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Introduction
Chimeric antigen receptors (CARs) are synthetic immunoreceptors expressed by T cells that specifically target 
cancer cells (1–3). Autologous CARs use the patients’ T cells, which are engineered and expanded ex vivo and 
infused back into patients with lymphodepleting chemotherapy to enhance further expansion in vivo. CAR T 
cells recognizing the B cell–specific antigen CD19 are effective in the treatment of a variety of B cell malignan-
cies (1, 4–9). Axicabtagene ciloleucel is a commercially approved, engineered autologous anti-CD19 CAR T 
cell therapy in which the extracellular domain of the CAR has a single-chain variable fragment targeting CD19 
and the intracellular domain has the signaling motifs of CD3ζ and CD28 to promote T cell activation (10).

The ZUMA-1 study was a single-arm, phase I–II, multicenter trial of  axicabtagene ciloleucel for 
patients with refractory large B cell lymphoma (11, 12). Among 101 treated patients, the objective response 
rate was 82%, the complete response rate was 54%, and the overall survival was 52%, with a median of  
15.4 months of  follow-up (11). The 2-year follow-up data suggested that these responses are durable (11). 
However, most patients experienced 1 or more grade 3 or higher adverse events (AEs), including neutrope-
nia (78%), anemia (43%), neurologic events (28%), and cytokine release syndrome (CRS, 13%) (11). Based 
upon the trial results, axicabtagene ciloleucel was approved by the Food and Drug Administration for the 
third-line treatment of  diffuse large B cell lymphoma (DLBCL), primary mediastinal (thymic) large B cell 
lymphoma, high-grade B cell lymphoma, and transformed follicular lymphoma (13). As a result, axicabta-
gene ciloleucel is increasingly used in the commercial setting for the treatment of  relapsed/refractory B cell 
malignancies, despite the potential for serious AEs (14).

Detailed mechanisms of  CAR T cell tumoricidal activity and toxicity remain poorly understood, due, 
in part, to a lack of  information on the events that occur in the tumor microenvironment (TME) after prod-
uct infusion (15–18). In correlative biomarker studies performed as part of  ZUMA-1, patients with higher 

Mechanisms of chimeric antigen receptor (CAR) T cell–mediated antitumor immunity and toxicity 
remain poorly characterized because few studies examine the intact tumor microenvironment 
(TME) following CAR T cell infusion. Axicabtagene ciloleucel is an autologous anti-CD19 CAR T cell 
therapy approved for patients with large B cell lymphoma. We devised multiplex immunostaining 
and ISH assays to interrogate CAR T cells and other immune cell infiltrates in biopsies of diffuse 
large B cell lymphoma following axicabtagene ciloleucel infusion. We found that a majority of 
intratumoral CAR T cells expressed markers of T cell activation but, unexpectedly, constituted ≤5% 
of all T cells within the TME 5 days or more after therapy. Large numbers of T cells without CAR 
were also activated within the TME after axicabtagene ciloleucel infusion; these cells were positive 
for Ki-67, IFN-γ, granzyme B (GzmB), and/or PD-1 and were found at the highest levels in biopsies 
with CAR T cells. Additionally, non-CAR immune cells were the exclusive source of IL-6, a cytokine 
associated with cytokine release syndrome, and were found at their highest numbers in biopsies 
with CAR T cells. These data suggest that intratumoral CAR T cells are associated with non-CAR 
immune cell activation within the TME with both beneficial and pathological effects.
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numbers of  CAR T cells measured in blood within 2 weeks of  infusion had higher rates of  objective and 
durable response (11, 19). Similarly, patients with higher levels of  select serum cytokines, including IL-6, 
had higher rates of  AEs, including CRS (11, 20). Nevertheless, it is unclear whether the characteristics 
of  CAR T cells and immune cells lacking CAR (non-CAR) in peripheral blood reflect those at the site of  
malignancy. Unanswered questions include the extent of  CAR T cell residency within the TME, the degree 
of  activation among CAR T cells that engage tumor, the extent and relevance of  non-CAR immune cells 
within the TME, the effects of  CAR T cells on non-CAR immune cells, and whether events within the 
TME are directly or indirectly responsible for toxicity. Here, we use what we believe to be novel multiplex 
immunostaining and ISH assays to identify, quantify, and characterize both CAR T cells and non-CAR 
cells within the TME of  patients with DLBCL enrolled in the ZUMA-1 trial.

Results
We optimized and applied multiplex immunofluorescence (mIF) staining, imaging, and image analysis to sep-
arate cohorts of  FFPE biopsy samples from patients with (a) de novo DLBCL subsequently treated with stan-
dard therapies (n = 15), (b) relapsed/refractory DLBCL before axicabtagene ciloleucel treatment (n = 7), and 
(c) radiographically evident tumor 5–30 days (median 10 days) after axicabtagene ciloleucel treatment (n = 
17). The latter set of  biopsies was further divided into those from patients with an objective response to thera-
py (with best overall response [BOR] of  complete response or partial response, n = 14) and those from patients 
without an objective response (BOR of stable disease or progressive disease, n = 3, Supplemental Table 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.134612DS1).

