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            Abstract
Anti-CD19 chimeric antigen receptor (CAR) T cell therapy has led to unprecedented responses in patients with high-risk hematologic malignancies. However, up to 60% of patients still experience disease relapse and up to 80% of patients experience CAR-mediated toxicities, such as cytokine release syndrome or immune effector cell-associated neurotoxicity syndrome. We investigated the role of the intestinal microbiome on these outcomes in a multicenter study of patients with B cell lymphoma and leukemia. We found in a retrospective cohort (nâ€‰=â€‰228) that exposure to antibiotics, in particular piperacillin/tazobactam, meropenem and imipenem/cilastatin (P-I-M), in the 4 weeks before therapy was associated with worse survival and increased neurotoxicity. In stool samples from a prospective cohort of CAR T cell recipients (nâ€‰=â€‰48), the fecal microbiome was altered at baseline compared to healthy controls. Stool sample profiling by 16S ribosomal RNA and metagenomic shotgun sequencing revealed that clinical outcomes were associated with differences in specific bacterial taxa and metabolic pathways. Through both untargeted and hypothesis-driven analysis of 16S sequencing data, we identified species within the class Clostridia that were associated with day 100 complete response. We concluded that changes in the intestinal microbiome are associated with clinical outcomes after anti-CD19 CAR T cell therapy in patients with B cell malignancies.
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                    Fig. 1: Impact of antibiotic exposure in patients with hematologic malignancies treated with anti-CD19 CAR T cell therapy.[image: ]


Fig. 2: Impact of P-I-M antibiotic exposure in patients with NHL treated with anti-CD19 CAR T cells according to the CAR costimulatory domain.[image: ]


Fig. 3: Association of baseline fecal microbiota with clinical response in recipients of CD19 CAR T cells.[image: ]



                


                
                    
                
            

            
                Data availability

              
              We utilized the BMTagger database, which was built with human genome assembly GRCh38, to remove human contamination from the metagenomic shotgun sequencing samples. Data requests will be reviewed by the corresponding authors at MSK and the University of Pennsylvania. Patient-related data not included in the paper were generated as part of clinical trials and may be subject to patient confidentiality. We will review requests for stool sequence data. Any data and materials that can be shared will be released via a material transfer agreement. Raw ASV counts and annotation, as well as shotgun pathway counts and accompanying clinical annotation, are provided in the Supplementary Data files.
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Extended data

Extended Data Fig. 1 Impact of antibiotic exposure in patients with hematologic malignancies treated with anti-CD19 CAR T cell therapy according to institution.
(A) Frequency of antibiotic exposure in the four weeks prior to CD19 CAR T cell infusion in patients with NHL and ALL treated at MSK (upper panel, nâ€‰=â€‰127) and Penn (bottom panel, nâ€‰=â€‰101). Purple denotes patients with ALL, while orange denotes patients with NHL. (B and C) Kaplan-Meier curves of overall survival (OS) by log-rank test according to the exposure to P-I-M antibiotics within 4 weeks before CD19 CAR T cell infusion in patients with ALL and NHL treated at MSK (B, nâ€‰=â€‰127) and Penn (C, nâ€‰=â€‰101). The dark gray line is estimated Kaplan-Meier survival probability for patients not exposed to P-I-M antibiotics, while the dark yellow line is the estimated probability for patients exposed to P-I-M antibiotics. The shading is the estimated pointwise 95% confidence interval, and the tick marks indicate censored events. Abbreviations: Trimeth./Sulfameth.: trimethoprim/sulfamethoxazole; IV: intravenous; NHL: non-Hodgkin lymphoma; ALL: acute lymphoblastic leukemia; MSK: Memorial Sloan Kettering Cancer Center; Penn: University of Pennsylvania; P-I-M: exposure to either piperacillin/tazobactam, imipenem/cilastatin or meropenem within the 4 weeks before CD19 CAR T cell infusion; Not exposed: patients exposed to non-P-I-M plus patients who did not receive any antibiotics; IV: intravenous; p: p-value.


