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THE CAR T-CELL LYMPHOMA LANDSCAPE
Being the most common hematologic malignancy, non-
Hodgkin lymphoma (NHL) accounts for 4–5% of all cancers 
in the United States.1 Of the >90 subtypes of NHL, diffuse 
large B-cell lymphoma (DLBCL) is the most common,2 
accounting for 30–40% of cases. First-line therapy for 
DLBCL remains R-CHOP chemoimmunotherapy (the 
anti-CD20 monoclonal antibody rituximab with cyclo-
phosphamide, vincristine, doxorubicin, and prednisone) 
with or without radiation therapy. Although this regimen is 
successful for the majority of patients, 10–30% are expected 
to relapse 31170029.

Patients who relapse after first-line therapy generally 
undergo second-line chemotherapy followed by high-dose 
chemotherapy and autologous hematopoietic cell trans-
plant.3 Patients who achieve a complete metabolic response 
to second-line chemotherapy fare better than those who do 
not, with an overall relapse rate of 20–50%, respectively.4

At this juncture, patients who are not free of tumor may have 
the option of further third-line chemotherapy, allogeneic 

stem cell transplant, or Chimeric Antigen Receptor (CAR) 
T-cell therapy. Given its favorable side-effect profile and 
relatively strong efficacy, many will choose CAR T-cell 
therapy if available. CAR T-cells achieve a complete remis-
sion in 40–52% in this group of patients after a single dose, 
many of which appear to be lasting.5–7

Despite impressive success by historical standards, still 
the majority of patients will fail CAR T-cells. This begs the 
question, how do we improve the durability of response to 
CAR T-cells? What can we offer patients who relapse after 
CAR T-cells?

CAR T-CELL MECHANISM
Uniform understanding of what CAR T-cells are and why 
they function is imperative to rationalizing concurrent 
or sequential treatment regimens. After it became known 
T-cells’ killing capacity relied upon engagement of the 
T-cell receptor (TCR) with a tumor cell, and the structure 
of the TCR become known, first-generation CARs were 
developed in 1989 consisting of a TCR stimulatory domain 
attached to a single chain variable antibody fragment that 
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ABSTRACT

Radiation therapy has the potential to modulate the immune system in a variety of ways, and given the critical role 
of the immune system in cancer elimination, it is becoming increasingly important to understand how radiation can 
be strategically implemented in conjunction with approved immunotherapies to improve the cancer patient’s chance 
of cure and/or quality of life. Current successful, approved cancer immunotherapies fall into two broad classes: anti-
bodies and cellular therapies. Approved cellular therapies thus far consist of Chimeric Antigen Receptor (CAR) T-cells 
targeting CD19 for refractory non-Hodgkin lymphoma and relapsed or refractory acute lymphoblastic leukemia. Part of 
the ardor surrounding CAR T-cells stems from the fact that the survival curve of treated patients has a clear plateau, 
meaning that a number of patients with aggressive, disseminated disease who would have otherwise died rather rapidly 
appear to now be cured, commonly after just one dose. Despite an encouraging number of these durable remissions, 
the majority do still relapse. In this review, we discuss the potential for strategically utilizing radiation to further improve 
CAR T-cell patient outcomes. Given that there are currently over 750 cellular therapies in development, half of which 
are now in clinical trial, CAR T-cell usage will inevitably expand; as the field grows in importance and effectiveness, 
radiation oncology has the opportunity to coevolve symbiotically and steer these novel, exciting live therapies to new 
depths.
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recognized a tumor antigen.8 However, T-cells containing these 
chimeric receptors did not exert powerful long-term effects, and 
the therapy did not gain traction. After it became known that 
optimal T-cell function critically relies on both TCR activation 
as well as costimulatory receptor activation, the experiment was 
performed in which an internal costimulatory domain (originally 
CD28) was cloned in frame with an intracellular stimulatory 
domain from the TCR, as well as an extracellular tumor-binding 
domain.9 Somewhat remarkably, tumor binding achieved full 
activation of both the TCR and costimulatory receptor domains 
simultaneously, leading to tumor killing through the TCR frag-
ment and enhanced T-cell expansion and function through the 
costimulatory domain. This “second generation” CAR became 
the template for further CAR therapies. 2 years later, the CD28 
costimulatory domain was replaced with the 4-1BB costimu-
latory domain,10 again with excellent results. Further studies 
using different costimulatory domains11 or a combination of 
two costimulatory domains together to make a “third genera-
tion” CAR12,13 have since been performed, although without 
consistently improved results, so second generation CAR T-cells 
remain the most common choice in clinical trials, and the only 
FDA approved version. CD28 costimulation is used in Axicabta-
gene ciloleucel, and 4-1BB in Tisagenlecleucel and Lisocabtagene 
maraleucel (Figure 1).

