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Abstract
CAR-T cells are widely recognized for their potential to successfully treat hematologic cancers and provide durable response. However, severe adverse events such as cytokine release syndrome (CRS) and neurotoxicity are concerning. Our goal is to assess CAR-T cell clinical trial publications to address the question of whether administration of CAR-T cells as dose fractions reduces toxicity without adversely affecting efficacy. Systematic literature review of studies published between January 2010 and May 2022 was performed on PubMed and Embase to search clinical studies that evaluated CAR-T cells for hematologic cancers. Studies published in English were considered. Studies in children (age < 18), solid tumors, bispecific CAR-T cells, and CAR-T cell cocktails were excluded. Data was extracted from the studies that met inclusion and exclusion criteria. Review identified a total of 18 studies that used dose fractionation. Six studies used 2-day dosing schemes and 12 studies used 3-day schemes to administer CAR-T cells. Three studies had both single dose and fractionated dose cohorts. Lower incidence of Grade ≥ 3 CRS and neurotoxicity was seen in fractionated dose cohorts in 2 studies, whereas 1 study reported no difference between single and fractionated dose cohorts. Dose fractionation was mainly recommended for high tumor burden patients. Efficacy of CAR-T cells in fractionated dose was comparable to single dose regimen within the same or historical trial of the same agent in all the studies. The findings suggest that administering dose fractions of CAR-T cells over 2–3 days instead of single dose infusion may mitigate the toxicity of CAR-T cell therapy including CRS and neurotoxicity, especially in patients with high tumor burden. However, controlled studies are likely needed to confirm the benefits of dose fractionation.
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Introduction
Over the last decade, research in cancer immunotherapy has made significant progress in the treatment of cancer and resulted in dramatic improvements in patient survival [1–6]. Chimeric antigen receptor (CAR)-T cells, generated by modifying human autologous or allogeneic T cells to target specific antigens, are shown to have promising response rates in hematologic malignancies and offer durable efficacy [7–10]. There are currently six FDA approved CAR T cell therapies, including axicabtagene ciloleucel (axi-cel), brexucabtagene autoleucel (brexu-cel), tisagenlecleucel (tisa-cel), lisocabtagene maraleucel (liso-cel), idecabtagene vicleucel (ide-cel) and ciltacabtagene autoleucel (cilta-cel) for various types of hematologic cancers including B-cell lymphoma, mantle cell lymphoma, acute lymphoblastic leukemia and multiple myeloma. Though CAR-T cell therapy has been shown to have unique benefits and manageable safety profile unlike that of traditional chemotherapy, the adverse events associated with CAR-T cells such as cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) are particularly concerning and are known to be associated with prolonged hospitalizations, increased medical expenditures and even fatalities [11, 12].
While the mechanisms are not completely understood, activation of CAR-T cells is thought to result in the release of IFN-γ, TNF-α, and other inflammatory cytokines that drive macrophage and monocyte release of IL-6 and other cytokines, which may precipitate CRS and ICANS events via endothelial damage [13]. Typically, clinical symptoms of CRS are manifested within 1–7 days of infusion [14] and CAR T cell dose, expansion kinetics of CAR-T cells, and tumor burden are identified as the major factors associated with CRS severity [15, 16]. The symptoms of ICANS can be delayed slightly with time to onset ranging from 2 to 19 days, and CRS has been shown to be a major risk factor associated with severity of ICANS [14, 17–20]. Patients with high tumor burden were shown to have higher risk of CRS in multiple studies [21–24] and severity of CRS was shown to be associated with shorter progression free survival in a retrospective study with relatively small cohort size [25]. Dose fractionation or split dosing of CAR-T cells has been proposed to limit the release of inflammatory cytokines and thereby address the issue of CRS [26]. Administration of dose fractions of CAR-T cells is thought to result in controlled expansion of CAR-T cells and tumor killing and subsequently result in lower peaks of inflammatory cytokines. Indeed, the incidence of Grade 3 or above CRS was as low as ‘0’ in studies that used dose fractionation for the administration of CAR-T cells [27–29].
However, it is not clear if dose fractionation negatively impacts the efficacy of CAR-T cells, and the effects of dose fractionation on incidence and severity of CRS have not been reviewed systematically. The current review aims to evaluate the studies that used dose fractionation to administer CAR-T cells and to discuss the findings from the studies with emphasis on dose fractionation scheme, tumor burden, and efficacy of CAR-T cells.
Methods
This systematic review followed the guidelines defined by the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) Statement [30].
Search criteria
The following search terms were utilized in the literature search for related articles: “CAR”, “chimeric antigen receptor”, “CAR-T cell”, “acute lymphoblastic leukemia”, “ALL”, “diffuse large B-cell lymphoma”, “DLBCL”, “multiple myeloma” and “MM”. Searches were conducted on PubMed and Embase in May 2022. A total of seven searches were conducted on each database: [1] “CAR” or “chimeric antigen receptor”, [2] “CAR-T cell” and “acute lymphoblastic leukemia” or “ALL”, [3] “CAR-T cell” and “diffuse large B-cell lymphoma” or “DLBCL”, [4] “CAR-T cell” and “multiple myeloma” or CAR” or “MM”, [5] “chimeric antigen receptor” and “acute lymphoblastic leukemia”, [6] “chimeric antigen receptor” and “diffuse large B-cell lymphoma”, and [7] “chimeric antigen receptor” and “multiple myeloma”.
Eligibility
All clinical prospective and retrospective studies reporting outcomes in adult patients (age ≥ 18 years) with hematologic malignancies including Acute Lymphoblastic Leukemia (ALL), Diffuse Large B-cell Lymphoma (DLBCL) and Multiple Myeloma (MM) met the inclusion criteria for consideration. Studies were excluded if they met any of the following exclusion criteria: [1] Articles reported in languages other than English, [2] Conference presentations and abstracts, [3] Studies that did not use lymphodepletion regimen, [4] Studies in children, [5] Studies in solid tumors, [6] Studies using bispecific CAR-T cells, [7] Studies using CAR-T cell cocktails, [8] Studies using bispecific antibodies, [9] Studies using antibody drug conjugates, [10] Articles reporting additional outcomes/post hoc analyses of previously published study, [11] Preclinical studies, [12] Systematic literature review articles, and [13] Review articles. Bispecific CAR-T cells, solid tumors and studies in children, which are expected to have widely different kinetics, and comparatively different efficacy and safety, are excluded from the review. Studies that fractionated (split) the dose of CAR-T cells and administered over multiple days were identified and were used to answer the questions on dose-fractionation.
Data extraction
Studies meeting the eligibility criteria were screened based on their title, abstract and full text by two independent reviewers. Reasons for excluding studies were recorded and included studies were cross checked prior to data extraction such that any discrepancy arising between the two reviewers was resolved through discussion. The following data was extracted from each study’s full text: study details (author name and year of publication), patient characteristics (number of patients, cancer subtype, tumor burden), CAR-T cell details (dose and regimen, target antigen and co-stimulatory domains), efficacy outcomes (overall survival, OS; progression free survival, PFS; objective response rate, ORR) and safety outcomes (CRS and neurotoxicity). In order to compare the dose across studies, dose was calculated for 70 kg for studies that used body weight-based dose and for 1.6 m2 for studies that used body surface area-based dose and converted to a flat dose value.
Results
Characteristics of selected studies
Literature search for clinical articles on CAR-T cells published between January 2010 and May 2022 resulted in 2,775 hits. The articles were screened for duplicates and relevance based on title, abstract and then full text by two reviewers. Eighteen articles were identified to meet the inclusion criteria and were selected for data extraction (Fig. 1). Quality assessment was done for the 18 studies using guidelines for non-randomized single-arm studies (Table 1) [31–34]. In total, 430 patients were treated with CAR-T cells and the major indications studied included ALL (n = 196), MM (n = 99) and CLL (n = 73). Three studies also included single dose cohorts in which patients received CAR-T cells in a single dose allowing direct comparison between single dose and fractionated dose groups [35–37]. CAR-T cells were administered over 2 days in 6 studies [27, 29, 38–41] and over 3 days or more in 12 studies [22, 28, 35–37, 42–47]. Administration of CAR-T cells was spread out over consecutive days in all but 2 studies. Roddie et al. administered the second dose of CAR-T cells after 9 days [40] whereas Xu et al. administered 3 dose fractions at an interval of 3 days [36]. Regardless of the interval, none of the studies required additional lymphodepletion regimen before the administration of next dose.
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Fig. 1Study flow and selection of articles



