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Chimeric-antigen receptor T-cell (CART-cell) immunotherapy has
proven clinical efﬁcacy,1 particularly in B-cell leukemia and lymphoma.2-4
However, it causes a unique set of toxicities, the foremost of which is
cytokine release syndrome (CRS).5,6 The pathophysiology of CRS
remains poorly deﬁned, but appears to result from the hyper-activation
of CARTs strongly stimulated by the malignant cells, leading to massive production of several cytokines, including interleukin-6.2,3,6,7 This
results in capillary leak and profound hypotension in the most severe
cases.8,9 To understand the mechanisms of CART-induced CRS, we
performed a comprehensive morphologic, immunophenotypic, and molecular analysis of tissues from a patient who succumbed to the syndrome.
Detailed methods are described in the supplemental Appendix, available
on the Blood Web site.
The patient was a 63-year-old man with CD191/CD341/CD101
/TdT1 B-cell acute lymphoblastic leukemia (B-ALL). Within 12 hours
after infusion of CD19-directed CARTs (CTL019)1-3 he developed
fever, mental status changes, multiorgan dysfunction, and hemodynamic instability. Cytokine serum concentrations, as assessed by
multiplex bead assay, rose precipitously postinfusion with the
overall proﬁle (supplemental Figure 1A, supplemental Table 1)
recapitulating CRS seen in CART-treated B-ALL patients.7
Accordingly, on day 3 postinfusion, his serum interleukin-6 (IL-6)
concentration had markedly increased. However, the concentrations of
the natural buffers of circulating IL-6, soluble IL-6 receptor and soluble
glycoprotein 130,10 had decreased and increased very mildly,
respectively. This discrepancy in cytokine vs cytokine receptor
concentrations presumably led to higher amount of “unbuffered” IL6 and possibly contributed to the patient’s demise. He was administered
methylprednisone, the anti–IL-6 receptor antibody tocilizumab, and
vasoactive agents, but succumbed to refractory hypotension on day 5.
Postmortem microscopic tissue evaluation (supplemental Figure 1B)
revealed marked lymphoid cell inﬁltrates in the liver and lymph
nodes. Immunohistochemistry demonstrated that the inﬁltrates
contained almost exclusively enlarged CD31CD7–-activated T cells
(supplemental Figure 2). A subset stained for CD4 (supplemental
Figure 3); the CD8 stain was suboptimal. Many lymphocytes expressed perforin, indicating activation of the cytotoxic program.
Surprisingly, only rare CD79a1 (supplemental Figure 1B) CD101
(supplemental Figure 3) B cells were seen in the liver, lymph nodes,
and spleen, indicating a paucity of B-ALL blasts in these organs at the
time of the patient’s death. In contrast, the bone marrow contained
numerous CD101/CD79a1 B-ALL blasts (supplemental Figure 1B).
Reverse-transcriptase quantitative polymerase chain reaction (qPCR)based CD19 gene-expression analysis and clone tracking using IGH
gene-focused next-generation DNA sequencing (NGS) conﬁrmed the
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predominance of B-ALL cells in the bone marrow and their paucity in
the solid organs. RT-qPCR detected a high copy number of CD19
messenger RNA in the bone marrow, but none in other tissues
(supplemental Table 2). The more sensitive IGH-speciﬁc NGS assay
easily detected the patient’s leukemic clone in peripheral blood drawn
before CART infusion and all tissues (Figure 1A-B). The bone marrow
contained ;50 times more leukemic cells than the preinfusion peripheral blood (Figure 1C). The leukemic clone was also present in the
liver and lymph nodes, albeit at much lower concentrations.
To evaluate the frequency of CARTs, the quantity of integrated
chimeric-antigen receptor (CAR) was assessed by qPCR (supplemental Table 3) of isolated whole blood and tissue genomic DNA. The
liver, lymph nodes, and post-CART infusion peripheral blood were
highly enriched in aCD19-BB-z–marked CARTs. In contrast, the
bone marrow contained little CAR signal. To characterize the clonal
T-cell makeup in these tissues, we performed NGS of the T-cell receptor (TRB) gene repertoire in the liver, bone marrow, lymph nodes,
and CD81 and CD8– fractions of the infused CARTs (Figures 1D-E).
This demonstrated a diverse TRB clonal repertoire among the infused
CARTs, whereas the tissue samples contained somewhat more restricted repertoires. Of note, these tissues contained the same relatively
dominant clones (Figure 1F), many of which were also identiﬁed in the
infused T cells. Although some were detected in the bone marrow, this was
at a much lower frequency. To determine if activation of native, CARuntransduced T cells occurred as well, we performed in situ hybridization
(ISH) using a CAR-speciﬁc RNA probe (Figure 1G). Although this
analysis identiﬁed frequent CARTs within the lymph nodes and liver,
many of the enlarged lymphocytes lacked CAR signal, indicating
that CART activation is associated with coactivation of non-CARTs.
To further elucidate the molecular pathophysiology of CRS, we
examined by RNA-ISH the expression of IL-6 (Figure 2), the key
cytokine in this disorder.3,7,11 Although a subset of interstitial cells
expressed IL-6, they were nonlymphoid, likely accessory, cells. Notably, vascular lining cells also expressed IL-6. Dual ISH hybridization corroborated the morphological impression, revealing a lack of
costaining of IL-6 with CD3, conﬁrming the non–T-cell nature of the
IL-6–expressing interstitial cells. Dual ISH hybridization also conﬁrmed endothelial cells as the IL-6 producers and indicated that the von
Willebrand factor–positive blood vessel lining cells expressed the
cytokine more robustly than LYVE1-positive lymphatic lining cells.
