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Abstract

Chimeric antigen receptor (CAR) T-cell therapy fails to achieve durable responses in over 60% of relapsed/refractory
(R/R) large B-cell lymphoma (LBCL) patients in the third or later line setting. After CAR-T failure, survival outcomes
are heterogeneous and a prognostic model in this patient population is lacking. A training cohort of 216 patients
with progressive disease (PD) after CAR-T from 12 Spanish centers was used to develop the Post-CAR Prognostic
Index (PC-PI); primary endpoint was overall survival (OS) from CAR-T progression. Validation was performed in an
external cohort from three different European centers (n=204). The prognostic score incorporated five variables,
assessed at time of PD to CAR-T: ECOG (>0), hemoglobin (<10 g/dL), LDH (= 2xULN), number of extranodal

sites (> 1) and time from CAR-T to PD (<4 months). Patients were classified in four risk groups with distinct

OS (p-value <0.05 in all comparisons). In the validation cohort, median OS in the low (31%), intermediate-low
(26%), intermediate-high (17%) and high risk (26%) were 15.7, 7.1, 1.8 and 1.0 months, respectively (p <0.05 in all
comparisons). Results were consistent following adjustment for subsequent treatment. In the external cohort, the
PC-PI showed a C-statistic of 0.79 (95%Cl 0.76-0.82), outperforming IPI and R-IPI. In conclusion, the PC-PI score is

a novel tool for OS prediction and could facilitate risk-adapted management of LBCL patients relapsing after CAR
T-cells. Additionally, these results will help stratification and interpretation of trials and real-world data incorporating
CART-exposed patients.
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Key point #1 The Post-CAR Prognostic Index (PC-PI) is a tool to inform on overall survival after CAR T-cell progression

in large B-cell lymphoma patients.

Key point #2 The PC-PI can help risk-stratification and interpretation of trials and real-world data of regimens

incorporating CART-exposed patients.
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Introduction

Chimeric antigen receptor (CAR) T-cell therapy has
revolutionized the treatment landscape of patients with
relapsed/refractory (R/R) large B-cell lymphoma (LBCL).
Long term follow-up of the pivotal trials and real-world
data have confirmed the curative potential of this treat-
ment modality [1-10]. However, over 60% of infused
patients will experience progressive disease (PD) after
CAR T-cells, with lack of a standard subsequent treat-
ment approach and heterogenous outcomes [11-14].
Data regarding prognostic factors at time of PD to
CAR-T are scarce and real-world studies have mainly
focused on pre-treatment variables [15-18].

This paradigm shift in the treatment schema of patients
with R/R LBCL calls into question the validity of current
prognostic scores, developed in the chemotherapy era.
The International Prognostic Index (IPI) score arrived in
the pre-Rituximab period [19] and was revisited after the
advent of this anti-CD20 monoclonal antibody, introduc-
ing the Revised IPI (R-IPI) [20]. The potential of the IPI
to predict CAR T-cell therapy outcomes with variables
assessed at time of lymphodepleting chemotherapy has
been explored [17], but none of the current prognostic
scores have been examined after CAR T-cell progression.

Due to the regulatory approval of CAR T-cells in the
second line setting [21-23], and with many clinical trials
exploring this treatment in first line [24—26], the patient
population with disease progression after CAR T-cell
therapy is expected to substantially increase in the com-
ing years. At the same time, there is a growing armamen-
tarium of approved therapeutic options and trials for R/R
LBCL, which will be mainly applied in the post-CART
space. Therefore, a tool to stratify this patient popula-
tion is warranted, allowing cross-trial comparisons and a
better understanding of emergent real-world data in this
context.

In this study, we explored the performance of IPI and
R-IPI at time of CAR T-cell progression. In light of the
suboptimal results, we developed and validated a novel
tool to predict overall survival (OS) after CAR-T failure
with easily-available parameters from routine clinical
practice, obtained at time of PD to CAR T-cells.