Table 1Quality assessment of included studies


	 	Risk of bias
	Indirectness
	Imprecision

	 	
Selection bias

	
Attrition bias

	
Reporting/Detection bias


	
First Author

	
IRC involved in patient selection (Yes; No)

	
Loss to follow-up


(< 5%; 5–20%; >20%)

	
Objective outcomes assessed (Yes; No)

	
IRC involved in assessment of response (Yes; No)

	
Safety outcomes reported (Yes; No)

	
Heterogeneity


(Single sub-type; 2 sub-types; >2 sub-types in the study)

	
Sample size


(< 30; 30–50; >50 patients treated)

	
Duration of follow-up


(< 6 months; 6–12 months; >12 months)


	
Studies with single dose and fractionated-dose patients


	Frey NV(37)
	No*
	> 20%
	Yes
	No
	Yes
	Single sub-type
	30–50
	> 12 months

	Frey NV(35)
	No*
	5–20%
	Yes
	No
	Yes
	Single sub-type
	30–50
	> 12 months

	Xu J(36)
	No*
	Consort Diagram Not Reported
	Yes
	No
	Yes
	Single sub-type
	< 30
	> 12 months

	
Anti-CD19 CAR-T cells


	Li M(48)
	No*
	> 20%
	Yes
	No
	Yes
	Single sub-type
	> 50
	NR

	Jiang H(22)
	No*
	Consort Diagram Not Reported
	Yes
	No
	Yes
	Single sub-type
	> 50
	NR

	Ying Z(28)
	No*
	Consort Diagram Not Reported
	Yes
	No
	Yes
	> 2 sub-types
	< 30
	NR

	Roddie C(40)
	No*
	Consort Diagram Not Reported
	Yes
	No
	Yes
	Single sub-type
	< 30
	> 12 months

	Wang CM(45)
	No
	Consort Diagram Not Reported
	Yes
	No
	Yes
	> 2 sub-types
	< 30
	NR

	Geyer MB(38)
	No
	> 20%
	Yes
	No
	Yes
	> 2 sub-type
	< 30
	> 12 months

	Davila ML(41)
	No
	< 5%
	Yes
	No
	Yes
	Single sub-type
	< 30
	> 12 months

	Sauter CS(39)
	No
	Consort Diagram Not Reported
	Yes
	No
	Yes
	> 2 sub-types
	< 30
	> 12 months

	Hu Y(46)
	No
	5–20%
	Yes
	No
	Yes
	Single sub-type
	< 30
	< 6 months

	Porter DL(47)
	No*
	> 20%
	Yes
	No
	Yes
	Single sub-type
	< 30
	> 12 months

	Geyer MB(27)
	No
	Consort Diagram Not Reported
	Yes
	No
	Yes
	Single sub-type
	< 30
	> 12 months

	Zhang Q(29)
	No*
	Consort Diagram Not Reported
	Yes
	No
	No
	Single sub-type
	< 30
	NR

	Kalos M(44)
	No*
	Consort Diagram Not Reported
	Yes
	No
	Yes
	Single sub-type
	< 30
	NR

	
Anti-BCMA CAR-T cells


	Zhao WH(43)
	No*
	Consort Diagram Not Reported
	Yes
	No
	Yes
	Single sub-type
	> 50
	6–12 months

	Cohen AD(42)
	No
	5–20%
	Yes
	Yes
	Yes
	Single sub-type
	< 30
	> 12 months


* Independent review committee/board approved the study’s protocol and had patients sign consent forms
IRC, independent review committee
All observational and single arm unblinded studies are given low grade and the grade is moved upwards based on quality assessment [48–50]
Risk of Bias mainly involves selection bias and reporting or detection bias. Selection bias is low, and quality is high for studies that included an IRC for patient selection and that had < 5% loss of patients to follow-up. Studies with 5–20% loss to follow-up are considered to have medium selection bias and studies with over 20% loss to follow-up are considered to have high selection bias
Reporting or detection bias is considered low for studies that evaluated objective outcomes, included an IRC for response assessment, and reported treatment-related adverse events (safety). Studies that reported subjective outcomes (e.g. patient reported outcomes) or studies that did not include IRC for response assessment or studies that did not report safety outcomes are rated as high for reporting or detection bias
Indirectness (comparability) of the cohort between studies is considered low and quality is also high for studies that have a homogenous cohort (single type of cancer). Studies with up to 2 cancer-subtypes are rated as medium for indirectness and with > 2 cancer-subtypes are rated as low for comparability
Imprecision of the cohort is considered high and quality is low for studies that have low sample size (< 30 patients) and small follow-up (< 6 months). Studies that have a sample size of 30–50 patients or with 6–12 months follow-up are rated medium for imprecision. Studies with sample size of > 50 patients and with follow-up over 12 months are rated low for imprecision and high for quality



