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David Stahl,1,2,3,4,5,33 Philipp Gödel,1,2,4,33 Hyatt Balke-Want,1,2,4,6,33 Rahil Gholamipoorfard,1,7 Paul Segbers,1,2,5
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SUMMARY

Despite the improvement, approximately 60% of patients with relapsed or refractory (r/r) aggressive B cell

lymphoma (B-NHL) do not achieve durable benefit from CAR-T cell therapy. To elucidate factors associated

with CAR-T therapy resistance, we conducted high-dimensional analyses of pre- and post-CAR-T cell spec-

imens. In patients with non-durable response, we identified a prognostically relevant lymphoma-associated

myeloid-monocytic (LAMM) gene signature. In-depth profiling revealed a distinct CSF1R+CD14+CD68+

LAMM cell population in both human and murine B-NHL that inhibits CAR-T cell function and correlates

with poor outcome. Cell-cell inference analysis uncovered that LAMM cells impair CAR-T cell function

through a direct LAMM-T cell interaction via the PGE2-EP2/EP4 axis. In an autochthonous lymphoma mouse

model, combined anti-CD19 CAR-T cell therapy with CSF1R blockade exhibited synergistic effects and

improved survival. These findings provide strong rationale for combining anti-CD19 CAR-T cells with

CSF1R inhibitors in treating r/r aggressive B-NHL patients.

INTRODUCTION

Chimeric antigen receptor T (CAR-T) cell therapy has revolution-

ized treatment of patients with relapsed or refractory (r/r) aggres-

sive B-NHL. CD19-directed CAR-T cells have demonstrated

potent activity, leading to approvals in a variety of aggressive

B-NHL.1,2 However, up to two-thirds of anti-CD19 CAR-T cell-

treated aggressive B-NHL patients do not show long-term

benefit and oftentimes succumb to their disease.3,4 To date, mo-

lecular and cellular mechanisms that underlie CAR-T cell failure

and, ultimately, resistance have been attributed to antigen

downregulation5 or mutation,6,7 expansion of regulatory CAR-T

(CAR-Treg) cells,
8,9 and a suppressive lymphoma tumormicroen-

vironment (TME).10 To overcome these mechanisms of CAR-T
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cell failure, for instance, antigen downregulation can be ad-

dressed by utilizing multi-targeted CAR-T cells11 and CAR-Treg
cells can be depleted from manufactured products, e.g., via

CD25 selection.8 Correlative transcriptomic studies involving

samples from CAR-T cell-treated aggressive B-NHL patients

indicate a relevant role of the TME in response and resistance

to CAR-T cell therapy.10,12,13 However, targeting the TME in

aggressive B-NHL to boost efficacy of CAR-T cells has not yet

been sufficiently explored.

It is established that under pathological conditions such as

chronic inflammation or cancer, bone marrow and spleen

show an enhanced output of immature myeloid cells. These

cells accumulate and fail to fully differentiate into functional

macrophages, dendritic cells, or neutrophils. Instead, they

exert immunosuppressive functions e.g., via interleukin 10

(IL-10), transforming growth factor β 1 (TGF-β1), and prosta-

glandin E2 (PGE2) with T cell inhibition being the most relevant

for their functional taxonomy.14,15 In an attempt to provide a

classification summarizing the origin, function, and spectrum

of these cells, they were initially termed myeloid-derived sup-

pressor cells (MDSCs),16 and later grouped into polymorpho-

nuclear (PMN)- and monocytic (M)-MDSCs.17,18 In tumors,

M-MDSCs deviate from intermediate states of monocytes to-

ward tumor-associated macrophages (TAMs), which is driven

by hypoxia and activation of the hypoxia-inducible factor 1α

(HIF1α).18 Differentiation of M-MDSCs toward TAMs is charac-

terized by downregulation of CD14 and upregulation of CD68

as well as colony stimulating factor 1 receptor (CSF1R).

Here, the receptor tyrosine kinase CSF1R takes center stage

by promoting expansion and the developmental shift toward

TAMs.19 At the molecular level, the PI3K/AKT/mTOR axis

has been identified as a key downstream target.20 While

extensive work has been conducted to characterize prognos-

tically relevant features of the TME in aggressive B-NHL,

especially within the context of CAR-T cell therapy,10,12,13

our knowledge on the functional interplay of the myeloid cell

compartment with other cell populations, including CAR-T

cells, is scarce and warrants further investigation to develop

therapeutic strategies for reprogramming the TME and

thereby overcome resistance against CAR-T cell therapy in

aggressive B-NHL.21

Weherein aimed to elaborate mechanisms that are associated

with CAR-T cell treatment failure and performed high-dimen-

sional analyses using bulk RNA sequencing (bulk RNA-seq), sin-

gle-cell RNA sequencing (scRNA-seq), imaging mass cytometry

(IMC), and MACSima imaging cyclic staining (MICS) in durable

and non-durable responding CAR-T cell patients with the ulti-

mate goal to identify potential therapeutic targets within the

TME to be validated in our CAR-T cell-treated lymphoma mouse

model.
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Figure 1. A LAMM cell-derived gene signature is prognostically relevant in CAR-T cell-treated aggressive B-NHL and LAMM cells ex-

press CSF1R

(A) Schematic study design.

(B) Overall survival (OS) of the study cohort (n = 104, p < 0.001, log rank test). Durable responders (DR) defined as complete remission six months after CAR-T cell

therapy.

(C) Heatmap of aggressive B-NHL before CAR-T cell therapy (n = 24). *DR patient receiving radiation therapy within six months post-CAR-T cell therapy who was

excluded from downstream evaluation of clinical data.

(D) Progression-free survival (PFS) of the biopsy cohort (n = 17, p = 0.012, log rank test).

(E) scRNA-seq of aggressive B-NHL samples before CAR-T cell therapy. Highlighted are single patients, their main B cell receptor (BCR) clone and the over-

lapping TME.

(F) Phenographic clustering.

(legend continued on next page)
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RESULTS

A CSF1R+ lymphoma-associated myeloid-monocytic

(LAMM) cell population associates with CAR-T cell

failure in patients with aggressive B-NHL

To elucidate hallmarks of an immunosuppressive TME resulting

in CAR-T cell resistance in patients with aggressive B-NHL, we

applied high-dimensional analysis including bulk RNA-seq,

scRNA-seq, IMC, and MICS to aggressive B-NHL specimens

obtained at baseline and after CAR-T cell infusion (Figure 1A).

Our cohort consisted of 106 patients with aggressive B-NHL

treated with CAR-T cells at the University Hospital of Cologne

(Table S1). Complete remission six months after CAR-T cell

therapy, defined as durable response (DR), results in improved

patient progression-free (PFS) and overall survival (OS) and

correlates with lower metabolic tumor volume (MTV) prior to

treatment3,22–24 (Figures 1B and S1A–S1C), but not with Cell-

of-Origin (COO) (Figures S1D–S1F). We performed bulk RNA-

seq (Figures S1G and S1H) and found a strong enrichment of tu-

mor hypoxia, glycolysis, and reactive oxygen species pathways

in aggressive B-NHL with non-durable response (NDR) to

CAR-T cell treatment (Figures S1I–S1K). In line with the hypoxic

TME, we observed an enrichment of myeloid-monocytic asso-

ciated genes consisting of CD14, ITGAM, CD68, S100A9,

CEBPB, PTGS2, IL10,17 CD80, CD40, MARCO, ADGRE1,

TLR7,25 MSR1,26 MERTK,27 FCGR2B,28 PDGFB,29 CXCL10,30

and IL1B31 in patients with NDR (Figure 1C). Strikingly,

high expression of the immunosuppressive LAMM gene

signature was associated with worse outcome (Figures 1D

and S1L).

To further characterize a LAMM cell population driving the

expression of our LAMM gene signature, we performed scRNA-

seq of 61,538 cells derived from seven independent primary hu-

man B-NHL specimens before CAR-T cell therapy (Figure S2A).

By employing B cell receptor sequencing (BCR-seq), we sepa-

rated individual aggressive B-NHL-derived malignant B cells

from the shared TME across all samples (Figures 1E and S2B).

In addition, we identified a population of the shared TME to ex-

pressCD14 (Figure 1E). Unbiased phenographic clustering iden-

tified a total of 29 clusters (Figure S2C), indicated that the TME

consisted of six T cell (C4, C5, C7, C8, C10, andC13) and a single

myeloid-monocytic cluster (C19) (Figure 1F) and showed that

cells from C19 were present in all patient samples (Figure S2D).

To better characterize each TME cluster, we applied differential

gene expression analysis and found that C19 is driven by

the expression of CD14, CD68, IL1B, MARCO, PTGS2, and

S100A9 (Figure 1G). Thus, C19 faithfully recapitulates the

LAMM cell population at the single-cell level (Figures 1H, 1I,

S2E, and S2F). Moreover, our scRNA-seq analysis revealed

the expression of CSF1R – a well-known key regulator for the

differentiation and expansion of immunosuppressive TAMs32

(Figures 1I and 1J). Finally, we analyzed the expression of each

LAMM gene as well as CSF1R in our scRNA-seq dataset and

observed higher expression levels of CSF1R, CD14, and CD68

in patients with NDR (Figure 1K). To corroborate our findings,

we correlated the CSF1R expression derived from bulk RNA-

seq with the LAMM gene signature (Figure S2G). These observa-

tions indicate a potential impact of LAMM cells in the TME of

aggressive B-NHL treated with CAR-T cells.

Infiltration with LAMM cells associates with T cell

exclusion and resistance to CAR-T cell therapy

We next aimed to unravel the impact of LAMM cells on the

cellular composition of the TME. To this end, we performed

IMC of human aggressive B-NHL specimens prior to CAR-T

cell therapy (Figure 1A; Table S2). In line with our scRNA-seq

data, we identified CD14+CD68+ LAMM cells co-expressing

CSF1R (Figure 2A). CD14+CD68+ LAMM cells were enriched in

NDR samples and associated with lower infiltration of T cells

(Figures 2B, S3A, and S3B). Clinical correlation of our IMC

dataset allowed to confirm that high infiltration of CD14+ and

CD68+ LAMM cells was associated with shortened PFS after

CAR-T cell therapy (Figure 2C). Most strikingly, high LAMM cell

infiltration and low CD8+ T cell infiltration before undergoing

CAR-T cell therapy showed a significantly reduced PFS when

compared to aggressive B-NHL with low LAMM and high CD8+

T cell infiltration (Figure 2D). Next, we independently confirmed

in our transcriptomic dataset that patients with a high LAMM

gene signature and NDR showed both a lower total and CD8+

T cell fraction using CIBERSORTx,33 an in silico approach which

enables to determine the relative cellular composition of immune

cells from bulk RNA-seq data (Figures S3C and S3D). Impor-

tantly, the combination of a high LAMM gene signature and

low CD8+ T cell infiltration was associated with worse outcome,

as compared to a low LAMM gene signature with high CD8+

T cell infiltration within our transcriptomic dataset (Figures S3E

and S3F). As part of our biopsy program, we additionally ob-

tained samples shortly after CAR-T cell infusion and at disease

progression following CAR-T cell therapy. Here, we found that

LAMM cells surrounded CD31+ endothelial cells of tumor blood

vessels and were in close proximity to CD3+ and CD8+ cytotoxic

T cells, possibly impeding the penetration of T cells into lym-

phoma tissue (Figures 2E and S3G).

To facilitate clinical implementation and to independently

confirm the relevance of CSF1R expression in LAMM cells,

we next performed immunohistochemistry (IHC) for CSF1R

(Figures 2F and S3H). Our IHC data confirmed enhanced infil-

tration of CSF1R+ LAMM cells in aggressive B-NHL patients

with NDR, as compared to patients with DR (Figure 2G).

