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Knockout IL411 affects macrophages @
to improve poor efficacy of CD19 CAR-T

combined with PD-1 inhibitor in relapsed/
refractory diffuse large B-cell ymphoma
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Abstract

Chimeric antigen receptor (CAR) T-cell therapy plays a critical role in the treatment of B-cell hematologic
malignancies. The combination of PD-1 inhibitors and CAR-T has shown encouraging results in treating patients
with relapsed/refractory (R/R) diffuse large B-cell lymphoma (DLBCL). However, there are still cases where treatment
is ineffective. This study aimed to investigate the role of IL411 in the poor efficacy of CD19 CAR-T combined with
PD-1 inhibitors in R/R DLBCL and to explore potential mechanisms. Transcriptomic and metabolomic correlation
analyses were performed on tumor tissue from DLBCL patients. We employed an in vitro co-culture system
consisting of Pfeiffer cells, CD19 CAR-T and macrophages to investigate the underlying mechanisms. It was found
that IL411 levels were significantly increased in the tumor tissues of R/R DLBCL patients compared to responders.
Correlation analysis revealed a positive association between IL411 and tryptophan (Trp)-kynurenic acid (Kyn)
related metabolites. In the in vitro co-culture model, the presence of IL4I1 inhibited the cytotoxicity of CAR-T cells.
Depletion of IL411 disrupted the IDO-AHR-Kyn signaling pathway, thereby enhancing the effectiveness of PD-1
inhibitors in combination with CD19 CAR-T for DLBCL treatment. CAR-T-mediated cytotoxicity was significantly
inhibited when IL411 was present in the in vitro co-culture model. These findings suggest that IL4IT may be a
contributing factor to poor prognosis in R/R DLBCL patients. IL411 expression enhances immunosuppression via
the IDO-AHR-Kyn pathway, inhibiting the effectiveness of PD-1 inhibitors combined with CD19 CAR-T. Therefore,
suppression of IL411T may represent a potential target for combination therapy in DLBCL.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is a malig-
nant and invasive tumor that accounts for 30-50% of
non-Hodgkin lymphomas. The standard treatment for
CD20-positive DLBCL is R-CHOP (rituximab in com-
bination with cyclophosphamide, doxorubicin, vincris-
tine, and prednisone) [1, 2]. However, approximately
30-40% of patients either do not respond or experience
relapse. CD19 CAR-T therapy has demonstrated promis-
ing results in relapsed/refractory (R/R) DLBCL, yet there
remains significant room for improvement.

CD19 CAR-T is an important treatment for R/R
DLBCL, achieving a complete response (CR) rate of over
50% and an objective response rate (ORR) of approxi-
mately 70% [3, 4]. However, the efficacy of CD19 CAR-T
therapy in R/R DLBCL may be compromised by factors
such as the immunosuppressive tumor microenviron-
ment (TME) [5]. Macrophages, which are abundant
immune cells in the DLBCL microenvironment, play a
critical role in CAR-T cell exhaustion and the inhibition
of CAR-T cytotoxicity [6, 7]. Thus, further research is
needed to optimize CAR-T therapy in DLBCL and over-
come the challenges posed by the immunosuppressive
TME. The strategy of combining CAR-T therapy with
immune checkpoint inhibitors holds promise for enhanc-
ing the effectiveness of this treatment approach in R/R
DLBCL patients.

Immune checkpoint inhibitors, such as PD-1/PD-L1
inhibitors, can help overcome immune suppression in
the TME and enhance CAR-T cell activity [8, 9]. The use
of PD-1 inhibitors in combination with CAR-T therapy
has shown promise in preclinical models and clinical
trials [10, 11]. Our previous research found that com-
bining immune checkpoint inhibitors to block PD-1 can
enhance CAR-T cell efficacy in R/R DLBCL [12]. This
combination approach has been particularly effective in
treating R/R DLBCL patients with TP53 mutations or
deletions who were unresponsive to CAR-T cell ther-
apy [13]. However, it is important to note that cases of
treatment failure have occurred in R/R DLBCL patients
treated with PD-1 inhibitors in combination with CAR-T
therapy [14]. For instance, a prospective study reported a
relatively low ORR of 25% with pembrolizumab following
CD19 CAR-T therapy in non-Hodgkin lymphoma (NHL)
[15]. While the combination of CAR-T and PD-1 inhibi-
tors holds promise, these findings highlight the need for
further research to identify factors contributing to treat-
ment failures and to optimize the timing, dosing, and
patient selection for combination therapy. A comprehen-
sive understanding of the underlying mechanisms and
careful patient selection will be crucial for improving the
outcomes of combination therapies in R/R DLBCL.