Mitigation of CRS and Neurotoxicity
To address the question on whether dose fractionation helped in reducing the incidence and/or severity of CRS and neurotoxicity, adverse event (AE) data from the studies was collected and the overall conclusion of the authors on the benefits of dose-fractionation was recorded. As seen from the data listed in Table 2, the incidence and/or severity of Grade ≥ 3 CRS and neurotoxicity ranged from 0 to 40% and 0–15% with anti-CD19 CAR-T cells and 7–32% and 0–12% with anti-BCMA CAR-T cells respectively. Authors noted that AEs were mitigated with dose fractionation in most studies [27–29, 35–37, 40, 42, 43, 45, 46]. Intriguingly, there were no Grade ≥ 3 CRS and/or neurotoxicity events following CAR-T cell treatment in studies by Geyer et al., [27] Zhang et al., [29] Roddie et al [40] and Ying et al [28]. However, the overall response rate was also lower in the study by Geyer et al. making it difficult to conclude whether the lower toxicity was indeed due to dose fractionation or due to lower overall activity of the CAR-T product [27]. Similarly, along with dose fractionation, low affinity binder was used in the study by Roddie et al. and a variant of CD19-BBz CAR that showed lower cytokine production and comparable cytotoxic ability in the in vitro experiments was used in the study by Ying et al. to address CRS confounding the interpretation of the results [28, 40].

Table 2Grade ≥ 3 CRS and ICANS, and response rates


	Study details (Author; Indication)
	N
	Dose/s used (million cells)a
	Dose and Fractionation regimen (% of total dose)
	Grade ≥ 3 CRS and ICANS
	Response Rate

	
Studies with single dose and fractionated-dose patients


	Frey NV(35); ALL
	FD, 20; SD, 6
	500
	10, 30, 60 (d1,2,3)
	CRS, 5% in FD patients
and 50% SD patients
ICANS not reported
	CRR, 90% in FD patients and 50% in SD patients
ORR not reported

	Frey NV(37); CLL
	FD, 8;
SD, 11
	500
	10, 30, 60 (d1,2,3)
	CRS, 25%; ICANS, 0% in FD patients
CRS, 36%; ICANS, 18% in SD patients
	ORR, 50%; CRR, 38% in FD patients
ORR, 55%; CRR, 36% in SD patients

	Xu J(36); Multiple Myeloma
	FD, 8;
SD, 9
	49 (average)
	0, 3, 6d (33% each)
	CRS, 63% in FD patients and 22% in SD patients
	ORR, 100%; CRR, 71% in FD patients
ORR, 89%; CRR, 89% in SD patients

	
Anti CD19 CAR-T cells


	Li M(48); B-ALL
	78
	350
	10, 30, 60
	CRS, 29%; ICANS, not reported
	ORR/CRR, 83%

	Jiang H(22); B-ALL
	53
	280.7
	No details (0-2d)
	CRS, 36%; Grade 2/3 ICANS, 15%
	ORR/CRR, 89%

	Ying Z(28); B-cell lymphoma
	25
	DL1, 3–6; DL2 60–190; DL3, 200–400
	30, 30, 40 (0-2d)
	CRS, 0%; ICANS, 0%
	ORR, 60%; CRR, 28%

	Roddie C(40); B-ALL
	20
	410
	33, 67 or 2.5, 97.5 on d0, d9
	CRS, 0%; ICANS, 15%
	ORR/CRR, 85%

	Wang CM(45); Hodgkins Lymphoma
	18
	770–1470
	starting with 21 M, increments of 5-fold (e.g. 100 M cells) over 3–5 days
	CRS and ICANS, 0%
	ORR, 39%; CRR, 0%

	Geyer MB(38); CLL
	16
	280–2100
	33, 67 (0,1d)
	CRS, 13%; ICANS, 6%
	ORR/CRR, 19%

	Davila ML(41); B-ALL
	16
	210
	33, 67 d1, d2
	Severe CRS, 44% and severe ICANS, 25% (not categorized as Grade 3+)
	ORR/CRR, 88%

	Sauter CS(39); B-cell Lymphoma
	15
	DL1, 350; DL2, 700
	67, 33 (d2, d3)
	CRS, 20%; ICANS, 6%
	ORR/CRR, 53%

	Hu Y(46); ALL
	15
	77–686
	No details (0-2d)
	CRS, 40%; ICANS, not reported
	ORR/CRR, 73%

	Porter DL(47); CLL
	14
	14-1100
	10, 30, 60 (0-2d)
	CRS, 43%; ICANS, 7%
	ORR, 57%; CRR, 29%

	Geyer MB(27); CLL
	8
	280–2100
	33, 67 (0,1d)
	CRS, 0%; ICANS, 0%
	ORR/CRR, 25%

	Zhang Q(29); B-ALL
	4
	ND
	33, 67 (2d)
	CRS, 0%; ICANS, not reported
	ORR, 75%; CRR, not reported

	Kalos M(44); CLL
	3
	140, 580 and 1100
	10, 30, 60 (0-2d)
	Not reported
	ORR, 100%; CRR, 67%

	
Anti-BCMA CAR-T cells


	Zhao WH
	57
	4.9 to 147
	20%, 30%, 50% (0-7d)
	CRS, 7%; ICANS, 0%
	ORR, 88%; CRR, 68%