WHEN CAR T-CELLS CEASE TO CONTROL 
DISEASE
In designing strategies for improving the durability of CAR 
T-cell responses, it is helpful to first understand what limits their 
ability to achieve lasting remissions. When the first patients 
began relapsing after CAR T-cell therapy, it was tantalizing to 
speculate the reason for relapse would be predictable and simple, 
such as loss of target antigen expression. Although this is the 
cause of relapse in a minority of lymphoma patients, a number 
of additional factors are thought to contribute to the remaining 
relapses. These factors can be broken down into three categories: 
tumor-related, T-cell-related, and host-related (Figure 2).

Tumor-related factors beyond loss of the target antigen include 
expression of inhibitory molecules such as immune checkpoint 
ligands, or expression of inhibitory cytokines such as TGF β or 
IL-10. Loss of the target antigen, specifically CD19, occurred in 
27% (3 of 11 patients) of DLBCL patients treated on ZUMA-1.7 
Mechanistically, antigen loss has been best studied in leukemia 
where it affects 10–20% of patients, and occurs through the 
generation of exon splice variants that eliminate the extracel-
lular CAR binding domain, as well as tumor lineage switch to a 
myeloid phenotype, and outgrowth of cells with acquired CD19 
mutations or loss of heterozygosity.14–18 In addition to modifying 
the target antigen, tumor cells can express receptors to inhibit 
CAR T-cell function. These immune checkpoint molecules, 
such as PD-1, Tim3, Lag3, and CTLA4, are best known for their 
function in quenching the endogenous T-cell response, although 

Figure 1. CAR T-cell design. Endogenous T-cells require stimulation through the TCR as well as costimulatory signaling to become 
fully functional. CARs combine signaling domains from both to create one simplified receptor. This receptor consists of an extra-
cellular tumor-binding domain (blue), most commonly derived from an antibody fragment, an extracellular linker, a transmem-
brane domain, an intracellular costimulatory domain (yellow), and an intracellular stimulatory domain, most commonly derived 
from the ζ domain of the TCR (purple). CAR, Chimeric Antigen Receptor; TCR, T-cell receptor.
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CAR T-cell specific activities have also been documented. In 
mice, inhibiting PD-1 pathway activation improves CAR T-cell 
mediated solid tumor clearance.19 A limited number of CD19 
CAR-T cell-refractory DLBCL patients have been described that 
achieved significant CAR-T cell expansion, antitumor response, 
and decreased tumor burden after treatment with PD-1 blocking 
antibody.20–22 In an analysis performed on final CAR products 
going into DLBCL patients, Tim3 and Lag3 co-expression on 
CAR T-cells pre-infusion was found to significantly predict for 
negative response, suggesting that CAR T-cell exhaustion status 
may be largely ordained even before the cells enter the tumor.23

Since there is a finite number of tumor cells the average CAR 
T-cell can kill, a simple mechanism for relapse is likely the be 
excessive tumor burden relative to CAR T-cell number. Long-
term follow-up of ALL patients treated with CAR T-cells 
observed a clear difference in survival between patients starting 
with low vs high tumor burden; in fact, the only patients who 
survived long-term were those who started with low tumor 
burden.24 In DLBCL patients treated on ZUMA-1, low baseline 
tumor burden also strongly predicted for durable response.25 
Even among patients who achieved comparable peak CAR 
T-cell levels, those with higher baseline tumor burden had fewer 
durable responses than those with lower baseline tumor burden, 
and the CAR T-cell/tumor volume ratio was predictive.25

