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Abstract

Background.—Vitamin D insufficiency is a potentially modifiable risk factor for poor outcomes
in newly diagnosed large B-cell lymphoma (LBCL). However, the role of circulating vitamin D
concentrations in relapsed/refractory LBCL treated with CD19-directed chimeric antigen receptor
T-cell therapy (CAR-T) is currently unknown.

Objective and Study Design.—This was a single-center, observational study that evaluated
the association of pre-CAR-T 25-hydroxyvitamin D (25-OHD) status with 100-day complete
response, progression-free survival, overall survival, and CAR-T related toxicity in 111 adult
relapsed/refractory LBCL patients. Vitamin D insufficiency was defined as <30 ng/ml in
accordance with the Endocrine Society guidelines.

Results.—The median pre-CAR-T 25-hydroxyvitamin-D concentration was 24 ng/ml (IQR
18-34). Vitamin D insufficient patients (<30 ng/ml; n=73 [66%]) were significantly younger
than their vitamin D replete (>30 ng/ml; n=38 [34%]) counterparts (p=0.039). The vitamin D
insufficient cohort was enriched for de novo LBCL as the histological subtype (p=0.026) and
had a higher proportion of tisagenlecleucel as the CAR-T product (p=0.049). There were no
other significant differences in the baseline characteristics between the two groups. In vitamin D
insufficient compared to replete patients, 100-day complete response was 55% vs. 76% (p=0.029)
and 2-year overall survival was 41% vs. 71% (p=0.061), respectively. In multivariate analysis,
vitamin D insufficiency remained significantly associated with 100-day complete response (OR
2.58 [1.05-6.83]; p=0.045) and overall survival (HR 2.24 [1.08-4.66], p=0.030). In recipients
of tisagenlecleucel, vitamin D insufficiency was associated with significantly lower cell viability
of the infused CAR-T product (p=0.015). Finally, pretreatment vitamin D insufficiency did not
predict for subsequent CAR-T related toxicity.

Conclusion.—This is the first report to demonstrate that vitamin D insufficiency is associated
with inferior clinical outcomes in CAR-T recipients. Further study into the mechanistic insights
of this finding, and the potential role of vitamin D supplementation to optimize CAR-T are
warranted.
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Graphical Abstract

Vitamin D Insufficiency and Clinical Outcomes with CD19 Directed
CAR T-cell Therapy in LBCL
Methods Results
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Introduction

Although the primary role of vitamin D relates to calcium and bone mineral homeostasis,
multiple non-classical immune functions including T-cell immunomodulation are well
described (1, 2). Vitamin D has also been shown to augment rituximab-mediated

cellular cytotoxicity (3). Indeed, insufficiency of 25-hydroxyvitamin-D (25-OHD) has been
identified as a negative prognostic biomarker in patients with newly diagnosed diffuse large
B-cell lymphoma (DLBCL) and follicular lymphoma treated with chemoimmunotherapy
(3-5). Furthermore, achieving normalization of vitamin D levels with supplementation has
been associated with improved outcomes in DLBCL (6). Based on these findings, the
incorporation of vitamin D supplementation to rituximab in non-Hodgkin lymphoma is
being actively investigated in a phase 11 clinical trial (NCT03078855). If deemed to be
efficacious, vitamin D supplementation presents an attractive therapeutic strategy that is
inexpensive and well tolerated.

Immunotherapy with chimeric antigen receptor T-cell therapy (CAR-T) has led to a
transformational advancement in the management of relapsed/refractory large B-cell
lymphoma (LBCL) and there are currently three anti-CD19-CAR-T products approved for
this indication (7-9). However, the identification of patients with relapsed/refractory LBCL
destined to respond poorly to anti-CD19-CAR-T remains elusive. To this end, clinical
characteristics, laboratory biomarkers, T-cell intrinsic factors, and features of the infused
CAR-T product have been evaluated to identify such poorly responding patients (10-13).
However, the prognostic role of pre-therapy vitamin D insufficiency, which is a potentially
modifiable risk factor, has not been studied in recipients of anti-CD19-CAR-T. Vitamin D
has been suggested to control T-cell activation and antigen receptor signaling; this is directly
relevant to CAR-T efficacy given that CAR T-cells are designed to recognize and eliminate
cells bearing target antigens (2).