An optimized mIF panel using antibodies to simultaneously identify DLBCL cells (anti-Pax5), T 
cells (anti-CD3, anti-CD4, anti-CD8), and postactivation/“exhausted” T cells (anti–PD-1) highlighted 
malignant B cells and variable numbers of  nonmalignant T cells in the expected histopathological pat-
terns when applied to the FFPE biopsy samples (Figure 1). By quantitative analysis, we found that the 
median density of  Pax-5–positive malignant B cells within posttreatment biopsies from patients with an 
objective response to axicabtagene ciloleucel was significantly lower compared with that within diagnos-
tic biopsies (median 3.5 vs. 6042 cells/mm2, P < 0.001), pretreatment biopsies (vs. 8790 cells/mm2, P < 
0.001), or posttreatment biopsies from patients without an objective response to axicabtagene ciloleucel 
(vs. 5489 cells/mm2, P = 0.02) for the time points sampled (5–30 days after axicabtagene ciloleucel, 
Figure 1A). We also found that the median density of  CD3-positive T cells in posttreatment biopsies 
from patients with an objective response to axicabtagene ciloleucel was higher compared with that in 
diagnostic biopsies (median 1658 vs. 959 cells/mm2), pretreatment biopsies (vs. 426 cells/mm2), or post-
treatment biopsies from patients without an objective response (vs. 311 cells/mm2), but these differences 
were not statistically significant (Figure 1B). The trend toward increased T cells in posttreatment biopsies 
from patients with an objective response was primarily driven by a relative increase in CD8-positive T 
cells and decrease in CD4-positive T cells in the TME (Supplemental Figure 1). Upon more detailed 
evaluation, we found that the percentage of  T cells coexpressing CD8 and PD-1 was significantly higher 
in posttreatment biopsies from patients responsive to axicabtagene ciloleucel compared with that in diag-
nostic (median 26% vs. 2.5%, P < 0.001) and pretreatment (vs. 9.5%, P = 0.04) biopsies (Figure 1C). A 
similar increase was not found for CD4-positive PD-1–positive T cells (Figure 1D). These data suggest 
that changes in the intratumoral T cell population are more significant for the types of  T cells than total 
T cell numbers 5 or more days after axicabtagene ciloleucel. More specifically, there is a relative increase 
in cytotoxic T cells with a postactivation/exhausted phenotype.

We next optimized an immunofluorescence-based protocol to identify CAR-expressing T cells in 
FFPE tissue sections using a rabbit monoclonal antibody recognizing a specific epitope within the CAR 
(clone KIP1). We detected robust CAR expression on FFPE cells transduced with retrovirus containing 
the CAR transgene, but no CAR expression on FFPE cells untransduced with retrovirus or on cells in 
diagnostic or pretreatment biopsies (Figure 2A). We observed CAR T cells in 6 of  18 biopsies (33%) after 
product infusion, and all biopsies with CAR T cells were obtained soon after therapy (7–9 days) (Figure 
2, A and B). Unexpectedly, CAR T cells made up only 1%–5% of  total T cells within the TME (Figure 
2B). To confirm these results, we optimized immunostaining with a second rabbit monoclonal antibody 
recognizing a distinct CAR epitope (clone KIP3). mIF performed with this second antibody also revealed 
robust CAR expression on FFPE cells transduced with retrovirus containing the CAR transgene but not 
on FFPE cells untransduced with retrovirus or on cells in diagnostic or pretreatment biopsies (Figure 2C). 
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Immunostaining with the second anti-CAR antibody confirmed the prior findings, specifically that ≤5% 
of  T cells within the TME after product infusion expressed detectable CAR protein (Figure 2D). Next, 
we optimized an ISH protocol using an antisense probe targeting the CAR transcript (Figure 2, E and F) 
to control for the possibility that the lack of  CAR protein expression was due to CAR protein downreg-
ulation. We found cells expressing CAR transcript in 6 of  14 samples after axicabtagene ciloleucel, and, 
when observed, CAR-expressing cells comprised 4%–12% of  all cells within the TME (Figure 2F). Overall, 
the median percentage of  cells expressing CAR transcript was much lower than the percentage of  cells 
expressing CD3 (median 6.6% vs. 43%, P = 0.005, Supplemental Figure 2). Together, the immunohisto-
chemical and in situ data suggest that CAR T cells make up a small percentage of  intratumoral T cells ≥5 
days following axicabtagene ciloleucel infusion in DLBCL.