T-cell-related factors include failure to achieve adequate expan-
sion and failure to adequately kill. These impairments can be 
attributed to T-cell anergy, exhaustion, or senescence. Although 
functionally these conditions overlap, T-cell anergy is a hypo-
responsive state in T-cells which is triggered by activation of 
TCR signaling in the absence of adequate costimulation through 
CD28; T-cell exhaustion occurs when T-cells achieve adequate 
stimulation and costimulation, but repeated activation during 
chronic infection or tumor progression eventually silences their 
function, and T-cell senescence is characterized by growth arrest 
after excessive proliferation with maintained viability and meta-
bolic activity.26 CAR T-cell exhaustion, anergy, and senescence 
may reflect the patient’s baseline T-cell status, and may be influ-
enced by treatment history and the CAR manufacturing process. 
Like endogenous T-cells, CAR T-cells become exhausted by 
repetitive (tonic) signaling, which can be antigen-induced or 
antigen-independent.27 Over  expression of the transcription 
factors associated with further costimulation, such as c-Jun, may 
ameliorate CAR T-cell exhaustion.28

The importance of CAR T-cell proliferation, which is negatively 
affected by anergy, exhaustion, and senescence, in achieving 
durable responses is well documented. CAR T-cell growth 
kinetics measured prior to infusion in DLBCL patients treated 
on ZUMA-1 showed that those with a short doubling time were 

Figure 2. Potential outcomes after CAR T-cells. Cancer may progress or relapse after CAR T-cells due to tumor-related factors 
(red background), such as antigen escape, tumor-induced immunosuppression such as PD-L1 or suppressive cytokine production, 
or high tumor burden relative to functional CAR T-cells; T-cell factors may dominate (orange background), such as intrinsic CAR 
T-cell dysfunction, inadequate persistence or expansion of the CAR T-cells in vivo, or inadequate memory phenotype achieved by 
the CAR T-cells; host factors (blue background) may impel resistance to CAR T-cells, such as microenvironment-induced immu-
nosuppression driven by CAF, TAM, MDSC, TAN, or Treg. CAFs, cancer-associated fibroblasts; MDSCs, marrow-derived suppressor 
cells; TAMs, tumor-associated macrophages; TAN, tumor-associated neutrophils; Tregs, regulatory T cells.

NK1 

Th1 

ILC1 

MDSC 

NKT2 

Treg 

Th2 

N2 

ILC2 

NK2 

M2 

Tumor killing Immune suppression 

IFNγ/ 
TFNα 

Granzyme/ 
Perforin 

Phagocytosis 
of tumor cells 

IL13 

IL18 

IL13/IL5 

IL6/ 
IL10 

IL10 

IL13/ 
TGFβ 

IL4/ 
TGFβ 

IL6/ 
CCL28 

DC 

N1 

M1 

NKT1 

Immune Cells in the Tumor Microenvironment 
Roles in Tumor Killing and Immune Suppression 

Granzyme/ 
Perforin 

Granzyme/ 
Perforin 

MDSC 

NKT2 

Treg 

Th2 
N2 

ILC2 

NK2 

M2 

Immunosuppressive Cells in the 
Tumor Microenvironment  

IL13 

IL18 

IL6 
IL10 

IL6 
CCL28 

IL10 

IL13 
TGFβ 

IL4 
TGFβ 

IL13 
IL5 

TGFβ 
IL18 
IL13 IL4 

IL25 
IL33 

TGFβ1 

TGFβ 

IL4 

TGFβ 
IL10 

Tumor-induced 
immunosuppression 

Progression Microenvironment  
induced  

immunosuppression 

Progression Progression 

High tumor burden 
Progression 

Progression 

Progression 

Antigen 
loss 

Inadequate memory 
CAR T-cell phenotype 

Progression 

Inadequate  
persistence 

or expansion 

Intrinsic 
CAR T-cell 

dysfunction 

Progression 

Sustained  
complete 
response 

Tumor 

Target antigen 

Active CAR T-cell 

Inactive CAR T-cell 

CAF 

MDSC 

TAN 

TAM 

Treg 

Suppressive ligand 

Suppressive cytokines 

T-cell factors 
dominate 

Tumor factors 
dominate 

Host factors 
dominate 

Potential Outcomes After CAR T-cell Therapy 

Cure 

http://birpublications.org/bjr


4 of 9 birpublications.org/bjr Br J Radiol;94:20210098

BJR  DeSelm

significantly more likely to achieve an objective response than 
patients with slower CAR T-cell division in the same growth 
media.25 The CAR T-cell phenotype most associated with effec-
tive doubling time in this analysis was the stem-like memory 
cells (defined here as CCR7 +CD45RA + CD8 T-cells). Consis-
tently, in CLL patients treated with CAR T-cells, sustained 
remission was associated with an elevated frequency of CD27+C-
D45RO-CD8+ T cells before CAR T-cell generation, and these 
lymphocytes possessed memory-like characteristics.29