Methods
Patients
For the training cohort (TC) of the post-CAR prognostic
Index (PC-PI), we performed a retrospective data collec-
tion from patients with R/R LBCL who experienced PD
after receiving CD19-targeted CAR T-cell therapy in the
third or later line setting at 12 Spanish centers, from Sep-
tember 2018 until May 2022. Patients could be included
if they were CART-refractory and if they relapsed at
any timepoint after achieving an initial response (partial
or complete) to CAR T-cells. We recorded a total of 15
clinical and laboratory parameters which were routinely
available at time of CAR-T failure, taking into account
predictors of other models in LBCL [19, 20, 27] and pre-
viously published prognostic factors in the peri-CART
setting [5, 7, 11, 14, 18, 28]: age, sex, histology, prior
hematopoietic cell transplant, number of prior treatment
lines, history of chemo-refractory disease, best response
to CAR T-cells, time from CAR-T infusion to PD, stage,
number of extranodal sites (FDG-avid in the positron
emission tomography [PET]), performance status (ECOG
PS), hemoglobin, neutrophils, platelets and lactate dehy-
drogenase (LDH). All values were assessed at time of PD
to CAR T-cells. Each participant provided informed con-
sent and the study was approved by the ethics committee
of the Vall d’Hebron Hospital Board (PR[AG]404/2020).
The validation cohort (VC) comprised patients treated
at three European centers, namely CHU Lyon (Lyon,
France), King’s College Hospital (London, United King-
dom) and LMU University Hospital (Munich, Germany)
who also presented PD after CAR T-cell therapy adminis-
tered as third or later line from June 2018 until May 2023.
The selected variables were collected to validate the find-
ings, after the final model for the TC was established.

Endpoints and study plan

The primary endpoint of this study was OS measured
from date of PD to CAR T-cell therapy until death from
any cause [29]. With the aim of developing a tool for
this purpose, we first explored the performance of exist-
ing LBCL prognostic scores, namely IPI and R-IPI, with
values collected at time of PD. In light of the results, we
developed and validated a readily-accessible prognostic
score with clinical utility to predict OS from time of CAR
T-failure in patients with R/R LBCL.
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Response evaluation to CAR T-cell therapy was based
on local PET/CT assessment, following Lugano criteria
[30]. The treatment approach after disease progression
was distributed in 3 categories: (1) immunotherapy or
targeted agents, (2) chemotherapy or radiotherapy and
(3) palliative management or best supportive care.

Statistical analyses
A descriptive analysis was conducted for all collected
variables. OS was estimated from time of PD to CAR
T-cells using the Kaplan-Meier method. First, univari-
ate Cox proportional hazard models were fitted in the
training set. To facilitate the interpretability and utili-
zation of the score, optimal discriminatory thresholds
were identified using maximally selected log-rank sta-
tistics, considering as well clinical relevance [31, 32]
(Figure S1). Second, to select variables with the highest
prognostic impact on OS, the least absolute shrinkage
and selection operator (LASSO) regression with lambda
1-standard error was used after cross validation for vari-
able selection. Third, a multivariable stratified Cox model
was constructed using the selected variables, with post-
progression treatment modality as a stratification factor,
allowing a different baseline hazard function for each
treatment type. Hazard ratios (HR) with 95% confidence
interval (95%CI) were estimated from the Cox model.
And fourth, to improve the clinical applicability of the
model, patients were categorized into risk groups based
on the results of the variables used to build the score.

The score was evaluated in an external VC, comprising
a patient population from three European countries. We
compared the performance of the proposed score with
other existing scores such as the IPI and R-IPI in both the
TC and VC. The C-statistic was estimated using a boot-
strap method, employing 1000 resamples, to correct for
optimism and to calculate confidence intervals. We for-
mally compared the C-statistics of all models by the com-
pareC R package [33, 34]. Calibration plots with Harrel’s
bias optimism correction [35] were estimated to evaluate
the calibration of the model at 6 and 12 months. Missing
at random values were imputed using the chained equa-
tions method [36]. The prevalence of missing data was
<5% in all variables. Following imputation, a sensitivity
analysis was conducted to ensure that these imputations
did not significantly alter the obtained results (Figure S2).
In order to validate the possible bias, we used the PRO-
BAST questionnaire (supplementary appendix-1) [37].
This study was in compliance with the TRIPOD guide-
lines (supplementary appendix-2) [38].