Figure 1. Resolution of lymphoma and T cell activation/exhaustion within the diffuse large B cell lymphoma 
microenvironment early after axicabtagene ciloleucel. Multiplex immunofluorescence (mIF) images of representa-
tive FFPE DLBCL biopsy samples before (left) and following (middle) axicabtagene ciloleucel (AC), and quantitative 
mIF data (right) from DLBCL biopsy samples obtained at diagnosis (Untreated, n = 15, blue), before axicabtagene 
ciloleucel (Pre, n = 7, green), and following axicabtagene ciloleucel divided according to a best overall response 
(Post-res [complete response or partial response], n = 14, red; Post-nr [stable disease or progressive disease], n = 3, 
purple). (A) Representative images of anti-Pax5 staining, highlighting malignant B cells (magenta), and DAPI high-
lighting cell nuclei (blue) and Pax5+ malignant B cell densities within the indicated sample groups. The Kruskal-Wal-
lis (KW) test indicated a significant difference in cell densities between conditions (P < 0.001). (B) Representative 
images of anti-CD3 staining, highlighting T cells (white), and DAPI highlighting cell nuclei (blue) and CD3+ T cell 
densities within the indicated sample groups. The KW test was not significant (P = 0.2). (C) Representative images 
of anti-CD8 staining, highlighting cytotoxic T cells (white), anti–PD-1, highlighting exhausted cells (red), and DAPI 
(blue) and the percentage of CD8+PD-1+ cells among total T cells within the indicated sample groups. The KW test 
was significant (P < 0.001). (D) Representative images of anti-CD4 staining, highlighting T helper cells (yellow), anti–
PD-1 (red), and DAPI (blue) and the percentage of CD4+ PD-1+ cells among total T cells within the indicated groups. 
The KW test was not significant (P = 0.3). Brackets above the box-and-whisker plots indicate comparators in 2-sided 
Mann-Whitney U tests followed by Benjamini-Hochberg (BH) correction for multiple tests. *adjusted P < 0.05, 
**adjusted P < 0.01, ***adjusted P < 0.001. 
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Upon T cell receptor and coreceptor ligation, T cells enter cell cycle, express proinflammatory effector 
molecules, and, depending upon microenvironmental cues, initiate a differentiation program resulting in 
T cell exhaustion (21, 22). We interrogated the CAR T cell population for markers of  ongoing or prior 
T cell activation across posttreatment biopsy specimens and found that, on average, 89% of  CAR T cells 
expressed the cell cycle marker Ki-67 (Figure 3A), 76% expressed T cell postactivation/exhaustion marker 
PD-1 (Figure 3B), and 31% expressed the cytotoxic granule protein GzmB (Figure 3C). Ki-67 and PD-1 
were often, but not always, seen on distinct CAR T cells. Through ISH studies, we found that, on average, 
74% of  CAR-transcript expressing cells expressed the transcripts encoding the proinflammatory cytokine 
IFN-γ (IFNG, Figure 3D) (23). Together, these data indicate that most CAR T cells have phenotypic evi-
dence for ongoing or prior activation.

Next, we investigated the nature and activation status of  non-CAR T cells in the TME. We identified 
small numbers non-CAR T cells and other immune cells positive for Ki-67, PD-1, and/or GzmB before 

Figure 2. CAR and non-CAR T cells within the diffuse large B cell lymphoma microenvironment after axicabtagene ciloleucel. (A) Representative images 
of immunofluorescence (IF) staining with a monoclonal anti-CAR antibody (clone KIP1, green) and DAPI (for cell nuclei, blue) performed on FFPE cells 
previously transduced (left, main) or untransduced (left, inset) with retrovirus encoding the CAR transgene. Multiplex IF staining a biopsy sample obtained 
7 days after axicabtagene ciloleucel infusion (right) with anti-CAR (KIP1 antibody, green), anti-CD3 (white), and DAPI (blue) showing CAR expression on a 
subset of T cells. (B) The number of days after axicabtagene ciloleucel infusion a biopsy was obtained and the percentage of T cells expressing the CAR 
antigen, as detected with the KIP1 antibody. (C) Representative images of IF staining with a monoclonal anti-CAR antibody (clone KIP3, red) and DAPI 
(blue) performed on FFPE cells previously transduced (left, main) or untransduced (left, inset) with retrovirus encoding the CAR transgene. Multiplex IF 
staining a biopsy sample obtained 7 days after axicabtagene ciloleucel infusion (right) with anti-CAR (KIP3 antibody, red), anti-CD3 (white), and DAPI 
(blue) and showing CAR expression on a subset of T cells. (D) The number of days after axicabtagene ciloleucel infusion a biopsy was obtained and the 
percentage of T cells expressing the CAR antigen, as detected with the KIP3 antibody. (E) Representative images of ISH with an antisense probe for the 
CAR transcript (red) and hematoxylin staining (for nuclei, blue) performed on FFPE cells previously transduced (left, main) or untransduced (left, inset) 
with retrovirus encoding the CAR transgene. ISH performed on a biopsy sample obtained 7 days after axicabtagene ciloleucel infusion (right) with anti-CAR 
(red) and with hematoxylin staining (blue) showing CAR transcripts in a subset of cells. (F) The number of days after axicabtagene ciloleucel infusion a 
biopsy was obtained and the percentage of cells expressing CAR transcript as detected by ISH. Original magnification, ×200 (A, C, and E, including insets).
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axicabtagene ciloleucel treatment (Figure 4, A–F). We observed significantly more Ki-67–positive non-
CAR T cells within posttreatment biopsies that contained CAR T cells in comparison to pretreatment 
biopsies (median 1411 vs. 125 cells/mm2, P = 0.008) and to posttreatment biopsies without CAR T cells 
(vs. 311 cells/mm2, P = 0.005, Figure 4B). We also observed significantly more PD-1–positive non-CAR 
T cells within posttreatment biopsies that contained CAR T cells in comparison to pretreatment biopsies 
(median 824 vs. 224 cells/mm2, P = 0.02) and to posttreatment biopsies lacking CAR T cells (vs. 389 cells/
mm2, P = 0.02, Figure 4C). We observed a trend toward more GzmB-positive non-CAR T cells (P = 0.05) 
and found significantly more GzmB-positive immune cells (P = 0.03) in posttreatment biopsies containing 
CAR T cells in comparison with posttreatment biopsies without CAR T cells (Figure 4, E and F). Overall, 
the numbers of  non-CAR T cells and immune cells that expressed Ki-67, PD-1, and/or GzmB exceeded 
CAR T cells by 5- to 10-fold in biopsies where CAR T cells were detected (Supplemental Figure 3, A–C).