Furthermore, high CSF1R H-score was associated with worse

survival in CAR-T cell-treated B-NHL patients (Figures 2H and

S3I). Nevertheless, for clinical implementation, validation of

this finding including the chosen threshold for CSF1R positivity

in a larger cohort will be necessary.

(G) Heatmap summarizing top 300 most significantly upregulated genes in TME clusters (LAMM cells: C19; T cells: C4, C5, C7, C8, C10, C13).

(H) Single-cell LAMM signature across all phenographic clusters (Kruskal-Wallis test).

(I) Key LAMM genes (CD14, CSF1R, CD68) and LAMM signature expression in C19.

(J) Single-cell CSF1R expression across all phenographic clusters (Kruskal-Wallis test).

(K) Dot plot indicating fold change of themean expression of LAMM signature genes includingCSF1R at the single-cell level in C19 from patients with NDR versus

DR. p-values indicate unpaired t test (two-tailed). Also see Figures S1, S2, and Table S1.
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Figure 2. Proteomic profiling of aggressive B-NHL

(A) Imaging Mass Cytometry (IMC) of an aggressive B-NHL sample. Scale bar, 200μm.

(B–D) In-depth profiling of the TME in DR andNDR patients. (B) Representative IMC images. Scale bar, 200μm. (C andD) Progression-free survival (PFS) based on

IMC staining for CD14+CD68 (C) and combined CD14+CD68 and CD8A (D) at baseline (n = 20, p = 0.071, p = 0.017, respectively, log rank test).

(E) Two highlighted regions of interest (ROIs) from a CAR-T cell-treated patient. Scale bar (left), 200μm. Scale bar (right), 100μm.

(F–H) Immunohistochemistry (IHC) validation. (F) Representative IHC images. Scale bar (overview, left), 1mm. Scale bar (zoom-in, right), 100μm. Summarized IHC

CSF1R H-score in n = 17 patients based on clinical response (DR, NDR) (G) and PFS (Low CSF1R H-score <20, high CSF1R H-score >20) (H). Data are rep-

resented as means ± SEM. Statistical significance in G was assessed using an unpaired t test (one-tailed) and in H using a log rank test. Also see Figure S3,

Tables S1, and S2.
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Figure 3. Development of LAMM cells relies on CSF1R-AKT signaling

(A) Genetic background of PPMBC mice.

(B) UMAP plots for 61,608 cells from four diseased spleens of PPMBC mice.

(C–F) UMAP plots indicating expression of Ms4a1 (C), Cd3e (D), Csf1r (E) and LAMM gene signature (F).

(G) Phenographic clustering of analyzed cells (left) and highlighted murine LAMM cell clusters (right).

(legend continued on next page)
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To conclude, our data indicates that CSF1R+CD14+CD68+

LAMM cells mediate T cell exclusion potentially contributing to

treatment failure of CAR-T cells in aggressive B-NHL.

CSF1R-PI3K/AKT-driven LAMM cells suppress CAR-T

cell function

To independently validate our findings and characterize LAMM

cells in a therapeutically relevant model, we analyzed diseased

spleens from a recently established fully immunocompetent,

autochthonous DLBCL mouse model harboring B cell-specific

Prdm1 aberrations on the background of oncogenic Myd88

and Bcl2 lesions (PPMBC: Prdm1fl/fl; Myd88cond.p.L252P/wt;

Rosa26LSL.BCL2.IRES.GFP/wt; Cd19Cre/wt)34–36 (Figure 3A). Here,

we performed scRNA-seq and identified B cells (Ms4a1+),

T cells (Cd3e+) and murine Csf1r+Cd14+Cd68+ LAMM cells as

major populations in PPMBC-derived B-NHL (Figures 3B–3F,

S4A, and S4B). Further phenographic clustering revealed three

murine LAMM cell clusters (C9, C22, C27) (Figure 3G) all charac-

terized by expression of Csf1r, Cd14, and Cd68 (Figures S4C–

S4E). To gain insight into the trajectory of LAMM cell develop-

ment, we performed RNA velocity analysis and predicted a

directional flow originating from a Cd33+ myeloid cell cluster

(C28), which progressed toward Csf1r+Cd14+Cd68+ clusters

C27, C9, and C22 (Figures 3H, 3I, and S4C–S4F). Interestingly,

pathway activity analysis revealed that LAMM cell differentiation

was accompanied by increased PI3K signaling (Figure 3J).

Next, we aimed to in-depth characterize the development of

human LAMM cells and validate their immunosuppressive role

ex vivo. To this end, we adapted a protocol37 to generate

ex vivo human CSF1R+CD14+CD68+ LAMM cells utilizing lym-

phoma-conditioned media (Figure 3K). Cells generated with

this method were highly positive for CSF1R, CD14 and CD68,

closely resembling the LAMM cell phenotype we had detected

in our human and murine scRNA-seq data (Figure 3L), including

a strong increase in CSF1R, CD68 and CD14 protein expression

as compared to undifferentiated monocytes (Figures 3M–3O

and S4G). Importantly, we did not observe differences in

LAMM cell differentiation when utilizing lymphoma-conditioned

media from GCB (SU-DHL-4) or non-GCB (RIVA) cell lines

(Figure S4H). However, protein expression of CSF1R relied

on lymphoma-conditioned media (Figure S4I). Interestingly,

ex vivo generated human CSF1R+CD14+CD68+ LAMM cells

presented high co-expression of CD11b, CD163 and CD206

reinforcing their immunosuppressivemyeloid-monocytic pheno-

type38 (Figure 3P), which we were able to recapitulate in murine

PPMBC mice at the scRNA-seq level (Figures S4J–S4M). At

the bulk transcriptomic level and in line with our murine

scRNA-seq data, development of ex vivo generated human

CSF1R+CD14+CD68+ LAMMcells was accompanied by upregu-

lation of the mTOR pathway20 (Figure 3Q). In turn, treatment of

differentiated ex vivo human CSF1R+CD14+CD68+ LAMM cells

with CSF1R inhibition resulted in downregulation of PI3K/AKT/

mTOR signaling (Figure 3R). Next, we validated our transcrip-

tomic data via western blot analysis and found that phospho-

AKT as well as phospho-ERK levels were upregulated in

ex vivo generated human CSF1R+CD14+CD68+ LAMM cells.

Interestingly, CSF1R inhibition mainly abrogated the phospho-

AKT level, while leaving the phospho-ERK level rather unaffected

(Figure 3S).

To conclude, our detailed characterization of LAMM develop-

ment in PPMBC mice and ex vivo generated human CSF1R+

CD14+CD68+ LAMM cells indicate that CSF1R mediates

LAMM cell differentiation predominantly via PI3K/AKT signaling.

Finally, to validate the CAR-T cell suppressive capacity of ex vivo

generated human CSF1R+CD14+CD68+ LAMM cells, we next

co-cultured ex vivo generated human CSF1R+CD14+CD68+

LAMM cells with CAR-T cells and the CD19+ DLBCL cell line

SU-DHL-4. Strikingly, we observed a strong inhibitory effect of

ex vivo generated human CSF1R+CD14+CD68+ LAMM cells on

CAR-T cell expansion and cytotoxicity (Figures 3T–3V).

Cell-cell inference analysis reveals LAMM cell induced

CAR-T cell suppression via EP2/4 that is abrogated in

EP2/4 dual knock-out CAR-T cells

To investigate the impact of LAMM cells on CAR-T cell activ-

ity, we employed MICS to a primary human DLBCL biopsy ob-

tained on day 8 post-CAR-T cell infusion that enabled immu-

nofluorescent imaging of CAR+ T cells and in-depth analysis

of the TME at subcellular resolution.39 We successfully identi-

fied CAR+CD3+ T cells utilizing MICS, which separated into

two clusters driven by expression of Ki67. Importantly,

CAR-T cells with reduced Ki67 expression clustered with

LAMM cells (Figures 4A and S5A). Supported by our IMC

data, we hypothesized this phenomenon to be mainly driven

by proximity. Indeed, examination of both CAR-T cell popula-

tions revealed Ki67low CAR-T cells to directly interact with

LAMM cells. In contrast, highly proliferating CAR-T cells with

increased Ki67 expression co-localized with endogenous

CAR−CD3+ T cells, while LAMM cells were excluded

(Figures 4B and S5B).

(H) RNA velocity analysis of myeloid and LAMM cell clusters with indicated main vector progression (black arrow) (left) and calculated RNA velocity pseudo-

time (right).

(I) Dot plot of key markers for LAMM cell differentiation.

(J) Violine plot of PI3K pathway activity analysis. Statistical significance was assessed using an unpaired t test (two-tailed). ****p < 0.0001.

(K) Schematic overview.

(L) Heatmap with unsupervised clustering summarizing global protein expression (n = 4 donors).

(M–O) Surface expression of CSF1R (M), CD68 (N) and CD14 (O) during differentiation process (n = 4 donors). Statistical significance in (M–O) was assessed using

an unpaired t test (two-tailed). *p < 0.05, **p < 0.01, ***p < 0.001.

(P) Spider plot of monocytes and LAMM cells. Shown are average expression levels from n = 4 donors.

(Q and R) Normalized enrichment score derived fromGSEA comparing monocytes versus LAMMcells (Q) and untreated versus CSF1R inhibitor BLZ-945-treated

LAMM cells (R) (n = 3 donors).

(S) Western blot analysis for one out of two donors.

(T) Quadrant plots indicating CD20+ SU-DHL-4 B-NHL cells and CD3+ anti-CD19 CAR-T cells. (U and V). Relative frequency of CAR-T cells (U) and lymphoma

cells (V) 24 h post co-culture (n = 2 donors, technical triplicates). Statistical significance was assessed using a paired t test (two-tailed). Also see Figure S4.
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Figure 4. Characterization of LAMM-T cell interaction identifies EP2/4 dependent CAR-T cell inhibition

(A) UMAP plot from a patient sample obtained 8 days post-CAR-T cell therapy and profiled utilizing theMICS platform. Highlighted are twoCAR-T cell populations

in blue (non-proliferating) and red (proliferating) as well as CD14+CD68+ LAMM cells in green.

(B) Merged image of a representative area indicating the existence of proliferating CAR-T cells (white arrow, top right) without LAMM cell interaction and non-

proliferating CAR-T cells (white arrow, bottom left) in close proximity to LAMM cells (white asterisks). Scale bar, 100μm.

(C and D) UMAP plots showing human (C) and murine (D) LAMM and T cell clusters. Related to Figures 1F and 3G respectively.

(legend continued on next page)
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To elucidate drivers of LAMM-mediated T cell suppression,

we co-cultured ex vivo generated human CSF1R+CD14+CD68+

LAMM cells with CD3/CD28-activated T cells and performed a

LuminexTM 48-plex cytokine screen in two independent donors.

This screen identified IL-10 and CXCL9 to be among the top

three differentially expressed cytokines across both donors

(Figures S5C and S5D). Interestingly, ex vivo generated human

CSF1R+CD14+CD68+ LAMM cells were not the primary source

of IL-10 but induced IL-10 secretion in both T cells as well

as CAR-T cells (Figures S5C–S5E), which is in line with our

scRNA-seq data from primary human B-NHL samples. Here,

IL-10 was not expressed in the LAMM cell cluster (C19) but in

the T cell clusters (C4, C7, and C10) (Figures S2E and S2F).