Single-cell sequencing data reveal that IL411, PD-L1,
and IDO1 are expressed in macrophages clustering
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around tumors in a T cell-dependent manner [16]. IL411
functions as an amino acid oxidase that activates the aryl
hydrocarbon receptor (AhR) by recognizing tryptophan
(Trp) and generating metabolites such as indole and uric
acid [17]. Reduced expression of IL4I1 has been shown
to inhibit the conversion of certain amino acids to ace-
tyl-coenzyme A, affecting energy metabolism pathways,
and has been correlated with reversing resistance to the
drug ibrutinib in DLBCL [18]. This suggests that target-
ing IL4I1 may have therapeutic potential in combating
drug resistance in DLBCL. Furthermore, PD-1 signaling
on T cells has been found to inhibit metabolic pathways
associated with T cell activation [19]. This underscores
the importance of metabolic modulation in conjunction
with PD-1 blockade to improve CAR-T therapy effective-
ness. The combination of metabolic inhibitors and PD-1
inhibitors may enhance therapeutic outcomes in DLBCL.
Based on these findings, it is suggested that suppressing
IL4I1 expression can reverse resistance to PD-1 inhibi-
tors in combination with CAR-T therapy, further empha-
sizing IL4I1 as a potential therapeutic target to enhance
the efficacy of combination therapies in DLBCL.

Materials and methods

Cell culture and isolation of primary cells

HEK-293T and Pfeiffer cells were purchased from the
American Type Culture Collection (ATCC, Manassas,
VA, USA). HEK-293T cells were cultured in DMEM
(Gibco) supplemented with 10% FCS (Gibco), while Pfei-
ffer cells were cultured in RPMI 1640 supplemented with
10% ECS. Peripheral blood mononuclear cells (PBMCs)
from healthy individuals and lymphoma tissues from
relapsed/refractory (R/R) patients and responders who
received a PD-1 inhibitor in combination with CD19
CAR-T were collected at Tianjin First Central Hospital.
Healthy donors and lymphoma patients consented to
participate in this experiment as part of a clinical trial
(ChiCTR-ONN-16009862; Medical Ethics Committee of
the First Central Hospital of Tianjin). The FMC63 clone
served as the source of the scFv plasmid targeting CD19.
The scFv, human 4-1BB, and CD3{ signaling domains of
the CAR vectors were subcloned into the lentiviral plas-
mid pCDHMND-MCS-T2A-Puro. The RQR8 tag was
placed in front of the CAR sequence, with a short T2A
peptide in between for identification. Ethical approval
and informed consent were obtained from the Tianjin
First Central Hospital Medical Ethics Committee (Tian-
jin, China) for all human samples used in this study,
which were approved under clinical trial No. ChiCTR-
ONN-16,009,862. All methods were performed in accor-
dance with relevant guidelines and regulations.
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Plasmids, siRNA, and cell transfection

We utilized the CRISPR-Cas9 technique to knock
down IL4I1 in M-THP1 cells and selected three gRNA
sequences: GGGTAGAAAATCATGCGCGA; GCTG
GCCTCGTACACGTGGT; GCACCGGCGTCGTCA
AGCGT. MyBiosource provided a human IL4I1 ¢cDNA
clone with Gateway-compatible recombination sites
(MBS1270935). According to the manufacturer’s instruc-
tions (GeneCopoeia, Rockville, MD, USA), lentivirus was
prepared for transfection experiments. After 6 h of incu-
bation, the medium was replaced with DMEM-F12 sup-
plemented with 10% FBS. Transfection was performed
following the manufacturer’s instructions. Subsequently,
PCR, Western blot, and luciferase analysis assays were
conducted as described below.