We next examined if immunosuppressive mechanisms became
activated in an attempt to ameliorate the CRS-associated exuberant
immune response. Metabolic degradation of tryptophan by indoleamine2,3-dioxygenase 1 (IDO1) is one mechanism of inhibiting T-cell
responses.12 ISH demonstrated high expression of IDO1 in the lymph
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Figure 1. Organ distribution of leukemic clone and reactive CARTs. (A) IGH sequencing demonstrates dominance of the B-ALL clone (marked with a red dot) over all
other B-cell clones (blue dots) in PB at autopsy (PB day 5 [d5]), bone marrow (BM), and several other tissues, including the lymph nodes (LN). The frequency of unique
clonotypes as a proportion of all immunoglobulin H reads is plotted for the baseline blood sample (all x-axes) vs the day 5 autopsy tissues (y-axis). (B) The leukemic clone
represents the largest fraction of B-cell clones in all tissues examined. (C) Quantitative analysis of the IGH sequencing data identifies the B-ALL clone predominantly in the BM
and PB. Much lower concentrations of the leukemic clone were seen in the remaining examined tissues, including the LN and liver. (D) The T-cell clones that dominate the
repertoires within the LN, liver, and BM (green triangles, blue circles, and red squares, respectively) originate predominantly from the CD81 fraction of the infused CARTs,
rather than the CD8– (E) fraction. (F) The most dominant clones and their frequencies in the LN, BM, and liver. The sharing among these organs of dominant clones indicates
the presence of the same immune reaction, almost certainly being carried out by CARTs stimulated by CD19 expressed by B-ALL cells. (G) ISH identifies frequent CAR cells
among the T-cell infiltrate in the LN and liver. MC, mononuclear cell; PB, peripheral blood.
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Figure 2. Cell-type source of CRS-associated
cytokine in the lymph nodes. ISH was used to
identify cells expressing IL-6 (A,C) and interferon-g (B).
(D) Lack of IL-6 (green) and CD3 (red) colocalization
indicates that T cells/CARTs are not the source of IL-6.
(E) Colocalization of IL-6 (green) with von Willebrand
factor (vWF; red) expressed by blood vessel endothelium and (F) lymphatic vessel endothelial antigen
1 (LYVE1; red) confirms that endothelial cells, in
particular blood vessel endothelial cells, are the key
source of IL-6 in CRS. Inset: high-power view of the
double-positive endothelial cells.
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nodes (supplemental Figure 4), suggesting that brisk tryptophan
degradation was, indeed, involved in an attempt to control the patient’s
CRS.
In this letter, we report the ﬁrst tissue-based insights into the pathogenesis of CART -associated CRS. Our comprehensive analysis
sheds light on the tissue distribution and clonal makeup of CARTs and
the mechanisms of CRS. High tumor burden, although possibly insufﬁcient per se to trigger CRS, appears nevertheless to be a
prerequisite for severe CRS.7,13 We also demonstrated that CARTs
administered to mice with a high,14 but not low,15 lymphoma tumor
burden developed lethal CRS. Indeed, this patient had signiﬁcant
leukemic burden in the bone marrow at the time of death; the leukemic
clone was also detected in peripheral blood. The marked CART
inﬁltrates and molecular detection of the B-ALL clone suggest
substantial leukemic involvement of the liver, lymph nodes, and spleen
as well prior to the infusion. With the caveat of having only a snapshot
of the dynamics at play, we found a remarkable discordance between
the tissue localization of the CARTs and leukemic cells. Although the
bone marrow was replaced by sheets of leukemic cells, CARTs
were primarily localized to other organs, including the lymph nodes
and liver. This disconnect may be explained by more effective
activation of CARTs by B-ALL cells in lymph nodes and hepatic
portal tracts, tissues that are more adapted to mounting protective
immune responses than bone marrow, which is typically not a site
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of immune reactions. However, differences in CART19 trafﬁcking
could also have played a role. The observation of high
concentrations of CARTs in bone marrow detected after 3 weeks,3
the earliest postinfusion time point to be evaluated, could be the
result of either of these scenarios.
The combined tissue analysis with diverse methods clearly indicates
that not only CARTs but also T cells without CAR became activated.
The mechanisms of activation of these non-CARTs may result from
“epitope spreading,”16,17 in which the previously silent native T cells
became activated due to the stimuli generated by the activated CARTs,
contributing to CRS on one hand, and likely to the anti-tumor response
on the other.
Our data demonstrate that vascular endothelial cells and other
non–T cells are the key source of IL-6. This observation radically
expands our understanding of CRS, which has until now been thought
to be largely a result of the interactions between malignant cells and
CARTs. The direct implication of endothelial cells provides a feasible
explanation for the marked hypotension seen in severe CRS and could
explain why therapeutic targeting of IL-6 alone is frequently effective
in ameliorating CRS symptoms. Our ﬁnding of increased IDO1 expression strongly suggests that homeostatic mechanisms have been
activated in response to CRS-related hyperactivation of immune cells.
Increased expression of IDO1 may be driven by increases in the
proinﬂammatory cytokines IL-6 and interferon-g.18 Therefore, future
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CRS therapies may include efforts to boost these immune response–
limiting mechanisms.
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The online version of this article contains a data supplement.
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