We next assessed whether cells histologically consistent with immune cells and lacking CAR tran-
scripts (non-CAR cells) expressed IFNG in the posttreatment biopsies. We identified frequent non-CAR cells 
that expressed IFNG when CAR-positive cells were present in the biopsy (median 76 cells/mm2 of  non-
CAR cells, Figure 4, G and H). In contrast, we rarely identified non-CAR cells that expressed IFNG when 
CAR-positive cells were absent from the biopsy (median 3.0 cells/mm2 of  non-CAR cells, P = 0.002, Figure 
4H). The density of  non-CAR cells that expressed IFNG exceeded the density of  CAR cells that expressed 
IFNG in all samples and correlated with the density of  CAR cells that expressed IFNG (Kendall tau = 0.94, 
P < 0.001; Supplemental Figure 3D). Overall, the proportion of  non-CAR cells that expressed IFNG was 
strongly correlated with the proportion of  CAR cells within the posttreatment biopsies (Pearson r = 0.88, 
P = 0.02, Figure 4I). A comparison of  mIF and ISH data further revealed that the densities of  T cells that 
were positive for Ki67 and PD-1 and, for 4 of  6 cases, immune cells that were positive for GzmB exceeded 
the density of  immune cells that were positive for CAR by 5- to 10-fold (Supplemental Figure 4). Taken 
together, these data identify non-CAR cells as the primary source of  immune cell activation and IFN-γ 
production within the DLBCL TME 5 or more days after CAR T cell therapy.

IL-6 is an inflammatory cytokine implicated in the etiology of  CRS and found in increased levels in 
blood after CAR T cell infusion (15, 20, 24). To determine whether IL-6 is produced within the DLBCL 
TME after axicabtagene ciloleucel, we developed and used a double ISH assay to simultaneously detect 
IL6 and CAR transcripts in cells (Figure 5A). We observed IL6 transcripts in 13 of  14 posttreatment biop-
sies and exclusively in non-CAR cells (Figure 5, B and C). In 12 of  13 cases, IL6 was restricted to cells with 
histomorphological features consistent with lymphocytes and macrophages. We found a significantly higher 
percentage of  IL6-expressing non-CAR immune cells in biopsies with CAR cells than those without CAR cells 
(median 6.0% vs. 0.3%, P = 0.004; Figure 5D). Unexpectedly, we also observed IL6 widely expressed by the 
malignant cells in one case (Supplemental Figure 5). We conclude that the DLBCL TME is a source of  IL-6 
associated with local CAR T cell activation, but IL-6 is predominantly produced by non-CAR cells.

Discussion
Until recently, patients with relapsed or refractory DLBCL following treatment with combination che-
motherapy and rituximab (R-CHOP) and second-line salvage therapy have had few treatment options 
and poor prognosis (25, 26). Axicabtagene ciloleucel has shown unprecedented efficacy in this setting, 
with an objective response rate of  82%, complete response rate of  54%, and a durable response rate of  
42% (11, 19). As a result, axicabtagene ciloleucel is FDA-approved as third-line therapy for patients with 
relapsed/refractory DLBCL. Despite this success, the therapy fails to provide long-term therapeutic benefit 
to approximately 50% of  patients. In addition, axicabtagene ciloleucel is associated with significant toxic-
ity, including grade 3 or greater cytopenias, neurotoxicity, and/or CRS in up to 95% of  patients (11). IL-6 
has been implicated in the etiology of  CRS but the origins of  IL-6 and biological bases for additional AEs 
remain poorly understood (15, 27). Therefore, there has been great interest in uncovering the mechanisms 
underlying CAR T cell treatment efficacy, resistance, and toxicity.