Lentivirus production

Lentivirus was prepared according to the manufacturer’s
instructions (GeneCopoeia). For HEK-293T lentiviral
packaging cells, it is recommended to culture them in
DMEM supplemented with 10% heat-inactivated fetal
bovine serum and to perform transfection when the cells
reach 70-80% confluence. Dilute 2.5 pg of the lentiviral
expression plasmid and 2.5 pug of Lenti-Pac HIV mix in
200 pL of Opti-MEM® I (Invitrogen). For separate tube
preparation, combine 15 uL of EndoFectin Lenti with
200 pL of Opti-MEM I and mix by adding dropwise to
the plasmid mixture, followed by a 10-25 min incuba-
tion at room temperature. After transfection, the culture
medium containing pseudovirus was collected after 48 h,
and ultracentrifugation was performed. The pellets were
then resuspended in complete X-Vivol5 medium and
stored at — 80 °C for later use.

Production and detection of CAR-T cells

CD3* T cells from healthy donors were isolated from
PBMCs using CD3 immunomagnetic beads (Miltenyi
Biotec, Germany; #130-097-043) and subsequently
stimulated with CD3/CD28 beads (Thermo Fisher Sci-
entific; #11131D) and IL-2 (100 IU/mL; Miltenyi Biotec)
in X-VIVO 15 medium (Lonza). Following activation and
expansion for 48 h, cells were transduced with lentivirus
two hours later. To express a CD19-specific CAR, T cells
were typically engineered for 9-12 days and then stained
with Alexa-Fluor 647-labeled polyclonal goat anti-
mouse IgG (H+L) antibodies (Affinity). Additionally, all
cells were further confirmed by staining with fluores-
cein isothiocyanate (FITC)-labeled anti-CD3 antibodies
(Abcam).

Cell co-culture model

THP1 cells (5x1075/well) were seeded into six-well
plates and polarized into M2 macrophages by treating
them with 320 nM PMA (Sigma) for 24 h, followed by
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the addition of 20 ng/mL IL-4 (PeproTech) and 20 ng/mL
IL-13 (PeproTech) in the presence of PMA for an addi-
tional 24 h to obtain the M2 phenotype. Flow cytometry
was used to validate the formation of M2 macrophages
based on the surface markers CD11b and CD163. Follow-
ing a wash to remove all PMA and cytokines, a co-cul-
ture of 2x 1075 M2 macrophages(IL411 KO or control),
2 x 1075 CAR-T cells, and 6 x 1075 Pfeiffer cells was incu-
bated in X-VIVO 15 medium (Lonza) supplemented with
IL-2 (100 IU/mL, Miltenyi Biotec) for 24—48 h.

Immunocytochemistry assay

After treatment, cells were fixed with 4% paraformalde-
hyde for 20 min and subsequently blocked with normal
goat serum at room temperature for 30 min. Following
overnight incubation with rabbit anti-AhR (Abcam) in
a humid chamber, cells were then incubated with FITC-
conjugated goat anti-rabbit IgG (Santa Cruz) for 30 min
at 37 °C. After washing with PBS, samples were examined
using a confocal laser scanning microscope. DAPI stain-
ing (blue) was used to visualize total nuclei. Immuno-
histochemical staining was performed to analyze tumor
tissue according to the established protocol. After depa-
raffinization and rehydration, sections were exposed to
3% H,0, in methanol and then blocked with 1% BSA for
30 min at room temperature. After blocking, sections
were incubated overnight at 4 °C with anti-IL4I1 primary
antibodies and subsequently with peroxidase-conjugated
secondary antibodies. The number of IL4I1" cells was
determined by counting stained cells.

Quantitative real-time PCR (qRT-PCR)

Real-time PCR (Biosystems StepOne, Foster City, CA,
USA, Applied Biosystems) was used to measure the
mRNA levels of specific genes using Fast SYBR Green
Master Mix (Applied Biosystems, Waltham, MA, USA).
The thermocycling conditions included denaturation at
95 °C for 30 s, followed by 45 s of annealing at tempera-
tures ranging from 48 °C to 70 °C, and a final extension
step of 30 s at 72 °C for 30-32 cycles. The mean of three
independent experiments performed in triplicate is rep-
resented by the error bars, with one standard error of
measurement. The following primers were used: IL411
forward 5’CGCCCGAAGAC ATCTACCAG3’, reverse
5'GATATTCCAAGAGCGTGTGCC3'.

Metabolomics sequencing

Metabolomics sequencing was performed using a
methanol-based extraction method to extract intracel-
lular metabolites from each biological replicate. Prior to
extraction, cells were harvested, counted, and divided
into three aliquots. The cells were washed with cold PBS
before the addition of 250uL of LC-MS grade methanol.
The resulting mixture was then pelleted, and 150uL of
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the supernatant was transferred to an LC-MS vial. After
obtaining the metabolite data, cluster analysis was per-
formed to identify patterns and similarities among the
selected differential metabolites. Additionally, metabolite
correlation analysis was conducted to explore the rela-
tionships between different metabolites within the two
groups.