Extended Data Fig. 2 Impact of any antibiotic exposure in patients with non-Hodgkin lymphoma treated with anti-CD19 CAR T cell therapy.
(A and B) Kaplan-Meier (A) progression-free (PFS) and (B) overall survival (OS) curves by log-rank test in NHL populations according to exposure to any antibiotic within 4 weeks before CD19 CAR T cell infusion (nâ€‰=â€‰137). The dark gray line is the estimated Kaplan-Meier survival estimates for patients not exposed to any antibiotic treatment, while the dark yellow line is the estimated probability for patients exposed to any antibiotic treatment. The shading indicates the pointwise 95% confidence interval, and the tick marks indicate censored events. (C) Histograms of the frequencies of any grade CRS and ICANS by two-sided Wilcoxon rank-sum test according to the exposure to any antibiotic within the 4 weeks before CD19 CAR T cell infusion in patients with NHL (nâ€‰=â€‰137). Blue indicates the presence of CRS or ICANS of any grade, while red indicates the absence of CRS or ICANS of any grade. Abbreviations: NHL: non-Hodgkin lymphoma; p: p-value; CRS: cytokine releasing syndrome; ICANS: immune effector cell-associated neurotoxicity.


Extended Data Fig. 3 Survival analysis comparison of different antibiotics exposure on non-Hodgkin lymphoma patients treated with CD19 CAR T cells.
(A and B) Kaplan-Meier curves of (A) progression-free survival (PFS) and (B) overall survival (OS) by log-rank test. Data shows the combined NHL population (nâ€‰=â€‰137) treated with different antibiotics in the 4 weeks before CD19 CAR T cell infusion. The dark gray line is the estimated Kaplan-Meier survival probability for patients not exposed to P-I-M antibiotics or cefepime (nâ€‰=â€‰107), the dark yellow line is the estimated probability for patients exposed to P-I-M antibiotics (nâ€‰=â€‰21), and the dark green line is the estimated probability for patients not exposed to P-I-M antibiotics and exposed to cefepime (nâ€‰=â€‰9). The shading is the estimated pointwise 95% confidence interval, and the tick marks indicate censored events. P values are shown (log-rank test). Abbreviations: NHL: non-Hodgkin lymphoma; P-I-M: exposure to either piperacillin/tazobactam, imipenem/cilastatin or meropenem within the 4 weeks before CD19 CAR T cell infusion; No P-I-M antibiotic exposure: patients exposed to non-P-I-M plus patients who did not receive any antibiotics within 4 weeks before CD19 CAR T cell infusion; p: p-value.


Extended Data Fig. 4 Survival analysis comparison of piperacillin/tazobactam compared to cefepime exposure in non-Hodgkin lymphoma patients treated with CD19 CAR T cells.
(A and B) Kaplan-Meier curves of (A) progression-free survival (PFS) and (B) overall survival (OS) by log-rank test. Data shows patients from the combined NHL population treated with piperacillin/tazobactam or cefepime in the 4 weeks before CD19 CAR T cell infusion. The dark blue line is the estimated Kaplan-Meier survival probability for patients exposed to piperacillin/tazobactam (nâ€‰=â€‰18) and the dark green line is the estimated probability for patients exposed to cefepime (nâ€‰=â€‰12). The shading is the estimated pointwise 95% confidence interval, and the tick marks indicate censored events. P values are shown (log-rank test). P values are shown (log-rank analysis). The p-values are not stratified by Center. Abbreviations: NHL: non-Hodgkin lymphoma; p: p-value.


Extended Data Fig. 5 Survival analysis comparison of P-I-M versus non-P-I-M exposure in non-Hodgkin lymphoma patients receiving at least one antibiotic before treatment with CD19 CAR T cells.
(A and B) Kaplan-Meier curves of (A) progression-free survival (PFS) and (B) overall survival (OS) by log-rank test. Data shows patients from the combined NHL population treated with P-I-M or non-P-I-M antibiotics in the 4 weeks before CD19 CAR T cell infusion. Patients who did not receive any antibiotic in the four weeks prior to CAR T cell infusion are excluded from this analysis. The dark gray line is the estimated Kaplan-Meier survival probability for patients exposed to P-I-M (nâ€‰=â€‰21) and the dark yellow line is the estimated probability for patients exposed to non-P-I-M (nâ€‰=â€‰60). The shading is the estimated pointwise 95% confidence interval, and the tick marks indicate censored events. P values are shown (log-rank test). The p-values are not stratified by Center. Abbreviations: NHL: non-Hodgkin lymphoma; p: p-value.