This study is potentially the first extensive histopathological examination the DLBCL TME following 
axicabtagene ciloleucel in humans and yielded several unexpected results. First, we found a marked paucity 
of  CAR-expressing T cells by immunohistochemical or in situ studies within the TME at all time points 5 or 
more days after therapy. In ZUMA-1, peripheral CAR T cells continuously increased during the first 2 weeks 
following product infusion, reached a maximum of 50–100 cells/microliter by day 14 (consisting of  2%–60% 
of all peripheral T cells), and slowly declined thereafter (11, 28). In contrast to these results, we detected no 
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CAR-expressing T cells within DLBCL TME ≥10 days after axicabtagene ciloleucel, and when detected at 
earlier time points, they were in small numbers. The reasons for this discrepancy are unclear, but possibilities 
include inefficient migration of  CAR T cells from peripheral blood into the DLBCL TME and/or rapid exit 
of  CAR T cells from the TME following activation. In addition, we cannot rule-out the possibility that there 
are large numbers of  intratumoral CAR T cells at earlier time points than tested in this study, (i.e., 1–3 days 
following infusion) and which have largely disappeared from the TME by day 5. Such a “hit-and-run” model 
is supported by the kinetics of  activation markers on peripheral CAR T cells, which show reduced detection 
before day 5 (28). Examination of  biopsy specimens collected at earlier time points will prove useful in evalu-
ating this possibility and could carry significant correlative potential.

Another possibility, which we considered, is downregulation of  CAR protein within the TME. 
Detailed kinetic studies have shown that surface CAR protein can transiently decrease when CAR T 
cells initially engage CD19 due to receptor internalization (29). This effect primarily occurs for CAR 
vectors driven by endogenous cell promoters (such as TRAC or B2M) rather than vectors driven by strong 
retroviral promoters, as in the case of  axicabtagene ciloleucel (29). Nevertheless, we performed a highly 
sensitive ISH assay to address this possibility and found low numbers of  cells expressing CAR transcript 
within the TME in support of  the mIF findings.

Second, we found that the majority of  non-CAR T cells express markers of  ongoing or prior activa-
tion in biopsies taken after therapy. The origins of  these non-CAR immune cells are unclear, but they may 
consist of  nontransduced T cells included in the axicabtagene ciloleucel product or resident non-CAR 
immune cells within the TME before product infusion (5–7). While the preconditioning regimen consisting 
of  cyclophosphamide and fludarabine is profoundly lymphodepleting, there are residual endogenous lym-
phocytes and other immune cells at the CAR T cell infusion time point (30). Regardless of  origin, at least 
some of  the factors generated by these cells, such as GzmB and IFN-γ, are known to promote both acute 
and long-term antitumor immunity (23). These data raise the possibility that CAR T cells may execute 
antitumor activity through 2 complementary mechanisms, (a) immediate killing of  malignant cells via the 
release of  cytotoxic factors following engagement of  CD19 and (b) initiation of  a local immune response, 

Figure 3. Expression of activation markers by CAR T cells. (A) A representative mIF image of a biopsy following axicabtagene ciloleucel infusion stained with 
anti-CAR (KIP1, green) and anti–Ki-67 (magenta) antibodies demonstrating CAR-expressing cells in cell cycle, and the percentages of Ki-67–positive CAR cells 
among total CAR cells and the densities of Ki-67–positive CAR cells across cases. (B) The case shown in A stained with anti-CAR (KIP1, green) and anti–PD-1 
(red), showing PD-1–positive CAR cells, and the percentages of PD-1–positive CAR cells among total CAR cells and densities of PD-1–positive CAR cells across 
cases. (C) A representative image of the case shown in A stained with anti-CAR (KIP1, green) and anti–granzyme B (GzmB, red), and showing GzmB-positive 
CAR cells, and the percentages of GzmB-positive CAR cells among total CAR cells and densities of GzmB-positive CAR cells across cases. (D) A representative 
image of the case shown in A, hybridized with anti-CAR (brown) and anti-IFNG (red) probes showing coexpression of the CAR and IFNG transcripts in a subset 
of cells, and the percentages of CAR-positive cells with coexpression of IFNG among total CAR-positive cells and densities of CAR-positive cells with coexpres-
sion of IFNG across cases. Error bars indicate mean ± SEM. n = 6 in all panels. Original magnification, ×200 (A–D, including inset).
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which amplifies and sustains the antitumor activity, leading to complete tumor resolution in a subset of  
patients. This is consistent with the hypothesis that a common final pathway leading to successful complete 
resolution of  a malignant process involves a concerted immune attack against multiple targets, including 
the malignant cells and patient-specific epitopes resulting from somatic mutations (31).