Cytotoxicity against Pfeiffer in vitro

For this experiment, 4x 1075 CD19 CAR-T cells per
group were seeded in a co-culture with Pfeiffer cells and
M-THPI in a ratio of 1:3:1 and incubated for 48 h. The
experiment included 36 pg/mL of a PD-1 inhibitor (Bris-
tol-Myers Squibb, New York, NY, USA) and was designed
to evaluate CAR-T cell killing of Pfeiffer cells. Cytotox-
icity was determined using a lactate dehydrogenase
(LDH) assay kit (Dojindo Molecular Technologies, Inc.)
and monitored at 0, 24, and 48 h after cell co-culture.
Isolation of CD19 CAR-T cells from the co-culture was
achieved by MACS using CD3 microspheres as previ-
ously described. An LDH cytotoxicity assay kit (Dojindo
Molecular Technologies, Inc.) was used to detect cyto-
toxicity at 490 nm at 0, 24, and 48 h.

Western blotting and cytokine release analysis

Western immunoblotting was performed according to
previously described methods [20]. After SDS-PAGE and
blotting, proteins were detected using the following pri-
mary antibodies: IDO (Bioss, bs-15493R), Kyn (Abcam,
ab276053), and mouse anti-GAPDH (Santa Cruz). The
secondary antibodies used were IRDye-800-conjugated
anti-mouse and anti-rabbit immunoglobulin G (Li-COR
Biosciences) at a dilution of 1:200. Immunofluorescence
was performed using the Odyssey infrared imaging sys-
tem from Gene Company Ltd. GAPDH expression was
used as an internal control.

Evaluation of CAR-T cells’ efficacy and adverse effects in
B-Cell lymphoma mouse xenograft models

Male NSG mice aged 6-8 weeks were chosen for the
establishment of B-cell lymphoma mouse xenograft mod-
els. The mice were injected with 5x 1076 Pfeiffer cells
expressing luciferase by subcutaneous injection on one
side. Established tumors were monitored by biolumi-
nescence imaging (BLI). Upon confirmation of engraft-
ment after 20 days, the mice were randomized into three
groups and treated by tail vein injection of 5x 1076 CD19
CAR-T cells and 2.5x10"6 M-THP1. During treatment,
we assessed tumor burden by employing the IVIS Lumina
II (PerkinElmer) imaging system following intraperito-
neal administration of 3 mg of D-fluorescein (Sigma) to
each mouse at predetermined time intervals. The Animal
Care and Use Committee of Tianjin Medical University
approved the animal experimental protocol.
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Statistical analysis

Statistical analysis was performed using SPSS 17.0
(SPSS, Inc., Chicago, IL, USA). Data are expressed as
the mean+standard error and analyzed using a t-test,
with the g-test method used for pairwise comparison. A
p-value of <0.05 was considered statistically significant.

Results

IL411 as a factor for poor prognosis in DLBCL patients

High expression of IL4I1 in tumor-associated macro-
phages (TAMs) may contribute to drug resistance and
poor prognosis in DLBCL patients. IL4I1 is known to
promote tumor cell proliferation and suppress immune
responses [18]. Therefore, we hypothesized that elevated
IL4I1 expression could be associated with drug resis-
tance and poor prognosis in DLBCL patients. To test
this hypothesis, we analyzed the mRNA levels of I1L411
in PBMCs of healthy individuals, as well as in initial
lymphoma tissue from patients with relapsed/refractory
(R/R) DLBCL who responded to combination therapy
(Fig. 1A). The results showed that IL4I1 mRNA levels in
the tumor tissue of R/R patients were significantly higher
than those in PBMCs of healthy individuals (P<0.001).
However, there was no statistically significant difference
in IL4I1 mRNA levels between responders and healthy
individuals. These findings suggest that IL4I1 may con-
tribute to the unfavorable prognosis of DLBCL patients.
Immunohistochemistry analysis of tumor tissue revealed
significantly higher expression of IL411 in the R/R group
compared to the response group (Fig. 1B). Based on
immunohistochemical analysis of IL4I1 in tumor tis-
sue, the number of positive cells (brownish-yellow stain-
ing) ranged from 70 to 100% in the R/R group, while it
ranged from O to 10% in the response group, indicating
that IL411 adversely affects patient prognosis (Fig. 1B).
Thus, IL4I1 may be a contributing factor to the unfavor-
able prognosis of these patients.

