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Abstract

Many patients with relapsed or refractory diffuse large B-cell lymphoma (DLBCL) will not
respond to platinum-containing salvage chemotherapy. Predicting treatment failure earlier could
help clinicians minimize chemotherapy toxicities for non-responders in favor of other treatments.
We conducted a pilot study where 2 early PET/CTs were obtained on days 4 (D4) and 21

(D21) of cycle 1 (C1) of salvage therapy for DLBCL. Twenty-five patients were enrolled and
have evaluable data. Ten (40%) had an unplanned therapy change after C1 and before end-of-
treatment (EOT) evaluation due to treatment failure on early PET/CT as interpreted by the treating
physician. Early PET/CT response at D4 or D21 was not associated with EOT response in
evaluable patients. Disease specific survival was longer for patients with a persistent response on
both D4 and D21 (p=0.042). Early PET/CT may predict salvage chemotherapy failure and could
inform future clinical trials investigating early therapy change to non-chemotherapy treatments.
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Introduction

Patients with relapsed or refractory (R/R) diffuse large B-cell lymphoma (DLBCL) after
frontline treatment have a poor prognosis,! particularly if they had refractory disease,?

with median overall survival of less than one year. Standard of care salvage treatment

for fit patients with R/R DLBCL is platinum-containing chemotherapy, followed by high
dose chemotherapy and autologous stem cell transplant (ASCT) for patients responsive to
salvage therapy.3 Since the approval of the anti-CD20 antibody rituximab, two widely used
regimens employed in first salvage with intent to transplant have been rituximab, ifosfamide,
carboplatin, and etoposide (R-ICE)* and rituximab, dexamethasone, cytarabine, and cisplatin
(R-DHAP)°. The CORAL randomized study found these two regimens achieved similar
outcomes with a response rate of 63%, 50% ASCT rate, and a 3-year progression

free survival of 53% in transplanted patients. Common toxicities included cytopenias
necessitating transfusion, infection with or without neutropenia, and renal injury.®

Thus, despite receiving aggressive cytotoxic chemotherapy associated with significant
toxicity, only half of patients will be able to proceed with an ASCT, and half of

those patients will relapse after transplant with the current chemotherapy-based treatment
paradigm. Patients refractory to salvage platinum-containing chemotherapy have a low
likelihood of success with ASCT; these patients now have access to anti-CD19 chimeric
antigen receptor T-cell therapy (CART19), a third-line non-chemotherapy treatment option
that leads to long term remissions in up to half of patients.’®

Though baseline factors at time of relapse such as time to first relapse and international
prognostic index (IP1) were associated with end-of-treatment (EOT) response and survival,?
it is unknown whether real time markers captured early during salvage platinum-containing
chemotherapy can predict these outcomes. The 18F-fluorodeoxyglucose positron emission
tomography/computed tomography (PET/CT) scan is the gold standard for response
evaluation in aggressive lymphomas1 and is used after salvage chemotherapy for DLBCL to
assess a patient’s candidacy for high-dose chemotherapy with ASCT.11 An interim PET/CT
(iPET) is often obtained after 2—4 cycles of frontline immunochemotherapy in DLBCL to
evaluate for early response.12 PET/CT response is interpreted by visual assessment with

the five-point scale (5-PS) and Lugano classification in routine practice,1314 though a
semiquantitative method that calculates the relative reduction in maximum standardized
uptake value (ASUVmax) may be a more objective measurement of the iPET that reduces
false positives.1>16 Risk-adapted approaches with therapy intensification in response to

a positive iPET have to date not improved patient outcomes.1”:18 These studies only
intensified iPET positive patients to more aggressive cytotoxic chemotherapy regimens,

but a similar approach with newly approved non-chemotherapy treatments may prove more
effective.19
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Very early PET scans within 1-7 days after initiation of DLBCL therapy are feasible to
obtain and can demonstrate immediate reductions in 18F-flurodeoxyglucose uptake.29-21
iPET after cycle 1 (C1) of frontline immunochemotherapy for DLBCL yielded similar
prognostic value to iPET after cycle 2.22