Results were considered statistically significant if
p<0.05. All statistical analyses were performed using R
software version 4.2.2.
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Results

Training cohort

Patient characteristics

The training cohort comprised 216 patients with R/R
LBCL who experienced disease progression after CAR
T-cell therapy administered in the third or later line set-
ting. Of these, 89% were commercial products (axicabta-
gene ciloleucel [axi-cel] and tisagenlecleucel [tisa-cel])
and 11% clinical trials with tisa-cel and lisocabtagene
maraleucel (liso-cel) (Fig. 1). In terms of baseline char-
acteristics, most were male (66%), had a diffuse large
B-cell lymphoma (DLBCL) histology (68%), stage IV
disease (70%) and a median of 1 extranodal site (IQR
0-2) involved at time of PD. Best response to prior CAR
T-cells was complete response (CR) in 33 (15%) patients,
partial response (PR) in 74 (34%), stable disease (SD) in
16 (8%) and PD in 93 (43%)(Table 1).

Median time from CAR T-cell infusion to PD in the
full cohort was 2.5 months (95%CI 1.0-3.3) (Figure S3),
and median follow-up from PD was 15 months (95%
CI, 13-19). The first subsequent treatment approach
included (1) immunotherapy or targeted agents in 92
(43%) patients (27/92 with bispecific antibodies), (2)
chemotherapy or radiotherapy in 43 (20%) patients and
(3) palliative care in 81 (38%) patients (Figure S4A); fur-
ther description of the agents included in each treatment
group are available in Table S1 and Table S2.

Outcomes after disease progression to CAR T-cells

Median OS after disease progression to CAR-T for the
full cohort was 5.1 months (95% CI 4.1-6.2), with a 6-
and 12-month OS of 44.1% and 26.7%, respectively. In
the univariate analysis for OS including the 15 selected
variables, we identified that ECOG, PD as best response
to CAR T-cells, time from CAR-T infusion to PD, num-
ber of extranodal sites, LDH, hemoglobin, and neutrophil
count values at progression had a significant impact on
OS (Table S3).

Development of the Post-CAR Prognostic Index

Variable selection and defined prognostic subgroups

A stratified multivariate Cox model was fitted using the
five variables selected in the feature selection procedure
(Table 2 and Figure S5). Given the proximity in haz-
ard ratios across these variables (ranging from 1.48 to
1.77), each risk factor was assigned 1 point, establishing
a scoring range from 0 to 5 points. Finally, we identified
4 distinct risk groups, achieving balanced sample sizes
across groups: a low-risk group for patients with 0 or 1
points, an intermediate-low risk group for patients with 2
points, an intermediate-high risk group for patients with
3 points and a high-risk group for patients with 4 or 5
points (Table 3).
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(N=420)

Large B-cell lymphoma patients with
progressive disease after CAR T-cell therapy

Training Cohort (N= 216)

Validation Cohort (N= 204)

Low (18%)

Intermediate-Low (25%)

Intermediate-High (26%)

High (30%)

Fig. 1 CONSORT diagram

In the TC, the 4 risk groups showed statistically sig-
nificant differences in terms of OS. Median OS was not
reached in the low-risk group (n=39 [18%]), 7.3 months
in the intermediate-low risk (n=55 [26%], HR=0.11
[p<0.01]), 5.0 months in the intermediate-high risk
(n=57 [26%], HR=0.31 [p<0.01]) and 1.9 months in
the high-risk group (=65 [30%], HR=0.50 [p<0.01])
(Fig. 2A). The same significant differences in OS were
observed across groups when the palliative subset was
excluded (Fig. 2B).

