manufacturing process must comply with strict

regulatory requirements, such as manufacturing sufficient CAR-T cells
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as defined in the end-product specifications. Deviationswill result in so

called out-of-specification (OOS) products. Failure rates in CAR-T cell

manufacturing, specifically due to the inability to meet the targeted

dose, can vary from 1% to 13%4,39–42. Depending on the regulatory

environment, these products may not be eligible for patient adminis-

tration or may only be used under specific conditions at the discretion

of the treating physician. Safety, efficacy, release and application of

OOS anti-CD19 or anti-BCMA infusion products have been explored in

several different clinical trials (NCT03601442: tisagenlecleucel,

Novartis; NCT05347485: ciltacabtagene autoleucel, Janssen;

NCT05776160; axicabtagene ailoleucel, Kite/Gilead; NCT04094311:

tisagenlecleucel, Novartis). Notably, commercial CAR-T cell manu-

facturers are not reimbursed for OOS products, which significantly

contributes to the overall high costs of CAR-T cell therapies, com-

prising expenses associated with failed attempts. This creates a sig-

nificant financial burden on healthcare systems and limits patient

access to life-saving treatments. Biomarkers predicting the efficacy of

CAR-T cells that fall short of the required cell numbers have the

potential to expand access, reduce costs, and lead to revisions in

regulatory standards.

Despite the urgent medical need, most studies on CAR-T cell

efficacy have concentrated on patients receiving high doses. Given the

exceptional response rates observed with high-dose CAR-T cells, most

research has focused on CAR-T cell persistence, expansion and the

duration of response. In this context, early lineage CAR-T cell states,

particularly thosewith naïve and (stemcell)memoryphenotypes,were

linked to enhanced CAR-T cell expansion and sustained therapeutic

response10,36,40,43–50. However, it remains to be elucidated whether

similar or distinct CAR-T cell populations drive therapeutic responses

in low-dose patients when compared to those receiving higher doses.

In patients receiving limited CAR-T cell doses, achieving an initial

response mediated by effector-like therapeutic cells may hold greater

importance than ensuring long-term durability mediated by more

naïve- or central memory-like CAR-T cells50,51. Additionally, micro-

environmental factors that may influence the production of effective

low-dose CAR-T cells have yet to be determined.

Here, we performed deep profiling of anti-CD19 CAR-T cell pro-

ducts and corresponding leukapheresis starting materials from the

entire HD-CAR-1 trial cohort to identify cellular determinants of ther-

apeutic response at limited doses. We show that low-dose response is

associated with functional effector and effector memory-like CAR-

T cells, identify the absolute number of CD27⁻CD39⁻ CAR-T cells as a

biomarker of response across dose levels, and link effective products

to T-cell-rich and T-cell-supportive myeloid states in leukapheresis

materials. In this context, we additionally report the primary and sec-

ondary clinical outcomes of the DLBCL, FL, andMCL armsof the phase

I/II HD-CAR-1 basket trial (NCT03676504; EudraCT 2016-004808-60).

Adults with relapsed or refractory CD19-positive disease, adequate

performance status and organ function, and no uncontrolled infection

or major concurrent illness were eligible. The primary endpoints were

safety and manufacturing feasibility, whereas secondary endpoints

included day-90 response, duration of response, progression-free

survival, and overall survival. Long-term responses were observed in

40%of patients with lymphoma. Treatment showed an excellent safety

profile, with only grade 1 or 2 cytokine release syndrome and no

immune effector cell-associated neurotoxicity syndrome, other neu-

rological toxicities, or dose-limiting toxicities.

Results
CAR-T cells of low-dose responders display a distinct phenotype
To characterize CAR-T cells capable of driving clinical responses

despite limited input numbers, we first conducted a comprehensive

analysis of the CD19-directed CAR-T cell products. These products

were administered in the framework of the “Heidelberg CAR-T cell trial

1” (HD-CAR-1, NCT03676504) a phase I/II clinical dose-escalation study

evaluating the safety and efficacy of third-generation CAR-T cells in

patientswith relapsed and/or refractory B-cellmalignancies52–54. A total

of 28 patients were included, receiving CAR-T cell products, adminis-

tered at doses ranging from 1 × 10⁶ to 200× 10⁶CAR-T cells per square

meter (m2) of body surface area. The inclusion criteria, patient char-

acteristics, and clinical parameters of the HD-CAR-1 trial have been

previously reported53,54 and are summarized in Supplementary Data 1.

As expected, patients receiving CAR-T cell doses within com-

monly administered ranges from 50 × 106 to 200× 106 perm2 (referred

to as high-dose; corresponding to a range from 1.1 × 106 to 5.35 × 106

per kg body weight) demonstrated high response rates (Fig. 1A).

Conversely, patients treated with lower CAR-T cell doses from 1 × 106

to 20 × 106 per m2 (referred to as low-dose; corresponding to a range

from 0.02 × 106 to 0.5 × 106 per kg body weight) were less likely to

respond. Based on the administered CAR-T cell doses and the clinical

response outcomes, we categorized patients into three groups: (1)

high-dose responders (n = 8), who achieved clinical response after

receiving high CAR-T cell doses; (2) low-dose non-responders (n = 12),

who failed to respondafter receiving low-doseCAR-T cells; and (3) low-

dose responders (n = 6), a notable subset of patients who achieved

robust clinical responses despite receiving low CAR-T cell doses

(Fig. 1A, B). Notably, therapy response was not significantly associated

with sex, age, previous allogeneic stem cell transplantation or disease

indication (Supplementary Table 1, Supplementary Fig. 1A). Within the

low-dose group, clinical responses appeared durable with a trend

towards longer overall survival (OS) and progression-free survival

(PFS) in low-dose responders compared to low-dose non-responders

(Supplementary Fig. 1B).Moreover, low-dose responders and low-dose

non-responders displayed comparable numbers of CAR+ cells in their

infusion products and showed similar CAR-T cell expansion in vivo, as

reflected by similar peak levels within the first 28 days post-infusion

(Supplementary Fig. 1C-E). In contrast, high-dose responders displayed

significantly higher frequencies of CAR+ cells in the infusion product

and, consequently, higher absolute CAR-T cell numbers in vivo (Sup-

plementary Fig. 1C-E). Notably, across all groups, we observed

significant correlations between the infused CAR-T cell dose, the

in vivo expansion of CAR-T cells, and progression-free survival (Sup-

plementary Fig. 1F, G).

To explore potential relationships between administered CAR-T

cell dose levels, clinical responses, and the underlying cellular states of

CAR-T cell products,weperformed full-spectrumflowcytometry using

a 36-plex panel custom-designed to evaluate T cell states. Following

stringent quality control, clustering analysis, and UMAP visualization

(Supplementary Fig. 2A, Methods), we identified diverse subsets of

CD4 T cells, CD8 T cells, γδ T cells, and natural killer (NK) cells within

the CAR-T cell products comprising a total of 10,129,369 high-quality

cells (Fig. 1C; Supplementary Fig. 2B). Within the CD4 and CD8 CAR-T

cells, we identified non-activated subsets of cells including naïve and

central-memory (CM)-like CD4 and CD8 CAR-T cells as well as acti-

vated populations including effector-memory and effector-like CAR-

T cells (Fig. 1D, E, Supplementary Fig. 2C–F). Among the CD4 and CD8

effector memory-like populations, a pronounced subpopulation was

characterized by elevated expression of exhaustion markers such as

CD39 and PD1, indicating their potential dysfunctional activation

during manufacturing. In addition, a range of other effector memory-

like populations with no phenotypic signs of exhaustion were

identified.

To investigate whether CAR-T cells from low-dose responders

exhibit a specific phenotype that enables response despite low num-

bers, we first compared them to their counterparts from responders

that received high CAR-T cell doses (Fig. 1D–I). In line with previous

reports36,47,48,55, CD4 and CD8 CAR-T cells from responders that

received high CAR-T cell doses were enriched in naïve and central

memory-like states. In contrast, CD4 and CD8 CAR-T cells from low-

dose responders displayed a distinct phenotype, highly enriched in
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non-exhausted effector-memory and effector-like states (Fig. 1F–I).

Notably, within patients responding to CAR-T cell therapy, the overall

administered CAR-T cell dose was negatively correlated with the rela-

tive abundance of effector memory-like CD8 CAR-T cells, while the

relative abundance of naïve-like and CM-like CAR-T cells showed a

positive correlationwith the administered dose (Fig. 1J). These findings

suggest that CAR-T cells of patients achieving response to therapy at

low dose levels are relatively enriched for CAR-T cells with an effector

or effector memory-like phenotype in a dose-dependent manner.

