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Abstract

Serious bacterial infections (SBI) can lead to devastating complications with CD19 CAR T cells 

and cytokine release syndrome (CRS). Little is known about consequences of and risk factors 

for SBI with novel CAR T-cell constructs or with CRS complicated by HLH-like toxicities. We 

report on three patients with B-cell acute lymphoblastic leukemia treated with CD22 CAR T 

cells who developed SBI and CRS-associated HLH. Serum cytokine profiling revealed sustained 
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elevations well beyond CRS resolution, suggesting ongoing systemic inflammation. Heightened 

inflammatory states converging with SBI contribute to poor outcomes, and recognition and 

prevention of extended inflammation may be needed to improve outcomes.
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ALL molecular diagnosis and therapy; ALL relapse; clinical trials; cytokines; immunotherapy; 
infections

1 | INTRODUCTION

Chimeric antigen receptor T cells (CART) are effective for treating B-cell acute 

lymphoblastic leukemia (B-ALL)1 but are associated with cytokine release syndrome (CRS) 

and hemophagocytic lymphohistiocytosis-like toxicities (carHLH).1,2 CD19 CART studies 

have correlated CRS severity and infection,3,4 but infectious risks of novel CART are 

unknown.

We report on three patients with B-ALL enrolled on the CD22 CART trial (NCT02315612) 

who developed serious bacterial infection (SBI) and carHLH following standard 

lymphodepletion (Supporting Methods) and CART infusion (Table 1, Figure 1A). In these 

patients, the convergence of SBI and carHLH contributed to heightened inflammatory 

states, predisposing patients to poor outcomes. These cases highlight the complex interplay 

between timing of bacteremia, CRS, immunosuppression, and the underlying inflammatory 

milieu in patients receiving novel CART.

2 | RESULTS

2.1 | Patient 1

A 4-year-old boy with CD19-negative relapse following tisagenlecleucel developed culture-

negative febrile neutropenia (day −2 to day +1), following lymphodepletion and CD22 

CART infusion. On day +7, he had fever recrudescence, coinciding with CRS onset (grade 

2: fever, tachycardia, hypoxia),5 and concurrent positive blood culture grew Bacillus cereus, 

which cleared within 24 hours on antimicrobials. He received tocilizumab (12 mg/kg, two 

doses) and methylprednisolone (1 mg/kg BID) for CRS, and he transferred to the intensive 

care unit (ICU). He defervesced and weaned off oxygen with CRS improvement, but on 

day +10 he developed carHLH (coagulopathy, transaminitis, hyperferritinemia) and initiated 

anakinra (3.3 mg/kg BID). He transferred out of the ICU on day +12 while continuing 

immunosuppression. He received daily cryoprecipitate for hypofibrinogenemia and had no 

signs of bleeding, normal PT/PTT, and platelet count remained above 50,000/μl.

Despite steady improvement in clinical and laboratory parameters and without signs of 

neurotoxicity, on day +17, he developed suddenonset hemiparesis. Head CT revealed 

a large right temporofrontal hematoma and hemorrhagic foci throughout the bilateral 

cerebral hemispheres. He underwent emergency decompressive craniectomy and had a 

protracted course but remained minimally responsive. As CD22 CART are used to bridge 
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to hematopoietic stem cell transplant (HSCT); being unable to proceed to HSCT due to his 

neurologic sequelae, he passed away from CD22-negative relapse.

2.2 | Patient 2

An 18-year-old girl with post-HSCT relapse and numerous prior SBI received 

lymphodepletion and CART without incident. She developed grade 3 CRS (fever, 

tachycardia, hypotension) on day +8. She received tocilizumab (8 mg/kg) and transferred 

to the ICU (day +10). Following stabilization, she transferred out of the ICU (day +14), 

but she subsequently developed carHLH (coagulopathy, transaminitis, hyperbilirubinemia, 

hyperferritinemia). On day +19, she developed non-neutropenic fever that rapidly progressed 

to shock. Following initiation with ceftazidime, antibiotics were broadened, and she also 

received tocilizumab and methylprednisolone (1 mg/kg q8h). Blood cultures revealed 

ceftazidime-resistant Enterobacter cloacae. Despite initial improvement, she developed 

multiorgan failure and died on day +39.

2.3 | Patient 3

A 26-year-old man with relapsed B-ALL received lymphodepletion and CART 

without incident. On day +4, he developed grade 3 CRS (fever, hypoxia, 

hypotension). He received tocilizumab (8 mg/kg) and transferred to the ICU (day 

+5). On day +8, he developed carHLH (transaminitis, hyperferritinemia, coagulopathy, 

hyperbilirubinemia, hepatosplenomegaly), which was treated with a second tocilizumab 

dose, methylprednisolone (1 mg/kg q8h), and anakinra (1–2 mg/kg q6h). He also received 

broad-spectrum antibiotics for acalculous cholecystitis. He further developed atypical 

hemolytic uremic syndrome requiring transient renal replacement therapy (day +9) and 

began eculizumab (900 mg q72h) (day +16). He improved with these supportive measures 

and transferred out of the ICU (day +18).