Performance of the Post-CAR Prognostic Index

Validation cohort

Patient characteristics of the validation cohort The VC
included 204 patients with R/R LBCL who experienced PD
after CAR T-cell therapy at 3 different European centers.
Most patients were male (62%), with a DLBCL histology
(76%) and stage IV disease (73%) at time of CAR T-cell
progression (Table S4). Median time from CAR T-cell
infusion to PD was 2.7 months (IQR 1.0-3.6) and median
follow-up from PD was 21.9 months (95% CI, 17.7-31.5).
The first subsequent treatment included immunotherapy
or targeted agents in 58% of patients (30/204 patients with

Low (31%)

Intermediate-Low (26%)

Intermediate-High (17%)

High (26%)

bispecific antibodies), chemotherapy or radiotherapy in
20%, and palliative care in 22% (Figure S4A).

Post-CAR Prognostic Index in the validation cohort
The VC had a similar patient distribution in the 4 prog-
nostic risk groups to the TC (low risk 35%, intermediate-
low risk 25%, intermediate-high risk 12%, high risk 27%).
The median OS for each of these risk groups was 15.2,
5.3, 2.9 and 0.9 months, respectively. Each group had dis-
tinct OS outcomes when compared with all the other risk
groups (p < 0.05 for each comparison) (Fig. 2C). Excluding
the palliative subgroup, and focusing only on the patient
subsets who received subsequent treatment after progres-
sion, these differences were maintained (Fig. 2D, Figure
S4B).

Comparison of the Post-CAR Prognostic Index with the IPI
and R-IPl scores

Applying the IPI score to the TC, 22% were classified as
low risk, 26% as low-intermediate, 25% as high-inter-
mediate and 28% as high risk. Median OS for these risk
groups was 8.3, 7.6, 4.1 and 2.1 months, respectively
(Figure S6). According to the R-IPL, 47% of patients were
classified in the poor risk group (mOS 3.0 months), 44%
in the good risk (mOS 7.4 months) and 9% in the very
good risk group (mOS 5.9 months) (Figure S6).
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Table 1 Patient characteristics of the training cohort
Variables All patients High Int-high Int-low Low
N=216 N=65 N=57 N=55 N=39
Age, median years (range) 60 (20-81) 62 (23-81) 56 (20-78) 63 (24-76) 62 (27-80)
Male sex, n (%) 143 (66) 43 (66) 34 (60) 38 (69) 28(72)
Histology, n (%)
- DLBCL 148 (68) 42 (65) 38(67) 42 (76) 26 (66)
- HGBL 35(16) 12(18) 10(18) 9(16) 4(10)
-tFL 12(6) 309 4(7) 2(4) 38
- THRLBCL 11(5) 4(6) 2(3) 2(4) 38
- PMBL 10 (5) 4(6) 3(5) 0 38
Prior lines>2, n (%)# 93 (43) 30 (46) 25 (44) 24 (44) 14 (36)
Primary refractory, n (%)#* 139 (64) 41 (63) 40 (70) 33 (60) 25 (64)
Previous HCT - n (%)# 54 (25) 15(23) 12 (21) 12(22) 15(38)
Construct, n (%)
- Axi-cel 84 (39) 18 (28) 28 (49) 18 (33) 20(51)
- Tisa-cel 113(52) 41 (63) 24 (42) 30(56) 17 (44)
- Liso-cel 19(9) 6(9) 5(9) 6(11) 2(5)
Best response to CART, n (%)
-CR 33(15) (1) 6(11) 11(20) 15(38)
-PR 74 (34) 14 (22) 27 (47) 18 (33) 15 (38)
-SD 16 (8) 2(3) 6(11) 5(9) 3(8)
-PD 93 (43) 48 (74) 18(31) 21(38) 6(16)
CART-cell infusion to PD
- Median months (IQR) 25 1.1 26 29 57
(1.0-33) (0.9-2.5) (1.1-3.1) (1.1-33) (3.0-6.8)
- <4 months, n (%) 97 (81) 65 (100) 49 (86) 47 (85) 13(33)
ECOG, n (%)
-0 52(24) 1) 3(5 17 (31) 31(79)
-1 104 (48) 28 (43) 36 (63) 33 (60) 7(18)
->1 60 (28) 36 (55) 18 (32) 5(9) 13)
Stage, n (%)
-1 15(7) 1) 2(3) 2(3) 10 (26)
-l 33(15) 1) 8(14) 18 (33) 6(15)
=i 16 (8) 1) 5(9) 6(11) 4(10)
-1V 152 (70) 62 (94) 42 (74) 29(53) 19 (49)
Extranodal sites
- Median (IQR) 1(0-2) 3(2-4) 101-2) 1(0-1) 0(0-1)
-22,n (%) 93 (43) 58(89) 27 (47) 7(13) 103)
Hemoglobin
- Median g/dL (IQR) 103 89 10.1 1.0 124
(89-11.8) (8.2-9.5) (89-11.5) (10.3-12.1) (11.2-13.2)
-<10g/dL, n (%) 97 (45) 57(88) 26 (46) 12(22) 2(5)
Neutrophils
- Median x10%L (IQR) 1.7 (1.0-2.9) 2.1(0.8-4.0) 1.3(0.6-2.1) 1.6 (1.0-2.6) 2.1(1.3-25)
-<1.0x10%/L, n (%) 54 (25) 18 (28) 19(33) 14 (25) 308
Platelets
- Median x10%/L (IQR) 88 36 72 87 156
(36-160) (20-114) (37-144) (60-140) (103-178)
-<50x10%L, n (%) 66 (31) 38(58) 17 (30) 9(16) 2(5
LDH, n (%)
->1xULN 140 (65) 59 (91) 36 (63) 32(58) 13(33)
- =2 xULN 65 (30) 43 (66) 15 (26) 6(11) 103)
Subsequent strategy, n (%)
- Immuno/Targeted 92 (43) 15(23) 28 (49) 29 (53) 20 (51)
- Chemo/Radiotherapy 43 (20 9(14) 6(11) 14 (25) 14 (36)
- Palliative care 81(38) 41 (63) 23 (40) 12(22) 5(13)
Allo-HCT, n (%) 15(7) 1) 2(4) 5(09) 7(18)