To investigate whether the cellular states enriched in low-dose

responders are indeed associatedwith response to CAR-T cell therapy,

we compared their CAR-T cell products with those from low-dose non-

responders (Fig. 1K, L). Notably, the CAR-T cell populations enriched in

low-dose responders versus non-responders closely overlapped with

those enriched in low-dose responders versus those responding with

excessive doses (Fig. 1M). Consistentwith our priorfindings, CAR-T cell

products from low-dose responders were significantly enriched in

effector- or effector memory-like CD4 and CD8 T cell states, when

2

Res NonRes

In
fu

s
e
d
 C

A
R

-T
 c

e
lls

 p
e
r

 k
g
 b

o
d
y
 w

e
ig

h
t 
(x

 1
0

6
)

CD4 T cells

CD8 T cells  

Double-negative

T cells
γδ T cells

NK cells

NKT cells

UMAP1

U
M

A
P

2

A C

4

0

CD39+ EM-like

CD8T

Naive-like

CD8T

EM-like 

CD8T

CD56+ EM-like

CD8T

Effector-like

CD8T

CD27- Naive-like

CD8T

CD94+ Effector-like

CD8T

CD8 CAR-T cellsD
high-dose

Responders

low-dose

Responders

low-dose

NonRes

high-dose

Res

low-dose

Res

0.00125

0.00112

0.054

0.0086

0.18

0.0032

−7.5 −5 −2.5 0 2.5 5

0.00016

0.0063

0.0063

0.91

0.91

0.052

−5 0 5

UMAP1

U
M

A
P

2

CD94+ Effector-like

Effector-like

EM-like

CD56+ EM-like

CD39+ EM-like

CD27- Naive-like

Naive-like

CD94+ Effector-like

Effector-like

EM-like

CD27- Naive-like

CD56+ EM-like

CD39+ EM-like

Naive-like

low-dose NonRes vs. low-dose Res

(log
2
-FC)

high-dose Res vs. low-dose Res

(log
2
-FC)

Differential abundanceF H K

CM-like

CD4T

CD27- CM-like

CD4T

CD39+ CM-like

CD4T
CD39+ PD1+ 

EM-like CD4T

CD94+ PD1+

EM-like CD4T

EM-like

CD4T
CD56+ EM-like

CD4T

UMAP1

U
M

A
P

2

CD4 CAR-T cellsE

0.8

0.28

low-dose

Non-responders

low-dose

Responders

high-dose

Responders

low-dose

Responders

low-dose

Non-responders

low-dose

Responders

Differential abundanceG

0.02

0.026

0.71

0.00016

0.099

0.86

CD56+ EM-like

EM-like

CD27- CM-like

CD94+ PD1+ EM-like

CD39+ CM-like

CM-like

CD39+ PD1+ EM-like

0.095

0.26

0.095

0.071

30-3-6

CD56+ EM-like

EM-like

CD27- CM-like

CD94+ PD1+ EM-like

CD39+ CM-like

CM-like

CD39+ PD1+ EM-like

0.00941

0.099

0.099

0.37

low-dose Res vs. low-dose NonRes

(log
2
-FC)

I L

high-dose Res vs. low-dose Res

(log
2
-FC)

−6 −4 −2 0 2 4

low-dose

Res

high-dose

Res

low-dose

Res

low-dose

NonRes

low-dose

Res

low-dose

NonRes

low-dose

Res

high-dose

Res

M

CD27- CM-like 

EM-like

CD39+ CM-like

CD39+ PD1+

EM-like CD56+ EM-like

CM-like

CD94+ PD1+ 

EM-like

R = 0.86
p = 0.013

−2

−1

0

1

−2 −1 0
low-dose Res vs. low-dose NonRes

(mean log
2
-FC)

lo
w

-d
o
s
e
 R

e
s
 v

s
. 
h
ig

h
-d

o
s
e
 R

e
s

(m
e
a
n
 l
o
g
2
F

C
)

CD4 CAR-T cells

CD39-

EM-like

CD39+

EM-like

CD56+ EM-like

CD94+ Effector-like

CD27- Naive-like

Effector-like

Naive-like
−4

−3

−2

−1

0

1

−3 −2 −1 0 1

lo
w

-d
o
s
e
 R

e
s
 v

s
. 
h
ig

h
-d

o
s
e
 R

e
s

(m
e
a
n
 l
o
g
2
F

C
)

low-dose Res vs. low-dose NonRes

(mean log
2
-FC)

CD8 CAR-T cells

R = 0.96

p = 0.00061

0 5 10 15 40 60 80

R = 0.67

0

2

4

0 5 10 15
CM-like CD4 T cells

(% live cells)

Naive-like CD8 T cells

(% live cells)

EM-like CD8 T cells

(% live cells)

0

2

4

0

2

4

In
fu

s
e
d
 C

A
R

-T
 c

e
lls

 /
 

k
g
 b

o
d
y
w

e
ig

h
t 
(x

1
0

6
)

In
fu

s
e
d
 C

A
R

-T
 c

e
lls

 /
 

k
g
 b

o
d
y
w

e
ig

h
t 
(x

1
0

6
)

In
fu

s
e
d
 C

A
R

-T
 c

e
lls

 /
 

k
g
 b

o
d
y
w

e
ig

h
t 
(x

1
0

6
)

J

p = 0.0093
R = 0.89
p = 1.8e-5

R = - 0.59
p = 0.026

1

3

Responders Responders Non-responders
High-dose Low-dose Low-dose 

CAR-T cell products

36-plex full-spectrum flow cytometry (n = 27)

Premanufacturing blood

35-plex full-spectrum

flow cytometry (n = 28)

Single-cell proteo-

genomics (n = 28)

CAR-T 

cell dose

B

high-dose

NonRes

Article https://doi.org/10.1038/s41467-026-76068-4

Nature Communications |         (2026) 17:7589 3



compared to low-dose non-responders (Fig. 1F, K, G, L). In contrast,

CAR-T cells from low-dose non-responders were predominantly enri-

ched in naïve-like states or exhibited features of exhaustion and dys-

function, characterized by elevated co-expression of markers such as

CD39andPD1, indicating either insufficient or dysfunctional activation

during production.

Collectively, these observations suggest that CAR-T cells from

low-dose responders are characterized by a distinct phenotype, with

the presence of functional effector-memory and effector-like CAR-

T cells being a crucial factor in achieving therapeutic response in

patients receiving limited CAR-T cell doses.

Absolute number of functional effector-like CAR-T cells deter-
mines the response
Previous biomarker studies for predicting response to CAR-T cell

therapy have primarily focused on patients receiving high numbers of

CAR-T cells, typically analyzing relative frequencies of T cell states or

marker expressionwithin the infusion product47,48. However, in patients

receiving low numbers of CAR-T cells, the absolute number of cellular

subsets with immediate therapeutic efficacy might be more critical for

mediating the initial treatment response. To test this hypothesis, we

first compared the absolute numbers of infused CAR-T cell populations

per kilogram of body weight of low-dose and high-dose responders. As

expected, patients receiving high CAR-T cell doses had significantly

higher numbers of most CAR-T cell subpopulations compared to those

receiving low doses (Fig. 2A). However, the absolute numbers of

effector-like CAR-T cell subsets were comparable between low-dose

responders and high-dose responders, despite the markedly lower

overall number of administered CAR-T cells in the former group

(Fig. 2A). These findings suggest that achieving a therapeutic response

may require reaching a threshold number of therapeutically activeCAR-

T cell populations. Supporting this, the quantification of absolute

numbers of CD4 and CD8 CAR-T cell subsets generally outperformed

relative frequency analyses in predicting responses, both at low dose

levels and across all dose levels (Fig. 2B). Consistent with our previous

findings, the absolute numbers of effector-like and effector memory-

like CAR-T cells lacking markers of phenotypic exhaustion or dysfunc-

tion, i.e., functional cells, proved most effective at discriminating

responders from non-responders, both at low dose levels and across all

dose levels (Fig. 2C; Supplementary Fig. 3A, B).

Notably, the combined absence of CD27 and CD39 expression in

CD4 and CD8 CAR-T cell subsets, proved to be a robust biomarker

combination for identifying effector-like states in the absence of phe-

notypic exhaustion (Fig. 2D, Supplementary Fig. 3 C). This biomarker

combination outperformed previously suggested predictor

combinations47,48, both when quantified in relative or absolute num-

bers in CD4 and CD8 CAR-T cell subsets (Fig. 2E-H). Biomarker levels of

the CD27⁻CD39⁻ subset in CD4 andCD8 T cell populationswere tightly

correlated and emerged as strong predictors of treatment response,

whereas their associations with other covariates were negligible (Sup-

plementary Fig. 4A). Lactate dehydrogenase (LDH) levels, a proxy for

tumor burden, displayed amoremodest associationwith response and

were largely independent of the biomarker combination (Supplemen-

tary Fig. 4A, B). Notably, although LDH levels were associated with

overall survival (OS), they were not associated with progression-free

survival (PFS) (Supplementary Fig. 1H, E). In contrast, the CD27⁻CD39⁻

biomarker combination was associated with PFS but not OS, further

supporting the independence of these two factors. To explore their

combined prognostic value, patients were stratified into high versus

low frequencies of biomarker-associated CAR-T cells (CD27⁻CD39⁻),

and a composite variable integrating LDH status (high/low) with bio-

marker status (high/low) was generated. Kaplan-Meier analyses based

on this composite stratification revealed that patients with low LDH

and high biomarker levels had the most favorable OS, whereas those

with high LDH and low biomarker levels had the poorest outcomes

(Supplementary Fig. 4C). A similar pattern emerged for PFS. Patients

with high biomarker levels exhibited the most favorable PFS irrespec-

tive of LDH status, consistent with the minimal effect of LDH on PFS

when considered independently (Supplementary Fig. 4C).