For transcriptomic and metabolomic correlation analy-
ses, three samples were randomly selected from R/R and
responder patients. Group 1 was defined as R/R patients
after combination therapy, while Group 2 comprised
patients who achieved a response after combination
therapy. The volcano plot offers a visual representa-
tion of the differential metabolic pathways distribution
between the two groups. The horizontal axis denotes the
expression change of proteins associated with metabolic
pathways between the two groups (log2 Fold Change),
while the vertical axis reflects the significance level of
proteins differences (-logl0 pvalue). Up-regulated genes
are depicted as red dots, whereas down-regulated genes
are represented by green dots. Approximately 165 pro-
teins associated with metabolic pathways exhibited dif-
ferential expression between the two groups, of which
about 89 proteins were up-regulated and 76 proteins
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Fig. 1 L4171 as a Factor for Poor Prognosis in DLBCL Patients. The groups are divided into Group 1 and Group 2. Group 1: R/R patients after treatment with a

PD-1 inhibitor in combination with CD19 CAR-T; Group 2: Patients with a response after treatment with a PD-

1 inhibitor in combination with CD19 CAR-T.

(A) The mRNA levels of IL4l1 in different groups. (B) Immunohistochemical analysis of IL411 in lymphoma tissue across different groups. (C) The volcano
plot offers a visual representation of the differential metabolic pathways distribution between the two groups. (D) The heatmap illustrates several meta-
bolic pathways between the two groups. (E) The volcano plot displays differentially expressed genes between the two groups combination with 463 out
of 24,601 metabolic pathways showing significant differences. (F) Proposed interaction map of transcriptomic and metabolomic data regulated by IL411
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were down-regulated in the group that did not respond
to combination therapy (Fig. 1C). The heatmap illus-
trates several proteins associated with metabolic path-
ways between the two groups. We found that kynurenic
acid (Kyn), tryptophan (Trp), and tyrosylalanine were
significantly upregulated in Group 1 compared to Group
2, whereas arachidonic acid (AA) and prostaglandin E2
(PGE2) were downregulated (Fig. 1D). More than 20,000
differentially expressed genes are displayed in the volcano
plot. The horizontal axis denotes the expression change
of differentially genes between the two groups (log2 Fold
Change), while the vertical axis reflects the significance
level of genes differences (-logl0 pvalue). Up-regulated
genes are about 264, whereas down-regulated genes are
about 199 (Fig. 1E). Transcriptomic and metabolomic
correlation analysis showed that IL4I1 was significantly
positively correlated with Kyn and Trp-related metabo-
lites (Fig. 1F).

Effect of IL411 on CD19 CAR-T and PD-1 inhibitor
combination therapy

To assess the impact of IL411 on the efficacy of PD-1
inhibitors in combination with CD19 CAR-T treatment,
an improved in vitro co-culture model was employed to
simulate the tumor microenvironment. The co-culture
system consisted of CD19 CAR-T cells, Pfeiffer cells, and
M-THP1 cells (IL4I1 KO or control) in a specific ratio of
1:3:1. The cytotoxicity of CAR-T cells against Pfeiffer cells
was measured using lactate dehydrogenase (LDH) activ-
ity. As shown in Figs. 2A and 38.73% of Pfeiffer cells were
killed after being exposed to CD19 CAR-T combined
with PD-1 inhibitor for 24 h, and 92.27% were killed at
48 h. After transfecting IL4I1 overexpression plasmid
into the M-THP1 cells, the cytotoxicity of CD19 CAR-T
combined with PD-1 inhibitor were significantly inhib-
ited, only about 47.8% of Pfeiffer cells were killed at 48 h.
Moreover, IL4I1 KO in the M-THP1 cells, the cytotoxic-
ity of CD19 CAR-T combined with PD-1 inhibitor were
significantly increased (Fig. 2B). Subsequently, we evalu-
ated the subtype of the IL411 knockout (IL411 KO) group
and the control group, revealing a balanced proportion of
CD4-positive and CD8-positive CAR-T cells at approxi-
mately 50% each (Fig. 2C). Meanwhile, cellular differenti-
ation detection was conducted to analyse the proportion
of effective and memorable subtypes. The result showed
that the IL4I1 KO group had a higher proportion of
Naive T cells in CD4 or CD8 positive CD19 CAR-T cells
compared to the control group (Fig. 2D). Additionally,
the expression levels of immune checkpoint markers
PD-1, TIM-3, and LAG-3 on CD19 CAR-T cells were
comparable between the IL4I1 KO and control groups.
However, the IL411 KO group exhibited a lower propor-
tion of CD19 CAR-T cells expressing PD-1, TIM-3, and
LAG-3 than control groups (Fig. 2E). Quantification from
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three independent experiments is presented in Fig. 2F.
These findings suggest that IL4I1 plays a significant role
in influencing the effectiveness of CD19 CAR-T therapy
in combination with PD-1 inhibitors.