Third, we found that non-CAR cells in the DLBCL TME were a source of  IL-6 after axicabtagene 
ciloleucel. IL-6 is at least partially responsible for CRS in humans and in animal models, and increased 
serum levels of  IL-6, IL-10, and IL-15 were associated with CRS and neurotoxicity of  grade 3 or higher in 
the ZUMA-1 trial (11). IL-6 blockade with tocilizumab, a humanized IL-6 receptor, has proven an effective 
therapy for CRS (18, 27). By a double ISH assay, we found that IL-6 production was restricted to non-CAR 

Figure 4. Non-CAR T cell activation before, and following, axicabtagene ciloleucel. Representative multiplex IF (A and 
D) and ISH (G) staining and quantitative image analysis data (B, C, E, F, H, and I) from biopsy samples obtained before 
axicabtagene ciloleucel infusion (Pre AC [n = 7, purple]) and following axicabtagene ciloleucel infusion (Post AC) further 
divided according to whether or not CAR T cells were detected in the corresponding biopsy sample (CAR– [n = 12, green] 
and CAR+ [n = 6, red]). (A) Representative mIF staining with anti-Ki67 (magenta), anti-CD3 (white), anti-CAR (KIP1, green), 
and DAPI (blue) in a biopsy obtained 7 days after axicabtagene ciloleucel. (B) The densities of non-CAR T cells in cell cycle 
(CD3+Ki67+CAR–) for cases in the indicated sample groups. The Kruskal-Wallis (KW) test indicated a significant difference 
in cell densities between conditions (P = 0.003). (C) The densities of non-CAR T cells expressing PD-1 (CD4+PD1+CAR– and 
CD8+PD1+CAR–) for cases in the indicated sample groups. One of the twelve CAR– samples could not be evaluated (n = 11). 
The KW test was significant (P = 0.006). (D) Representative mIF staining with anti-GZMB (red), CD3 (white), anti-CAR 
(KIP1, green), and DAPI (blue) in a biopsy obtained 7 days after axicabtagene ciloleucel. (E) The densities of non-CAR T cells 
expressing granzyme B (CD3+GzmB+CAR–) for cases in the indicated sample groups. The KW test was significant (P = 0.04). 
(F) The densities of non-CAR and non–T immune cells expressing granzyme B (CD3–GzmB+CAR–) for cases in the indicated 
sample groups. The KW test was significant (P = 0.01). Brackets above the box-and-whisker plots (B, C, E, and F) indicate 
comparators in 2-sided Mann-Whitney U test followed by Benjamini-Hochberg (BH) correction for multiple tests. *adjusted 
P < 0.05, **adjusted P < 0.01. (G) Representative multiplex ISH staining with antisense probes for CAR transcripts (brown) 
and/or IFNG transcripts (red) in a biopsy obtained 7 days after axicabtagene ciloleucel. Arrows identify individual cells 
positive for CAR (brown arrow) and IFNG (red arrow). (H) The densities of non-CAR cells expressing IFNG transcript for cases 
divided according to whether CAR-expressing cells were or were not detected in the biopsy. Two-sided Mann-Whitney U 
test. **P < 0.01. (I) Correlation between the percentage of total cells expressing CAR transcripts and the percentage of non-
CAR cells expressing IFNG transcripts among biopsy samples with CAR positive cells detected. Pearson correlation P = 0.02, 
r = 0.88. Error bars represent mean ± SEM. Original magnification, ×200 (A and D).
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cells, and, in most instances, these non-CAR cells had the histomorphological features of  lymphocytes and 
macrophages. These results are consistent with animal models of  CRS in which tumor-infiltrating macro-
phages have been identified as a major source of  IL-6 (32, 33). The non-CAR cell origin of  IL-6 is also con-
sistent with a postmortem examination of  a patient with B-lymphoblastic leukemia, treated with a distinct 
CAR product, in which a nonmalignant cell population was identified a major source of  the cytokine (34). 
We are currently developing assays to further define the cell lineages responsible to IL-6 within the DLBCL 
TME. Regardless of  the source, we found the greatest numbers of  IL-6–producing cells in posttreatment 
biopsies with CAR T cells; consistent with the notion that IL-6 production by non-CAR cells is an indirect 
effect of  CAR T cell activation through a yet to be determined mechanism (35). Our finding of  IL-6 pro-
duction by non-CAR cells within the DLBCL TME does not eliminate the possibility of  additional sources 
of  IL-6 within patients, however.

Finally, we found marked IL-6 production by the malignant B cells in one case. Activated nonmalig-
nant B cells and a subset of  DLBCLs produce IL-6 which serves as an autocrine growth factor (36–38). 
Although a preliminary result, our finding raises the possibility that patients with specific subsets of  DLB-
CL may be predisposed to CRS due to IL-6 production by malignant cells. An examination of  larger 
numbers of  DLBCL biopsies before and following axicabtagene ciloleucel will allow us to determine the 
prevalence and significance of  DLBCL-associated IL-6 production in more detail.

Taken together, our data suggest a model wherein small numbers of  activated CAR T cells support the 
activation of  larger numbers of  immune cells that lack CAR and contribute to the antitumor activity but 
also immune-mediated pathology (Figure 6). This model requires additional validation but suggests sev-
eral testable hypotheses and follow-up studies. For instance, a robust, intratumoral T cell infiltrate before 
axicabtagene ciloleucel might indicate a TME “primed” for immune cell activation by CAR T cells. 