No prior study has specifically investigated the feasibility and utility of early prognostic
evaluation with functional imaging in the R/R setting. We hypothesized that early PET/CT
scans could identify refractoriness to salvage chemotherapy. Here, we report the results

of an investigator initiated single-institution prospective pilot study (NCT02405078) where
2 early PET/CTs were obtained on approximately days 4 (D4) and 21 (D21) of C1 of
salvage platinum-containing chemotherapy. We hypothesized specifically that early PET/CT
response could successfully predict EOT response. Response by visual assessment and
ASUVmax on early PET/CTs was correlated with the primary outcome of EOT response
after 2-3 total cycles of platinum-containing chemotherapy as well as long-term survival,
including in patients who underwent an early therapy change after C1.

Patients and treatment

Adult patients aged 18 years or older with an Eastern Cooperative Oncology Group (ECOG)
performance status (PS) of 0-2 with histologically confirmed DLBCL, primary mediastinal
B-cell lymphoma (PMBCL), or transformed indolent lymphoma (TIL) relapsed from or
refractory to at least one prior treatment were eligible for enrollment. Patients were required
be suitable candidates for platinum-containing chemotherapy with intent to proceed to high
dose chemotherapy and ASCT. Salvage regimens were chosen by the treating physician and
were planned to be administered approximately every 21 days. Treating physicians were not
blinded to early PET/CT results and were able to make treatment changes based on these
results before EOT but were encouraged not to over interpret ambiguous results. Patients
categorized as “responders” by EOT PET/CT could proceed with high dose chemotherapy
and ASCT.

Baseline patient and disease characteristics

PET/CT

Baseline characteristics were captured at time of confirmation of relapsed or refractory
disease. Time to first progression was calculated from original diagnosis date. Cell of origin
(COO) classification as germinal center B-cell (GCB) or non-GCB was determined by Hans
algorithm.23 Double-hit lymphoma (DHL) was defined as DLBCL with a rearrangement

of MYCwith a concurrent rearrangement of BCLZ2and/or BCL6 by fluorescence in
situhybridization. Double expressor lymphoma (DEL) was defined as positivity by
immunohistochemical staining for MYC and BCL2.

All patients underwent a standard PET/CT scan prior to starting salvage chemotherapy.
Early and EOT PET/CTs were performed at the same institution using standardized
techniques. Early PET/CTs were performed on approximately D4 and D21 of cycle 1, +/-
2 days. PET/CT scans were reviewed by an experienced nuclear medicine physician, and
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tumor SUVmax, 5-PS, and Lugano response were recorded. ASUVmax was calculated as
previously described!® for the D4 and D21 early PET/CTs. The most avid tumor used to
calculate SUVmax could differ in location between scans. A ASUVmax cutoff of >50%
was chosen to define a “response” by semiquantitative analysis. Though a cutoff of 66%

for ASUVmax has been found to be optimal across several studies investigating the iPET
after two cycles of frontline immunochemotherapy for DLBCL,1516.24 3 more conservative,
lower threshold of 50% was felt to be more appropriate for scans obtained after just one
cycle of therapy.22 The EOT PET/CT (obtained at the conclusion of 2-3 total cycles of
therapy) was categorized as “responder” (complete response, CR, or partial response, PR) or
“non-responder” (stable disease, SD, or progressive disease, PD) by Lugano criteria for the
primary outcome.4

In this pilot study exploring the utility of early PET/CT, descriptive statistics defined
baseline characteristics and treatment response/outcomes. Fisher’s exact test was used to
evaluate the association between EOT response and other categorical variables. Kaplan-
Meier method was used to estimate time-to-event endpoints. Log-rank test was used to
evaluate the difference in time-to-event outcomes between patient groups. Progression free
survival (PFS) was defined as time from start of salvage treatment to the first occurrence of
progression, relapse, or death due to any cause. Disease specific survival (DSS) was defined
as time from start of salvage treatment to death secondary to lymphoma. A two-sided
P-value of <0.05 was considered statistically significant. Statistical software used included
SAS 9.4 (SAS, Cary, NC), S-Plus 8.2 (TIBCO Software Inc., Palo Alto, CA), and R 4.0.2 (R
Core Team, Vienna, Austria).