Although long-term CAR T-cell persistence might rationally be 
assumed to be important to maintaining a durable response, the 
actual importance of CAR T-cell persistence beyond the first 
several months currently appears to be largely insignificant; 
long-term follow-up from ZUMA-1 showed that 3/4 of patients 
with ongoing responses had B cell recovery5 and that CAR T-cell 
levels at 4 weeks but not at 3 months or beyond predicted for 
objective and durable response25 ; data from JULIET showed no 
link between absolute T-cell concentration and clinical outcomes, 
suggesting the CAR T-cell functionality, and not the absolute 
numbers over time, are most meaningful.6 However, achieving 
a supportive environment for initial CAR T-cell engraftment, 
expansion and function is still critical, and currently supported 
by conditioning chemotherapy prior to CAR T-cell infusion.

Host factors that affect relapse after CAR T-cell therapy are 
largely related to the presence and dominance of immunosup-
pressive cells in the tumor microenvironment, such as tumor-
associated macrophages (TAMs), marrow-derived suppressor 
cells (MDSCs), tumor-associated neutrophils (TANs), cancer-
associated fibroblasts (CAFs) and regulatory T cells (Tregs). 
These cells are known to inhibit T-cell function in a plethora of 
ways, however the exact contribution of each of these cell types 
to CAR T-cell hyporesponsiveness remains to be studied in vivo, 
and may also depend on the cancer type, location, and patient.

In DLBCL patients treated with CAR T-cells in which biopsy was 
performed before treatment and analyzed by RNAseq, patients 
who went on to only achieve PR had a tumor profile upfront 
suggestive of more MDSCs (defined by CD33, CD14), tumor-
associated fibroblasts (FAP, TNC, CSPG4, PDGFRA, S100A4, 
ASPN, STC1, ITGAM), and immunosuppressive cytokines 
(IL10, TGF-β1), compared with those who went on to achieve 
a complete response (CR).30 Determining the individual contri-
bution of each of these cell types in CAR T-cell mouse models 
requires an immunocompetent syngeneic system with genetic 
knockout capacity, which has been limited primarily due to diffi-
culty in effectively generating mouse CAR T-cells.

CLINICAL PREDICTORS OF RELAPSE
In an analysis of risk factors for recurrence post-CAR T-cells, 
total metabolic tumor volume and two or more extranodal 
sites of disease were most highly associated with recurrence 
on multivariable analysis.31 Total metabolic tumor volume was 
more discriminative than bulky mass (defined either as  >5 cm 
or >10 cm), which did not independently predict progression or 
relapse. Other risk factors analyzed, which were not as predictive 
as extranodal sites or total metabolic tumor volume, were ECOG 

performance status  ≥2, Stage III/IV disease, elevated lactate 
dehydrogenase (LDH), increased C-reactive protein, and high 
International Prognostic Index.31

CURRENT USE OF RT WITH CAR T-CELLS
After recognizing that most patients treated with CAR T-cells 
alone will eventually relapse, and understanding the known 
potential mechanisms of relapse from CAR T-cells, we may envi-
sion a number of potential roles for RT in improving patient 
outcomes. Currently, radiation with CAR T-cell therapy may be 
used prior to CAR T-cells as “bridging” therapy32–34 or in the 
post-CAR T-cell relapse salvage setting.35

RT bridging prior to CAR T-cells
Given that tumor burden is significantly associated with relapse 
as well as with toxicity24,25,36 and that RT is particularly effec-
tive at debulking hematological malignancies, a natural starting 
point for incorporating RT into CAR T-cell therapy is just 
prior to CAR T-cell injection with the goal of tumor debulking. 
Although promising, the benefit of tumor debulking RT on 
patient survival or toxicity remains to be conclusively tested and 
established. Retrospective analyses have however thus far found 
a significant association between bridging RT use and reduced 
post-CAR T-cell hospitalization rates,34 as well as increased 
likelihood of receiving CAR T-cells by decreasing the chance of 
progression between leukapheresis and CAR T-cell delivery.33 In 
a retrospective comparison of bridging RT vs systemic therapy, 
baseline patient characteristics were similar but RT was associ-
ated with a higher CR rate (82% vs  35%, p = 0.01), as well as 
higher ORR (100% vs  67%, p = 0.03) compared with systemic 
therapy.33 Further, compared with those given systemic therapy 
bridging, patients who received RT bridging had improved 
PFS.33 From this analysis, presumably all patients undergoing 
bridging therapy with disease that could feasibly be treated 
by either RT or systemic therapy may benefit most from RT. 
However, being retrospective data these are weak recommenda-
tions, and prospective trials are needed to definitively determine 
which patients may benefit most from RT vs systemic therapy or 
combined therapy bridging.