Given the poor outcomes of patients who do not achieve remission following CAR-T, it
is critical to identify new interventions that may optimize outcomes of CAR-T recipients.

Transplant Cell Ther. Author manuscript; available in PMC 2023 November 01.
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Towards this end, we assessed the relationship between pretherapy vitamin D status and
clinical and safety outcomes of anti-CD19-CAR-T in relapsed/refractory LBCL.

Materials and Methods

Study Participants

This study was approved by the Memorial Sloan Kettering Cancer Center (MSKCC)
institutional review board. We retrospectively analyzed consecutive patients with relapsed/
refractory LBCL who were treated with anti-CD19-CAR-T (axicabtagene ciloleucel [axi-
cel], tisagenlecleucel [tisa-cel], and lisocabtagene maraleucel [liso-cel]) at our center
between April 2016 and April 2021. Axi-cel and tisa-cel were given as standard therapy
and liso-cel under the TRANSCEND-NHL-001 study (NCT02631044).

Vitamin D Testing

Vitamin D levels were not routinely monitored, and routine supplementation was not
implemented. However, patients who had routine clinical 25-OHD testing by means of a
quantitative chemiluminescent immunoassay up to one-year prior to CAR-T infusion were
included. Vitamin D measurements were performed at a median of 14 days (IQR 3 — 209)
prior to the CAR-T infusion and a median of 20 days (IQR: 154 days prior to leukapheresis
and 34 days after leukapheresis) post-leukapheresis. Vitamin D insufficiency was defined
as <30 ng/ml as recommended by the Endocrine Society (14). Furthermore, it corresponds
with our institutional threshold for vitamin D inadequacy. Of the 183 patients with relapsed/
refractory LBCL treated with CAR-T therapy, 111 patients (primary cohort) had a vitamin
D measurement available within one-year preceding their CAR-T infusion. Compared with
patients without vitamin D measurements, the primary cohort was more likely to be treated
with axi-cel and tisa-cel, and less likely to be treated with liso-cel (p<0.001). Other baseline
characteristics were not significantly different when comparing the two groups.

CAR-T infusion product

Cellular features of the CAR-T infusion product were available in patients treated with
tisa-cel. This included the CAR transduction efficiency, CAR surface expression, proportion
of CAR-T cells with cell viability =80%, dose of CAR-T cells, absolute number of viable
cells, and /in vitro IFN-vy release in response to CD19 expressing target cells.

Study Outcomes

The primary objective was to evaluate whether circulating vitamin D status was associated
with CR at 100 days post CAR-T infusion. Response was calculated relative to the

most recent disease assessment before infusion of CAR-T and response assessment was
performed according to the Lugano criteria (15). Secondary endpoints included progression-
free survival (PFS), overall survival (OS), and rates of cytokine release syndrome (CRS) and
immune effector cell-associated neurotoxicity syndrome (ICANS). PFS was defined as the
time from the date of CAR-T infusion to the date of event defined as the first documented
progression or death due to any cause, and OS was the time from CAR-T infusion to death
due to any cause. Grading for CRS and ICANS was defined as per the American Society
for Transplantation and Cellular Therapies (ASTCT) consensus guidelines (16). Finally, we
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tested for potential associations between vitamin D levels and the cellular features of the
tisa-cel infusion product.