These findings led us to further explore the interplay between

both primary human and murine LAMM cells with T cells in a

more unbiasedmanner (Figures 4C and 4D). Thus, we performed

inference analysis of cell-cell communication within our scRNA-

seq data utilizing the CellPhoneDB tool.40 Our single-cell-

resolved analysis revealed putative interactions of the human

and murine LAMM cell clusters (human C19, murine C9, C22,

and C27) with several human andmurine T cell clusters including

FOXP3+ Treg cell clusters (human C4, murine C5 and C7), which

are known to hinder effective anti-tumor immune responses,41

and with effector T cell clusters (human C7 and C10, murine

C3) (Figures 4E–4H and S5F–S5K). Here, we found LAMM cell

clusters and Treg cell clusters to potentially interact via CD86-

CTLA-4. CTLA-4 is known for its high relevance in maintaining

the suppressive function of Treg cells by diminishing the potency

of antigen-presenting cells to activate other T cells.42,43 Further-

more, LAMM cell clusters showed potential interactions with

both human and murine EOMES+ effector T cell clusters (human

C7 and C10, murine C3) via Galectin-9 (LGALS9) putatively

binding to TIM3 (HAVCR2), which has been found to define ex-

hausted T cells in aggressive B-NHL.44 Furthermore, we de-

tected expression of PTGES2 and 3 (prostaglandin E Synthase

2 and 3) in human and murine LAMM cell clusters and corre-

sponding PGE2 receptors EP2 (PTGER2) and EP4 (PTGER4) in

human and murine T cell clusters C5, C7, C8, and C13 (human)

as well as C3, C5, C7, C11, C24, C25, and C29 (murine)

(Figures 4E, 4G, S5H, and S5J). Recent studies have described

that PGE2 inhibits proliferation, activity, and effector differentia-

tion of tumor-infiltratingCD8+T lymphocytes via EP2 andEP4 re-

ceptor signaling.45,46 These effects have been attributed to

impaired IL-2 sensing and consequently mTOR pathway inacti-

vation in human CD8+ tumor-infiltrating T lymphocytes.45 Of

note, gene set enrichment analysis (GSEA) of the cytotoxic

T cell cluster C7 identified adownregulation of pathways involved

in protein synthesis, which are tightly regulated by mTOR

signaling47 (Figure S5L).

Vice versa, our cell-cell inference analysis indicated potential

human (C4) and murine (C5 and C7) Treg-mediated activation of

human and murine LAMM cell clusters (human C19, murine C9,

C22 and C27) respectively through HLA-E via VISTA (VSIR),48

Lymphotoxin-a (LTA) via TNFR1/2 and HVEM (TNFRSF1A/1B

and 14),49 HLA-F via VISTA (VSIR) and most importantly CSF1

through CSF1R expressed by all LAMM cell clusters (human

C19, murine C9, C22, and C27) (Figures 4F, 4H, S5I, and S5K).

In analogy, high frequency of CD4+CD57−Helios+ CAR-Treg
cells in peripheral blood of aggressive B-NHL patients on day 7

post infusion have been associated with worse treatment out-

comes.9 We hypothesized that these prognostically relevant

CD4+CD57−Helios+ CAR-Treg cells – similar to endogenous

Treg cells – are capable of LAMM cell activation. Intriguingly,

we found both the frequency and the expression level of

CSF1 to be elevated in CD4+CD57−Helios+ CAR-Treg cells as

compared to other CAR-T cells in refractory CAR-T cell treated

patients (Figure S5M).

Finally, we aimed to functionally validate insights gained

from cell-cell inference analysis in ex vivo generated human

CSF1R+CD14+CD68+ LAMM cells. To this end, we first vali-

dated RNA expression of PTGES2, LGALS9, and CD86

(Figures 4I–4K) as well as protein expression of Prostaglandin

E Synthase-2, Galectin-9 and CD86 (Figures 4L–4N) in mono-

cytes and differentiated ex vivo human CSF1R+CD14+CD68+

LAMM cells. Here, we identified that all were increased in

differentiated ex vivo human CSF1R+CD14+CD68+ LAMM cells

as compared to monocytes (Figures 4I–4N). Next, we per-

formed dual knock-out of the PGE2 receptors EP2/EP4 via

CRISPR/Cas9 editing in anti-CD19 CAR-T cells to abolish sup-

pression via PGE2 in our co-culture system (Figure 4O). Strik-

ingly, when co-culturing dual knock-out (DKO) CAR-T cells

with ex vivo generated human CSF1R+CD14+CD68+ LAMM

cells and SU-DHL-4 cells, we observed improved tumor cell

killing and higher T cell expansion with DKO anti-CD19

CAR-T cells versus unedited anti-CD19 CAR-T cells

(Figures 4P and 4Q). Moreover, in our co-culture system DKO

anti-CD19 CAR-T cells secreted more IFN-γ, IL-2 and TNF-α

as compared to unedited anti-CD19 CAR-T cells (Figures 4R–

4T) and showed higher levels of the activation marker CD27

(Figures 4U and 4V).

Thus, CSF1R+CD14+CD68+ LAMM cells seemed to directly

inhibit endogenous T cell and CAR-T cell proliferation as well

as cytotoxicity, by expressing T cell-suppressive ligands and

secretion of inhibitory cytokines.

(E–H) CellPhoneDB analysis highlighting interactions of the human LAMM cell cluster with T cells clusters (E: LAMM-Ligand:T cell-Receptor, F: LAMM-Receptor:

T Cell-Ligand) and combined murine LAMM cell clusters with T cell clusters (G: LAMM-Ligand:T cell-Receptor, H: LAMM-Receptor:T Cell-Ligand).

(I–K) RNA expression levels of PTGES2 (I), LGALS9 (J) and CD86 (K) in monocytes and differentiated LAMM cells identified via bulk RNA-seq.

(L–N) Protein expression levels of PTGES2 (L), Galectin-9 (M) and CD86 (N) in monocytes and differentiated LAMM cells. Statistical significance in (I–N) was

assessed using an unpaired t test (two-tailed). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(O) Schematic overview of co-culture experiments.

(P and Q) Flow cytometry-based assessment of CD20+ SU-DHL-4 cells (P) and CD3+ T cells (Q). Statistical significance was assessed using a paired t test (two-

sided). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(R–T) Cytokine secretion of IFN-γ (R), IL-2 (S) and TNF-α (T). Data are represented asmeans ± SEM. Statistical significance was assessed using an unpaired t test

(two-tailed). *p < 0.05.

(U and V) Surface CD27 expression. Data are represented asmeans ± SEM. Statistical significance was assessed using an unpaired t test (two-tailed). **p < 0.01,

****p < 0.0001. Also see Figure S5.
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Figure 5. CSF1R+ LAMM cell depletion enhances CAR-T cell expansion

(A) Schematic study overview.

(B) Csf1r expression in treated mice. Data are represented as means ± SEM. Statistical significance was assessed using an unpaired t test (two-tailed).

(C) Heatmap of gene expression measured by bulk RNA-seq from spleens of CAR-T cell-treated and successfully aCSF1R + CAR-T cell-treated PPMBC mice

(n = 8).

(D) Inference of immune cell fractions via CIBERSORTx33,50 analysis. Statistical significance was assessed using an unpaired t test (two-tailed). *p < 0.05.

(legend continued on next page)
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CSF1R inhibition converts the immunosuppressive TME

into an immunosupportive one and enhances CAR-T cell

expansion in vivo

Triggered by our finding that suppressive CSF1R+CD14+CD68+

LAMM cells relied on CSF1R signaling for differentiation and

impaired CAR-T cell function, we sought to investigate the ef-

fect of CSF1R inhibition on the composition of the TME and

CAR-T cell response in our fully immunocompetent, autoch-

thonous DLBCL mouse model. Of note, high tumor volume

(HTV) PPMBC tumors faithfully recapitulate the aggressive

phenotype of NDR patients in our clinical cohort with high

expression of LAMM signature genes (Figures S6A and

S6B), an enrichment of hypoxia, glycolysis, and reactive oxy-

gen species pathways (Figures S6C–S6E), as well as

worse outcome to CD19 CAR-T cell therapy in comparison

to low tumor volume (LTV) PPMBC mice (Figures S6F

and S6G).

Given the transcriptomic and clinical resemblance of HTV

PPMBC mice with NDR CAR-T cell-treated aggressive

B-NHL patients, we initiated treatment of HTV animals with

an anti-CSF1R antibody on day −2, followed by a single infu-

sion of 2 × 106 murine anti-CD19 CAR-T cells on day 0. All

mice were monitored weekly via repetitive MRI scans and

mice were sacrificed to analyze lymphoma-bearing spleens

at the end of treatment (Figure 5A). Transcriptomic analysis

of spleen samples from CAR-T cell versus aCSF1R + CAR-T

cell-treated mice revealed a downregulation of the LAMM

gene signature as well as CSF1R, but did not affect expres-

sion of M2 macrophage-related genes (Figures 5B, 5C, and

S6H). Of note, expression of Csf1r and LAMM signature genes

showed a strong correlation indicating target-dependent

LAMM cell depletion (Figure S6I). Next, we employed

CIBERSORTx33,50 analysis to infer compositional changes in

the TME. Here, we observed a strong increase of T cells within

the TME of aCSF1R + CAR-T cell as compared to CAR-T cell-

treated PPMBC mice (Figure 5D). Strikingly, the T cell fraction

interrogated via CIBERSORTx33,50 showed a strong negative

correlation with both the LAMM gene signature and Csf1r

expression (Figures 5E and S6J). To validate our transcrip-

tomic analysis, we performed immunofluorescence (IF) anal-

ysis and confirmed successful staining of CSF1R in LAMM

cells along with strong T cell infiltration (Figures 5F and

S6K). Finally, we aimed to evaluate the impact of concomitant

CSF1R blockade on intratumoral CAR-T cell expansion. To

this end, we analyzed spleen samples via flow cytometry

and detected enhanced CAR-T cell expansion in aCSF1R +

CAR-T versus CAR-T cell mono-treated mice (Figures 5G,

5H and S6L). Together, our data indicates conversion of the

TME accompanied by enhanced expansion of both endoge-

nous and CAR-T cells in HTV PPMBC mice, when treated

with a combination of aCSF1R + CAR-T cells.

CSF1R blockade combined with CAR-T cells induces a

T cell-rich follicular architecture and vessel

normalization

Encouraged by our IF-based pilot study, we next applied IMC

to obtain more detailed insights into the TME under treatment

with aCSF1R + CAR-T cells (Figure 6A; Table S2). Combination

therapy with aCSF1R + CAR-T cells resulted in a restored follic-

ular architecture of spleens from HTV PPMBC mice along with

reduced B cell load, but enhanced CD4+ and CD8+ T cell infil-

tration (Figures 6A–6C). We further characterized these follicles

and identified strong expression of CD3, CD4, and CD8. While

central areas of T cell-rich follicles were frequently positive for

both CD4 and CD8, peripheral regions were mainly CD4 posi-

tive. Most importantly, LAMM cells were excluded from

T cell-rich clusters (Figures 6D and 6E) as indicated by long

cell-to-cell distance between LAMM and T cells (Figures 6F

and S7A–S7C).

Our patient-derived transcriptomic data showed strong

enhancement of angiogenic factors related to hypoxia along

with insufficient tumor vessel priming in patients with NDR

(Figures S1I–S1K), and HTV PPMBC mice recapitulated these

findings (Figures S6C–S6E). Furthermore, myeloid-monocytic

immunosuppressive cells have been largely described to

secrete angiogenic factors inducing a highly insufficient, disor-

ganized tumor vessel architecture known to impair priming,

infiltration, and expansion of cytotoxic T cells.51 Thus, we

asked whether treatment with aCSF1R + CAR-T cells can suc-

cessfully reverse hallmarks of tumor angiogenesis. To this end,

we analyzed bulk transcriptomic data and found genes associ-

ated with tumor vessel normalization (Cd34, Cldn5, Pecam1,

and Vwf) to be enriched (Figure S7D) upon aCSF1R + CAR-T

cell treatment. In line with these findings, we observed downre-

gulation of hypoxia-related pathways in aCSF1R + CAR-T cell-

treated mice as compared to CAR-T cell-treated mice

(Figures 6G, S7E, and S7F). Ultimately, we independently

confirmed tumor vessel normalization utilizing IMC. In CAR-T

cell-treated HTV PPMBC mice insufficient priming of tumor

vessels was characterized by low pericyte coverage and a

diffuse distribution of CD31+ endothelial cells. In contrast, we

observed completely normalized tumor vessel structure in

mice treated with aCSF1R + CAR-T cells as indicated by a

normalized tumor vasculature accompanied by larger diameter

and a highly increased pericyte coverage (Figure 6H).