Collectively, these results emphasize that absolute numbers of

functional effector-like CAR-T cells, identified by the lack of CD27 and

CD39 expression, are a decisive factor in mediating therapeutic

responses in patients receiving CAR-T cells at varying dose levels.

CD27⁻CD39⁻ CAR-T cells define an effector subset with limited
plasticity and high cytotoxic potency
To characterize the CD27⁻CD39⁻ CAR-T cell subset functionally, we

performed in vitro assays. In co-culture experiments, sorted

CD27⁻CD39⁻ CAR-T cells from six healthy donors were incubated with

Nalm6 leukemia cells at a 1:1 effector-to-target ratio for two sequential

72-h co-cultures. CD27⁺CD39⁺ CAR-T cells were included as control

population. Across both incubation series, CD27⁻CD39⁻ CAR-T cells

maintained a stable terminal effector phenotype with minimal phe-

notypic plasticity, whereas CD27⁺CD39⁺ CAR-T cells generated a

broader spectrum of phenotypes, including CD27⁻CD39⁻ progeny

(Fig. 3A, B). Notably, CD27⁺CD39⁺ CAR-T cells showed robust expan-

sion during the first co-culture and more than doubled in number

(Fig. 3B), while CD27⁻CD39⁻ cells exhibited limited proliferation,

consistent with their effector state (Fig. 3A). Both subsets mediated

potent leukemia clearance compared with non-transduced controls

Fig. 1 | Low-dose responder CAR-T cells exhibit a distinct phenotype. ANumber

of CAR-T cells per kg body weight per patient and their response to CAR-T cell

therapy. B Overview of patient groups and experimental setup. Created in BioR-

ender. Röthemeier, C. (2026) https://BioRender.com/nssj5kq. C UMAP of CAR-T

cell infusion products (n = 27) obtained by full-spectrum flow cytometry. Out of

10,129,369 cells, 66,121 sketched cells are shown.DUMAPof CD8CAR-T cells of the

infusion product (n = 27). Out of 3,020,704 cells, 149,398 sketched cells are dis-

played. E UMAP of CD4 CAR-T cells of the infusion product (n = 27). Out of

1,836,940 cells, 146,426 sketched cells are displayed. F Differential abundance

within CD8 CAR-T cells using DA-seq85 comparing high-dose to low-dose respon-

ders (top) and low-dose non-responders to low-dose responders (bottom).

G Differential abundance within CD4 CAR-T cells using DA-seq comparing high-

dose to low-dose responders (top) and low-dose non-responders to low-dose

responders (bottom). H Frequencies within CD8 CAR-T cells comparing high-dose

to low-dose responders. A one-sample t-test (two-sided) was applied. P values were

adjusted using Benjamini-Hochberg (n = 8 patients). I FrequencieswithinCD4CAR-

T cells comparing high-dose to low-dose responders. A one-sample t-test (two-

sided) was applied. P values were adjusted using Benjamini-Hochberg (n = 8

patients). J Pearson correlation of infused number of CAR-T cells within all

responders and frequencies of naïve-like CD4 T cells (left panel), naïve-like CD8

T cells (middle panel) and EM-like CD8 T cells (right panel). The correlation coef-

ficient and p valuewere calculated using a two-sided Pearsoncorrelation test. n = 14

patients.KComparison of frequencieswithin CD8CAR-T cells comparing low-dose

non-responders to responders. A one-sample t-test (two-sided) was applied. P

values were adjusted using Benjamini-Hochberg (n = 12 patients). L Frequencies

within CD4 CAR-T cells comparing low-dose non-responders to responders. A one-

sample t-test (two-sided) was applied. P values were adjusted using Benjamini-

Hochberg (n = 12 patients).M Pearson correlation of mean log2-FC per CD8/CD4

CAR-T cell type (UMAP inD/E, left/right panel) obtainedby comparing high-dose to

low-dose responders and comparing low-dose non-responders to low-dose

responders. Number of cell types (n = 7). The correlation coefficient and p value

were calculated using a two-sided Pearson correlation test. Abbreviations: UMAP

uniform manifold approximation and projection, Res Responder, NonRes Non-

responder, NK cells natural killer cells, NKT cells natural killer T cells, EM effector-

memory, CM central-memory, act. activated, kg kilogram, FC fold-change. Box

plots display the median, first and third quartiles and whiskers are defined as

1.5 times the interquartile range.
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Fig. 2 | Therapy response is determined by the absolute number of functional

effector-like CAR-T cells. A Quantification of absolute numbers of infused CD4

and CD8 CAR-T cell subsets per kilogram of body weight comparing low-dose to

high-dose responders. A one-sample t-test (two-sided) was applied, and p values

were adjusted using Benjamini-Hochberg correction (n = 6 patients).B F1 score per

cell type from A to discriminate responders from non-responders using absolute

numbers of infused CAR-T cell subsets or respective relative frequencies. Left

panel: low-dose patients, n = 13 paired cell types. Right panel: all patients. n = 14

paired cell types. A paired t-test (two-sided)was applied.C Boxplots comparing the

absolute number of infused CAR-T cell subsets per kg of body weight (top features

from B) between responders and non-responders. Left panel: low-dose patients

(n = 18 patients). Right panel: all patients (n = 27 patients). A two-sided Wilcoxon

rank-sum test was applied.DUMAPs of the CD8CAR-T cells of the infusion product

(n = 27). Left panel: Functional effector or EM-like populations are highlighted in

purple. Middle panel: Differential abundance comparing low-dose responders to

low-dose non-responders. Right panel: Highlighted immunophenotype based on

absence of CD27 and CD39 expression. E F1 score of the provided biomarker

combination (CD27⁻CD39⁻) and published biomarkers within CD4 CAR-T cells to

discriminate responders from non-responders within all dose levels. F F1 score of

the provided biomarker combination (CD27⁻CD39⁻) and published biomarkers

within CD8 CAR-T cells to discriminate responders from non-responders within all

dose levels. G Boxplots comparing absolute numbers of CD4⁺CD27⁻CD39⁻ infused

CAR-T cells per kgof bodyweight. A two-sidedWilcoxon rank-sum testwas applied.

P values were corrected using the Benjamini-Hochberg method. Res: n = 14, Non-

Res: n = 13. H Boxplots comparing the absolute number of CD8⁺CD27⁻CD39⁻

infusedCAR-T cells per kg of bodyweight. A two-sidedWilcoxon rank-sum test was

applied. P values were corrected using the Benjamini-Hochberg method. Res:

n = 14, NonRes: n = 13. Abbreviations: UMAP uniform manifold approximation and

projection, Res Responder, NonRes Non-responder, EM effector-memory, CM

central-memory, kg kilogram, FC fold-change. Box plots display the median, first

and third quartiles and whiskers are defined as 1.5 times interquartile range.
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(Fig. 3C). However, when normalized for CAR-T expansion and leuke-

mia growth, the CD27⁻CD39⁻ CAR-T cells displayed a more efficient

killing in the first co-culture round, which converged in the second co-

culture round, when both CAR-T cell populations shifted toward a

predominantly CD27⁻CD39⁻ effector phenotype (Fig. 3C, D).Multiplex

cytokine profiling of co-culture supernatants revealed enrichment of

key effector cytokines (including IFN-γ, TNF, and IL-2) for both CAR-T

subsets relative to non-transduced controls, without a consistent

cytokine signature distinguishing CD27⁻CD39⁻ from CD27⁺CD39⁺

CAR-T cells (Supplementary Fig. 5A). Together, these findings support

the interpretation that CD27⁻CD39⁻ CAR-T cells represent a highly

functional, terminal effector subset characterized by a stable pheno-

type, limited plasticity, and high cytotoxic potency.

Therapeutic efficacy of low-dose CAR-T cells is associated with
the pre-manufacturing blood composition
To investigate themechanisms underlying therapeutic response at low

doses, we performed deep-phenotyping of pre-manufacturing

peripheral blood mononuclear cells (PBMCs) of the patient cohort

introduced above before apheresis, i.e., prior to CAR-T cell manu-

facturing (n = 28). Following quality control, this analysis captured a

diverse cellular landscape comprising 14,266,855 high-quality cells.