Abbreviations: Int, intermediate; DLBCL, diffuse large B-cell lymphoma; HGBL, high-grade B-cell ymphoma; tFL, transformed follicular lymphoma; THRLBCL, T-cell/histiocyte-rich large
B-cell ymphoma; PMBL, primary mediastinal B-cell lymphoma; HCT, hematopoietic cell transplant; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease;
ECOG, Eastern Cooperative Oncology Group; IQR, Interquartile range, LDH, Lactate Dehydrogenase; ULN, Upper Limit of Normal; allo-HCT, allogeneic hematopoietic cell transplantation

Missing data in the following variables (N): LDH (10), neutrophils (8), hemoglobin (8), platelets (8), number of previous lines (10), Ann Arbor stage (5), ECOG (7), refractory lymphoma

(1), best response to CAR T-cells (9)
# Prior to CAR T-cell therapy

* Never achieving a complete response



lacoboni et al. Journal of Hematology & Oncology (2024) 17:102

Table 2 Multivariate modeling in the training cohort

Variable 1point %pts HR 95%ClI p

ECOG > 76 177 1.11-281 002
LDH (x ULN) >2 30 156  1.10-2.22 0.01
Hemoglobin (g/dL) <10 45 148 1.03-2.13 0.03
Number extranodal sites  >2 43 154 1.09-2.19 0.02
Months from CAR-TtoPD <4 81 171 097-3.00 0.06

Abbreviations: ECOG, Eastern Cooperative Oncology Group; LDH, lactate
dehydrogenase; ULN, upper limit of normal; CAR-T, chimeric antigen receptor
T-cells; PD, progressive disease; pts, patients; HR, hazard ratio; Cl, confidence
interval

Table 3 PC-Plrisk groups in the training cohort

PC-Pl risk group Ne of % patients Median 12-
factors oS month
0S, %
Low 0,1 18 NR 63
Intermediate-low 2 26 73 30
Intermediate-high 3 26 50 22
High 4,5 30 1.9 8