	Cohen AD
	25
	10–500
	10, 30, 60 (0-2d)
	CRS, 32%; ICANS, 12%
	ORR, 48%; CRR, 8%


*dose calculated for 70 kg if administered per kg



Within the studies that also included a single dose cohort, two studies were from same team of investigators and evaluated anti-CD19 CAR-T cells whereas the 3rd study evaluated anti-BCMA CAR-T cells (Table 2) [35–37]. Interestingly, both anti-CD19 CAR-T cell studies noted that dose fractionation reduced the toxicity of CAR-T cells whereas the anti-BCMA CAR-T cell study reported that CRS severity was similar between single dose and fractionated dose groups.
In the study in adults with relapsed/refractory ALL, Frey et al. assigned patients to 3 dosing cohorts including low dose (n = 9), high dose (single; n = 6) and high dose (fractionated; n = 20) groups depending on time of enrollment. Patients in the high dose groups received CTL-09 (tisa-cel) at 500 million cells as single or fractionated dose split over 3 days (10%, 30%, 60%) depending on their treatment plan. The study reported that the incidence of severe Grade 4/5 CRS was significantly lower (Fischer exact test; p = 0.017) in the high dose fractionated group (5% vs. 22% and 50%) compared to low single dose and high single dose groups [35]. In the second study, patients with CLL received CART-19 (tisa-cel) cells either as single dose (stage I) at 50 or 500 million cells or fractionated dose (stage II) at 500 million cells. The findings from the study showed that the incidence of Grade ≥ 3 CRS (25% vs. 36%, respectively) and ICANS (0% vs. 18%, respectively) were lower in the fractionated dose group compared to the single dose group [37].
In the third study by Xu, et al., patients with relapsed/refractory multiple myeloma were enrolled in two dose cohorts including single infusion (n = 8) and fractionated infusion (n = 9) [36]. Patients received LCARB38M (cilta-cel) at 14 to 140 million cells (for 70 kg patient; median 49 million cells) as a single dose or as 3 equal fractions administered on days 0, 3 and 6 depending on the hospital of treatment. Patients treated at Ruijin hospital (identified as RJ in the study) and at Changzheng hospital (identified as CZ in the study) received split infusion whereas patients at the First Affiliated Hospital of Nanjing Medical University (identified as JS in the study) received single infusion. Authors concluded that there were no obvious efficacy and toxicity differences between fractionated dose and single dose sub-groups. Interestingly, the incidence of Grade ≥ 3 CRS appeared to be comparatively higher in the fractionated dose group in the Xu et al. study [36], but the incidence was much lower (CRS, 7%; ICANS, 0%) in another study [43] evaluating the same CAR-T cell therapy (LCARB38M/cilta-cel) using fractionated dosing.
Tumor burden
Toxicity of CAR-T cells has been shown to correlate with tumor burden in clinical studies and the incidence of severe CRS (Grade ≥ 3) was shown to be high in patients with high tumor burden [51–54]. Risk adaptive dose reduction of CAR-T cells has been proposed as a strategy in patients with high tumor burden [54]. Understandably, high tumor burden was cited as one of the main reasons for evaluating dose fractionation of CAR-T cells in all the studies. Moreover, dose fractionation design was also intended to help in stopping infusion of second/next fraction of the dose if the patient had an intolerable CRS event [40]. However, the definition of ‘high’ tumor burden varied widely across the studies (5–50% blasts in B-ALL and CLL; 20–50% plasma cells in MM) and details of tumor burden was provided only in 8 studies [22, 27, 29, 35, 36, 40–42, 46, 47]. The incidence of Grade ≥ 3 CRS ranged from 0 to 44% in the studies that provided the tumor burden information. The studies by Davila et al [41] and Porter et al [47] had relatively higher percentage of patients with ‘high’ tumor burden (6/15 patients with ≥ 50% blasts and median blasts 88% respectively) and the incidence of Grade ≥ 3 CRS was accordingly higher (> 40%), but authors of both studies opined that dose fractionation helped in reducing the severity of CRS.
Efficacy of CAR-T cells
One of the concerns with using fractionated doses of CAR-T cells is the possibility of reduced efficacy. Administration of lower doses of CAR-T cells initially followed by higher doses may theoretically impact in vivo expansion of CAR-T cells and subsequently the efficacy of CAR-T cells. To answer the question on whether the efficacy of CAR-T cells is reduced in patients receiving dose fractions of CAR-T cells, response rates of the studies were extracted and compared to historical rates. Similarly, efficacy was compared between single dose and fractionated dose groups in the Frey et al. and Xu et al. studies [35, 36]. As seen in Table 2 the response rates in patients receiving fractionated doses were comparable to the historical responses to single dose administration [55]. The dose fractionated group in Frey et al. study had significantly higher complete response (CR) rate (90% vs. 50% respectively; p = 0.0038), longer event-free survival (EFS; 19.4 months vs. 2.4 months respectively; p = 0.0003) and longer overall survival (OS; not reached vs. 3.4 months respectively; p = 0.003) compared to single dose group. The 2-year OS (73% vs. 17% respectively) and EFS (50% vs. 17% respectively) rates were higher in the dose fractionated group compared to single dose group [35]. The ORR in the Xu et al. study was comparable between dose fractionated group (7/8; 1 not evaluable) and single dose group (8/9; 1 minimal response), but the stringent CR (sCR) rate was comparatively higher in the single dose group (5/7 sCR, 2/7 very good partial response and 8/8 sCR respectively). However, 5/8 patients in the single dose group had progressive disease compared to 2/7 patients in fractionated dose group and the duration of response also tended to be longer in the fractionated dose group [36].
Discussion
The current systematic review aimed to compile the studies that used dose-fractionation of CAR-T cells and summarize the efficacy and safety outcomes, which was not addressed in previous systematic reviews on CAR-T cells [55–62]. In planning this review, studies were expected to be inconsistent in reporting the tumor burden and the cut-off for ‘high’ tumor burden was expected to vary across the studies. Wide dose ranges were expected to be used across the studies and the CAR-T cell product efficiency was expected to vary significantly across the studies. Combining the data from all the studies was expected to average the incidence and severity of adverse events in favor of CAR-T cell products with low efficacy and toxicity and/or in favor of patients with low tumor burden [27]. Therefore, the review did not intend to pool the efficacy or safety data from the studies and analyze the pooled data but assessed each study separately based on the outcomes reported and derived independent conclusions on efficacy and safety improvements or lack of improvements with dose-fractionation. Similarly, the efficacy and safety profile of CAR-T cells in pediatric patients and young adults was expected to be different from adults and were considered for exclusion. Interestingly, none of the studies in children that were identified during literature search used dose fractionation for administration of CAR-T cells. The studies that had parallel comparisons between single dose and dose-fractionation groups were discussed in detail [35–37].
CRS and neurotoxicity following CAR-T cell treatment are serious adverse events resulting in prolonged hospitalization and in some cases fatal consequences [63, 64]. In addition, CRS and neurotoxicity have been shown to be a risk factor for development of infections and related mortality in patients treated with CAR-T cells [65, 66]. While management of CRS and neurotoxicity is less of a concern based on improved toxicity management algorithms, including the use of dexamethasone and tocilizumab [26, 54, 67, 68], patients with high tumor burden and CAR-T cell therapies requiring higher doses (> 150 million cells) could be at a greater risk of toxicity. Therefore, strategies to prevent the development of CRS are needed.
Administration of CAR-T cells as dose fractions [35, 40] instead of single dose has been proposed as a strategy based on the association between CRS severity, inflammatory cytokine peak following CAR-T cell administration and tumor burden. Severity of CRS has been shown to correlate with peak levels of inflammatory cytokines (cytokine peak) such as IL-6 in patients treated with CAR-T cells [69]. In turn, cytokine peak was shown to correlate with tumor burden [51] and with CAR-T cell dose [69]. Thus, at a constant dose, tumor burden correlates with the severity of CRS, and in patients with high tumor burden, lowering the dose could reduce the peak cytokine levels and the severity of CRS. However, lowering the dose may also result in inadequate effector to tumor cell ratio, resulting in incomplete clearance of all tumor cells. The result is a need to distribute the expansion of a relatively high CAR T cell dose over time. Therefore, administration of CAR-T cells as dose fractions over 2–3 days could stagger the rise in cytokine levels thereby resulting in lower peaks and consequently lower the severity of CRS (Fig. 2). The findings from this review suggests that there is limited clinical trial evidence supporting the hypothesis that administration of CAR-T cells as dose fractions instead of single dose may reduce the severity of CRS. Additional studies are needed to conclusively confirm the benefits of dose fractionation. CAR-T cell expansion data reported in Xu et al. study showed that though the expansion peak tended to be higher and time to peak appeared to be earlier with single dose, other pharmacokinetic parameters of CAR-T cell kinetics such as area under the curve and persistence were similar in the patients receiving single dose infusion and fractionated dose infusion [36]. Finally the results from the included studies showed that efficacy of CAR-T cells in the patients who received fractionated dose was comparable to single dose administration.