These cells encompassed various populations, including CD4 and CD8

T cell subsets, γδ T cells, NK-T cells, NK cell subpopulations, classical,

intermediate, and non-classical monocytes, conventional and plas-

macytoid dendritic cells (DCs), and eosinophil-basophils (Fig. 4A,

Supplementary Fig. 6A). A comparison between low-dose responders

andnon-responders revealed that the pre-manufacturing bloodof low-

dose responders was significantly enriched in CD8 T cells (Fig. 4B, C,

Supplementary Fig. 6D). Within the T cell compartment, low-dose

responders displayed a higher abundance of effector and effector

memory states (Fig. 4D-G; Supplementary Fig. 6B, C, E). Conversely,

the pre-manufacturing blood of low-dose non-responders was highly

enriched in various myeloid populations, including classical and non-

classical monocytes, conventional DCs, plasmacytoid DCs, and eosi-

nophils/basophils (Fig. 4B, C). Within the myeloid compartment,
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Fig. 3 | CD27⁻CD39⁻ CAR-T cells represent a terminal effector subset with lim-

ited plasticity and high cytotoxic potency. A Alluvial plot showing CAR-T cell

expansion (absolute cell numbers summed across all six healthy donors) from

sorted CD27⁻CD39⁻ CAR-T cells across two sequential co-culture rounds with

Nalm6 leukemia cells. B Alluvial plot showing CAR-T cell expansion (absolute cell

numbers summed across all six healthy donors) from sorted CD27⁺CD39⁺ CAR-T

cells across two sequential co-culture rounds with Nalm6 leukemia cells. C Left:

quantification of residual leukemia cells after the first co-culture round. P values

were determined with a paired, two-sided t-test. n = 6 healthy donors. Right: per

CAR-T cell killing efficiency in round 1, normalized for total CAR-T cell abundance

and leukemia cell growth. P values were determined with a paired, two-sided Wil-

coxon rank-sum test. n = 6 healthy donors. D Left: quantification of residual leu-

kemia cells after the second co-culture round. P values were determined with a

paired, two-sided t-test. n = 6 healthy donors. Right: per CAR-T cell killing efficiency

in round 2, normalized for total CAR-T cell abundance and leukemia cell growth.

P values were determined with a paired, two-sided Wilcoxon rank-sum test. n = 6

healthy donors. Box plots display themedian, first and third quartiles and whiskers

are defined as 1.5 times the interquartile range.
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particularly non-classical monocytes and dendritic cell subsets were

associated with non-response at low dose levels (Supplementary

Fig. 6F, G). Comparisons of pre-manufacturing blood between disease

subtypes revealed no major differences in cellular composition and T

cell phenotype (Supplementary Fig. 7A-C).

Collectively, these findings suggest that low-dose responders

exhibit a distinct pre-manufacturing blood composition that is not

primarily driven by disease subtype, marked by a lower abundant

myeloid compartment and elevated effector memory T cell states -

mirroring the traits of their post-manufacturing CAR-T cell product.

Molecular programs of pre-manufacturingmyeloid populations
underly therapy response
To further delineatemolecular programs underlying the generation of

functional versus dysfunctional low-dose CAR-T cell products, we

performed single-cell proteo-genomics on the pre-manufacturing

blood from the cohort described earlier. Following rigorous quality

control and data integration, this analysis yielded a total of 112,442

high-quality cells, encompassing various immune cell subsets, includ-

ing different subsets of CD4 and CD8 T cells, γδ T cell subpopulations,

NK cell subsets, classical, intermediate, and non-classical monocytes,

and conventional dendritic cells (DCs) (Fig. 5A; Supplementary

Fig. 8A, B).

Differential expression testing between cellular neighborhoods of

low-dose responders and non-responders revealed various differ-

ences, particularly pronounced within the myeloid compartment

(Fig. 5B). Gene set enrichment analyses and differential expression

analysis indicated a marked pro-inflammatory state in the myeloid

populations of low-dose responders, resembling an M1-like polariza-

tion state (Fig. 5C-G). Gene expression patterns associated with TNF

signaling via NF-κB and antigen presentation machinery were sig-

nificantly upregulated in the myeloid compartment of low-dose
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efficacy of low-dose CAR-T cells. A UMAP of the cellular landscape of pre-
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Out of 14,266,855 high-quality cells, 118,601 sketched cells are shown.BDifferential

abundance using DA-seq within pre-manufacturing blood comparing low-dose

responders to non-responders. C Quantification of relative frequencies within pre-

manufacturing blood comparing low-dose responders to non-responders. A one-

sample t-test (two-sided) was applied, and p values were adjusted using Benjamini-

Hochberg correction (n = 6 patients). D UMAP display of CD8 T cells of the pre-

manufacturing blood (n = 28 patients). Out of 3,863,987 high-quality cells,

57,603 sketched cells are displayed. E Quantification of relative frequencies within

CD8Tcells comparing low-dose non-responders to responders. Aone-sample t-test

(two-sided) was applied, and p values were adjusted using Benjamini-Hochberg
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median, first and third quartiles and whiskers are defined as 1.5 times the

interquartile range.
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responders, consistent with M1-like polarization and a phenotype

supportive of pro-inflammatory T cell activation (Fig. 5D, E; Supple-

mentary Fig. 8C, D). In linewith this,major histocompatibility complex

(MHC) molecules on monocytes and dendritic cell subsets from low-

dose respondersweremarkedly upregulated atboth the transcript and

protein levels compared to their counterparts from low-dose non-

responders (Fig. 5C, F, G).

In contrast, myeloid populations from low-dose non-responders

displayed a reduced expression of their antigen presentation

machinery and diminished activation of pro-inflammatory signaling

pathways (Fig. 5C-G). Moreover, the myeloid compartment from non-

responders was enriched in non-classical monocytes characterized by

thehigh expression of regulators of the complement system, including

CD55, clusterin (CLU) and the complement receptor CR1 (Fig. 5H, I).
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CD55 and clusterin expression have been previously associated with

chronic inflammatory processes and suppression of tumor

immunity56,57. Supporting a potentially regulatory role, CD55 expres-

sion correlated with pathways linked to M2-like myeloid polarization,

including STAT3 and IL-10 signaling, while showing an inverse asso-

ciation with M1-like features, such as TNF signaling and antigen pre-

sentation (Fig. 5J). A regulatory role is further supported by elevated

expression of CCR1 in non-classical monocytes (Supplementary

Fig. 8E), which has been previously linked to M2-polarization58. Con-

sistent with this observation, CCR1 demonstrated a similar correlation

pattern to CD55, showing positive associations with M2-like polariza-

tion gene sets and negative correlations with M1-like characteristics

(Supplementary Fig. 8F).

Collectively, thesefindings reveal thatpre-manufacturingmyeloid

populations from low-dose responders exhibit a pro-inflammatory

phenotype supportive of T cell activation, whereas myeloid cells from

low-dose non-responders display a regulatory phenotype, which may

negatively impact T cell activation during CAR-T cell production.

Myeloid-derived regulatory milieu contributes to CAR-T cell
dysfunction
To evaluate whether the identified pre-manufacturing myeloid pro-

grams influence T cell states during CAR-T cell production, we ana-

lyzed potential associations between myeloid traits in pre-

manufacturing blood samples and the presence of functional or

CD39⁺ dysfunctional T cell states in the corresponding post-

manufacturing CAR-T cell infusion products (Fig. 6A). Notably, high

antigen presentation capacities and M1-polarization signatures in pre-

manufacturing monocytes were positively correlated with the pro-

duction of functional CAR-T cells and inversely correlated with dys-

functional CAR-T cell production. In contrast, signatures associated

with TGF-β signaling and IL-4 or IL-10 production inpre-manufacturing

myeloid cells, factors associated with regulatory and M2-like polar-

ization, were linked to the production of dysfunctional CD39⁺ CAR-T

cells. These data suggest that the cytokine milieu established by

myeloid cells may contribute to shaping CAR-T cell states during the

manufacturing phase.

To specifically assess whether regulatory polarization of myeloid

cells contributes to the generation of dysfunctional CAR-T cells, we co-

cultured PBMCs in the presence or absence of cytokines described to

induceM2-like polarization, including IL-4, IL-10, IL-13 andTGF-β59. The

pretreated co-cultures were then directly used as the starting material

for CAR-T cell production, with no further media exchange before

initiation of the manufacturing process (Fig. 6B). Consistent with our

findings, supplementation with these cytokines significantly increased

the generation of CD39⁺ CAR-T cells with a dysfunctional phenotype

(Fig. 6C). Notably, CAR-T cellsmanufactured fromPBMCs exposed to a

milieu resembling regulatory myeloid cells, exhibited a consistent

trend toward reduced targeted cell killing (Fig. 6D, E). To investigate

whether these effects are transient or long lasting, we performed a

washout of cytokines prior to CAR-T cell manufacturing. When cyto-

kines were removed before manufacturing, the frequency of CD39⁺

CAR-T cells remained comparable to the untreated control, indicating

that cytokine-driven upregulation of CD39 is largely transient and can

be prevented by removing the myeloid-like cytokine milieu prior to

CAR-T cell generation (Fig. 6F). In line with this interpretation, tran-

sient exposure to M2-like macrophages in the absence of sustained

suppressive cytokine signaling did not result in a lasting impairment of

CAR-T cell quality (Supplementary Fig. 9A). Consistently, CAR-T cells

generated after cytokinewashout displayed cytotoxic killing capacities

comparable to the control (Fig. 6G). As expected, cytotoxic activity

was significantly associated with the abundance of CD39⁺ CAR-T cells

(Fig. 6H). Collectively, these data suggest that the cytokine milieu

released by myeloid cells before and during CAR-T cell production

plays a crucial yet reversible role in determining CAR-T cell function-

ality and cytotoxicity.