A total of 32 patients were enrolled in the study, 25 of whom had early PET/CTs obtained
and were evaluable. Of the remaining 7, the reasons for missing early PET/CT evaluation
included logistical difficulties with scheduling (4), acute disease or treatment complications
(2), and withdrawal of consent (1). The 25 patients were treated with platinum-containing
chemotherapy between 2/5/2016 and 10/30/2018 and were included in the analysis, with
data cutoff as of 2/29/2020. Their baseline characteristics at time of relapse and treatment
decisions are described in Table 1.

Ten (40%) patients had a therapy change after C1 and before EOT evaluation due to
clinically relevant early treatment failure or progression (4 SD and 6 PD) based on early
PET/CT result as interpreted by the treating physician. Twelve (48%) continued with a
second cycle of the same regimen, and another 3 (8%) discontinued therapy in favor of
supportive measures. No patients changed or stopped therapy because of toxicity. Sixteen
(64%) patients were evaluable for EOT response by PET/CT, of which nine (56%) achieved
an EOT response and 7 (44%) did not. Seven (28%) patients did not have an EOT PET/CT
due to early progression. One patient missing an EOT response underwent apheresis for
ASCT prior to the EOT PET/CT timepoint after the early PET/CTs identified a CR, and
another patient had their EOT response evaluated with CT-imaging only, demonstrating a
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CR. No baseline characteristics were associated with EOT response (supplemental Table
1). Of the 10 patients who had a therapy change due to early PET/CT findings, 6 had an
EOT PET/CT performed after completion of the subsequent therapy, and 4 responded to
subsequent therapy.

A total of 24 patients had a PET/CT performed on D4 and 22 on D21. One patient did

not have their baseline PET/CT images available so ASUVmax could not be calculated.

On D4, 14 (58%) patients achieved a response (CR 2 [8%], PR 12 [50%]) by Lugano
classification and 10 (43%) patients had a ASUVmax >50%. On D21, 7 (32%) patients
achieved a response and 5 (24%) patients had a ASUVmax >50%. Six (26%) patients
achieved a response on both D4 and D21 and 4 (18%) patients achieved a ASUVmax >50%
on both D4 and D21. Median ASUVmax on D4 and D21 were 45% and 26% (decrease from
baseline), respectively.

In comparing response at D4 with response at D21, we identified that the 2 patients with

a CR at D4 maintained their CR at D21. Of the 12 partial responders at D4, 1 patient
improved to a CR, 3 maintained a PR, and 6 experienced PD by D21 (2 missing D21
PET/CT and none with SD). Of the 10 non-responders at D4, 1 patient improved to a PR
and 8 experienced persistent non-response (1 missing D21 PET/CT). A significant number
of partial responders at D4 lost that response by D21, but it was unlikely for a non-responder
at D4 to achieve a response by D21. Notably, 4/8 persistent non-responders would eventually
go on to achieve an EOT response (3 underwent an early therapy change and 2 received an
ASCT). The evolution of early PET/CT responses stratified by treatment change and EOT
response is depicted for all patients (Figure 1) and for an individual patient (Figure 2). No
early PET/CT metric was statistically associated with EOT response (Table 2).

Median follow up was 19.7 months (range 0.7-40.9) from start of platinum-containing
chemotherapy. Median PFS was 2.7 months. PFS was shorter for patients with an ECOG PS
of > 1 (p=0.004), double-hit lymphoma (p=0.011), TIL (p=0.002), and who did not receive
R-ICE or R-DHAP (p=0.011) (supplementary Figure 1).

A total of 11 patients died, 9 from progressive lymphoma and 2 from complications of
transplant. Median DSS was not reached and was 61% at 24 months (Figure 3A). DSS

was shorter for patients with an ECOG PS > 1 (p=0.002), international prognostic index =3
(p=0.046), and who did not receive R-ICE or R-DHAP (p=0.006) (supplementary Figure 2).
There was no difference in DSS based on the response individually on D4 or D21 PET/CT,
by visual assessment (Figure 3B, D) or ASUVmax (Figure 3C, E).