IL411 enhances immune suppression via the IDO1-AHR-Kyn
metabolic pathway

Indoleamine 2,3-dioxygenase (IDO1) has been impli-
cated in promoting the proliferation of malignant cells
in gliomas and is associated with poor prognosis [21].
In the co-culture system of CAR-T cells, Pfeiffer cells,
and M-THP1 cells, the expression of IDO1 increased,
while knockout of IL411 in M-THP1 cells inhibited IDO1
expression (Fig. 3A). IL4I1 knockout in M-THP1 cells
significantly reduced IDO1 expression in CD19 CAR-T/
CD19 CAR-T combined with PD-1 inhibitor treatment,
while IL41I1 overexpression in M-THP1 cells increased
IDO1 expression (Fig. 3B, C). These findings suggest that
IL4I1 may enhance the expression of immunosuppressive
proteins in macrophages, potentially impairing the effi-
cacy of CAR-T therapy.

Based on previous studies, we hypothesized that an
IDO inhibitor could inhibit the Trp-Kyn pathway in the
DLBCL microenvironment. In the in vitro co-culture
model, the IDO inhibitor partially blocked the Trp-Kyn
pathway in CD19 CAR-T/CD19 CAR-T combined with
PD-1 inhibitor treatment, as demonstrated by western
blot analysis (Fig. 3D-E). Immunofluorescence detection
showed that the fluorescence intensity of the aryl hydro-
carbon receptor (AhR) in the IDO inhibitor group (CD19
CAR-T combined with PD-1 inhibitor treatment and
added IDO inhibitors) was lower than that in the con-
trol group (CD19 CAR-T combined with PD-1 inhibitor
treatment) (Fig. 3F). These results indicate that even with
the addition of a PD-1 inhibitor, IDO1 continues to drive
the Trp-Kyn pathway. The combination of PD-1 inhibi-
tors and IDO inhibitors to reduce Kyn AhR expression
was effective. [L411 KO in M-THP1 cells in the co-culture
system significantly inhibited Kyn expression in CD19
CAR-T/CD19 CAR-T combined with PD-1 inhibitor
treatment (Fig. 3G, H). Immunofluorescence detection
showed that AhR fluorescence intensity in the IL411 KO
group was lower than that in the control group (Fig. 3I).
These results suggest that the presence of IL4I1 may
enhance the expression of immunosuppressive proteins
in macrophages, while the efficacy of CAR-T therapy may
be increased by IL411 KO in macrophages.

IL411 inhibition in macrophages increases CAR-T treatment
in vivo

In a xenograft mouse model, M2 macrophages exerted
a strong inhibitory effect on CD19 CAR-T therapy,
which was reversed by the knockout of IL4I1. To further
evaluate the impact of IL4I1 on CAR-T therapy and its
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Fig. 2 Effect of IL411 on CD19 CAR-T and PD-1 Inhibitor Combination Therapy. The in vitro co-culture model consisted of CAR-T cells, Pfeiffer cells, and
M-THP1/M-THP1 (IL411 KO)/M-THP1 (IL411 overexpression) in a ratio of 1:3:1, with 36 ug/mL of PD-1 inhibitor added. After 24 h (or 48 h for cytotoxicity) of
incubation, the following analyses were conducted: (A) Impact of IL411 overexpression on cytotoxicity; (B) Impact of IL411 knockout on cytotoxicity; (C)
CD4/CD8 ratio and subtype analysis in the IL411 KO group and control group; (D) Quantification of the CD4/CD8 ratio and subtype analysis; (E) Proportion
of CAR-T cells expressing PD-1, TIM-3, and LAG-3; (F) Quantification of the expression of PD-1, TIM-3, and LAG-3 on CAR-T cells