Biomarker validation in an independent patient cohort
To assess the robustness and generalizability of our proposed bio-

marker combination beyond our initial cohort and CAR design, we

next evaluated its association with clinical response in an independent

patient cohort (n = 42) spanning multiple diseases (B-cell non-Hodg-

kin’s lymphoma [B-NHL; n = 25] and multiple myeloma [MM; n = 17]),

CAR constructs (second-generation CARs with either CD28 or 4-1BB

co-stimulatory domains), and targets (anti-CD19, anti-BCMA) (Fig. 7A).

Patients in this validation cohort were treated with four different

commercial CAR-T cell products: Breyanzi (anti-CD19, Bristol Myers

Squibb), Yescarta (anti-CD19, Kite/Gilead Sciences), Kymriah (anti-

CD19, Novartis), and Carvykti (anti-BCMA, Janssen Biotech/Legend

Biotech).

Notably, unlike our dose-escalation study using in-house gener-

ated CAR-T cells, commercially approved anti-CD19 CAR-T cell pro-

ducts were infused at comparably high doses (Fig. 7B). In contrast, MM

patients treated with anti-BCMA CAR-T cells received uniformly low

input doses, as dictated by product specifications (Fig. 7B). For reg-

ulatory reasons, biomarker profiling of commercial products was

performed on the earliest available post-infusion peripheral blood

sample (day 1–10), which served as a proxy for the infused product.

Biomarkers in pre-manufacturing PBMCs were assessed as in the dis-

covery cohort.

Consistent with the findings from the discovery cohort, the

CD27⁻CD39⁻ biomarker combination stratified responders from non-

Fig. 5 | Therapy response is associated with molecular programs of pre-

manufacturing myeloid subsets. A UMAP of the cellular landscape of pre-

manufacturing blood (n = 28) obtained by single-cell proteo-genomics. 112,442

high-quality cells are displayed. B Cellular neighborhoods with differentially

expressed genes within low-dose recipients obtained by miloDE87. C Volcano plot

highlighting differentially expressed genes between low-dose responders and non-

responders in all myeloid populations. P values were calculated using theWald test

and adjusted for multiple testing using the Benjamini-Hochberg method. D Gene

set enrichment analysis of gene sets enriched in low-dose responders (n = 6

patients). Pathway p values were estimated using an adaptive multilevel splitting

Monte Carlo approach based on enrichment scores calculated from the ranked

gene-level statistic. Benjamini-Hochberg corrected p values are displayed.

E Boxplots of differentially expressed gene sets in classical monocytes of low-dose

recipients. Min-max scaled expression values are displayed. A two-sample t-test

(two-sided) was applied. n = 18 patients. F Density histogram of HLA-DR fluores-

cence intensity in myeloid cells of low-dose recipients (n = 18 patients).G Boxplots

of HLA-DR scaled fluorescence intensity in classical monocytes and cDC2 cells of

low-dose recipients (n = 18 patients). A two-sample t-test (two-sided) was applied.

H Gene set enrichment analysis of gene sets enriched in low-dose non-responders

(n = 12 patients). Pathway p values were estimated using an adaptive multilevel

splitting Monte Carlo approach based on enrichment scores calculated from the

ranked gene-level statistic. Benjamini-Hochberg corrected p values are displayed.

IBoxplot of a differentially expressedgene set innon-classicalmonocytes.Min-max

scaled expression values are displayed. Boxplot ofmean CD55 gene expression per

patient in non-classical monocytes. Individual cells are plotted in the background.

Pie charts represent the fraction of cells with expression (expression value > 0;

blue) or without expression (expression value = 0; gray). A two-sample t-test (two-

sided) was applied. n = 18 patients. JCorrelation ofmean CD55 gene expression per

patient and scaled expression of different gene sets in all patients (n = 27 patients).

The Pearson correlation coefficient and p value were calculated using a two-sided

Pearson correlation test. Abbreviations: UMAP uniform manifold approximation

and projection, Res Responder, NonRes Non-responder, cDC conventional den-

dritic cells, pDC plasmacytoid dendritic cells, cl.mono classical monocytes, noncl.

mono non-classical monocytes, NK cells natural killer cells, FC fold-change. Box

plots display the median, first and third quartiles and whiskers are defined as 1.5

times the interquartile range.
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Fig. 6 | Myeloid-derived regulatory milieu contributes to CAR-T cell dysfunc-

tion. AMyeloidgene sets associatedwith a functional or CD39⁺dysfunctionalCAR-

T cell product. Mean feature importance values were derived from a Random

Forest analysis, averaged over 50 iterations. Error bars indicate the standard

deviation (SD) across 50 iterations. B Schematic overview of the experimental

setup for CAR-T cell manufacturing starting from healthy donor PBMCs. Created in

BioRender. Röthemeier, C. (2026) https://BioRender.com/nssj5kq. C Frequency of

CD39⁺ CD8 (left) or CD4 (right) CAR-T cells in the absence (ctrl.) or presence

(treated) of cytokines. A paired t-test (two-sided)was applied.n = 9 healthy donors.

D Schematic overview of the experimental setup for CAR-T cell and leukemia cell

co-cultures. Created in BioRender. Röthemeier, C. (2026) https://BioRender.com/
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two-sided Spearman correlation test. n = 18. Box plots display the median, first and

third quartiles and whiskers are defined as 1.5 times the interquartile range.
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responders in B-NHL when quantified as absolute CD27⁻CD39⁻ CAR-T

cell numbers (Fig. 7C). A similar degree of stratification was observed

using relative frequencies, reflecting the comparable range of infused

CAR-T cell doses in the investigated setting (Fig. 7D). In multiple

myeloma, all but one patient responded to anti-BCMA CAR-T therapy.

Notably, the single non-responder ranked among the lowest in both

absolute counts and relative frequencies of CD27⁻CD39⁻ CAR-T cells,

suggesting the biomarker’s potential applicability in this setting,

although higher numbers of non-responders will need to be investi-

gated for confirmation (Fig. 7C, D). As described in the discovery

cohort, CD27⁻CD39⁻ CAR-T cells outperformed previously described

biomarkers in the context of CD19-direct CAR-T therapies, in both

sensitivity and specificity, when using absolute numbers (Fig. 7E).

Finally, we validated the myeloid-associated biomarkers CD55 and

CD69 in leukapheresis samples (Fig. 7F). As in the discovery cohort,

CD55 was significantly elevated on non-classical monocytes in non-
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responders, whereas CD69 was enriched on cDCs and classical

monocytes in responders at the leukapheresis time point (prior to

CAR-T manufacturing).

Taken together, these validation data support that the

CD27⁻CD39⁻ biomarker combination is reproducibly associated with

clinical response across different diseases, CAR targets, and CAR

constructs, suggesting that it captures a core biological property of

highly potent and therapeutically effective CAR-T cells.

Discussion
To ensure optimal therapeutic outcomes in patients, CAR-T cells are

typically administered in large quantities. Accordingly, the vast

majority of research has so far focused on molecular programs in

high-dose settings55,60–68. In this study, we present the first compre-

hensive molecular and cellular characterization of CAR-T cell

responses across a range of dose levels. Consistent with previous

studies on high-dose recipients36,43–45,47–49,55, we observed that high-

dose responders are enriched in early-lineage CAR-T cells, including

naïve and central memory (CM)-like CD4 and CD8 subsets. In con-

trast, low-dose responders exhibited an enrichment in functional

effector-memory and effector-like CAR-T cell populations. Previous

studies suggest that differentiated effector-like CAR-T cells mediate

initial tumor killing, while long-term responses depend on the

expansion of less-differentiated subsets43–45,50,51. Based on these

findings, we hypothesize that in most patients receiving CAR-T cells

at high doses, a sufficient pool of effector-like CAR-T cells mediates

initial responses, while the number of immature CAR-T cells plays a

crucial role in determining sustained remission (Hoffmann et al.51,

in vitro data). In contrast, for patients receiving low CAR-T cell doses,

the number of functional effector-memory and effector-like CAR-

T cells mediating immediate and potent target cell killing represents

the critical factor. This hypothesis is supported by recent studies

showing enhanced serial killing capacity in functional CAR-T cells

from responders69, an enrichment of CD8 effector-memory or

effector-like CAR-T cells in responders37,65 and findings that infusion

products from non-responders are often enriched for dysfunctional,

exhausted CAR-T cells45,48,53–55. The functional experiments per-

formed with sorted subsets further support that CD27⁻CD39⁻ CAR-T

cells represent a stable effector-like state with high per-cell cytotoxic

potency. However, CD27⁺CD39⁺ CAR-T cells also showed pro-

liferative capacity and generated CD27⁻CD39⁻ progeny, indicating

that more plastic CAR-T cell states may also contribute to tumor

clearance. Thus, we interpret the CD27⁻CD39⁻ phenotype as a

response-associated effector state rather than an exclusive driver of

therapeutic efficacy. Future in vivo studies will be required to eluci-

date the underlying mechanistic basis.