However, DSS was longer for patients who had a persistent response on both D4 and D21
compared to patients without a persistent response, 100 vs. 47% at 24 months (p=0.042,
Figure 4A). Patients who had a persistent response experienced a longer median time to

first progression compared to patients without a persistent response (38.3 versus 5.4 months
respectively, p=0.027). No other baseline characteristics were significantly different between
the two groups (data not shown). Of the 6 patients with a persistent response, 4 had a

late first relapse (range 23.1-78.9 months after diagnosis) and 2 had an early first relapse
(1.9-9.0 months). Thus, a persistent response on early PET/CTs during platinum-containing
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chemotherapy was predictive of excellent long-term outcomes even if patients experienced
early relapse after frontline therapy. Of the 6 patients with a persistent response, 4 patients
received ASCT, one CART19 because of sub-optimal depth of response at EOT, and

one other treatments because a repeat PET/CT performed after EOT and before planned
ASCT demonstrated subsequent PD. The DSS benefit was not statistically significant when
comparing patients who had a ASUVmax >50% on both D4 and D21 with those who did not
(p=0.16) (Figure 4B).

A total of 7 patients not eligible for ASCT eventually received CART19. Three patients
received CART19 due to an unsatisfactory early PET/CT result resulting in treatment
change prior to completion of 2 cycles of platinum-containing chemotherapy, and 2 were
alive at data censoring. The remaining 4 patients who eventually received CART19 did
not have a treatment change based upon early PET/CT results and were all alive at data
censoring. Three received CART19 after their EOT PET/CT demonstrated non-response,
and 1 achieved a response at EOT but relapsed after ASCT and received CART19 at

that time. In comparison, of patients who underwent an early therapy change due to an
unsatisfactory early PET/CT result and did not receive CART19, only 1 of 7 was alive at
data censoring. Long-term OS was similar for patients who were able to obtain an ASCT
versus CART19 (supplementary figure 3).

Discussion

This prospective pilot study is the first of its kind to investigate early PET/CTs during
salvage therapy for R/R DLBCL. We identified that early PET/CTs on D4 and D21 can
reveal early disease progression and/or treatment failure during the first cycle, prompting
unplanned change of therapy in 40% of patients and discontinuation of therapy in 8% of
patients. No early PET/CT metrics, either based on visual assessment or semiquantitative
analysis by ASUVmax, were associated with the primary endpoint of EOT response.

Response on either D4 or D21 individually was not associated with EOT response or

DSS, but a persistent response on both D4 and D21 was predictive of excellent long-term
DSS. This suggests that overall chemosensitivity can be determined during C1 of platinum-
containing chemotherapy. Patients who failed to achieve a response on either D4 or D21
conversely had significantly worse survival outcomes. Achieving a response on D4 but
experiencing progression of lymphoma by D21 in comparison to D4 was common and likely
reflected a “kinetic failure” or early disease progression where tumor growth outpaced the
temporary cytoreduction achieved earlier in the cycle. The decrease in median ASUVmax
from 45% to 26% from D4 to D21 may be due to this phenomenon as well. Of the 12
patients with PR on D4, half had PD on the D21 scan which would have not been detected
without early scans. Conversely, only 1 out of 10 patients with a hon-response on D4
subsequently achieved a response by D21, suggesting that chemorefractoriness to salvage
immunochemotherapy can be predicted very early in the cycle. A persistent ASUVmax
>50% on both D4 and D21 may not have been predictive of survival because of small
numbers or due to variation in scans.
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Our study was not designed to be interventional so we can only generate hypotheses
regarding the utility of early therapy change after one cycle of therapy based on
unsatisfactory early PET/CT results. Clinicians were not blinded to these results and were
not disallowed from utilizing them in treatment decision making, and arguably it may have
been unethical to withhold this information if progression or mixed response was identified.
The primary endpoint of EOT response was thus confounded by an early therapy change in
6 (38%) of 16 patients with EOT data evaluable, which could explain why early PET/CT
measures were not associated with EOT response.