Thus, our in vivo data indicates vast remodeling of the TME,

when CSF1R inhibition is combined with CAR-T cells. In addi-

tion, we have highlighted a dysfunctional tumor microvessel–

promoting function of CSF1R+ LAMM cells, which can be over-

come by CSF1R inhibition. In turn, tumor vessel normalization

with high coverage of well-organized pericytes has been shown

to improve blood flow, endothelial function, as well as infiltration

and expansion of cytotoxic T cells.52

(E) Correlation of relative T cell infiltration defined using CIBERSORTx33,50 and LAMM signature from bulk transcriptomic analysis (Spearman’s r = −0.786,

*p = 0.021).

(F) Immunofluorescence staining of spleen samples fromCAR-T cell-treated (upper row) and successfully aCSF1R +CAR-T cell-treated (lower row) PPMBC (n = 3

independent mice per group, DAPI: blue, CSF1R: red, CD3: yellow). Scale bar, 100μm.

(G and H) Representative histograms (G) and summarized CAR frequency (H) of CAR-T cells in spleens from treated mice (n = 4 per treatment group). Data are

represented as means ± SEM. Statistical significance was assessed using a Kruskal-Wallis test. Also see Figure S6.
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Figure 6. TME reprogramming after aCSF1R + CAR-T cell treatment

(A) Representative Imaging Mass Cytometry (IMC) images from treated PPMBC mice. Scale bar, 200μm.

(B) Distribution of pixel proportion for n = 3 CAR-T cell-treated andMock-T cells + aCSF1R-treated mice respectively (2 ROIs per diseased spleen) as well as n = 5

aCSF1R + CAR-T cell-treated mice (1 ROI per diseased spleen). Statistical significance was assessed using One-way ANOVA. *p < 0.05, ***p < 0.001.

(C) CD45 and cell nucleus staining (images from n = 3 independent mice per group). Scale bar, 200μm.

(D) Enriched regions of CD11b, CD4 andCD8 and their intersection on the same ROIs as aCSF1R +CAR-T cell-treated ROIs from panel C. Cell neighborhood and

area analysis from responding aCSF1R + CAR-T cell-treated mice (n = 3 independent mice). Scale bar, 200μm.

(E) Distribution of pixel proportion within indicated immune cell areas fromD across n = 5 independent aCSF1R +CAR-T cell-treated mice. Statistical significance

was assessed using One-way ANOVA. **p < 0.01, ***p < 0.001.

(legend continued on next page)
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CSF1R inhibition displays synergistic treatment effects

in combination with CAR-T cells

Finally, we aimed to evaluate the impact of aCSF1R in combina-

tion with CAR-T cells on disease response and survival of

PPMBC mice. We monitored tumor volumes by longitudinal

MRI scans and found that CAR-T cells alone and aCSF1R +

Mock-T cell treatment resulted in uncontrolled tumor growth

as evidenced by an increase in spleen size due to massive

lymphomatous infiltration. In comparison, aCSF1R + CAR-T

cell treatment yielded powerful responses, in some instances

with normalized spleen size post treatment (Figures 7A and

7B). Most strikingly, we observed a significant improvement of

PFS in HTV PPMBC mice treated with aCSF1R + CAR-T cells

compared to treatment with CAR-T cells alone (Figure 7C). Of

note, the addition of the CSF1R inhibitor improved the number

of DR with long-lasting, complete remissions, which resulted

in a significantly prolonged OS as compared to mice treated

with CAR-T cells alone (Figure 7D). As our clinical data indicate

an impact of initial tumor burden on CAR-T cell response

(Figures S1B and S1C), we analyzed PFS and OS in aCSF1R +

CAR-T cell-treated mice based on tumor size before treatment

and here identified no survival differences (Figures S7G and

S7H). Given the long-lasting complete remissions in some

aCSF1R + CAR-T cell-treated mice, we investigated potential

side effects by combining CSF1R inhibition with CAR-T cells

and, thus, analyzed the expression of key cytokines that

have been related to cytokine release syndrome (CRS) and im-

mune effector cell-associated neurotoxicity syndrome (ICANS).

Interestingly, expression levels of these cytokines were downre-

gulated in samples from mice treated with aCSF1R + CAR-T

cells as compared to CAR-T cells alone (Figure S7I).53,54 In sum-

mary, we report a synergistic treatment effect by combining

CAR-T cell therapy and CSF1R inhibition, which was well-toler-

ated and led to prolonged survival in an autochthonous DLBCL

mouse model.

DISCUSSION

Applying high-dimensional profiling we uncover a distinct

CSF1R+CD14+CD68+ LAMM cell population that inhibits CAR-T

cell proliferation andcytotoxicity. Furthermore, LAMMcell infiltra-

tion in pretreatment specimens of B-NHL patients is associated

with NDR to CAR-T cell therapy and poor clinical outcome.

Finally, we demonstrate in vivo that CSF1R blockade bears the

potential to convert the immunosuppressive into an immunosup-

portive TME, to restore anti-lymphoma immunity, and thereby

enhance CAR-T cell response. Previous work has successfully

demonstratedhowmalignantBcells evade theCAR-Tcell attack,

for instance, by antigen downregulation or downregulation of

pro-apoptotic genes,5,55 and established amolecular framework

todesignnovel T cell therapies equippedwith synthetic immunor-

eceptors.5,56,57 In addition, recent work has demonstrated the

clinical relevance of hypoxia-dependent, immunosuppressive

signaling by myeloid cells in the context of a diminished activity

of CAR-T cells in lymphoma.10,12,13 Importantly, additional work

is needed to understand whether these recently identified resis-

tance mechanisms and/or LAMM cell-dependent factors limit

response of our combined treatment approach and how they

can be overcome.

Our work expands on the current concepts of myeloid cells in-

hibiting CAR-T cell function within the TME in aggressive B-NHL.

After confirming that a myeloid-monocytic gene signature pre-

dicts response to CAR-T cell treatment, our scRNA-seq analyses

of human B-NHL revealed the presence of an LAMM cell popu-

lation expressing CD14, CD68 as well as CSF1R prior to CAR-T

cell therapy, which is linked to CAR-T cell failure. At the proteo-

mic level, we validated this finding via IMC. Strikingly, we show

that targeted reprogramming of the TME via CSF1R blockade

creates a supportive niche for CAR-T cells in aggressive

B-NHL. CSF1/CSF1R signaling has been identified as the main

regulator of myeloid-monocytic cell differentiation and to

mediate immunosuppressive functions within the TME.32,58–60

Previous work described that CSF1R induces polarization to-

ward an immunosuppressive M2-like macrophage phenotype

in an indolent lymphoma model.61 Furthermore, studies indi-

cated a potential impact of CSF1R+ macrophages on T cell

exclusion in solid tumor models.62 To elaborate on LAMM-T

cell interaction at amolecular level, we performed inference anal-

ysis of cell-cell communication which revealed that LAMM cells

exert their immunosuppressive function by direct interactionwith

cytotoxic T cells via PTGES2 and 3 in LAMM cells and the corre-

sponding PGE2 receptors EP2 and EP4 in both human and mu-

rine effector T cell clusters.45,46 Importantly, we could show that

CRISPR/Cas9-based editing of both EP2 and EP4 in anti-CD19

CAR-T cells enhanced their activation, cytokine secretion and

tumor cell killing in the presence of ex vivo generated human

CSF1R+CD14+CD68+ LAMM cells. These results underscore

recently published data highlighting the PGE2-EP2/EP4 signaling

axis as a key mechanism of IL-2 unresponsiveness and conse-

quently T cell impairment.45,46 Together, our data expand on

these findings in the context of aggressive B-NHL, outlining po-

tential LAMM cell-dependent, PGE2-mediated (CAR-) T cell

dysfunction. Moreover, our cell-cell inference analysis revealed

Treg-mediated activation of LAMM cells via CSF1-induced acti-

vation of CSF1R on LAMM cells. While our data show that

LAMM cells induce T cell exclusion, this functional interaction

between Treg cells and LAMM cells might reflect the early

dependence of LAMM cells on Treg cells when shaping an immu-

nosuppressive TME prior to the exclusion of T cells. We could

further confirm in an independent patient cohort a high frequency

of CD4+Helios+CSF1+ CAR-Treg cells in peripheral blood of

CAR-T refractory aggressive B-NHL patients adding further evi-

dence to CD4+Helios+CSF1+ CAR-Treg cells mediating LAMM

cell activation.9

While our work has focused on the TME, hypoxia-induced

suppressive myeloid cells in the TME have a long-established

role in tumor immunology.63–65 In healthy tissue, classical

monocytes (cMo) express S100A9 similar to LAMM cells,

(F) Violin plot indicating spatial score as ametric of LAMM-T cell distance in spleens fromCAR-T cell (n = 3 samples, 2 ROIs per samples) versus aCSF1R +CAR-T

cell treated mice (n = 5 samples, 1 ROI per sample). Statistical significance was assessed using an unpaired t test (two-tailed). ****p < 0.0001.

(G) GSEA in CAR-T cell versus aCSF1R + CAR-T cell-treated mice.

(H) Representative aSMA and CD31 staining. Images from two independent mice. Scale bar, 200μm. Also see Figure S7 and Table S2.
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potentially indicating that LAMM cells arise from cMo.66 How-

ever, it has yet to be determined if myeloid cells in other tumors

share co-expression of CSF1R, CD14 as well as CD68 and are

driven by CSF1R-mediated PI3K/AKT signaling. Recently, tar-

geting of CSF1R has been shown to improve the efficacy of

several immunotherapeutic approaches67–69 or even demon-

strated single agent activity in glioblastoma tumor models,70

although with limited therapeutic efficacy due to post-treatment

fibrosis.71 With the advent of single-cell technologies, pan-can-

cer and cross-tissue studies have provided insights into the het-

erogeneity and plasticity of myeloid cells found in the TME,66,72

thus highlighting the need for future investigations to carefully

dissect identity, fate, and therapeutic relevance of myeloid-

monocytic cells in other tumors especially in the context of

emerging CAR-T cell therapies for solid tumors.

CRS and ICANS are major complications after anti-CD19

CAR-T cell therapy for aggressive B-NHL and are associated

with high morbidity.1–4,73,74 Our data show that CSF1R inhibition

suppresses the secretion of cytokines related to CRS and ICANS

confirming recent preclinical work demonstrating that CSF1R in-

hibition improves ICANS severity.75

In summary, we uncover a CSF1R+ myeloid-monocytic cell

population that mediates an immunosuppressive TME and

drives CAR-T cell resistance in aggressive B-NHL. Therapeutic

inhibition of CSF1R in combination with anti-CD19 CAR-T cell

therapy converts an immunosuppressive TME into a T cell-en-

riched TME and displays synergistic treatment efficacy. As

CSF1R inhibitors have already been clinically evaluated and

FDA-approved,76–79 this therapeutic combination has the poten-

tial for rapid translation into patient care. Thus, we propose to

test the combination of anti-CD19 CAR-T cells with CSF1R inhi-

bition in clinical studies for patients suffering from r/r aggressive

B-NHL.
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Figure 7. CSF1R inhibition displays synergistic efficacy in combination with anti-CD19 CAR-T cell therapy

(A) Representative MRI images of PPMBC mice treated as indicated.