Mechanistically, our study suggests that when CAR-T cells are

generated in limited quantities, the pre-manufacturing micro-

environment during production plays a pivotal role in determining

the therapeutic efficacy of the final product. Specifically, molecular

programs within the myeloid compartment that contribute to the

formation of functional or dysfunctional CAR-T cells are critical for

mediating therapeutic outcomes at low doses. Proinflammatory

myeloid programs, characterized by an M1-like phenotype and effi-

cient antigen presentation, promote the effective generation of

therapeutically active effector CAR-T cells. In contrast, insufficient T

cell support, molecular programs associated with complement reg-

ulation and an M2-like myeloid phenotype are associated with ther-

apy failure of generated CAR-T cells. These results align with

previous reports in high-dose CAR-T cell recipients, where myeloid

cells, particularly monocytes or myeloid-derived suppressor cells

with reduced MHC-II levels, have been linked to reduced CAR-T cell

expansion and lack of durable response29,31,33,35,37,38,70,71. Of note, sup-

plementing the cellular starting material of the CAR-T cell

manufacturing process withM2-promoting factors such as IL-4, IL-10,

IL-13, and TGF-β favored the production of dysfunctional CAR-T cells

with reduced killing activity. This finding is consistent with a recent

study highlighting the role of IL-4 in CAR-T cell exhaustion72.

Importantly, removal of theseM2-promoting cytokines prior to CAR-

T cell generation prevents the development of a dysfunctional CAR-T

cell phenotype. These findings suggest that regulatory myeloid-

associated signals impair CAR-T cell function through a reversible,

manufacturing-dependent mechanism rather than a fixed, patient-

intrinsic determinant. Consistently, transient exposure to M2-like

macrophages alone did not durably impair CAR-T cell quality. The

validation data in a cross-disease and independent patient cohort

further supports the role of myeloid M1/M2 programs that con-

tribute to the functionality or dysfunctionality of the CAR-T cell

product. Because of legal constraints prohibiting direct evaluation of

biomarkers in commercial infusion products, the validation cohort

relied on CAR-T cells in peripheral blood at early time points post-

infusion as a proxy for the initial CAR-T infusion product. While we

acknowledge that this analysis did not directly assess the actual

infusion product, these data nevertheless support the association

between the CD27⁻CD39⁻ phenotype, early on-treatment CAR-T cell

behavior and clinical response. Jointly, these observations could

form the basis for strategies to improve CAR-T cell functionality

during the manufacturing process and enhance effective therapy at

low doses.

Our findings carry significant clinical implications. For a con-

siderable proportion of patients eligible for CAR-T cell therapy, the

number of manufactured CAR-T cells may not meet current end-

product specifications, thus resulting in an OOS product. As a result,

these patients may not receive treatment, or CAR-T cells may only be

administered at the discretion of the treating physician, leading to

uncertain therapeutic outcomes. This challenge is underscored by

recent reports showing that, although CAR-T cell products can be

generated with markedly shortened manufacturing processes of

approximately 2–3 days73,74, these accelerated protocols often fail to

produce sufficient cell numbers within this timeframe. This, in parti-

cular, can exacerbate the risk of OOS for already challenging patient

samples and clinical situations. On the other hand, pharmaceutical

enterprises manufacturing OOS products face the challenge of non-

reimbursement, which introducesmajor financial risks. These risks are

often offset by inflated costs for functional CAR-T cell products, ulti-

mately contributing to the high overall treatment expenses. In addi-

tion, current biomarker strategies for predicting response have been

primarily developed for patients receiving CAR-T cells in excess.

Importantly, our study suggests that these strategies may not be

applicable to low-dose recipients due to two distinct conceptual dif-

ferences. First, while relative frequencies can be particularly useful

when comparing patients with comparable CAR-T cell doses, the

absolute counts of CAR-T cells are more predictive of therapeutic

response, when comparing patients receiving different dose levels.

Second, the number of non-dysfunctional effector- and effector-

memory-like CAR-T cells is a more powerful predictor of response in

low-dose patients. In light of these findings, we propose a simple

biomarker strategy (CD27⁻CD39⁻) to assess a minimum threshold of

therapeutically active CAR-T cells necessary to elicit a response at

limiting doses, applicable in CD19-directed CAR-T therapies of the

second and third generation, and likely transferable to BCMA-directed

CAR-T cells. These conceptual advances may offer a basis for pre-

dicting therapy response inOOSCAR-T cell products or other settings,

such as in accelerated manufacturing protocols, where target cell

numbers are not met. This could expand access to CAR-T cell therapy

for a broader range of patients, reduce costs associated with therapy

failures, and potentially lead to revisions in regulatory standards for

CAR-T cell production.
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Methods
Study design and study identification
The samples analyzed in this study are derived from theHD-CAR-1 trial:

NCT03676504 (clinicaltrials.gov), EudraCT-No. 2016-004808-60, fed-

eral authority No.: 3148/02, Institutional review board/Ethics Com-

mittee approval (Heidelberg University) No.: AF-mu 405/2017. Further

details on the HD-CAR-1 clinical trial design and patient inclusion cri-

teria are available in the original study protocol, which includes ALL,

CLL, and B-NHL cohorts52. Importantly, this original protocol specified

three planned dose levels only (DL1: 1 × 106, DL2: 5 × 106, and DL3: 20 ×

106 CAR-T cells/m²). The trial was later amended to include three

additional dose levels (DL4: 50× 106, DL5: 100× 106, andDL6: 200 × 106

CAR-T cells/m²), as reported in Schubert et al.75 and described in detail

in the clinical trial study recordNCT03676504. Clinical data for theALL

and CLL cohorts have been reported separately in Schubert et al.53 and

Derigs et al.54. Characteristics of all patients included in this study are

summarized in Supplementary Data 1. The study profile of the HD-

CAR-1 cohort, including the exact administered dose levels, is shown in

Supplementary Fig. 10. Clinical efficacy of HD-CAR-1 treatment was

assessed at end-of-study (EOS), i.e., day 90 (d90) after CAR-T cell

treatment, based on the response criteria defined for ALL76, chronic

lymphocytic leukemia (CLL)77 andNHL78. For the B-NHL cohort, clinical

efficacy and outcome data are presented in Supplementary Fig. 11.

Corresponding clinicalmetadata, including response status at EOS and

treatment-related adverse events such as cytokine release syndrome

(CRS) and immune effector cell-associated neurotoxicity syndrome

(ICANS), aswell as dose category and exact administered dose for each

patient, are provided in Supplementary Data 1. Dose levels in the study

protocol were defined as CAR-T cells/m². For each patient, the

assigned dose level was multiplied by the individual body surface area

(BSA) to calculate the absolute number of CAR-T cells to be infused.

BSA was calculated from body weight (kg) and height (cm) using the

formulas ofMosteller79 andDuBois80. The average of both calculations

was used for each patient, respectively. To allow comparison with

previous studies reporting the CAR-T cell dose normalized to kilogram

of body weight, the absolute number of infused CAR-T cells was divi-

ded by the patient’s body weight (kg) and indicated as CAR-T cells per

kilogram of body weight. Patients were classified as responders and

non-responders as follows: for ALL, only patients negative for minimal

residual disease (MRD) were considered responders, whereas those

with molecular relapse after CAR-T cell treatment, i.e., MRD positivity

at EOS (detectable MRD> 1 × 10−4), were considered non-responders.

For the CLL/NHL cohort, responders had achieved a complete

response (CR) or partial response (PR) at EOS, while non-responders

had stable disease (SD) or experienced disease progression after

treatment. Patients receiving >1 × 106 infused CAR-T cells per kilogram

of body weight were defined as high-dose recipients, while patients

receiving <1 × 106 infused CAR-T cells per kilogram of body weight

were defined as low-dose recipients.

Ethics approval
The HD-CAR-1 clinical trial was conducted in accordance with the

principles outlined in the Declaration of Helsinki (2008). All partici-

pants providedwritten informed consent, and their confidentiality and

anonymity were ensured in compliance with German general national

regulations, specifically the Bundesdatenschutzgesetz (BDSG). Ethical

approval, along with approvals from both local and federal competent

authorities, was obtained. The trial also received Institutional Review

Board/Ethics Committee approval from Heidelberg University (No.:

AF-mu 405/2017). PBMC samples from healthy blood donors were

obtained as buffy coats from the blood donation center 'Zentrum für

Transfusionsmedizin und Zelltherapie Berlin' (ZTB) Berlin. All analyses

of blood samples from healthy donors were conducted in accordance

with the Declaration of Helsinki and local ethical guidelines. The

acquisition and use of healthy donor buffy coats were approved by the

Institutional Review Board/Ethics Committee of Charité—Uni-

versitätsmedizin Berlin. Approval for the recruitment of voluntary

healthy blood donors was obtained from Ethikausschuss 1 am Campus

Charité—Mitte under approval numbers EA1/003/17 and EA1/222/13.