Three randomized studies comparing salvage chemotherapy followed by ASCT with
CART19 in the second-line setting have completed accrual, 2226 but currently patients are
only eligible for CART19 after at least two prior lines of therapy. A confirmatory study
designed to investigate the benefit of shortening exposure to chemotherapy in the second-
line to just one cycle for non-responders in favor of hon-chemotherapy treatments such as
CART19 could help avoid unnecessary toxicity, symptomatic and organ-threatening disease
progression, and therapy-induced lymphopenia that may prevent successful manufacturing
of CAR T-cells.2’

There were some limitations of this pilot study. Relatively small patient numbers led to
some associations not reaching statistical significance. Ideally, the treating physicians would
have been blinded to the early PET/CT results, however we considered this unethical to
deprive potentially clinically meaningful information. Thus, the decision to change therapy
early was not done in a randomized fashion, making direct comparisons between patients
who underwent therapy change versus those who did not complicated by selection bias. The
use of rituximab may have caused immune-mediated inflammation leading to false positive
early PET/CT scans28 that could not be excluded without repeat tumor biopsies, however
this is unlikely given the rarity of early SD/PD evolving into CR/PR. The study population
had a higher incidence of high-risk disease features, including primary refractory disease
and a significant fraction with double-hit lymphoma. Early PET/CTs may be less predictive
of outcomes in a more generalizable patient population with better prognostic features and
sensitivity to initial chemotherapy. A minority of patients with variant histology (PMBCL or
TIL) and with very late relapses after primary therapy were included in the study; though
their standard treatment is the same, their underlying disease biology and early radiographic
response may differ.

In conclusion, we identified that performing early PET/CTs during the first cycle of

salvage therapy in R/R DLBCL in this pilot study was feasible and could demonstrate
real-time evidence of chemotherapy resistance. A durable early response was associated
with chemosensitivity at the end of therapy and predicted excellent long-term outcomes.

If CART19 therapy remains limited to the third-line setting, a larger confirmatory study
investigating dynamic risk assessment during salvage therapy for R/R DLBCL is warranted.
Because of the logistical challenges of performing two early PET/CT scans during the

first cycle, performing just one at D21 would be more feasible and still capture patients
experiencing “kinetic failures” of chemotherapy. Such a study should also incorporate
blood-based biomarkers such as circulating tumor DNA22:30 and randomize patients to early
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CART19 or continuation of immunochemotherapy to demonstrate the utility of early therapy
change.
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Figure 1.

Early PET/CT responses stratified by treatment decision and EOT response. Each flow
represents an individual patient and is colored according to their end-of-treatment response.
Patients continued the same therapy, changed to a new therapy, or stopped therapy for
supportive measures after cycle 1 of salvage treatment. PET/CT non-response includes
stable disease and progressive disease.

*Patients missing an EOT PET/CT were categorized as clinical responders or non-
responders here. Of the 2 clinical responders, 1 underwent early apheresis and autologous
stem cell transplant before EOT after achieving a CR on D4 and D21 PET/CTs and 1
achieved a CR at EOT by CT imaging. Of the 7 clinical non-responders, 3 discontinued
therapy after cycle 1 for supportive measures and 4 changed therapy after cycle 1 but had
clinical or radiographic (CT) evidence of non-response to their next therapy.

CR: complete response; PR: partial response; NR: non-response; NA: not available; D: day;
PET/CT: positron emission tomography/ computed tomography; EOT: end-of-treatment
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Figure 2.
Serial early PET/CT images from an individual patient who underwent early therapy change.

This patient achieved a partial response by D4 of R-ICE salvage immunochemotherapy,
however developed progressive disease by D20. They were immediately switched to R-
DHAP and demonstrated a persistent complete response on a second set of early PET/CTs.
After a second cycle of R-DHAP, they were still in a complete response (end-of-therapy).
This patient proceeded to receive an autologous stem cell transplant.

D: day; R-ICE: rituximab, ifosfamide, carboplatin, etoposide; PR: partial response;

PD: progressive disease; R-DHAP: rituximab, dexamethasone, cytarabine, cisplatin; CR:
complete response; EOT: end-of-therapy
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Figure 3.

Digsease specific survival from start of salvage immunochemotherapy for all patients (A) and
according to response by visual assessment and ASUVmax cutoff of 50% on PET/CT from
D4 (B-C) and D21 (D-E), respectively.