(B) Waterfall plot of tumor shrinkage.

(C and D) Progression-free (PFS) (C) and overall survival (OS) (D) in PPMBC mice treated as indicated. Statistical significance was assessed using log rank test.

**p < 0.01, ***p < 0.001, ****p < 0.0001. Also see Figure S7.
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Data and code availability

The bulk RNA-seq and single-cell RNA-seq data as well as the proteomic data

of the ex vivo generated LAMM cells have been deposited on Zenodo with an

identifier of https://doi.org/10.5281/zenodo.15280550.
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Mouse anti-human CD3-APC (clone BW264/56) Miltenyi Cat# 130-113-125; RRID: AB_2725953

Anti-idiotype CD19 CAR-Biotin Miltenyi Cat# 130-127-349; RRID: AB_2923109

Goat anti-mouse IgG Fab-Biotin Southern Biotech Cat# 1015-08; RRID: AB_2794195

Anti-Biotin-PE Miltenyi Cat# 130-110-951; RRID: AB_2661378

Goat anti-rat IgG Fab-Biotin Jackson Immuno Cat# 112-066-072; RRID: AB_2338185
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Armenian hamster anti-mouse CD3ε-APC (clone: 145-2C11) BioLegend Cat# 100311; RRID: AB_312676

Rabbit anti-Histon H3 (clone D1H2) Cell Signaling Technology Cat# 60932; RRID: AB_3289584

Anti- aSMA-141Pr (clone 1A4) Standard BioTools Cat# 201508

Anti-human CD14-144Nd (clone EPR3653) Standard BioTools Cat# 3144025D; RRID: AB_2924314

Anti-human CD31-151Eu (clone EPR3094) Standard BioTools Cat# 3151025D; RRID: AB_2890140

Anti-CD68-159Tb (clone KP1) Standard BioTools Cat# 201508

Rabbit anti-CD79B (clone D7V2F) Cell Signaling Technology Cat# 96024; RRID: AB_2800254

Anti-CD8a-162Dy (clone C8/144B) Standard BioTools Cat# 201508

Rabbit anti-human CD79A (clone D1X5C) Cell Signaling Technology Cat# 13333; RRID: AB_2798183

Anti-CD3-170Er (polyclonal, C-terminal) Standard BioTools Cat# 201508

Rabbit anti-mouse CD45 (clone D3F8Q) Cell Signaling Technology Cat# 98819

Rabbit anti-CD31 (clone EPR17259) Abcam Cat# ab225883; RRID: AB_2943140

Rabbit anti-mouse CD8 alpha (clone EPR21769) Abcam Cat# ab230156

Rabbit anti-mouse CD4 (clone BLR167J) Bethyl Cat# A700-167; RRID: AB_2891959

Rabbit anti-CD11b (clone EPR1344) Abcam Cat# ab216445; RRID: AB_2864378

Rabbit anti-mouse F4/80 (clone D2S9R) Cell Signaling Technology Cat# 25514

Anti-Collagen type 1-169Tm (polyclonal) Standard BioTools Cat# 201508

Rat anti-mouse B220 (CD45R) (clone RA3-6B2) BD Bioscience Cat# 557390; RRID: AB_396673

Biological samples

Primary human lymphoma specimens University Hospital Cologne N/A

Chemicals, peptides, and recombinant proteins

Pancoll human PanBiotech Cat#P04-601000

Human AB-Serum Sigma-Aldrich Cat#4522

Recombinant human IL-4 ImmunoTools Cat#11340047

Recombinant human IL-10 ImmunoTools Cat#11340107

Recombinant human M-CSF ImmunoTools Cat#11343117

BLZ-945 Selleckchem Cat#S7725

Lymphoprep Stemcell Technologies Ca#18060

Recombinant human IL-2 (Proleukin S) Clinigen N/A

Recombinant human IL-15 ImmunoTools Cat#11340155

Human TruStain FcX BioLegend Cat#422302

ProLong Gold Antifade Mountant Thermofisher Cat#P36934

165Ho metalated DTPA-diTyr Nicole Potter, Mark Nitz N/A

Intercalator-Ir solution Standard BioTools Cat#201192B

MACSima Running Buffer Miltenyi Cat#130-121-565

Zombie UV Viability dye BioLegend Cat#423108

Zombie NIR Viability dye BioLegend Cat#423106

Streptavidin-PE BioLegend Cat#405203

Cell lysis buffer Cell Signaling Technology Cat#9803S

Phosphatase inhibitor cocktail 2 Sigma-Aldrich Cat#P5726

Protease inhibitor cocktail tablets Sigma-Aldrich Cat#11836170001

4xNuPage LDS buffer Thermofisher Cat#NP0007

NuPage sample reducing agent Thermofisher Cat#NP0009

Bolt Bis-Tris Gels 4-12% Thermofisher Cat#NW04122BOX

Milk powder Carl Roth Cat#T145.2

Lys-C Wako/Fujifilm Cat#125-05061

Critical commercial assays

Maxwell RSC RNA FFPE Kit Promega Cat#AS1440

RNeasy Mini Kit Qiagen Cat#74104
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BCA Protein Assay Thermofisher Cat#23225

Tyramide superboost kit Thermofisher Cat#B40944

MojoSort Mouse CD3 T cell Isolation Kit BioLegend Cat#480031

EasySep Human Monocyte Enrichment Kit Stemcell Technologies Cat#19059

660 nm assay kit Thermofisher Cat#22663

Fluorometric peptide assay Thermofisher Cat#23290

Deposited data

Bulk RNA-seq data from human B-NHL specimens (n = 24) This paper Zenodo: https://doi.org/10.5281/

zenodo.15280550

Single-cell RNA-seq data from human B-NHL specimens (n = 7) This paper Zenodo: https://doi.org/10.5281/

zenodo.15280550

Proteomic data of human monocytes and ex vivo generated

human LAMM cells

This paper Zenodo: https://doi.org/10.5281/

zenodo.15280550

Experimental models: Cell lines

Human: HEK 293T cells DSMZ Cat#ACC635

Human: SU-DHL-4 Ruth Flümann N/A

Human: RIVA Ruth Flümann N/A

Experimental models: Organisms/strains

Mouse: C57BL/6 wild-type In-house breeding N/A

Mouse: Prdm1fl/fl; Myd88cond.p.L252P/wt; Rosa26LSL.BCL2.IRES.

GFP/wt; Cd19Cre/wt (PPMBC)

Ruth Flümann, Gero Knittel,

Hans Christian Reinhardt

N/A

Recombinant DNA

Plasmid: pBullet_aCD19_4-1BB_CD3zeta (human) Tobias Riet, Markus Chmielewski N/A

Plasmid: RSF91_aCD19_CD28_CD3zeta_P2A_eGFP (mouse) Tobias Riet, Markus Chmielewski N/A

Software and algorithms

R package FastQC (v0.11.4) N/A N/A

R package STAR aligner (v2.7.0) Dobin et al.80 N/A

R package RSEM (v1.3.1) Li et al.81 N/A

DESeq2 Love et al.82 N/A

GSEA software (v4.3.2) Broad Institute N/A

CIBERSORTx Newman et al.33 N/A

LM22 Newman et al.33 N/A

ImmuCC Chen et al.50 N/A

Proteome Discoverer (v3.1.1.93) Thermofisher N/A

DreamAI Ma et al.83 N/A

R package ComplexHeatmap Gu84 N/A

Python package scanpy (v1.9.6 and v1.10.3) Wolf et al.85 N/A

Scvi-tools (v1.0.4) Gayoso et al.86 N/A

SOLO (through the scvi-tools) Bernstein et al.87 N/A

PhenoGraph (through the scanpy package) Levine et al.88 N/A

UMAP (through the scanpy package) McInnes et al.89 N/A

R package Seurat (v5.0.0) Hao et al.90 N/A

CellPhoneDB (v5) Troulé et al.91 N/A

R package ktplots (v2.4.2) Troulé et al.91 N/A

R package velocyto (v0.17.17) La Manno et al.92 N/A

Python package scvelo (v0.3.3) Bergen et al.93 N/A

PAGA (through the scvelo package) Wolf et al.94 N/A

Python package gseapy (v1.1.1) Fang et al.95 N/A

Python package decoupler (v1.9.2) Badia-I-Mompel et al.96 N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient cohorts and samples

Patients with r/r aggressive B-NHL treated with CAR-T cells at the University Hospital Cologne were eligible for this study (n = 106).

Patients provided informed consent for research using their lymphoma samples and de-identified health information as a part of the

BioMaSOTA (Biologische Material Sammlung zur Optimierung Therapeutischer Ansätze) protocol that was approved by the Ethics

Committee of the University of Cologne. Clinical data were obtained retrospectively from chart review (Table S1). Treatment response

was assessed radiographically according to the Lugano criteria.99 Formalin-fixed and paraffin-embedded (FFPE) lymphoma spec-

imens were retrieved from the archives of the Institute of Pathology at the University Hospital Cologne. For preparation of single-cell

suspensions, lymphoma tissue was processed immediately after biopsy or surgery. In brief, tissue was cut into small pieces,

collected in PBS and then filtered through a 100 μm strainer into a sterile 50 mL conical tube. The cell suspension was washed

with PBS twice (300g / 1400rpm / 5 min) at 4çC and the supernatant was discarded. Afterwards, cells were resuspended in freezing

medium (90% FBS, 10%DMSO; max. 5x107 cells per mL) and stored in liquid nitrogen until use. Specimens taken within six months

before CAR-T cell therapy were used for downstream analyses of clinical data. DR was defined as complete remission six months

after CAR-T cell infusion. Two DR patients of the experimental cohort received radiation therapy within six months post-CAR-T cell

therapy and were therefore excluded from downstream evaluation as indicated in Figure 1C and Table S1. To identify biologically

relevant prognostic patient subgroups and determine the optimal cutoff for survival analyses, we applied percentile-based thresh-

olds (Figures 1D, 2H, and S3I) or the Cutoff Finder tool (Figures 2C and 2D).100,101

Cell lines

Human SU-DHL4 and RIVA cell lines weremaintained in RPMImediumwith 20%FBS. To obtain lymphoma-conditionedmedia, cells

were plated at a concentration of 1x106 cells/mL in RPMI supplemented with 0.2% FBS. 24 h later media was harvested, centrifuged

and filtered (40μm). Media was frozen after the addition of 10% FBS.

Experimental mice

Lymphoma-bearing C57BL/6 PPMBC mice whose generation has been described previously34 were used for in vivo experiments.