The use of anonymized healthy donor buffy coats was covered by the

ethics approvals listed above, including any applicable consent

requirements or waivers.

Full-spectrum flow cytometry of CAR-T cell infusion products
CAR-T cell infusionproducts from27patients enrolled in theHD-CAR-1

trial were analyzed on the same daywith full-spectrum flow cytometry

(CytekAurora 5 L) using a 36-marker panel. The infusionproduct of P2-

19 was unavailable on the day of measurement. Samples were thawed

at 37 °C, washed and cell suspensions resuspended in 2% fetal calf

serum (FCS) 0.5mM EDTA PBS (FACS buffer) for performing staining

with the antibody mix. Staining was carried out in three consecutive

rounds, each involving a 20-min incubation at 4 °C. Antibodies used

are summarized in Supplementary Table 2.

Full-spectrum flow cytometry of pre-manufacturing PBMCs
Pre-manufacturing PBMCs at time point of leukapheresis from 28

patients enrolled in the HD-CAR-1 trial were analyzed on two con-

secutive days with full spectrum flow cytometry (Cytek Aurora 5L)

using a 35-marker panel. Samples were thawed at 37 °C, washed and

cell suspensions resuspended in 2% FCS 0.5mM EDTA PBS (FACS

buffer) for performing staining with the antibody mix. Staining was

performed at 4 °C for 30min. Antibodies used are summarized in

Supplementary Table 3.

Full-spectrum flow cytometry data pre-processing
For full-spectrum flow cytometry data, spectral unmixing was per-

formed using the SpectroFlow software (Cytek Biosciences, v. 3.2.1).

To detect and remove anomalies based on common flow cytometry

parameters, .fcs files were further processed using the R package flo-

wAI (v. 1.24.0). The function flow_auto_qc was run, and anomalies

identified based on the flow rate were removed. Obtained .fcs files

were then imported into FlowJo (BD Biosciences, v. 10.8.1) to assess

unmixing quality by visualizing markers in N ×N plots. The data was

transformed using the in-built logicle transform function of FlowJo.

Populations of interest (single live cells) were exported as .csv files

using channel values for downstream analysis in R (v. 4.3.0).

Flow cytometry data downstream analyses
All downstream analyses were performed in R (v. 4.3.0). The Seurat81

package (v. 5.0.3) was used for downsampling, clustering, and

dimensionality reduction. Instead of using all cells (on the order of 10

million) for dimensionality reduction and clustering, we applied

atomic sketching, a non-uniform downsampling strategy that selects a

representative subset of cells (“atoms”) based on leverage scores,

which is designed to preserve the overall cellular landscape and to

enrich for rare populations. These atoms from all patients were then

used for joint dimensionality reduction by principal component ana-

lysis (PCA), clustering with the Louvain algorithm82 and data visuali-

zation in a uniform manifold approximation and projection (UMAP)

embedding83. Manual annotation of clusters was conducted based on

marker expression and expert knowledge. Cluster labels of cells not

selected by sketching were determined by Linear Discriminant Analy-

sis as implemented in the MASS84 R package (v. 7.3-60). Importantly,

while atomic sketchingwas used toobtain a representative embedding

for visualization and clustering, all downstream quantitative and sta-

tistical analyses were performed on the entire dataset, including

all cells.

Differential abundance using DA-seq85 (v.1.0.0) was performed

according to the DA-seq vignette with default settings. Values for the k

vector were adapted and set to 20 and 500. To quantify differential
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abundance of cell types, the frequency or absolute numbers of each

subset was determined per sample. Depending on the comparison, the

frequency of each cell type per sample in one groupwasdivided by the

corresponding mean frequency of the same cell type in the other

group. The obtained fold-changes (FC) were then log2-transformed

and visualized using ggplot286. To determine significance, a one-

sample t-test (two-sided) was applied, and p values were corrected

using Benjamini-Hochberg. For the correlation analysis log2-FC values

were initially determined as described. For each cell type, the mean

was calculated within the group of interest and correlated with the

respective mean values of the comparison group. The Pearson corre-

lation coefficient was computed for each correlation analysis.

To determine the classification performance of each cell type in

the CAR-T cell product, a receiver-operating characteristic (ROC)

analysis was performed. For this, the relative frequencies or absolute

numbers of each cell type were calculated per sample. Then, for each

cell type, a ROCcurvewasplotted for relative frequencies and absolute

numbers, respectively. The optimal cutoff was identified using the

“closest to top left” approach. For the subset of CD39⁺ CM-like CD4

CAR-T cellswithin low-dosepatients, the cutoff couldnotbe identified,

therefore this subset was excluded from the analysis of low-dose

recipients. The samples were then classified into binary categories

(responder or non-responder) based on the determined cutoff, and

the predicted labels were compared to the true response labels. From

this confusion matrix, precision and recall were extracted and the

F1 score was calculated. To assess the classification performance of

biomarkers, cells were first gated based on the expression levels of the

respective surface markers. Then, the relative frequencies or absolute

numbers of biomarker associated cells was calculated per sample fol-

lowed by the same approach as outlined above.

Statistical analysis of covariates associated with clinical
response
Associations between clinical/biological covariates and clinical

response were assessed using univariable logistic regression, with

clinical response (Responder vs. Non-Responder) as the binary out-

come and each covariate as a separate predictor (Supplementary

Table S2, Supplementary Fig. 1, Supplementary Fig. 4). Odds ratios

(ORs) and 95% confidence intervals (CIs) were estimated for each

model. Because of the limited cohort size and sparse data in some

categories, we used a stepwise strategy to obtain stable estimates.

First, a standard logistic regression model was run. If the model failed

due to separation (i.e., one outcome occurring only in one group),

Firth’s penalized logistic regression was applied, which is an approach

specifically designed for small sample sizes. If this was still not feasible,

ORs and 95% CIs were derived from 2 × 2 tables using a Haldane-

Anscombe continuity correction (0.5 added to each cell). P valueswere

obtained from Fisher’s exact tests and adjusted formultiple testing. To

further assess the relationship of numeric covariates, Pearson corre-

lation coefficients were calculated. Associations among categorical

covariates were determined by using contingency tables and sum-

marized byCramér’s V (range0–1), which yields amatrix of association

strengths.

Single-cell proteo-genomics
Pre-manufacturing PBMCs from 28 patients enrolled in the HD-CAR-1

trial were subjected to single-cell proteogenomics analysis using the

BDRhapsody platformon two consecutive days. In brief, samples were

thawed at 37 °C, washed and cell suspensions were resuspended in 2%

FSC 0.5mM EDTA PBS (FACS buffer). Cells were stained with a live-

dead mix including DAPI and Caspase-3. After a short incubation with

the live-deadmix at 4 °C, 25k T cells and 25k non-Tcells were sorted for

each sample using a FACSAria III sorter (BD Biosciences). The sorted

cells were then pooled for each sample, respectively, prior to labeling

with hashing (sample-tag) antibodies according to the manufacturer’s

instructions. Incubationwith hashing antibodies was performed on ice

for 30minutes. After three rounds of washing, samples were stained

with the Abseq master mix (83 oligonucleotide-labeled antibodies;

from BD Biosciences) for 30min on ice. Abseq antibodies used are

summarized in Supplementary Table 4. Subsequently, samples were

washed three times before continuing with the single-cell capture

protocol using theBDRhapsody scRNA-seq platform (BDBiosciences).

Single-cell capture and preparation of hashing (sample-tag), mRNA

and Abseq libraries were performed according to the manufacturer’s

instructions.Quality control of librarieswas conductedusing theQubit

dsDNA HS (High Sensitivity) kit and the 4200 TapeStation system

(Agilent). Pooled libraries were sequenced using the Novaseq

6000 system (Illumina).

Pre-processing of single-cell proteo-genomics data
Fastq files were pre-processed using the BD Rhapsody pipeline (v. 2.0)

according to the manufacturer’s recommendations and instructions.

The obtained unique molecular identifier (UMI) count matrices were

imported into R (v. 4.3.0) for further processing and quality control

prior to downstream analyses using the Seurat framework (v. 5.0.3).

For one pooled library, the inflection point was determined manually

due to challenges with the automated detection of the inflection point

(true cell barcodes). The manually defined inflection point was com-

parable to that of the other pooled libraries. High-quality cells used for

downstream analyses were determined based on stringent quality

controlmeasures, including the total number of UMIs per cell (>1000),

the total number of features per cell (>1000) and the frequency of

mitochondrial genes (<25%). Furthermore, only features present in at

least three cells were retained.