Current indications for RT bridging
Currently, it is very reasonable to treat areas at high-risk for recur-
rence or progression, such as extranodal sites of disease, areas of 
high metabolic tumor volume or bulk, or to target limited sites 
of persistent or progressive disease prior to CAR T-cell delivery. 
To establish the efficacy of these approaches, they should be done 
on clinical trial when available. Additional indications for RT, as 
always, are to palliate pain, bleeding, dysphagia, SVC syndrome, 
or other symptoms. Further, RT may be used during bridging to 
control growth in particularly problematic or dangerous areas, 
such as around the great vessels, esophagus, biliary tree, major 
nerves, the CNS, or spinal cord, prior to CAR T-cells.

Bridging RT dose
It should first be noted that since bridging RT has yet to demon-
strate an advantage in terms of survival or toxicity, the optimal 
doses for bridging RT are far from established. Conceptually 
speaking, bridging RT may be utilized with CAR T-cells to 
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achieve one of three main goals, and we may see the emergence 
of one or more of these approaches become more standard in 
the future: (1) tumor debulking RT, (2) conditioning RT, and (3) 
tumor sensitizing RT. The degree of tumor debulking correlates 
with dose and is somewhat variable by patient and histology, but 
generally some degree of debulking is achieved with even low 
palliative doses while complete local debulking often requires 
45–50 Gy in 2 Gy fractions (or an equivalent regimen). However, 
it is important to not utilize a dose regimen that results in delay of 
CAR T-cell delivery, either due to prolonged fractionation or the 
induction of side-effects that must subside before CAR T-cells 
are administered. For these reasons, hyper- or hypofractionated 
RT may be preferred, such as BID fractionation or 4–6 Gy x 5 
fractions. Conditioning RT consists of low dose RT to the total 
body, or to a large area, to facilitate CAR T-cell engraftment; this 
approach currently has very little clinical data for CAR T-cells but 
has previously been used successfully in transplant and in mouse 
CAR T-cell models.37 Tumor sensitizing RT utilizes sub defini-
tive doses, such that RT alone does not substantially eliminate 
the tumor in field, but induces apoptotic pathway expression that 
leaves the tumors more susceptible to being killed by the CAR 
T-cells, which is clinically significant in animals down to doses of 
1.8 Gy [unpublished and DeSelm et al37 ]. This approach allows 
for larger areas of disease to be targeted in regions with more 
sensitive normal tissues when definitive doses to the region may 
be problematic. Table 1 below summarizes previously published 
doses and ranges used for CAR T-cell bridging.

Bridging RT timing
As a bridge to CAR T-cells, the most established time to treat 
patients with radiation is after leukapheresis and before CAR 
T-cell delivery, which typically provides a 2–4 week interval. 
Radiation before leukapheresis may deplete the T-cells that 
need to be collected for CAR T-cell generation.32 Radiation after 
CAR T-cell delivery theoretically risks destroying the cytotoxic 
cells, which accumulate in tumor sites after days to weeks and 
persist for weeks to years, depending on the patient and CAR 
type. 4-1BB based receptors (such as Tisa-cel) persists longer and 
have slower killing kinetics than CD28 based receptors (such as 
Axi-cel). Radiation before CD19 targeting CAR T-cell therapy 
has not increased toxicity in clinical series thus far, and radiation 
does not appear to affect CD19 expression levels.37

RT salvage after CAR T-cell relapse
Despite the fact that the majority of current CAR T-cell treated 
patients have relapsed or will relapse, the optimal salvage treat-
ment at this juncture has not been established and remains a 
challenging clinical decision.