D: day; PET: positron emission tomography; SD: stable disease; PD: progressive disease;
CR: complete response; PR: partial response; SUVmax: maximum standardized uptake
value.
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Disease specific survival from start of salvage immunochemotherapy for patients according
to persistent response on D4 and D21 by visual assessment (A) and ASUVmax cutoff of
50% (B).
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Table 1.

Baseline patient characteristics and treatment patterns

Characteristic

All patients (n=25)

Age, median (range), y 61 (25-82)
Sex, male 15 (60)
LDH
> ULN 18 (72)
<ULN 7(28)
Stage
I 9 (36)
I 1(4)
1 2(8)
v 13 (52)
ECOG PS
0-1 22 (88)
2 3(12)
Extranodal sites
0-1 17 (68)
>1 8(82)
IP1
0 2(8)
1-2 12 (48)
3-4 11 (44)
COO
GCB 17 (68)
Non-GCB 8(32)
MYC status
DHL 8(32)
DEL 5(20)
Negative 12 (48)
Histology
DLBCL™ 18 (72)
PMBCL 2(8)
TIL 5 (20)
Frontline therapy
R-EPOCH-like 9 (36)
R-CHOP-like 16 (64)
Prior lines of therapy
1 19 (76)
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Characteristic

All patients (n=25)

2 5 (20)
3 1(4)
Median time to 1st progression (range), mo 58 (1.8-77.7)
Salvage regimen
R-DHAP 11 (44)
R-ICE 9 (36)
R-GDP 3(12)
R-hyperC 2(8)
Outcome after cycle 1
Continue sample therapy 12 (48)
Changed therapy 10 (40)
Discontinue treatment 3(12)
Definitive therapy
ASCT 7(28)
AlloSCT 2(8)
CART19 7(28)

including high-grade B-cell lymphomas

Page 16

LDH, lactate dehydrogenase; ULN, upper limit of normal; ECOG, eastern cooperative oncology group performance status; IPI, international
prognostic index; COO, cell-of-origin; GCB, germinal center B-cell; DHL, double-hit lymphoma; DEL, double-expressor lymphoma; DLBCL,
diffuse large B-cell lymphoma; PMBCL, primary mediastinal B-cell lymphoma; TIL, transformed indolent lymphoma; ASCT, autologous stem cell

transplant; alloSCT, allogeneic stem cell transplant, CART19, anti-CD19 chimeric antigen receptor T-cell therapy
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Table 2.

Detailed early PET/CT metrics and association with EOT response

Early PET/CT result EOT responder (n=9)' | EOT non-responder (n=7)" | P - value
D4 Visual 24
Response (CR + PR) 14 (58) 4 (50) 4 (57)
1.0
Non-response (SD + PD) 10 (42) 4 (50) 3(43)
D4 ASUVmax 23
>50% 10 (43) 5(71) 2(29)
0.29
<50% 13 (57) 2(29) 5(71)
D4 ASUVmax, median (range) 45 (-76 - 89) 57 37 0.37
D21 Visual 22
Response (CR + PR) 7(32) 3(38) 2(33)
1.0
Non-response (SD + PD) 15 (68) 5(62) 4(67)
D21 ASUVmax 21
>50% 5 (24) 3(43) 1(17)
0.56
<50% 16 (76) 4(57) 5(83)
D21 ASUVmax, median (range) | g (~140 — 89) * 42 29 0.94
Response on D4 & D21 23
Y 6 (26) 3(38) 1(17)
0.58
N 17 (74) 5(62) 5(83)
ASUVmax >50% on D4 & D21 22
Y 4 (18) 3(43) 0(0)
0.19
N 18 (82) 4(57) 6 (100)

*
positive number represents decrease in SUVmax

fEchudes patients who did have early PET/CTs performed but were missing EOT PET/CT evaluation

PET/CT, positron emission tomography/computed tomography; EOT, end-of-treatment; D4, day 4; CR, complete response; PR, partial response;

SD, stable disease; PD, progressive disease; SUVmax, maximum standardized uptake value; D21, day 21
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