[image: ]
Fig. 2Model showing cytokine levels and toxicity with single dose and fractionated dose. At a constant dose and tumor burden (high), the administration of CAR-T cells as a single infusion can result in the peak cytokine levels that correlate with severe CRS whereas administration of CAR-T cells as 2 or 3 doses can result in lower cytokine levels that correlate with mild-to-moderate CRS.


Dose fractionation mainly has the additional advantage of flexibility to stop the treatment when severe CRS is developed in the patient following infusion of first dose fraction and ability to modify the overall dose depending on product characteristics. Frey et al. used 3-day dosing regimen in which second and/or third dose of CAR-T cells were withheld if patients showed early signs of CRS including fever [35]. In another dosing scheme, Roddie et al. divided the enrolled ALL patients based on tumor burden into two groups of CAR-T cell dosing regimen. Patients with > 20% blasts were infused with 10 million CAR-T cells and patients with ≤ 20% blasts received 100 million CAR-T cells on the day of infusion. Patients received the second dose fraction of CAR-T cells (400 million and 310 million cells respectively) after 9 days if there were no Grade ≥ 3 CRS or ICANS or unresolved Grade 1–2 ICANS [40]. Additional studies with larger cohort size could help in identifying the optimal scheme for dose fractionation of CAR-T cells.
The current review did not aim to address the question on total dose of CAR-T cells needed for the treatment. The question was addressed in other studies including our own unpublished systematic review on dose-response association [14, 70–73]. Several factors including target antigen, intracellular signaling domain, and product characteristics such as cell viability and number of CAR molecules per cell, may impact the efficacy and toxicity of the drug product. All of these factors should be considered in determining the total dose of CAR-T cells. The dose that achieves an optimal effector (CAR-T cell)-to-tumor target cell (E:T) ratio may result in the maximal eradication of the tumor cells and achieve the most durable responses for a given product. Lower doses may result in sub-optimal E:T ratio and exhaustion of CAR-T cells whereas very high doses may precipitate intolerable toxicity. To determine the optimal dose needed to achieve optimal E:T ratio, researchers and clinicians may use the data from clinical studies in similar target antigen, indication, and tumor burden as well as the approved label dose for commercially available drug products.
Limitations
All the studies included in this review lack control group, are non-randomized and open label and the majority had small sample size. Majority of the studies did not include independent review committee for selection of subjects (potential selection bias) and had > 20% loss of subjects to follow-up (potential attrition bias; Table 1). Furthermore, excepting studies by Frey et al. and Xu et al., there was no direct comparison between single dose and dose fractionation.
Conclusion
In summary, current findings suggest that administering dose fractions of CAR-T cells over 2–3 days instead of single dose infusion may mitigate the incidence and/or severity of CAR-T cell toxicity including CRS and neurotoxicity, especially in patients with high tumor burden and for CAR-T cell therapies requiring higher doses for efficacy. Data further indicate that the effectiveness of the therapy is not adversely affected by dose fractionation. However, the evidence in favor of dose fractionation is limited and additional studies are needed to confirm the benefits of dose fractionation.
Acknowledgements
None.

Author contributions
AR was responsible for concept, design, performing literature search, extracting data, interpretation of results and drafting of manuscript. MF contributed to the concept, design, interpretation of results and drafting of manuscript. AA was responsible for performing literature search, extracting data and contributed to the drafting of manuscript. BG contributed to the concept, design and drafting of manuscript. CH and BS were responsible for concept, design, interpretation of results and drafting of manuscript. AR and MF contributed equally and share the first authorship. The authors read and approved the final manuscript.

Funding
Other than regular employment, the authors received no financial support for the research, authorship and/or publication of this article.

Data Availability
All the data generated is included within the manuscript and its supplementary files.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
AR, CH and BG are employees of Arcellx and hold stock in the company. AA is a consultant to Arcellx. BS reports honoraria from Pharmacyclics, Janssen, Acrotech, Spectrum, BeiGene, and Gilead Sciences; a consultancy or advisory role for Adaptive Biotechnologies, Bristol Myers Squibb/Celgene, Novartis, Pfizer, Amgen, Precision Biosciences, and Kite, a Gilead Company; research funding from Incyte, Jazz Pharmaceuticals, Gilead Sciences, and Kite; and travel support from Celgene, Novartis, Pfizer, Janssen, Seattle Genetics, Stemline Therapeutics, and Kite. MF reports a consultancy role for Celgene, Novartis, Arcellx and Gilead/Kite; research funding from Novartis and Gilead/Kite.


References
	1.
Bhandaru M, Rotte A. Monoclonal antibodies for the treatment of Melanoma: Present and future strategies. Methods Mol Biol. 2019;1904:83–108.

	2.
Lemaire V, Shemesh CS, Rotte A. Pharmacology-based ranking of anti-cancer drugs to guide clinical development of cancer immunotherapy combinations. J Exp Clin Cancer Res. 2021;40(1):311.