Monitoring of lymphoma burden was assessed using mouse MRI as described earlier.102 In treatment studies, PPMBC mice were

separated into low and high tumor volume groups based on spleen size detectable by MRI. High tumor volume was defined by

splenomegaly larger than 400 μL, with a robust volume increase in two consecutive scans, if not otherwise indicated. For anti-

CD19 CAR-T cell experiments, 2×106 engineered murine CAR-T cells were intravenously injected into mice on day 0. In vivo

CSF1R blockade was performed by using an anti-CSF1R antibody (clone AFS98) which was purchased from BioXCell and dissolved

in PBS. Mice were treated three times per week with 400μg of antibody per dose via intraperitoneal injection as per Gorden et al.103

and MacDonald et al.104(16 mg/kg body weight). Treatment was started at day -2 until day 28 post-CAR-T cell infusion. Lymphoma

response was subsequently monitored by weekly MRI and PFS and OSwere recorded. For survival analyses, animals were recorded

as events if they succumbed to disease or had to be sacrificed due to predefined termination criteria. Animals that died due to dis-

ease-unrelated reasons (appendicitis, abnormal teeth, injuries inflicted by cage mates) were censored. To assess CAR-T cell expan-

sion, blood was collected from the facial vein into heparin and plasma tubes. To obtain tissue samples, mice were euthanized by
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QuPath (v0.50) Bankhead et al.97 N/A

Fiji (v1.54f) Schindelin et al.98 N/A

MACS iQ View Software (v1.3.1) Miltenyi N/A

FlowJo FlowJo LLC N/A

Python package scikit-image (v0.18.1) N/A N/A

Python package scipy.ndimage (v10.1) N/A N/A

Python package scikit-learn (v1.3.2) N/A N/A

Python package open-cv (v4.2.0.32) N/A N/A

Python package numpy (v1.22.4) N/A N/A

BioRender Science Suite Inc. N/A

SPSS (v29.0.0.0) IBM N/A

Prism Graph Pad N/A

Excel 2021 Microsoft N/A

Word 2021 Microsoft N/A
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cervical dislocation, and spleens as well as visible lymph nodes were extracted. Samples were either formalin-fixed and paraffin-

embedded, or flash-frozen. Alternatively, extracted tissue specimens were mashed, strained (40μm) and incubated with red blood

cell lysis buffer to generate single-cell suspensions. Freezing medium (90% FBS, 10% DMSO; max. 5x107 cells per mL) was added

to the cells for storage at -80çC prior to analyses. All animal experiments were approved by the Landesamt für Natur, Umwelt und

Verbraucherschutz Nordrhein-Westfalen (LANUV) (2022.A146).

METHOD DETAILS

Quantitative PET analysis

Two expert readers performedMTVmeasurements semi-automatically with a standardized uptake value of 4.0 using the ACCURATE

tool (PETRA consortium, Amsterdam, TheNetherlands) and syngo.via (SiemensHealthcareGmbH, Erlangen, Germany) as described

previously.23,24 In lymphoma tissue surrounded by areas of high physiological uptake, such as central nervous system lesions,

manual correction was needed to avoid overestimating the tumor volume.

Cell culture

Peripheral bloodmononuclear cells (PBMCs) were isolated from healthy donor buffy coats (TransfusionMedicine, University Hospital

Cologne) as follows. First, whole blood was diluted in PBS (1:1). The PBMC layer was then recovered through density gradient centri-

fugation (800g, 20min, Acc: 6, Dec: 1) using Pancoll Human (PanBiotech). PBMCswere washed twice with PBS and remaining eryth-

rocytes were lysed using red blood cell lysis buffer. Monocytes were isolated from healthy donor PBMCs utilizing the EasySep

Human Monocyte Enrichment Kit (Stemcell Technologies) according to the manufacturer’s instructions resulting in highly pure pop-

ulations of enriched CD11b+/CD14+monocytes. For differentiation of ex vivo generated humanCSF1R+CD14+CD68+ LAMMcells we

followed a recently established protocol.37 Here we cultivated cells in equal volumes of lymphoma-conditioned media and HABme-

dia (RPMI + 10% human AB-Serum + L-Glutamin + 1% Penicillin/Streptomycin) supplemented with 1 μg/mL of rhIL-4, rhIL-10 and

rhM-CSF (all ImmunoTools). 2x106 enrichedmonocytes were plated per well of a 6-well plate at a concentration of 1.33x106 cells/mL.

Afterwards, media was changed every 24 h until day 7, when cells were harvested for co-culture experiments. No additional down-

stream enrichment was performed as ex vivo generated human LAMM cells were already highly positive for CSF1R, CD14 and CD68

and to avoid cellular stress. For co-culture assays CAR-T cells were generated frommatched donors and cells were plated in 96-well

plates at a concentration of 50,000 cells/well. For in vitro CSF1R inhibition we used the CSF1R inhibitor BLZ-945 (600nM) (Sellek-

chem) for 24h.

Human and murine anti-CD19 CAR-T cells

Human T cells were derived from healthy donor PBMCs. The usage has been consented by donors and approved by the ethics com-

mittee of the University of Cologne. PBMCs were isolated via gradient centrifugation with Lymphoprep (Stemcell Technologies), and

T cells were activated with 1000 U/mL rhIL-2 (Proleukin S) (Clinigen), 200 ng/mL anti-CD3 (clone OKT3) (BioLegend) and 50 ng/mL

anti-CD28 (clone 15E8) (in-house production) in RPMI supplemented with 10% FBS. Two days post activation T cells were trans-

duced on plates coated with poly-D-Lysin, which were centrifuged at 800g for 90 min and cultured overnight with viral supernatant

as described previously.105 The following day, transduction was repeated. Here, T cells were kept stimulated overnight with 1000 U/

mL of rhIL-2. For human CAR-T cells, we utilized human anti-CD19 CAR vector DNA co-transfected with VSVg envelope and

MoMuLV gag/pol plasmids as described previously.105

Dual knock-out of the PGE2 receptors EP2/EP4 via CRISPR/Cas9 editing in cells was performed on the day of T cell isolation, as

previously described.106 In short, two different Alt-R CRISPR-Cas9 crRNAs (IDT) for each of the receptors EP2 and EP4 were hybrid-

ized with Alt-R CRISPR-Cas9 tracrRNA (100 μM, IDT). RNPs were formed with Alt-R Cas9 Electroporation Enhancer and Alt-R S.p.

Cas9 Nuclease V3. T cells and RNPs were resuspended in 100 μL in electroporation buffer P3 (Lonza) in a Nucleocuvette Vessel

(Lonza), whereafter nucleofection was performed in a 4D Nucleofector (Lonza) with the pulse program EH115 (human T cells).

For generation of murine anti-CD19 CAR-T cells, T cells were isolated from spleens of C57BL/6 wild-typemice using theMojoSort

Mouse CD3 T cell Isolation Kit (BioLegend). Murine T cells were stimulated with 200 ng/mL anti-CD3 (BioLegend), 100ng/mL anti-

CD28 (BioLegend), 1000 U/mL rhIL-2 (Proleukin S) (Clinigen) and 10 ng/mL rhIL-15 (ImmunoTools). Viral supernatant was centri-

fuged onto 6-well plates coated with poly-D-Lysin at 800g for 90 min after which the cells were added and centrifuged again at

300g for 10 min. For transduction experiments, murine T cells were cultured in RPMI media supplemented with 10% FBS,

Penicillin/Streptomycin, HEPES buffer, 1% Sodium-pyruvate, 1% MEM NEAA, 0.1% β-Mercaptoethanol, 1000 U/mL rhIL-2 (Pro-

leukin S) (Clinigen) and 10 ng/mL rhIL-15 (ImmunoTools). Retrovirus for transduction of murine T cells was produced by HEK

293T cells co-transfected with the same helper plasmid coding genes (VSVg-env, MLV gag/pol) together with the anti-CD19

CAR as described previously.34

Bulk RNA-seq of human and murine samples

Human specimens collected from CAR-T cell-treated patients at the University Hospital Cologne were archived at the Institute of

Pathology. RNA was extracted from FFPE tissue samples using the Maxwell RSC RNA FFPE Kit on the Maxwell RSC (Promega)

according to the manufacturer’s instructions.
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RNA from human healthy monocytes and ex vivo generated human LAMM cells were isolated using the RNeasy Mini Kit (Qiagen)

according to the manufacturer’s instructions.

Previously flash-frozen murine spleens from PPMBC mice were thawed quickly, and 20-30μg of tissue were used as starting ma-

terial for RNA isolation utilizing the RNeasy Mini Kit (Qiagen). Samples were eluted in 30-50μL of RNase-free water and stored at

-80çC. Library preparation and bulk 3’ RNA-seq were performed at the Cologne Center for Genomics (CCG) (Cologne, Germany) ac-

cording to their standard protocols. Libraries for RNA-seqwere generated using the QuantSeq 3’ mRNA-seq library kit (Lexogen) and

following the manufacturer’s instructions. The KAPA Library Quantification kit (Peqlab) and the 7900HT Sequence Detection System

(Applied Biosystems) were used to quantify pools. Single-read (1x50bp) sequencing was performed on the Illumina HiSeq4000.

Bulk RNA analysis of human and murine samples

Bulk RNA-seq data were processed using our established pipeline.107 In brief, quality of FASTQ files of 3’ UTR RNA-seq were

checked using FastQC (v0.11.4). Reads were mapped to the human reference genome GRCh38 or mouse reference genome

GRCm38 (p6), respectively, using the STAR aligner (v2.7.0). Prior to downstream analysis, expression was quantified with RSEM

(v1.3.1). Data were normalized, and statistics were calculated usingDESeq2. These analyseswere carried out on the computing clus-

ter of the Regional Computing Centre of the University of Cologne (RRZK) (Cologne, Germany). GSEA was performed using GSEA

software (v4.3.2). Counts permillion (CPM)were used as input. Compared groups are indicated within each figure and corresponding

figure legend. Analyses were run with 1000 permutations, excluding gene sets smaller than five genes. Otherwise, standard settings

were applied. In silico cytometry was conducted using CIBERSORTx33 analyses. This alogithm allows deconvolution of bulk RNA-

seq data to estimate the relative fraction of infiltrating immune cells using a signature matrix. For the human and mouse samples we

used the LM2233 and ImmuCC50 signature matrices, respectively. Batch correction (B-mode) and 1000 permutations were applied

(other parameters were left at default values). LAMM relevant genes were identified from literature search. To calculate the combined

Bulk-LAMM signature z-score within tumor samples, we calculated themean of row z-scores from individual LAMMgenes. Similarly,

the combined M2-related mouse gene signature was calculated based on the following genes: Mrc1, Tgm2, Retnla, Arg1,

Ccl22, Cd163.

Global protein profiling

For proteome profiling, cell pellets from human healthy donor monocytes and ex vivo generated human CSF1R+CD14+CD68+ LAMM

cells were lysed in urea lysis buffer (8 M urea, 20 mM HEPES, pH 8.0, 1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate,

1 mM beta-glycerophosphate). Protein concentrations of the lysates were determined using the 660 nm assay kit (Thermofisher) ac-

cording to themanufacturer’s instructions. 60 μg of protein per sample were reducedwith DTT (10mM for 1 h at 37 çC), alkylated with

iodoacetamide (25 mM for 15 min at 37 çC in the dark) and digested using Lys-C (Wako/Fujifilm) for 2 h at 37 çC in an enzyme-to-

substrate ratio of 1:50 (w/w). After dilution with 20 mMHEPES (pH 8.0) to a concentration of 2 M urea, digestion was continued over-

night with trypsin at 37 çC and 1:50 (w/w) enzyme-to-substrate ratio. The peptide mixtures were acidified, purified using C18 spin tips

and dried by vacuum centrifugation. Afterwards, the peptide samples were dissolved in 0.1 % formic acid and peptide concentra-

tions were determined using a fluorometric peptide assay (Thermofisher). The peptide samples were analyzed by LC-MS/MS on a

Vanquish Neo UHPLC system (Thermofisher) coupled online to an Orbitrap Astral mass spectrometer (Thermofisher) in a data-inde-

pendent acquisition scheme (DIA). 400 ng of peptides from each sample were concentrated and desalted on a PepMap Neo trap

cartridge (Thermofisher, particle size 100 Å, inner diameter 300 μm, length 5 mm), followed by separation on a 50 cm μPAC C18

analytical column (Thermofisher) using a 22 min method (18 min linear gradient) of 1% to 28% acetonitrile in 0.1% formic acid at

a flow rate of 250 nL/min. Precursor ion survey scans were acquired using the Orbitrap mass analyzer with the following parameters:

resolution 240,000, scan range m/z 380-980, automatic gain control (AGC) target 5x106, maximum injection time 10 ms, RF lens

setting 40%. For fragment ion scans using the Astral mass analyzer, precursor ions were isolated for collision-induced dissociation

(HCD) through each survey scan with an isolation window ofm/z 2, resulting in 299 scan events. The normalized HCD collision energy

was set to 25% and for fragment ion analysis the AGC target was 5x104 at a maximum injection time of 3 ms.