Statistical Analysis

Results

Descriptive statistics, including median and interquartile range [IQR] for continuous
variables, and percentages for categorical variables, are provided. Fisher’s exact test or

2 test was used to evaluate the association between two categorical variables. Wilcoxon
rank-sum test or Kruskal-Wallis test was used to assess the difference in a continuous
variable between/among patient groups. Kaplan-Meier method was used to estimate overall
survival (OS) and progression-free survival (PFS). Relapse or progression incidence was
estimated using cumulative incidence; death without relapse or progression was considered
as a competing event. Univariable logistic regression was performed to assess the association
between disease-related features and response and were studied as binary categorical
variable (complete response [CR] vs. non-CR). We also evaluated vitamin D status in

a multivariable model adjusted for age, primary refractory disease and CAR-T construct
costimulatory domain. Univariable Cox proportional hazard regression was performed to
evaluate OS and PFS risk associated with disease-related determinants. Vitamin D status was
also studied in multivariable Cox-regression models, adjusting for the same covariate as in
the multivariable logistic regression model. Potential associations between vitamin D levels
and the cellular features of the tisa-cel infusion product were tested using Spearman Rho
correlation. All analyses and graphics were produced using R version 4.0.3.

The 111 patients in the primary cohort had mainly de novo LBCL (57%), were heavily
pre-treated (>3 prior lines; 55%), and treated with axi-cel (54%), tisa-cel (40%), and liso-cel
(6%). The overall response rate (ORR) at 100 days was 77% (CR 62%). With a median
follow-up of 18.6 months (IQR 8.8-30.3), the median PFS and OS were 6.3 months (95%
Cl 3.4 -19.3) and 27.3 months (95% CI 14.3 — NR), respectively. At 1 year, the cumulative
incidence of relapse or progression was 56% (46% to 65%). Grade =3 CRS and grade =3
ICANS was observed in 8% and 14% of patients, respectively.

The median pre-CAR-T vitamin D concentration was 24ng/mL (IQR 18-34), reflecting
vitamin D insufficiency in 66% (n=73) using our threshold (< 30 ng/ml). Patients with
vitamin D insufficiency were more likely to be < 65-years (p=0.039), have a de novo
DLBCL histology (p=0.026) and have received tisa-cel (p=0.049). There were no other
significant differences in baseline characteristics, including the Karnofsky performance
score (Table 1).

Given the important role of vitamin D in modulating T-cell responses (1, 2), we examined
whether vitamin D insufficiency pre-CAR-T was associated with response rates. In a
univariable analysis, only vitamin D insufficiency (odds ratio [OR] 2.66, [95% CI 1.14—
6.68]; p=0.029) and primary refractory disease (OR 2.55, [1.10-6.01]; p=0.030 were
associated with a lower likelihood of achieving CR. The day 100 CR rate was 76% (ORR
97%) in vitamin D insufficient compared to 55% (ORR 67%) in the replete group (p=0.029).
Vitamin D insufficiency remained an independent predictor of day 100 CR (OR 2.58, [1.05-

Transplant Cell Ther. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nath et al.

Page 6

6.83]; p=0.045) in a multivariable model adjusting for age, primary refractory disease and
the CAR-T costimulatory molecule (CD28 or 4-1BB) — Table 2. The only other variable that
maintained its association with day 100 CR on multivariable analysis was primary refractory
disease (OR 2.58, [1.05-6.83], p=0.029).

In a univariable analysis for OS, the risk of death was greater in vitamin D insufficient
versus vitamin D replete patients and approached statistical significance (hazard ratio [HR]
1.97 [0.97-4.02]; p=0.061; Figure 1). The 2-year survival rate in vitamin D insufficient
versus vitamin D replete patients was 41% (95% CI 28% to 60%) and 71% (55% to 91%),
respectively. In a multivariate model, vitamin D insufficiency was a significant independent
predictor of OS (HR 2.24, [1.08-4.66]; p=0.030) — Table 2. Vitamin D insufficiency was
not associated with lower PFS in univariable (HR 1.35, [0.80-2.66]; p=0.26, Supplementary
Figure 1) and multivariable models (HR 1.39, [0.81-2.38]; p=0.23). Both the OS and