	3.
Shemesh CS, Hsu JC, Hosseini I, Shen BQ, Rotte A, Twomey P, et al. Personalized Cancer Vaccines: Clinical Landscape, Challenges, and Opportunities. Mol Ther. 2021;29(2):555–70.

	4.
Firor AE, Jares A, Ma Y. From humble beginnings to success in the clinic: chimeric antigen receptor-modified T-cells and implications for immunotherapy. Exp Biol Med (Maywood). 2015;240(8):1087–98.

	5.
Llovet JM, Castet F, Heikenwalder M, Maini MK, Mazzaferro V, Pinato DJ, et al. Immunotherapies for hepatocellular carcinoma. Nat Rev Clin Oncol. 2021;19(3):151–72.

	6.
Yu S, Li A, Liu Q, Li T, Yuan X, Han X, et al. Chimeric antigen receptor T cells: a novel therapy for solid tumors. J Hematol Oncol. 2017;10(1):78.

	7.
Ruella M, Kalos M. Adoptive immunotherapy for cancer. Immunol Rev. 2014;257(1):14–38.

	8.
Rotte A, Heery C, Gliner B, Tice D, Hilbert D. BCMA targeting CAR T cells using a novel D-domain binder for multiple myeloma: clinical development update. Immuno-Oncology Insights. 2022;3:13–24.

	9.
Berdeja JG, Madduri D, Usmani SZ, Jakubowiak A, Agha M, Cohen AD, et al. Ciltacabtagene autoleucel, a B-cell maturation antigen-directed chimeric antigen receptor T-cell therapy in patients with relapsed or refractory multiple myeloma (CARTITUDE-1): a phase 1b/2 open-label study. The Lancet. 2021;398(10297):314–24.

	10.
Madduri D, Berdeja J, Usmani SZ, Jakubowiak A, Agha M, Cohen AD et al, editors. CARTITUDE-1: Phase 1b/2 Study of Ciltacabtagene Autoleucel, a B-Cell Maturation Antigen-Directed Chimeric Antigen Receptor T-Cell Therapy, in Relapsed/Refractory Multiple Myeloma. ASH 62nd Annual Meeting; 2020 December 5–8, 2020; Virtual meeting.

	11.
Zhao L, Cao YJ. Engineered T Cell Therapy for Cancer in the clinic. Frontiers in Immunology. 2019;10.

	12.
Sarkar RR, Gloude NJ, Schiff D, Murphy JD. Cost-effectiveness of chimeric Antigen receptor T-Cell therapy in Pediatric Relapsed/Refractory B-Cell Acute Lymphoblastic Leukemia. J Natl Cancer Inst. 2019;111(7):719–26.

	13.
Teachey DT, Lacey SF, Shaw PA, Melenhorst JJ, Maude SL, Frey N, et al. Identification of predictive biomarkers for Cytokine Release Syndrome after chimeric Antigen receptor T-cell therapy for Acute Lymphoblastic Leukemia. Cancer Discov. 2016;6(6):664–79.

	14.
Rotte A, Frigault MJ, Ansari A, Gliner B, Heery C, Shah B. Dose response association for CAR-T cells. A systematic review of clinical studies. J Immunother Cancer. 2022. https://​jitc.​bmj.​com/​content/​10/​12/​e005678.​long.

	15.
Jin Z, Xiang R, Qing K, Li X, Zhang Y, Wang L, et al. The severe cytokine release syndrome in phase I trials of CD19-CAR-T cell therapy: a systematic review. Ann Hematol. 2018;97(8):1327–35.

	16.
Wei J, Liu Y, Wang C, Zhang Y, Tong C, Dai G, et al. The model of cytokine release syndrome in CAR T-cell treatment for B-cell non-hodgkin lymphoma. Signal Transduct Target Ther. 2020;5(1):134.

	17.
Wudhikarn K, Bansal R, Khurana A, Hathcock M, Ruff M, Carabenciov ID, et al. Characteristics, outcomes, and risk factors of ICANS after axicabtagene ciloleucel: Does age matter? ASCO Annual Meeting: J Clin Oncol; 2021. p. e19556.

	18.
Gust J, Hay KA, Hanafi LA, Li D, Myerson D, Gonzalez-Cuyar LF, et al. Endothelial activation and blood-brain barrier disruption in neurotoxicity after adoptive immunotherapy with CD19 CAR-T cells. Cancer Discov. 2017;7(12):1404–19.

	19.
Sievers S, Watson G, Johncy S, Adkins S. Recognizing and grading CAR T-Cell toxicities: an Advanced Practitioner Perspective. Front Oncol. 2020;10:885.

	20.
Siegler EL, Kenderian SS. Neurotoxicity and cytokine release syndrome after chimeric Antigen receptor T cell therapy: insights into mechanisms and Novel Therapies. Front Immunol. 2020;11:1973.

	21.
Abramson JS, Palomba ML, Gordon LI, Lunning MA, Wang M, Arnason J, et al. Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell lymphomas (TRANSCEND NHL 001): a multicentre seamless design study. The Lancet. 2020;396(10254):839–52.

	22.
Jiang H, Liu L, Guo T, Wu Y, Ai L, Deng J, et al. Improving the safety of CAR-T cell therapy by controlling CRS-related coagulopathy. Ann Hematol. 2019;98(7):1721–32.

	23.
Park JH, Riviere I, Gonen M, Wang X, Senechal B, Curran KJ, et al. Long-term follow-up of CD19 CAR therapy in Acute Lymphoblastic Leukemia. N Engl J Med. 2018;378(5):449–59.

	24.
Shah BD, Ghobadi A, Oluwole OO, Logan AC, Boissel N, Cassaday RD, et al. KTE-X19 for relapsed or refractory adult B-cell acute lymphoblastic leukaemia: phase 2 results of the single-arm, open-label, multicentre ZUMA-3 study. Lancet. 2021;398(10299):491–502.

	25.
Wang X, Zhao L, Wang J, Yao Y, Wang J, Ji S, et al. Correlation of Cytokine Release Syndrome with Prognosis after chimeric Antigen receptor T cell therapy: analysis of 54 patients with relapsed or refractory multiple myeloma. Front Immunol. 2022;13:814548.

	26.
Xiao X, Huang S, Chen S, Wang Y, Sun Q, Xu X, et al. Mechanisms of cytokine release syndrome and neurotoxicity of CAR T-cell therapy and associated prevention and management strategies. J Exp Clin Cancer Res. 2021;40(1):367.

	27.
Geyer MB, Riviere I, Senechal B, Wang X, Wang Y, Purdon TJ, et al. Autologous CD19-Targeted CAR T cells in patients with residual CLL following initial Purine Analog-Based therapy. Mol Ther. 2018;26(8):1896–905.