Current role of salvage RT
As in other scenarios, the presence of localized vs systemic 
disease bears significantly on the patient’s ultimate outcome, and 
on the potential impact of RT. One fascinating concept, which 
remains to be validated, is that a patient with diffuse systemic 
disease may undergo CAR T-cell therapy that effectively elim-
inates all disease except for a small number of isolated tumor 
deposits that recur due to one or more factors described above; 
if eliminated by other methods, such as RT, conceivably these Ta

b
le

 1
. 

M
ea

n 
d

o
se

, d
o

se
 r

an
g

e,
 n

um
b

er
 o

f 
p

at
ie

nt
s 

tr
ea

te
d

, a
nd

 C
A

R
 T

-c
el

l 
p

ro
d

uc
ts

 u
se

d
 i

n 
p

ub
lis

he
d

 r
ep

o
rt

s 
o

f 
b

ri
d

g
in

g
 R

T
 r

eg
im

en
s 

us
ed

 i
n 

p
at

ie
nt

s 
aw

ai
ti

ng
 C

A
R

 
T-

ce
ll 

d
el

iv
er

y

M
ea

n 
do

se
D

os
e 

ra
ng

e
# 

Pa
tie

nt
s t

re
at

ed
C

A
R

 T
-c

el
l p

ro
du

ct
In

st
itu

tio
n

R
ef

37
.5

 G
y

20
–4

5 G
y 

in
 2

.2
–4

 G
y 

fr
ac

tio
ns

5
3 

Ti
sa

-c
el

, 2
 A

xi
-c

el
U

Pe
nn

34

20
 G

y
6–

36
.5

 G
y 

in
 2

–4
 G

y 
fr

ac
tio

ns
; h

al
f r

ec
ei

ve
d 

ei
th

er
 4

 G
y 

x 
5 

or
 3

 G
y 

x 
10

12
A

xi
-c

el
M

offi
tt

32

35
.2

 G
y

10
–4

5 G
y 

in
 1

.8
–2

.6
 G

y 
fr

ac
tio

ns
17

A
xi

-c
el

M
D

A
C

C
33

C
A

R
, C

hi
m

er
ic

 A
nt

ig
en

 R
ec

ep
to

r.

http://birpublications.org/bjr


6 of 9 birpublications.org/bjr Br J Radiol;94:20210098

BJR  DeSelm

patients may still achieve durable response or cure. In an analysis 
of 14 DLBCL patients treated with RT after CAR T-cell relapse, 
the only ones that maintained ongoing response at last follow-up 
were those who had localized recurrences; all patients with 
advanced relapse succumbed within a year of relapse and of RT.35 
While median OS was not reached among patients with a local-
ized recurrence post CAR T-cells treated with definitive-dose 
RT (who often also went on to receive a stem cell transplant), it 
was only 2.6 months in those with systemic recurrence treated 
with local palliative RT. Although these numbers are small and 
universal conclusions cannot be drawn, the patients who appear 
to benefit most, from a disease status standpoint, are those with 
localized or perhaps oligometastatic recurrence. Allogeneic stem 
cell transplant should be considered in any patients who received 
a CR after salvage RT or other therapy.

Relapse kinetics may impact treatment decisions
Patient outcomes after CAR T-cells fall into five categories: 
primary resistance, early relapse (<3 months), late relapse (>3 
months), stable disease, and objective response. For patients who 
are responding to CAR T-cells, even partially, current evidence 
does not support maintenance therapy, consolidative RT, stem 
cell transplant, or other intervention, as many of these patients 
will achieve long-term remission without any further therapy. 
However for all other patients, the consensus is less clear.

Primary resistance
Patients who have no response to CAR T-cells, which repre-
sented 12% of ZUMA-1 patients,7 have a very poor prognosis 
regardless of further salvage attempts. If only a single or a small 
number of disease sites are present, salvage definitive-dose RT 
is a very reasonable option. In the face of systemic progression, 
chemotherapy may provide a short interval of benefit for some 
patients,38 and generally RT is reserved for palliative measures, 
such as to relieve pain, neurological compromise, or other 
symptoms.