Figure 5. IL6 expression by non-CAR cells within the DLBCL microenvironment after axicabtagene ciloleucel. (A) 
Representative duplex ISH staining with anti-CAR (brown) and anti-IL6 (red) probes and counterstained with hematox-
ylin (blue). (B) The number of days after axicabtagene ciloleucel infusion a biopsy was obtained and the percentage of 
cells expressing IL6 transcripts (case with IL6 expression in malignant cells excluded). Each dot represents the average 
number from 3 images per sample. (C) Percentage of IL6-expressing cells divided into cells that coexpress CAR tran-
script (CAR cells) or not (non-CAR cells) across all biopsies obtained after axicabtagene ciloleucel infusion (Post AC, n = 
13) and showing that IL6 production is restricted to non-CAR cells. One-sided, one-sample t test against an expected 
mean of 0. **P < 0.01. (D) Percentage of non-CAR cells expressing IL6 across all biopsies after axicabtagene ciloleucel 
infusion (n = 13) and divided into those in which CAR cells were detected [CAR cells present, n = 5] or not detected [No 
CAR cells present, n = 8] in the TME. Two-sided Mann-Whitney U test. **P < 0.01. Original magnification, ×200 (A).
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We are currently exploring whether increased numbers of  intratumoral T cells before therapy is predictive 
of  better response or long-term outcome with axicabtagene ciloleucel. It is also possible that biomarkers 
predictive of  response to immune checkpoint blockade, including PD-1, PD-L1, and tumor mutation bur-
den, might also predict response to CAR T cell therapy (39–43). Such results would support trials paring 
CAR T cell therapy with PD-1 or PD-L1 blockade, some of  which are underway (41). Future studies that 
use single-cell RNA sequencing will further elucidate the spectrum of  cytokine and chemokine produc-
tion by CAR and non-CAR T cells within the TME. It will also be important to validate candidate gene 
products identified in such studies using ex vivo short-term tumor cell culture systems to gain greater 
mechanistic insight into CAR T cell–mediated changes to the TME (44–46).

To date, the development of  next-generation CAR T cell products have focused on modifications to the 
CAR to alter the magnitude or quality of  T cell activation (42, 47–49), thus enabling a direct activity of  
CAR T cells on malignant cells strictly via the engagement of  the cognate antigen. Our data suggest that 
modifications that enhance the numbers and immunoregulatory functions of  CAR T cells and non-CAR T 
cells in the TME may also augment antitumor activity (50). For instance, engineered cell surface expression 
of  the select cell trafficking molecules, such as CXCR4 or CCR7, might enhance CAR T cell migration to 
and retention in lymphoid tissues (51). Similarly, CAR T cells engineered to produce proteins that shape 
local immunity in a beneficial manner, such as IL-12, IL-15, and IL-18 to promote a Th1 response, or 
a truncated IL-6 receptor to sequester local IL-6, may augment tumoricidal activity without increasing 
immune-mediated pathology (23, 43).

In summary, we developed reagents to detect CAR T cells in a series of  fixed biopsy specimens by 
mIF and ISH and demonstrate that CAR-expressing T cells express markers of  activation when detected 
in situ but constitute a small minority of  activated T cells within the DLBCL TME even at times of  max-
imum CAR T cell expansion within peripheral blood. These data suggest role for CAR T cells in activat-
ing non-CAR immune cells, which, in turn, can further enhance tumoricidal activity but also the risk of  
immune-mediated AEs. This knowledge should inform the design of  the next generation of  engineered 
CAR T cells to deliver select immunostimulatory and inhibitory molecules to the TME and sculpt a more 
effective antitumor immune response with less toxicity. Finally, these data point to the utility of  analyzing 
the TME very early after T cell infusion and may have a significant effect on designing next-generation 
autologous and “off-the-shelf ” therapies.

Figure 6. Model of CAR T cell–mediated antitumor immunity. CAR T cells, activated by their cognate antigen CD19, 
show hallmarks of activation and dysfunction, including Ki-67, granzyme B (GzmB), IFN-γ, and PD-1 expression, but 
constitute a minority of immune cells in the TME ≥5 days after axicabtagene ciloleucel infusion. CAR T cells stimulate 
non-CAR T cells and other immune cells in a manner that both supports an antitumor immune response, as exempli-
fied by increased expression of Ki-67, GzmB, and IFN-γ and preferential expansion of CD8+ PD-1+ non-CAR T cells, and 
contributes to toxicity, as exemplified by IL-6 production by non-CAR cells.
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Methods
Tissue samples. FFPE whole tissues from tumors biopsied during the ZUMA-1 trial were provided by Kite. 
H&E-stained tissue sections were reviewed by an expert hematopathologist, and 7 pretreatment baseline 
tissues and 18 posttreatment samples were selected for the study, based on the availability of  high-quality, 
excision biopsy tissue. These samples included 4 paired samples before and after axicabtagene ciloleucel, 
although the paired biopsies were taken from different anatomic sites. Fifteen randomly selected diagnostic 
DLBCL biopsy samples were obtained from the archives of  Brigham and Women’s Hospital, with insti-
tutional review board approval (2010P002736), to serve as a control group. The area of  the biopsy tissues 
analyzed by mIF were verified by a pathologist and included all tissue within the biopsy, excluding nonvia-
ble (i.e., necrotic) or normal nonlymphoid tissue (i.e., fat).