Global protein analysis

Raw DIA data were analyzed using Proteome Discoverer (v3.1.1.93) (Thermofisher). Spectra were searched against the Uniprot hu-

man reference proteome and 245 frequently observed contaminants using the CHIMERYS search algorithm. The mass tolerance for

fragment ions was set to 10 ppm. Oxidation of methionine was considered as dynamic modification while carbamidomethylation of

cysteine was defined as a fixed modification. The peptide length was defined to be between seven to 30 amino acids with one al-

lowed missed cleavage site. One to four charges per peptide were allowed. At both peptide and protein level, the false discovery

rate (FDR) was set at 1%. Further data processing was done using R studio. First, contaminants were removed. To control for equal

sample loading, intensities from each LC-MS/MS run were normalized on the median of the summed-up intensities from each sam-

ple.108 Finally, data were filtered for proteins found in at least 70% of the samples. The remaining missing values were imputed using

theDreamAI algorithm in R.83Protein intensities were z-score normalized on a per-protein basis by subtracting themean intensity and

dividing by the standard deviation. The Euclidean distance was then calculated from these z-scored values for hierarchical clustering

and the resulting heatmap was generated using the ComplexHeatmap package in R.84
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Western blot

Human healthy donor monocytes and ex vivo generated human CSF1R+CD14+CD68+ LAMM cells were washed in PBS and lysed in

cell lysis buffer (Cell Signaling Technology) containing phosphatase (Sigma-Aldrich) and protease (Sigma-Aldrich) inhibitors. The

BCA Protein Assay (Thermofisher) was used to determine protein concentrations. To separate the protein samples via SDS-

PAGE, the cell lysates were incubated with 4xNuPage LDS buffer (Thermofisher) and sample reducing agent (10x) (Thermofisher)

for 10 min at 80çC. The samples were loaded onto Bolt Bis-Tris Gels 4-12% (Thermofisher). Protein transfer to a nitrocellulose mem-

brane (Amersham) was performed by wet blotting. To perform immunodetection, membranes were blocked with 4% (w/v) milk pow-

der (Carl Roth) diluted in TBS with Tween 0.05 % (TBS-T; pH 7.6), incubated with primary antibodies using anti-phospho-AKT

(Ser473), anti-AKT, anti-phospho-p44/42 MAPK (Erk 1/2) (Thr202/Tyr204), anti-p44/42 MAPK (Erk 1/2) (all Cell Signaling Technol-

ogy), anti-Actin (MP Biomedical) and HRP-coupled anti-mouse (Merck) / rabbit (Merck) secondary antibodies were used. Immuno-

detection was performed using ECL Western Blot Detection Reagent (Amersham) and ECL Hyperfilm (Amersham).

Droplet-based scRNA-seq of human and murine samples

For scRNA-seq studies of human samples we analyzed primary B-NHL tissue samples of seven patiens with r/r disease eligible for

CAR-T cell therapy using Chromium Single Cell 5’v2 V(D)J technology (10X Genomics). For all specimens, r/r disease was indepen-

dently confirmed by board-certified pathologists. For scRNA-seq studies of murine samples we analyzed diseased spleens of four

C57BL/6 PPMBCmice using Chromium Single Cell 5’v3 V(D)J technology (10X Genomics). Single-cell suspensions were processed

by using the 10XGenomics Chromium X following the protocol described in the ChromiumSingle Cell V(D)J Reagent Kits User Guide.

Chromium Next GEM Single Cell 5’ Library was applied during the process. Oil droplets of encapsulated single cells and barcoded

beads (GEMs) were subsequently reverse-transcribed resulting in cDNA tagged with a cell barcode and unique molecular index

(UMI). Next, cDNA was amplified to generate single-cell libraries according to the manufacturer’s protocol. Amplified full-length

cDNA frompoly-adenylatedmRNAwas used to amplify full-length V(D)J segments (10x Barcoded) via PCR amplification with primers

specific to either the TCR or BCR constant regions. As both T and B cells were expected to be present in the partitioned cell pop-

ulation, TCR and Ig transcripts could be amplified in separate reactions from the same amplified cDNA material. Afterwards, ampli-

fied cDNA was enzymatically fragmented, end-repaired and polyA tagged. Next, Illumina sequencing adapters were ligated to the

size-selected fragments. Finally, sample indices were selected and amplified, followed by a double-sided size selection. Samples

were then sequenced on an Illumina NovaSeq 6000 as paired-end mode.

Single-cell data pre-processing

For single-cell data pre-processing, the Scanpy (v1.9.6) Python package85, a scalable toolkit tailored for the analysis of single-cell

data, was used to perform quality control, ensuring the inclusion of cells with over 150 genes. Following best practices, we employed

ratios instead of hard thresholds, allowing cutoffs to adapt to the distribution within each dataset. Cells were marked as outliers and

excluded if their mitochondrial gene content exceeded the threshold defined by three Median Absolute Deviations (MADs). Addition-

ally, cells with a mitochondrial count percentage exceeding 10% were filtered out. A threshold of five MADs was also applied to the

quality control covariates, including the total counts (log1p_total_counts), the cumulative percentage of counts for the top 20 ex-

pressed genes in a cell (pct_counts_in_top_20_genes) and the number of detected genes (log1p_n_genes_by_counts). SOLO,87 a

semi-supervised deep learning method, was used to identify and remove the potential doublets. We used the SOLO implementation

from scvi-tools (v1.0.4)86 and initialized SOLO with a pre-trained scVI model. The expression matrix underwent global scaling by

normalizing gene expression measurements relative to the total expression per cell. Subsequently, the resulting values were scaled

by a factor of 10,000 and natural logarithm transformation with a pseudocount value of 1.

Single-cell unsupervised clustering

For both human andmurine data, clusters were identified using the Phenographmethod,88which is a scalable graph-based clustering

algorithm designed for high-dimensional single-cell data. We used the Phenograph-louvain algorithm integrated in scanpy. Batch

correction was not performed to preserve the natural heterogeneity of lymphoma cells. Additionally, cells from the lymphoma tumor

microenvironment such asT cells andLAMMcellswerewell-clusteredwithout integration. For data visualization, high-dimensional sin-

gle-cell datawere reduced to twodimensions using the nonlinear dimensionality reduction algorithmUMAP (UniformManifold Approx-

imation and Projection).89 Additionally, signature LAMM score in scRNA-seq data was computed using scanpy.tl.score_genes.

Differential gene analysis

Analysis of differentially expressed genes was performed to identify marker genes specific to each cell cluster. These analyses

involved comparing the gene expression profiles of each cluster against those of all other clusters, using the Wilcoxon rank-sum

test on normalized gene expression data. To identify these marker genes, we utilized the FindMarkers function from the Seurat

(v5.0.0) R package90 which subsequently adjusts the resulting p values using Bonferroni correction to account for multiple testing.

Genes were considered as differentially expressed if their adjusted p value was less than 0.05.

Cell-cell interactions

To identify cell-cell interactions, CellPhoneDB (v5)40,91 was used for predicting communication between cells. In essence, this

involved inferring potential receptor-ligand interactions between a pair of clusters based on the expression of a receptor by one
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cluster and a ligand by another. Genes expressed by fewer than 10%of the cells within a cluster were filtered out. For themurine data,

we followed CellPhoneDB documentation and converted gene IDs to their corresponding human orthologues before conducting the

interaction analysis. The R package ktplots (v2.4.2)91 was used to visualize the chord diagrams.

RNA velocity analysis

The velocyto R package (v0.17.17)92 was used to quantify spliced and unspliced UMIs for each gene in each cell. Subsequent an-

alyses were performed using scanpy (v1.10.3) and scvelo (v0.3.3),93 a scalable toolkit for RNA velocity analysis in single cells. Count

matrices were normalized by library size, and the top 2000 highly variable genes were selected from those with at least 20 expressed

counts in both spliced and unspliced mRNA. Principal component analysis (PCA) was then applied to the log-transformed spliced

matrix, and the top 30 principal components were used to construct a k-nearest neighbor (k-NN) graph. For each cell, first- and sec-

ond-order moments (means and uncentered variances) of normalized spliced and unspliced counts were computed based on its 30

nearest neighbors. These moments were then used for RNA velocity estimation in dynamical mode. Additionally, Partition-based

Graph Abstraction (PAGA)94 was applied to summarize information from RNA velocity.

Gene set enrichment analysis

We performed GSEA, utilizing pre-ranked GSEA, as implemented by the Python package gseapy,95 to identify enriched gene path-

ways based on differentially expressed genes within the single-cell data. For the assessment of enriched pathways within T cell clus-

ters, we leveraged a curated set of pathways sourced from MSigDB (C5, ontology gene sets).109 We considered pathways with

adjusted p values < 0.05 as statistically significant.

Pathway activity analysis

Mouse reference data for pathway activity inference were obtained from PROGENy (Pathway RespOnsive GENes for activity infer-

ence),110 a curated resource of fourteen signaling pathways and their target genes, complete with p values and interaction weights. In

our analysis, pathway activity inference relies on the complete set of footprint genes for each pathway.To infer pathway activity

scores at the single-cell level, we used the Python package decoupler (v1.9.2).96

Single-cell gene expression analysis of the human LAMM cells

We compared the expression levels of LAMM-associated genes in LAMM cells from patients with NDR and DR. The difference be-

tween the two groups was assessed by calculating the fold change in mean gene expression between NDR and DR patients. Cells

with zero counts for a given gene were excluded from the analysis before comparison.

Single-cell CAR-Treg analysis from peripheral blood

Frequency of CSF1+CAR-T cell populations andmean CSF1 expression levels were analyzed from previously published scRNA-seq

data of CAR-T cells obtained from peripheral blood of axicabtagene ciloleucel-treated B-NHL patients at Stanford.9 Three out of nine

samples passed quality control (CSF1: g 25 cells within CAR-Treg population) and were hence used for downstream analysis.

Flow cytometry

Flow cytometry was conducted to assess transduction efficiencies for both human and murine anti-CD19 CAR-T cells, identify mu-

rine anti-CD19 CAR-T cell expansion in vivo, determine cell viability after co-culture of lymphoma cells with human anti-CD19 CAR-T

cells and characterize surfacemarkers expressed on humanmonocytes and LAMMs, respectively. To this end, we used the following

antibodies. For human anti-CD19 CAR-T cell detection: anti-CD3 APC (Miltenyi), anti-idiotype CD19 CAR Biotin (Miltenyi) or anti-

mouse IgG Fab Biotin (Southern Biotech) together with anti-Biotin PE (Miltenyi). For murine anti-CD19 CAR-T cell analysis: anti-

rat IgG Fab Biotin (Jackson Immuno), Streptavidin-PE (BioLegend) and anti-mouse CD3ε APC (BioLegend). For quantification of tu-

mor cell viability and T cells after co-culture (Beckman Coulter Cytoflex LX Flow Cytometer or BD Symphony A3, respectively): anti-

CD3 BV605 (BioLegend) or anti-CD3 APC (BioLegend), anti-CD20 AF700 (BioLegend) or anti-CD20 PE (BioLegend), anti-CD4 BV510

(BioLegend), anti-CD8 BUV737 (BD Bioscience), anti-CD27 PE/Cy7 (BioLegend), Zombie UV or NIR Viability dyes (BioLegend). To

characterize human monocytes and LAMMs: anti-HLA-DR BUV737 (BD Bioscience), anti-CD16 BUV805 (BD Bioscience), anti-

CD11b BV510 (BioLegend), anti-CD45 BV570 (BioLegend), anti-CD86 BV605 (BioLegend), anti-CD163 BV785 (BioLegend), anti-

CD62L FITC (BioLegend), anti-CD68 PerCP/Cyanine 5.5 (BioLegend), anti-CD80 PE (BioLegend), anti-CD14 PE/Dazzle 594

(BioLegend), anti-PD-L1 PE/Cy7 (BioLegend), anti-CD15 APC (BioLegend), anti-CD33 Alexa700 (BioLegend) anti-CD206 APC/

Fire750 (BioLegend), anti-CSF1R/CD115 BV421 (BioLegend). Samples were incubated for 5 min at room temperature with Fc recep-

tor blocking solution (BioLegend). Afterwards, samples were stained with respective antibody mix, incubated for 30 min at 4çC fol-

lowed by PBSwashing prior to analysis. For secondary antibody stainings samples were incubated again for 30 min at 4çC and here-

after washed again with PBS. Samples were analyzed on the Beckman Coulter Cytoflex LX Flow Cytometer and the BD

Symphony A3.