Abbreviations: OS, overall survival
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After the bootstrap analysis and optimism correction,
as specified in Methods, the C-statistic for the PC-PI was
0.71 in TC and 0.79 in VC. For the IPI, values were 0.64
in the TC and 0.69 in the VC. Furthermore, the R-IPI val-
ues were 0.62 and 0.68 for the TC and VC, respectively
(Fig. 3A). The same advantage for PC-PI vs. IPI and R-IPI
was observed when the palliative subgroup was excluded
(Figure S7). In the VC, the C-statistic values remained
consistent across the different countries (Fig. 3B, Table
S5). When stratifying by subsequent treatment modality
in the VC, the PC-PI exhibited the highest C-statistic val-
ues compared to both the IPI and R-IPI prognostic scores
(Fig. 3C, Table S6). Additionally, the PC-PI outperformed
IPI when the analysis was restricted to the patients from
the TC and VC who received bispecific antibodies as first
subsequent treatment after PD to CAR-T (N=57, Figure
S8). Finally, the C-statistic of PC-PI remained higher than
IPI and R-IPI across different time periods (2018—2020
and 2021-2023)(Fig. 3D).

Training
All patients Excluding the palliative subgroup
Group n(%)  Median  HR (CI95%) p.value Group n(%)  Median  HR (CI95%) p.value
== High Risk 65 (30%) 1.91m . - === High Risk 24 (18%) 3.94m ef. -
Intermediate High Risk 57 (26%) 2.99m 0.50 (0.34 - 0.74)  <0.001 Intermediate High Risk 34 (25%) 6.34m 0.46 (0.26 - 0.83)  0.009
=== Intermediate Low Risk 55 (25%) 7.33m 0.31(0.20-0.46)  <0.001 == Intermediate Low Risk 43 (32%) 9.49m 0.31(0.17 - 0.55)  <0.001
100 == Low Risk 39 (18%) NR 0.11 (0.06 - 0.21)  <0.001 100 === Low Risk 34 (25%) NR 0.12 (0.05-0.26)  <0.001
go75 §O075
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3 =3
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T ©
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S0.25 Qo025 |
0.00 i 0.00 ' i '
0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 21 24 27 30
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- 39 35 26 19 13 8 6 4 2 1 0 - 4 31 24 19 8 6 4 2 1 0
Validation
All patients Excluding the palliative subgroup
Group n(%)  Median HR (C195%) p.value Group n(%)  Median HR (C195%) p.value
= High Risk 53 (26%)  1.02m Ref. - == High Risk 28 (18%)  1.25m Ref. -
Intermediate High Risk 34 (17%)  1.77m 0.30 (0.18-0.49)  <0.001 Intermediate High Risk 22 (14%)  3.75m 0.17(0.09-0.34)  <0.001
== Intermediate Low Risk 53 (26%)  7.06m 0.09(0.05-0.15)  <0.001 = Intermediate Low Risk 49 (31%)  7.10m 0.06 (0.03 - 0.12)  <0.001
1.00 == Low Risk 64 (31%) 15.67m 0.04 (0.02 - 0.08)  <0.001 100 === Low Risk 61(38%)  15.77m 0.03(0.02-0.06)  <0.001
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= j
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Fig. 2 - Overall survival of the training cohort and validation cohort for the full patient population (A, C). Overall survival of training cohort and validation

cohort, excluding the palliative subset (B, D)



lacoboni et al. Journal of Hematology & Oncology (2024) 17:102

A

Page 7 of 10

<0.01
T
0.9 <0.01 <0.01
T
<0.01 0.79 (95%Cl, 0.78 - 0.80)
o, _ 0.39
e 0.8] 0-71 (95%Cl, 0.70 - 0.72) 0.09 L
-la‘) : ! 0.69 (95%Cl, 0.68 - 0.70)
0 -
"c—c' 0.64 (95%Cl, 0.62 - 0.65) 0.68 (95%Cl, 0.67 - 0.70)
-0(7)' 0.62 (95%Cl, 0.61 - 0.63) ‘
P o7 ! RER
O —
o | (
' o e :
0.6 | JF
PC-PI IPI R-IPI PC-PI IPI R-IPI
Training Validation
0 0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 08 9,9
= PC-p i I .75
g S PCPI I 0.79 'Ee c 0 0.5 0.6 0.7 0.8 0.9
23 —— oL IPI 0 .64 2 7o
. — T B Y S PC-PI [ I O
o]
<% i R .67
N=
2 ~PC- I O g~ rpTITT o 70
£ po-r I I 0 50 s 0B
E7 PN I 68 Eg 1P e 0.77 -
&< rPD I oes . 078 S po--I I I 0 75
e 3 o P I 0.69
T § - PC- I I 0 50 & _PO-P N I 052 g rRPIIDI sy
=37 P I 0.69 R} PN o053 e OFCHS v Jry-mr
£E R Er
S5 S Rl 0.69 ° R-IPHT 1053 C-statistic
0 0.5 0.6 0.7 0.8 0.9 0 0.5 0.6 0.7 0.8 0.9
C-statistic C-statistic