function, a xenograft model was utilized. After confirm-
ing tumor engraftment, the mice were randomized into
three groups and treated with a tail vein injection of
5% 1076 CD19 CAR-T cells and 2.5 x 106 M-THP1 cells.
As shown in Fig. 4A, the combination of CD19 CAR-T
treatment, IL411 KO M-THP1 cells, and a PD-1 inhibitor
resulted in a significant therapeutic effect, with almost
complete eradication of tumors by day 35. In contrast,
the group treated with control M-THP1 cells displayed
continuous tumor growth and spread.

The presence of CD19 CAR-T cells in the bone marrow
(BM) was also quantified, and the results showed that the
CD19 CAR-T cells combined with 1L411 KO M-THP1

cells and the PD-1 inhibitor exhibited sustained prolifera-
tion from day 7 to day 28, consistent with the observed
tumor elimination (Fig. 4B). Survival analysis demon-
strated that mice treated with CD19 CAR-T cells, IL411
KO M-THPI1 cells, and a PD-1 inhibitor had the longest
survival time, with no deaths recorded (Fig. 4C).

Discussion

There are many possible factors for the poor efficacy of
CAR-T cell therapy on R/R DLBCL, among which immu-
nosuppressive tumor microenvironment is an impor-
tant factor [5]. Strategies to enhance CAR-T cell efficacy
encompass modifications of CAR-T components [22], the
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Fig. 3 L4171 Enhances Immune Suppression via the IDO1-AHR-Kyn Metabolic Pathway. The in vitro co-culture model consisted of CAR-T cells, Pfeiffer
cells,and M-THP1/M-THP1 (IL411 KO)/M-THP1 (IL411 overexpression) in a ratio of 1:3:1, with the addition of 5 mM IDO inhibitor D-1MT and 36 pg/mL PD-1
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incorporation of novel targets or multi-target sites [23],
and combination therapies with additional drugs [24].
Currently, combining immune checkpoint inhibitors rep-
resents a promising therapeutic approach [25]. Our clini-
cal trials have revealed that CD19 CAR-T therapy has
the potential to be more effective in treating relapsed/
refractory (R/R) DLBCL patients with high tumor burden
when combined with a PD-1 inhibitor [12]. However, the
tumor microenvironment (TME) in R/R DLBCL has also
contributed to the failure of combination therapy in some
cases [14]. Therefore, further research into additional
mechanisms of TME regulation is essential to combat
drug resistance.

PD-1 inhibitors have the potential to improve CAR-T
function by downregulating PD-1 expression on T cells
[12, 26]. The report indicates that anti-PD-1 treatment

may upregulate NTRK, which aberrantly activates the
JAK-STAT signaling pathway, leading to an increase in
inhibitory receptors on T cell surfaces, including PD-1,
thereby promoting T cell exhaustion [27]. Consequently,
while PD-1 inhibitors might enhance CAR-T function
through depletion reduction, addressing how to coun-
teract their adverse effects when combined ineffectively
with CAR-T remains a critical research challenge. Given
the complexity of the lymphoma tumor microenviron-
ment, exploring whether alternative mechanisms regu-
late drug resistance within this context is essential.
Tumor-associated macrophages (TAMs) represent a
crucial subset of immune cells within the tumor microen-
vironment. It has been reported that PD-1 inhibitors may
affect the tumor microenvironment, and their mediated
antibody dependent cellular phagocytosis (ADCP) can
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trigger the immunosuppressive effect of macrophages in
the tumor microenvironment [28]. Activation of macro-
phages via AIM2 during CAR-T therapy has been shown
to release bioactive interleukin-1f (IL-1p), significantly
impairing CAR-T efficacy [7]. Our recent findings indi-
cate that activated macrophages and associated oxidative
stress could stimulate mesenchymal stem cells (MSCs)
to secrete STCI1, thus impacting CAR-T cytotoxicity
[29]. Recent studies have showed that PD-1* TAMs pre-
dominantly exhibit an M2 polarization phenotype char-
acterized by “tumor-suppressive” properties [30]. This
suggests that PD-1 inhibitor therapy for DLBCL may
modulate TAM immune remodeling. Therefore, it is nec-
essary to find key immunomodulatory targets that affect
TAMs to enhance the therapeutic effect of PD-1 inhibi-
tors combined with CAR-T in DLBCL.