Multiplex analysis of cytokines

For multiplexed cytokine analysis, we used Luminex xMAP technology to quantitatively and simultaneously detect cytokines and

chemokines. The multiplexing analysis was performed by Eve Technologies Corporation (Calgary, Alberta, Canada) using the
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Luminex 200™ system (Luminex Corporation/DiaSorin, Saluggia, Italy) with Bio-Plex Manager™ software (Bio-Rad Laboratories Inc.,

Hercules, California, USA). The following panels were used: Human Cytokine/Chemokine Panel A 48-Plex Discovery Assay Array

(HD48A) and the Eve Technologies’ Human Cytokine Proinflammatory Focused 15-Plex Discovery Assay Array (HDF15) according

to the manufacturer’s protocol.

Immunohistochemistry

3 μm tissue sections of FFPE primary B-NHL specimens or diseased spleens of CAR-T cell treated mice were deparaffinized, placed

in 200mL of target retrieval solution (EDTA buffer pH 9.0 or Citrat buffer pH 6.0, respectively) and heated for 20 min at boiling tem-

perature. Afterwards, sections were washed with TBS. Immunohistochemical staining was performed using the LabVision Autos-

tainer-480S (Thermofisher) using the horseradish-peroxidase polymer method. Endogenous peroxidase activity was blocked by

treatment with H2O2 for ten min. Staining was done using hematoxylin & eosin (H&E), primary antibodies and the Secondary-

Histofine-Simple-Stain (SHSS) antibody detection kit (Medac). Human primary FFPE tissue sections were diagnosed based on

routine histological examination including H&E andCD20 staining by trained hematopathologists and stainedwith a primary antibody

against CSF1R (clone SP211) (Abcam). Mouse FFPE tissue sections were stained with a primary antibody against B220 (clone RA3-

6B2) (BD Bioscience).

Quantification of immunohistochemical staining

CSF1R protein expression was quantified by using the semi-quantitative image analysis software QuPath (v0.50), as described

earlier.97 First, all slides were scanned and images digitalized with the Panoramic-250 slide scanner (3D Histech). After manually

choosing the lymphoma areas the program was run on all region of interest (ROIs) quantifying immunopositive cells within the

ROI. The frequency of CSF1R+ cells was calculated by H-Score. A minimum of 5000 (range: 5,516 - 202,095, median: 56,409) cells

total per patient was analyzed.

Immunofluorescence of murine samples

For immunofluorescence staining of diseased spleens of CAR-T cell treated mice, 3 μm FFPE tissue sections were deparaffinized,

placed in 200mL of target retrieval solution (Citrat buffer pH 6.0) and heated for 20 min at boiling temperature. Afterwards, sections

were washed with TBS, followed by blocking with BSA 3%. The sections were then incubated with the following primary antibodies

overnight at 4çC: anti-CD3 (clone SP7) (Thermofisher) and rabbit anti-mouse anti-CSF1R AF647 (clone EPR23529-26) (Abcam). Sec-

tions were incubated with an anti-rabbit IgG secondary antibody AF568 (Abcam). DAPI staining was used to visualize nuclei, and

slides were mounted with ProLong Gold Antifade Mountant (Invitrogen). Imaging and microscopic analyses were performed using

a Stellaris 5 (Leica) microscope. Brightness and contrast were adjusted using Fiji (v1.54f) for visualization purposes.

IMC image acquisition of tissue microarrays

Representative ROIs from FFPE primary lymphoma specimens (human) or diseased spleens (murine) were selected by an experi-

enced hematopathologist. For both, human and murine specimens, a tissue microarray (TMA) was generated with 1 or 2 cores of

1.5 mm diameter per sample using the Manual Tissue Arrayer MTA-1 (Estigen) (murine samples) and the TMA Master II (3D Histech)

(human samples). Fresh-cut tissue sections of 3 μmwere used for further steps. IMC was performed by a Hyperion Imaging System

(Standard BioTools, SBT), following a modified manufacturer’s protocol and as described previously.111

For CSF1R staining of human lymphoma specimens we applied an amplification strategy using the Tyramide superboost kit (Ther-

mofisher) and 165Ho metalated DTPA-diTyr. In brief, antigen retrieval (EDTA buffer pH 9.0) of FFPE tissue sections was followed by

incubation with 3% H2O2 at room temperature and blocking with 10% goat serum. Then, the sections were labeled with a CSF1R

antibody (clone SP211) (Abcam) diluted in 0.5% BSA and incubated for 20 min followed by incubation with an anti-rabbit immuno-

globulin-HRP for 1 h at room temperature. Finally, the tyramide working solution including 165Hometalated DTPA-diTyr was applied

to the section. This procedure was followed by IMC antibody staining. In brief, the slides were incubated with the antibody cocktail in

a hydration chamber at 4çC overnight. DNA was stained by 1:800 500 μM Intercalator-Ir solution (SBT) in TBS for 30 min at room

temperature in a hydration chamber. When possible, ROIs of 1 mm2 (1000 μm × 1000 μm) were laser-ablated (frequency 200 Hz,

laser power 3 a.u.).

IMC image preprocessing

For both human andmouse tissues IMC images were converted to .tiff files. Hot pixels were identified as pixels brighter than the local

maximum (kernel of size (5,5)) by a factor equal to the 50th percentile of imagepixel intensities. After detection the intensity of these hot

pixels were capped to their local maximum. Images corresponding to marker channels of interest (Tables S2) were further manually

inspected to exclude low quality or nonspecific staining. Marker expression was analyzed based on positive pixels in each image, as

detected using a custom semi-automatic DBSCAN-based segmentationmethod.111 First, pixels above the 99.9th percentile for each

channel were clipped. The resulting pixel values for each image were normalized by dividing by the newmaximum pixel value of that

image. The DBSCAN (Density-based spatial clustering of applications with noise)112 algorithm was applied to the pixel x-y coordi-

nates, using the previously generated corresponding pixel values as sample weights. Only pixels with non-zero weights are input

toDBSCAN.DBSCAN is clustering the pixels into asmany clusters as necessary, generating connected components thatweconsider

as foreground pixels. On the connected components with an area larger than 25 pixels, morphological operations were applied:
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dilation with a disk of radius 5, erosion with a square matrix of dimension 3 filled with 1s, followed by closing with a disk of radius 2.

Several parameters were tested for the DBSCAN algorithm: epsilon in [1, 2, 3, 5] and minimum samples in [1, 2, 5], while leaf_

size=5, metric=‘manhattan’ were kept constant (scikit-learn implementation). After manual inspection, one value pair for epsilon

andminimumsampleswas chosen for all images of one slide for one channel. The pixel percentages, corresponding to the foreground

pixels detected via thisDBSCAN-basedsegmentation (pixel percentage=pixel sum / image size),wereused for downstreamanalysis.

Downstream analysis of human IMC data

Pixels corresponding to the tissue were detected on a normalized sum of all channel images. Marker expression of CD3, CD8A and

the union of CD14 and CD68, was defined as the percentage of positive pixels detected by the DBSCAN-based segmentation, rela-

tive to the tissue size (pixel percentage = pixel sum / area of tissue). In patients with two or more available ROIs, the percentage of

pixels relative to the tissue was averaged.

Downstream analysis of murine IMC data

The murine IMC images of the corresponding channels (CD4, CD8 or CD11b) were first blurred using a Gaussian filter with a size of

20. A k-means algorithm (k = 3) was applied to the list of pixel values for each channel and only the class with the highest mean pixel

value was considered as foreground. The edges of the foreground connected components were detected using a Canny filter with

thresholds 100 and 200. Connected components with an area smaller than 1000 pixels, as well as connected components inside one

another, were discarded. The intersections of enriched regions in CD4, CD8 and CD11b images were considered for the quantifica-

tion of marker expression (Figures S7A–S7C). The marker expression were defined as the pixel percentages of CD3, CD4, CD8,

CD11b, F4/80 and B220, respectively, based on each channel using the DBSCAN-based segmentation.

IMC distance analysis

Murine LAMM-positive regions were defined as the union of CD11b and F4/80 pixels and T cell-positive regions were defined based

on theCD3 signal using DBSCAN-based segmentation described above. For each LAMM-positive region, we calculated the distance

to the nearest T cell-positive region. Distances are defined between centroids of positive regions using the euclidean distancemetric.

Tissue processing for MICS

Frozen embedded tissue specimenswere cryosectionedwith aCM3050 cryostat (Leica), 4 μmsectionsweremounted on SuperFrost

Plus slides (Menzel). The cryosectioned slices on slides were directly stored at -80çC. On the day of use, the frozen slide was put in a

4% PFA solution and incubated for 10 min at room temperature. The slide was washed three times with MACSima Running Buffer

(Miltenyi). Immediately after washing, a MACSwell Imaging Frame 4 (Miltenyi) was mounted on the slide and MACSima Running

Buffer (Miltenyi) was added (according to the MACSwell Imaging Frames data sheet). Right before the start on the MACSima Instru-

ment, a DAPI pre-staining was performed: The MACSima Running Buffer (Miltenyi) was removed and the sample was stained for

10 min with a DAPI staining solution. Finally, the DAPI staining solution was removed, three washing steps were performed and

the initial sample volume of MACSima Running Buffer (Miltenyi) was added. Cyclic staining with 57 antibodies coupled to either

FITC, PE or APC was done according to the manufacturer’s instructions.

MICS image analysis

Image datasets (stack of images) were imported into theMACS iQ View Software (v1.3.1) (Miltenyi). The software uses nuclei and cell

membrane markers to perform image segmentation identifying individual cells. After segmentation features like mean fluorescent

intensities (MFI) were computed for each cell against the background and z-score normalized for visualization and comparability.

Fluorescence overlays were assessed visually to capture spatial distribution of relevant cell types. In addition, unsupervised agglom-

erative hierarchical clustering into 30 clusters was performed and the resulting clusters annotated based on a heat map displaying

antibody expressions in a given cluster. Clusters containing cells of the lymphoma tumor microenvironment like CAR-T cells, T cells

and myeloid cells were further subclustered as needed and submitted to dimension reduction as UMAP by the MACS iQ analysis

software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data processing and data analyses were performed using R, Python, Microsoft Excel, SPSS (IBM) and GraphPad Prism. Statistical

tests were conducted using SPSS (IBM), R as well as GraphPad Prism and are indicated in the respective figure legend. p values

below 0.05 were considered statistically significant and are indicated in the figures as follows: *p < 0.05, **p < 0.01, ***p < 0.001

and ****p < 0.0001. We used FlowJo (FlowJo LLC) to analyze .fcs files derived from flow cytometry experiments. scRNA-seq analysis

was performed in both R and Python. The code for IMC data analysis was written in python using as main packages scikit-image,

numpy, scipy.ndimage, scikit-learn (for DBSCAN and k-means), and open-cv (Canny filter). Schematic illustrations in the Graphical

Abstract and Figures 1A, 2E, 3A, 3K, 4O, and 5A were created using BioRender.
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