On day +24 he developed febrile neutropenia, hemoptysis, and hypoxia. Chest CT 

identified pulmonary consolidations and bilateral ground-glass opacities. Blood cultures 

grew Staphylococcus epidermidis and Weeksella virosa, and bronchoscopy culture also 

grew W. virosa. Transient worsening hypoxia from infection led to increased steroid 

utilization. Following resolution, his restaging bone marrow demonstrated remission. He 

was discharged on day +46 and proceeded to allogeneic HSCT.

2.4 | Patient cytokine levels

We previously established that patients with carHLH have higher peak cytokine values 

compared to those without carHLH.6 Serial evaluation of these three patients’ serum 

cytokine levels (Figure 1 and Supplementary Figure 1) revealed that cytokines associated 

with CRS (IFN-γ, IL-10, IL-6, IL-8) or sepsis (IL-1β)7 were amongst the highest values in 

comparison to the full CD22 CART cohort (Figure 1B). These patients had a sustained peak 

of several cytokines such as IL-8; or a bimodal peak of other cytokines (i.e., IL-6, IL-1β) at 

onset of CRS and then again with sepsis (Figure 1B).
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3 | DISCUSSION

CD22 CART is an emerging treatment for relapsed/refractory B-ALL, particularly for 

relapse following CD19 targeting.2,8 We previously demonstrated that carHLH was part 

of the CD22 CART toxicity profile,2 but have not evaluated this toxicity in the context 

of concurrent bacteremia. Thus, we highlight three exceptional cases where SBI in the 

context of carHLH may have converged to amplify toxicity, illustrating the adverse impact 

of inflammation and SBI in CART recipients.

Previous series assessing infectious complications of CD19 CART concluded that infection 

correlates with CRS severity but not cytokine levels.3,4 Serial cytokine profiling revealed 

that these three patients had a heightened and prolonged inflammatory state beyond CRS 

resolution, similar to what has been seen in our experience with carHLH in CD22 CART,2,6 

and their infectious outcomes suggest that this inflammatory milieu could have contributed 

to risk of developing SBI.

HLH-associated complications, outside of CAR T-cell therapy, have particularly poor 

outcomes related to heighted inflammatory toxicities on end organs, particularly with 

concurrent infection. These manifestations may be due to an IL-1β-driven autocrine loop.9 

Furthermore, this autocrine loop may increase IFN-γ and IL-6, which are key inflammatory 

regulators of CRS, and these cytokines were all elevated in our three patients.7,9 How 

the dual inflammatory processes of CRS and carHLH feed into and exacerbate each other 

requires elucidation, but our three patients raise provocative questions regarding how SBI 

may further compound this storm: did SBI with CRS onset trigger carHLH (patient 1), or 

did carHLH predispose patients to worse outcomes with bacteremia (patients 2 and 3)?

For patient 1, it is plausible that the confluence of bacteremia and CRS onset lowered the 

threshold for carHLH development. While B. cereus is notorious for central nervous system 

manifestations,10 delayed hemorrhage is unusual; however, the inflammatory state induced 

by this CART may have contributed to this atypical presentation. In contrast, for patients 

2 and 3 persistent cytokine elevation preceded bacteremia, indicating that an inflammatory 

milieu was present despite improvement in CRS manifestations at the time of infection. This 

may have contributed to patient 2’s rapid decompensation with bacteremia. For patient 3, 

treatment with eculizumab, anakinra, and steroids for carHLH may have predisposed him to 

this particularly rare Weeksella infection.11

Treating patients with sepsis and HLH-like features with the IL-1 receptor antagonist, 

anakinra, may improve outcomes.9,12 We have increasingly used anakinra to treat this 

toxicity2 and will incorporate it into pre-emptive strategies for carHLH mitigation. Akin 

to the positive experiences of pre-emptive tocilizumab for prevention of severe CRS,13 

we anticipate that carHLH prevention will reduce the overall inflammatory response and 

improve outcomes.

In conclusion, for these three patients treated with CD22 CART, SBI coinciding with 

CRS-associated carHLH may have resulted in poor outcomes. For patients receiving these 

experimental therapies, clinicians must be vigilant for evaluation of catastrophic bacteremia 

even after apparent CRS resolution. As novel CART emerge for patients with relapsed 
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disease, an extensive, consistent approach to the evaluation, treatment, and prevention of 

infections and mitigation of inflammatory responses will be needed to optimize outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Serum cytokine levels following CD22 chimeric antigen receptor (CAR) T-cell 

administration (day 0). (A) Clinical time course of three cases with important clinical 

changes indicated on appropriate days with arrows. (B) Serum cytokine levels for three 

patients displayed in relation to other patients with CRS in the CD22 CAR clinical trial 

cohort (red, shaded area representing 70% confidence interval); steroids = steroids initiated; 

anakinra = anakinra initiated. Serial cytokines were resulted using ELISA on 58 subjects
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