Downstream analyses of single-cell proteo-genomics data
To account for differences in sequencing depth, UMI counts of the

RNA assay were log-normalized while counts of the Abseq assay were

normalized using the centered log ratio (CLR). Subsequently, the

normalized count matrices from both assays were concatenated and

batch integration was performed using Seurat’s CCA integration

method. Following dimensional reduction using PCA, Louvain clus-

tering and data visualization in a UMAP embedding, clusters were

annotatedmanually based on expert knowledge using gene andAbseq

marker expression. To identify cellular neighborhoods with differen-

tially expressed genes between low-dose responders and non-

responders within the pre-manufacturing blood, miloDE87 (v. 0.0.09)

was applied according to the vignette with default settings. Prior to

differential expression testing, neighborhoods without any perturba-

tion were discarded based on an AUC cutoff <0.65. Neighborhoods

with >2 differentially expressed genes were highlighted in the cellular

neighborhood UMAP embedding. For differential gene expression

analysis of myeloid cells within low-dose patients, DESeq2 was applied

using the light wrapper from the DElegate R package (v. 1.2.1). Mito-

chondrial and ribosomal genes were excluded for this analysis. For

genes with adjusted rounded p-values of 0, this value was replaced

with an extremely small pseudo-value (1 × 10⁻³⁰⁰) to avoid issues with

calculating −log₁₀(padj). Gene set enrichment analysis (GSEA) was

performed for classical and non-classical monocytes of low-dose

patients, independently. Initially, differentially expressed genes were

determined using Seurat’s FindMarker function and ranked according

to their log2-FC. Pathways and categories were selected using the

Molecular Signatures Database (MSigDB) as implemented in the

msigdbr88,89 R package (v. 7.5.1). A multi-level GSEA analysis was per-

formed on the ranked genes using the fgseaMultilevel function as

implemented in the fgsea90 R package (v. 1.26.0). For plotting of

pathways, the plotEnrichment function was used. To evaluate whether

pre-manufacturing myeloid programs (gene sets) influence T cell

states during CAR-T cell production, a Random Forest model was

trained iteratively 50 times using the R package randomForest (v. 4.7-
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4.11). The mean feature importance and standard deviation across all

iterations were calculated for each feature. To investigate the rela-

tionship betweenmyeloid gene sets and CAR-T cell states, the Pearson

correlation coefficients were computed.

Biomarker analysis in the validation cohort
Patient samples of the validation cohort were obtained after written

informed consent in accordance with the Declaration of Helsinki. The

study was approved by the institutional ethics committee of the

Charité Universitätsmedizin Berlin (Ethics approval number EA2/142/

20). Clinical efficacy for this cohortwas assessed atday 180afterCAR-T

cell treatment. Characteristics of patients included in this cohort are

summarized in Supplementary Data 2. CAR-T cell (CD27 and CD39)

andmyeloid cell (CD55 and CD69) biomarker expression was assessed

by flow cytometry in an independent patient cohort (n = 42). This

cohort included patients with multiple myeloma (n = 17) and B-cell

non-Hodgkin’s lymphoma (n = 25). Leukapheresis samples were avail-

able for all patients andwere analyzed by flow cytometry for CD55 and

CD69 expression on non-classical monocytes, classical monocytes,

and conventional dendritic cells. For 29patients, an early post-infusion

PBMC sample (day 1–10) was available and used to assess CD27 and

CD39 expression on CAR-T cells in vivo. Antibodies used are sum-

marized in Supplementary Table 5.

PBMC isolation and cytokine treatment
PBMCswere isolated from the peripheral blood of nine healthy donors

(HD) by density gradient centrifugation. Cell concentration was

adjusted at 1 × 106/ml in completemedium (45% RPMI-1640 (21875091,

Gibco Invitrogen), 45% Click’s medium (9195 FujiFilm; Irvine Scientific,

Santa Ana, CA), 2 mM l-glutamine (25030081, ThermoFisher), and 10%

fetal bovine serum (A5256801, Gibco) supplemented with 10 ng/mL

interleukin-7 (IL-7) (207-IL-025, Peprotech, Rocky Hill, NJ) and 5 ng/mL

IL-15 (247-ILB-025, Peprotech, Rocky Hill, NJ)) and plated in a 24-well

plate. PBMCs were then treated with cytokine mixtures consisting of

IL-4 (200-04, PeproTech, Inc), IL-10 (200-10, PeproTech, Inc), IL-13

(200-13, PeproTech, Inc) and TGF-β (100-21, PeproTech, Inc) at a final

concentration of 20 ng/mL each. Plates were incubated at 37 °C with

5% CO₂ for 16 h. For cytokine washout experiments, the same experi-

mental setup was prepared with one additional condition in which

cytokines were added, as previously described, but then subjected to

extensive washing before CAR-T cell manufacturing.

Retroviral CD19-CAR-T cell production
Retroviral vector production and T cell transduction were performed

as previously described53,91,92. Briefly, 293T cells (ACC 635, DSMZ) were

transfected with SFG vector carrying CD19-CAR construct, in addition

to the packaging plasmids (PeqPam, RD114), with GeneJuice (Merck

Millipore, Billerica, MA). The viral supernatant was harvested after 48

and 72 h. Following cytokine treatment, T cellswere activated byOKT3

(317326, Biolegend) and CD28 (302934, BioLegend) antibodies and

expanded for 48 h in completemedium, before retroviral transduction

on day 3 using RetroNectin (T100B, Takara).

Co-culture assays
After 12 days, CAR-T or nontransduced (NT) T cells were analyzed by

flow cytometry and co-cultured with the leukemia cell line Nalm6-

zsGreen (ACC 128, DSMZ) in 96-well plates in the absence of exogen-

ous cytokines. Target cells were co-cultured at effector-to-target (E:T)

ratios of 1:1 and 1:4 for 72 h, following analysis by flow cytometry.

Flow cytometry of cytokine and co-culture assays
Flowcytometrywasperformedondays−1, 12 and 15.Cellswere stained

using the following anti-human antibody panel: CD3, CD4, CD8, CD39,

CD33, and CD16 (summarized in Supplementary Table 6). Antibodies

were purchased from BD Biosciences (San Jose, CA), Beckman Coulter

(Brea, CA), Thermo Fisher Scientific (Waltham, MA), and Biolegend

(San Diego, CA). For the detection of CD19-CAR-T cells, a biotinylated

protein L (Thermo Fisher Scientific) followed by fluorochrome-labeled

streptavidin (BD Biosciences) was used. Data were acquired using the

FACSCanto II and FACSymphony A1 (BD Biosciences).

Analysis of flow cytometry data from cytokine and co-
culture assay
Flow cytometry data were analyzed with FlowJo (v. 10, Tree Star,

Ashland, OR). For the cytokine assay and the analysis of CD39-

expressing cells, live, single cells were selected. Within CD4 and CD8

T cells, CAR-expressing cells were selected and the fraction of CD39⁺

cells within the respective T cell compartment was determined.

For the co-culture assay, the fraction and absolute number of live

Nalm6 leukemia cells were determined based on the expression of

Nalm6 and 7AAD.

Functional validation of CD27⁻CD39⁻ CAR-T cells
For functional validation of the CD27⁻CD39⁻ CAR-T cell phenotype,

CAR-T cells were generated from healthy donor PBMCs. After manu-

facturing, CAR-T cells were sorted into two populations: (1)

CD27⁻CD39⁻ and (2) CD27⁺CD39⁺ (as control population). Both

populations were co-cultured for two consecutive 72-h rounds with

Nalm6 leukemia cells at a 1:1 effector-to-target ratio. After each co-

culture round, cellswere stainedwith the following antibody panel and

analyzed by flow cytometry: CD3, CD4, CD8, CD27, CD39, and an anti-

CAR antibody. Nalm6 cells were GFP-labeled to allow discrimination

from CAR-T cells. Counting beads was added to determine absolute

cell numbers. To quantify per-CAR-T cell killing capacity at 72 h, both

the absolute abundance of CAR-T cells at 72 h and leukemia cell

expansion were incorporated into the analysis. For each donor and

sorted CAR-T cell subset, the absolute CAR-T cell count was deter-

mined to obtain the total number of CAR+ cells present at 72 h. Non-

transduced (NT) samples were used as donor-matched leukemia-

growth controls. For multiplex cytokine profiling, 50 µl of co-culture

supernatant was collected per sample. Cytokine levels were quantified

using the Olink Target 48 Cytokine panel according to the manu-

facturer’s instructions.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
High-quality flow cytometry data, single-cell proteo-genomics data

and clinical metadata are provided under the following link: https://

doi.org/10.5281/zenodo.14711865. The sequencing data generated in

this study have been deposited in the NCBI Gene Expression Omnibus

(GEO) under accession number GSE314571. Source data are provided

with this paper.

Code availability
R scripts and code are provided under the following link: https://doi.

org/10.5281/zenodo.14711865.
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