PFS multivariable models were adjusted for the same factors as the CR model. The

most common cause of death in both groups was relapse/progression of the underlying
malignancy, which accounted for 90% of deaths in both groups (vitamin D insufficient,
n=28 and vitamin D replete, n=9). Among non-relapse mortality (NRM), viral infection was
the leading cause in both groups (vitamin D insufficient, 6% [n=2] and vitamin D replete,
10%, [n=1]). Cumulative incidence of relapse, and cumulative incidence of NRM curves are
provided in Supplementary Figures 2-3, respectively.

Previous studies have suggested that vitamin D promotes a shift from a pro-inflammatory

to a tolerogenic immune state (17). However, we found no significant association between
vitamin D status and CAR-T toxicity. In vitamin D insufficient compared to replete patients,
grade =3 CRS was present in 7% vs. 8% (p>0.99), and grade =3 ICANS in 13% vs. 16%
(p=0.61) of patients, respectively.

In the 44 patients treated with tisa-cel, we assessed whether pre-therapy vitamin D status
associated with cellular features of the infusion product. The proportion of CAR-T cells
with >280% viability was significantly higher in vitamin D replete patients compared to

their vitamin D insufficient counterparts (p=0.015). When tested as a continuous variable,
there was a moderate correlation between serum 25-OHD and CAR-T viability (Spearman’s
correlation 0.34, p=0.023) — Figure 2. There was no significant association between pre-
CAR-T therapy vitamin D levels and the other cellular features of the tisa-cel product.

Discussion

The identification of potentially modifiable factors that determine the clinical performance
of CAR-T remains a substantial challenge. Vitamin D insufficiency has not been previously
evaluated in CAR-T recipients. In this study, we performed analysis of serum vitamin D
levels collected prior to anti-CD-19 CAR-T administration in relapsed/refractory LBCL
patients and found that pre-CAR-T vitamin D insufficiency was independently associated
with inferior day 100 CR and OS rates. We observed no difference in CAR-T toxicity
between vitamin D insufficient and replete patients. Pre-therapy serum 25-OHD levels
positively correlated with the proportion of viable CAR-T cells within the infusion product.

Transplant Cell Ther. Author manuscript; available in PMC 2023 November 01.
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Prior studies of lymphoma patients treated with chemoimmunotherapy have identified low
pretreatment vitamin D levels as a negative prognostic factor for overall survival (3-5, 18).
Correlative laboratory studies showed that vitamin D acts synergistically with cytostatic
drugs and amplifies their anti-proliferative effects (18). Indeed, the vitamin D receptor is
expressed on cells of the immune system, including B-cells, where vitamin D has been
shown to induce B-cell apoptosis (19). Vitamin D is also known to play an important role
in immune regulation and demonstrated to augment rituximab-mediated cellular cytotoxicity
in LBCL (3, 20). The impact of vitamin D to regulate immune signaling pathways may
have implications for CAR-T efficacy, which is a form of cellular immunotherapy. The
possible association between pre-therapy vitamin D and CAR-T viability within the tisa-
cel infusion product is intriguing and suggests that vitamin D may play a role in the
subsequent function of the engineered anti-CD19 CAR T-cell product. Though speculative,
the potential fortuitous impact of vitamin D to enhance the T-cell phenotypes within

the leukapheresis product warrants consideration. Deeper biological mechanistic insights
of vitamin D’s impact on microenvironmental signals and T-cell phenotypes in CAR-T
recipients is required.

In our study, there was no association between vitamin D status and pre-lymphodepletion
bulky disease, which has been previously demonstrated to predict response to axi-cel in
LBCL (11). Other studies have suggested that there may be a confounding effect of

poor performance status and older age with vitamin D insufficiency (21, 22). Both these
clinical factors have been shown to influence outcomes to frontline chemoimmunotherapy
and are included within current LBCL prognostic scores (23). However, there was no
significant association between vitamin D insufficiency and performance status in our
cohort. Additionally, vitamin D insufficient patients were younger than their vitamin D
replete counterparts. This suggests that vitamin D insufficiency was not simply a surrogate
for older age or poor performance status in this cohort.