	28.
Ying Z, Huang XF, Xiang X, Liu Y, Kang X, Song Y, et al. A safe and potent anti-CD19 CAR T cell therapy. Nat Med. 2019;25(6):947–53.

	29.
Zhang Q, Hu H, Chen SY, Liu CJ, Hu FF, Yu J, et al. Transcriptome and Regulatory Network analyses of CD19-CAR-T immunotherapy for B-ALL. Genomics Proteom Bioinf. 2019;17(2):190–200.

	30.
Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. BMJ. 2009;339:b2535.

	31.
Meader N, King K, Llewellyn A, Norman G, Brown J, Rodgers M, et al. A checklist designed to aid consistency and reproducibility of GRADE assessments: development and pilot validation. Syst Rev. 2014;3:82.

	32.
Guyatt GH, Oxman AD, Kunz R, Brozek J, Alonso-Coello P, Rind D, et al. GRADE guidelines 6. Rating the quality of evidence–imprecision. J Clin Epidemiol. 2011;64(12):1283–93.

	33.
Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE guidelines: 8. Rating the quality of evidence–indirectness. J Clin Epidemiol. 2011;64(12):1303–10.

	34.
Guyatt GH, Oxman AD, Vist G, Kunz R, Brozek J, Alonso-Coello P, et al. GRADE guidelines: 4. Rating the quality of evidence–study limitations (risk of bias). J Clin Epidemiol. 2011;64(4):407–15.

	35.
Frey NV, Shaw PA, Hexner EO, Pequignot E, Gill S, Luger SM, et al. Optimizing chimeric Antigen receptor T-Cell therapy for adults with Acute Lymphoblastic Leukemia. J Clin Oncol. 2020;38(5):415–22.

	36.
Xu J, Chen LJ, Yang SS, Sun Y, Wu W, Liu YF, et al. Exploratory trial of a biepitopic CAR T-targeting B cell maturation antigen in relapsed/refractory multiple myeloma. Proc Natl Acad Sci U S A. 2019;116(19):9543–51.

	37.
Frey NV, Gill S, Hexner EO, Schuster S, Nasta S, Loren A, et al. Long-term outcomes from a randomized dose optimization study of chimeric Antigen receptor modified T cells in relapsed chronic lymphocytic leukemia. J Clin Oncol. 2020;38(25):2862–71.

	38.
Geyer MB, Riviere I, Senechal B, Wang X, Wang Y, Purdon TJ, et al. Safety and tolerability of conditioning chemotherapy followed by CD19-targeted CAR T cells for relapsed/refractory CLL. JCI Insight. 2019;5.

	39.
Sauter CS, Senechal B, Riviere I, Ni A, Bernal Y, Wang X, et al. CD19 CAR T cells following autologous transplantation in poor-risk relapsed and refractory B-cell non-hodgkin lymphoma. Blood. 2019;134(7):626–35.

	40.
Roddie C, Dias J, O’Reilly MA, Abbasian M, Cadinanos-Garai A, Vispute K, et al. Durable responses and low toxicity after fast off-rate CD19 chimeric Antigen Receptor-T therapy in adults with relapsed or refractory B-Cell Acute Lymphoblastic Leukemia. J Clin Oncol. 2021;39(30):3352–63.

	41.
Davila ML, Riviere I, Wang X, Bartido S, Park J, Curran K, et al. Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. Sci Transl Med. 2014;6(224):224ra25.

	42.
Cohen AD, Garfall AL, Stadtmauer EA, Melenhorst JJ, Lacey SF, Lancaster E, et al. B cell maturation antigen-specific CAR T cells are clinically active in multiple myeloma. J Clin Invest. 2019;129(6):2210–21.

	43.
Zhao WH, Liu J, Wang BY, Chen YX, Cao XM, Yang Y, et al. A phase 1, open-label study of LCAR-B38M, a chimeric antigen receptor T cell therapy directed against B cell maturation antigen, in patients with relapsed or refractory multiple myeloma. J Hematol Oncol. 2018;11(1):141.

	44.
Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A, et al. T cells with chimeric antigen receptors have potent antitumor effects and can establish memory in patients with advanced leukemia. Sci Transl Med. 2011;3(95):95ra73.

	45.
Wang CM, Wu ZQ, Wang Y, Guo YL, Dai HR, Wang XH, et al. Autologous T cells expressing CD30 chimeric Antigen receptors for relapsed or refractory Hodgkin Lymphoma: an open-label phase I Trial. Clin Cancer Res. 2017;23(5):1156–66.

	46.
Hu Y, Wu Z, Luo Y, Shi J, Yu J, Pu C, et al. Potent anti-leukemia activities of chimeric Antigen receptor-modified T cells against CD19 in chinese patients with Relapsed/Refractory Acute lymphocytic leukemia. Clin Cancer Res. 2017;23(13):3297–306.

	47.
Porter DL, Hwang WT, Frey NV, Lacey SF, Shaw PA, Loren AW, et al. Chimeric antigen receptor T cells persist and induce sustained remissions in relapsed refractory chronic lymphocytic leukemia. Sci Transl Med. 2015;7(303):303ra139.

	48.
Meader N, King K, Llewellyn A, et al. A checklist designed to aid consistency and reproducibility of GRADE assessments: development and pilot validation. Syst Rev. 2014;3:82. https://​doi.​org/​10.​1186/​2046-4053-3-82 [published Online First: 20140724].

	49.
Guyatt GH, Oxman AD, Kunz R, et al. GRADE guidelines 6. Rating the quality of evidence--imprecision. J Clin Epidemiol. 2011;64(12):1283–93. https://​doi.​org/​10.​1016/​j.​jclinepi.​2011.​01.​012 [published Online First: 20110811].

	50.
Guyatt GH, Oxman AD, Kunz R, et al. GRADE guidelines: 8. Rating the quality of evidence--indirectness. J Clin Epidemiol. 2011;64(12):1303–10. https://​doi.​org/​10.​1016/​j.​jclinepi.​2011.​04.​014 [published Online First: 20110730].

	51.
Li M, Xue SL, Tang X, Xu J, Chen S, Han Y, et al. The differential effects of tumor burdens on predicting the net benefits of ssCART-19 cell treatment on r/r B-ALL patients. Sci Rep. 2022;12(1):378.

	52.
Wang Z, Han W. Biomarkers of cytokine release syndrome and neurotoxicity related to CAR-T cell therapy. Biomark Res. 2018;6:4.