Early relapse
Unlike patients who immediately progress, patients with early 
relapse (<3 months) have an initial response that is short lived. 
Since these patients have evidence of functional CAR T-cells, 
checkpoint blocking antibodies are a rational therapy. Although 
off-label in this context, PD-1 blocking antibodies have revi-
talized CAR T-cell function and expansion leading to clinical 
response in DLBCL case reports20,21 ; in both of these cases PD-1 
inhibitor therapy was initiated quickly after relapse (within 30 
days). A separate case series found an ORR of 36% in 11 DLBCL 
patients treated with nivolumab at progression after CAR 
T-cells.22 If disease relapse is localized, definitive dose RT is a 
very reasonable option.35

Late relapse
If patients achieve a PR or CR, then progress or relapse >3 months 
after CAR T-cell therapy, they are considered a late relapse and 
have little likelihood of continuing to achieve a benefit from their 
CAR T-cells, at least in the site(s) of relapse. Thus, salvage therapy 
should be initiated. If the relapse is localized or oligometastatic, 
definitive dose RT is again an appropriate strategy.35 If the relapse 

is systemic and not addressable with local RT, systemic therapy 
should be initiated. If the patient’s tumor remains CD19  + on 
post-relapse biopsy, readministration of CAR T-cells is an option, 
ideally with an additional form of therapy to further augment the 
tumor or CAR T-cells. This additional therapy could be cytore-
ductive or bridging RT to major sites of disease prior to CAR 
T-cell retreatment, or could be a concurrent immunomodulatory 
agent, such as checkpoint blockade. In ZUMA-1, nine patients 
with an initial response for >3 months and CD19-positive relapse 
were retreated with axi-cel at disease progression, resulting in 
five responses (2 CRs and 3 PRs).7

Stable disease
Most patients will either respond to CAR T-cells rapidly, or will 
progress at first follow-up; however, a minority will have stable 
disease. It is important to note that these patients may have 
further response over time. In ZUMA-1, 48% (12/25) of patients 
with stable disease had improved response over time without 
further intervention, and several JULIET patients with stable 
disease eventually achieved a CR.7,39 However, stable disease 
that does not respond at 3 months becomes very high risk for 
eventual progression; only 22% of ZUMA-1 patients with stable 
disease at 3 months had not progressed by 2 years. The optimal 
management of these patients should be studied on clinical trial 
to ascertain what is impairing the presumably functional CAR 
T-cells from fully performing. If one site remains stable while 
all other sites have responded at 3 months or more, it remains 
reasonable to eliminate the stable site with targeted definitive 
dose radiation. In the future, a to-be-established lower dose 
RT may be appropriate for patients with stable disease to tip 
the balance toward CAR T-cell success without killing them off 
(further described below).

Salvage RT dose
While it is true in the limited data that exist that patients salvaged 
with RT after localized recurrence post-CAR T-cells have fared 
better than those treated with RT after systemic recurrence, there 
are many differences in the way locally recurrent vs systemi-
cally recurrent patients are treated, one of which is RT dose. In 
the retrospective study of 14 DLBCL patients treated with RT 
after CAR T-cell relapse, e.g. the ORR to RT was 100% in field 
for those with local relapse, however none of the seven patients 
with systemic relapse treated with RT achieved a CR within the 
RT field, reflective of less aggressive doses used (generally 4 Gy x 
5 or 3 Gy x 10).35 For patients with localized or oligometastatic 
recurrences, definitive doses should be used to achieve disease 
elimination, recognizing refractory disease at this stage is likely 
more resistant than earlier stage disease. Thus, doses of at least 
36 Gy, and generally 45–50.4 Gy should generally be considered 
if possible.

FUTURE ROLE OF RT WITH CAR T-CELLS
As in other cancer circumstances, the current role of RT relates 
to addressing local disease, and is thus mostly applicable to 
giving a tumoricidal dose to areas that are likely to relapse after 
CAR T-cells, or to patients fortunate enough to have limited sites 
of disease prior to CAR T-cells. In the future, the role of RT may 
expand to include addressing the underlying mechanistic causes 

http://birpublications.org/bjr


7 of 9 birpublications.org/bjr Br J Radiol;94:20210098

BJRRadiation Therapy with CAR T-cells

of CAR T-cell failure (Figure 2), which would apply to a much 
larger patient population.

For patients who relapse after CAR T-cells with antigen-positive 
disease who are eligible for retreatment with CAR T-cells, and 
for patients receiving CAR T-cells for the first time, neoadjuvant 
RT may be utilized to address the main functional limitations 
outlined in Figure 3. For example, RT may be utilized to specifi-
cally kill off MDSCs, Tregs, CAFs, or other immunosuppressive 
cells that are often rich in the tumor microenvironment.40 The 
precise dose of RT required to specifically ablate these cell types 
requires further investigation, but likely would be much less than 
the tumoricidal dose, and thus may be more safely deliverable 
to larger regions. These cells may be stained and quantified in 
biopsy specimens or analyzed by flow or RNAseq to predict their 
likely contribution to CAR T-cell resistance in advance.