Anti-CAR antibodies and anti-CAR ISH probe. KIP1 and KIP3 antibodies were generated by Kite and 
recognize the Whitlow linker linear epitope joining ScFV heavy and light chains of  the chimeric receptor. 
KIP3 was additionally confirmed as an anti-idiotype antibody binding to the broader FMC63 ScFV of  
axicabtagene ciloleucel. Methods for KIP1 and KIP3 immunostaining were established by chromogenic 
IHC and then extended to the single immunofluorescence and then mIF assays using FFPE control cells 
either previously transduced or not with retrovirus encoding the CAR transgene. Anti-CAR ISH probe was 
generated against a sequence specific to the CAR FcV transcript by Advanced Cell Diagnostics (Hayward, 
catalog 447891) based upon a published sequence (GeneBank HM852952.1). Validation was performed on 
FFPE cells either transduced or not with retrovirus, as described above, with similar results. Cells with one 
or more transcripts were scored as positive.

mIF. mIF staining was performed overnight on BOND RX fully automated stainers (Leica Biosyste-
ms) using published protocols (52–55). Briefly, 5-μm-thick FFPE tissue sections were baked for 3 hours 
at 60°C before loading into the BOND RX. Deparaffinization, rehydration and antigen retrieval were 
all preprogrammed and executed by the BOND RX. Antigen retrieval was performed in BOND Epitope 
Retrieval Solution 1 (ER1, Leica Biosystems) at pH 6 for 10 minutes at 98°C. Slides were serially stained 
with the primary antibody, secondary antibody, and the corresponding Opal fluorophore reagent as 
described previously (52, 54, 55) and serially repeated for all antibodies/fluorescent dyes used in the mIF 
panels (Supplemental Table 2). Slides were then air dried, mounted with Prolong Diamond Anti-fade 
mounting medium (P36965, Life Technologies) and stored in a light-proof  box at 4°C before imaging.

Fluorescent image acquisition and cell phenotyping. Image acquisition was performed using the Mantra 
multispectral imaging platform (Akoya Biosciences) (52–54). Areas with nontumor or residual normal 
tissue were excluded from the analysis. Representative regions of  interest were chosen by the pathol-
ogist, and 3–5 fields of  view (FOVs) were acquired at ×20 resolution as multispectral images. After 
image capture, the FOVs were spectrally unmixed and then analyzed using supervised machine learning 
algorithms within Inform 2.4 (Akoya). The image analysis software assigned phenotypes to all cells in 
the image, based on a combination of  immunofluorescence characteristics associated with segmented 
nuclei (DAPI signal). Each cell-phenotype specific algorithm was based upon an iterative training/test 
process, whereby a small number of  cells are manually selected as being most representative of  each 
phenotype of  interest, and the algorithm then predicted the phenotype for all remaining cells (54, 55). 
Thresholds for positive staining and the accuracy of  phenotypic algorithms were optimized and con-
firmed by the pathologist for each case.

ISH. In situ detection of  RNA transcripts was performed by an automatic method using RNAscope kits 
(Advanced Cell Diagnostics) according to the manufacturer’s instructions. Briefly, 5-μm FFPE tissue sec-
tions were pretreated by heating and protease application before hybridization with probes targeting CAR 
scFv, IFNG, and IL6. Stained slides were imaged under white light on the Mantra imaging platform (Akoya) 
and quantified with Inform software.

Statistics. Statistical evaluations of  the data were performed with the python “scipy” package (version 
1.2.0) and R (version 3.6.1). An α of  0.05 was used as a threshold for significance. The abbreviation “ns” 
indicates a nonsignificant relationship, where evidence failed to meet that α threshold. Sample-derived 
quantities were compared across categories by a 2-tailed Mann-Whitney U test unless otherwise specified. 
When more than 2 conditions were compared within an experiment a Kruskal-Wallis (KW) 1-way analysis 
of  variance was used to test the hypothesis that the samples originated from the same distribution; the KW 
test results are included in all relevant figure legends. Furthermore, individual P values within experiments 
with more than 2 comparisons were adjusted for multiple tests (all pairwise combinations of  conditions) 
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using the Benjamini-Hochberg procedure; these are reported in the text and legends as adjusted P values. 
Since CAR cells did not express IL-6, a 1-sided 1-sample (1-tailed) t test was used to test if  non-CAR IL-6 
expression was greater than 0. Correlations of  activation markers were measured by a Kendall rank cor-
relation (tau), other correlations were measured as a Pearson correlation (r). For the box-and-whisker plots, 
the triangles represent the individual sample values, the horizontal center lines represent medians, boxes 
demarcate 25th to 75th percentiles, and vertical lines (whiskers) represent the range.

Study approval. Fifteen randomly selected diagnostic DLBCL biopsy samples were obtained from the 
archives of  Brigham and Women’s Hospital, with institutional review board approval (2010P002736), to 
serve as a control group. Informed consent was waived by the institutional review board.
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