The researchers integrated 178,651 MNPS from 13
tissues in 41 datasets to generate the MNP Single-cell
RNA Atlas (MNP-VERSE). In particular, the researchers
focused on IL411*CD274(PD-L1)*IDO1* macrophages,
which mature monocytes stimulated by IFN induced
interferon-y(IFN-y) and CD40/CD40L and aggregate
around the tumor in a T-cell-dependent manner. IL4I1_
Mac exhibits immunosuppressive properties through
tryptophan degradation and promotes the entry of regu-
latory T cells into tumors [16]. IL411 could be a promising
immunotherapy target for selective modulation of TAMs

and stands as a novel macrophage-related prognostic
biomarker in glioma [31]. SCRNA-seq analysis indicated
that IL411 exhibits significant variability among different
cell types within the tumor microenvironment, with its
highest enrichment observed in macrophages. A positive
correlation was found between various immune check-
point genes and IL4I1 expression across most tumors.
This suggests that IL411 may function as a promoter of
cancer progression and serve as a prognostic indicator
for patients. Elevated levels of IL4I1 are associated with
tumor immunosuppression and may facilitate the inva-
sion of tumor-associated macrophages [32]. Our results
showed that IL411 expression was significantly higher in
the tumor tissue of R/R DLBCL patients and correlated
with poor prognosis. The positive correlation between
IL4I1 and poor prognosis in patients underscores the
importance of investigating IL411 as a potential therapeu-
tic target.

Targeting metabolic pathways represents a promising
strategy to enhance the efficacy of immunotherapy, par-
ticularly through the modulation of inhibitory immune
cell metabolism, which can increase tumor lethality
[33]. The activation of the aryl hydrocarbon receptor
(AHR) pathway by metabolites derived from tryptophan
decomposition may promote tumor progression while
simultaneously inhibiting anti-tumor immunity [34].
IL411 functions as an amino acid oxidase expressed in
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macrophages and activates the aryl hydrocarbon recep-
tor (AHR) through tryptophan (Trp) recognition and
indole metabolite production [35]. A study involving the
use of the PD-1 monoclonal antibody nivolumab to treat
advanced melanoma revealed an increase in the expres-
sion of IDO1 and IL411 [15]. IDO1 may be a root cause
of the ineffectiveness of PD-1 inhibitors, and the combi-
nation of IDO1 inhibitors with PD-1 inhibitors has been
explored in clinical trials [36, 37]. However, the outcomes
of these trials have not conclusively demonstrated that
IDO1 inhibitors can inhibit the activity of IL4I1 [38,
39]. Our experiment revealed that knockout of IL4I1 in
macrophages enhanced the cytotoxicity of CD19 CAR-T
therapy combined with a PD-1 inhibitor, both in vitro
and in vivo. This suggests that reducing IL4I1 expression
could potentially overcome resistance to PD-1 inhibitors
when combined with CAR-T therapy. Our experiment
also revealed that CD19 CAR-T therapy can activate
the Trp-Kyn pathway by immunomodulatory roles of
TAMs, which may contribute to drug resistance when
combined with PD-1 inhibitors for DLBCL treatment.
These findings emphasize the significance of targeting
IL4I1 to improve the efficacy of combination therapies
in the treatment of DLBCL. This further emphasizes the
complex interactions within the tumor microenviron-
ment and the need for a comprehensive understanding
of the mechanisms involved in resistance to combination
therapies.

Transcriptomic and metabolomic correlation analy-
ses showed that AA-PGE2 metabolism passway were
downregulated in control group than IL4I1 KO group.
Therefore, whether IL411 improves the tumor microenvi-
ronment affected by macrophages by affecting AA-PGE2
lipid metabolism is also the key to our future explora-
tion. At the same time, whether the elimination of IL411
in M-THP1 affects the polarization level of TAMs and
whether it can reveal the internal relationship between
metabolic pattern and phenotypic state is also the key for
further exploration.

In conclusion, this study demonstrates the notable
impact of macrophages in impeding the effectiveness
of CAR-T cells when combined with PD-1 inhibitors.
It also presents evidence implicating the IL-411 gene in
mediating inhibitory mechanisms. While further inves-
tigation is warranted to elucidate the precise molecular
interactions, the findings presented hold promising clini-
cal implications for combating drug resistance in cancer
therapy.
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