Extended Data Fig. 6 Timing of fecal sample collection relative to the start of conditioning chemotherapy and CD19 CAR T cell infusion.
Forty-eight patients were evaluated in the fecal microbiome cohort. Of the forty-eight patients, the fecal samples of fourteen were collected before the start of conditioning chemotherapy, whereas thirty-four fecal samples were collected after the start of conditioning chemotherapy. All the baseline fecal microbiome samples were collected prior to CD19 CAR T cell infusion. The red square denotes the start of conditioning chemotherapy. The black circle denotes the collection of the baseline fecal sample prior to CAR T cell infusion. Day 0 denotes the day of CD19 CAR T cell infusion.


Extended Data Fig. 7 Flow diagram of the fecal microbiome sample collection.
Fifty-one unique patients were collected upon informed consent. Of the fifty-one patients, one patient did not have sufficient fecal material for sequencing and two patients failed during the amplification or quality control step. Following these exclusions, there were forty-eight patients in the fecal microbiome cohort. Of these patients, we successfully amplified and sequenced the 16S ribosomal RNA gene with â‰¥ 200 reads per sample from forty-five patients. Forty-five patients passed quality control measures for metagenomic shotgun sequencing. There were three non-overlapping patients in the 16S and metagenomic shotgun sequencing cohorts. Hence, there were 48 unique patients in the fecal microbiome cohort.


Extended Data Fig. 8 The association of intestinal microbiota and clinical response in recipients of CD19 CAR T cells, including subset analysis institution.
(A to E) All data reported in this figure are based on 16S rRNA gene sequencing data. (A) Inverse Simpson diversity index of the fecal microbiome in the baseline fecal samples by institution, MSK (nâ€‰=â€‰26) and Penn (nâ€‰=â€‰19), compared to healthy volunteers (nâ€‰=â€‰30) by two-sided Wilcoxon rank-sum test. The middle line is the median, the box limits represent the upper and lower quartiles, the whiskers note 1.5x the interquartile range, and the dots represent the individual data points. (B to C) Beta-diversity was calculated using the Bray-Curtis dissimilarity between a reference point defined by the average of healthy volunteers and each of 30 samples from healthy volunteers. Healthy volunteers were compared to the 45 baseline patient samples (B) and by institution (MSK nâ€‰=â€‰26; Penn nâ€‰=â€‰19) (C) by two-sided Wilcoxon rank-sum test. This healthy volunteer cohort has been investigated in a prior study32. The middle line is the median, the box limits represent the upper and lower quartiles, the whiskers note 1.5x the interquartile range, and the dots represent the individual data points. (D to E) Patient samples with higher (one standard deviation above the mean) (red) or lower (one standard deviation below the mean) (blue) Inverse Simpson diversity index. The coefficients for the predicted probability of (C) Day 100 CR and (D) toxicity by Inverse Simpson diversity index. The coefficients correspond to the Bayesian models for Day 100 CR and toxicity, respectively, in Fig. 3e.


Extended Data Fig. 9 Principal Coordinates Analysis (PCoA) visualization of beta-diversity of fecal samples of CAR T cell patients and healthy volunteers.
All data reported in this figure are based on 16S rRNA gene sequencing data. Fecal microbiome composition of the CAR T cell patients (nâ€‰=â€‰45) and healthy volunteers (nâ€‰=â€‰30) was displayed in a PCoA. Composition was assessed using beta-diversity calculated with Bray-Curtis dissimilarity. Data visualized at the genus level. Red dots indicate CAR T cells patients and green dots indicate healthy volunteers.


Extended Data Fig. 10 Boxplots of the relative abundance of selected taxa from LEfSe of Day 100 CR.
All data reported in this figure are based on 16S rRNA gene sequencing data from patients (nâ€‰=â€‰45). The relative abundance of Bacteroides, Bifidobacterium, Blautia, Faecalibacterium, Longicatena, and Ruminococcus are presented. Data is categorized by patients who did not achieve a Day 100 CR (No), and patients who achieved a Day 100 CR (Yes). Dots indicate relative abundance of the baseline fecal sample from a CAR T cell patient. Two-sided Wilcoxon rank-sum test was used to calculate the p-values, and the p-values were adjusted for multiple hypothesis testing. The middle line is the median, the box limits represent the upper and lower quartiles, the whiskers note 1.5x the interquartile range, and the dots represent the individual data points.
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Supplementary Data 1
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Supplementary Data 2
Annotation of the bacterial taxa identified by each ASV.


Supplementary Data 3
ASV counts by 16S rRNA gene sequencing for baseline fecal samples.


Supplementary Data 4
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