Fig. 3 - C-statistic values from 1000 bootstrap resampling data comparing the PC-PI score with the IPl and R-IPI (A). Comparative analysis of the 3 prog-
nostic scores across countries (B), subsequent treatment strategies (C), and time periods (D) of the validation cohort

The calibration of the PC-PI score in the TC and VC
for the 6 and 12-month post-progression time points
demonstrated consistency across various scoring groups.
Both the hazard regression method (with and without
correction for optimism) and the Kaplan-Meier method
confirmed this consistency (Figure S9).

Discussion

In light of the increasing patient population with PD
after CAR T-cells and the incorporation of this immu-
notherapy strategy to second (and potentially first) line
for patients with LBCL, a reliable tool to inform on life
expectancy after disease progression and allow stratifi-
cation of this patient population in subsequent clinical
trials is warranted. To the best of our knowledge, this is
the largest study to date focused on LBCL patient out-
comes after PD to CAR T-cell therapy (N=420). Based
on the data collected from the 216 patients who consti-
tuted the TC, we identified 5 readily-available variables at
time of CAR-T failure with the strongest impact on OS
and developed a score to inform on patient prognosis in
this particular setting. Then, we validated the score in

204 patients from a different multicenter, international
cohort.

The patient characteristics were in line with published
reports in this setting [11-14]. As expected, median time
from CAR T-cell infusion to progression was short, usu-
ally within 3 months, and patients who were only candi-
dates for best supportive care had a dismal short-term
outcome. Focusing on patients who were candidates for
subsequent treatment, survival was heterogeneous, high-
lighting the need for tools to aid OS prediction in this
difficult-to-treat patient population.

The first aim of our study was to examine the results
of available prognostic tools in LBCL, when applied to
the post-CART setting. Both IPI and R-IPI underper-
formed, identifying only 2 risk groups each. Focusing on
the former, the high and low groups melded with their
intermediate counterparts, showing a lower discrimina-
tive potential in comparison to the 4 risk groups of the
original study developed in the chemotherapy era [19].
Concerning R-IPI, we observed an uneven patient distri-
bution (only 9% had a very good prognosis) and the very
good and good risk groups presented a similar outcome
(p=0.95) [20]. This highlighted the need for a novel tool
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to predict OS after progression to CAR T-cells in R/R
LBCL patients.

In the second part of this study, we analyzed the impact
of each variable on OS and through LASSO modelling
selected the combination which yielded a better predic-
tive capacity. As opposed to other prognostic scores for
B-cell lymphoma [19, 20, 27, 39], the PC-PI score did not
include age. The advent of CAR T-cells as a therapeutic
option for patients of (practically) any age has poten-
tially abrogated the prognostic relevance this variable
had in previous scores, when patients’ options in the
R/R setting were limited by autologous stem cell trans-
plant eligibility criteria [40, 41]. On the other hand, we
incorporated hemoglobin in the PC-PI score, a marker
of hematopoietic reserve with a confirmed prognostic
role in the pre-CAR-T setting [18, 42, 43] and previously
included in other prognostic scores for B-cell lymphoma
[39], together with time from CAR T-cell infusion to PD,
which has already shown on multiple analyses to play a
key role in the outcome of this patient population [11,
12, 14, 18, 42] and is, in fact, one of the variables which
yielded a higher prognostic relevance in our score.
Interestingly, hemoglobin and time from CAR-T to PD
showed a significant interaction (p=0.03), and incorpo-
rating both variables in the model enhanced its predictive
capacity.