While tumor-debulking RT prior to CAR T-cell infusion is 
appealing and should be studied more precisely on trial, disease 
often progresses after CAR T-cells and the dilemma of whether 
or not to use post-CAR RT arises. RT is generally avoided after 
CAR T-cell therapy for the same reason steroids were initially 
avoided; there is concern the therapy may impair or kill the cyto-
toxic cells. However, just as moderate steroid use has thus far not 
had a clearly inhibitory effect on CAR T-cell function in patients 
32029707, it may also be true that moderate focal RT does not 
significantly affect CAR T-cell efficacy. For example, a multiple 

myeloma patient treated with 4 Gy x 5 fractions of palliative RT 
to the brain and spine shortly after progressing clinically and 
biochemically after CAR T-cells exhibited a significant expan-
sion of T-cell clones post-RT, as well as a systemic response that 
was durable at last follow-up.41 It is possible that RT doses that 
do not kill CAR T-cells modulate their phenotype in a clinically 
relevant manner. It is still unclear whether the RT sensitivity of 
CAR T-cells is different from endogenous T-cells, and what the 
“CAR T-cidal” dose is. It is also unknown how lower, non-lethal 
doses of RT affect CAR T-cell function, specifically their tumor 
killing-capacity, persistence, or expansion. Tumor cells some-
times undergo a phenomenon of accelerated repopulation if they 
do not die after RT, and RT can independently induce inflamma-
tory signaling in a number of cells; potentially conserved mech-
anisms may exist in CAR T-cells that could be harnessed to the 
patient’s benefit by utilizing the correct dose regimen in a form 
of “reinvigorative RT”.

Both CD4 and CD8 cells can develop a number of different 
phenotypes that subsequently affect their ability to respond to 
further antigen stimulation. Several studies have found associa-
tions between the memory phenotype present in patient’s CAR 
T-cell populations and their chance of attaining a durable tumor 
response.23,29,42 Thus, attention has been placed on inducing the 
appropriate memory T-cell phenotype in CAR-modified cells 
prior to infusion.43,44 Phenotype can also be plastic, and the 
phenotype of an injected CAR T-cell may not durably maintain 

Figure 3. Potential future roles of RT in modulating CAR T-cell outcomes. Beyond simple tumor debulking, RT may be utilized in 
the future at appropriate doses to address tumor-related factors (red background), T-cell factors (orange background), or host 
factors (blue background) that are operative in driving resistance to CAR T-cells. CAF, cancer associated fibroblasts; MDSC, mye-
loid derived suppressive cells; RT, radiation therapy; TAM, tumor associated macrophages; TAN, tumor associated neutrophils; 
Treg, regulatory T-cells.
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in vivo over time. It is currently unknown whether low-dose RT 
influences CAR T-cell phenotype. In the future, if such is the 
case, RT may be given to patients failing CAR T-cells to re-estab-
lish a favorable phenotype and extend the potential for response.

In patients with heterogenous antigen expression, “sensitizing RT” 
may be utilized, which may consist of a low dose (~2 Gy) of RT to 
a large area to encompass all sites of disease. This approach in mice 
results in CAR T-cells more effectively killing antigen-positive 
cells, as well as nearby antigen-negative tumor cells through death 
receptor ligand naturally induced on activated CAR T-cells that 
interact with death receptor pathway molecules upregulated on 
and within tumor by low dose RT.37 This approach requires further 

validation in patients, but may be a way to improve responses in 
those likely to fail due to partial antigen loss.

Given the growing importance of CAR T-cell therapy and the 
wide array of potentially synergistic effects of RT with CAR 
T-cells, the next 5–10 years may be a particularly exciting time 
for the field of radiation oncology and cellular immune therapy. 
Carefully executed, well-designed clinical trials should be 
performed to document and test mechanistic hypothesis behind 
various potentially synergistic RT regimens. In doing so, RT as 
a localized modality may eventually achieve the elusive goal of 
improving cure rates of patients with metastatic disease, a goal 
that has thus far been unachievable.
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