	53.
Yan Z, Zhang H, Cao J, Zhang C, Liu H, Huang H, et al. Characteristics and risk factors of Cytokine Release Syndrome in chimeric Antigen receptor T cell treatment. Front Immunol. 2021;12:611366.

	54.
Yanez L, Sanchez-Escamilla M, Perales MA. CAR T cell toxicity: current management and future directions. Hemasphere. 2019;3(2):e186.

	55.
Yu WL, Hua ZC. Chimeric Antigen receptor T-cell (CAR T) therapy for hematologic and solid malignancies: efficacy and Safety-A systematic review with Meta-analysis. Cancers (Basel). 2019;11(1).

	56.
Grigor EJM, Fergusson D, Kekre N, Montroy J, Atkins H, Seftel MD, et al. Risks and benefits of chimeric Antigen receptor T-Cell (CAR-T) therapy in Cancer: a systematic review and Meta-analysis. Transfus Med Rev. 2019;33(2):98–110.

	57.
Pettitt D, Arshad Z, Smith J, Stanic T, Hollander G, Brindley D. CAR-T cells: a systematic review and mixed methods analysis of the clinical Trial Landscape. Mol Ther. 2018;26(2):342–53.

	58.
Dolladille C, Ederhy S, Ezine E, Choquet S, Nguyen LS, Alexandre J, et al. Chimeric antigen receptor T-cells safety: a pharmacovigilance and meta-analysis study. Am J Hematol. 2021;96(9):1101–11.

	59.
Lei W, Xie M, Jiang Q, Xu N, Li P, Liang A, et al. Treatment-Related Adverse Events of Chimeric Antigen Receptor T-Cell (CAR T) in Clinical Trials: A Systematic Review and Meta-Analysis. Cancers (Basel). 2021;13(15).

	60.
Wu X, Zhang X, Xun R, Liu M, Sun Z, Huang J. Efficacy and safety of Axicabtagene Ciloleucel and Tisagenlecleucel Administration in Lymphoma patients with secondary CNS involvement: a systematic review. Front Immunol. 2021;12:693200.

	61.
Anwer F, Shaukat AA, Zahid U, Husnain M, McBride A, Persky D, et al. Donor origin CAR T cells: graft versus malignancy effect without GVHD, a systematic review. Immunotherapy. 2017;9(2):123–30.

	62.
Sun Z, Xun R, Liu M, Wu X, Qu H. The Association between Glucocorticoid Administration and the risk of impaired efficacy of Axicabtagene Ciloleucel treatment: a systematic review. Front Immunol. 2021;12:646450.

	63.
Cai C, Tang D, Han Y, Shen E, Ahmed OA, Guo C, et al. A comprehensive analysis of the fatal toxic effects associated with CD19 CAR-T cell therapy. Aging. 2020;12(18):18741–53.

	64.
Santomasso B, Bachier C, Westin J, Rezvani K, Shpall EJ. The other side of CARTcell therapy. CRS NT and financial burden2019:[12 p.]. Available from: https://​ascopubs.​org/​doi/​full/​10.​1200/​EDBK_​238691.

	65.
Vora SB, Waghmare A, Englund JA, Qu P, Gardner RA, Hill JA. Infectious complications following CD19 chimeric Antigen receptor T-cell therapy for children, adolescents, and young adults. Open Forum Infect Dis. 2020;7(5):ofaa121.

	66.
Bethge WA, Martus P, Schmitt M, Holtick U, Subklewe M, von Tresckow B, et al. GLA/DRST real-world outcome analysis of CAR-T cell therapies for large B-cell lymphoma in Germany. Blood. 2022;140(4):349–58.

	67.
Brudno JN, Kochenderfer JN. Toxicities of chimeric antigen receptor T cells: recognition and management. Blood. 2016;127(26):3321–30.

	68.
Lee DW, Gardner R, Porter DL, Louis CU, Ahmed N, Jensen M, et al. Current concepts in the diagnosis and management of cytokine release syndrome. Blood. 2014;124(2):188–95.

	69.
Hay KA, Hanafi LA, Li D, Gust J, Liles WC, Wurfel MM, et al. Kinetics and biomarkers of severe cytokine release syndrome after CD19 chimeric antigen receptor-modified T-cell therapy. Blood. 2017;130(21):2295–306.

	70.
Park JH, Geyer MB, Brentjens RJ. CD19-targeted CAR T-cell therapeutics for hematologic malignancies: interpreting clinical outcomes to date. Blood. 2016;127(26):3312–20.

	71.
Barros LRC, Paixao EA, Valli AMP, Naozuka GT, Fassoni AC, Almeida RC. CARTmath-A Mathematical Model of CAR-T immunotherapy in preclinical studies of hematological cancers. Cancers (Basel). 2021;13(12).

	72.
Stefanski H, Eaton A, Baggott C, Rossoff J, Verneris MR, Keating AK, et al. Higher doses of tisagenlecleucel associate with improved outcomes: a report from the pediatric real-world CAR consortium. Blood Adv. 2022. https://​doi.​org/​10.​1182/​bloodadvances.​2022007246.

	73.
Dasyam N, George P, Weinkove R. Chimeric antigen receptor T-cell therapies: optimising the dose. Br J Clin Pharmacol. 2020;86(9):1678–89.



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Dose fractionation of CAR-T cells. A systematic review of clinical outcomes


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/13046_2022_2540_Fig1_HTML.png
|dentification —

Screening —

Eligibility —

Inclusion

155 Articles
Patient cohort
screen

l_.

85 Articles
Full-text
assessed

l_.

18 Articles
Data extracted

PubMed Embase
search search
|
2901 Articles
Duplicates &
Title screen
Duplicates/
l ——— Non-relevant
2333 Articles excluded
568 Articles
Abstract screen Not related
(solid tumors; ADCs;
Bispecific mAbs)
413 Articles excluded

Studies in children
(age<18)
70 Articles excluded

No split dosing
Bispecific CAR-Ts
CAR-T cocktails
Long term follow-up
of previous study
Dose &/or outcomes
not reported

67 Articles excluded





OEBPS/images/13046_2022_2540_Fig2_HTML.png
Plasma Cytokine Levels

— Single Dose — 2 Doses 3 Doses

Severe Toxicity
(Grade >3 CRS;
Grade 23 ICANS)

Manageable Toxicity
(Grade 2-3 CRS;
Grade 1-2 ICANS)
Mild Toxicity
(Grade 0-2 CRS;
Grade 0-1 ICANS)

Time





OEBPS/css/sidebar.gif