In terms of the PC-PI risk groups, patients with 0-1
point had a good prognosis, with a 12-month OS of
63% in the TC. The favorable outcome for this low-risk
cohort was confirmed in the VC and in each subsequent
treatment group, maintaining a 12-month OS>50%
in all cases. Noteworthy, this was the best outcome
achieved after CAR-T failure in the third or later line,
underlying the large room for improvement in this set-
ting. With the recent second-line indication for refrac-
tory or early relapsing (<12 months) patients, we may
observe better outcomes after PD to CAR-T, but this is
yet to be confirmed. Patients with 2 risk factors, in the
intermediate-low risk group, had a significantly worse
OS in comparison with the low-risk patients (12-month
30% in TC, p=0.002), warranting closer attention when
planning future steps after PD. Patients with 3 points,
in the intermediate-high risk group, leaned toward the
intermediate-low risk in the TC (12-month OS of 22%),
but were closer to the high-risk in the VC (12-month OS
of 5%); this could be due to the underlying differences
in patient characteristics between both subsets. Finally,
patients with 4 or 5 points, in the high-risk group, had
a dismal prognosis (12-month OS 8% in the TC and 0%
in the VC); adapting this score to the pre-CART treat-
ment phase in future studies could try to identify this lat-
ter group of patients beforehand, steering them towards
other treatment modalities. After disease progression to
CAR-T, both the high and intermediate-high risk groups
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would benefit from implementing early subsequent treat-
ment, at the first sign of PD, favoring clinical trials in light
of the discouraging outcomes observed with available
regimens. Meeting trial inclusion criteria could, however,
be a potential barrier for some of these early progressing
patients who, often, have not fully recovered cytopenias
and ECOG PS at time of PD. Overall, the patient distri-
bution among the 4 risk groups in the PC-PI was bal-
anced, both in the TC and VC, ranging from 17 to 31%.
The superior concordance index of the PC-PI vs. IPI and
R-IPI was not only observed for the full patient popula-
tion, but also among treatment subgroups, time periods
and across each of the 3 European countries participat-
ing in the VC, confirming the robustness of the score.
Noteworthy, the PC-PI also outperformed IPI when the
analysis was restricted to patients receiving subsequent
bispecific antibodies in the TC and VC, despite the lim-
ited number of patients which underpowered this sub-
group analysis.

This study has several limitations, starting with the ret-
rospective nature of data collection and the heterogene-
ity of treatments following CAR-T progression across
participating centers. The use of bispecific antibodies as
first subsequent treatment strategy seemed lower than
expected, probably due to the timing of study develop-
ment. In light of the rapidly evolving post-CART treat-
ment landscape, the PC-PI will need to be further
evaluated in prospective cohorts. However, both the
training and validation patients were treated uniformly
with CD19-directed CAR T-cells in the third or later
line setting, and met standard patient and disease crite-
ria, potentially allowing our results to be generalized to
other patients in the same context; if the PC-PI score will
perform as well for patients progressing after second-line
treatment with axi-cel or liso-cel remains to be evalu-
ated [21, 44]. Additionally, even though a more complex
approach to build the prognostic model could have
yielded a more accurate OS prediction on an individual
patient level, the aim of our study was to rely on a delib-
erately limited number of routinely evaluated parameters
to allow a straightforward score assessment. The large
number of included patients in the TC and VC allowed
us to confirm across treatment groups and participat-
ing countries its potential worldwide applicability in this
setting.

In conclusion, the Post-CAR Prognostic Index (PC-PI)
is a clinically useful score for OS prediction and risk-
adapted planning in LBCL patients relapsing after CAR
T-cell therapy. Given the medical need for more effective
treatments post CAR-T, our results will aid in the strati-
fication of clinical trials that include patients with prior
CAR T-cell exposure. These findings should be validated
prospectively in an independent patient population, and
in earlier lines of therapy.
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