This study has several limitations. Given its retrospective nature, vitamin D testing was
performed across various timepoints within the 12 months prior to CAR-T infusion

and the reasons for vitamin D testing were not able to be collected. We suggest the

need for additional studies to prospectively validate our findings. Future study design
considerations should include a uniform timepoint to test serum vitamin D levels, ideally
just before leukapheresis, and with liquid chromatography-tandem mass spectrometry for
25(0OH)D testing, which is considered the gold standard for vitamin D testing. The potential
impact of vitamin D on T-cell phenotypes within the apheresis and subsequent CAR-T
infusion product should also be explored. Although there was no enrichment of infectious
complications as a cause of death in those with vitamin D insufficiency, this was a relatively
small cohort with few death events. Further evaluation of infectious complications and
post-CAR-T immune reconstitution by vitamin D status warrants consideration. Indeed, in
allogeneic hematopoietic stem cell transplant recipients, it has been suggested that relapse
prevention in the setting of higher vitamin D levels can potentially be related to enhanced
immune reconstitution (24). Pending validation, this study may provide support for an
interventional trial of vitamin D supplementation in future CAR-T recipients. Furthermore,
adjunctive investigational intervention of potential CAR-T enhancement with vitamin D is
appealing given its low-cost and low-risk.

Transplant Cell Ther. Author manuscript; available in PMC 2023 November 01.
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In conclusion, to the best of our knowledge, this is the first study evaluating the

association between vitamin D, a potentially modifiable risk factor, and clinical outcomes
of CAR-T recipients. We found that pre-therapy vitamin D insufficiency is independently
associated with inferior clinical outcomes. Given the retrospective nature of this analysis,
additional studies are required to validate our findings. Further investigation of the potential
mechanisms by which vitamin D may augment CAR-T responses are also required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. Vitamin D insufficiency is associated with inferior CR to CAR-T in LBCL
. Vitamin D insufficiency is associated with inferior OS to CAR-T in LBCL

. There is no association between vitamin D status and CAR-T related toxicity
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Figure 1.
Overall survival by vitamin D status demonstrating significantly inferior overall survival in

patients with vitamin D insufficiency. (In a multivariate model adjusted for vitamin D status,
age, primary refractory disease and CAR-T costimulatory domain, vitamin D insufficiency
remained a significant predictor of overall survival).
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Figure 2.

Correlation between pre-CAR-T serum vitamin D levels and proportion of CAR-T cells with
>80% viability within the tisa-cel infusion product (n=44). The Spearman correlation was
applied.
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Table 1.
Baseline characteristics by vitamin D status
Characteristic Overall N < 1111 Vitamin D replete1(> Vitamin D insufﬁcie?t (= p-value2
30ng/ml) N = 38 30ng/ml) N =73

Age 0.039
< 65-years 53 (48%) 13 (34%) 40 (55%)
> 65-years 58 (52%) 25 (66%) 33 (45%)

Sex 0.69
Male 70 (63%) 23 (61%) 47 (64%)
Female 41 (37%) 15 (39%) 26 (36%)

Karnofsky Performance Status 0.37
>90 84 (79%) 28 (74%) 56 (81%)
<90 23 (21%) 10 (26%) 13 (19%)
Unknown 4 0 4

LBCL subtype 0.026
de novo LBCL 62 (57%) 15 (42%) 47 (65%)
transformed follicular lymphoma 26 (24%) 14 (39%) 12 (17%)
Other transformed low-grade 20 (19%) 7 (19%) 13 (18%)
Unknown 3 2 1

Cell of origin 0.83
GCB 49 (49%) 17 (50%) 32 (48%)
Non-GCB 52 (51%) 17 (50%) 35 (52%)
Unknown 10 4 6

Double/Triple hit 11 (12%) 5 (16%) 6 (10%) 0.50
Unknown 18 6 12

History of CNS disease 21 (19%) 5 (14%) 16 (22%) 0.32
Unknown 2 2 0

Primary refractory disease 3 32 (29%) 9 (24%) 23 (32%) 0.36
Unknown 1 0 1

Previous autologous HCT 27 (24%) 8 (21%) 19 (26%) 0.56

Previous allogeneic HCT 7 (6%) 3(8%) 4 (5%) 0.69

Number of previous lines 0.61
<3lines 50 (45%) 16 (42%) 34 (47%)
4 -5 lines 43 (39%) 17 (45%) 26 (36%)
>6 lines 18 (16%) 5 (13%) 13 (18%)

Bulky disease at apheresis 10 (9%) 2 (5%) 8 (11%) 0.49

Stage at Apheresis 0.39
<l 30 (27%) 12 (32%) 18 (25%)
m-1v 80 (73%) 25 (68%) 55 (75%)
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Vitamin D replete (>

Vitamin D insufficient (<

Characteristi Overall N=111" | 30000 = agh 3ong/mi) N = 73 pvalue?
Unknown 1 1 0
Bridging 79 (72%) 30 (79%) 49 (68%) 0.23
Unknown 1 0 1
Status at CAR-T infusion 0.85
CR 9 (8%) 3 (8%) 6 (8%)
PR 25 (23%) 10 (27%) 15 (21%)
SD/PD 74 (69%) 24 (65%) 50 (70%)
Unknown 3 1 2
E;"yi)f“’m diagnosis to CAR-T infusion 554 (316 — 924) 687 (359 - 1,335) 468 (314 - 803) 0.12
CAR-T Product 0.049
Axicabtagene ciloleucel 60 (54%) 22 (58%) 38 (52%)
Tisagenlecleucel 44 (40%) 11 (29%) 33 (45%)
Lisocabtagene maraleucel 7 (6%) 5 (13%) 2 (3%)
CAR-T costimulatory domain 0.56
41BB 51 (46%) 16 (42%) 35 (48%)
CD28 60 (54%) 22 (58%) 38 (52%)

'ZMedian (IQR); n (%)

2 . . .
Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test

3. . .
Primary refractory disease pre-apheresis

LBCL, large B-cell lymphoma; GCB, germinal center B-cell; CNS, central nervous system; HCT, hematopoietic stem cell transplant; LDH, lactate
dehydrogenase; CAR-T, chimeric antigen receptor T-cell therapy; CR, complete response; PR, partial response; SD, stable disease; PD, progressive

disease
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Table 2.

Multivariate Analysis of Complete Response and Overall Survival

Characteristic

Logistic Regression for CR

Cox Proportional Hazard for OS

No. | OR 95% ClI P No. | HR 95% ClI P

Vitamin D status

> 30ng/mL 38 — — 38 —_ —_

< 30ng/mL 73 | 258 | 1.05t06.83 | 0.045 | 73 | 2.24 | 1.08t04.66 | 0.030
Age

< 65-years 53 — — 53 — —

> 65-years 58 | 1.36 | 0.56t03.37 | 0.49 58 | 1.99 | 1.02t03.91 | 0.044
Primary refractory disease

No 78 — —_ 78 —_ —_

Yes 32 | 273 | 1.12t06.91 | 0.029 | 32 | 242 | 1.23t04.74 | 0.010
CAR-T costimulatory domain

41BB 51 — — 51 — —

CD28 60 | 0.75 | 0.30t01.83 | 0.52 60 | 0.72 | 0.37t0o1.40 | 0.33

CR, complete response; OS overall survival; CAR-T, chimeric antigen receptor T-cell therapy
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